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Effect of focused nanosecond laser pulse irradiation
on microtribological properties of diamond-like films

V.D. Frolov, P.A. Pivovarov, E.V. Zavedeev, M.L. Shupegin, S.M. Pimenov

Abstract. We have examined the effect of focused nanosecond
laser pulses on the formation and tribological properties of micro-
structures in the form of a matrix of craters produced in
a—C:H:Si: O diamond-like films (DLFs), both undoped and
doped with tungsten. The studies are performed by scanning probe
microscopy (SPM) using SPM probes of standard design with a
tip and probes without a tip (tipless-type probes). A special proce-
dure is developed for assessing the wettability (contact angle) of
individual sections of the laser-induced microstructure by the
local adhesion force. According to estimates, the material inside
the crater becomes softer and more hydrophobic as a result of
laser irradiation. This is manifested to the greatest extent in tung-
sten-doped DLFs, where the crater walls are arranged like ter-
races formed by °‘nanoflakes’, i.e. grains of the substance.
Scanning of microstructures with a tipless probe in the regime of
lateral force microscopy demonstrates a decrease in friction in the
crater area.

Keywords: nanosecond laser pulses, diamond-like film, microstruc-
ture, microtribological properties.

1. Introduction

It is known that diamond-like carbon films (DLFs) have a
solid, chemically inert surface, which makes them attractive
for practical applications (in particular, in micromechanical
systems [1]).

Technologically, the properties of DLF coatings are
determined by a certain ratio between the sp® and sp’
bonds. The high content of sp? bonds ensures the hardness
of their surface, and vice versa, the low density of sp? bonds
(and, consequently, the high density of sp? bonds) contrib-
utes to a decrease in hardness and sliding friction [2-5].
Structural transformations in the DLF surface layers can
be obtained by laser treatment [6, 7], which allows selective
formation of microstructures on the DLF surface with
improved tribological properties (see, for example, work
[8—10]).
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One of the priority tasks of tribology is superhydropho-
bicity of the surface. In the scientific literature, a criterion for
achieving hydrophobicity has been developed: The effective
contact angle at the water—solid interface, with allowance
for the surface roughness, should be at least 150°. Laser
structuring of the polytetrafluoroethylene surface made it
possible to achieve a high index of superhydrophobicity, i.e.
a contact angle of ~170° [11]. As the surface roughness of
this material decreases, the effective contact angle also
drops, but remains above 90° for a perfectly smooth surface.
In other words, only originally hydrophobic materials can
exhibit superhydrophobicity due to profiling of the surface
of microstructures.

In this work, we use focused nanosecond laser pulses to
form surface microstructures in a—C:H:Si:O DLF, both
undoped and doped with tungsten. Note that the introduc-
tion of silicon into the DLF, on the one hand, causes an
increase in the number of sp> bonds (i.e. increases the DLF
surface’s hardness), and, on the other hand, reduces mechani-
cal stresses in the film [12].

Laser-induced microstructures, an array of microcraters
in our case, acting as a test object for determining changes in
the DLF material properties inside and outside a given laser
exposure area and for establishing the reproducibility of this
exposure, are studied by means of scanning probe microscopy
(SPM) using a specially developed procedure for evaluating
the mechanical (degree of rigidity) and microtribological
(local adhesion force, degree of wettability) DLF properties
before and after laser irradiation. In this regard, one of the
important aspects of research is the search for hydrophobic
surface areas. Along with this, the friction force on the sur-
face areas of the microstructure outside and inside the laser-
affected zone is studied.

2. Experimental

Experiments were performed on both undoped and tungsten-
doped a—C:H:Si:O DLFs (hereinafter, DLF 30 and DLF 31,
respectively). DLF samples were grown on Si substrates by
chemical vapour deposition (CVD) from the gas phase of
polyphenylmethylsiloxane (PPMS) vapours [13, 14].

When growing DLFs, deposition of a mixture of PPMS
with argon was used. During the technological process,
tungsten was introduced using magnetron sputtering of a
metal target (the percentage of Win DLF 31 was ~14 at. %)
[14]. Deposition conditions and elastic properties of films
are described in detail in [15]. In the experiments, DLFs with
a thickness of ~2.6 um (DLF 30) and ~4.3 um (DLF 31)
were used.
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The samples were examined using a Ntegra Spectra M
scanning probe microscope (SPM). A specific feature of
this microscope is the presence of an optical path in its
design, which allows irradiating the experimental sample’s
surface with a laser focused beam, followed by moving the
SPM probe into the laser irradiation zone and scanning the
SPM probe over a given surface area of the sample. The
principal scheme and the result of laser irradiation in the
form of an ordered array of craters on the sample surface
are shown in Fig. 1.

