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Formation of Titanium Nitride, Titanium Carbide, and
Silicon Carbide Surfaces by High Power Femtosecond Laser

Treatment

Rostislav Fedorov,™ Felix Lederle,” Mingji Li,”’ Vinzent Olszok,” Karl Wébbeking,®!

Wolfgang Schade,” and Eike G. Hiibner*®

Coatings based on titanium nitrides, titanium carbides and
silicon carbides can optimize the surface properties of titanium
or silicon for various applications ranging from biocompatibility
to chemical stability and durability. Here, we investigated a
high power (100 W) high pulse repetition rate femtosecond
laser process (A=1030 nm, t=750fs, f=1 MHz) for the treat-
ment of titanium and silicon in atmospheres of argon, nitrogen,
methane, ethene and acetylene. In a nitrogen atmosphere, a
homogeneous coating of TiON is formed on titanium. In an

Introduction

Surface coating of titanium and silicon with a layer of the
corresponding and highly stable titanium nitride/oxynitride,
titanium carbide or silicon carbide, respectively, is of great
interest for various applications. SiC is an extremely hard
material, stable in chemically aggressive and radiative environ-
ments. TiC and TiN as comparably hard materials provide
excellent surface properties such as corrosion and wear
resistance."™ Titanium nitride/oxynitride are of special interest
due to their biocompatibility, ability to osseointegrate and
prevent hyperplasia and therefore used as coatings for medical
implants and stents.*® Typically, these coatings are achieved
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ethene/argon atmosphere coatings of TiOC and SiC are formed
on Ti and Si, respectively. The process allows a fast surface
transformation with a process rate of 0.33 cm’s™' and a high
spatial resolution below 0.5 mm with a minimal heat affected
zone at the same time. In contrast to low repetition rate
femtosecond laser processed samples, the surfaces are more
robust against mechanical impact. At the same time, the
surfaces reveal a distinct microstructure in comparison to
coatings obtained by vapor deposition techniques.

by reactive gas sputtering of pure titanium in nitrogen/
nitrogen + oxygen atmospheres (TiON), chemical vapor deposi-
tion by thermal decomposition of precursors such as hexameth-
yldisilane (SiC) or by chemical processes directly on the surfaces,
e.g. plasma induced in a methane atmosphere on silicon (SiC)
or on titanium in the presence of nitrogen/oxygen (TiON).!'>7#
Instead of a plasma source to promote surface reaction or film
deposition, ultrashort laser pulses can be used to initiate a
plasma plume on the surface. Detailed investigations and
reviews compare and evaluate the application of continuous
wave/millisecond (mainly Nd:YAG and CO,), nanosecond
(mainly Nd:YAG and excimer (UV)) and free electron laser
sources for laser nitriding in the presence of nitrogen and
carburizing typically in the presence of methane.”'?
Femtosecond (fs) lasers, operating on an extremely short
timescale with pulses of some 107" s, are usually used to form
unique surface structures with tunable properties.*'¥ Femto-
second lasers have been applied to tailor the surface properties
of the ultrahard materials such as titanium nitride, titanium
carbides and silicon carbide as well as thin films thereof.">" In
these cases, laser induced periodic surface structures (LIPSS) in
form of parallel lines at a periodicity roughly at the wavelength
of the incident laser beam are an important structural motif
formed on the surface'"™'®*?? The resulting surfaces can
improve tribological properties, reduce friction or enhance
biocompatibility."®'"?” Besides the post-processing of deposited
or bulk material, femtosecond laser have been applied to
synthesize and/or deposit nanoparticles and films of nitrides or
carbides, respectively, on substrates. The direct material transfer
has been realized by femtosecond laser treatment of targets
from SiC or TiC and deposition of the ablated material on silicon
and other substrates.>*¥ SiC nanoparticles have been obtained
with femtosecond laser irradiation of silicon immersed in
hexane or ethanol, respectively.”>?® A similar process has been
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applied on titanium immersed in hexane for the synthesis of
TiC microparticles.”” Longer pulses have been used to ablate
titanium in a methane atmosphere and to deposit the resulting
TiC as a film on silicon targets.”® Films of TiN on silicon have
been achieved by femtosecond laser treatment of titanium
targets in a nitrogen atmosphere.”? The direct surface trans-
formation of Ti and Si to their corresponding nitrides or
carbides with femtosecond laser pulses has been investigated,
too. A silicon surface coated with carbon is transformed to SiC
by femtosecond laser irradiation.”” A TiC surface is formed on
Ti plates immersed in hexane or acetone upon femtosecond
laser pulse treatment.®'® A TiN/TiON surface is formed on
titanium by femtosecond laser pulses in a nitrogen
atmosphere ®***! Cleaning the surface with a first femtosecond
laser process in argon leads to a pure Ti surface, on which TiN is
formed in a second step under N, atmosphere.®” In liquid
nitrogen, TiN is formed upon femtosecond laser irradiation of
titanium, too, and the surface is covered with an inhomoge-
neous, cracked TiN layer.??

