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In this study, the diamond-like carbon (DLC), a tetrahedral amorphous carbon sample deposited 
on Si, was irradiated using a picosecond laser. We evaluated the picosecond-laser-induced structural 
and morphological changes in DLC using micro-Raman spectroscopy via line measurements. We ob-
tained the spatial distribution of the structure and morphology of DLC on Si by regression analysis of 
the Raman spectra. The photo-induced crater could be categorized into four regions: peripheral, mor-
phological-change, structural-changes, and ablated regions. The structure and morphology of the pe-
ripheral region were similar to those of the as-received DLC. In the morphological-change region, 
which is inside the periphery region, the thickness of the DLC decreased without any structural 
changes. At the center of the crater, which is shown in black in the optical image, two regions were 
identified by Raman spectroscopy. On the outer side, there is a structural-change region where the 
graphitization of DLC materialized with a reduction in the film thickness. Inside the structural-change 
region, there is an ablated region where the DLC was degraded by laser ablation. 
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1. Introduction 
Recently, laser processing garnered significant interest 

owing to its processing capability of high-quality materials. 
The dominant factor in the laser processing mechanism de-
pends on the pulse duration and fluence of the irradiating 
laser. In laser processing with nanosecond pulses, thermal 
processes are dominant, and the materials are processed 
through melting or evaporation. In femtosecond-laser pro-
cessing, the non-thermal process becomes dominant because 
the laser pulse duration is comparable to the electron-lattice 
interaction time. Because a significant energy is injected in 
a very short time, unique phenomena such as structural 
change [1], high-precision processing, and laser-induced pe-
riodic structures [2–5], can be observed. However, it is chal-
lenging to distinguish between thermal and non-thermal pro-
cesses, and the cumulative interaction of these two effects 
results in various phenomena. The regulation of these effects 
can lead to precise and advanced laser processing applica-
tions.  

Numerous studies on the structural changes in carbon in-
duced by laser irradiation have been reported [6–11]. 
Quenched carbon (Q-carbon), which undergoes structural 
changes from a diamond-like carbon (DLC) film and new 
phase of amorphous carbon, was discovered in 2015 [6]. It 
has interesting properties, such as room-temperature ferro-
magnetism and grater hardness than that of diamond. The 
formation of silicon carbide (SiC) nanocrystals by femtosec-
ond laser pulses on amorphous carbon films deposited on Si 
has been reported [7]. Furthermore, new phases with novel 
properties and laser-induced structural changes via a simpler 
method are anticipated to be discerned.  

Laser-induced phenomena are affected by laser parame-
ters, such as wavelength, pulse duration, fluence, and repe-
tition rate; however, the effects remain not entirely under-
stood. Many studies have been performed to elucidate the 
effects of the laser parameters. Takahashi et al. developed an 
automatic pulse-duration-tunable laser system and observed 
two ablation thresholds of Si at a fluence of 0.22 J/cm2 with 
a pulse duration below 4 ps and at an intensity of 24 GW/cm2 
above 13 ps [12]. Yoshinaka et al. investigated the relation-
ship between the energy density of pulsed laser annealing 
and sp3 content in the formed Q-carbon [8]. Discerning the 
laser-induced mechanism is essential to determine its de-
pendence on laser parameters.  

In this study, photo-induced structural changes of DLC 
films on Si were evaluated via micro-Raman spectroscopy, 
which cannot be determined using only optical imagery. A 
picosecond laser with a pulse duration of 5 ps and fluence of 
10 J/cm2 was applied to the DLC surface. Raman spectros-
copy is a non-destructive and non-contact method for char-
acterizing the structure of a sample, where the scattered light 
is used to measure the vibrational levels. Furthermore, it is 
advantageous in evaluating the physical properties of carbon 
materials with various allotropes. Line measurements across 
the center of the laser-irradiated crater were performed to 
evaluate the spatial distribution of the structural changes. 
Numerous materials are composed of carbon atoms, such as 
diamond, graphite, and graphene, which have different 
bonding properties. Subsequently, we consider the produc-
tion of a new carbon material using DLC, which consists of 
sp2 and sp3 bonds. To control the structural changes in the 
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carbon films induced by the laser, we evaluated the photo-
induced structural changes in DLC.  

