
Vol.:(0123456789)

Applied Physics A         (2024) 130:860  
https://doi.org/10.1007/s00339-024-07980-z

A multi‑method study of femtosecond laser modification and ablation 
of amorphous hydrogenated carbon coatings

Kenta Hirahara1 · Jörn Bonse2  · Jörg Krüger2  · Matthias Weise2 · Elena Ermilova2 · Robert Schusterbauer2,3 · 
Andreas‑Neil Unterreiner1  · Andreas Hertwig2 

Received: 27 June 2024 / Accepted: 7 October 2024 
© The Author(s) 2024

Abstract
We present a study on femtosecond laser treatment of amorphous hydrogen-containing carbon coatings (a-C:H). The coat-
ings were deposited on silicon wafers by a plasma-assisted chemical vapour deposition (PA-CVD), resulting in two differ-
ent types of material with distinct properties (referred to as “absorbing” and “semi-transparent” coatings in the following). 
The samples were laser-treated with single fs-laser pulses (800 nm center wavelength, 35 fs pulse duration) in the ablative 
regime. Through a multi-method approach using topometry, Raman spectroscopy, and spectroscopic imaging ellipsometry, 
we can identify zones and thresholds of different fluence dependent effects and have access to the local dielectric function. 
The two coating materials react significantly different upon laser treatment. We determined the (non-ablative) modification 
threshold fluence for the absorbing coating as 3.6 × 10

−2  Jcm−2 and its ablation threshold as 0.22  Jcm−2. The semi-transparent 
coating does not show such a low-fluence modification but exhibits a characteristic interference-based intra-film ablation 
mechanism with two distinguishable ablation thresholds at 0.25 and 0.28  Jcm−2

, respectively. The combination of tailored 
layer materials and correlative imaging spectroscopic methods delivers new insights into the behaviour of materials when 
treated with ultrashort-pulse laser radiation.
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1 Introduction

Carbon is the chemical element with the largest variety 
of compounds possible because of its ability to bond 
covalently to itself and many other elements. This is not 
only true for molecular organic compounds, but also for 
carbon-based bulk and thin layer solids. The possibility 
of forming single and double bonds in different configura-
tions, depending on  sp2 vs  sp3 orbital hybridisation and the 
presence of chemical aromaticity, produces a wide range 
of different properties. Often, carbon coatings are classi-
fied into the diamond-like, graphite-like, polymer-like, or 
rubber-like regime [1] [2]. While thin coatings of amor-
phous carbon materials were originally studied mainly 
for their mechanical properties with the aim of tailoring 
wear-protection coatings, interesting optical properties 
were found as well [3].

Plasma-assisted chemical vapour deposition (PA-CVD) 
from organic precursors is a very versatile tool to create 
carbon thin film coatings on a variety of substrates. The 
flexibility in the process parameters allows us to change 
the material properties in wide ranges easily and in an 
almost continuous manner. Consequently, all these coat-
ings will contain hydrogen and, therefore, fall into the 
a-C:H category. One of their most interesting properties 
is that the  sp2/sp3 ratio and sometimes the hydrogen con-
tent can be varied, allowing to control some properties of 
the a-C:H material.

Because of the high hardness and brittleness it is often 
difficult to post-process and shape such coatings after 
their deposition to a carrier material (substrate). Here, 
contact-less laser irradiation provides unique advantages 
for processing coatings of varying thickness, particularly 
when ultrashort pulsed lasers are used. Because of high 
peak intensities and the pulse duration being shorter than 
typical electron-phonon relaxation times, ultrashort laser 
pulses enable a very precise structuring of almost any 
material, including hard carbon [4] [5]. Usually, they leave 
behind a minimum so-called heat-affected zone (HAZ) in 
the irradiated material, as compared to the often unwanted 
morphology when using longer-pulse lasers [6] [7] [8] [9] 
[10].

The residual modified material near the surface (in the 
HAZ) may have been affected by the strong electronic 
excitation of the a-C:H films. This eventually leads to 
the formation of a near surface ablation plasma: the early 
transient localised laser-excited electron plasma formed 
at the surface or within the films will certainly depend 
on the hydrogen and the optical properties content of the 
pristine film materials and can drive structural material 
modifications  (sp3 to  sp2 hybridised carbon bonds). On 
the other hand, the later ablation plasma contains neutral 

or charged species (free electrons, atoms, ions, etc.) that 
may interact with the sample surface and can additionally 
change its properties (e.g. wetting, hardness, etc.). Thus, a 
detailed optical, structural, and topographic investigation 
of the laser-irradiated sample surfaces is desired [11] [12] 
[13] [14] [15, 16] [17].

In this work, we apply a multi-method characterisation 
of single-fs-pulse irradiation of two types of hydrogenated 
amorphous carbon films featuring sub-micrometre thick-
nesses and a significantly different  sp2/sp3 content ratio. Both 
types of layers are prepared in the same coating device using 
plasma-assisted chemical vapour deposition (PA-CVD) and 
characterised with ellipsometry. Optical microscopy (OM) 
in brightfield and darkfield imaging mode is combined with 
white light interference microscopy (WLIM), and micro-
Raman spectroscopy (µ-RS) which is a proven method to 
determine the molecular structure of carbon materials giving 
access to the  sp2/sp3 ratio [18] [19] [20] [21].

We used spectroscopic ellipsometry (SE) and spectro-
scopic imaging ellipsometry (SIE) to determine the dielec-
tric function and layer thickness of the a-C:H material before 
and after laser treatment. This combination of different 
imaging and spectroscopic methods with morphological and 
topographic information enables us to identify laser-induced 
topographic, structural, and optical material modifications 
and allows to distinguish film- and ultrashort-pulse-specific 
ablation scenarios.

2  Experimental

2.1  Sample preparation by PA‑CVD coating

The general strategy of this work is to fabricate two coatings 
with different optical properties but approximately the same 
thickness. Figure 1 shows the workflow we used together 
with photographs of the finished samples showing the dif-
ferences in the optical properties seen with the bare eye. The 
green colour of the semi-transparent MW film is an inter-
ference colour. This effect is not present in the RF sample 
which is mostly opaque in the visible spectral range.