The nitride and carbide surfaces achieved by reactive
femtosecond laser treatment with typically Tiisapphire laser
setups have been compared in detail to surfaces achieved by
nanosecond lasers or other methods in literature and reveal a
significant drawback of the femtosecond process.”'®'? Despite
the nicely structured surface with a high specific surface area,

the surface is rather porous and the hardness of the surface is
strongly reduced in comparison to the bare metal®'*'?
Consequently, the surface layer is easily scratched off. This is
explained by the short interaction time of the laser beam and
direct ablation of the nitrided material instead of melting
processes on the surface which facilitate a strong binding of the
surface layer with the substrate."” This situation is visualized in
Figure 1. A titanium sample has been laser structured with
femtosecond laser pulses from a Ti:sapphire setup in a nitrogen
atmosphere. The EDX measurements confirm a nitrogen
content of approx. 18 atom-% on the surface. Weakly scratching
the surface with a hardness pick of Mohs hardness 5, i.e. below
the hardness of blank titanium (see Table 1), completely
removes the structured surface coating and the bare metal
appears.

Here, we investigated the surface treatment of titanium and
silicon in a nitrogen atmosphere or in the presence of gaseous
carbon sources such as methane, ethylene and acetylene with
femtosecond laser pulses from a high power laser setup with
high repetition rates. High power fast pulse repetition rate
femtosecond lasers fill the gap between lower repetition rate
femtosecond laser sources and nanosecond laser treatment. We
report on a stable carbide or nitride layer formed with a
processing time of a few seconds per square centimeter and an
excellent spatial resolution below 1T mm.

EDX:

66 £3 % Ti
17%1%N

89+t4%Ti
0x0%N

Figure 1. Titanium surface treated with fs laser pulses of a Ti:sapphire laser source (t=60 fs, f=10 kHz, J=1.44 Jcm 2, N=250, S, =140 pm, Dj,.= 60 pm, N,
atmosphere) scratched with a tip of Mohs hardness 5. (a) Optical microscopic image and (b) close-up view by SEM with surface composition obtained from

EDX measurements.

Table 1. Physical properties of the metal targets, the reagents and reaction products discussed here.
m.p.“" b.p. " heat of formation Mohs hardness
°q [°cl AH° [kJ/mol]
Ti 1668 3287 0 6.0%
Ti6Al4V 1655144
Si 1414 3265 0 6.5
Tio, 1843 ~30004 944,848 6.2141
TiN 2950 (dec.) - —338"7 9.04"
TiC 3067 4820“" —193,38% gitassl
SiC 2830 (dec.) - —65.319 9311
N, —210.0 —198.8 0 -
CH, —182.54¢ —161.54¢ —74.94 -
ethene —1691¢ —10449 +52.148 -
ethyne —g14d —841e +226.9% -
[a] estimated from Knoop's hardness.
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Results and Discussion

For all experiments, a vacuum-tight stainless steel chamber
with a glass window, pressure and oxygen sensors as well as a
gas-mixing inlet has been used (Figure 2). The chamber is
placed on a water cooled baseplate (T=15°C). An Yb:YAG laser
with a center wavelength of A=1030 nm and a pulse length of
t=750fs with a maximum output power of P=400W at
repetition rate of f=1 MHz has been applied as beam source.
The laser beam has been scanned in parallel lines across the
surface. Laser parameters for surface treatment have been
derived from the parameters of a Ti:sapphire laser setup for
titanium.®® The resulting surface structure achieved with the Ti:
sapphire setup is visualized in Figure 1. In perfect agreement
with literature, the fluence of J=1.44 Jcm2 and a number of
repetitive laser pulses of N=250 on each spot of the surface
leads to a microconical structure on the titanium sample.?”*®
Transferring the parameters to our high power setup with
1 MHz repetition rate at an average output power of P=222 W
leads to a very fast structuring process. Owed to incubative
effects, surface structures differ strongly and structure forma-
tion is absent. Instead, molten grooves located at the parallel
lines of the focus spot moving across the surface are
observed.®” Depending on the repetition rate, different
structure formation processes are dominating, and high pulse
repetition rate laser systems form other structural motifs on the
surface with matching laser parameter sets.***” The limits are
roughly characterized around f< 250 kHz; 250 kHz-5 MHz; 5-
7 MHz; >7 MHz." Here, we reduced the laser fluence until the
occurrence of molten/milled grooves was absent to ensure a
homogeneous surface. This was achieved at a fluence of J=
0.62 Jcm™. The final laser parameters used for all samples
presented here are a spot size of S,,,,=140 um, a number of
pulses of N=250 per spot on the surface, a resulting processing
speed of 560 mms™' and a distance of the laser processed lines
of Djjne =60 pm.

The line distance is lower than the spot radius, which again
supports formation of a homogeneous surface (see below for a
variation of the line distance). The applied laser fluence of J=
0.62 Jem™ is clearly above the ablation threshold on titanium
of J=0.1Jcm 2" On silicon, the laser fluence was slightly
reduced to J=0.50 Jcm? to prevent cracks on the surface. On
silicon, the ablation threshold is strongly wavelength depend-
ent. Owed to the increased transparency at 1030 nm,”? the
laser beam can penetrate deeper into the material. Here, the
applied fluence is clearly above the documented ablation
threshold on silicon at 1030 nm of J=0.4 Jcm 2

Based on the line distance and the processing speed, a
sample of 1 x 1 cm? takes 3 s to process. For the given fluence
of J=0.62 Jcm™? on Ti, the laser is operated at P=95W. As a
rough estimation, the bulk material of the Ti samples of 0.5 mm
thickness could easily reach a temperature above the melting
point of Ti if the energy is transferred in the sample. Since the
structuring process was strictly limited to the scanned area (see
below), it can be assumed that despite the fast process time
only surface reactions are dominant.

