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Abstract: Ultrananocrystalline diamond/hydrogenated amorphous carbon composite (so called Nanodiamond composite) 

thin films were deposited on diverse substrate materials at optimum substrate temperature of 550℃ and ambient hydrogen 

pressure of 53.3 Pa by pulsed-laser deposition technique. The structural and physical characterization of the undoped, 

nitrogen-doped and boron-doped films were well-discussed through this review. 
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1. INTRODUCTION  

Ultrananocrystalline diamond/ hydrogenated amorphous 

carbon, later called Nanodiamond composite (NDC) 

films comprise diamond crystallites with less than 10 nm 

in diameter within the amorphous carbon matrix are 

splendid candidates for diverse electronic, optical and 

biomedical applications as they are grown on various 

solid-state substrates. NDC films have tremendously 

smooth surface which is contrastive to that of 

polycrystalline diamond and high thermal conductivity 

as well as hardness and bio-compatibility. These 

unparalleled properties are strongly depending on the 

numerous grain boundaries (GBs) they comprise [1-3]. 
On the other hand, conventional common methods such 

as chemical vapor deposition (CVD) has ever been used 

intensively to grow nanocrystalline diamond films and 

their conditions of growth are well defined.  However 

only few researches were conducted by physical vapor 

deposition techniques. One of the genuine physical vapor 

deposition facilities is pulsed-laser ablation, or called 

pulsed-laser deposition (PLD). PLD method utilizes a 

pulsed laser beam to irradiate a solid target of material to 

be deposited as a film by generating vapor form of highly 

energetic species. Frequently, PLD has been conducted 

broadly for developing high quality thin films of 

assortment of materials. On contrary to CVD process, 

physical vapor deposition techniques, including PLD can 

easily deposit ultrananocrystalline diamond (UNCD) 

films with high quality and under lower temperatures. 

Hereby, within this review we summarize and discuss 

promising features of NDC films synthesized on different 

substrates by pulsed-laser ablation technique and their 

optimum deposition conditions. In addition, the 

structural and physical characterization of the undoped, 

nitrogen doped and boron doped NDC films were 

explained based on the results of our research group. 

 

2. EXPERIMENTAL PROCEDURES 

Early back to 1995, diamond crystallites impeded into 

amorphous carbon matrix films in a hydrogen content 

were grown on Si substrate has been reported by Polo et 

al. [4]. Four years later Yoshimoto et al. succeeded in 

growing heteroepitaxial diamond crystallites 

characterized with several µm on sapphire substrate 

under oxygen atmosphere [5] 

Based on the study of Yoshitake et. al.[6]on diamond like 

carbon (DLC) growth in 2000 , they have found both of 

Oxygen and Hydrogen has the selective ability of etching 

of sp2 bonds rather than sp3 ones, however ambient 

oxygen at low pressure is much effective in sp2 etching 

process than ambient hydrogen, that is because oxygen 

molecules easily interact with atomic carbon but for 

hydrogen molecules a higher pressure (greater than 10m 

Torr) is required to dissociate them into atomic form 

under collision with the high energetic carbon species 

ejected from the target [6]. These findings enlighted their 

thoughts for optimizing conditions of the heteroepitaxial 

nucleation and growth of nanodiamond films. In 2001, 
They optimized conditions of the PLD deposition under 

Oxygen atmosphere pressure of 5 × 10-2 Torr and 

substrate temperatures vary between 550°∁ ~ 600°∁ to 

grew 1-5 µm single phase diamond thin film on diamond 

(100) substrate using ArF excimer laser (Lambda Physik 

LPX350ST,193 nm,24 ns) and graphite target within 2-4 

hours. The distance between the target and substrate 

holder was set about 20 mm. The laser beam was focused 

with 45° with respect to the normal of the rotating target 

through spherical lens. The 139 nm incident laser beam 

at pulse repetition rate of 10 𝐻𝑧 irradiates about 2𝑚𝑚2 

of the target area with irradiance of 1.5×108 W/cm2 and 

fluence of 5 J/cm2 [7, 8]. The deposition rate was roughly 

about 5–10 nm/min [9]. Despite the formation of 1 µm 

diamond crystallites thin film by previous conditions and 

under the oxygen atmosphere, the smoothness of the film 

surface was quite difficult to be achieved, however 

hydrogen can be utilized for its surfactant effect and 

morphology improvement for broad range of materials. 