We deposited the different types of a-C:H coatings on 5 
cm diameter, 0.5 mm thick Si wafers (<111> orientation, 
single side polished, n-B doping, delivered from Si-Mat-
Silicon Materials e.K., Germany) The wafers were coated in 
as-delivered condition. After a short soft-etching step with 
RF Argon plasma for 30 seconds, a nominal targeted thick-
ness of 500 nm a-C:H was deposited on each wafer. We used 
a CS730ECS cluster coating system from von ARDENNE 
Anlagentechnik GmbH (Germany) with a PA-CVD module 
from Roth & Rau AG (Germany). The system which was 
already used in our previous works on a-C:H coatings [3, 
17, 22] is sketched in Fig. 2. The vacuum chamber contained 
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a sample holder and a ring-shaped gas inlet. We used the 
RF bias plasma source to coat pure RF-type coatings. This 
source was driven by a 13.56 MHz radio frequency (RF) 
generator with an automatic matching box unit. The vacuum 

chamber was further equipped with a microwave (MW) 
plasma source, consisting of a 2.45 GHz microwave genera-
tor and an electromagnet control unit. We used this feature 
of the device for pure MW-type coatings. We denote the two 
different coating types resulting in these processes as “RF” 
and “MW” type layer throughout this text. Argon with 6.0 
purity was the plasma medium and ethyne  (C2H2) with 2.6 
purity was the carbon precursor gas for all coating processes.

The specific deposition conditions for the two different 
samples were as follows:

• RF: p = 4.5 ×  10-3 mbar, gas flow Ar: 20 sccm, V̇(C2H2) 
= 40 sccm. P = 600 W, U = 800 V.

• MW: p = 2.3 ×  10-3 mbar, gas flow Ar: 20 sccm, V̇(C2H2) 
= 40 sccm. P = 600 W.

Here, p is the system pressure, P is the electrical power 
of the process, V̇  the gas flow rate, and U is the substrate 
bias voltage. After removing the samples from the vacuum 
chamber, we stored them under atmospheric conditions for 
several days before starting with the first characterisation 
experiments (mapping ellipsometry). This allows the layer 
material to stabilise as plasma-deposited carbon materials 
are still unstable and will react within the layer as well as 
with the atmosphere over several days.

2.2  Femtosecond laser processing of a‑C:H coatings

Short pulses of 35 fs duration were provided by an Astrella 
laser system (Coherent, Germany) with a repetition rate of 1 
kHz, emitting pulses at a central wavelength of 800 nm. The 
laser beam quality factor is specified by the manufacturer 
as M2 ≤ 1.2 . Pulse on demand operation was successfully 
achieved using the single-shot mode of the laser system. 
For pulse energy control we used a Glan-Taylor polariser 
(Thorlabs, Germany) with an extinction ratio of  105:1. Using 
this setup the polarisation state of the laser beam slightly 
changed in the lower pulse energy range. Therefore, we 

Fig. 1.  Coating process used for 
preparing the samples in this 
study. The photographs show 
examples of the samples from 
the two different coating pro-
cesses highlighting the transpar-
ent vs. absorbing properties

Fig. 2.  Schematic of the PA-CVD reactor with the two independent 
plasma sources. The two process gases Ar and  C2H2 are injected into 
the vacuum chamber at different points. S sample, M MW emitter 
behind quartz cup, G ring-shaped gas inlet and electrode, MP micro-
wave plasma, RP RF plasma, R RF power source. Orange arrows: gas 
flow of Ar and  C2H2
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generally don’t correlate any effects with the laser polarisa-
tion state in this work.

To ensure identical conditions for each individual shot 
on different sample positions,we configured an optical sys-
tem for calibration and experimentation, see Fig. 3. During 
calibration mode, the sample was substituted by a power 
meter to assess the average laser power, yielding a calibra-
tion curve by operating a linear polariser functioning as 
an attenuator. Simultaneously, we recorded the residual 
transmission through the focussing mirror in front of the 
sample with a photodiode and calibrated it to the results of 
the power meter at various pulse energies. This procedure 
ensured controlled energy conditions after replacing the 
power meter by the sample placed on a three-axis transla-
tion stage. Using the predetermined output of the photodiode 
(PDA100A2, Thorlabs, Germany) from the calibration, we 
recorded spatial coordinates, polariser angle, and photodiode 
peak voltage for each shot.

It is generally difficult to determine the beam geometry of 
focussed beams at the site of a laser processing experiment. 
For this reason, and because the beam shape is irregular 
in our case, we rely on determining the beam waist diam-
eters from the damage threshold analysis by means of the 
 D2-method as described below.

2.3  Spectroscopic and imaging ellipsometry

A central aspect in understanding the laser-induced modi-
fication and ablation mechanisms here relies on the knowl-
edge of the optical constants of the coating material before 
and – if possible – after laser irradiation together with the 
layer thickness. The most elegant method to determine 
these data is spectroscopic ellipsometry in single-point and 

imaging form [23] [24] [25] [26] [27]. For thin films it is 
in many ranges of thickness and properties the only way to 
determine thickness and dielectric function at the same time. 
From the ellipsometric transfer data Ψ and Δ depending on 
the wavelength λ, sample information like layer thickness d 
and the optical constants, i.e. the real (n) and imaginary (k) 
part of the refractive index can be determined by fitting a 
sample model to the measured data. From k, the absorption 
coefficient α can be determined with this equation:

together with the light penetration depth ( �−1).
We characterised both sample types (MW and RF) before 

the laser experiments by means of variable angle spectro-
scopic ellipsometry (SE) with a M2000DI instrument (J.A. 
Woollam, co. inc., USA) operating in a spectral range of 
192 nm – 1697 nm and equipped with a mapping option. 
In all cases, three angles of incidence (AOI) of 65°, 70°, 
and 75° were used, respectively. This measurement recipe 
was applied to a rectangular scan pattern of 29 measure-
ment spots evenly distributed over a circular wafer with 5 
cm diameter. No beam focussing or shaping was applied. 
We recorded the ellipsometric transfer data Ψ and Δ and 
did not assume special measurement parameters e.g., for the 
anisotropic case.

