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ARTICLE INFO ABSTRACT

Keywords: Diamond-like carbon (DLC) has been commercialized as an advanced material for combining diamond and
Diamond-like carbon graphite properties with other material systems, with ease of processing and reduced costs. DLC has been broadly
?Alcr;m:‘lc}nmng studied as an interesting material for applications ranging from biology to optics, passing through mechanics and
ncubation

electronics. Hence, for given applications, complex patterning of DLC is required, which can be accomplished by
conventional lithographic approaches, as well as laser structuring. In this way, this paper focuses on studying the
incubation process, the dependence of the threshold fluence with the number of irradiated pulses, on the fs-laser
microstructuring of DLC films. We determined a single pulse fluence of (1.0 + 0.1) J/cm?, a value that decreases
to a plateau of (0.13 + 0.04) J/cm? for a large number of pulses. The slow evolution of the fluence threshold with
the number of pulses indicates a low incubation parameter, such that a large number of pulses is required to
damage the material. By modeling the single-pulse damage threshold fluence considering multiphoton and
avalanche ionization, we were able to estimate a two-photon absorption cross-section for DLC of (1.5 + 0.5) x
107%% m*s'photon™!, which is consistent with the one known for diamond. Finally, Raman spectroscopy of the fs-

Femtosecond laser

laser processing DLC sample indicates a decrease of the sp® fraction and a more ordered phase.

1. Introduction

Diamond-like carbon (DLC) is a metastable form of amorphous car-
bon containing a significant fraction of sp3 bonds [1], some terminated
by hydrogen (amorphous hydrogenated carbon, a-C:H), that has
attracted scientific interest in recent years due to its unique properties,
referring to the combination of typical properties of diamond and
graphite [2]. The nature of the DLC depends very much on the deposi-
tion process, the geometric organization, and the predominant type of
hybridization of carbon atoms. By controlling the processing parame-
ters, DLC offers advantages over diamond films, such as easy deposition,
low surface roughness, ease of fabrication, besides being more
economically viable. DLC has been extensively investigated as a poten-
tial material to be applied in optical, biological, mechanical, and elec-
trical fields, to fabricate photonic crystals [3], optical windows [4],
protective coatings [5-8], microcircuits [9,10], and biomedical coatings
[11-15].

In certain applications, functional properties of DLC films can be
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achieved by controlling its micro and nanostructure through topography
manipulation of the film, often requiring complex patterning methods
such as lithographic techniques [16-18]. In this direction, laser surface
micromachining is a powerful tool to create precise micro- and nano-
structures in several solid materials, including metals [19-21], polymers
[22-25], biomaterials [26-29], and semiconductors [30,31]. The
fabricated patterns have shown potential functionality in a wide range of
applications by manipulating electrical and mechanical properties
[32-371, controlling surface wettability [38-40], and optical response
[41-45]. It is worth mentioning femtosecond lasers as an attractive tool
providing efficiency, precision, and high processing speed, with reduced
thermal effects and damages, features that result from the nonlinear
light-matter interaction. More specifically, microfabrication carried out
with femtosecond laser pulses offers advantages in terms of size features
and capability of generating distinct geometries without photomasks, in
addition to the facility of processing in different atmospheres [46,47]. In
this paper, we investigate the fs-laser microstructuring of DLC, at 800
nm, with the attention focused on the dependence of the threshold
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fluence with the number of pulses, known as the incubation process. The
threshold fluence varies from about 0.1 J/cm?, for a large number of
pulses, to 1.0 J/cm? for a single pulse, with an evolution that presents a
low incubation parameter, i.e, a large number of pulses is needed to
induce damage in the material. Considering multiphoton and avalanche
ionization as the main mechanisms behind fs-laser processing, we
modeled the single-pulse damage threshold fluence and determined the
two-photon absorption cross-section of DLC. Lastly, Raman spectros-
copy indicates a decrease of the sp® fraction and a more ordered phase in
the fs-laser processed samples.

2. Experimental

The hydrogenated DLC samples were produced via Chemical Vapor
Deposition (CVD), deposited onto glass coverslip substrates (with
damage threshold energy much higher than DLC), purchased from CVD
VALE®. The deposition approach resulted in DLC films of approximately
500 nm of thickness, estimated by Atomic Force Microscopy (AFM).