The properties of all samples are summarized in Table 2.
First, the metal plates have been processed in an argon
atmosphere for comparison. After processing, the surface of the
titanium sample Ti-Ar appears as an homogeneously rough-
ened, shiny surface (Figure 3a). The visible roughness is
reflected by laser scanning microscopy (LSM) which reveals an
increase of the surface roughness in comparison to the
untreated plate from R,=0.5=£0.T um to 2.2+0.1 um. The
reflectivity of the surface is slightly reduced by the roughening
process and the absorptivity is increased from a=65% to 77 %.
The homogeneous surface structure on an microscopic level is
confirmed by light microscopic images. The titanium sample
processed under argon shows a microscopically regular struc-
tured motif (Figure 4a). Basically the same observation has been
made for the silicon sample Si-Ar. The smooth surface (R,=
0.114+0.01 um) is roughened after processing (R,=2.3£0.7 pm)

laser: 750 fs @1 MHz

3s/cm?
processing chamber vacuum meter Ar
Ti Ti
air —
—’ . .
Ti TiO, (TiN)
N,
_—
Ti TiN
7 Ti TiC
: t ethene
oxygen as mixing setu : - .
a) mgtger J 9 P b) Si SiC

Figure 2. (a) Process chamber for irradiation of the samples under various controlled gas atmospheres and (b) sketch of the surface chemistry on titanium and

silicon upon high repetition rate femtosecond laser treatment.
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Table 2. Properties of the surfaces treated with 750 fs/1 MHz laser pulses in various atmospheres.

sample atmosphere surface composition® surface roughness® absorptivity™
[atom-%)] R, [um] a [%]
(o] N C

Ti untreated 127+1.0 - 47+03 0.5+0.1 65

Ti6Al4V untreated 21.0+1.6 - 6.2+04 0.6+0.1 67

Si untreated 0.4+0.1 - 6.9+0.9 0.11+0.01 69

Ti-ref N, 12741.0 16.84+1.0 42403 3.140.1 98

Ti-Ar argon 148+1.2 - 48+0.3 22+0.1 77

Ti-air air 53.7+4.2 35+04 2.8+0.3 3.1£0.1 89

Ti6Al4V-air air 544+45 3.0+03 3.7+04 56+0.3 -

Ti-N N, 147+£13 203+1.3 58+04 2.0+0.1 85

Ti6Al4V-N N, 16.2+£13 182+1.1 6.0+£0.4 29+0.1 N

Ti6Al4V-C methane 173£1.1 - 229420

ethene/Ar 60/40 124+24 - 30.6+26 2940.1 -
ethyne/Ar 20/80 143+£09 - 179+1.7

TiC ethene/Ar 60/40 73x15 N 28.1+22 29+40.1 94

Si-Ar argon 0.8+0.2 - 9.2+1.1 23+0.7 70

Si-C ethene/Ar 60/40 21+04 - 19.6+2.0 22403 80

[a] measured by EDX. [b] measured by LSM. [c] at 600 nm. [d] processed with a Ti:sapphire laser setup and 60 fs/10 kHz pulses.

d)

Figure 3. Photographic images of surfaces treated with high repetition rate fs laser pulses (t=750 fs, f=1 MHz, N= 250, 5,,.= 140 pm, Dj,,o =60 pm,
J=0.62 Jcm 2 (Si: J=0.50 Jcm ). (a) Ti (top) and Si (bottom) treated in Ar, (b) Ti in air, (c) Ti in N,, (d) Ti in ethene/argon (e) Si in ethene/argon atmosphere
(top at ambient light, bottom with flashlight), insert: commercial SiC crystals. (f) Optical microscopic image of the Ti sample treated under N, atmosphere.

and visibly comparable to the titanium sample (Figure 3a).
According to the elemental surface analysis by energy dis-
persive X-ray spectroscopy (EDX), the chemical surface compo-
sition remains unchanged during the structuring process. The
titanium surface provides a significant oxygen content before
structuring (12.7£1.0 atom-% O) which is not removed with
the laser process applied here after laser structuring in an argon
atmosphere.

Processing titanium at air, reveals a significantly different
surface. The surface of Ti-air appears periodically roughened
and inhomogeneously colored. The sample appears in a blue
color, with an increased absorptivity of a =89%, indicating the
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formation of oxygen-deficient TiO,, with golden spots or lines in
between (Figure 3b). EDX measurements confirm a high oxygen
content of 53.7+4.2%. Additionally, a significant amount of
nitrogen (3.5 +0.4 atom-% N) is detected. The surface inhomo-
geneity is visualized by optical micrographs (Figure 4). In
contrast to the homogeneously structured surface after laser
processing in an argon atmosphere (Figure 4a), large grooves
after laser processing at air dominate the surface (Figure 4b).
This is reflected by the increased roughness of R,=3.14+0.1 um
of the sample Ti-air. The formation of the deep grooves is
explained by etching processes of highly reactive oxygen, which
dominate the structuring process.®**¥
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Figure 4. Optical microscopic images of titanium samples treated under (a) an argon atmosphere and (b) at air. (c) Elemental distribution map for the nitrogen

content obtained by EDX for the sample Ti-air.

Interestingly, the color of the parallel lines is alternating
blue and golden (Figure 4b). To further analyze the chemical
composition, spatially resolved EDX measurements were per-
formed. The elemental composition map reveals alternating
lines of 4-5 atom-% N and 0% N at a periodicity of the line
distance of the laser process. Consequently, we assume at the
center of the laser spot oxygen to be consumed fastest and
subsequently titanium to react with the less reactive nitrogen
(heat of formation AH°=—-945kJmol™' for TiO, and
—338 kimol ™' for TiN), while at the outer area of the gaussian
beam profile the reaction is slower and sufficient oxygen is
present to form solely titanium oxide. The oxygen concen-
tration is randomly distributed across the surface with a slight
increase at the areas with the highest nitrogen content (see
Figure S1 of the Supporting Information). The experiments have
been repeated in a pure oxygen atmosphere to obtain a surface
free of TiN, but the reactivity of Ti in oxygen turned out to be
too high and the sample ignited upon high power laser
irradiation and was burned (see Figure S3 of the Supporting
Information).

