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a b s t r a c t 

While graphene has held the center stage in nanocarbon material research since its isolation in 2004, 

less attention has been paid to nanometer-thick carbon films in which at least part of the carbon atoms 

are sp 3 -hybridized, whatever the crystallographic structure. However, because of their composition, struc- 

ture, physical and chemical properties, those nanomaterials exhibit competitive features that should be 

considered for the development of future sustainable technologies based on 2D materials. The purpose of 

this review is to provide a snapshot of the main advances in the synthesis of sub-10 nm thick sp 3 -C-rich 

films, which include amorphous carbon hydrogenated or not, nanocrystalline diamond films, graphane, 

diamanes and diamanoids. Physical properties and applications ( i.e. existing or potential) are also high- 

lighted. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Table 1 

The main characterization methods for sp3C2D materials. 

Method Info obtained Limitations 

XPS sp 3 / sp 2 ratio H is not detected (contrary to 

N, O, F) 

Not shown to be usable in the 

case of hydrogenated 

amorphous carbon 

Raman 

spectroscopy / 

microscopy 

Visible excitation 

sp 2 -C arrangements 

Mapping possible 

sp 3 -C are not directly detected 

in amorphous material 

Quantitative analysis is 

empirical 

Raman 

spectroscopy / 

microscopy 

UV excitation 

Similar sensitivity to 

sp 3 -C and sp 2 -C 

Mapping possible 

Power must be carefully tuned 

to avoid any sample 

modification 

Quantitative analysis is 

empirical 

IR spectroscopy / 

microscopy 

C –H bonds 

Mapping possible 

Only C bonded to H are 

detected 

Attenuated total reflection 

(ATR) mode damages the 

sample 

The absorption strength of the 

vibration modes is unknown 

for most of carbon materials 

Electron diffraction crystal structure Specimen on TEM grid 

Some crystal structure cannot 

be discriminated 

May modify the 

sample − knock-on damage 

Local deformation may modify 

patterns 

EELS sp 3 / sp 2 ratio 

Thickness ( + /-20%) 

Dielectric constants 

H is not detected 

Specimen on TEM grid 

May modify the sample 

Needs a reference sample 
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. Introduction 

Since graphene was able to be isolated in 2004 [1] , it has been 

he subject of extensive research effort s to explore its exceptional 

hysical properties, to improve the synthesis methods, and to de- 

elop a wide range of applications [2] . However, graphene suf- 

ers from the lack of an electronic bandgap [1] . This limitation 

as largely contributed to motivate the research on new 2D ma- 

erials for electronic and optoelectronic applications [3] and has 

riggered the synthesis of a myriad of new materials, from mono- 

lemental ones ( i.e. phosphorene [4] , silicene [5] ), to compounds 

uch as boron nitride [6] , F-diamane [7] , transition metal dichalco- 

enides (TMDs) [8] and transition metal carbides, nitrides, or car- 

onitrides (MXenes) [9] . 

Sub-10 nm sp 3 -C-rich carbon films, possibly hydrogenated, des- 

gnated as sp3C2D in the following, have not attracted such a 

trong interest despite a set of promising features, which are ei- 

her expected from the analogy with diamond or from calculations, 

r were revealed by experiments, including: (i) wide electronic 

andgap; (ii) diamond-like mechanical properties; (iii) chemical 

nertness; (iv) biocompatibility; (v) mono-elemental composition 

excluding the surface layers, which may be bonded to other el- 

ments such as hydrogen); (vi) they are based on one of the most 

bundant elements on Earth, which is compatible with sustainable 

evelopment, and which could possibly favor the capture of the 

xcess gaseous forms of carbon into materials in a double-winning 

trategy [10] ; (vii) they are produced by physical or chemical vapor 

eposition (PVD or CVD) techniques compliant with the semicon- 

uctor industry. 

This lack of interest may be partially explained by (i) the over- 

ll craze about graphene, which has hindered the potential interest 

f other 2D carbons, (ii) the eventual structural complexity of sp 3 - 

-rich materials which make them hard to characterize accurately, 

s shown, for instance, by the failure in providing unambiguous 

vidence of the synthesis of graphane ( i.e. a sp 3 -C layer obtained 

rom the full hydrogenation of single-layer graphene) [11] , and (iii) 

he difficulty in growing sub-10 nm nanocrystalline diamond films, 

s further detailed below. In 2018, it was considered that one re- 

aining experimental challenge in carbon science was the devel- 

pment of a bulk synthesis method for 2D diamonds and that a 

real breakthrough would be to use CVD processes such as hot fila- 

ent CVD in the presence of H 2 and CH 4 , to yield scalable synthe- 

is of 2D or 1D diamonds ” [12] . This was shortly followed by the 

uccessful synthesis of stable nanometer-thick and crystalline sp 3 - 

onded carbon sheets, including diamanes, diamanoids, and dia- 

anoid/graphene hybrids, from the hydrogenation and conversion 

f graphene sheets exposed to a hot filament CVD-promoted hy- 

rogenation process [13–17] . 

Because of the high potential of sp3C2D, the purpose of this 

eview is to provide a snapshot of the main advances in their syn- 

hesis. Physical properties and applications are also highlighted. Af- 

er the first section, which is devoted to a short presentation of 

he advantages and drawbacks of the most useful techniques for 

haracterizing sp3C2D, we start with amorphous carbon for histor- 

cal reasons. Nanocrystalline materials are then considered, start- 

ng with nanocrystalline diamond films, following with graphane, 

nd then ending with diamanes and diamanoids for both respect- 

ng the chronology of research developments and addressing sp 3 - 

-based carbon films with incremental structural order. Although 

arious elements can be incorporated in sp3C2D, this review will 

nly consider hydrogen (H). 

. Structure-characterization techniques 

Determining the sp 2 -C/ sp 3 -C ratio, the hydrogen content, and 

rystallinity features if any is paramount for identifying the types 
2 
f sp3C2D and discriminating between them. A review on common 

echniques to be used for this purpose can be found in Ref [18] . 

ecause sp3C2D provides a very limited specimen volume, many 

f the techniques used in the case of thicker films are irrelevant, 

.g. , nuclear magnetic resonance, combustion analysis, neutron and 

-ray diffraction, analysis of the extended X-ray-absorption fine- 

tructure (EXAFS), elastic recoil detection analysis. In this section, 

he advantages and drawbacks of the most useful techniques for 

haracterizing sp3C2D, which are summarized in Table 1 , will be 

riefly described for those interested in entering the field. 

.1. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a very sensitive sur- 

ace technique but it cannot detect H. The kinetic energy of the 

mitted photoelectrons depends on the binding energy of the 

tomic orbital from which the electron originates. Because each el- 

ment has a unique set of binding energies, XPS can be used to 

dentify the elements within the escape depth of the photoelec- 

rons in the near-surface region. Variations in the elemental bind- 

ng energies (the chemical shifts) arise from the differences in the 

hemical potential and polarizability of the material. These chemi- 

al shifts can be used to identify the chemical state of the materi- 

ls [19] . The ionization cross-sections for the XPS core level spec- 

ra are exclusively dependent on atomic factors and independent 

f the chemical state of the atoms when the energy of the X-ray 

hotons is well above the absorption edge of the core level [20] . 

he intensity of the core-level peaks is then directly proportional 

o the density of atoms. There is a small shift of the C1s core level 

n the order of 0.9 eV between diamond and graphene [21] . Hence, 

iaz et al. have shown that the C1s photoemission spectra of car- 

on in non-hydrogenated amorphous carbon films consist of two 

omponents arising from the sp 3 - and sp 2 -hybridized forms of car- 
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erties. 
on, which are chemically shifted by 0.9 ±0.1 eV from each other 

21] . Therefore, XPS provides a straightforward way to determine 

he relative concentrations of sp 

3 -C and sp 

2 -C in non-hydrogenated 

morphous carbon films by decomposing the C1s photoemission 

pectra into those two lines, with no need for a reference sam- 

le as in the case of electron energy loss spectroscopy (EELS) [21] . 

his method was then extrapolated to hydrogenated amorphous 

arbon films without any validation. However, fitting the sym- 

etrical C1s spectra of most of hydrogenated amorphous carbon 

lms remains ambiguous. In the case of a series of monodisperse 

olystyrene/polyethylene tapered block copolymers, with known 

p 2 -C/ sp 3 -C ratios, Turgeon and Paynter showed that the C1s peak 

xhibited no significant shape variation as the sp 2 -C concentration 

as varied [22] . 

.2. Raman spectroscopy 

Raman spectroscopy is the most widely used technique for the 

haracterization of phonon modes in carbon films. The technique 

etects the small portion of scattered photons from the incom- 

ng laser beam which are subjected to a loss of energy, hence a 

hange in their frequency, during their interaction (so-called in- 

lastic) with the phonons from the material investigated. Most 

arbon materials exhibit characteristic spectra [23] . In graphene, 

hich is used as precursor for graphane, diamanes or diamanoids 

s detailed below, the intensity ratio of the D and D’ defect- 

ctivated peaks, I D /I D’ , is used to get information on the nature of 

efects [24] . I D /I D’ is maximum ( ∼13) for sp 

3 -defects [24] , it de-

reases down to ∼9 for loop defects [25] , then it decreases fur- 

her for vacancy-like defects ( ∼7) and for boundaries ( ∼3.5) [24] , 

nd may reach minimum values (below 2) when the nature of 

efects generates polarization effects [26] . Raman scattering from 

p 2 -C is a resonant process for visible wavelength excitation and 

esults in a 50 to 230-fold signal enhancement relative to that of 

on-resonant sp 3 -C Raman scattering [27] ; thus, it is necessary to 

mploy UV excitation to obtain a more evenly weighted probing 

f sp 3 -C and sp 2 -C sites. However, UV Raman measurements are 

rone to damage high-energy chemical systems, such as hydro- 

enated carbon films. The exposure time and power must be care- 

ully tuned to avoid any structure modification. Empirical analyses 

re employed to estimate sp 

3 -C fraction, sp 

2 -C clustering, and hy- 

rogen content [23 , 28] . 