Two different laser sources were used at distinct repetition rates to
perform the fs-laser micromachining experiments on the DLC samples.
The first one was an extended cavity Ti:Sapphire laser oscillator (Fem-
tosource 100XL — Femtolaser®), centered at 800 nm, producing 50-fs
laser pulses of maximum energy of 100 nJ at a repetition rate of 5
MHz. The second source was an amplified Ti:Sapphire laser system
(Clark — MXR®) emitting 150-fs laser pulses with energy up to 0.5 mJ at
a repetition rate of 1 kHz, centered at 775 nm. The combination of these
two lasers, of low and high repetition rate, allowed covering a wide
range of experimental conditions regarding the pulse superposition. The
ablation threshold fluence was measured as a function of the number of
incident pulses (N) on the material per surface area.

The laser micromachining was carried out by focusing the laser light
into the DLC surface, while the DLC sample was translated. Using a 0.65
NA microscope objective, the laser beam is focused on the surface of the
DLC sample, which is positioned on a three-dimensional translation
stage controlled via a computer software in LabView®, allowing to move
the sample at a constant scan speed, ranging from 1 to 450 pm/s, and
accuracy of 50 nm, enabling control of the microstructure size and
shape. To vary the pulse energy, a half-wave plate, and a polarizer were
used. The entire microfabrication process was monitored in real-time
using a CCD camera and backlight illumination.

To study the micromachining incubation process of DLC, two distinct
fluence-threshold evaluation methods were employed depending on the
laser being used, once the discrepancy on pulse energy between the two
laser sources is three orders of magnitude. For the lower repetition rate
and higher pulse energy amplified laser system, experiments were car-
ried out using the D-scan method proposed by Samad et al. [48] On the
other hand, for the higher repetition rate and lower pulse energy laser
oscillator, the zero damage method by Liu [49] was used.

The optical properties of DLC films were analyzed using a UV-vis
spectrophotometer (Shimadzu, model UV-1800). To evaluate DLC
properties, as well as morphological and structural changes induced by
the femtosecond laser micromachining, optical microscopy (Zeiss LSM
700), and Raman spectroscopy (Alpha 300 s A/R — Witec Focus In-
novations®) were carried out.

3. Results and discussion

For the higher repetition rate and lower laser pulse energy, the zero
damage method (ZDM) was used. In such regime, which corresponds to
a large number of pulses per spot, complete removal of material is
achieved and optical microscopy was used to measure the width of
micromachined lines. The ZDM relies on the damage produced on the
sample surface by a laser beam with a Gaussian-intensity profile. In the
ZDM, a series of straight grooves are produced with increased pulse
energy, and the material ablation threshold fluence (Fy) can be obtained
by measuring the half-width of the microfabricated lines and fitting such

Optical Materials 126 (2022) 112203

data using [49].
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The high repetition rate femtosecond extended-cavity laser (Femto-
source 100XL - Femtolaser®: 50-fs, 5 MHz) was used for the micro-
machining with higher pulse overlap. A set of experiments was
performed using a 0.65 NA microscope objective for beam focusing,
from 10 pm/s up to 300 pm/s of scanning speed, different pulse energies,
and a different number of pulses. Groups of lines of 500 pm separated by
~17 pm were fabricated to evaluate the influence of pulse energy on the
width of the lines. Fig. 1a presents an optical microscopy image of
typical lines produced with N = 11300 with different pulse energies,
from 6 up to 16 nJ, using 300 pm/s of scanning speed. From optical
microscopy images, for each group of lines produced, it was possible to
measure the widths of the fabricated lines, which increase with
increasing the pulse energy.

The number of pulses per area can be altered in this method by
changing the translation speed (v) of the sample concerning the laser
beam and/or the laser repetition rate. Since the laser operates at a high
repetition rate (f), the number of pulses superposing (N) at the sample
can be calculated by

N = 1.25]% (2)
in which wy is the beam waist. Fig. 1b presents the squared half-width of
the produced lines (r) as a function of peak fluence (F) for N = 35000
and 87000 pulses per area. As it can be seen, the half-width of micro-
machined lines on DLC increases with the peak fluence, varying from
approximately 0.6 to 1.3 pm when the peak fluence increases from 0.13
to 0.35 J/cm? for 87000 pulses per area (black circles) and from 0.4 to
1.1 pm when the peak fluence increases from 0.2 to 0.5 J/cm? for 35000
pulses per area (gray circles).