In a nitrogen atmosphere, laser structuring proceeded well
and a homogeneous, deep golden surface was obtained (Fig-
ure 3¢). The visible surface structure of Ti-N matches with the
sample processed under argon. The microscopic images (Fig-
ure 3f) demonstrate the homogeneous golden coating on the
titanium sample, with a roughening already seen in the
microscopic image of Ti-Ar (Figure 4a). The measured surface
roughness of R,=2.0+0.1 um is in agreement with Ti-Ar, too.
The nitrogen content of Ti-N is determined to 20.3 £+ 1.3 atom-
% N, which is slightly above the residual oxygen content.
Consequently, we assume titanium oxynitride to be formed (see
below) roughly with a N:O ratio of 1:0.75. This is especially of
interest concerning the surface hardness. Titanium oxynitrides
provide a constant hardness from an N/O fraction of 1/0 to 0.3/
0.7, while at lower nitrogen contents the hardness suddenly
drops off to the hardness of TiO,.” The golden color of the
sample differs strongly from the black surface obtained with
the Ti:sapphire laser setup with a repetition rate of 10 kHz (Ti-
ref). This reflected by the absorptivity of @ =85% for Ti-N in
comparison to 98% for Ti-ref. The porous microcones of Ti-ref
act as light trap, while in case of Ti-N surface chemistry and not
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the surface structure dominates the visible appearance. The line
distance of the laser structuring process has been reduced from
Dy,e=60 um gradually to 3 pum to investigate if surface
functionalization can be increased, but with decreasing line
distance the surfaces became inhomogeneous and heat accu-
mulation led to destroyed areas (see Figure S5 of the Support-
ing Information).

All experiments have been repeated with Ti-6Al-4V as
important titanium alloy for industrial and medical use. For an
application, the surface coating is more likely to be applied on
alloys such as Ti-6Al-4V instead of pure titanium. Fortunately,
nearly identical results for the surface structuring process for
the samples processed under a nitrogen atmosphere (and at
air) have been obtained in terms of the optical appearance,
surface roughness and elemental composition. The results are
summarized in Table 2 in detail.

Since the incorporation of nitrogen worked well, the
formation of TiC on Ti-6Al-4V was investigated next. Methane
was applied as gaseous carbon source to avoid cooling
mechanisms of a liquid medium, which could favor particle
release and prevent a stable binding of the surface layer on the
bulk material. After laser processing in a pure methane
atmosphere, the surface showed an inhomogeneous, partly
black partly silvery appearance (see Figure Séa of the Support-
ing Information). Although EDX measurements reveal a carbon
content of 22.942.0 atom-% C, the surface is not uniformly
transformed. The surface structure, visibly just between the
structuring process achieved under argon with black parts, may
be explained by partial carbon release from methane and
partially methane acting as inert gas. To facilitate the release of
carbon from the gas atmosphere, ethyne was applied as
reactive gas. As endothermic compound (AH® = 226.9 kJmol™
in comparison to methane AH’ = —749kimol™") ethyne
readily decomposes under the release of carbon. The formation
of elemental carbon can be seen as advantageous, since the
transformation of a Ti sample to TiC by laser structuring the Ti
surface after a layer of pure carbon had been deposited has
been demonstrated in literature.*® Ethyne has been used as
carbon source for the synthesis of TiC nanoparticles from SiH,
by laser pyrolysis.” Since ethyne/oxygen mixtures can explode
even if highly diluted with inert argon and furthermore pure

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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ethyne can violently decompose, careful control of the gas
mixture is required."® We gradually increased the ethyne
content beginning with 5 vol-% ethyne up to 21 vol-% of
ethyne in Ar. Above 21 vol-% the carbon release was too
intense and the chamber got filled with black dust. The glass
window of the chamber is a critical point for carbon formation
and above 21 vol-% of ethyne the chamber window becomes
coated with a layer of carbon and molten glass at the entry
point of the incident laser beam (see Figure S4 of the
Supporting Information for an image of 1 x 1 cm? structured
area of the glass window). The sample did not incorporate
more carbon than the sample processed in a methane
atmosphere. Although the surface appears darker, the carbon
content determined by EDX is not increased in comparison to
the sample processed in methane (see Table 2) and the surface
is still inhomogeneous (see Figure S6b of the Supporting
Information). Finally, ethene was applied as reactive gas. Ethene
is still endothermic (AH°=52.1 kimol™") but significantly more
stable than ethyne. Again, ethene was diluted with argon and
the ethene content was gradually increased. Up to 60 vol-% of
ethene the structuring process worked reproducibly without
damaging the chamber window and with only slight formation
of dusty carbon. The sample processed in a 60/40 mixture of
ethene/argon revealed a strongly increased carbon content of
30.6+2.6 atom-% C and a deep black appearance. The experi-
ments could be repeated on pure titanium with the same
results. The visible image of Ti-C demonstrates the homoge-
neous black surface (Figure 3d) with a weak, regular underlying
rough structure (R,=2.940.1) comparable to Ti-N. The absorp-
tivity of Ti-C is increased to a=94% in accordance with the
black appearance. The oxygen content of the samples is
reduced to 7.34+1.5 atom-% O in comparison to the samples
processed under nitrogen and the untreated Ti surface (see
Table 2), which can be explained by a reaction of incorporated
oxygen with hydrogen released during the decomposition of
ethene.