In comparison with oxygen, hydrogen has same etching 

effect of sp2 bonds, yet its weak ability requires higher 

pressures than 1 Torr for the nanocrystalline diamond 

growth which is two times of magnitude greater than the 

optimized oxygen pressure. This condition enhances the 

accumulation of carbon species into nanodiamond 

crystals in addition to the thermal energy provided by the 

substrate heater. Hara et al. adapted these conclusions 

and succeed in growing extremely fine nanocrystalline 

diamond film with crystallites of 10–20 nm in diameter 

by PLD but in Hydrogen content pressure of 4 Torr, laser 

repetition rate of 50 Hz and under deposition rate of 80 

nm/min. the substrate temperature was maintained at 

550°∁ which is less by 150°∁ compared with the CVD 

method[10]. 

It was found by investigating growth of nanodiamond 

films in both ambient oxygen and hydrogen atmosphere 

the dependence of the diamond growth in case of oxygen 

on the substrate orientation which is regardless in 

hydrogen case[11]. 

In 2006, a 2 µm film in thickness of NDC was 

successfully deposited on (0001) sapphire substrates 
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whose dimensions are 17×17×0.43 mm at temperature of 

550°∁ by PLD (Fig.1) in hydrogen pressure of 4 Torr. 

The deposited film comprised dense non-oriented grains 

with diameters about 5 nm, Moreover, they are more 

viable within the central region and gradually decrease in 

thickness towards the edge of the substrate with respect 

to the plume center [12]. 
 

 
Fig.1. Schematic graph shows mechanism of NDC film 

growth by PLD method [12]. 

 

Three years later, NDC (or NDC) has been deposited by 

PLD on Si substrates at hydrogen pressure and substrate 

temperature of 53.3 Pa and 550°∁ respectively in same 

preparation manner of previous reports [13].  

The structural characterization of NDC films has been 

investigated using various techniques. Transmission 

electron microscopy (TEM) has been applied to confirm 

the growth of NDC crystallites [14]. While the optical 

properties of the grown NDC films were studied by 

determining their direct and indirect optical spectra. 

Raman spectroscopy was employed to emphasize the 

NDC existence within the a-C matrix Moreover, the 

chemical bonding configuration of the NDC films has 

been conducted by Fourier transform infrared 

spectroscopy (FTIR), X-ray photoemission spectroscopy 

(XPS) and Near-Edge x-ray absorption fine structure 

(NEXAFS) with the aid of synchrotron radiation of 

SAGA light source at beamline 12. A sample reference 

of highly oriented pyrolytic graphite was set to calibrate 

energy. NEXAFS spectra has been taken in total electron 

yield mode through determining the current flow from 

the sample to the ground [13, 15].  

 

3. RESULTS AND DISCUSSION  

The structure of Nanodiamond composite (NDC) films 

were evaluated using TEM examinations in dark-field 

mode as shown in (Fig.2) as well as the included selected 

area electron diffraction rings, the films preparation for 

the TEM observation were performed by focused ion 

beam (FIB)[14]. The selected area diffraction rings are 

formed due to diamond (111), (220) and (311) with no 

evidence of graphite rings.  It is clear from the dark field 

- TEM image taken from part of the diamond (111) 

diffraction ring, that NDC crystallites are observed as 

flecks and are 5nm in diameter in the amorphous carbon 

matrix. These NDCs are apparently not oriented and their 

sizes as well as their densities are independent from the 

film thickness[13]. The dark and light contrast arises 

from the fact of the surrounding a-C matrix and not 

according to altering of the tilt angle of the irradiant 

electron beam.  

 

3.1 Hydrogenated NDC/a-C films 

A high resolution TEM image (Fig.3) shows separating 

distance of 0.21nm between the sequent fingers 

generated from diamond (111). The variant contrast 

refers to the density distribution of the NDCs among the 

a-C matrix which highly dependent on the bombardment 

of the incident ion beam[12].  