.3. Infrared spectroscopy 

IR spectroscopy is the measurement of the wavelength and in- 

ensity of the absorption of infrared light by the material molec- 

lar vibrations. It can be used to detect hydrogen and to qualita- 

ively study C 

–H bonding from the analysis of the C 

–H stretching- 

ibrational mode bands at 280 0–330 0 cm 

−1 [29] . The infrared re- 

ponse is complementary to the visible Raman one and less sen- 

itive to electronic effects [30] . In the case of hydrogenated amor- 

hous carbon, efforts were made to quantitatively determine the 

p 2 -C/ sp 3 -C ratio and the total amount of H atoms from the fit- 

ing of the C 

–H stretching band with Gaussians. However, this ap- 

roach faces the following challenges: (i) the position and width 

f the nine sub-bands corresponding to the nine possible vibra- 

ion modes, can vary depending on the structure [29] and fitting 

ay be ambiguous as multiple solutions can be obtained; (ii) the 

bsorption strength of each vibrational mode must be considered. 

ence, if they are known in the case of free molecules [31] , they 

re unknown for most of carbon materials. In the case of free 

olecules, the absorption strength varies significantly through- 

ut the various modes. The absorption strength for the sp 

3 -C 

–H 

tretching mode is nearly 32 times lower than the corresponding 

alue for the sp 

3 -C 

–sp 

3 -C 

–H 3 stretching mode [31] ; (iii) it does not
3 
ake into account any hydrogen not bounded to a carbon, nor any 

arbon not bonded to a hydrogen. Therefore, the estimation of both 

he sp 2 -C/ sp 3 -C ratio and the total amount of H can be erroneous. 

.4. Electron diffraction 

When a coherent electron beam is scattered elastically by a 

eriodic material such as a crystal, the scattering occurs accord- 

ng to Bragg’s law in specific directions of space, and the elec- 

ron diffraction pattern of the crystal is obtained [32] . As amor- 

hous carbons are not periodic, it could be thought that electron 

iffraction is useless for studying them. However, some periodicity 

s always present, such the C 

–C bond length, or others. Hence, the 

ethod can be used to study amorphous carbon films as well, or 

erely discriminate between amorphous and crystalline structure 

or the least. In the latter case, the determination of the structure 

ay be possible from characteristic patterns. Attention has to be 

aid, however, that electron beams can be highly energetics, hence 

ikely to alter the original structure. For instance, carbon atoms in- 

olved in graphene lattice may be knocked-off by incoming elec- 

rons with energy higher than ∼86 keV [33] , and materials involv- 

ng C 

–H bonds may be even more sensitive [17 , 34] because of the 

ow Z number of H [35] . On the other hand, using very low-energy 

lectrons, down to 5 keV, may be quite useful to reveal the type 

f stacking sequences in 2D graphenes and/or the number of lay- 

rs involved [35] , which is important for their conversion into dia- 

ane or diamanoid as discussed below. However, attention has to 

e paid that local deformations may modify the patterns, in par- 

icular spot intensities, and make difficult such an analysis [15] . 

.5. Electron energy loss spectroscopy 

EELS uses the fact that some of the electrons from an electron 

eam passing through a film can be inelastically scattered by the 

nner (core–shell) sample electrons producing ionization edges that 

re characteristic of specific elements. The high-energy loss region 

t the C1s (K edge) at 284 eV can be compared to reference spectra 

uch as those from diamond and graphite [36] , and has been used 

o estimate the sp 

3 -C fraction in amorphous carbon. The near edge 

onsists of two features, a peak at 284 eV due to the excitation 

o π ∗ states of sp 

2 -C, and a step at 290 eV due to the excitation 

f sp 

3 -C and sp 

2 -C sites to σ ∗ states. As diamond has no peak at 

84 eV, the sp 2 -C fraction of a carbon film can be found by taking 

he area ratio of the 284 over the 290 eV step within some energy 

indow, and comparing it to the ratio for a 100 % sp 2 -C reference 

ample that has to be isotropic in the orientation of its π bonds 

37] . As with electron diffraction, attention has to be paid to the 

ame risk of structural damages induced by the electron beam. 

. Sub-10 nm thick amorphous carbon films 

.1. Classification 

It can be considered that the research on amorphous carbon, 

nitiated 60 years ago with the study of evaporated carbon film 

38 , 39] , experienced a turning point with the synthesis of ion 

eam deposited film [40] and is nowadays very mature. Numer- 

us and extensive review papers are available, such as Robertson’s 

41] , although most of the research concerns films whose thick- 

ess is higher than 100 nm. Compared to such thick films, ultra- 

hin films are likely to exhibit specific physical and chemical prop- 

rties. For instance, electronic properties may be more dependent 

n a higher proportion of surface atoms. The interface and surface 

egions, which may exhibit a distinct hybridization ratio (see dis- 

ussion below), may also have a stronger impact on physical prop- 
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Fig. 1. Ternary phase diagram for amorphous carbons, based on the original work by Jacob and Möller [42] , subsequently modified by Roberston [41] , and then by us (see 

text). In the labels, the letters " a ", " t ", “h ” and "g" stand for "amorphous", "tetrahedral", “hexagonal” and "graphenic", respectively. PLC stands for polymer-like carbon. The 

diagram is valid for both thick and thin films, keeping in mind that other important features are not considered in the diagram, such as the possible variation in hybridization 

across the film thickness in the case of sub-10 nm films (see text). The domain frontiers are indicative. 
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Amorphous carbons are most often composed of carbon (both 

p 3 -C and sp 2 -C) and hydrogen, although it is possible to produce 

ydrogen-free films [42] . Other elements can be incorporated such 

s N, P, Si, F, or various metals ( e.g. Cu, Ag, or Al), but those vari-

nts are out of the scope of this review. Because physical prop- 

rties depend primarily on both the structural and chemical com- 

ositions, a ternary phase diagram was introduced by Jacob and 

öller [42] and then subsequently completed by Robertson [41] to 

ompare published data. Initially built based on thick films, this 

iagram remains useful for the sub-10 nm-thick films targeted in 

his paper. However, we propose a further modified version of it 

s Fig. 1 , which revisits a bit part of the nomenclature proposed in 

41] . 

The shaded area (yellow in the colored version) in Fig. 1 , close 

o the hydrogen-rich corner, corresponds to the region where no 

table film can form [42] . This region is limited by the line of the 

xistence of long-chain polymers such as polyethylene (67 at.% H, 

3 at.% sp 3 –C), polybutadiene (60 at.% H, 20 at.% sp 3 –C, 20 at.% 

p 2 –C) and polyacetylene (50 at.% H, 50 at.% sp 2 –C). Those three 

olymers are indicated by using black stars in Fig. 1 . 

Fig. 1 , actually, appears not to be ideal. There are many forms 

f amorphous carbon films which discriminate from their compo- 

ition indeed, but also from other features which should be added 

o the ternary phase diagram as additional dimensions, for in- 

tance: the variations in hybridization states across the film thick- 

ess (see discussion below) [41] ; whether sp 2 -C is either in alkene 

chains) or aromatic forms and in which proportions; whether car- 

on atoms of same hybridization state gather into clusters, and of 

hich dimensions. Reporting this additional information into a sin- 

le diagram appears to be difficult, but the related features have to 

e kept in mind, as they are likely to generate materials with dif- 

erent behavior and properties while located at the same place in 

he diagram. 

The phase diagram in Fig. 1 is compositional, i.e. , it is indepen- 

ent of the synthesis process. However, because most of the ma- 

erials from which the phase diagram was built were obtained by 

 process involving ion bombardment, correspondence was made 

etween the bonding and properties of the various amorphous car- 

on films and the energy of the impinging carbon ions during 
4 
he growth process (see section 3.1.2). However, amorphous carbon 

lms may now be prepared by a variety of methods. Therefore, de- 

pite the classification proposed in [41] has been widely accepted, 

ome amendments are needed, as introduced below: 

• Films such as those prepared by low energy ion bombardment 

have large hydrogen (40–50 at.%) and sp 3 -C (up to 60 at.%) 

contents. These films are called polymer-like carbons ( PLC ) as 

most of the bonds involving sp 3 -C are C 

–H bonds. They are 

mechanically soft and have low mass-density (typically 1.2 to 

1.6 g/cm 

3 ). According to Fig. 1 , PLC with high sp 2 -C and low 

sp 3 -C are expected, but they have not been investigated experi- 

mentally in detail because the focus has mainly been on sp 3 -C- 

rich films. 
• When the hydrogen content drops ( ∼30–50 at.%) while the sp 3 - 

C content is between 20 and 40 at.%), as for films prepared with 

intermediate energy ion bombardment, the films are mechani- 

cally harder and have higher mass-density since cross-linking 

between sp 

3 -C is higher as compared to PLC. Films are of the 

hydrogenated amorphous carbon ( a-C:H ) type. 
• When the sp 3 -C content becomes very high ( ∼70–85 at.%) and 

the hydrogen content is decreased down to ∼20–30 at.%, the 

films are designated as hydrogenated tetrahedral amorphous 

carbon ( ta-C:H ) as suggested in [43] . They are hard and their 

mass-density reaches 2.4 g/cm 

3 . If the synthesis is carried out 

without the presence of hydrogen, the films are designated 

as tetrahedral amorphous carbon ( ta-C ) as proposed in [44] . 