These optimized conditions have been applied to treat a
silicon sample. Although the wavelength of A=1030 nm is not
optimal for the structuring process of Si*? a significantly
roughened surface was obtained after laser processing the Si
sample in pure argon (Figure 3a). The surface roughness is
comparable to the Ti samples (Table 2). Repeating the experi-
ment within the ethene/argon 60/40 atmosphere led to a dark,
colorful glittering surface (Figure 3e). The visual appearance of
Si-C reminds to the typical black crystals of SiC iridescending in
all colors. The carbon content is determined to 19.6 +2.0 atom-
% C indicating a less effective process than on TiC. Partly, this
may be explained by the less favored product formation (AH° =
—65.3 kJmol™" for SiC). The roughness of the surface processed
in the presence of ethene is comparable to the structuring
process under pure argon. To evaluate the surface morphology
in detail, SEM images have been taken of all samples (Figure 5).
The titanium samples obtained in argon, nitrogen and ethene/
argon atmosphere reveal basically the same microstructure
(Figure 5a,d,f). The surface is roughened in comparison to the
plane metal, but the formation of microcones or deeper
structures is absent. Laser induced periodic surface structures
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(LIPSS) have been detected in all these cases as a weak
substructure (see insert in Figure 5a,d,f). Low spatial frequency
LIPSS, formed perpendicular to the polarization of the incident
beam and consequently perpendicular to the scanning direc-
tion, here, are a typical substructure of the laser process. These
LIPSS are formed due to interference of incident laser light with
electromagnetic waves formed on the irradiated and excited
surface.”” The periodicity is usually slightly below the wave-
length of the incident beam and has been measured to approx.
700 nm. The periodicity matches well with the expected
distance given in literature for LIPSS formed on Ti by 1030 nm
irradiation.”” The surface structure of the sample processed at
air differs strongly. Wavy structures in form of parallel grooves
formed in scanning direction appear on the surface (Figure 5b).
LIPSS have not been observed on the samples processed at air.
This observation is in contrast to results concerning the
formation of LIPSS on Ti by laser treatment at air presented in
literature®” and can be explained by the high power laser
source used here, with a longer pulse length and a higher
repetition rate. On the high power setup, etching processed
dominate the structuring process in the presence of oxygen.[36]
A fine porous network is formed as substructure on the large
grooves (Figure 5¢). The grooves are oriented at a distance,
which is smaller than the distance of the laser processed lines.
The grooves are build up alternatingly with a shorter and a
longer spacing, which is in accordance with literature. An
explanation is given by a U shaped substructure caused by
faults on the sides of a groove®™ and additionally by an offset
of 10 um of the size of the laser spot (Ry,,;=70 pm) to the line
distance (Dy,e=60 pm). On silicon, laser processing leads to a
unique surface structure based on thin tiles or scales with a
dimension of approx. 100x200 um? regularly formed on the
whole surface (Figure 5g). Possibly, the tiles are formed due to
thermal stress on the silicon surface. These microscales explain
the surface roughness discussed above. Every scale itself
provides a flat surface (Figure 5h). The situation changes in
presence of ethene. The silicon sample processed in an ethene/
argon 60/40 atmosphere reveals comparable tiles, but the
surface of every tile is covered with a substructure of LIPSS with
a periodicity of approx. 800 nm (Figure 5i). The structure on
each scale looks similar to the titanium surface discussed above.
Overall, the SEM images reveal the surfaces on titanium and on
silicon to be clearly structured in comparison to the blank
material, but with comparably solid structures, i.e. LIPSS in
contrast to porous microcones of the laser structuring process
with 10 kHz repetition rate are formed.

The transition of the unstructured to the structured area is
sharp (Figure 5e) and despite the high repetition rate a heat
affected zone (HAZ) neighbored to the structured area is not
visible. This is an advantage of a femtosecond laser based
process as long as heat accumulation due to incubative effects
remains absent. Consequently, the surface transformation of
more complex geometries was investigated. Figure 6 shows the
formation of titanium carbide on Ti-6Al-4V by laser scanning a
vector image with the laser parameter set discussed above on
the Ti surface under an ethene/argon 60/40 atmosphere.
Fortunately, surface transformation worked well and fine lines
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i)
Figure 5. SEM images of titanium samples treated (a) in argon, (b,c) air, (d) nitrogen and (f) ethene/argon 60/40 atmosphere. (e) Sharp edge of the processed
area (bottom) to the untreated Ti sample (top) under a nitrogen atmosphere. (g) Wide view of silicon sample untreated (bottom) and treated in argon (top).

(h) Si treated in argon and (i) ethene/argon atmosphere.

down to a resolution of 0.5 mm are homogeneously trans-
formed to TiC (Figure 6a). The SEM image (Figure 6b) visualizes
the weak change in the surface structure, in contrast to the
deep black appearance of the structured areas in the photo-
graphic image (Figure 6a).

