N
N

N

HAL

open science

Revisiting thin film of glassy carbon

Hatem Diaf, Anténio Pereira, Patrice Mélinon, Nicholas Blanchard, Florent

Bourquard, Florence Garrelie, Christophe Donnet, Martin Vondrack

» To cite this version:

Hatem Diaf, Antonio Pereira, Patrice Mélinon, Nicholas Blanchard, Florent Bourquard, et al.. Revis-
iting thin film of glassy carbon. Physical Review Materials, 2020, 4 (6), pp.066002.

RevMaterials.4.066002 . hal-02813266

HAL Id: hal-02813266
https://hal.science/hal-02813266v1
Submitted on 16 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1103/Phys-


https://hal.science/hal-02813266v1
https://hal.archives-ouvertes.fr

Revisiting thin film of glassy carbon

Hatem Diaf *, Antonio Pereira *, Patrice Melinon *, Nicholas Blanchard *, Florent

Bourquard 1, Florence Garrelie { , Christophe Donnet { and Martin Vondracki

*

*Institut Lumiere Matiere et CNRS
Université de Lyon, F 69622 Villeurbanne, FRANCE.
T Laboratoire Hubert Curien, Université Jean Monnet, 42000 Saint-Etienne, France.
T Institute of Physics, The Czech Academy of Sciences,
Na Slovance 2, 182 21 Prague, Czech Republic.
(Dated: April 17, 2020)



Abstract

Glassy carbon (GC) is a chemically stable form of fully sp?-bonded carbon with locally ordered
domains. GC is the intermediate material between graphite and diamond combining various prop-
erties such as high temperature resistance, hardness, good electrical conductivity, low density, low
gases and liquids permeability and excellent resistance to a wide range of aggressive chemical en-
vironments. These characteristics make it a very promising material for many applications, but
unfortunately it is not widely used because of the high temperatures required for its synthesis. In
this work, synthesis of glassy carbon thin films by means of laser ablation of carbon targets under
vacuum or in gaseous helium, followed by a nanosecond laser irradiation of the deposited films,
is presented. In particular, it is demonstrated that the amorphous structure of a thin film can
be efficiently modified to the one of glassy carbon film by nanosecond UV laser irradiation. This
method is valuable to prepare thin films similar to commercial glassy carbon with a completely
different route which does not require the application of temperature beyond 1000°C which is not
compatible with the silicon substrate for example. This opens for glassy carbon the way to micro-
engineering applications (mechanics, electronics. .. ). A particular attention is paid to characterize
the vitreous carbon. In the literature, the vitreous nature of a carbon layers is often highlighted
on the basis of Raman spectroscopy measurements. However, as the Raman spectrum of glassy
carbon is similar to that of pyro-carbon, multiwall carbon nanotubes or functional graphene, this
technique is not sufficient to safely characterize a carbonaceous material with a high degree of al-
lotropy. To clear up any doubts, additional characterization methods, such as X-ray spectroscopy,

transmission electron microscopy and Rutherford backscattering spectrometry, are discussed here.

I. INTRODUCTION

Amorphous carbon (a-C) is widely reported in the literature and used in many appli-
cations due to the large adaptability of its properties [1-10]. Its structure contains short
range ordered domains mixing three hybridizations sp, sp? and sp® with different proportions
of each them depending on deposition experimental parameters which in turn determines

their properties. The particular case containing an important fraction of sp® is commonly
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known as diamond-like carbon (DLC) or tetrahedral carbon (ta-C) and it is mainly used
for protective coatings in various scientific and industrial applications because of its highly
mechanical and tribological properties [11].