Figure 1. Schematic of the Ntegra Spectra M SPM unit:

(1) external radiation source (laser); (2) SPM optical system; (3 ) sam-
ple; (4) SPM probe. A typical view of the crater array formation is
shown on the right.

In our experiments, the surface of the samples was
exposed to radiation of a pulsed Nd:YAG laser focused into
a spot with a diameter of ~1 um (wavelength, 532 nm; pulse
duration, 10 ns; pulse energy, 0.7 J cm™2; laser pulse repeti-
tion rate, 2.5 kHz; amd exposure time at each point of the
matrix, 2 s).

Using laser irradiation, a matrix of 40 X 20 craters was
produced on the surface of the samples (linear dimensions of
the matrix are 40 X 20 um). After laser irradiation, the sam-
ples were processed in an ultrasonic bath with distilled water
for 30 min.

At the initial stage of SPM measurements, the DLF
surface relief was recorded in both contact and tapping
modes. In the latter case, the phase contrast of the surface
was simultaneously recorded. The main part of the experi-
ment was to study the DLF properties by measuring the
forces F that occur when the sample contacts the DLF
probe. The measure for F is the bend value of the SPM-
probe cantilever (recorded on the photodetector in nA). The
bend depends on the magnitude and direction of the cantile-
ver tip’s movements along the normal to the surface z [the
so-called F(z) characteristic]. Measurements were also con-
ducted for a number of test samples [cover glass, indium,
highly oriented pyrolytic graphite (HOPG), and Teflon].
The DLF surface was then scanned in the lateral force
regime to study the distribution and magnitude of the fric-
tion forces. In this case, the measure is the value of the can-
tilever’s torsion angle. Information about the magnitude
and distribution of the friction forces on the DLF surface

was obtained using special SPM probes without a tip (tipless
cantilevers). The cantilever width was ~40 pm. During
scanning, the cantilever end was brought into contact with
the sample surface. The air humidity in the experiments was
RH = 45%-55%.

3. Experimental results and discussion
3.1. Surface relief

As a result of a series of laser impacts on the DLF surface, a
matrix of elements was formed, i.e. micropits with a diameter
of ~1 pum. Laser effects are reproducible. The matrix frag-
ment for DLF 30 is shown in Fig. 2. In the case of DLF 30,
the matrix element is a cone-shaped crater ~300 nm deep
with smooth walls (see Fig. 2b).
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Figure 2. DLF 30 sample: (a) surface microrelief map and (b) surface
cross section.

Craters on the DLF 31 surface have a smaller (~ 150 nm)
depth and walls in the form of terraces formed by ‘nano-
flakes’, i.e. grains of the substance with a thickness of
~20-30 nm and lateral dimensions of ~100 nm (Fig. 3). At
the crater edge, a redeposition in the form of a collar is
observed as a result of the ejection of the material from the
crater. The most clearly grained structure of terraces appears
on the phase contrast map (Fig. 4).
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Figure 3. DLF 31 sample: (a) relief map and (b) relief cross section.
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Figure 4. DLF 31 sample: phase contrast map.

The obtained experimental data on the nature of the local
destruction of the DLF 31 surface (formation of a nanosized
material in the crater zone, formation of terraces) indicate in
favour of the crater formation mechanism due to the splitting
off of a layer after layer from the film under a series of laser
impacts. In the scientific literature, this splitting is referred to
manifestation of so-called spallation. Two alternative mecha-
nisms of DLF spallation are considered. The first of them
consists in quantised structuring of films due to the appear-

ance of a shock electron wave under conditions of picosecond
laser interference [16]. According to the second mechanism,
the layer spallation effect is attributed to the action of concen-
trated mechanical stress caused by differences in the structure
evolution processes at different DLF depths under laser irra-
diation with nanosecond pulses [17, 18]. We consider the sec-
ond mechanism based on the development of critical stresses
in the film as a result of inhomogeneous thermal heating to be
more probable.