Their mass-density can reach 3.1 g/cm 

3 [41] . Ta-C and ta-C:H 

have attracted great practical interest because the high fraction 

of bonds between sp 3 -C confers many of the beneficial proper- 

ties of genuine diamond while being synthesized at lower sub- 

strate temperature. Indeed, they can be grown at near room 

temperature with a reasonable growth rate (typically 0.83 Å/s) 

[41] , while diamond typically requires substrate temperatures 

higher than 400 °C [45 , 46] . As a counter-example, the growth of 

nanocrystalline diamond on plastic substrates at a lower tem- 

perature (below 100 °C) was achieved, but growth rates are too 

low for practical applications (below 0.17 Å/s) [47–49] . 
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• If the sp 3 -C fraction is below ∼40 at.% along with a limited 

amount of H ( < 25 at.%), the related amorphous carbons were 

once designated as "sputtered a-C(:H)" to refer to its commonly 

used synthesis method [41] , or "graphite-like" [50] . We pro- 

pose to substitute those two designations because they both 

present some inconvenient. The first one is because it refers 

to a specific synthesis method while other methods can be 

used to obtain the same composition. The second one is not 

appropriate either, because the crystallographic structure has 

nothing to do with that of graphite. Indeed, the materials re- 

ported in the phase diagram should be amorphous, i.e. built 

with usually very-small-size graphenes with severe distortions 

combined with a high amount of various kinds of in-plane de- 

fects which prevent the graphenic entities to pile-up. As soon 

as graphenes, even sub-nanometer-large (as in the basic struc- 

tural unit (BSU) model introduced by Oberlin [51] ), are able to 

stack by a minimum of two, a crystallographic structure is ob- 

tained, that is, the turbostratic structure. In such sp 

2 -C-rich ma- 

terials, the orientation of the graphene stacks is random, mak- 

ing the material isotropic in terms of texture and properties. As 

a logical counterpart to the ta-C carbon type above-described, 

we propose to designate those sp 

2 -C-rich materials as hexago- 

nal amorphous carbon ( ha-C ), where h stands for “hexagonal”. 
• When the hydrogen content drops further down to 0 or close 

and the hybridization becomes mainly sp 2 , as obtained at high 

energy ion bombardment, the films were referred to once as 

"glassy carbons" and "graphitic C" [41] , or "graphitic-like car- 

bon" ( GLC ). Although the sp 2 -hybridization prevails in those 

materials, they always exhibit some sp 3 -hybridization character, 

coming from sp 3 -C atoms at the grain boundaries or from sp 2 - 

C for which C 

–C bonds are no longer planar (as in fullerenes 

for instance, for which all the carbon atoms are supposed 

to be sp 2 -hybridized, but they all exhibit 30 % of the sp 3 - 

hybridization character due to the lattice curvature needed to 

close the molecule [52] ). As in the case of ha-C , the crystallo- 

graphic structure of those materials has nothing to do with that 

of graphite for the same argument. In such materials, the ori- 

entation of the graphene stacks is random, making the material 

isotropic in terms of texture and properties. This isotropic fea- 

ture made some of these materials designated as "glassy car- 

bons", because of their glass-like behavior, but then they may 

no longer be described as amorphous as long as they exhibit 

stacked graphenes, whatever their dimensions, and should not 

belong to the phase diagram of Fig. 1 . For those exhibiting 

a genuine amorphous character, i.e. , an absence of periodicity 

even at a short distance, thanks to the term "graphenic" re- 

cently introduced [53] , it is more relevant to designate them 

as graphenic amorphous carbon ( ga-C ), where g stands for 

“graphenic”. It is therefore necessary to investigate in detail, 

at the nanoscale, using transmission electron microscopy (TEM) 

techniques, whether such materials are all amorphous. This is 

behind the scope of the present review. As a particular ex- 

ample of ga-C , recently, a uniform and stable monolayer of 

sp 2 -bonded amorphous carbon films ( MAC ) was obtained by 

a laser-assisted CVD growth process at substrate temperature 

as low as 200 °C [54] . Atomic-resolution TEM characterization 

(beam current of about 20 pA; energy of 60 keV) unambigu- 

ously showed the complete absence of long-range periodicity 

and a structure formed by nanometer-sized, randomly oriented, 

and strained sp 2 -C clusters comprising of five, six or seven- 

member rings embedded in a continuous random network [54] . 

The 2D band, which is of high relative intensity in graphene, 

is not observed in Raman spectra, which display separated but 

overlapping D and G bands which is characteristic of disordered 

graphenic material [54] . C1s XPS spectra show that the bond- 

ing is mainly between sp 

2 -C [54] . Considering the phase dia- 
5 
gram of amorphous carbon ( Fig. 1 ), the synthesis of this type of 

MAC (better designated as g-MAC , to follow the logic of Fig. 1 ’s 

nomenclature) could open the door to the elaboration of a wide 

range of MACs which would include an increasing proportion 

of sp 3 -C, hence subsequently designated as h-MAC, and then t- 

MAC (in that case, the "monolayer" character would refer to the 

layer of carbon atoms only, as H atoms located above and below 

this layer would be necessary to saturate the sp 3 -hybridized 

ones. 

It is worth noting that the term Diamond-Like Carbon ( DLC ) 

41] is not present in Fig. 1 , although it is widely used in the lit-

rature to designate amorphous carbon films, hydrogenated or not. 

his is because it is a poor designation, considering how far the 

aterial is from genuine diamond because of its hydrogen content 

nd its amorphous structure. Of course, the term is justified by the 

act that some of the physical properties of diamond are shared 

ith amorphous carbon films, hence using it is acceptable. How- 

ver, which types of materials DLC is supposed to stand for is fuzzy, 

s it is used to designate amorphous carbon films as soon as the 

p 3 -C content is sufficiently high, whilst which sp 3 -C content this 

eans is never mentioned. Therefore, " DLC " should only be used 

s a generic term, roughly gathering the three sp 3 -rich film areas 

a-C, ta-C:H and a-C:H in Fig. 1 . 

In the case of sub-10 nm films elaborated from an ion-assisted 

ethod such as the filtered cathodic vacuum arc deposition (FCVA) 

r the pulsed-laser deposition (PLD) processes (see Section 3.2 ), 

he material classification according to the phase diagram dis- 

layed in Fig. 1 is challenged by the resulting layered structure 

btained, as evidenced in [55 , 56] . High-resolution TEM (HRTEM) 

mage contrast revealed distinct layers of different mass-densities 

ithin a given film. Overall, every film exhibits interfacial, bulk, 

nd surface regions. The thicknesses of the interfacial and surface 

egions increase with deposition energy and are less dense than 

he bulk layer. In the case of PLD deposited ta-C, depending on the 

eposition energy, the thickness of the interface region varies be- 

ween around 2 and 8 nm, while the surface layer can extend over 

early 10 nm [55] . In the case of FCVA-deposited ta-C , when the 

arbon ion energy is increased from 10 to 330 eV, the thickness of 

he interface and surface regions varies from 2 to 15 nm and from 

0 to 25 nm, respectively [56] . In this case, it is not clear which

p 3 -C fraction needs to be considered for positioning the corre- 

ponding film into the phase diagram, i.e. , either the value corre- 

ponding to the “bulk” or that corresponding to the mean value 

cross the whole film thickness. 

The deposition of sub-5-nm thick amorphous carbon films un- 

er optimal FCVA working conditions (see Section 3.2 ), is there- 

ore challenging because the thickness of the highly sp 

3 -hybridized 

ulk layer becomes comparable with the thickness of the interfa- 

ial and surface layers, which are richer in sp 

2 -C. For the bulk layer 

o form, film growth must exceed the interface layer. Thus, without 

he formation of a sufficiently thick bulk layer with relatively high 

p 

3 -C content, further film thinning cannot be achieved by simply 

ecreasing the deposition time if the structural integrity of the film 

s to be preserved. Therefore, to further decrease the film thick- 

ess, effort s must be directed toward minimizing the thickness of 

he sp 

2 -C-rich interface and surface layers, while maintaining the 

revalence of the sp 3 -C-rich bulk layer. A possible method is to 

se a large ion incidence angle and/or low substrate bias voltage 

uring initial deposition to decrease the interface layer thickness, 

witching later to a small ion incidence angle and/or high substrate 

oltage to generate deposition conditions promoting sp 3 hybridiza- 

ion, as in [57] . Following such a method, the growth of 1 −4-nm- 

hick amorphous carbon films with a sufficiently thick bulk layer 

ith high sp 3 -C content (around 50–60 at%) was achieved [57] . 
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Fg. 2. Schematic of head-media spacing components in a hard-drive-disk device. 
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An alternative is a use of a synthesis method that does not 

se any ion bombardment during the film formation. Recently a 

ew method for preparing a conformal amorphous carbon layer 

ith a thickness of 1 nm was shown [58] . In this method, a 

olystyrene brush of uniform thickness which was grafted onto 

iO 2 /Si substrate was transformed into ultrathin amorphous carbon 

ayer without pinholes or hillocks by UV crosslinking and subse- 

uent carbonization. However, as revealed by XPS C1s and Raman 

pectra, and by surface roughness analysis, the films produced are 

p 2 -C-rich rather than sp 3 -C-rich [58] . 