Post-treatments of as-deposited carbon films are the subject of considerable interest. For
example, Ferrari et al [12] showed that conventional thermal annealing under vacuum of
ta-C thin films permits to efficiently modify its structure by converting sp® sites to sp?
with a drastic change occurring after 1100°C. More recently, Miyajima et al [10] studied
the modification of electrical properties of a-C irradiated by pulsed UV laser and showed
an increase in the sp? content with a reduction in resistivity. Such laser based approaches
can be carried out in air without carbon oxidation (see Figure S1 Supporting Information),
and it permits rapid heating and cooling with precise temporal control. Laser induced sp?
to sp? transformation occurs therefore on the order of seconds compared to conventional
annealing treatments which take hours [13]. Moreover, the possibility to easily choose the
temperature by adjusting the laser parameters and therefore the thermal diffusion depth in
the film during the laser treatment permits the formation of SiC to be avoided and eases
the integration of such materials with any kind of substrate. Many studies showed, on
the basis of the Raman results, that laser irradiated amorphous carbon thin films have the
structure of graphitic clusters or glassy carbon (GC, also called glass-like carbon or vitre-
ous carbon) [1, 14-16]. In particular, glassy carbon is attracting the interest of materials
scientists and industrial companies for its large and original physical properties compared
to other carbonaceous materials, such as high electrical conductivity, excellent mechanical
resistance and gas impermeability. GC is also biologically compatible with living tissues
[17-19]. Finally, GC has the particularity of being the carbonaceous material with the low-
est mass density (1.5 g/cm?) [19] without open porosity, thus combining the properties of
vitreous and ceramic materials with those of graphite. For example, it is widely used as an
electrode material in electrochemical applications, as well as for high temperature crucible
[20]. Glassy carbon is a sp*-hybridized, non-graphitisable and isotropic carbon with high
structural order. According to the definition of International Union of Pure and Applied
Chemistry (IUPAC), GC cannot be described as amorphous carbon. Harris [21-24] has de-
scribed the glassy carbon as a fully sp?>-bonded fullerene-related structure which consists of
wrinkled fullerenes formed by curved graphene multilayers surrounding closed pores. The

presence of this curvature is related to structural defects associated to non-hexagonal rings



such as pentagons and heptagons [24]. GC is mainly produced by thermochemical decom-
position of polymeric resins at high temperature (between 1000 and 2500 °C) [20, 25]. High
temperature heating of precursor polymers results in an increase of the structural order
within the layers as their size increases, as well as the appearance of numerous closed pores.
This leads to a decrease in mass density to about 1.5 g/cm? and the formation of GC. In the
final stage, at high temperature around 3000 °C, GC cannot change to crystalline graphite.
Its final microstructure depends on the chemical compositions and structure of the polymer
precursors [26]. Even if this approach makes the formation of GC thin films possible, it suf-
fers from many disadvantages: i) the need to work at very high temperatures, which reduces
the number of possible substrates, ii) the adhesion to the substrate that can be affected by
degassing during pyrolysis and also by the difference in the thermal expansion coefficient
between the film and the substrate, and iii) the use of any precursor polymers to form GC
causes the film to shrink during pyrolysis [27, 28].

Herein, we report on a simple approach for the synthesis of glass-like carbon thin films
at room temperature, which relies on the combination of two laser processes: pulsed laser
deposition (PLD) and nanosecond UV laser irradiation. Thanks to an extensive characteri-
zation of the irradiated films, we show that after laser irradiation the deposited carbon film
show all the features of glassy carbon for a carefully chosen set of process parameters: i)
Raman spectra with the two main bands D and G which are situated at around 1330 cm™!
and 1590 cm™!, respectively, together with a Ip/Ig ratio close to or higher than 1, and
the weak T band at around 1050 cm™?, ii) X-ray photoelectron (XPS) and Electron Energy
loss spectroscopy (EELS) measurements show a high level of sp? hybridization, iii) a low
mass density as determined by Rutherford backscattering (RBS), and iv) high resolution
transmission electron microscopy (HTREM) images showing curved graphene multilayers
surrounding closed pores. On the basis of this investigation, the formation of GC is theo-

retically discussed.

II. EXPERIMENTAL SECTION

Carbon thin films were deposited by PLD at room temperature by means of a pulsed
KrF excimer laser (Lambda Physik, A\ = 248 nm, pulse duration 7 = 20 ns and repetition

rate f = 10 Hz) and by using a commercially vitreous carbon (Neyco, 99.9 % purity, 1.54
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g/cm?® mass density, noted c.t.). Prior to deposition, the PLD chamber was pumped down
to a residual pressure of ~ 5.107" mbar. The fluence was fixed to 12 J/cm? and the target-
substrate distance was set to 4 cm. The carbon films were deposited on Si (100) substrate
under vacuum (5.10~7 mbar) or 1 mbar of He. The substrates were cleaned using ultrasound
sonification and sequentially in acetone and ethanol and dried using dry nitrogen.

Pulsed laser irradiation of the deposited films was then performed in air using the same
KrF excimer laser. Laser fluences were fixed to 0.15 J/cm? for carbon thin films deposited
under He and 1.5 J/cm? for the one deposited under vacuum. The advantage of the use of
UV laser is that the optical absorption depth is reduced and thereby avoids heating of the
substrate. The thermal diffusion length is linked with the duration of the processing laser
pulses [29].