 

 
 

Fig. 2. Dark field TEM photograph of partial diamond 

(111) ring in NDC films. Inset is the selected area 

electron diffraction rings [13].Copyright (2021) The 

Japan Society of Applied Physics. 

 

 
Fig. 3. High-resolution TEM photograph of NDC film 

[12]. 

 

Using the obtained transmittance (T) and reflectance (R) 

as well as the NDC film thickness (t), the absorption 

coefficient (α) can be determined by the following 

equation[16] 

𝛼 =
2 ln(1−𝑅)−ln 𝑇

𝑡
         (1) 

 

As shown in (Fig.4) the optical absorption coefficient 

spectrum is given for NDC, a-C and DLC films. The 

optical absorption coefficient (α) of the NDC film is 

about 10-6 cm-1 at photon energies between 3 to 5eV. This 

value is four times greater than the given for diamond[17]. 

In the same regard, it is also the largest among the (α) 

values of the a-C film deposited in vacuum at 550℃ and 

DLC film deposited in same hydrogen pressure 53.3 Pa 

at room temperate. 
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Fig.4. The optical absorption spectrum of the NDC, a-C 

film, and DLC films [18].  

 

The direct and indirect optical band gaps of the NDC film 

are 2.2eV and 1.0eV as evaluated from the interpolation 

of the (𝛼ℎ𝜐)2and (𝛼ℎ𝜐)1 2⁄  curves against photon energy 

(ℎ𝜐)  respectively (Fig.5) Since the a-C films with 

blended sp3 sand sp2 bonds have indirect optical band gap 

values varies from 0 to 5eV corresponding to sp3 and sp2 

ratio, it is believed that a-C matrix is the responsible for 

the obtained 1.0eV indirect optical band gap value of the 

NDC film. 

 

 
Fig. 5. Optical absorption spectrum of (𝛼ℎ𝜐)2 and 

(𝛼ℎ𝜐)1 2⁄  against photon energy (ℎ𝜐) for the 

NDC film [14]. 
 

On the other hand, the measured band gap of the direct 

optical band gap 2.2eV is distinguishing for the NDC 

composite. This considerable optical absorption from 2.2 

to 5.4eV is attributed to the grain boundaries between 

NDC crystallites themselves and with a-C matrix in the 

NDC films which is in coincidence with the theoretical 

prediction of the formation of energy state in diamond 

band gap due to the NDCs grain boundaries [19].The 

appearance of band edge at 5.4eV corresponding to 

diamond is another confirmation of the NDCs 

formation[14, 18].  

Visible Raman spectra of the formed NDC film are 

presented in (Fig.6) the film shows intensive G and D 

peaks corresponding to the a-C matrix while only a wide 

weak peak at 1149 cm-1 is characteristic for NDCs. This 

specific peak not shown for the a-C and DLC films. It 

was theoretically expected that dangling bonds of carbon 

clusters terminated by hydrogen prefers tetrahedral 

structure specific for NDCs growth[20]. That’s why 

hydrogen is indispensable in NDC formation by pulsed-

laser ablation. 

 

 
Fig. 6. Visible Raman spectra of NDC film grown at 

550 °C and hydrogen pressure of 53.3 Pa, DLC film 

grown at room temperature in 53.3 Pa hydrogen and a-C 

film grown at 550 °C in vacuum [18].  
 

Although Raman spectroscopy was broadly utilized for 

studying carbon-based materials, it has a lot of 

disadvantages that limits its usage. For instance, the 

cross-section of Raman spectroscopy to sp2 bonds is 50 

orders of magnitude more than sp3 bonds which 

contribute to more sensibility to graphite than diamond. 

Moreover, the detection of NDC crystallites of wide 

range distribution of sizes strongly depends on the 

wavelength of the incident beam. Ultraviolet incident 

beam is inevitable in such case. These drawbacks 

fortunately can be avoided by employing (XPS) and 

(NEXAFS)[15, 21].  

The growth of NDC crystallites was confirmed by X-ray 

photoemission, NEXAFS and FTIR spectroscopies. For 

comparison the investigation was conducted on NDC, a-

C:H, and a-C films of same thickness (100 nm) [13]. 