We performed spectroscopic imaging ellipsometry (SIE) 
measurements with an EP4 imaging ellipsometer from Park 
Systems (Germany) in a wavelength range between 360 nm 
and 1000 nm. We selected 40 evenly distributed wavelength 
values across this range and an AOI of 65°. The camera of 
the system delivered an image size of one megapixel and 
perspective corrected maps of Ψ and Δ at each wavelength 

(1)� =
4�k

�
,

Fig. 3.  Schematic representa-
tion of the optical set-up for 
single shots on the samples. 
FSL Femtosecond Laser, M 
mirror, ND neutral density filter, 
PD photodiode
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were produced by data analysis. This procedure resulted in 
80 images for every measurement. All images presented in 
this work are focussed throughout and geometrically cor-
rected to represent the true projected area of the camera 
sensor onto the sample surface, removing all defocussing 
and distortion introduced by the oblique angle of incidence.

For analysis, we defined regions of interest (ROIs) and 
calculated integrated extracts of each ROI for further analy-
sis. This data extraction and image handling was done in 
the EP4 data studio software provided by the instrument 
manufacturer. Data analysis by fitting on all data (SE and 
SIE) was done in the EP4 modelling module as well as in 
the CompleteEASE software (J.A. Woollam) after convert-
ing the SIE extracted spectra to the required format. The 
correctness and consistency of SE and SIE was confirmed 
by calibration measurements.

2.4  Characterisation of laser spots by optical 
microscopy, WLIM topometry, and mechanical 
stylus profilometry

The irradiated regions were inspected by an optical micro-
scope (Nikon Eclipse L200, Japan) in brightfield and dark-
field imaging modes using a white light halogen lamp for 
illumination along with a long working distance 10× or 20× 
microscope objective. For image acquisition and analysis, 
the Nikon software NIS elements (v. 5.42) was used.

To determine the topographic change after laser irradia-
tion we measured surface topographies on the RF samples 
by means of white light interference microscopy (WLIM) 
with a Zygo NexView instrument (Zygo Corp., USA). The 
2D data processing was done with the Zygo Mx software 
(v. 9). Our thin MW coated samples are too transparent for 
WLIM, so on these samples, tactile topometry was only pos-
sible with mechanical methods. For this, we used a Dektak 
XT profilometer (Bruker, USA) with a stylus radius of 2 µm 
and an opening angle of 60°.

2.5  Characterisation of laser spots by µ‑RS

Micro-spot Raman spectroscopy of the irradiated films was 
performed with an XploRA™ PLUS (HORIBA Europe 
GmbH, Germany) equipped with a 532 nm Nd:YAG-laser 
and a x/y piezo stage in backscattering geometry. The Raman 
spectra were taken by focussing the laser beam with a 100× 
(NA = 0.90) objective lens from Nikon. The theoretical laser 

spot diameter of this configuration is 720 nm. The spectral 
resolution of the Raman spectrometer accounted to 0.98 
 cm−1 for the transparent MW and to 1.6  cm−1 for the absorb-
ing RF coating. The laser processed spots were probed with 
Raman laser powers of 1 and 10 mW. Map measurements 
of the MW and the RF samples were performed using the 
point-by-point method using a spot-to-spot distance of 20 
µm in both directions, with 8 accumulations and an acquisi-
tion time of 1 s and 2 s, respectively. A polynomial baseline 
fit was done to the acquired data in LabSpec 6 (HORIBA).

3  Results and discussion

3.1  Thickness and dielectric function determined 
by spectroscopic ellipsometry

Table 1 and Fig. 4 summarise the mapping SE measure-
ments. Apart from the semi-transparent layer dielectric func-
tions developed for this work, we only used dielectric func-
tions for semiconductor materials and their oxides from [28, 
29]. All models of the a-C:H dielectric function use a multi-
peak oscillator model as provided by the CompleteEASE 
analysis software. The idea of this modelling is to use an 
asymmetric peak function of the Tauc-Lorentz type for the 
overall shape of the dielectric function curve [30]. These 
functions are intended to be applied to amorphous semicon-
ductor materials and are not fully applicable without modi-
fication to the present materials. Therefore, we used a Tauc-
Lorentz function modified by a Gaussian sideband in the 
UV for the MW coatings. This material reaches a point with 
no detectable extinction coefficient within our measurement 
window. The absorption band of the RF coatings extends 
beyond the infrared edge of our measurement. Therefore, 
we modeled this type of layer by means of three  Eg-coupled 
Cody-Lorentz functions [31]. Both functions (Tauc-Lorentz 
and Cody-Lorentz) are asymmetrically modified variations 
of the complex Kramers-Kronig consistent Lorentz oscil-
lator functions with a defined bandgap energy. The Cody-
Lorentz form contains inter-band absorption making it better 
suited for the RF type coatings. The two different layer types 
clearly show strong differences in their dielectric function 
(Fig. 4A).

RF coatings show a much higher absorption (higher value 
of the extinction coefficient k ) and a higher refractive index 
n. Both species show a decrease in k when approaching 

Table 1  Properties of MW and 
RF generated a-C:H coatings 
determined by spectroscopic 
mapping ellipsometry

Sample d / nm
centre

d range / nm n(500nm) k(500 nm) n(800 nm) k(800 nm) α−1(800 nm) / nm

MW 476.0 468–478 1.72 0.02 1.67 1.9*10−4 >300000
RF 435.3 420–437 2.33 0.42 2.40 0.21 311
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the near infrared. They essentially become transparent in 
the mid infrared making them interesting candidates for 
functional coatings in this wavelength region [3, 22]. The 
refractive index curves for the two materials show several 
interesting features. The absorption band of the RF material 
is unstructured, more intense and very broad, while MW 
a-C:H has two maxima at photon energies around 3.4 eV and 
5.0 eV, respectively. Both materials reach the maximum of 
the absorption band within the observed spectral range and 
exhibit a decrease of n(E) towards higher photon energies 
(anomalous dispersion).