Raman spectra of carbon thin film were measured using an ARAMIS spectrometer (Horiba
Jobin Yvon). A confocal mode was used to focus the laser beam on a sample surface
with its displacement XYZ stage and a 100x objective of 0.95 numerical aperture. The
experiments were carried out with the unpolarized excitation energy of 633 nm from a He-

1

Ne laser. Spectral resolution of around 2 e¢m™ was given by an air cooled CCD detector

equipped with a grating of 600 lines.mm™?.

Prior to data acquisition, the calibration of
the spectrometer was made by taking account of the line of the crystalline silicon at 520.5
em~!. A low laser energy density was used to irradiate the samples to avoid a laser induced
change of its structure during the measurements. The Raman signals from lattice vibrations
of carbonaceous materials are sensitive to the degree of graphitization and to structural
disorder which are determined by the ratio between two bands Ip and I4;. The evolution
of Ip/Ig can give information about structural changes. For all non-irradiated carbon thin
films, only the D and G bands were fitted using Voigt functions, whereas for irradiated films
and GC c.t., two components were added to be better fitted with the same functions: T peak
ranging from 1120 to 1200 cm™! and reported in [25, 30], and A peak at around 1540 cm™!
originating from amorphous carbon coupound [25, 30]. This analysis was supplemented by
the HRTEM analysis performed using a JEOL JEM-2100 equipped with a High Tilt pole-
piece operated at 200 kV. The surface composition was studied by XPS using NanoESCA
(Omicron Nanotechnology) equipped with a monochromatized Al Ko X-ray source (hv =

1486.7 V). The pass energy of the analyzer was fixed at 100 eV. The samples were analyzed

with a spot size of approximatively 100 pum. Fitting of the C\s spectra were preformed



using Voigt functions with Shirley background. When the asymmetry of the peak was high,
Doniach—éunjié peak shape convoluted with Gaussian function was used instead. The EELS
measurements were carried out using a hemispherical electron energy analyzer (VG CLAM
4) operating with incident electron energies of 350 eV and 2 keV. The mass density of carbon
thin film was obtained using *He* ions of 2 MeV energy delivered by the 4 MeV Van de

Graaff accelerator. A detailed description of the setup was provided elsewhere [31].

III. RESULTS AND DISCUSSIONS
A. Characterization of glassy carbon by Raman spectroscopy

According to the literature, the most popular technique used to characterize GC is Raman
spectroscopy. The first-order Raman spectra of GC exhibit four main peaks between 1000
and 1800 cm~!. Except for ultraviolet laser excitation, they are activated only by the sp?
sites because of the resonant excitation of 7 states [32]. The G band situated at around 1590
em ™! is known as a feature of graphitic carbonaceous materials and is activated by a single
resonant process. It corresponds to an optical phonon mode at the I' Brillouin zone center
with Ey, symmetry, i.e. the ordered sp? bonded carbon. In other words, all sp* bound carbon
atoms within the layer (hexagonal rings and carbon chains) participate in the stretching
mode vibration. The D band at around 1330 ¢cm ™! is due to the breathing mode of sp? atoms
in the six-ring carbon structure and is activated by structural disorder which doesn’t exist in
the perfectly ordered graphitic materials. The physical significance of the D mode was widely
discussed and was finally assigned to the double-resonant Raman scattering associated to
the TO phonon located near the I" Brillouin zone [33]. The presence of structural defect
induces the creation of holes in the bonds, promoting the double resonance scattering of
single phonons by electron-hole relaxations [23]. Cangado et al. [34] showed the presence
of armchairs and zigzag edges as active defects responsible for the double resonance Raman
process and therefore for the increase in intensity of the D band. The primary characteristic
feature of GC is the intensity ratio of the D and G bands (Ip/Ig) which is expected to
be greater than one. In other words, the D band corresponds to the presence of sixfold
ring clusters in all nano-sized sp? domains surrounded by the defective edges. Ferrari and

Robertson [35] demonstrated that in disordered and amorphous carbons, the Tuinstra and
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TABLE I. Deconvoluted Raman data for the different films. GC(Glassy carbon c.t.),NP (Non
porous film at 10~%mbar),P (Porous film/1mbar He),MD(Mass density) , Ap ¢ and FWHMp ¢ in

em™ ! MD in g/cm?.