2. Materials and Methods
2.1 Materials

A DLC film with a high sp3 content and hydrogen-free 
tetrahedral amorphous carbon (ta-C) [13] was used as the 
test sample. The film was deposited on a silicon substrate 
with a thickness of approximately 100 nm and irradiated us-
ing ytterbium-doped fiber laser with a wavelength of 1.03 
µm, repetition rate of 1 MHz, accumulated pulse number of 
105 shots, pulse duration of 5 ps, and fluence of 10 J/cm2．
The laser beam was focused on a spot size of approximately 
5 µm on the DLC film surface. Laser irradiation was per-
formed at room temperature in an atmospheric environment. 

2.2 Raman spectroscopy 
Micro-Raman spectroscopy (Horiba, LabRam HR Evo-

lution) was performed in the range of 200–1800 cm−1 with a 
spectral resolution of 4 cm−1 at room temperature. The exci-
tation wavelength was set to 355 nm. A 40× objective lens 
was used to focus, and the diameter of the laser spot was 
approximately 1 µm. Therefore, the spatial resolution was 
estimated to be 1 µm.  Line measurements were performed 
across the center of the crater. The distance between the 
measured points was 0.5 µm. 

3. Results and discussion

Figure 1 (A) presents an optical image of a laser-irradi-
ated crater. The Raman spectra are shown in Figure 1 (B). 
The spectra depicted a normalized intensity of approxi-
mately 520 cm-1. Spectra a and b presented in Fig. 1 (B) are 
the spectra at points a and b, as indicated in Fig. 1 (A). The 

peaks occurring at approximately 520 and 1000 cm-1 are at-
tributed to the first-and second-order phonons of the silicon 
substrate, respectively [14]. The peak occurring at approxi-
mately 1600 cm-1 was because to the DLC film. The spectra 
at point a are similar to those of the as-received (unirradiated 
region) sample. This indicates that structural changes due to 
laser irradiation did not occur at point a. However, at point 
b, structural changes occurred owing to the irradiation pro-
cess.  

Regression analysis was performed to analyze the spec-
tral intensity and shape in a range of 900–1800 cm-1. The 
Levenberg-Marquardt algorithm was used for the analysis 
(R language, minpack library). The full width at half maxi-
mum of each Raman peak was considered constant. Several 
typical spectra were fitted preliminarily and their results 
were utilized. The Lorentzian, Gaussian, asymmetric 
pseudo-Voigt function, and linear functions were used for 
spectral fitting. The functions used in this study are specified 
in Equations (1)–(4), where, ω, I, ω0, and ∆ are the Raman 
shift, peak intensity, central value of the wavenumber, and 
full width at half maximum of the peaks, respectively. The 
parameter m is the combination ratio of the Gaussian and 
Lorentzian functions, which can be between 0 and 1. 

𝑓𝑓Lorenz(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ) =
𝐼𝐼 × (Δ/2)2

(𝜔𝜔 −𝜔𝜔0)2 + (Δ/2)2 (1) 

𝑓𝑓Gauss(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ)

= 𝐼𝐼 × exp �−4log2 × �
𝜔𝜔 − 𝜔𝜔0

Δ �
2
�

(2) 

𝑓𝑓pVoigt(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ,𝑚𝑚)
= 𝑚𝑚𝑓𝑓Lorenz + (1−𝑚𝑚)𝑓𝑓Gauss (3) 

𝑓𝑓asym−pVoigt(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ1,Δ2,𝑚𝑚1,𝑚𝑚2) 

= �
𝑓𝑓pVoigt(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ1,𝑚𝑚1),    𝜔𝜔 < 𝜔𝜔0

𝑓𝑓pVoigt(𝜔𝜔; 𝐼𝐼,𝜔𝜔0,Δ2,𝑚𝑚2),    𝜔𝜔 ≥ 𝜔𝜔0

(4) 

The fitting model function consists of 10 sub-functions. 
The Raman signal from the DLC film can be modeled as 
asymmetric pseudo-Voigt functions, denoted as D + G, D', 

Fig. 2 Fitted curve in the range of 900–1800 cm-1. The snv 
spectrum (exp.), fitting example, and fitting ele-
ments due to DLC (D+G, G' and D') are shown. 