.2. Synthesis 

The methods used to synthesize sub-10 nm sp 

3 -C-rich amor- 

hous carbon films are similar to those used in the case of thicker 

lms. A wide range of methods have been developed [41] . The 

ommon feature of those methods is that films are obtained by 

on beam deposition (IBD), i.e. , they are condensed from an ion 

eam containing medium energy carbon ( ∼100 eV) or hydrocar- 

on ions. ta-C and ta-C:H are elaborated from methods which can 

rovide a carbon ion flux at about 100 eV per carbon atom, with 

 narrow energy distribution, a single energetic species and a min- 

mum number of non-energetic ones (generally neutral) [41] . Un- 

il recently, there was a consensus regarding the mechanism pro- 

oting sp 3 -bonding between carbon, which was designated as the 

ubplantation model [59–61] . Recently, it was shown, using molec- 

lar dynamics simulations based on machine-learned interatomic 

otential trained from density-functional theory data, that the so- 

alled “peening” model is the dominant mechanism responsible for 

he high sp 3 -C content [62] . It was shown that pressure waves lead 

o bond rearrangement away from the impact site of the incident 

on, and high sp 

3 -C fraction arises from a balance of transitions be- 

ween sp 2 -C and sp 3 -C [62] . Also, for constant ion energy, the pro-

ortion of sp 3 -bonding between carbon atoms can be increased by 

ncreasing the ion flux above ∼2 × 10 15 ions cm 

−2 s −1 [63] . This 

as interpreted in terms of the propagation and/or interference of 

hock waves generated by ion impacts during the growth [63 , 64] . 

ta-C is deposited by mass-selected ion beam, FCVA or PLD 

55 , 65–70] . FCVA is more advantageous than PLD because it uses 

arrower distributions of charge, cluster size, and energy [71] . 

ta-C:H is obtained by high plasma density techniques from a hy- 

rocarbon precursor, such as the Plasma Beam Source (PBS) [72] , 

lectron Cyclotron Wave Resonance source (ECWR) [73 , 74] , and 

istributed Electron Cyclotron Resonance (DECR) [63 , 64 , 75 , 76] . The 

aximum reported sp 3 -content is 75% [72 , 77] which goes along 

ith the highest Young modulus of 300 GPa [78] , and a maxi- 

um mass-density of ∼2.4–2.5 g/cm 

3 [63 , 75–78] . Early claims for 

 mass-density of up to 2.9 g/cm 

3 for ta-C:H [72 , 73] were overes- 

imated, due to an incorrect choice of the electron effective mass 

or mass-density evaluation via EELS. With the correct electron ef- 

ective mass, the mass-density value becomes 2.4 g/cm 

3 [77] . Hy- 

rogen content varies between 20 and 30 at.%. a-C:H deposited by 

tandard radio-frequency-plasma-enhanced CVD (RF-PECVD) does 

ot achieve such properties [41 , 79–82] , due to the low degree of 

onization of the deposition flux, and dispersion of the ion en- 

rgy. When compared with ta-C, ta-C:H has the advantage of being 

eposited without any contamination from submicron-size parti- 

les bouncing off the walls, which are difficult to avoid in FCVA- 

eposited ta-C [83] . 

.3. Properties and Applications 

Whatever their thickness, the properties of ta-C:H and ta-C 

esemble that of diamond, that is, including high hardness and 

igh Young modulus, low friction coefficient, high wear resistance, 

moothness, optical transparency in a wide range of wavelengths, 
6 
hemical and biological inertness, low electron affinity, high elec- 

rical resistance and lack of magnetic response [41] . Therefore, 

hese films are competitive engineering materials for cost-effective 

ard coating and have been used in widespread applications, pri- 

arily as protective coatings in areas such as magnetic [84] and 

ptical storage disks [85–87] , optical windows and medical im- 

lants, or in micro-electromechanical devices [41] . The sp 3 -C con- 

ent alone mainly controls the elastic constants, but films with 

imilar sp 3 -C and hydrogen contents but different sp 2 -C arrange- 

ents ( e.g. clusters or chains) can have different optical and elec- 

ronic properties [41] . Most applications deal with rather thick 

lms (at least several tenths of nanometers). However, some ap- 

lications require few-nanometer-thick films. This is the case of 

he following two: (i) protective coating for ultrahigh-density data 

torage in magnetic disks; (ii) low-dielectric constant film for mi- 

rochips. We will review these two applications below. 

.3.1. Protective coating for magnetic storage 

In hard disk, the data are stored in a thin cobalt-based magnetic 

ayer. A coating of amorphous carbon is deposited over this mag- 

etic layer to protect it against wear (originally) and above all, cor- 

osion ( Fig. 2 ) [88] . A thin layer of perfluoropolyether compound 

one or two monolayers), which is deposited on the carbon coat- 

ng, serves as a lubricant [88] . A read/write head, which is also 

rotected by an amorphous carbon coating, flies above the rotating 

isk on an aerodynamic bearing ( Fig. 2 ) [88] . Basically, the funda- 

ental corrosion mechanism involves the following two reactions: 

i) Co = Co ++ + 2 e − (oxidation reaction); (ii) 2 H 2 O + O 2 + 4

 

− = 4 OH 

− (reduction reaction) [89] . For those two reactions to 

ake place, the environment must have direct access to the mag- 

etic media and an electronic path must facilitate charge transfer. 

f either of these two conditions is substantially suppressed, the 

edia corrosion is effectively suppressed [90] . 

Until very recently, there was no competing material to amor- 

hous carbon. At the beginning, the chemical inertness, lack of 

rain boundaries, and excellent topographical conformity made ha- 

 , as obtained by magnetron sputtering, for instance, an appro- 

riate corrosion barrier [91] . Later, a-C:H , which was produced 

y the reactive sputtering in Ar + H 2 atmosphere, was used to 

nhance the electrical resistance [92] , and to provide protection 

gainst mechanical wear and damage during head crashes [41] . Be- 

ides, hydrogen improved the interaction with the lubricant [93] . 

he increase in magnetic recording areal density has required the 

ecrease of the distance between the read/write head and the 



F. Piazza, M. Monthioux and P. Puech Carbon Trends 9 (2022) 100219 

m

i  

i

t

a

d

C

f

R

b

f

w

o

c

[

P

d

∼
(

a

n

d

l

[

i

o

a

a

t

t

B

d

d

e

[

f

R

t

3

s

p

“

t

b

p

l

t

[

i

D

g

t

p

t

r

c

b

t

c

a

p

t

a

H

r

t

[

s

v

f

C

a

g

a

w

i

t

w

a

m

a

t

o

l

4

4

t

r

(

s

i

v

C

(

c

(

(

n

a

e

c

g

l

g

e

i

d

[

s

n

agnetic media, and therefore the decrease of the carbon coat- 

ng thickness (on both the disk and the head) ( Fig. 2 ) [90] . As

ts thickness was decreased, the mass-density of such thin sput- 

ered amorphous carbon film became too low (1.5–1.7 g/cm 

3 ) to 

chieve pin-hole-free coverage, which is necessary to protect the 

isk against corrosion [90] . Therefore, denser films ( ta-C and ta- 

:H , with higher sp 3 -C content and hardness), which were obtained 

rom more energetic processes (IBD, FCVA, and PECVD other than 

F-PECVD such as ECWR and ECR), needed to be used [90] . It has 

een necessary to carefully tune the energy of the carbon atoms 

rom the impinging ions to reach sufficiently high mass-density 

hile avoiding a loss in magnetic properties of the magnetic layer 

r an enhancement of corrosion through Co atoms backscattered 

loser to the top surface of the carbon layer ( i.e. , interlayer mixing) 

90] . Currently, to reach ∼1 Tb/in 

2 areal density, ∼2.5 nm-thick 

ECVD-grown a-C:H coatings are used on commercial disks (mass- 

ensity of ∼2.1 g/cm 

3 ; hydrogen content of ∼40 at.%) [94] while 

2.7-nm thick FCVA-deposited ta-C films are used on the heads 

mass-density of 3.0 g/cm 

3 ) [95] . Based on industry roadmaps, the 

verage carbon coating thickness should be reduced down to ∼1.6 

m to achieve an areal density of 4 Tb/in 

2 [96] . However, the re- 

uction of the thickness below 2 nm may introduce many chal- 

enges regarding the resulting tribology and corrosion resistance 

97] . Besides, as the hard-drive-disk industry moves towards the 

ntroduction of heat-assisted magnetic recording (HAMR) technol- 

gy, the disk coating must withstand high recording temperature, 

bove 500 °C. This is too high for a-C:H , as commercially used 

-C:H films exhibit thermal stability up to a maximum tempera- 

ure in the range of 400–450 °C [94] . Heating above this critical 

emperature leads to hydrogen depletion and sp 2 -C clustering [94] . 

etter thermal stability was reported in FCVA-deposited ta-C un- 

er laser irradiation in HAMR-like conditions [98] . However, FCVA- 

eposited ta-C are not used as disk overcoat yet due to the pres- 

nce of sub-micron-size carbon particles from the graphite source 

83 , 96] . Further research and development in tribological materials 

or both heads and media are needed to enable HAMR technology. 

ecently, graphene-based overcoats were proposed as an alterna- 

ive to amorphous carbon [99] . 