To elucidate the chemical structure of the coating besides
the elemental composition, the surfaces have been investigated
by diffuse reflectance UV/VIS spectroscopy and surface X-ray
diffraction (XRD). The UV/Vis spectra of the titanium sample
processed under argon reveal a linear shift compared to the
plane Ti surface (Figure 7a) as expected for a surface rough-
ening without change of the chemical composition. The sample
Ti-air shows an absorbance increasing from A=450 nm to
800 nm, which matches with the dark blue color of the sample
and the expectation of the formation of oxygen-deficient TiO,.
This is confirmed in the XRD pattern, which reveals a set of
signals for TiO at 20=36.9° and 42.9°, underlying Ti and a
broad signal corresponding to TiO, (rutile) at 20 =27.4°5°°"
The formation of anatase (26 =25.3°) has not been identified.®”
The signals for TiO are slightly shifted in comparison to the
literature values of pure TiO. This can be explained by the
nitrogen content of the sample processed at air as discussed
above. The effect is much more pronounced in case of the
titanium sample processed in a nitrogen atmosphere. The insert

ChemPlusChem 2021, 86, 1231-1242  www.chempluschem.org

1237

of Figure 7d demonstrates the shift of the XRD peak positions,
e.g. from 43.0° (pure TiO) to 42.9° (sample Ti-air) and further to
42.7° (sample Ti-N) and 42.6° (pure TiN®¥). The exchange of
oxygen in the crystal structure of TiO by larger nitrogen ions
towards the isomorphic TiON/TiN (all NaCl type) leads to an
increase of the lattice parameters and consequently the XRD
peak positions shift to lower angles” The diffractogram
confirms a layer of titanium oxynitride to be formed on the
titanium sample processed under nitrogen and the peak
positions match with a rough estimation of an N:O ratio of
approx. 1:0.75 determined by EDX. The golden color of the
titanium oxynitride coating is reflected by the broad absorb-
ance peak around 1=420 nm in the diffuse reflectance spectra
(Figure 7a). The peak position matches with the dip of the
reflectance reported in literature for TiON films deposited by
magnetron sputtering with an N:O ratio around 1:1.%%

The titanium sample processed in the ethene/argon atmos-
phere shows an intense absorption across the full spectrum
(Figure 7a). The surface XRD measurements reveal two sets of
signals, which are assigned to TiC and underlying Ti (Fig-
ure 7e).°°%*" All peak positions of TiC are slightly shifted in
comparison to the reference values given in literature. For
example, the peak positions of pure TiC at 20 =36.0°, 41.8° and
60.65° are shifted to 20 =36.2°, 42.0° and 61.0° on the sample
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Figure 6. Spatial resolution of the high pulse repetition rate femtosecond
laser carburizing process demonstrated by laser processing a vector image
on Ti-6Al-4V in ethene/argon 60/40 atmopshere. (a) Photographic and (b)
SEM image.

Ti-C. Again, this is explained by a partial exchange of carbon by
oxygen in the cubic crystal lattice and the peak shift is in
accordance with literature for the formation of titanium
oxycarbides.®™ According to the EDX measurements, the C:0
ratio has been determined to roughly 1:0.25.

In contrast to the titanium samples, the diffractogram of the
silicon sample processed in the ethene/air atmosphere reveals
more intense reflections of the substrate. This might indicate a
thinner carbide layer formed on silicon, although the larger
attenuation length of the incident X-ray beam on silicon
compared to titanium must be kept in mind, which leads to a
larger amount of bulk material contributing to the observed
spectrum. The carbon content determined by EDX is lower
compared to the silicon sample, too (19.6+2.0 atom-% C).
Again, the larger penetration depth of the electron beam on
the silicon substrate must be kept in mind. The most prominent
signal of the diffractogram at 26 =69.2° is caused from Si (400)
planes. Furthermore, the peak at 61.7° is caused from diffraction
of Cu—Kp radiation additionally emitted from the copper X-ray
tube at the Si (400) plane.”” The forbidden reflection of Si (200)
at 20=33 °has not been observed.”” Further weak peaks are
assigned to the reflections at Si (111) around 20=29° and Si
(311) around 20=56°" The formation of B-SiC has been
identified by the characteristic peak positions at 260 =33.9° and
35.8° (see insert of Figure 7e).*® The signal at 20=35.8° is
caused by diffraction at SiC (111) planes while the broader peak
around 20=339 is typical for planar defects of the (111)
plane.*® The formation of cristobalite has not been observed,
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which matches with the low oxygen content determined by
EDX (Table 2). The diffractogram of the laser processed silicon
surface in an ethene/argon atmosphere shows some similarity
to the XRD pattern of SiC nanoparticles formed by laser ablation
given in literature.”

A microscopic view of the sample Si-C (see insert of
Figure 7b) confirms the iridescent appearance on a black
surface. The diffuse reflectance measurements of untreated Si
as well as the sample laser processed under an argon
atmosphere reveal nearly identical spectra (Figure 7b). The
absorbance spectra reveal a clear dip around 365 nm (3.4 eV)
which is in accordance with a peak of the reflectance of Si given
in literature for undoped silicon and denoted as E, peak.F**”
After laser processing, the E; peak vanishes and the absorbance
of the sample strongly increases, matching with the dark
appearance of the surface. The deep black color of SiC is caused
by small amounts of impurities, here possibly carbon (see
below).