AD FWHMp Ag FWHMg Ip/Ig MD
GC 1332 54 1600 64 2.2 1.5
NP 1357 362 1533 213 0.9 1.9
P 1350 365 1530 203 0.9 0.16

Koening relation Ip/Ig ~ 1/L,, which is valid for crystallite sizes higher than 2 nm, does
not correspond to the development of the D band related to the growth of hexagonal rings
and the increase in defects. They proposed a new relation Ip/Ig o< L? for defective carbons

1'is not easily

containing small crystallites below 2 nm. The D’ band at about 1605 cm™
observable and is due to the lattice vibration of graphene multilayers or small graphitic
domains which are found in defective graphitic carbon. Thus, this band is also related to
the presence of structural defects in sp? carbon materials such as D band but it is governed
by intra-valley diffusion and not inter-valley diffusion as for D band. Finally, the T band,
observed under UV excitation for tetrahedral amorphous carbon in the 1000-1300 c¢m ™!
range, is due to the C-C sp? vibration [36]. But this position is also observable for GC under
visible excitation and we assume that such T band could also originate from the vibrations

of non-hexagonal ring carbon defects (i.e., heptagons, pentagons, octagons)[33, 37].

B. Deposition of thin films by nanosecond pulsed laser ablation

As shown in Figure 1, the carbon film morphology is influenced by the nature of the
atmosphere during deposition. As expected, under vacuum (Figure 1a), the film is smooth,
uniform and compact with no appearance of porosity. For deposition under He atmosphere
(Figure 1b), a porous film is clearly observed, with a cauliflower-like topology. With the
increasing background pressure, a plume confinement and therefore a decrease in the veloc-
ity of the ablated species occurs, leading to the formation of a porous films [38, 39]. This
modification of carbon film morphology is in agreement with RBS measurements showing

that the mass density of the film decreases from 1.9 g/cm3 to 0.16 g/cm?® when the back-
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FIG. 1. SEM images of carbon film deposited by PLD at (a) 10~% mbar and (b) 1 mbar of helium.



ground pressure increases from vacuum to 1 mbar of He (Table I). Raman spectra of carbon
thin films deposited by PLD as well as the spectrum of GC c.t. for comparison, are shown
in Figure 2a-c. All the films deposited by PLD from GC c.t. exhibit amorphous carbon
structure. The film deposited under vacuum (Figure 2b) shows spectrum with visible D
peak less asymmetric than the one deposited under He (Figure 2c¢). The D and G intensity
ratio is used as a tool to estimate the size of graphitic domains and is also used to obtain
information on the carbon structure such as the degree of graphitization and the amount
of disorder. To extract such quantitative information, the experimental spectra were fit-
ted using Voigt functions for the D and G bands respectively. The results of the Raman
spectra fitting (i.e., positions and full width at half maximum of D and G bands and the
Ip/Ig ratio) are summarized in the Table I. The Ip/I¢ ratios are similar for the porous
and non-porous carbons films, indicating that they contains the same amount of hexagonal
rings. Moreover the FW H Mg and F'W H Mp, values for porous and non-porous film are not
significantly different. In conclusion, we assume that the effect of helium pressure is weak

on the amorphous carbon structure but significant on the mass density [40].

C. Irradiation of thin film by UV nanosecond pulsed laser

The amorphous carbon layers were irradiated in air at the optimal fluence threshold (Fy,)
of 0.15 J/em? and 1.5 J/cm? for the films deposited at 1 mbar of helium (porous film) and
under vacuum (non-porous film), respectively (see Experimental section for more details).
These two different values of fluence are due to the difference in mass density of the as-
deposited layers (see Table 1). Indeed, the denser the matter, the higher irradiation energy
is needed to induce structural change. For a better comparison, we therefore determined the
laser fluence allowing us to observe structural changes without damaging the layer ( up to
around 200 pulses). Since the porous film (0.16 g/cm?) is almost ten times less dense than
the non-porous film (1.9 g/cm?), it requires about ten times less laser energy. Figure 3 shows
the evolution of the Raman spectra of porous carbon films with the number laser pulses.
More details on the data processing procedure are included in the Supporting Information
(Figure S2). It can be noted that the D and G peaks become more distinct and separate
as the number of laser pulses increases. The optimal Raman spectrum, which corresponds

to the highest possible Ip /I ratio and the finest possible peaks, is obtained with 200 laser
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FIG. 2. Raman spectra of the glassy carbon c.t. (a) and of carbon thin films deposited by PLD at
two different pressures: (b) 107% mbar and (c) 1 mbar of helium. The peak at 950 cm ™! is due to

the second order Raman band from the Si substrate. The red solid line is the result of the fit.