X-ray photoemission spectroscopy is an effective 

technique for estimating the sp3/ sp2 ratio in the films [22] 

wherein they coexist as NDCs and amorphous carbon 

matrix. Furthermore, employing synchrotron radiation 

with a monochromatic intense and high accurate beam 

enhances the measurement. This technique probes 

chemical bonding structures in the vicinity of the film 

surface through measuring the ejected photoelectrons 

from the C1s core level. For broad range evaluations, a 

Mg Kα line with photon energy of 1253.6 eV was applied 

simultaneously. The etchant Ar ion beam was applied 

with 1 kV. (Fig.7) reveals the obtained photoemission 

spectra of NDC film dependently on the Ar ions 

bombardment time with intensive O1s and C1s peaks at 

532 eV and 284 eV respectively. It is obviously that the 

O 1s peak instantly vanish away after the exposure to Ar 

ions bombardment which evidently related only to the 

film surface[15]. 



Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES) 7 (2021)   

 

193 
 

 
Fig.7. X-ray photoemission spectra of NDC films for 

argon ion bombardment at different exposure times [15].  
 

For proper understanding of the chemical bond’s 

configuration of NDC film grown at substrate 

temperature 550 °C and hydrogen pressure of 53.3 Pa, a-

C film deposited at same substrate temperature 550 °C 

but in vacuum, and a-C:H film deposited at room 

temperature and hydrogen pressure of 53.3 Pa, their C1s 

photoemission spectra was evaluated by synchrotron 

radiation as shown in (Fig.8) without argon ions etching. 

The outcome XPS spectra was decomposed into sub-

components according to CO/C–O–C, C=O/COOH, 

C=O, sp2 and sp3 bonds employing  

Voigt functions while the background was subtracted 

using Shirley’s method [23]. The sp3/ (sp2+sp3) ratio for 

the three films was measured from the area under the sp2 

and sp3 peaks of each film [24] and were found to be 68, 

66, and 61% for the NDC, a-C and a-C:H films 

respectively. Clearly, the NDC composes the largest sp3/ 

(sp2+sp3) ratio among them which returns to the large 

amount of NDC crystallites it comprises. This value also 

greater than the obtained from NDC films deposited by 

chemical vapor deposition [25] wherein extensively 

dense NDCs are impeded in the a-C:H matrix [13]. In 

hydrogenated amorphous carbon films, the sp3 bonding 

amount was found to be heavily correlated to the film 

growth technique [26]. This explains the large sp3 content 

proposed by a-C and a-C:H films fabricated by PLD 

without NDC crystallites content as well as their large 

contribution in NDC films prepared by PLD in 

comparison with their counterpart prepared by CVD due 

to their different a-C matrices[15]. 

The calculated full width at half maximum from the sp3 

peak of NDC film was found about 0.91 eV which is 

quite less than the obtained from a-C 1.04 eV and a-C:H 

films 1.06 eV. This sharp sp3 peak of the NDC film was 

attributed to the large presence of NDC crystallites as the 

wave function near the Fermi level is more homogenous 

in crystallites than in amorphous structures[27]. 

 

 

Fig. 8. X-ray photoemission spectrum of (a) NDC (b) a-

C and (c) a-C:H films [15].  
 

FTIR spectroscopy was measured for the NDC film 

deposited at 550℃, a-C:H film deposited at room 

temperature and a-C film deposited at 550℃ in vacuum 

to examine the CHn (n=1, 2 and 3) bonds in the films as 

clear in (Fig. 9) (a) and (b) given for NDC and a-C:H 

films without any clue for CHn peaks of the a-C film.  As 

the obtained spectra is a superposition of various CHn 

vibration peaks it was decomposed into component peaks 

corresponding to Gaussian function. No difference in the 

spectra between NDC and a-C:H films was noticed 

except for sp3-CH peak appeared at 2900 cm-1. NDC film 

reveals intense sp3-CH peak which is relevant to the 

unique grain boundaries of NDCs terminated by 

hydrogen atoms as well as the a-C:H matrix despite the 

elevated temperature of deposition [13]. 
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Fig.9. FTIR of (a) NDC films grown at 550℃ with 

hydrogen pressure of 53.3 Pa and (b) a-C:H films grown 

at room temperature with a hydrogen pressure of 53.3 Pa 

[13]. Copyright (2021) The Japan Society of Applied 

Physics. 