Fitting elements are shown in triplets. 

Fig. 1 (A) The optical image of the irradiated crater with 
the peak fluence of 10 J/cm2 and pulse duration of 
5 ps and (B) Raman spectra at points a and b. Ra-
man spectra were normalized with the intensity of 
Si (520 cm-1).  The peak due to DLC (1600 cm-1) 

at point b is weaker than that at point a.  
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and G'. The Raman spectrum of a typical DLC film has G 
and D peaks owing to sp2 and defects [13]. These two peaks 
were combined and modeled with an asymmetric pseudo-
Voigt function, denoted as the D + G peak. The D and G 
peaks following the structural change are denoted as the D' 
and G' peaks, respectively. This structural change is due to 
the graphitization of the DLC film, which is evident because 
the D' and G' peaks could be observed independently after 
irradiation. However, the two peaks overlapped and could 
not be distinguished in the as-received film. The peak due to 
the second-order of Si (1000 cm-1) was modeled by a com-
bination of four Gaussian and Lorentzian functions. The in-
tensity of the baseline increases near the center of the crater. 
The baselines at the low and high wavenumber sides can be 
attributed to the amorphization of the silicon substrate and 
photoluminescence, respectively. The baseline is modeled 
by a combination of a linear function and two Lorentzian 
functions. 

The product of I and ∆ obtained following the fitting is 
considered as the peak area, as detailed in Equations (5)–(9). 
The areas of the D + G, D', and G' peaks, which are asym-
metric pseudo-Viogt functions, are denoted as AD+G, AD', and 
AG', respectively, as stated in Equations (5)–(7). The sum of 
the areas of all peaks is denoted as ADLC, as given in Equa-
tion (8). The area of the second-order Si is denoted as ASi, as 
shown in Equation (9).  

𝐴𝐴D+G = 𝐼𝐼𝐷𝐷+𝐺𝐺  × �
Δ𝐷𝐷+𝐺𝐺,1

2 +
Δ𝐷𝐷+𝐺𝐺,2

2 � (5) 

𝐴𝐴D′ = 𝐼𝐼𝐷𝐷′ × �
Δ𝐷𝐷′,1

2 +
Δ𝐷𝐷′,2

2 � (6) 

𝐴𝐴G′ = 𝐼𝐼𝐺𝐺′ × �
Δ𝐺𝐺′,1

2 +
Δ𝐺𝐺′,2

2 � (7) 

𝐴𝐴DLC = 𝐴𝐴D+G + 𝐴𝐴D′ + 𝐴𝐴G′ (8) 

𝐴𝐴Si = �𝐴𝐴Si,𝑖𝑖

4

𝑖𝑖

= �𝐼𝐼Si.𝑖𝑖 × 𝛥𝛥Si.𝑖𝑖

4

𝑖𝑖

 (9) 

The ratios of AD+G to ADLC and ADLC to ASi are denoted 
as α1 and α2, respectively, as stated in Equations (10) and 
(11), respectively. ADLC/ASi is normalized by one of the as-
received films, as shown in Equation (11). α1 and α2 corre-

spond to the structure and thickness of the DLC film, respec-
tively. Figure 3 depicts the relationship between the Raman 
spectrum and thickness or structure of the DLC film. The 
total peak area obtained by integrating the area of all peaks 
in the spectrum was proportional to the amount of material 
present in the measured region.  

𝛼𝛼1 =
𝐴𝐴D+G
𝐴𝐴DLC (10) 

𝛼𝛼2 =
𝐴𝐴DLC/𝐴𝐴Si

(𝐴𝐴DLC/𝐴𝐴Si)as received
(11) 

The position dependences of α1 and α2 are shown in Fig. 
4. The dashed and solid lines represent α1 and α2, respec-
tively. The position dependences of α1 and α2 exhibit varia-
tions. As indicated by the arrows in Fig. 4, the change in α2
starts farther from the center of the crater compared to the
change in α1. This indicates that the variation in thickness
started from the outside of the crater (region 2). A structural
change occurred near the center of the crater (region 3). At
the crater center (region 4), no peak was observed because
the DLC film was completely removed by laser ablation.