pulses. The Raman peak of silicon did not disappear with the sp® and sp? transition and
its intensity remains with an increase in porosity. Above this value, the spectra remain the

! (silicon substrate), indicating a

same except for an increase in peak intensity at 960 cm™
decrease in the thickness of the carbon layer and therefore its ablation. A similar trend is
observed for the non-porous film, for which an optimal Raman spectrum is obtained from
50 laser pulses (see Supporting Information, Figure S2). In this case, it is assumed that the
disappearance of the silicon peak with sp®-sp? transition is due to a change in the optical
properties of the non-porous layer. Similar observation can be made comparing graphite,
which is completely sp?-bound and absorbs visible light, to diamond, which is sp*-bound
and transparent. Figure 4 shows the evolution of the position and FWHM of D and G bands

as well as the Ip/Ig ratio as a function of the number of laser pulses. As the number of

laser pulses increases, the G band shifted to the higher wavenumbers at 1600 cm ™! whereas
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FIG. 3. Corrected Raman spectra of irradiated porous carbon film with different number of laser
pulses : (a) un-irradiated carbon, (b) 5 shots, (c) 10 shots, (d) 100 shots, (e) 200 shots, (f) 1000

shots. See Supporting Information [Figure S2| for Raman spectra treatment.

the D band moved down to 1333 em~'. The FW H M and FW HMp narrowed down to
70 em™! and 90 em ™!, respectively and correlatively the Ip/Ig value increased up to 1.85.
The decreasing of F'W H M indicates the increase of graphitic stacking of carbon layer with
increase in the crystallites under laser irradiation (the correlation of FW H Mp with the level
of graphitization is not well understood). The evolution of these parameters exhibits the
order in the carbon structure containing defects. Laser irradiation of non-porous carbon film
leads also to very similar results (see Supporting Information Figure S2, fitting results not
shown here). This indicates that even if both kinds of deposited films are morphologically
different at the macroscopic scale, they have the same local structure at the microscopic
scale. The values of Raman results indicate the induced-UV laser ordered structural modi-

fication and tend to the expected features of glassy carbon.

As visible Raman spectroscopy mainly provides information on the sp? component, it
is not possible to evaluate the sp?/sp® ratio. However, such information can be obtained
by XPS after deconvolution of the carbon peak and by calculating the peak area ratio

corresponding to sp? and sp® components. High resolution XPS spectra in the C, region
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FIG. 4. Characteristics (position and FWHM) of the G (a) and D (b) bands versus the number of
laser pulses delivered on porous carbon film deposited by PLD at 1 mbar of He. The Ip/I ratio
is given in (c). For the GC c.t., the two bands D and G are situated at around 1330 em ™! and

1599 em ™! respectively, and the Ip /I ratio is 2.19.

of as deposited and irradiated carbon films are shown in Figure 5b,c. For comparison, the
XPS spectrum of the glassy carbon c.t. is also reported in Figure 5a. In all three cases, the
C1s spectrum displays two main components located at binding energy of 284.7 4+ 0.2 and
285.5 + 0.2 eV which are assigned to sp? (C=C bonds) known as the single feature of the
perfect HOPG (Highly Oriented Pyrolytic Graphite) and sp® (C-C) hybridizations states
seen as the signature of C-bonds in diamond, respectively. These values are consistent with
the literature [41]. To obtain a perfect fit, additional components at 286.1 eV (C-O), 287.2
eV (C=0) and 289.0 ¢V (O-C=0) must be added. Therefore, the sp® hybridization state
does not reflect the feature of GC widely viewed as fully sp* bonded carbon. This peak is
in fact related to structural defect with distorted sp? orbitals (lattice distortion, vacancies
and epoxy groups) [42-46]. For example, Barinov et al. [43] argued on the basis of density
functional theory (DFT) calculations that the C, component between 285.3 and 285.9 eV
should be added because of defective graphite. For the as-deposited porous carbon film at 1
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FIG. 5. High resolution XPS spectra of the (5 peak: (a) glassy carbon c.t., (b) as-deposited

carbon film (1 mbar of He), and (c) irradiated film with 1000 laser pulses.