.3.2. Low k -constant dielectric material for back-end processes 

Amorphous carbon has been considered as low dielectric con- 

tant material for Ultra Large Scale Integration (ULSI). One of the 

riorities to both sustain Moore’s law ( i.e. “More Moore”) [100] and 

More than Moore” dimensional scaling [101 , 102] is to improve 

he performance of nano-electronic metal-interconnect structures 

y using insulating dielectrics with ever lower values of dielectric 

ermittivity ( k ) [103] . Those materials are the intermetal and inter- 

ayer low- k dielectrics (ILD), the air-gap liner (AGL), low- k dielec- 

ric barriers (DB), etch stops (ES), and/or Cu capping layers (CCL) 

103 , 104] . The purpose of ILD/AGL materials is only to electrically 

solate adjacent metal lines, while there are more requirements on 

B/ES/CCL materials ( e.g. electrical, mechanical, thermal, electromi- 

ration) [103] . Robust DB/ES/CCL films with either reduced dielec- 

ric constant ( k < 4) and/or which exhibit robust diffusion barrier 

erformance at thickness < 2 nm, which is the current Interna- 

ional Technology Roadmap for Semiconductors (ITRS) forecast, are 

equired [103] . In the case of ILD and AGL materials, k must de- 

rease below 2.3 and 4, respectively [104] . New materials need to 

e identified and examined [103] . One of the most attractive op- 

ions is C-lattice-based materials, even if few investigations of pure 

arbon materials have been reported [103] . Diamond films exhibit 

 high mass-density (3–3.5 g/cm 

3 ) and many excellent physical 

roperties [105] with a relatively low k of ∼5.7 [106] , but conven- 

ional synthesis conditions are not suitable for metal-interconnect 

pplications because of the too high substrate temperature [103] . 

ydrogenated amorphous carbon films can be deposited at near 
7 
oom-temperature and can reach k values down to 2.6 if of the PLC 

ype [41] . However, PLCs have low thermal stability, below 400 °C 

107] . Only films with k above 3.3 were shown to be sufficiently 

table [107] . Most hydrogenated amorphous carbon materials in- 

estigated for metal-interconnect applications have been targeted 

or low- k ILD or planarization applications [103 , 107] . However, the 

u diffusion resistance of a PLC film with a k = 2.7 was reported 

fter annealing at 450 °C for 1 h [108] . One issue with hydro- 

enated amorphous carbon films to be used for low- k ILD/DB/ES 

pplications is the typically low resistivity values reported [103] , 

hich were attributed to conductive sp 2 -C (polyaromatic) clusters 

n the matrix material [41] . However, the formation of the lat- 

er can be minimized and hydrogenated amorphous carbon films 

ith low- k ( < 2.5) and high breakdown strength (8 MV/cm) were 

chieved [109] . Those results are very promising considering the 

ultiple possible structure configurations offered by the phase di- 

gram of amorphous carbon materials ( Fig. 1 ). However, ultimately, 

he thermal conductivity of amorphous carbon films (hydrogenated 

r not), which is increasingly needed for power dissipation, will be 

ow ( ∼0.2–3.5 W/m.K) [110] . 

. sub-10 nm thick nanocrystalline diamond films 

.1. Synthesis 

The research on nanocrystalline diamond ( NCD ) films was ini- 

iated 30 years ago and is now well advanced [111] . Numerous 

eview papers covering all the corresponding fundamental aspects 

 i.e. structure, synthesis, properties, and applications) are available, 

uch as by Butler and Sumant [111] . NCD films of the highest qual- 

ty ( e.g. crystallinity and sp 3 -bonded carbon fraction) can be di- 

ided into two broad categories, both grown by microwave plasma 

VD (MWCVD) or hot filament CVD (HFCVD) [111] at low pressure 

typically several tens of Torr), but differing by both the film mi- 

rostructure and growth chemistry [111] : 

i) The NCD films are typically grown in hydrogen-rich and carbon- 

lean CVD growth atmospheres (typically less than 2 at.% of 

CH 4 in H 2 ). They are polycrystalline films, with the grain size 

varying with nucleation density and thickness, but is typically 

within the range of 5–100 nm. The amount of sp 2 -bonded car- 

bon trapped at defects or grain boundaries can be very low ( < 

0.1% for the highest quality) [111] . 

ii) The so-called ultrananocrystalline diamond ( UNCD ) films, are 

typically grown in argon-rich, hydrogen-poor CVD atmospheres. 

Grain size and sp 2 -bonded grain-boundary width are typically 

within the range of 2–5 nm and 0.6–4 nm, respectively, so the 

sp 2 fraction is typically between 2 and 5 at.% [112–115] . During 

UNCD growth, the secondary nucleation is active and generates 

densely-packed UNCD grains [111] . The first growth of UNCD 

films was reported in 1994 [112] but the UNCD denomination 

is used since 2001 [116] . 

Most reports deal with rather thick films (thickness above 100 

m). This is closely related to the high surface energy of diamond 

nd its initial growth mechanism. The large surface energy differ- 

nce between diamond and most non-diamond substrates compli- 

ates the growth of diamond on those substrates [117] . The initial 

rowth follows the Volmer-Weber model ( i.e. 3D growth of iso- 

ated islands), so that the nucleation density ( i.e. the number of 

rown nuclei per surface area) is low [118] . A nucleation-density 

nhancement step, also called seeding, is needed [118] . The min- 

mum thickness for getting pinhole-free coalesced films is highly 

ependent on the nucleation density and the size of the nuclei 

118 , 119] . When conventional growth is applied (nucleation den- 

ity below around 4 × 10 10 .cm 

−2 ), a thickness of at least 100 nm is 

ecessary to achieve a continuous diamond film on a non-diamond 
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ubstrate [119] . To synthesize thinner homogeneous pinhole-free 

lms, nucleation density must be increased [119] . A lot of work has 

een done to increase nucleation density, initially to avoid voids at 

he interface between the film and the substrate during film coa- 

escence, which may threaten adhesion and degrade thermal con- 

uctivity at the interface [120] . After coalescence is achieved, the 

iamond crystals underneath the coalesced film do not grow any- 

ore, so the voids at the interface remain present. Two reviews 

n diamond nucleation on heterogeneous substrates were recently 

ublished by Mandal [118] and by Handschuh-Wang et al. [121] , 

he latter being specific to films with thickness below 100 nm. 

he detailed theory of diamond nucleation can be found in [122] . 

mong the various methods developed to increase nucleation den- 

ity, only the electrostatic self-assembly seeding and the chemical 

ucleation will be considered here. The former method, which has 

een investigated in the past 10-years, is the only current route 

eading to the synthesis of sub-10 nm films [121] while the latter 

ppears as a promising approach to elaborate even thinner films. 

he electrostatic self-assembly seeding method is a refinement of 

he abrasion seeding process where diamond particles in an ul- 

rasonic bath generate nucleation sites on the substrate by abra- 

ion [121] . The reduction of the particle size leads to the increase 

f both the seeding and nucleation densities, and consequently 

o the synthesis of sub-100 nm diamond films. In 2011, a sig- 

ificant milestone was reached when a void-free, mirror-smooth, 

nd 30-nm thick UNCD film was elaborated from a seeding den- 

ity of 8 × 10 11 .cm 

−2 obtained from 4 nm-sized, disaggregated 

iamond nanoparticles [123] . Before that breakthrough, only dia- 

ond particle agglomerates of around 200 nm in size were oper- 

ting during the seeding process because of the high resistance of 

he diamond nanoparticles against deagglomeration [121] . In [123] , 

he seed density variation according to various substrate pretreat- 

ents and types of the seed powders was attributed to the varia- 

ion in the relative zeta potential values of the substrates and seed 

owders, indicating the coulombic nature of the seeding process 

123] . The variation of the surface zeta potentials was attributed to 

he surface terminations induced by the respective pretreatments. 

t became clear that the adsorption and self-assembling of dia- 

ond particles with high density and homogeneity from seeding 

lurry was obtained from the electrostatic interactions between the 

anoparticles and the substrate surface [121] . The CVD conditions 

sed in [123] ensured active secondary nucleation that generated 

ensely packed UNCD grains. The agglomeration of the nanoparti- 

les in the slurry is avoided by tuning the zeta potential of the par- 

icles to an absolute value over 30 mV or by using steric hindrance 

btained from small molecules or surfactants [121 , 124] . Electro- 

tatic self-assembly is achieved by the antipodal charge of the sub- 

trate surface ( i.e. negative) and the stabilized particles (positive) 

121] . The zeta potential of the particles can be tuned by the pH, 

he addition of a stabilizing agent and change of its concentration, 

he ionic strength, and the type of solvent [121] . The charge of 

he substrate can be varied by interlayer deposition ( e.g. , a charged 

olymer) [125] . The zeta potential optimization approach was re- 

ned in 2017 by Stehlik et al., to tune the thickness of synthesized 

CD films down to values as thin as 5.5 nm ( Fig. 3 a) [126] . On

he one hand, the seed particle size was further reduced down 

o 2 nm by air oxidation, and on the other hand, a sophisticated 

olloidal chemistry approach, leading to zeta potential optimiza- 

ion, was employed. A positive zeta potential reaching the colloidal 

tability region of the 2 nm hydrogenated diamond nanoparticles 

nabled the formation of homogeneous, extremely dense in nuclei 

1.3 × 10 13 .cm 

−2 ), thin (2 nm), and smooth (RMS < 0.8 nm) nucle- 

tion layers on Si/SiO x substrates from aqueous (deionized or 10 −3 

 KCl-based) colloids. 
8 
It may be possible to further decrease the film thickness be- 

ow 5 nm by further decreasing the seed particle size and increas- 

ng the nucleation density. In this sense, chemical nucleation, us- 

ng adamantine (C 10 H 16 ), the smallest unit cage structure of the 

iamond crystal lattice, or variants ( i.e. diamondoids), is a promis- 

ng approach [121] . However, the low melting and low sublimation 

emperatures of those molecules require special immobilization 

rocedures and growth parameters ( i.e. low substrate temperature) 

121] . The highest nucleation density thus far (6 × 10 11 .cm 

−2 ) was 

chieved by chemically bonded 2,2-divinyladamantane on silicon 

s nucleation sites and subsequent sequential incubation, compris- 

ng of low-power-density plasma to facilitate the formation of dia- 

ond nucleation sites, and a growth phase [127] . 