region 
1. 
(Periph-
ery) 

2. 
(Morpho 
-logical
change)

3. 
(Structural 
change) 

4. 
(Ab-
lated) 

α1 Const. Const. decreased - 
α2 Const. decreased decreased 0 

Structure As rec. As rec. graphitized - 
Thickness As rec. decreased decreased removed 

A summary of the Raman analysis results and regions 
labeled based on the regression analysis are reported in Table 
1. In the periphery region (1), which is the farthest region
from the laser-focused crater, the structure and thickness of
the DLC film were similar to those of the as-received film.
In this region, there was no change due to the laser irradia-

pr
ob

in
g 

de
pt

h

ASi

ADLC=AD+G+AD'+AG'

α1: structure
α2: thickness

Fig. 4 Position dependence on the area ratio. We classify re-
gions 1–4 based on thickness and structure change.  

 

Fig. 3 The relationship between the total peak area and 
thickness or structure of DLC film. 

Table 1 Labeled regions based on fitting result and their de-
tails. As rec. expresses that the structure and thickness 
are the same those of the as-received films.
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tion. In the region of morphological change (2), which is in-
side the periphery region, the thickness of the DLC film de-
creased; however, no structural changes were observed. In 
the region of structural change (3), which is inside the mor-
phological-change region, the thickness of the DLC film de-
creased, and graphitization of the film occurred. In the ab-
lated region (4), which is inside the structural change region, 
the DLC peak was not observed. We conclude that the DLC 
film was effectively removed by laser irradiation.  

Next, the correlation between the optical images and Ra-
man spectra is discussed. Three different regions are ob-
served in the optical image: the black region at the center of 
the image, white region enveloping the black region, and 
blue region encompassing the white region. The structural 
change and ablated regions determined from the Raman 
spectra correspond to the black region. The morphological-
change region corresponds to white and the periphery corre-
sponds to blue in the optical image. The structural changes 
and ablated regions cannot be visualized on the optical im-
age. 

The predominant effect of laser irradiation on Si is amor-
phization [15]. The Raman characterization of a-Si was re-
ported by Wu et al. [16]. In our study, only a small trace of 
amorphous Si was observed. The amorphization of crystal Si 
decreased the intensity of the Si peak. Therefore, α2 in-
creases. Because we did not observe a significant increase in 
α2, we were certain of the degradation of DLC.  

Surface swelling, multilevel spallation, and graphitiza-
tion of DLC by laser irradiation have been reported in the 
literature [17–21]. In our study, swelling and spallation were 
not observed in the Raman spectra, thus, their effects on the 

profile were not considered. To further investigate the syn-
thesized film, including the differences in the absorption co-
efficient, the incubation effects [22] caused by the difference 
in the number of pulses and effects of Si substrate are re-
quired. 

   

4. Conclusions
A picosecond laser (λ = 1.03 µm, τ = 5 ps, E = 10 J/cm2,

105 pulses) was irradiated on the surface of the DLC depos-
ited on Si. We performed micro-Raman spectroscopy on this 
sample to investigate the local DLC film structure after laser 
irradiation. Line measurements via Raman spectroscopy 
were performed by exciting the sample at 355 nm. We per-
formed spectral fitting of the Raman spectra and investigated 
the photo-induced structural and morphological changes. We 
obtained the spatial distribution of the structure and mor-
phology of DLC on Si by regression analysis of the Raman 
spectra. The DLC film degraded, and the observed structural 
changes corresponded to a change in the optical image of the 
crater. The photo-induced film vicinity was categorized into 
four regions. The blue region in the optical image has a 
structure and morphology similar to that of the as-received 
DLC, and the white region is considered to be the morpho-
logical-change region without any structural change. The 
black region is considered to be the structural-change region 
with morphological changes; the DLC is graphitized in this 
region. In the center of the black region in the optical image, 
there are regions where the DLC deteriorated, which could 
not be observed in the optical image. This study is ongoing, 
and many effects, such as amorphization of substrate Si, sur-
face swelling, spallation, and absorption coefficient are not 
considered. Therefore, further analyses are required. 
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