By fitting the results presented in Fig. 1b with Eq. (1), we have
determined the threshold fluence to study the micromachining incuba-
tion process of DLC. Such a study was performed using different N, and
its results will be shown later in this paper. At this point, it is worth
mentioning that for N > 400 the Fy, ~0.15 J/cm?

The D-scan method performed with the low repetition rate femto-
second amplifier (Clark — MRX®: 150-fs, 1 kHz) was used for the
micromachining with lower pulse overlap, covering N from approxi-
mately 20 to 400 pulses per area. For this regime, there can be ablation
or structural only modification of the material. Therefore, we used
scanning electron microscopy to evaluate the changes induced on the
sample, by inspecting the D-scan profile. Peak fluence varied from 43 up
to 90 J/cm? and scan speed from 0.05 up to 1 mm/s to control the
number of pulses per spot. The characteristic D-scan profile was ob-
tained, from which the maximum half-width (p,,,) of the side lobes
were measured and the Fy, calculated. Typical D-scan profiles are shown
in Fig. 2.

The D-scan method is based on a diagonal translation of the sample
with respect to the laser beam focus, exposing it to a variety of laser
fluencies at different regions, forming a two-lobe type pattern onto the
sample. Ablation threshold fluence (Fy) is determined by measuring the
pulse energy (Eo) and the maximum half-width (p,,,,) of the side lobes
and inputting in the expression [50].

E
2 3

max

Fy = 0.117

In this method, the number of pulse superposition (N) is controlled
by the speed (v) with which the sample is translated perpendicularly to
the beam propagation and the laser repetition rate (f), and can be
calculated by [50].

N=9, (07 e,(‘./fpm)2> 4)
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Fig. 1. a) Optical images of lines produced with 11300 pulses in different energies, from 6 to 16 nJ, using 300 pm/s of scanning speed. b) Squared half-width of
micromachined lines as a function of the pulse peak fluence, fitting curves for N = 35000 (gray circles) and N = 87000 (black circles) obtained from femtosecond

micromachining experiments.

Fig. 2. D-scan profile micromachined with (a) 43 J/cm? and 0.1 mm/ s, and (b)
90 J/cm? and 0.5 mm/s.

Because the D-scan method requires a fluence high enough to ablate
the material even when it is not at the laser beam focal plane, this
experiment was carried out using the higher energy pulses from the
amplified laser system. The Fy, results obtained through the D-scan for
different N values, together with the ones found by the ZDM method,
will be shown later when the incubation effect is discussed. It is inter-
esting to note, however, that through the D-scan that F,, varies from
~0.5 J/cm? to 1 J/cm? for N in the range 20-400.

Having measured the damage threshold fluence for a wide range of
pulse overlap, we were able to generate the incubation curve (Fig. 3). To
validate the use of D-scan and ZDV, the threshold fluence for 400 pulses
was measured using both methods. The obtained threshold fluences
were very similar, confirming that the two methods give equivalent
results, within the experimental error. In Fig. 3, for N = 400, the red
circle corresponds to the data measured by ZDM. The incubation phe-
nomenon can be observed in many different materials and it’s modeled
by empirical expressions assuming the accumulation of defects is
exponential or probabilistic. The former model is mostly applied to di-
electrics, while the latter fits better incubation curves for metals. Since
DLC is a dielectric, we chose the exponential model to fit our incubation
data, which follows the expression

Frh,N = (th.l - Frhm)eik(Ni]) + Fth.oo (5)

where Fy, 1 and Fy, , are the single and infinite pulse ablation threshold
fluence, N is the number of pulses per spot and k is the incubation
parameter. Incubation effect in DLC from femtosecond laser micro-
machining is displayed in Fig. 3, along with its model, from which k was
determined to be (0.004 & 0.001), Fy, 1 and Fy o as (1.0 £ 0.1) and
(0.13 + 0.04) J/cm?, respectively. Single-pulse threshold fluence found
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Fig. 3. Incubation effect of DLC thin film. Damage threshold fluence as a
function of the number of pulses per spot and exponential model-fitting curve.
The red circle corresponds to the data measured by ZDM, to validate the used of
both methods. The dashed lines and arrows indicate the regions measured with
each of the methods.