.2. Applications 

Sub-10 nm thick NCD films are of great interest for a wide 

ange of applications such as microelectromechanical and na- 

oelectromechanical devices [128] , coating for packaging of im- 

lantable electronic devices [129] including biosensors [130] , coat- 

ng for optical devices with high transparency from UV to IR or 

unctional material for transparent electrodes [131–135] , conduc- 

ive and transparent coating for solar cells [136 , 137] , and flexible 

lectronics [138] . The only application that has been experimen- 

ally explored in the case of sub-10 nm thick films is as host ma- 

erial of color centers for solid-state single photon emission to be 

sed in a wide range of applications such as quantum computers 

nd cryptography, magnetometers to substitute GPS systems and 

mplantable biosensors [126 , 139 , 140] . Therefore, the main corre- 

ponding results obtained will be summarized below. As compared 

o the extensively studied nitrogen-vacancy with a broad emission 

pectrum at room temperature [139] , the SiV centers exhibit a nar- 

ow room-temperature zero-phonon line (ZPL) at around 739 nm, 

n which 70% of its PL is concentrated [141 , 142] . Very thin NCD 

lms are of great interest as they offer the opportunity to place 

 high density of SiV centers that act as sensors, near the film 

urface, which is important to obtain a good response to any sur- 

ounding environment change. SiV centers can be directly incorpo- 

ated into the diamond lattice during the CVD process from a Si 

ubstrate or from another Si source located near the plasma [143] . 

L from SiV centers at 739 nm from 5–6 nm thick NCD films was 

ecently reported [126] ( Fig. 3 b). The SiV PL signal came on aver- 

ge from 3.5 nm-large SiV-doped diamond nanocrystals. The ab- 

olute PL intensity of the SiV center peak was shown to increase 

ith diamond thickness ( Fig. 3 b). It was also shown to be sensi- 

ive to surface termination. All the as-grown films exhibited lower 

L intensity than after a relatively mild surface oxidation treatment 

450 °C, 30 min) ( Fig. 3 b). There was no change in the thickness, 

orphology and Raman spectra after the oxidation treatment. The 

ncrease of the SiV PL intensity after the oxidation treatment was 

upposed to be due to changing from hydrogen to oxygen surface 

ermination [126] . This is consistent with an observed positive ef- 

ect of the oxygen surface termination on the SiV PL intensity in 

CD films, which was ascribed to the presence of surface C 

= O 

onds [144] . The results reported in [126] clearly demonstrate the 

pplicability of the ultrathin SiV films for sensing or PL switching. 

he critical thickness of the diamond film within which the SiV 

L can be fully switched between on and off states by oxygen and 

ydrogen surface terminations was estimated to 10 nm [126] . An 

pproach to generate well spatially separated single centers, which 

s a prerequisite for sensing with nanoscale spatial resolution, re- 

ains to be developed. 
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Fig. 3. (a) Histograms of atomic force microscopy (AFM) Z values of NCD films −Si/SiO x substrate interfaces, showing the thickness of the NCD films obtained by electrostatic 

self-assembling seeding from 2 nm-sized diamond nanoparticles, followed by a CVD growth of the NCD films. Varying the potential zeta of the seed-nanodiamonds allowed 

varying the resulting NCD film thickness (from 5.5 to 16 nm). Inset: representative 1 × 0.5 μm 

2 AFM top view image of the 5.5 nm-thick NCD film (grainy, white to brown- 

yellow contrast) onto the Si/SiO x interface (Z scale is 9 nm, from dark to white). (b) Photoluminescence (PL) spectra showing the PL from the silicon-vacancy (SiV) center 

at 739 nm of the ultrathin Si-doped NCD films. The dashed grey lines correspond to the PL of as-grown NCD films, while the full lines (5.5 nm, cyan; 8 nm, red; 12 nm, 

burgundy; and 16 nm, dark blue) show an increase of the Si PL after surface oxidation. Adapted from [126] with permission. Copyright 2017, American Chemical Society.(For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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. Hydrogenated graphene-based crystalline sp 

3 -C films 

.1. Graphane 

Graphane consists of a single-layer of a hexagonal network of 

p 3 -bonded carbon atoms in which each carbon is bonded to one 

ydrogen atom, alternately above and below the layer. Its stability 

nd formation from the hydrogenation of a single graphene sheet 

1LG) were first predicted by Sofo et al. [145] . Graphane could be 

onsidered as the first member in the series of diamanes of in- 

reasing thickness as discussed below. Graphane remains elusive. 

ince the first experimental description of hydrogenated 1LG [146] , 

nly partially hydrogenated material has been prepared [11 , 14] , de- 

pite it has been claimed otherwise [147] . In [147] , full hydro- 

enation was not achieved as evidenced in the published Raman 

pectra which only contain sp 2 -C features. The work reported in 

147] claims that a small residual sp 2 phase dominates the spectra 

ecause of the much larger Raman diffusion cross-section for sp 2 - 

 than for sp 3 -C. However, in fully fluorinated graphene (wrongly 

enominated as "fluorographene", since "fluorographane" would be 

ore appropriate), sp 2 -C features are not observed in visible Ra- 

an spectra [148] . According to the estimation in [11] , the hydro- 

enation rate in [147] is about 10 at.%, a value that is considered 

s the highest hydrogenation rate achieved by gas phase methods 

11 , 14] , which are applicable for nanoelectronics and photonics ap- 

lications. The liquid phase hydrogenation methods are more ef- 

cient, as they can generate a maximum of ∼76 at.% of hydro- 

enated carbon atoms in few-layer graphene (FLG) [149] . However, 

he hydrogenation of the basal planes was not evidenced in [149] . 

ourier transform infrared spectroscopy (FTIR) spectra provided in 
9 
149] cannot determine whether either basal planes or only grain 

oundaries are hydrogenated [14] . Typical FTIR spectra reported 

n [149] exhibit a wide multi-component C 

–H stretching band in- 

luding sp 3 -C 

–H 3 and sp 3 -C 

–H 2 modes instead of a single sp 3 -C 

–H

ode ( Fig. 4 ), consistent with graphene domains of reduced size 

hich are hydrogenated only on their edges by aliphatic groups 

14] . The spectra from [149] in Fig. 4 a are plotted between 2750 

nd 30 0 0 cm 

−1 , therefore they do not include the possible con- 

ributions to the C 

–H band between 3100 and 3000 cm 

−1 , which 

nclude the sp 

2 -C 

–H aromatic mode. 

The following factors contribute to explaining the so far unsuc- 

essful synthesis of graphane: 

i) The lack of using suitable characterization techniques to di- 

rectly evidence sp 

3 -C 

–H. As highlighted in [11 , 14] , only few 

studies [149–153] reported direct quantitative data on hydro- 

genation rate from reliable techniques such as combustion el- 

emental analysis or nuclear magnetic resonance. This may be 

due to the small amount of material processed in most cases. 

Furthermore, only a few studies [149–155] reported on the di- 

rect detection of C 

–H bonding from FTIR, which is a highly sen- 

sitive and widely accessible technique. The lack of quantitative 

data and FTIR analysis characterizes most of the reports on gas 

phase hydrogenation methods. Those studies only rely on Ra- 

man spectroscopy analysis. All studies reporting FTIR spectra 

failed to evidence the hydrogenation of basal planes as dis- 

cussed above. To the authors’ knowledge, there was no FTIR 

mapping data published until 2019, when diamanoids were ev- 

idenced [14] . 
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Fig. 4. (a) IR spectra of FLG prepared by the exfoliation of graphite oxide (1) before and (2) after reduction by the Birch reduction with lithium in liquid ammonia. (b) Raman 

spectrum of FLG prepared by the arc evaporation of graphite under hydrogen (top) before and (bottom) after reduction. Adapted from [149] with permission, Copyright 2011, 

National Academy of Sciences. 
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ii) The misuses of Raman spectroscopy. Although Raman spec- 

troscopy probes indiscernibly any kind of defects ( i.e. both point 

or line defects, such as vacancies, edges and C 

–H bonding), 

it was used as an indirect method to detect C 

–H bonding in 

hydrogenated graphene [147] . In some of the studies, the fact 

that all of the defect-related peaks in Raman spectra were sup- 

pressed or highly attenuated upon annealing or laser irradi- 

ation of hydrogenated graphene materials was used to claim 

that defects generated during the hydrogenation treatment are 

C 

–H bonding [147] . However, Raman spectroscopy using single- 

point measurement cannot determine whether H is bonded to 

the surface of the layers or only to the edges. To the authors’ 

knowledge, this last paramount point was not addressed in the 

literature before 2019. Likewise, there is no Raman mapping 

analysis published for hydrogenated graphene while such anal- 

ysis has been widely used for graphene research. The empirical 

analysis of Raman D and G peak intensity ratio from an un- 

known number of single-point measurements was used to esti- 

mate hydrogenation rates [156] . Furthermore, Raman scattering 

from sp 2 -C is a resonant process for visible wavelength excita- 

tion and result in a 50 to 230-fold signal enhancement relative 

to that of non-resonant sp 3 -C Raman scattering [27] ; thus, it is 

necessary to employ UV excitation (using low power conditions 

to avoid any modification of the irradiated sample) to obtain a 

more evenly weighted probing of both sp 3 -C and sp 2 -C sites. To 

the best of the authors’ knowledge, there is no report on UV 

Raman spectroscopy analysis of hydrogenated graphene before 

2019. 

ii) The lack of understanding of the hydrogenation mechanisms 

of graphene (1LG and FLG, respectively), in particular for the 

characterization issues raised above. There are contradictory re- 

sults and interpretations concerning differences in reactivity for 

1LG and FLG [146 , 147 , 157–161] . Hence, it is impossible to com-

pare the results published so far. This is due to differences re- 

garding the graphene materials, substrates, methods and con- 

ditions used for the hydrogenation. Also, all the reports pub- 

lished before 2019 [14] failed to show that hydrogen is effec- 

tively bonded to basal plane as discussed above. 