Note that, in purely external features, namely, the for-
mation of a crater with smooth walls and a relatively small
amount of redeposition, the mechanism of crater formation
that dominates in DLF 30 differs from that observed in
DLF 31 and can be attributed to evaporative ablation [10].
Undoubtedly, the process of the formation of laser-induced
craters in the DLF requires further research.

3.2. Characteristic dependences F(z)

Figure 5 shows the characteristic dependences F(z) recorded
when approaching, touching, and pressing the SPM probe
into the film, i.e., with decreasing z followed by the probe
withdrawal, i.e. when increasing z. For ease of perception, the
dependences F(z) are shifted along the abscissa and ordinate
axes relative to each other.

Figure 5. Typical F(z) dependences for the approach (gray curves /—4)
and withdrawal (black curves /'—4") of the probe to/from the original
surface (7, I'), the surface between craters outside the laser impact zone

(2, 2"), the surface in the laser impact zone (3, 3', 4, 4').

Summarising the obtained data, we can conditionally dis-
tinguish 4 types of F(z) characteristics:

1) on the curves for the original surface, F jumps are visi-
ble both when approaching the film surface and when moving
away from it (Fig. 5, curves / and 1’);

2) on the curves constructed for most areas of the DLF
surface outside the laser impact zone, F jumps are also observ-
able (at a distance of at least 1 um from the crater boundary)
both when the probe is approaching and when the probe is
withdrawn, but their amplitude is less than in the case of the
original surface;

3) the curves characteristic of the surface areas inside the
laser impact zone (craters) and on the crater boundary are
distinguished by the fact that F jump disappears when
approaching the surface; and

4) on the curves characteristic of certain surface areas
inside the craters, there are no F jumps both when approach-
ing the surface and when moving away from it.
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The spatial distributions of the ‘anomalous’ characteris-
tics of F(z) (curves 3 and 4 for DLF 30 and DLF 31) are
shown in Fig. 6, where the probe positions when measuring
the ‘anomalous’ curves are marked with white squares. From
these distributions, it follows that the main part of the DLF
areas with ‘anomalous’ F(z) characteristics is concentrated
inside the crater and also on the crater edge in redeposition
areas. The highest spatial density of such areas is observed in
DLF 31, while in DLF 30 the proportion of these areas is
relatively small. As for curves 2, their difference from the
original curves (curves /) can be explained by the incidence of
redeposition particles in these places.

y/um

Figure 6. Distribution of ‘anomalous’ characteristics over the surface:
(a) DLF 30 sample and (b) DLF 31 sample.

The process of pressing the SPM-probe tip into the film
can be represented as compression of two sequentially con-
nected springs: a cantilever beam and an elastic film material.
The slope of the Fj,,q4(z) dependence when approaching the
probe can be expressed as

Foaalz = (I/kc+1/ks)71> (1)

where k. is the force constant of the cantilever and k; is the
elastic coefficient of the film.

When probing materials that we further refer to as ‘solid’,
i.e. when k, > k, = 3.5 nN nm™!, the slope of the Fj,,4(z)
dependence is determined by the cantilever’s force constant,
1.e. Fipaa/z ~ k. = constz. In a reverse situation, when probing
‘soft” materials, i.e. at k, << k., we have Fj,,4/z ~ k,, and the
Fio.4(2) slope depends on the elastic properties of the film and
its reactions to the probe pressure.

Let us estimate the approximate critical value of the
Young’s modulus E, i.e. when kg ~ k.. We use the well-

known formula k& = ES/L for the elastic coefficient of the
material, where E is the Young’s modulus of the film mate-
rial; L is the film thickness; S = 2nR? is the contact area of the
cantilever tip with the film; and R is the tip end’s radius.

At R ~ 10 nm and L ~ 1 um, we have E.. ~ 5 GPa. For
relatively ‘solid’ materials (E > E_,), the force F,,q linearly
depends on z. For ‘soft’ materials (E < E_,), the Fj,,q(z) depen-
dence is nonlinear, which, among other things, is related to
the F(z) measurement technique in SPM. Indeed, as follows
from the elasticity theory (see, for example, [19]), when the tip
is pressed into an elastic half-space (film), the Fj,,q4(z) slope is
expressed (in the approximation of an incompressible sphere)
by a nonlinear function of the form

Fioudlz = ERV2212/(1-0?), ()

where v is Poisson’s ratio.