mbar the results of the curve fitting show a mixture of sp? and sp® hybrid states with high
fraction of sp?® sites (68%) which is seen as diamond like carbon. The laser irradiation of
the carbon film results in a significant change in its hybridization state, with a sp? rate that
increases from around 32% to 72%. It can be noted that even if these results are in line with
the Raman analyses, the sp? rate remains below that of the carbon c.t. The reason for this
probably lies in the fact that this porous film has a higher surface which enhances the degree
of defects, especially the chemisorption of oxygen atoms on the surface and consequently
increases the defect peak. It should be noted that the defect peak does not decrease and
remains unchanged even if the film started to be ablated, indicating that the deposited
film is non-graphitisable (e.g., with 500 laser pulses increase of peak intensity peak at 960
em™!, see Figure 3). This modification of hybridization state with laser irradiation can be
explained by the fact that sp? sites require less energy than sp? sites to be dissociated. As a

result, sp? sites preferentially change to sp? leading to an ordered carbon structure. These
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results are supported by the EELS measurements (Figure 6) which indicates the presence
of a m-plasmon peak at around 6 eV in the irradiated film. Glassy carbon, known as all sp?
bonded carbon also exhibits this same peak located at loss energy of 6 eV corresponding to
the collective excitation of 7 electrons (7 — m* transitions) and indicating the sp? bonding
structure [42, 43]. The pulsed laser irradiation of the carbon film is accompanied by the
bonding modification from amorphous carbon to ordered carbon before the beginning of ab-
lation. We found the same binding change mechanism for both types of carbon films, namely
porous and non-porous films. Nevertheless, while the ordered laser-induced structure seems
identical in both cases, Figure 1 shows different macroscopic morphologies in these two
films before laser irradiation. The SEM images in Figure 7 show the physical effect of laser
irradiation on porous film (not visible on non-porous film due to its higher mass density,
see Supporting Information Figure S3). It indicates that the laser irradiation induces the
formation of holes inside the surface. Such morphological modification is accompanied by
a decrease in the density of the layer. This decreases rapidly with the number of pulses
to reach a constant value of about 0.09 g/cm? after 5 pulses (see Supporting Information,
Figure S4). These results are in agreement with the works of Kononenko et al. [47] on
laser-induced mechanisms in DLC films showing that the absorbed laser pulse produces an
expansion of surface layer and reduces its mass density. Furthermore, Grigonis et al. [5]

demonstrated that the conversion of the sp? to sp? sites caused the swelling.

Finally, the results presented so far show that pulsed laser irradiation of a porous and
non-porous carbon film is accompanied by an increase in porosity and a modification of the
bonds (conversion of the sp? to sp? sites), and leads to a better organized carbon structure.
Although all these characteristics tend to demonstrate the formation of GC, they may also
correspond to other structures such as pyro-carbon. To validate the formation of GC, other
characterization methods, such as low frequency Raman and HRTEM, were performed.
Low-frequency Raman analyses were mainly performed on non-porous films, due to the
weak signal obtained with porous films (low mass density). However, the latter were used
for HRTEM analyses. They are easy to exfoliate, which allows material to be deposited on
a TEM grid without any mechanical thinning or ion beam for the preparation. The low-
frequency Raman spectra of non-porous films before and after laser irradiation are shown in

Figure 8. The spectrum of the GC c.t. is also given for comparison. In the low-frequency
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FIG. 6. Electron energy loss spectra of as deposited carbon film (1mbar of He) and irradiated film

with 200 laser pulses. Spectrum of the glassy carbon c.t. is also shown for comparison.

region between 150 and 550 ¢m ™!, the two Raman peaks located at 224 and 334 em ™! are
signature of curvature-related structures which are normally present in GC. These peaks
are also found for fullerenes, carbon nanotubes, or carbon onion structures, but completely
absent in the case of graphite [48]. By now comparing the GC c.t. and the signs of irradiated
film (Figure 8a and 8b, respectively), it can be assumed that laser irradiation leads to the
formation of heptagons and pentagons in the hexagonal lattice. As reported in the literature,
[37, 49-52] these non-hexagonal rings induce the curvature in the network and make it
isotropic. This structural distortion is observed in the HRTEM image of the irradiated
porous-film (i.e., induced sp?-like carbon film, Figure 9b), where the stacking graphitic
sheets are also visible unlike the amorphous structure before irradiation (Figure 9a). The
GC c.t. (Figure 9¢) and the sp*-like carbon film (Figure 9b) also show curved and facetted
carbon sheets with two or three layers that contain voids of 5-10 nm in diameter. More in
details, the same two structures (label 2) are wrapped by another graphene at a distance of
about 0.32 nm. Its diameter is about 1.0 nm, which is identical to the size of a Cgy fullerene
(label 1). Such fragments, observed in Figure 9b, contain less than 10 graphene sheets and
cross in all directions and interconnect with each other. The average inter-layer distance

extracted from Figure 9b is about 0.34 nm, which corresponds to turbostratic graphite [46].
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FIG. 7. SEM images of a porous carbon film (deposited at 1 mbar of helium) before (a) and after