here is in the same order as a previous study reported in the literature
[51]. Minor differences may be due to DLC film composition and sample
surface quality. The incubation parameter refers to the dynamics of the
incubation process and such a low value for k indicates that incubation
in DLC evolves slowly, requiring a large number of overlapping pulses to
damage the material. It is interesting to observe that the incubation
parameter k for DLC is one order of magnitude smaller than the ones
observed for other dielectric transparent materials [50,52]. The greater
resistance to optical damage of DLC is probably related to its distin-
guished thermal and mechanical properties.

Further investigation of the fs-micromachining process of DLC was
performed by a theoretical model which describes the electron density
(n), produced by a fs-laser pulse through multiphoton and avalanche
ionization alone [53], given by

_ AN"NJIo o \1/2 alyt/ w12
n=On (;T) > () o {T(@) ] ©®

where m is the number of photons related to the multiphoton ionization,
om is the m-photon cross-section, N; is the solid atom density, A is the
laser wavelength, h is Planck’s constant, c is the speed of light, I is the
laser peak intensity, 7 is the laser pulse duration and finally 2/« is a scale
fluence which dictates the relevance of the avalanche ionization. Hence,
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one can determine the single-pulse damage threshold fluence through
Fui = (ot / 2)(n/1n2)" %)

in which the value of I, is taken when the electron density reaches its
critical point (n) for which damage starts to occur.

The number of photons (m) required by the multiphoton ionization
process can be determined through the material’s energy gap, found by
the Tauc/Davis-Mott model [54-56]. According to the model,
(a)Y® = A(hw — E;), where «a is the absorption coefficient, Eg is the
energy gap, A is a constant and b indicates whether the electronic
transition is allowed or forbidden or if it is direct or indirect. As such,
when (ahv)l/ b s plotted as a function of hv, as seen in Fig. 4, one can
extrapolate E; from the linear portion of the graph. However, since the
Tauc/Davis-Mott plot of DLC presents two linear regions, the energy gap
can be estimated through the intersection of the two fitted linear lines
[57], which yields a value of 2 eV. Thus, since the fs-laser pulse wave-
length is 800 nm (~ 1.55 eV), it would require a value of m = 2 photons
for an electron to be excited to the conduction band through multi-
photon ionization.

Since Eq. (6) only considers multiphoton and avalanche ionization as
the electron density generation process, the Keldysh parameter was
determined [58]. It ascertains if either tunneling or multiphoton ioni-
zation is predominant, since they are considered to be the same effect,
only being distinguished by a low and high-frequency regime, respec-
tively. Thus, the Keldysh parameter (y) given by

@ |m.ecnkE,
/ 8
Tk = ¢ To ()]

where  is the angular optical frequency, m, and e are the electron’s
mass and charge, ng is the material’s refractive index, and ¢ is the
vacuum permittivity, yielded a value of yx = (2.3 &+ 0.1), which corre-
sponds to the multiphoton regime, since yx > 1.5 [59], thus validating
the usage of the model.

Finally, by using n, = 2 x 10% electrons/m® [60] and the
two-photon cross-section of diamond of 62 = (7 £ 3) x 1070
m“slphoton_1 [61] due to the lack of data on DLC’s two-photon ab-
sorption coefficient in the literature, we determined F,; = (0.5 + 0.2)
J/em?, which is in good agreement with the experimental value of (1.0

+0.1) J/em?. In order to reproduce an even better single pulse-damage
threshold fluence, we determined a laser peak intensity of I, = (6.3 +

500 , ,

400 -

300 |-

200 |

(ahv)®® (cm™ ev)°®

100 |-

1.0 2.0 3.0 4.0
hv (eV)

Fig. 4. Tauc/Davis-Mott plot of DLC. The intersection of the two linear portions
(blue dashed line and red dashed line) determines the energy gap of 2 eV.
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0.6) x 10'® W/m? from Eq. (6) through the Fy, ; experimental value, and
estimated o5 of (1.5 & 0.5) x 1079 m“slphoton’1 from Eq. (6), that is
consistent with the one found for diamond. Although such results have
been obtained for thin films, given the high absorption of DLC at the
laser wavelength used, micromachining would be confined to a thin
layer of a DLC bulk sample; thus the results described here could be
extrapolated to the bulk.