Thus, the form of F,,4(z) dependence indirectly indicates
the degree of the test sample rigidity. Moreover, if the Fj,,4(z)
dependence is linear, it is possible to calibrate the F values
along the ordinate axis. For example, for HOPG, the Young’s
modulus is £ ~ 17.5 GPa [20], and Fj,4(2) is linear (Fig. 7).
From data on measuring the Fj,,4(z) slope for HOPG and the
force constant data of the SPM probe, we obtain for 1 nA
along the ordinate axis F = 1.75 x 10> nN, which was used to
normalise other dependences in Fig. 5 and Figs 7, 8.
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Figure 7. F(z) dependences for the approach/withdrawal: (1, /") indi-
um; (2, 2") graphite; (3, 3') Teflon.
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Figure 8. Experimental relationships between the local adhesion force
F, and the wetting angle: 1 = cover glass; 2 = indium; 3 = HOPG; 4 =
Teflon.
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Note that the original DLF 30 and DLF 31 films also
show a linear Fj,,4(z) dependence, i.e. they can be attributed
to ‘solid’ materials. The ordinate axis normalisation accord-
ing to Fj,,q(z) data actually coincides with the normalisation
established with the use of HOPG. On the contrary, most of
the DLF inside craters are characterised by nonlinear Fjy,q(z)
dependences (see curves 3 and 4 in Fig. 5), which can be inter-
preted as the reaction of a ‘soft’ material to the probe pres-
sure. (Note that in the latter case, such a reaction can be
caused not only by the internal elastic properties of the modi-
fied material, but also by a design effect, i.e. spring-loading of
a nanoflake under pressure from the probe).

Experimentally, the assumption that the shape of the curve
Fload(z) depends on the degree of the test material rigidity is
confirmed, along with HOPG measurements, by the results of
measuring the F(z) characteristics for indium and Teflon.
Indium is a soft material (elasticity modulus is 3 GPa) [21],
Teflon is an ultra-soft material (elasticity modulus is 0.4—
0.8 GPa) [22]. The results of the F(z) dependence measurements
for indium, HOPG, and Teflon are presented in Fig. 7. It can
be seen that, in contrast to HOPG, the Fj,,4(z) dependence for
indium and Teflon is nonlinear with respect to z.

3.3. Local adhesion force, relationship
with material wettability

It is known that the jump in F(z) dependence, which occurs
when the SPM probe moves away from the sample surface
(see, for example, Fig. 7; curve ['), indicates the force F, of
water adhesion to the sample surface at a given point on the
surface [23]. Below we establish the relationship between this
local (microscopic) parameter and the wettability (hydrophi-
licity/hydrophobicity of the material), the value of which is
determined by the edge (contact) angle between water and the
sample surface. Thus, in the approximation of a spherical
indenter (tip), the relationship between the local adhesion
force and the contact angle can be represented, according to
calculations [24], as

F, ~ Roy,(cosf; +cosb,), 3)

where 0y, is the surface tension at the interface of two phases
(water—gas); 6; is the water—film contact angle; and 6, is the
water—SPM probe contact angle. From relation (3) it follows
that, all other things being equal, the contact angle 60, is
inversely proportional to the adhesion force F,.

Due to the design features of the probe microscope, direct
measurement of the contact angle in the conditions of our
experiment is challenging. Therefore, here we have in mind
the establishment of an empirical relationship providing a
quantitative assessment of the relations between F, and 6 for
these experimental samples within randomly selected areas of
their surfaces. The solution to this problem is to construct a
calibration curve using the coordinates of points (0, F,)
obtained as a result of SPM measurements of statistical val-
ues of F, for test samples of certain materials and known
tabulated values of the contact angle 0 for these materials.

The resulting calibration curve F,(6) is shown in Fig. 8.
In our case, we used data on the contact angle 6 for cover
glass (6 ~ 15°, [25]), indium (@ ~ 20°, [21]), HOPG (0 ~ 90°,
[20]), and Teflon (6 ~ 110°, [22]). The procedure for determin-
ing the degree of wettability (contact angle 0) for new objects
(in our case, DLF 30 and DLF 31) consists in SPM measure-
ment of the adhesion force F, for a given object and determin-

ing the value of the contact angle of wettability using the cali-
bration curve F, (Fig. 8). It is important that SPM measure-
ments of the test samples and the new object are made under
the same conditions, including the relative humidity of the
environment, and with the same instrument (SPM probe).