(b) laser irradiation.
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FIG. 8. Low-frequency Raman spectra of the glassy carbon c.t. (a) and the non-porous carbon

film before (b) and after laser irradiation with 200 pulse (c).

The intensity profile of these multilayers fragments is shown in the Supporting Information
(Figure S5). It is interesting to note that several particles (label 3) have a perfect hexagonal
shape, i.e. well-defined facets in the shape of a hexagon with a 120° curvature angle. Label
4 indicates two regions of negative (K < 0) and positive (K > 0) curvatures. Finally,
the region labeled 5 shows the bifurcation of graphene layers indicating probably a local
hyperbolic structure characterized by an inversion of the Gauss curvature (more details in
the next section). These results clearly exhibit the strong similarity between glassy carbon
and our irradiated carbon films (porous and non-porous). The laser-induced structural
modification on the amorphous carbon film results in the formation of the isotropic sp?-like
structure composed of the mixture of fullerene-like (K> 0), hyperbolic (K < 0) and curved
ribbon-like structures which interconnect between them in all directions with the decrease
in mass density. All results finally support that the sp?-like film is viewed as a glassy-like

carbon structure.
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FIG. 9. HRTEM images of porous carbon film: (a) before irradiation and (b) after irradiation with
200 pulses. (c) corresponds to the glassy carbon c.t.. The labels in (b) correspond to (1) fullerene,
(2) multilayers fragment, (3) honeycomb-like fragment, (4) presence of curvature with the angle of

120 and (5) hyperbolic structure. 18
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FIG. 10. Different steps to prepare amorphous TPMS structure compared to other methods (right
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IV. GLASS-LIKE (GL) CARBON STRUCTURE

The lack of long-range periodicity presents a theoretical challenge. As it is mentioned
above, Raman features are not enough to fully characterize glassy carbon. For example, the
same Ip/Ig ratio signature is reported in glassy graphene [54]. But there is one thing we
can be sure of: GL is isotropic, porous, stable, metal-like and fully sp? hybridized. Because
of the lack of long range order, ab initio calculations performed on large elemental cells
are difficult and molecular dynamics based on semi classical potentials are elusive (see for
example all the papers dedicated to carbon cluster structure [55, 56]). However, simple
geometrical considerations help us to qualitatively understand the structure. First of all,
the sp? hybridized structure suggests a planar sheet which is in mathematics a surface in E?
Euclidean space. A porous structure suggests a non-zero genus which is a main characteris-
tic of surfaces in hyperbolic space (negative Gaussian curvature K). The isotropic structure
of GL leads to a genus g > 2 [57]. Hyperbolic space appears by the introduction of n-gons
with n > 7 (for example seven-membered or octogonal rings) in the primitive hexagonal
structure (graphene) with the creation of saddle points (K < 0). Note that spherical space
that characterize fullerenes appear by introducing five-membered rings instead of seven-
membered rings (genus in fullerenes is zero). The first prototype which meets all these
features named ”Schwarzite” was discussed a long time ago [58]. This hypothetic structure
is based from triply periodic minimal surfaces (TPMS) (a minimal surface as a zero mean
curvature radius) that ensure a cohesive energy not so far from other allotropic forms of
carbon. TPMS structures are commonly deduced from differential geometry through the
Weierstrass-Enneper relationship or approximated Fourier expansion. Despite the presence
of n-gons n # 6 in the structure the strong sp? character is corroborated by the presence of
Dirac cones as reported in graphene. A TPMS has no self-intersection and partitions the
space into two disjoint labyrinthine regions. Contrary to fullerenes where isolated pentagon
rule takes place, it seems that abutting heptagons are more stable [59]. Then, Schwarzites
are probably less stable than disordered Schwarzites (abutting heptagons induce disorder
in the structure). Experimental evidence of disordered Schwarzite structures was done by
Barborini et al. [60], Rode et al. [61] and Wang et al. [62] n-fused rings with n # 6 in
graphene introduces ripples and then a strain energy. Assuming the lowest strain energy,

one has to consider five-membered, seven-membered rings or 8-membered rings no more.
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Applying the Gauss-Bonnet theorem for the genus to a closed orientable surface, and Euler’s

law it holds

N5 — N7 —2Ng = 12(1 — g) (1)