The layer thickness at the centre of the wafer substrate 
was determined to be 435.2 nm for RF, and 476.0 nm for 
MW, respectively. For the MW samples, we had to choose 
a slightly more complex model using an additional intermix 
layer of roughly 11 nm thickness between the a-C:H layer 
and the substrate. It is likely that such a layer also exists for 
the RF samples but is not detectable anymore because of the 
presence of the less transparent carbon layer. We performed 
mapping ellipsometry on both samples to determine the 
thickness homogeneity across the wafer. An inhomogene-
ous distribution of layer thicknesses and properties is com-
mon in some processes caused by an irregular shape of the 
plasma plume during the coating process. Table 1 lists the 
thickness ranges of the coatings for both cases. The overall 
thickness variation is in the range of 2% of the total thick-
ness for RF a-C:H and 4% of MW a-C:H. While this can-
not be regarded as a problematic inhomogeneity of a coat-
ing process for coatings of this thickness, it is important in 
the context of comparability when discussing the results of 
imaging ellipsometry below. The optical penetration depth 
( �−1 ) at the laser wavelength is a relevant parameter which 
is determined using equation (1). As our fs laser source has 
a centre wavelength of 800 nm, we consider ( �−1 ) at this 
wavelength.

Figure 4 B and C show the α−1 spectra of the two layer 
species, with the wavelength 800 nm marked. It is obvi-
ous, that the optical penetration depth differs between the 
two species with RF carbon showing a value for α−1 of 
only 311 nm, while MW carbon has more than 0.3 mm, 
making the latter essentially transparent at 800 nm. The 
RF carbon, on the other hand, is highly absorbing (see 
α−1 values in Table 1) with an optical penetration depth 
below the layer thickness. Therefore, these coatings are a 
showcase for back-reflection interference phenomena as 
predicted several times in the past for transparent coatings 
[6] [32, 33]. With the samples in this study, we should be 
able to detect this effect in the MW coatings, but not in 
the RF coatings. The difference in the optical properties of 
the formed coatings can be explained by the fact that the 
gas-phase reactions for the two plasma sources are funda-
mentally different [22]. In the case of the MW source, the 
distance between the plasma plume and the substrate is 
much larger than for the RF case. Therefore, the deposi-
tion mode for the MW coatings is also referred to as “col-
lisional mode”, vs. the “non-collisional” mode in the case 
of the RF coatings. The additional space favours reactions 
of the products generated from the plasma-decomposition 
of the precursor giving rise to the formation of more stable 
molecules before the medium reaches the substrate. We 
assume this is the cause for the more polymer-like nature 
of the coatings generated by the MW plasma. These coat-
ings are much softer and much more transparent than the 
RF-generated coatings. The latter coatings originate from 
a direct reaction of the atoms and molecules present in the 
plasma to form a more diamond-like structure. This is a 
good explanation for the different hydrogen contents,  sp2/
sp3-ratios, optical, and mechanical properties observed in 
the past.

Fig. 4.  SE analysis of a-C:H coatings A: optical constants of a-C:H 
coatings. Black: Real part (n) and imaginary part (k) of the refractive 
index of RF a-C:H. Red: n and k for MW a-C:H. B: Penetration depth 

vs photon energy for MW a-C:H. C: Penetration depth vs. photon 
energy for RF a-C:H. In B and C the 800 nm wavelength is marked 
red
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3.2  Optical microscopy on laser treated spots

Optical micrographs of all spots were recorded both in 
brightfield and darkfield mode, with darkfield exposing the 
sharp rim of the ablated area for better distinction between 
ablated and non-ablated regions.

Figure 5 shows an example of a spot exhibiting several 
different effects of ablation and modification. We identify 
different zones of modification and ablation. All ablation 
zones show a sharp rim, while the modification zone sur-
rounding the ablation areas shows a smooth transition into 
the surroundings. Therefore, ablation and modification can 
be distinguished using darkfield microscopy, where ablation 
shows as a sharp bright line around the ablated zone. Note 
that the different colours in the ablation zones originate from 
thin film-interference effects of the residual a-C:H layer, 
depending on its local thickness, which indicates a step-
like ablation profile. Figure 6 shows optical micrographs of 
selected laser treated spots. We show here collage images 
depicting the brightfield as well as darkfield images together. 
The brightfield images show the modified area without sharp 
geometric features while the darkfield shows the ablation 
rims very precisely. The different colours in the brightfield 
images of the MW spots show the two-step ablation occur-
ring in this material which is not present in RF coatings. The 
modified area around the ablation crater can be detected for 
both materials with optical microscopy.

From the microscopic analysis, it can be deduced that the 
laser beam shows an irregular elliptical shape, making the 
damage threshold determination more difficult as in the case 
of perfectly circular or only slightly elliptical spots. The col-
ours of the different ablation steps in the MW coatings are 
consistent across the series and the two zones can be found 
in every spot with sufficiently high pulse energy.

Fig. 5.  Optical brightfield image of a laser spot showing all observed 
effects generated in this work - MW layer treated with a 90 µJ single 
fs laser pulse.  H1: outer modified zone,  H2: inner modified zone,  A1: 
first ablation domain,  A2: second ablation domain,  T1: Elliptical fit to 
the threshold for  A1,  T2: Elliptical fit to the threshold for  A2

A B C

D E F

Fig. 6.  Microscope image series of laser spots on RF (top row) and 
MW (bottom row) coatings at different pulse energies. The combi-
nation images (collages) show simultaneously both brightfield (left 

side) and darkfield (right side) from the same location. The spot con-
ditions are: A: RF, 80µJ; B: RF, 100 µJ; C: RF, 140µJ; D MW, 80 µJ; 
E: MW, 90 µJ; F: MW, 100 µJ
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3.3  Damage thresholds

We determined the damage thresholds by means of the 
well-established D2-method by Liu [34]. Because of the 
irregular spot shape, we decided to fit an ellipse to each 
rim of the ablated zones. This method is demonstrated by 
the inserted ellipses in Fig. 5. This yields two values for 
the ablated diameter which then can be treated to calcu-
late the threshold. In the case of the RF layer, there is only 
one ablation zone, while the MW coatings exhibit two 
different ablation thresholds. Table 2 shows a summary 
of the laser ablation thresholds and geometric features of 
this series of single-pulse irradiated spots.