Carbon-based materials, such as diamond, carbon nanotubes,
graphite, and DLC films have been thoroughly studied via Raman scat-
tering so that their vibrational modes are well characterized [62-65].
Raman spectra of hydrogenated DLC samples are first treated with linear
background removal and then deconvoluted in two Gaussians. Fig. 5
presents the Raman spectrum of DLC thin films under 514 nm excitation,
along with the deconvoluted peaks. The G peak centered at 1548 cm ™! is
assigned to zone center phonons of Ezy symmetry [66,67], while the D
peak at 1349 cm ™! is a breathing mode A; ¢ Symmetry involving phonons
near the K-point zone [54].

In order to investigate structural modifications produced by ultra-
short pulse micromachining on the irradiated DLC film, Raman spec-
troscopy was performed on the line center, as well as on the edges of the
line fabricated using fluence of 0.14 J/cm? and about 11000 pulses/
spot. For comparison, Raman spectroscopy was performed using the
same parameters on the non-irradiated DLC film. On the center of the
line, the Raman signal is extremely weak in the region between 1400
and 2000 cm-1, showing the most prominent Raman bands of the glass
coverslip substrates, which was expected because DLC was ablated. The
Raman spectrum of irradiated DLC film on the line edges, that presets a
depressed region surrounded by resolidified material, displayed in
Fig. 6, is also featured by G and D peaks, centered at 1559 cm-1 and 1388
cm-1, respectively. It is worth noting that in comparison to non-
irradiated regions, the Raman spectra of remaining areas of the micro-
structures does not show any differences.

Disordered carbons have sp® and sp? sites, and their Raman spectrum
depends on clustering of the sp? phase, bond disorder, the presence of
sp2 rings or chains, and the spz/sp3 ratio, which can be evaluated by the
ratio between D and G bands (Ip/Ig), since there is a dependency on the
ordering of sp? sites and the fraction of sp° sites.) [63]. The Ip/Ig the
hydrogenated DLC sample studied here is 0.42 (Fig. 5). After the fs-laser
interaction, we obtained Ip/Ig = 0.81 (Fig. 6), higher than the one for
the non-irradiated DLC film, which is in accordance with a decrease in
the amorphization, and a change in the G peak position, indicating a
more ordered phase. Such a process is in agreement with others studies
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Fig. 5. Raman spectrum of DLC thin films under 514 nm excitation (gray line).
Dashed lines ( ) and (—) correspond to Gaussian deconvoluted peaks
centered at 1349 cm™~! and 1548 cm ™!, while the black line corresponds to
their sum.
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Fig. 6. Raman spectrum under 514 nm excitation (gray line) of fs-laser irra-
diated DLC thin film with fluence close to its damage threshold. Lines ( )
and (—) correspond to Gaussian deconvoluted bands centered at 1416 cm™!
and 1560 cm ™!, while the black line corresponds to their sum.

involving laser microfabrication on DLC films [68,69].
4. Conclusion

We studied the incubation process in DLC films upon fs-laser
microstructuring at 800 nm. We have determined the material
threshold fluence as (1.0 & 0.1) J/cm? for a single pulse, and (0.13 +
0.04) J/cm? when a large number of pulses is incident on the sample.
Our results showed a small incubation factor, which indicates that the
decrease in threshold fluence occurs slowly with the number of pulses, i.
e., a large number of pulses is required to observe a significant decrease
in threshold fluence, which reveal that the laser induced defects gen-
eration in DLC evolves slowly with the number of pulses. Using a model
that considers multiphoton (two-photons) and avalanche ionization as
the main process behind DLC fs-laser processing, we estimated its two-
photon absorption cross-section as o5 = (1.5 + 0.5) x 10790
m*s'photon™, a value which is close to the one exhibited by a diamond.
Finally, Raman spectroscopy indicates a decrease of the sp3 fraction and
a more ordered phase in the irradiated regions of the DLC sample.
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