Since the signals detected by XRD were rather weak, the Si-
C sample has additionally been investigated by surface Raman
spectroscopy. The strong absorptivity of the black surface
facilitates Raman excitation at A =532 nm. The Raman spectrum
of Si-C reveals two intense peaks around v=500 and
1000 cm ™', which are assigned to silicon and are visible in the
untreated sample, too (Figure 7c). Additionally, a peak around
V=800 cm™' occurs after laser processing in the ethene/argon
atmosphere. The peak is assigned to the transverse optical (TO)
mode of SiC in accordance with literature.”” The longitudinal
optical phonon mode of SiC around 970 cm™" is covered by the
2TO peak of silicon (Figure 7¢).”” Besides the Si and SiC signals,
a weak broad peak around v=1350 cm™' was detected after
laser processing, which corresponds to the D band of carbon
(graphite) and reveals small amounts of carbon to be present,
which is in accordance with the black color.”

To gather further information about the surface structure,
cross-sections of the samples Si-C and Ti-N were analyzed
(Figure 8). A square has been cut out of the golden surface of
the titanium sample processed under nitrogen (Ti-N) with a
focused gallium ion beam (Figure 8b). The sample has been
observed at a viewing angle of 35° with high resolution SEM to
visualize the edge and an EDX scan has been performed
beginning on top of the surface down to some micrometers
into the material vertically along the cross section. The SEM
images reveal the surface to be covered with a grainy micro-
structure based on homogeneously distributed small protru-
sions on the scale of some ten nanometers (Figure 8c).
Interestingly, the surface layer is not covered with isolated
particles, but the protrusions are seamlessly connected to the
bulk material as visualized in Fig 8c showing the cross-section
through several protrusions. Consequently, the surface layer
may provide a good adhesion on the bulk material. The grainy
layer itself revealed a nitrogen content of 17 atom-% N in
agreement with the results discussed above. We were not able
to detect nitrogen directly below the protrusions or deeper in
the material. Although this might be seen as an indication for a
very thin coating, the viewing-angle of the EDX analysis in
combination with the penetration depth of the electron beam
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Figure 7. Diffuse reflectance spectra of (a) Ti (untreated, gray) processed under argon (green), air (blue), nitrogen (orange) and ethene/argon (black)
atmosphere as well as (b) Si (untreated, gray) processed under argon (green) and ethene/argon (black) atmosphere (insert: optical micrograph of ethene/
argon processed sample). (c) Surface Raman spectrum of plane silicon (bottom) and laser processed in an ethene/argon atmosphere (top). Surface X-ray
diffraction patterns of (d) Ti processed under nitrogen (bottom) and air (top) (insert: excerpt from 260 =34 - 44 °, vertical lines represent exact values of pure
TiN and TiO given in literature®**®) and (e) Ti (bottom) and Si (top) processed under ethene/argon atmosphere.
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Figure 8. SEM image of cross section of (a) silicon processed under ethene/argon atmosphere and (b,c) SEM images of cross-section obtained by a focused ion

beam of the titanium surface laser processed in a nitrogen atmosphere.

of approx. 1um makes it difficult to quantify the results.
Roughly, we can estimate the thickness of the nitride layer to
be at least in the range of some ten nanometers as this is
dimension of the grainy particular layer, but clearly below 1 pm
based on the EDX analysis of the cross-section. Basically the
same result has been observed for a cross section of a silicon
sample processed in ethene/argon atmosphere (Figure 8a and
S2 of the Supporting Information). We were only able to detect
carbon in the top layer (19.6 atom-% C) and not below.
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To further investigate the stability of the surface coating,
scratch testes have been performed. As discussed above,
presented in literature and visualized in Figure 1, the micro-
conical and porous surface layer obtained with a femtosecond
laser setup with a repetition rate around 10 kHz is easily
scratched off with a tip with a hardness below the bulk
material.”'®'? Treating the samples Ti-N, Ti-C and Si-C with a
tip hard enough to scratch the bulk material reveals the coating
to be hard enough to prevent the surface from being affected
(Figure 9) An analysis of the depth profile via LSM reveals the

© 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH


https://doi.org/10.1002/cplu.202100118

Chemistry

Full Papers Europe
doi.org/10.1002/cplu.202100118

European Chemical
Societies Publishing

ChemPlusChem

Figure 9. Optical microscopic images (insert: depth information from laser scanning microscopy) of scratches obtained with a hardness tip (on Ti: Mohs
hardness 6, on Si: Mohs hardness 7) on the untreated and laser processed area of (a) titanium (processed under nitrogen), (b) titanium (processed under

ethene/argon) and (c) silicon (processed under ethene/argon)..

scratch on the bulk material with a depth of a few micrometers
to be absent on the titanium oxynitride, oxycarbide or silicon
carbide surface (Figure 9). The good adhesion of the surface
layer can be explained by the high repetition rate of the laser
process, favoring protrusions instead of particle ablation and
redeposition as well as the process conditions based on
gaseous nitrogen/carbon sources instead of liquids which
promote rapid cooling and particle formation.