 

As NDC films have convoluted structure comprising the 

grain boundaries responsible for the marvelous physical 

properties of NDC films, their atomic bonding 

configuration is properly investigated by NEXAFS 

spectra. This technique utilizes the ultimate wave 

function in the vicinity of the excited atom resulting from 

C1s core shell transition to higher unoccupied states due 

to X-ray photon absorption. The prevailing interactions 

could be attributed to the localized bonds and the 

outcome NEXAFS spectra is decomposed into simple 

component spectra [22, 28] NEXAFS spectra were 

measured for NDC film fabricated at 550℃ and hydrogen 

content pressure of 53.3 Pa, a-C film fabricated in 

vacuum at substrate temperature of 550℃ and a-C:H film 

fabricated at room temperature and hydrogen pressure of 

53.3 Pa. The intensity of these spectra was normalized at 

photo energy of 330 eV. Two essential peaks were 

observed at 285eV and the other between 290 and 295eV 

due to 𝜋∗ and  𝜎∗  bonding structure respectively while 

within photo energies between 285 and 290eV 

differences among the spectra revealed the superposition 

of assorted peaks. The sp2 bonding fractions were found 

to be 58%, 67%, and 40% for the NDC/a- C:H, a-C and 

a-C:H films respectively using the below equation 

 

𝑓𝑠𝑝2 =
𝐼𝑠𝑎𝑚
𝜋∗  𝐼𝑟𝑒(∆𝐸)

𝐼𝑟𝑒𝑓
𝜋∗  𝐼𝑠𝑎𝑚(∆𝐸)

    (2) 

 

Where 𝐼𝑠𝑎𝑚
𝜋∗  and 𝐼𝑟𝑒𝑓

𝜋∗  represent areas under 𝜋∗peaks for 

the samples and the reference HOPG material 

respectively while 𝐼𝑟𝑒(∆𝐸)  and 𝐼𝑠𝑎𝑚(∆𝐸)  are the rest 

areas under each spectra of the films within the range 

[288.6eV ~ 315eV]. Despite the room temperature 

deposited a-C:H film reveals the less sp2 bonding fraction, 

NDC has less sp2 bonding fraction than a-C film 

deposited in the same elevated temperature which 

obliviously characteristic for the NDC grain in NDC film. 

The overall NEXAFS spectra from the constituent peaks 

is shown by the red line in (Fig.10) An error step function 

was employed to fit the jump in the C k-edge at ionizing 

potential while the remained spectra is fitted into 

Gaussian peaks [29]. for identical materials, the peak 

profile is unchangeable because they are responsible for 

the wave function. Additionally, the peak profile of the 

decomposed spectra must be uniform with fixed position 

as the length of the bonds of same based materials not 

divergent. 

 
Fig.10. NEXAFS spectra of (a) NDC films fabricated at 

550℃ and hydrogen pressure of 53.3 Pa, (b) a-C films 

fabricated at 550℃ in vacuum, and (c) a-C:H films 

deposited at room temperature and hydrogen pressure of 

53.3 Pa. The included set in (b) is a magnified spectrum 

[13]. Copyright (2021) The Japan Society of Applied 

Physics. 

 

These component spectra were fitted due to 

𝜋∗C=C, 𝜋∗C≡C, 𝜎∗C-H, 𝜎∗C-C, 𝜎∗C=C and 𝜎∗C≡C. A-

C film shows broad 𝜋∗C=C peak than the other films. 

This peak was decomposed into two constituent peaks as 

clarified in the included set of (Fig.10) which indicated 

the coexistence of two various lengths of bonds in a-C 

film. A comparison between NDC and a-C films reveals 

two differences in their spectra, one of them turns to the 

appearance of  𝜎∗ C-H in the expense of weakening 

𝜎∗C≡C peak due to hydrogen termination while the other 

in the intense 𝜎∗C-C peak, NDC film shows with respect 

to its counterpart in a-C film which is origin for the 

existence of the NDC crystallites. On the other hand, the 

NDC film deposited on 550℃ has intensive 𝜋∗C≡C and 
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𝜎∗C≡C peaks than the a-C:H film deposited in room 

temperature implying the enhancement of the C≡C bonds 

in high temperatures. Furthermore, the deposited a-C:H 

film in room temperature is associated with a strong 𝜎∗C-

H peak in comparison with NDC film deposited at high 

temperature due to the enhanced hydrogen content as 

well as a strong 𝜎∗C-C peak instead of C≡C peak which 

is selectively formed [13, 21]. 