It is expected that the recently successful synthesis of diamane 

nd diamanoids thanks to the hydrogenation of FLG by H radicals, 

s evidenced by UV Raman mapping and FTIR microscopy (see next 

ection 5.2 ), should stimulate further research on graphane syn- 

hesis, even if graphane is significantly less stable than diamane 

145] . The calculated graphane formation energy is –0.15 eV/atom 

ccording to [145] or –0.11 eV/atom according to [162] while it is 

f ∼–0.69–0.70 eV/atom for diamane [162] . 
10 
.2. Diamanes and diamanoids 

.2.1. Synthesis 

This Section will be limited to stable genuine diamanes and dia- 

anoids, i.e. only composed of carbon and hydrogen. Unstable ma- 

erials obtained under pressure will not be considered as they are 

ot practically useful. Genuine diamanes and diamanoids are new 

embers of the 2D nanocarbon family that were recently synthe- 

ized [13–17] . Previous report on a structure transformation of FLG 

nto a diamond-like layer failed to evidence the crystallinity of the 

nal material [163] . Neither Raman spectra nor electron diffrac- 

ion patterns were reported. The material obtained in [163] may 

ave been sp 3 -C-rich amorphous carbon [41 , 63] . Genuine diamane 

onsists of two crystalline sp 3 -bonded carbon layers wherein half 

f the carbons from both layers are hydrogenated while the other 

alf are bonded to each other, thereby covalently bonding the lay- 

rs ( Fig. 5 a) [162] . 

The material stability and formation from the hydrogenation of 

uspended bilayer graphene (2LG) were first predicted by Cher- 

ozatonskii et al . in 2009 [162] . Two structural configurations 

re possible, depending on whether the stacking sequence in the 

tarting 2LG is AB or AA. The former will result in the diamond 

tructure-based diamane (called diamane I in [162] ), while the lat- 

er will result in the lonsdaleite structure-based diamane (called 

iamane II in [162] ). A review on diamane was recently published 

164] . Diamanoids are crystalline sp 3 -bonded 2D carbon materials 

ither similar to diamane but composed of more than two lay- 

rs ( Fig. 5 b), or with only one outer hydrogenated layer what- 

ver the number of layers [14 , 17] . A key condition for diamanoids 

o be formed, however, is that the starting FLG has to be of the 

AA etc. or ABC etc. stacking types. Should the starting FLG be of 

he ABA etc. or turbostratic, only diamanoid/graphene hybrids may 

orm, because the positions of the atoms are not suitable for 

he sp 2 -C to sp 3 -C conversion to propagate throughout the lay- 

rs. The conversion of FLG on a metal surface into a diamanoid 

hrough the hydrogenation of the upper graphene layer is also pos- 

ible. In this case, only the top surface is hydrogenated indeed, 

s a strong hybridization between the sp 3 dangling bond orbitals 

nd the metallic surface orbitals is able to stabilize the bottom 

p 3 -bonded carbon layer without requesting actual C −H bonding 

163 , 165] . 

"Diamone" was recently used to refer to one-sided hydro- 

enated diamane [166] , possibly to follow the previous denomina- 

ion of "graphone" referring to semihydrogenated graphene sheet 

167] . As graphone and diamone could be understood as oxygen 

unctionalized materials following organic chemistry nomenclature 

i.e. ketones), the unambiguous denominations "one-sided hydro- 
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Fig. 5. Examples of (a) diamane (here diamane I) and (b) diamanoid (3 layers); brown: carbon; white: hydrogen. 

Fig. 6. (a) FTIR-ATR microscopy images processed on the integrated intensity of the associated C −C stretching band at ∼1609 cm 

−1 that co-localizes with the C −H stretching 

band of diamanoids; (b) Typical absorbance FTIR spectra (sums of 10 to 25 spectra per spectrum) taken from pixels within the red regions arrowed in (a) [17] ; (c) typical UV 

Raman spectrum of a diamanoid/graphene hybrid, in the case of incomplete sp 2 -C to sp 3 -C conversion. The spectrum shows the crystalline sp 3 -C peak at 1319–1337 cm 

−1 . 

The T peak is generated by the interaction of a sp 3 -C layer with free p z orbitals and a graphene layer underneath. The G band reveals that the conversion of the starting 

FLG into a diamanoid was partial. Two peaks typical of twisted 2LG (see text), labeled TBL 1 and TBL 2 , are also observed at ∼1385 cm 

−1 and ∼1669 cm 

−1 . An example of the 

fitting made by using symmetric Voigt functions (dashed line) to estimate peak positions is provided [14 , 17] . 
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(i
enated graphene" and "one-sided hydrogenated diamane" seem 

referable. 

The successful synthesis of stable diamanoids and diamanes 

as achieved by using the so-called hot-filament process. Briefly, 

 radicals are produced from the W-catalyzed decomposition of 

olecular H 2 at very high temperature ( ∼2300 °C) while the start- 

ng graphene material (partially suspended 2LG or FLG) is main- 

ained at low temperature ( ∼300 °C) and low pressure ( ∼100 Torr). 

 radicals chemisorb on the outer graphene basal planes on both 

ides, hence provoking the sp 2 -C to sp 3 -C conversion in those lay- 

rs, and then subsequently provoking the same in the graphene 

ayer(s) underneath, along with the interlayer bonding [14 , 17 , 163] . 

TIR microscopy (Attenuated Total Reflection mode) showed that: 

i) a single sp 

3 -C 

–H bonding type is formed; (ii) carbon atoms 

ond to only one hydrogen, and (iii) basal planes are fully hydro- 

enated, i.e. , not only at the edges ( Fig. 6 a and 6 b) [14 , 17] . 

The sp 3 -C stretching peak at around 1319–1337 cm 

−1 (i.e. di- 

mond E 2g mode) was detected in visible and UV Raman spectra 

 Fig. 6 c) [14–17] . Because the starting FLGs (typically 1–6 mono- 

ayers) were grown by CVD on Ni substrate, and therefore be- 

ause the layers within each grain were likely to be Bernal (ABAB) 

tacked or rotationally faulted (turbostratic structure), the conver- 

ion was partial only [14 , 15 , 17] , resulting in diamanoid/graphene 

ybrids [15 , 17] . This is the reason why the following other peaks 

ere observed in Raman spectra ( Fig. 6 c): (i) the sharp T peak at

1055–1071 cm 

−1 , which was shown to originate from a combi- 

ation of the sp 3 -C stretching mode of a sp 3 -C layer with the opti-

al out-of-plane mode of a graphene layer [15 , 17] ; (ii) the G peak

rom graphene; and (iii) two sharp peaks, labelled TL 1 and TL 2 , at 

round 1385 and 1669 cm 

−1 , respectively, which were shown to 

riginate from twisted-bilayer graphene [15 , 17] . Raman mapping of 

he sp 3 -C stretching mode peak showed diamanoid formation over 
v

11
xtended regions of up to about 33 × 51 μm 

2 [14 , 17] . It was sup-

osed that the conversion took place in regions where the FLGs 

ere Bernal-stacked [14 , 15 , 17] , thus preventing the propagation of 

he sp 2 to sp 3 conversion beyond the first two layers. 

By switching from FLG to 2LG (prepared from superposing two 

VD-grown 1LGs, intrinsically poly-domains, onto each other), the 

ot-filament-promoted hydrogenation process was able to produce 

enuine diamanes from regions of the 2LG where the superim- 

osed domains were AB- or AA-stacked [16 , 17] , as identified using 

ery-low-energy electron diffraction at 5 keV [16 , 17 , 35] . UV Raman 

apping of the converted material revealed the only sp 3 -C stretch- 

ng mode peak (i.e. diamond E 2g mode or lonsdaleite A 1g and E 2g 

odes) in diamane over 20 μm-large regions, as limited by the 

aximum size of the coherent domains in the starting 2LG, inher- 

nt to its polycrystalline nature ( Fig. 7 ) [16 , 17] . 

In both cases (i.e. diamane from 2LG and diamanoid/graphene 

ybrids from FLG), the areas of the material which appear fully or 

artially converted show several evidences of high stress, due to 

he vicinity of non-converted domains, either in the in-plane direc- 

ion or perpendicular to it. In the case of diamane, those evidences 

re the followings: 

i) Cracks were observed in TEM images [16 , 17] . 

ii) A 30 cm 

−1 wavenumber shift of the sp 3 -C stretching Raman 

peak was observed, which was interpreted as revealing a stress 

of up to about 10 GPa [16 , 17] . 

ii) Evidences of significant local distortions calculated by first prin- 

ciple calculations on modified diamane structures (i.e. under- 

hydrogenated structure, achieved by removing 7 H atoms from 

the top layer of genuine diamane structure) [16 , 17] . 

In the case of diamanoid/graphene hybrids, high stress was re- 

ealed by the following results: 
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Fig. 7. (a) Typical Raman spectrum (taken at 244 nm) of the starting 2LG (blue) superimposed with that of the resulting diamane (red) after hydrogenation; (b) example of 

intensity map of the sp 3 -C stretching mode after hydrogenation of the 2LG [16 , 17] .(For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
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(i
i) The formation of twisted bilayer graphene as evidenced by 

electron diffraction and Raman spectroscopy [15 , 17] . It was sup- 

posed that the slight rotation of graphene sheets was induced 

by the relaxation of huge (several GPa) local constraints that 

developed between superimposed layers as a result of the sp 2 - 

C-to- sp 3 -C conversion [15 , 17] . 

ii) A downshift by almost 150 cm 

−1 of the G peak calculated by 

Density Functional Theory from a model of partially hydro- 

genated and converted systems consisting of four distinct car- 

bon layers, revealing a stress of about 33 GPa, which is by far 

enough to generate the delamination and twisting events that 

were experimentally observed in the material [15 , 17] . 