Figure 8 shows the results of F, measurements for DLFs
and their relationship to the contact angle. The highest F, val-
ues for the original DLF surface were recorded for the tung-
sten-doped DLF 31 film with the corresponding contact angle
6 ~ 60°, which means that this film is the most hydrophilic.
The wettability of the undoped DLF 30 film is characterised
by a large contact angle 0 ~ 70°. After laser irradiation, the
contact angle on the surface of the DLF 31 film outside the
craters increases to 6 ~ 70°. Note that these estimated values
of 0 are in satisfactory agreement with the data 6 ~ 65° —70°,
obtained using the drop method for similar DLFs [10]. Inside
the craters, the material is characterised by a significantly
larger contact angle which amounts to 90° — 110°.

Summing up the above experimental data, we can con-
clude that as a result of laser impact, the rigidity of the modi-
fied DLF material in the crater area decreases and it becomes
hydrophobic.

3.4. Friction force

The distributions of lateral forces on the surface of the crater
matrix in DLF 31, which contains a large number of areas with
‘anomalous’ F(z) characteristics, when scanning with a sharp (R
~ 10 nm) tip and a tipless-type probe are shown in Fig. 9.
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Figure 9. Distribution of lateral forces on the surface of the laser-in-
duced structure in DLF 31: (a) scanning with a sharp tip; (b) scanning
with a tipless-type probe.
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The resulting friction force on the maps was obtained
by subtracting images of lateral forces recorded during for-
ward and reverse scanning of the probe, in order to reduce
the contribution of the relief slope to the signal of lateral
forces [20].

When scanning with a sharp tip in the laser irradiation
zone (craters), an increase in lateral forces and, conse-
quently, friction forces, is observed (see Fig. 9a). As shown
n [10], the main reason for an increase in the friction force
(in our case, inside and around craters) when scanning with
a sharp (R ~ 10 nm) tip is the effect of nanoscale roughness,
which leads to an increase in the material resistance to the
SPM probe’s movement along the DLF, including due to
the ‘plowing’ effect.

According to estimates of the details of the map of lateral
forces in Fig. 9b, the effective radius of the tipless probe is
100 nm, i.e. an order of magnitude greater than in the case of
a ‘sharp’ tip. When using a tipless probe, the effect of
nanoscale roughness on the probe interaction with the sample
surface is significantly reduced due to an increase in the effec-
tive probe radius. As can be seen from Fig. 9b, an area with a
reduced friction force is observed inside the crater, which
indicates a decrease in the amount of water adsorbate in the
zone of the probe contact with the surface. This, in turn, con-
firms the assertion that the material inside the crater is hydro-
phobic.

4. Conclusions

The impact of focused nanosecond pulsed laser radiation on
a—C:H:Si:O DLFs leads to the formation of microcraters in
the film. In an undoped DLF, craters have smooth walls. In
films doped with a metal (tungsten), craters include nano-
flakes of the material that are arranged in terraces on the cra-
ter walls.

It can be assumed that this is due to laser-induced spall-
ation. Using the results of SPM experiments and a special
data processing procedure, we estimated the local adhesion
force and wettability of DLFs outside and inside the craters
formed. According to our estimates, the DLF material modi-
fied by laser irradiation becomes softer and more hydropho-
bic. This is most pronounced in a tungsten-doped DLF. The
use of tipless-type SPM probes significantly reduced the
impact of the ‘plowing’ effect on the friction when the probe
moves along the sample surface and revealed a zone of
reduced friction inside the craters.

It is important that the process of laser-induced modifi-
cation of the DLF surface is reproducible (~800-point laser
irradiation was performed on the sample). This allows for
the formation of a microstructure with dense spatial packing
and various configurations (one-dimensional and two-
dimensional gratings, concentric grooves, etc.) on the DLF
surface.

Noteworthy is the efficiency of the technological method
of doping a—C:H:Si:O DLFs with a metal in terms of con-
verting the DLF material from hydrophilic to hydrophobic,
which creates prerequisites for the formation of superhydro-
phobic microstructures (most probable, for micromechanical
sliding friction systems). Undoubtedly, the issues of particu-
lar practical application of microstructures based on laser-
induced a—C:H:Si:O DLFs require further careful study.
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