The irregular beam shape generates two different sets 
of damage thresholds for the long and short axis because 
of the different slope in the D2-analysis logarithmic fit. 
The values determined from the long and short axis can 
be seen as an upper and lower boundary for the true dam-
age threshold for this reason. However, the beam diam-
eters determined from this analysis are consistent. The 
threshold values of the RF material matches with what 
has already been found in [17]. Here, we observe an 
interesting fact: There is not much difference between 
the ablation thresholds in the two materials despite the 
fundamentally different optical properties. This can be 
understood in the context of the interference mechanism 
discussed below. Normally, the values for MW materials 
would be expected higher because of their higher trans-
mission of the laser radiation. However, secondary effects 
can reverse this effect.

The ablation thresholds determined here for the a-C:H 
coatings are about an order of magnitude smaller than 
that of diamond which is  sp3 hybridised (~3.0 J/cm2, [35] 
[36]) for sub-50 fs Ti:sapphire laser pulses (800 nm) and 
even slightly smaller than that of graphite (~0.3 J/cm2, 
[37]). The large difference to the ablation threshold of 
diamond arises from its large electronic band gap energy 
(~ 5.5 eV) along with its high purity. Our a-C:H films, 
however, contain apart from  sp2 and  sp3 hybridised carbon 
also dangling bonds and hydrogen, which facilitate the 
electronic excitation by near-infrared fs-laser pulses and, 
thus, further lower the ablation threshold of our coatings.

3.4  Topography with WLIM and stylus profilometry

A full picture of the geometric changes of a laser treated sur-
face requires topometric data. We use WLIM usually as the 
main method to determine topographic features of ablated 
structures, though we must use tactile profilometry for the 
MW samples. The reason for this is that the MW coatings 
are too transparent in the visible spectral range. The inter-
ferogram generated from a sample of a transparent material 
in the present thickness range contains double-interference 
patterns that cannot be converted into a useful topographic 
image by the standard method used in WLIM.

Figure 7A shows the results of the stylus profilometry of a 
100 µJ single shot fs-laser treatment spot in MW a-C:H. This 
is the lowest pulse energy where the full ablation process 
with two distinct zones of different depth is observed in this 
material. Several features can be determined from this meas-
urement. The modification zone outside of the ablation crater 
could already be observed in the microscope. The profilom-
etry shows that in this zone the material is slightly expanded 
from the native state of the layer. This is usually explained 
by graphitisation causing a reduced density and therefore an 
increased volume of the material. While we have seen this 
effect already for RF-coatings [17], we observe it here for 
the first time in a hydrogen-rich hard poly mer-like (MW) 
layer. The maximum height of this inflated zone is only a 
few nm. It can hardly be detected in the case of laser spots 
below the ablation threshold. The ablation can be divided 
into two zones with sharp edges to the unablated area and 
between each other. The outer zone appears orange in the 
brightfield optical microscope, while the inner zone shows 
a grey colour. When evaluating the depths of the two differ-
ent zones, we obtain values in the range of 120 nm for the 
first (outer) ablation zone and 360 nm for the inner (second) 
ablation zone.

We define the thickness difference between the two 
ablated zones as the difference in height between the profile 
height of the first and second zone, hA1 and hA2, respectively:

The values of hA1 and hA2 are measured relative to the 
reference plane and after removing a linear baseline from the 
profile. Table 3 summarises the resulting values for all spots.

(2)�d = h
A1

− h
A2
.

Table 2  Ablation thresholds Fth and 1
e2

-widths w determined for MW 
and RF a-C:H. Indices 1 and 2 denote the first and second ablation 

domain (only present in MW a-C:H). Indices short and long denote 
the respective value when the short or long axis of the ablated ellipti-
cal area is analysed

Layer type w 1,long / µm Fth,1,long /  Jcm−2
w 1,short / µm Fth,1,short /  Jcm−2

w 2,long / µm Fth,2,long /  Jcm−2
w 2,short / µm Fth,2,short /  Jcm−2

RF 174 0.07 110 0.22 – – – –
MW 156 0.10 103 0.25 150 0.13 104 0.28
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Interestingly, it is impossible to remove the a-C:H layer 
completely with the laser pulse energies available on our 
laser system. Such an effect was already observed for thin 
polymer films upon single fs-laser pulse irradiation [32]. The 
two laser-irradiated spots in Fig. 7, demonstrate this: The 
spot in Fig. 7A (100 µJ) shows essentially the same depths 
(119 nm and 361 nm) as the one in Fig. 7B (116 nm and 
370 nm) for the first and second ablation zone. At the same 
time, the sizes and areas of the ablation zones are consistent 
and allow for the D2-analysis presented above.

Another interesting effect lies in the values of these abla-
tion depths for different zones. In [6], intra-layer interfer-
ence enhanced ablation is discussed which leads to certain 
preferred ablation depths in transparent coatings. In the case 
of our MW coatings, we expect this because the penetration 
depth at the laser wavelength is very high (i.e. the material 
is practically transparent), the interface to the substrate has 
a high refractive index contrast, causing a high reflectivity, 
and the thickness of the layer is in the right range (larger 

than λ/2). From the findings in [6], the difference between 
the two ablation levels is predicted as

as the distance between two intensity maxima of the 
standing light wave caused by the counterpropagating inci-
dent fs-laser radiation and the wave reflected at the film/
substrate interface should be half of the wavelength in the 
medium. With n = 1.67 at � = 800 nm ( E = 1.55 eV), as 
determined from the SE analysis, we expect Δd = 238 nm. 
The value for Δd in all spots of this series is between 240 nm 
and 255 nm with the smaller values for irradiation with less 
energy. We consider this an excellent match and an impres-
sive confirmation of this effect. The lower geometric mini-
mum at higher pulse energy can be explained by secondary 
effects like evaporation of additional material. This fits the 
observation that the bottom of the ablation crater has higher 
roughness and a curved shape for higher energies, as can be 
seen in the right image in Fig. 7.