 

 
Fig.11. X-ray photoemission spectrum of NDC films 

formed at different inflow [30].  

 

3.2 Nitrogen-doped NDC films 

X-ray photoemission spectra with Mgkα line measured 

for nitrogen-doped NDC films (Fig.11) with different 

inflow ratios of IN/H comprises N1s peak whose intensity 

increased with the increase in the IN/H ratio. It was not 

adversely affected by the Ar ions etching [30].  

For various inflow ratios IN/H of 0.0, 0.15, 0.33 and 0.6 

the nitrogen content in the films was estimated as 0, 1.6, 

5.4, 7.9 atm. % respectively [31]. 

Since the O1s peak was faded as soon as the Ar ion 

etching took place, the presence of oxygen peak could 

barely influence the nitrogen concentration in the NDC 

film [32]. Based on these findings, nitrogen atoms 

incorporation into NDC films during deposition was 

realized and its concentration is well managed through 

inflow ratios IN/H [30]. 

C1s photoemission spectra of the films with nitrogen 

doping with 7.9 atm. % and 1.6 atm. %, and 0 atm. % 

concentrations is given by (Fig.12) respectively. The 

spectra were decomposed into components are 

previously mentioned undoped NDC/a-C: H.  The whole 

films shared the same FWHM value 0.91 eV of sp3 peaks 

distinguished for NDC films which confirms the 

presence of the NDC crystallites in the films without 

influence by the nitrogen dopant. Additional C–N and 

C=N peaks appeared in the photoemission spectra and 

were attributed to the incorporation of nitrogen atoms 

into the grain boundaries which already has been 

theoretically anticipated [19]. Furthermore, an increase 

in the 𝑠𝑝2bonds amount was reported with the increase 

in nitrogen content which is reflected on the sp3/ 

(sp2+sp3) ratio reduction from 68% to 60% 

corresponding to nitrogen concentration from vacuum to 

7.9 atm. % [30]. 

C K-edge of NEXAFS spectra was obtained for 7.9 

atm.% nitrogen doped NDC film as well as the fitted 

peaks (Fig.13) and evaluation method of sp3 fraction 

through the previously mentioned procedures. The 

included set to (Fig.13) is for the nitrogen doping 

concentrations of 7.9 atm.% and 5.4 atm.% while the sp2 

fraction was calculated to increase from 58% of the 

undoped to 69% of the 7.9 atm.% nitrogen doped NDC 

film. This increase is due to the incorporation of nitrogen 

atoms into the film which decrease the NDC grain sizes 

and enhance the grain boundaries content which 

proportionally add to sp2 fraction. 

In addition to the previous NEXAFS peaks measured for 

the undoped NDC film, there are three distinctive 

promoted  𝜋∗ C=N,  𝜎∗ C=N and 𝜎∗ C-H peaks at 

286.22, 297.8 [33] and 289.2 eV[34] respectively for the 

7.9 atm.% nitrogen doped NDC film. The presence of 

𝜋∗C=O or 𝜎∗C-H peaks isn’t regarded because they are 

correlated to contamination which isn’t the case for the 

film deposition. The spectra were classified into two 

𝜋∗and 𝜎∗ areas. 𝜋∗area comprises Na, Nb, and Nc peaks 

at 398.5, 400 and 401.5 eV due to C=N, C-N bonds and 

aromatic rings formation by nitrogen atoms 

incorporation respectively. It was found that Nb peak due 

to C-N bonds didn’t sharpen with the increase in the 

nitrogen content but otherwise it is weakened in the same 

regard for graphitic carbon nitride [35], the reason why 

no C≡N bonds were observed [36].  