Non isotropic network with positive curvature writes
N5 — N; — 2Ng = 12 (2)

Defect free fullerenes lead to N5 = 12. If Ny is positive, one observes fullerenes with (5,7)

Stone-Wales defects. Isotropic porous structures with g=3 yield:

Ny — N; — 2Ng = 24 (3)

The simplest form with N5 = Ng = 0 gives the diamond D-type Schwarzite with only
heptagons and 28 atoms per elemental cell (for one partition of space g = 2 [63]). Al-
though TPMS is a theoretical object, our feeling is that porous isotropic structure is rich
in heptagons (or n-gons with n > 7). The creation of (55,77) Stone-Wales defects in a pure
graphene (formed by rotating a C-C bond by 90° with regard to the midpoint of the bond)
comes with a high energy cost (few eV) [50, 52, 64, 65], but native pentagonal rings in
the graphene structure considerably lowers the barrier for the heptagon formation up to an
energy close to few kT [64]. Since pentagonal rings are present in amorphous carbon with
sp?/sp® hybridized states, the GL carbon structure can be formed if the basic structure be-
fore annealing is rich in sp® hybridized states. This is corroborated by experiments. Starting
with rich graphite-like precursors is not the best way to prepare GL carbon. Conversely,
the best that we can do is obtained from sp?/sp® amorphous precursors. Since infinite net-
works can be built up from basic TPMS structures, the choice of the candidate is arbitrary.
However, TPMS structures are either metallic or insulating [66]. Experimental evidence of
metal-like character after annealing suggests candidates with metal-like character. Amor-
phous TPMS structure can be obtained using a standard treatment of the primitive Fourier
expansion with a scale distortion that preserves minimality according to Osseman’s theorem
(66, 67]. The algorithm is decomposed in three steps (see reference [44]):

- Mathematical structure given by approximate Fourier expansion;

- Tessellation of the surface with hexagons and n-gons (n = 5, 7, 8) that mimics carbon
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structure with a crystallographic group space in £3 Euclidean space;

- Randomization with Osserman’s method.

Figure 10 displays such an example (gyroid structure with octamers) compared to 3D struc-
ture model of the porous 3D graphene using molecular mechanics method [53]. Even though
this method relies on purely geometrical considerations, the obtained structure is qualita-

tively the same as other time-consuming computational methods.

V. CONCLUSION

Based on the data from all experimental results using two amorphous carbon film de-
posited in helium and in vacuum whose microstructures are similar at the nanometer scale
but different at the macroscopic level, our in depth investigation shows that amorphous car-
bon with high sp? rate could be converted to glass-like carbon under ns-laser irradiation with
the transition of sp® to sp? sites. sp® sites are seen as the precursor of the glassy-carbon-
like formation. In addition, the Raman analysis at low frequency exhibits the formation
of the Stone-Wales defects after laser annealing. So, laser irradiation involves two trans-
formation mechanisms: creation of pentagons and heptagons in the hexagonal network and
sp>-to-sp? phase change. When laser annealing is maintained without ablation for a long
time, local graphitization degree increases with a decrease of defects. But as bonding is
already established between graphitic fragments in the 3D space, the graphitization cannot
be completely reached and some defects remain even at very high temperature, which gives
non-graphitisable carbon such as glassy carbon. Moreover, laser irradiation also induces
swelling in carbon during irradiation resulting in a decrease in mass density. The TEM ob-
servation indicates the coexistence between fullerenes and graphitic nano-crystallites which
interconnect each other by curved sheets of graphene. Such results emphasize the strong
resemblance between the microstructure of irradiated carbon film with that of glassy car-
bon. In conclusion, the irradiated carbon film obtained under theses experimental conditions
change to a glassy carbon like one. It is now possible to synthetize a thin film of glassy car-
bon with only a laser for deposition and irradiation in place of the pyrolysis. This in-depth
characterization offers to researchers some possibilities to use the thin film of glass carbon
for their research activity and to material engineers for the next-generation applications

which benefit from the properties of glassy carbon.
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