Generally speaking, the hot-filament process was successful in 

ynthesizing diamanoid/graphene hybrids and diamane for the fol- 

owing reasons: (i) it is very efficient to produce atomic hydro- 

en (H); (ii) H recombination reactions are sufficiently slow at the 

ypical process pressures (below 100 Torr) for H to be present 

t super-equilibrium concentration throughout most of the reactor 

olume [168] ; (iii) as compared to low-pressure plasma techniques, 

he presence of ions accelerated toward the substrate, which 

an etch the graphene film [156] , is avoided; (iv) low substrate- 

emperature conditions can be used. Such conditions were previ- 

usly used to conformally coat carbon nanotube bundles with di- 

mond nanocrystals before the nanotubes could be etched away 

17 , 169 , 170] . 

It is believed that diamane dimensions are only limited by the 

imensions of the coherently stacked domains in the starting poly- 

omain graphene, not by the process. The key for producing ho- 

ogenous diamane films now only relies on starting from a good 

uality 2LG material, that is to say, ideally, single-crystal AB flakes 

s large as possible. 

.2.2. Potential applications 

According to calculations, diamanes and diamanoids are semi- 

onducting materials, with a direct wide band-gap ( > 3 eV in 

he case of diamane) which depends on the stacking order and 

umber of layers [162 , 171 , 172] , which is very attractive for na-

oelectronics, band-gap engineering and active laser medium in 

anooptics. Because of its expected high thermal conductivity, dia- 

anes and diamanoids may be used in thermal management de- 

ices [173] . For diamane, calculations have predicted a room ther- 

al conductivity higher than 2034 W/m.K and a ballistic thermal 

onductance of 2.95 GW/m 

2 .K [174] . Owing to the lower effective 

ohr radius of defects and higher radiative electronic transition 

ate, calculations have shown that diamane is a better host sys- 

em for single photon emission than diamond [175] . Diamanes and 
12 
iamanoids are expected to be mechanically very strong; there- 

ore, they may be very attractive for ultrathin protective coat- 

ngs, ultrahigh-strength components in composite materials for 

erospace applications for instance, and nano-electromechanical 

ystems [173] . Because of the expected low friction coefficient of 

he hydrogenated surface, diamanoids may be used to improve 

he wear resistance of coated mechanical parts [14] . The expected 

trength, low coefficient of friction and bio-compatibility could 

ender diamanes and diamanoids very competitive as building ma- 

erials to make lower power and miniaturized electronics and im- 

lantable biomedical devices [14] . A diamane nanoribbon resonator 

as calculated to possess a high natural frequency, high quality 

actor, high figure of merit, high in-plane stiffness and, as opposed 

o graphene, to be free from the influence of the edge configu- 

ation; consequently, it would be better than 1LG, 2LG, MoS 2 , or 

ther 2D material resonators (at least for the 1–300 K tempera- 

ure range) [176] . Hetero-structures of graphene and diamane, in 

ther words diamanoid/graphene hybrids, would be attractive for 

unnel devices, optical linear waveguides, high efficiency optoelec- 

ronic sensors, lithium batteries, and supercapacitors [162 , 173] . As 

etailed above ( Section 3.3.1 ), amorphous carbon films face signif- 

cant challenges to meet the demand of hard drive industry to en- 

ble HAMR technology. As a substitute, sub-2 nm thick diamanoid 

ould be of great interest if they can withstand high recording 

emperature, above 500 °C. As detailed above ( Section 3.3.2 ), amor- 

hous carbon could be very promising low-k dielectric materials 

o improve the performance of nano-electronic metal interconnect 

tructures. However, their poor thermal conductivity is too pro- 

ibitive, hence diamanes and diamanoids may constitute better 

andidates for this, even if they may show anisotropic properties. 

verall, the valuable benefits which come with this new family of 

aterials are as follows: 

i) They are wide band-gap semiconducting materials as men- 

tioned above. 

ii) They are expected to have a lower k-constant than bulk dia- 

mond (k = 5.7); presumably similar to that of a-C:H (in the 

range 2.6–3.3). 

ii) They are expected to exhibit low leakage-current and high 

breakdown-voltage considering diamond properties (diamond 

breakdown-voltage is 10 MV/cm [105] , hence higher than that 

of a-C:H as previously indicated ( ∼8 MV/cm). 

v) Their room-temperature in-plane thermal conductivity (calcu- 

lated to be higher than 2034 W/m.K [174] ) and ballistic thermal 

conductance (calculated to be of 2.95 GW/m 

2 .K [174] ) are sig- 

nificantly higher than for many 2D and 3D materials, including 

NCD and UNCD [177] . High transverse thermal conductivity may 
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be possible. Their coefficient of thermal expansion is expected 

to be low considering diamond properties [105] . 

v) They are expected to exhibit high strength, hardness, Young 

modulus, fracture toughness, comparable to that of diamond 

[178] or lonsdaleite [179] . They are expected to have high in- 

plane stiffness (calculated to be 715 N/m in the case of dia- 

mane) [162] . They are expected to have low bending stiffness 

(large bending flexibility) considering the calculated properties 

of some diamond nanothreads [180] , which would be of great 

interest for flexible electronics. 

i) Specific to one-sided hydrogenated diamanoids, they are ex- 

pected to show high adhesion strength because of the strong 

hybridization between the diamanoid sp 3 dangling bond or- 

bitals and the metallic surface orbitals [163 , 165] . 

ii) They are produced by a technology used for more than 40 years 

for diamond coating production [181 , 182] . 

ii) They are much easier to process as nanoscale layers and struc- 

tures than diamond [105] . 

x) They are expected to offer good resistance to Cu diffusion con- 

sidering previous results on a-C:H [108] and the very low solu- 

bility of C in Cu ( ∼0.008 weight % at ∼1084 °C) [183] . 

x) They are expected to offer high chemical inertness consider- 

ing that of diamond and a-C:H [41] . In particular, they are ex- 

pected to offer good chemical resistance to ambient H 2 O/O 2 to- 

gether with wet chemical diffusion considering the behavior of 

a-C:H used as gas-impermeable coating onto the inside wall of 

polyethylene bottles to improve the packaging for a variety of 

drinks, where the permeation of CO 2 , H 2 O, and O 2 needs to be 

suppressed [50 , 184] , or considering the performance of sub-2 

nm amorphous carbon films used as corrosion barrier and wear 

resistant coating of hard disk drives [50 , 84] and optical storage 

systems such as CDs and DVDs [86 , 87] . 

i) They will not be a source of amines that would trigger resist 

poisoning [103] . This is a strong advantage over amorphous-BN 

and BN layers, which could be considered as the main 2D ma- 

terial competitors [185] . 

Therefore, generally speaking, diamanes and diamanoids exhibit 

etter properties than that of all types of sp3C2D, or equivalent for 

he least, with the benefit of an easy and up-scalable processabil- 

ty. 

. Conclusion 

In the past four years, the field of nanometer-thick sp 3 - 

onded-carbon-rich films (sp3C2D) has experienced various sig- 

ificant breakthroughs, which include the synthesis of sub-10 

m nanocrystalline diamond ( NCD ), monolayer amorphous carbon 

 MAC ), and genuine diamanes and diamanoids. Those advances 

ave completed the older achievements obtained in the field of 

ub-10 nm tetrahedral amorphous carbon films, which have been 

sed in hard drive technology for many years and which have 

een explored as a promising low-k dielectric material for VLSI. 

hose breakthroughs could stimulate the synthesis of additional 

ew sp3C2D such as graphane and a variety of MACs including 

ome in which sp 3 -C would prevail over sp 2 -C. sp3C2D films share 

xceptional combination of chemical and physical properties that 

s of particular interest for the development of a wide range of ap- 

lications. They can be produced by PVD or CVD techniques com- 

liant with the semiconductor industry. Because they are based on 

wo of the most abundant elements on Earth (carbon, hydrogen), 

nd because the capture of the excess gaseous forms of carbon 

nto those materials could enable a double-winning strategy, they 

re compatible with sustainable development. They could com- 

ete in various key applications where they could offer strong 

dvantages over graphene or other materials, such as transition 
13 
etal dichalcogenides, which are more challenging to manufac- 

ure and integrate, exhibit higher mass density, and include chem- 

cal elements the natural availability of which might be question- 

ble at more or less short term. Key potential applications include 

ost-materials for single photon emission, structural materials for 

ano-electromechanical devices (diamanoids, diamane, NCD ), low- 

 dielectric materials with super-high thermal conductivity for in- 

erconnects, wide-band-gap materials for transistors (diamanoids), 

rotecting coating for hard drive technology ( NCD , diamanoids) 

nd resonators (diamane). The interest in amorphous carbon in 

ome applications may fall to the benefit of diamanoids if the lat- 

er can exhibit appropriate thermal stability. 

The synthesis of those new sp 3 -bonded carbon nanomaterials 

hould motivate further work, such as: 

i) The improvement of the synthesis methods, for instance to ob- 

tain graphenes with large area single coherent domains as a 

better source material for diamanes and diamanoids, or to fur- 

ther reduce the thickness of pinhole-free NCD . 

ii) The research on new synthesis routes such as the direct syn- 

thesis of diamane and diamanoid from hydrocarbon precursors. 

ii) The study of physical properties and the development of new 

devices for a wide range of applications; 

v) The study of thermal stability of diamanes and diamanoids. 

v) The resumption of the quest for graphane and the search for 

new nanomaterials such as a whole family of monolayer amor- 

phous carbon films beyond MAC, i.e. , including an increasing 

contribution of sp 3 -C. 

i) The study of the potential interest of diamanoid/graphene 

hybrids, and more generally of sp 3 -bonded carbon 

nanofilm/graphene combinations for carbon-based electronics. 
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