Conclusion

Coatings based on TiN/TiON, TiC/TiOC and SiC are of interest for
various applications, ranging from hardened tools to biocom-
patible surfaces. Typically, chemical processes (often induced by
a plasma) or physical(sputtering)/chemical vapor deposition
techniques are applied. The methods generate highly stable,
flat surfaces covering the whole workpiece with a thickness of
some micrometers. A completely different surface is obtained
with low repetition rate femtosecond laser structuring proc-
esses in the presence of nitrogen/carbon sources. In these
cases, the surface structure is a major aspect and the often
microconical, porous structural motif is prone to mechanical
damage. The femtosecond laser coating process based on high
power high repetition rate laser systems in the presence of
gaseous sources for carbon or nitrogen discussed here is
located at the gap between laser structuring with femtosecond
lasers and common carburizing/nitriding techniques. On the
one hand, the surfaces are clearly less structured than the
characteristic motifs from low repetition rate femtosecond
lasers, but significantly more robust and on the other hand they
are clearly thinner and not as even as surfaces obtained by
chemical/physical deposition processes, but provide a unique
surface structure and surfaces can be coated spatially resolved.
The process presented here is fast, with a process time of a few
seconds per square centimeter and provides a high spatial
resolution below 0.5 mm at the same time. The chemical
surface composition has been investigated by EDX and a
nitrogen content up to 20 atom-% N and a carbon content up
to 30 atom-% C is achieved, while XRD confirms the formation
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of TiN (TiON), TiC (TiOC) and SiC. The carburizing process has
been optimized by using ethene instead of methane as process
gas atmosphere and diluting the ethene by argon to prevent
overwhelming carbon release. The high power high pulse
repetition rate carburizing/nitriding process is not competitive
for surface hardening of full workpieces, but can provide a
single step opportunity to deliver a roughened/LIPSS coated
and chemically transformed surface. Such surfaces are of
interest e.g. in terms of their biocompatibility."®'® Currently,
titanium surfaces presented here are under investigation
concerning their potential as electrode coating and controlling
surface wettability.

Experimental Section

Caution! Laser irradiation in acetylene atmospheres can initiate
explosions. Careful control of the gas mixture is required.

Plates of titanium (99.6 +%) with 1 mm thickness and Ti-6Al-4V
with 0.5 mm thickness have been obtained from Goodfellow. Silicon
wafer chips (0.5 mm thickness) were kindly provided by the
Institute of Polymer Materials and Plastics Engineering of the
Clausthal University of Technology. Substrates have been cleaned
by ultrasonication with acetone and deionized water. Argon,
nitrogen, oxygen, ethene (Linde) and acetylene (air liquide) have
been used as received. Diffuse reflectance UV/Vis Spectra have
been recorded with a Jasco V650 spectrophotometer equipped
with an integrating sphere (Jasco ISV-722). Spectra are referenced
to a standard white sample given by the supplier (reflectivity p=1)
and absorbance spectra have been calculated according to A=log
(0™"). Scratch tests have been performed with a standardized
hardness scale test kit (Krantz | 170) under a constant load of
0.05 N. The end tip diameter of the conical scratch tips was 20 um.
Tips of apatite (Mohs hardness 5), feldspar (hardness 6) and quartz
(hardness 7) have been used. Scanning electron microscopy (SEM)
images have been taken with an EVO MA10 (Zeiss) SEM operated at
10 kV. Elemental composition of surfaces has been determined with
an integrated energy dispersive X-ray spectroscopy (EDX) unit
(Bruker XFlash 6/30) at 10 kV. For the elemental composition of
surfaces, areas of 1000x1000 um®> have been analyzed. The
penetration depth of the incident electron beam is assumed to
approx. 1 um (0.9 um on Ti, 1.5 pm on Si). Surface roughness and
depth information have been measured and visualized with a laser
scanning microscope (LSM) operated at 408 nm (Keyence VK-X200).
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For a crystallographic analysis of the sample surface, XRD measure-
ments were performed using an X-ray diffractometer (Empyrean,
Malvern Panalytical Ltd.) equipped with a copper X-ray tube (Cu-K,,
A=1.5406 A). The penetration depth of the incident X-ray beam is
assumed to approx. 2-7 um on Ti and 12-50 um on Si depending
on the angle of the incident beam. Surface Raman spectra have
been measured with a Raman microscope (Bruker Senterra) in a
backscattering geometry with an excitation wavelength of 1=
532 nm at 20 mW and a laser spot size with a diameter of 1.6 um.
Focused lon Beam (FIB) cross-sections and field emission SEM
imaging have been performed by the Clausthal Centre for Material
Technology (CZM). EDX scans have been performed to analyze the
cross section in segments of 30x 30 nm?,

For comparison, titanium samples have been processed with a Ti:
sapphire laser source (A=800 nm) with 7=60 fs laser pulses at a
repetition rate of f=10kHz according to a setup reported
previously.”"

The general setup for laser surface processing used here has been
described earlier.”>”®’ An AMPHOS 400 Yb:YAG high power laser
system with a centre wavelength of A =1030 nm and a pulse
length of 7 =750 has been used as beam source. The direction of
polarization of the linearly polarized light correlated with the
scanning direction. Besides the preliminary parameter variation, the
following parameters have been used for all final samples at
varying gas atmospheres. A spot diameter of the Gaussian beam of
approximately S=140 um (1/€% has been adjusted by a 420 mm f-
theta objective. The average optical laser output power of P=95 W
(Si: 76 W) leads to a pulse energy of E=95 wJ (Si: 76 W) and a laser
fluence of J=0.62 J/cm? (Si: 0.50 J/cm?) at a repetition rate of f=
1 MHz. The scanning speed of v=560 mm/s of the laser beam on
the surface results in every spot on the surface to be hit by a
number of N=250 laser pulses. Areas of 1x1cm? (parameter
variation) and 2x 2 cm? (final samples) have been processed in lines
with a line distance of D=60 um. All experiments have been
performed within an air-tight stainless steel processing chamber
(inner diameter 10 cm) equipped with an NIR transparent window,
2 inlet and outlet valves and oxygen and pressure sensors. The total
volume of the chamber is 0.65 L. The inner atmosphere of the
chamber has been exchanged by repeated evacuation and flushing
with the desired gas atmosphere. All samples have been cleaned
by ultrasonication in deionized water for 5 min. Samples have been
stored at ambient conditions.
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