The situation is different for the absorbing RF coatings. 
Figure 8 shows the results of WLIM topography analysis on 
laser spots on this layer material. It is apparent that the effect 
of laser treatment of this material is much more dominated 
by material modification than ablation. Even far below the 
ablation threshold, the mass density decrease from the gra-
phitisation process causes the formation of small bumps on 
the layer surface with a height of several 10 nm. Once the 
ablation threshold fluence has been reached, the top of these 
bumps is removed by ablation, and a crater is formed with a 
sharp rim as in the MW samples. Again, even the maximum 
possible pulse energy is not capable of removing the layer 
entirely and in the case of RF coatings, the ablation crater 
does not even reach the original height level of the layer 

(3)�d =
�

2n
,

Fig. 7.  Profilometric ablation depth determination of laser spots 
on MW coatings. A: spot treated with 100  µJ; B: spot treated with 
152 µJ. M: microscope image for comparison (scale bar is 20 µm in 

length), R: reference plane x: lateral position, h: heigt, hmax: maxi-
mum height, A1: first ablation area level with height hA1, A2: second 
ablation area level with height hA2

Table 3  Geometric features of laser ablated spots in a MW a-C:H 
layer, measured by mechanical stylus profilometry

E pulse energy; hmax maximum height of modified zone; hA1 height of 
first ablation zone; hA2 height of second ablation zone; Δd height dif-
ference between ablation zones

E / µJ hmax / nm −hA1 / nm −hA2 / nm Δd / nm

80 1.5 0 0 0
90 13.7 122 – --
100 19.6 119 361 242
110 14.4 124 371 247
130 12.8 120 370 250
140 12.1 121 374 253
152 13.1 119 374 255
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surface. We have shown in the past how precise height and 
volume measurements of laser spots can be used to gain 
insight into the mechanism of ablation [17]. The curvature 
of the substrate-layer system due to intrinsic stress has to be 
taken into account for this analysis to be correct [38] [39].

The additional geometric features determined from 
WLIM are summarised in Table 4. We observe a steady 
increase in the bump height as well as the ablation depth 
with increasing pulse energy. The 2D WLIM profiles, allow 
us to determine the modification threshold by measuring the 
locations of the modification bump’s onset i.e., the last point 

in the cross-section line profile still at unmodified surface 
level. The points are indicated in Fig. 8 by bold black arrows. 
The distance of these two points on every profile curve gives 
the large axis diameter of the modified zone. This transition 
cannot be determined simply from microscope images as 
it is blurred in the image. It also cannot be measured by 
profilometry or AFM as the laser distances are too large for 
AFM and profilometry does not allow an accurate crosscut 
along a specific line.

The values can be used as basis for a D2-anlysis analogue 
to the ablation crater above. The result for the long-axis mod-
ification threshold is a threshold of F

th
= 3.6 × 10

−2  Jcm-2 at 
a long axis 1

e2
-radius of the beam of w

0
= 195 µm. The value 

for w
0
 matches with the respective values for the long axis 

for the ablation craters of the shots on the absorbing RF 
coatings (see above).

3.5  Mapping micro‑Raman spectroscopy

Figure 9 shows two examples of Raman spectra taken on 
transparent (MW) and absorbing (RF) material after laser 
treatment. To produce these spectra, we define a regular 
grid of measurement points on the area where the spots 
are located and measured at each point. The sum spectra 
depicted in the figure are then generated by averaging over 
a selected number of points. The curve graphs in the fig-
ure show the curves after simple automatic baseline-cor-
rection. The difference in intensity comes from this data 

Fig. 8.  WLIM images (top row) and the connected long elliptical axis profiles (bottom row) of RF spots. Left: 60 µJ, right: 100 µJ. Bold black 
arrows identify the bump onset used for determining the modification threshold

Table 4  Geometric features of laser spots on RF (absorbing) coatings

measured by WLIM: E pulse energy, hmax maximum height on the 
rim measured from reference; hcr height in the centre of the crater, 
measured from reference; Δhcr maximum depth of crater measured 
from rim height, Δx maximum length (large axis size) of the modified 
zone

E / µJ hmax / nm hcr / nm Δhcr / nm Δx / µm

60 50 – 163
70 90 – 198
80 83.5 64.6 18.9 219
90 113 – 221
100 83 63 20 252
110 89 71 18 263
130 90 75 15 296
140 85 67 18 301
152 88 64 24 308
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processing step. The raw data after measurement show a 
much higher absolute intensity for the MW sample than for 
the RF sample.

The Raman measurements on the RF material (Fig. 9A) 
confirm the behaviour that has been found in the past [17] 
[22] [40] [41] [42]. The Raman spectra of carbon species 
are often discussed by identifying the D (“disorder”) and G 
(“graphite”) bands. Both bands are usually present in carbon 
coatings like the absorbing carbon material. The effect of 

graphitisation on the material is prominently visible in the 
spectrum as both bands shift to higher frequencies, become 
narrower, and the intensity ratio I(G)∕I(D) increases. We can 
reproduce all of these effects confirming that the previously 
developed microscopic models explaining the laser modifi-
cation of a-C:H coatings on the basis of Raman spectra are 
applicable to this material [43] [44]. The most important 
changes this model proposes are a decrease in  sp3-carbon, an 
increase in  sp2-carbon, and the formation of a higher-ordered 

12

3

4

3

2
1

A
B

C D

Fig. 9.  Raman spectra and location of averaged regions for a laser 
spot on RF treated with 152 µJ (A, B) and a on the transparent MW 
coating treated with 100 µJ (C, D). The numbers and colours in the 
graphs (B, D) correspond to the numbers and colour frames in the 

microscope images (A, C). The two distinct bands in graph B are 
labelled according to the D/G band nomenclature used in [22]. The 
curves in graph D are stacked in y direction by 15 units each relative 
to curve No. 4 to be distinguishable
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phase within the layer. All of these effects can be determined 
readily by analysis of Raman spectra [45, 46].