 

 
Fig.12. C1s X-ray photoemission spectra of (a) 7.9 

atm. % nitrogen doped (b) 1.6 atm. % nitrogen doped and 

(c) undoped NDC films [30].  
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Fig.13. C K-edge NEXAFS spectra of 7.9 atm.% 

nitrogenated NDC film. The included set shows N K-

edge NEXAFS spectrum of the 7.9 atm.% and 5.4 atm.% 

nitrogenated NDC films [36].  

 

3.3 Boron-doped NDC films 

C 1s X-ray photoemission spectroscopy spectra of the 

undoped 3 atm.% and  13 𝑎𝑡𝑚.%  boron doped NDC 

films is given by (Fig.14) respectively. the obtained 

spectra were fitted into peak components due to CO/C–

O–C, C=O/COOH, C=O, sp2 and sp3 bonds by Voigt 

functions and the background was subtracted employing 

Shirley’s method as previously detailed. The sp3/ 

(sp2+sp3) ratio was found as 68%, 69% and 74% for the 

undoped, 3 atm.% and 13 atm.% boron doped NDC films. 

The enhancement of sp3 bonding fraction is confirmed 

with the progressive increase in boron content which 

expand the NDC crystallites in size. Boron incorporation 

was reported to 

decrease the sp3 bonding content in a-C:H films thus, no 

contribution from the a-C:H matrix is expected in 

boosting the sp3/ (sp2+sp3) ratio. FWHM of the sp3 peaks 

were 0.91 eV for the undoped NDC film while were 0.98 

eV for the 3atm.% and 13 atm.% boron doped films 

simultaneously. These values are clearly smaller than the 

estimated FWHM values for hydrogenated (1.04eV) and 

nonhydrogenated (1.06 eV) a-C films. The numerous 

NDC grains are responsible for the sharp sp3 peak in the 

NDC films because the wave function is homogenous for 

the NDC crystallites rather than the amorphous films. 

(Fig.15) shows C k-edge NEXAFS spectra for the 

undoped as well as 3 atm.% and 13 atm.% boron doped 

NDC films respectively. the 𝜎∗ C-C peak sharpened 

steadily with the increase in boron atoms incorporation 

into the film. This increase is attributed to the enlarged 

NDC grain sizes which enhances the sp3 bonds content. 

However, the position of this peak is a little bit shifter 

towards largest photon energies arising from the variant 

bonding length converging to bulk diamond lattice 

constant. In addition, an enhanced peak corresponding to 

𝜎∗ C-B bond was regarded due to boron atoms 

incorporation into the film which neither affect the 

NEXAFS spectra profiles nor originating from NDC 

grains but rather from the substitution of hydrogen atoms 

that terminate dangling bonds giving rise to weaken 𝜎∗C-

H peak [37]. 

 
 

 

Fig.14. C 1s X-ray photoemission spectroscopy spectrum 

of (a) undoped (b) 3 atm. % and (c) 13 atm.% boron 

doped NDC films [37]. Copyright (2021) The Japan 

Society of Applied Physics. 

 

 
 

Fig. 15. NEXAFS C K-edge spectrum of (a) undoped, 

(b) 3 atm. % and (c) 13 atm.% boron doped NDC films 

[37]. Copyright (2021) The Japan Society of Applied 

Physics. 
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4. Conclusion 

In this review, we are systematically discussed three 

types (Undoped, nitrogen-doped and boron-doped) of 

ultrananocrystalline diamond/hydrogenated amorphous 

carbon films (NDC), so called Nanodiamond composite 

(NDC) films fabricated on different substrates at 550℃ 

and ambient hydrogen pressure of 53.3 Pa by pulsed-

laser ablation technique. A large direct band gap optical 

absorption coefficient of 2.2 eV was reported. The 

FWHM of the sp3 peaks were found to be 0.91 eV for the 

undoped NDC film as well as the 7.9 atm.% nitrogen -

doped NDC film, while it was 0.98 eV for the 3atm.% 

boron- doped film. These values were confirmed through 

NEXAFS evaluations and were smaller than the 

estimated FWHM values for hydrogenated (1.04eV) and 

nonhydrogenated (1.06 eV) amorphous carbon films 

which were attributed to the large grain boundaries of 

NDC films within the amorphous carbon matrix. The 

review explained the advantages of the employed PLD 

technique as one of advanced physical vapor deposition 

methods for the growth of Nanodiamonds composite 

films. 
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