The MW a-C:H layer material reveals a different behav-
iour in both states, treated and untreated than its RF coun-
terpart, as can be seen in Fig. 9B. These coatings are much 
less accessible for Raman spectroscopy. While the overall 
scattering intensity is larger, the spectra are much more 
noisy and practically featureless in the amorphous carbon 
range. The reason for this is the high transmission for the 
excitation wavelength of the MW compared to the RF mate-
rial. Basically, we record off-resonance Raman spectra for 
MW and resonant spectra for RF carbon. Despite this issue, 
there is information in the spectra and several assertions 
can be made about the MW material from the spectra. The 
scattering signal of MW a-C:H carbon is much more super-
imposed by fluorescence. The region between 1400  cm−1 
and 1600  cm−1 shows a very broad peak similar to the dou-
ble peak structure visible for RF carbon. The peak is much 
weaker which matches the assumption of a more polymer-
like nature for this material. After baseline subtraction, it 
becomes apparent that this peak does not change at all after 
irradiation. The peak frequency, peak width, and shape, stay 
the same. The whole series of spectra recorded for this mate-
rial are identical. The raw spectra (not shown here) scale 
only slightly with the smaller layer thickness in the ablated 
region. Therefore, we can determine no significant change 
in the spectra of MW a-C:H before and after laser treat-
ment and between the two different ablation domains. This 
indicates that the processes observed for the RF material 
do not occur here. The laser modification of the MW a-C:H 
material does not change the chemistry or morphology of the 

irradiated layer enough to cause an effect visible in Raman 
spectroscopy.

3.6  SIE of laser spots

As the SIE measurement yields full ellipsometric spectra for 
each pixel of the resulting images, it can be analysed after 
the measurement by defining arbitrary regions of interest 
(ROI). An averaged spectrum – “pixel shot” – over one or 
several ROIs can be calculated in this way. For easy re-use 
of models, we transferred these data to the software used 
for SE for further analysis. Special care must be taken when 
modelling because the SIE data is much less extensive than 
the SE data. We determined consistent models by merging 
the data from SE and SIE.

Figure 10 shows the result of such an analysis. Part A 
of the figure shows the location and shape of five different 
ROIs. The ROIs are on the untreated surface (ROI0), near 
the modified area (ROI1), in the outer part of the ablated 
area (ROI2), in the centre of the ablated area (ROI3), and in 
the modified, non-ablated zone (ROI4).

In Fig. 10 and in Fig. 11, we include data from the SE 
analysis using the M2000DI instrument, denoted as “base” 
curve in both cases. This data has a larger wavelength range 
than the SIE data. We compare all measured and modelled 
ellipsometric spectra with this result. It is expected that the 
data from the untreated region (ROI0 in all cases) will be 
very similar.

Figure 10B shows the ellipsometric spectra from the 
pixel-shot and the base measurement for comparison. The 
raw data correlation between SE and SIE is very good, 

Fig. 10.  Results of the SIE analysis of a high-energy laser spot 
(130  µJ) on RF (absorbing) a-C:H and comparison with the results 
from SE on the untreated layer. A Colour code image of Ψ at 540 nm. 
The black / white lines indicate the different ROIs and the numbers 
denote the respective ROI number in the analysis. B ellipsometric 

data Ψ and Δ. The curve denoted “base” is the SE data from the SE 
measurement for the untreated layer. The numbers denote the respec-
tive ROI number. The lines in the same colour depict the calculated 
data from the model C Modelled values of n and k for the base meas-
urement and the different ROIs
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slight differences can be explained by the initial inhomo-
geneity of the layer. The layer thickness obtained for ROI0 
is 431 nm compared to 438 nm for the untreated layer. As 
explained above, we usually analysed the untreated coatings 
with a multi-peak function. This is not possible for the laser-
treated RF spots, as the dielectric function of the material 
in the spot is too far away from the unmodified state and 
the difference in transparency for the different material pre-
vents the use of the same model. Additionally, the modified 
material is so highly absorbing over the whole observable 

wavelength range that the ellipsometry measurement does 
not recognise this material as a layer but as a bulk material 
making it impossible to determine the layer thickness from 
ellipsometry.

We modelled the modified material using a spline model 
with enforced Kramers-Kronig consistency for the carbon 
layer dielectric function [47–49], allowing for an easier 
modelling. In Fig. 10C, the result for the different modi-
fied and/or ablated zones are depicted. Obviously, the value 
of k increases above 500  nm and decreases below this 

BA

C    

D

Fig. 11.  Analysis of SIE data for a mid-energy laser spot on MW 
a-C:H. The pulse energy was 100  µJ. A Imaging ellipsometry map, 
result of pixel-by-pixel fit (Thickness d). The white shapes mark 
the different ROIs. The numbers denote the numbering of the ROIs 
which is also used in the curve graphs. The black line labelled cc 
marks the cut line for the profile plot B measured (dots) and mod-
elled (lines) ellipsometric data Ψ and Δ. The black curve and dots 

are the base material data produced before laser treatment with the 
M2000DI ellipsometer. The data at ROI0 is identical to ROI2 and not 
shown here for clarity. C optical constants at the different ROIs from 
the model fit. D comparison of the profile from ellipsometry and the 
profilometer. The height from the ellipsometer is calculated by sub-
tracting the total layer thickness from the local layer thickness from 
imaging ellipsometry
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wavelength. Simultaneously, n decreases over the whole 
spectrum. Because of graphitisation, the whole absorp-
tion band shifts towards the infrared and the trend of k with 
wavelength changes: for the modified material, k increases 
with increasing λ. We see this change as a typical effect for 
graphitised carbon coatings. It could be directly observed 
here for the first time on a microscopic length scale for sin-
gle-pulse laser modified materials. Another important result 
can be obtained from the fitted data for ROI4. This location 
represents an outer region of the modified zone. The optical 
constants show an intermediate stage between unmodified 
and modified a-C:H material. The fit does not contain a good 
value of the layer thickness, so we cannot correlate the thick-
ness determination from ellipsometry with the topometry 
measurement in the case of the laser-treated RF material.

We performed the same analysis for the spots on MW 
a-C:H coatings, as shown in Fig. 11. The conditions to 
obtain a full ellipsometric fit analysis are better in this case 
because of the higher transparency of the material. There-
fore, we were able to fit the ellipsometric data at different 
ROIs with the same model that we used for the initial mate-
rial without the necessity to change the model. This model 
also yields the local layer thickness as a fit parameter. The 
fit curves in Fig. 11B and C show pixel-shot curves from 
the different ROIs of the measurement together with the 
corresponding fit data. The respective ROIs are depicted in 
Fig. 11A over a map of the layer thickness d in nm, calcu-
lated pixel-wise from the same measurement.

Figure 11B shows the integrated ROI ellipsometric spec-
tra as dots together with the respective fit curves as solid 
lines. The match between experiment and fit is good for all 
ROIs. The thickness of the layer in the untreated area (ROI0 
and 2) is different from the base value because of the dif-
ferent location. Figure 11C depicts the optical constants for 
the different ROIs. The key values of the fit are summarised 
in Table 5. The results for the extinction coefficient k are 
unsystematic and the differences in this parameter between 
the different locations are very small. We therefore do not 

consider these values to be relevant, their uncertainty is 
larger than the range of their values.

The refractive index n shows a shift from higher values 
for untreated or outer locations to lower values in the cen-
tre of the ablation crater where the second ablation region 
is located. The overall shape of the curves for n does not 
change between treated and untreated material. This is a 
clear indication that MW a-C:H coatings are not altered in 
the same way by laser irradiation as their RF counterparts. 
This change can be explained solely by a variation in density 
of the material.

The local a-C:H layer thickness is the most significant 
result of this analysis. For the MW sample, a pixel-by-pixel 
fit procedure was possible. Figure 11A shows the result-
ing map of the layer thickness together with the ROIs and 
a cross-section line. Using the thickness values along this 
line, we can compare the local layer thickness with the 
geometrical values from the profilometry measurement. In 
Fig. 11D, this comparison is shown, the height values are 
obtained by subtracting the total layer thickness from the 
SE analysis from the local thickness. The close agreement 
between the two methods is apparent. The ellipsometry 
measurement tends to produce higher thickness values than 
what is expected from profilometry and has a larger noise 
level because each single fit uses the spectrum from only one 
pixel. For the comparison in Table 5, we therefore use the 
values produced from the pixel shots as they average over 
more data and therefore have a lower uncertainty.

We see no indication for other effects than discussed so 
far. Spallation and blistering are often discussed when hard 
thin coatings are processed by lasers, but in this case, this 
would be clearly visible in the ellipsometric data. Therefore, 
we can be sure that we observe only material modification 
and ablation. The MW a-C:H layer material shows signs 
of changing its density without changing any of its struc-
tural features as can be concluded from the change in the 
refractive index. Raman spectra support this explanation 
as they do not show a significant change in the modified 
or ablated zones of MW coatings which is a different find-
ing than for RF a-C:H showing the typical spectrum change 
for graphitised amorphous carbon. This finding is different 
from other laser treatment studies, e.g. the ones described in 
[50]. In the latter work, indication was found for spallation 
as well as blistering for coatings very similar to the MW 
a-C:H material investigated here but coated on a substan-
tially different substrate – glass – and using a different laser 
– 532 nm, ns pulse duration instead of 800 nm, fs duration. 
Apart from the morphological differences, the microscope 
images in the older work hint at a darkening effect associated 
with graphitisation which we could not find in the present 
work.

This is a good example that the outcome of laser treat-
ment may change drastically when the conditions are varied. 

Table 5  SIE fit results for the MW a-C:H laser spot at 100 µJ pulse 
energy

The ROI numbers are those from Fig. 11

ROI No. Thickness
d / nm

Thickness 
from profilom-
etry
dpr / nm

n @ 400 nm n @ 800 nm

Base 475 – 1.76 1.67
2 506 – 1.74 1.65
3 551 – 1.66 1.58
4 432 356 1.58 1.50
1 138 115 1.59 1.52
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The variations in substrate material can influence the energy 
distribution during laser treatment directly because of the 
different optical and thermal properties. It can also lead to 
varying properties of the layer generated during the coat-
ing process. Different wavelengths and pulse durations will 
always influence the spatial and temporal energy distribution 
in the sample, favouring different mechanisms of material 
degradation.

4  Conclusion

In summary, we have shown that a-C:H coatings are a very 
interesting model system to study the ablation and material 
modification effects of femtosecond laser pulses and electro-
magnetic radiation in general on thin coating materials, as 
the intrinsic optical and structural properties of the depos-
ited films can be tuned over wide ranges. Specifically, we 
studied the effect of single near-infrared femtosecond laser 
pulses (35 fs duration, 800 nm wavelength) on two distinct 
types of sub-micrometre semi-transparent or absorbing 
a-C:H coatings, manufactured on silicon wafers by plasma-
assisted chemical vapour deposition under different process 
conditions using a microwave (MW) and a high-frequency 
bias (RF) plasma source. Spectroscopic ellipsometry (SE) 
allowed us to quantify the optical constants of the pristine 
coating materials. Topometric and spectroscopic characteri-
sations of the laser-irradiated sites by white light interfer-
ence microscopy (WLIM), tactile stylus profilometry, and 
micro-Raman spectroscopy (µ-RS) indicated structural 
material modifications in laser-modified zones for both 
types of coatings, manifesting through a reduced mass den-
sity as some tens of nanometre high mounds surrounding 
the ablation craters. While the absorbing (RF) coatings 
exhibited the expected surface ablation behaviour, the semi-
transparent (MW) coatings showed characteristic step-like 
ablation profiles of ~ 250 nm height (≈λ/(2n)) that can be 
explained by an intra-film separation. The latter originates 
from a standing light wave-based interference effect that is 
seeded and driven through the high-intensity fs-laser irradia-
tion already during the laser pulse exposure before thermal 
effects set on. Finally, the analytic power of spectroscopic 
imaging ellipsometry (SIE) was demonstrated for our laser 
irradiated spots, even allowing a site-selective simultaneous 
quantification of the optical constants (n, k) along with the 
sub-micrometre film thicknesses that were previously not 
accessible by WLIM.
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