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Nanocrystalline diamond (NCD) films were grown by microwave plasma CVD in hydrogen-based gas mix-

ture. Deposition experiments were performed at different temperatures varying from 370 to 1100 °C. Be-

fore growth step, silicon (100) oriented substrates were nucleated by bias enhanced nucleation procedure 

and glass substrates were pretreated in ultrasonic bath. Optical, structural and morphological properties of 

NCD films were systematically studied by using an optical spectroscopy, scanning electron microscopy and 

Raman spectroscopy. NCD films were optically transparent in wide range and had high refractive index of 

2.34. All deposited samples exhibited diamond characteristic line in the Raman spectrum. The growth ki-

netic was attributed to the hydrogen abstraction model. 

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

Standard microwave plasma enhanced chemical vapor deposition of polycrystalline and/or nanocrystal-

line diamond thin films and membranes takes place at substrate temperatures 700–900 °C [1]. Such a 

high temperature process limits a family of suitable substrates. The deposition of diamond on glass or on 

CMOS electronic devices requires decrease of the substrate temperature to 400 °C or less, while keeping 

the excellent material properties of diamond. 

 CVD diamond growth at a low temperature is not a technologically solved task yet. Generally, the 

diamond growth from CH4–H2 gas mixture is believed to be based on methyl radicals (CH3)
 [1]. At low 

temperature processes, the unwished developing of non-diamond phases can be minimalized either via 

lowering the concentration of carbon source (which substantially slow the growth) or by using substi-

tuted chemistry based on partial replacing of hydrogen gas source by oxygen [2–4] or halogen [5, 6]. 

Furthermore, growth of nanocrystalline diamond film mostly requires an addition of other gases like 

nitrogen [7, 8] or argon [9]. Argon-based growth seems to be a promising technique, where C2 dimers 

play a dominant role in sufficient re-nucleation process at a low activation energy (5.8 kcal/mol). Change 

in chemistry results in a growth of ultra-nano-crystalline diamond films also at low temperatures 

(400 °C) [9]. However, a final optical quality of these films is degraded due to an incorporation of rela-

tively high amount of non-diamond phases. 

 In this paper, we present the growth of nanocrystalline diamond films from hydrogen-based gas mix-

ture by microwave CVD process. Films grown at high (800 °C) and low (400 °C) temperature range 

reveal nearly identical optical properties, confirming an excellent quality of grown material. Nanocrystal-
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line diamond films exhibit the diamond characteristic line centered at ~1332.5 cm–1 in the Raman spec-

trum. The growth kinetic seems to be controlled via hydrogen abstraction model as dedicated from the 

Arrhenius plot. 

2 Experimental 

Nanocrystalline diamond films were grown on (100) oriented silicon and glass slides (1 × 3 inches, 

Schott AF45) by microwave plasma CVD technique [10]. Prior to deposition process, all silicon sub-

strates were pretreated under identical conditions in the bias enhanced nucleation step at a negative sub-

strate bias of –180 V for 8 minutes, 5% of methane in hydrogen and at 850 °C. The nucleation procedure 

of glass substrates was realized ultrasonically using 5 nm diamond powder for 40 minutes. The diamond 

growth step was provided at a constant methane concentration (1% CH4 in H2), the total gas pressure was 

30 mbar. Substrate temperatures varied between 370 and 1100 °C. High temperature range (above 

600 °C) was measured by the two-color pyrometer working at the wavelengths of 1.35 and 1.55 µm 

(CHINO type) and low temperature range (below 600 °C) was measured by the two-color pyrometer 

working at the wavelengths of 2.13 and 2.35 µm (Williamson type). Both pyrometers were found to be 

insensitive to the quartz bell jar. Raman spectra of grown films were measured by using a 514.5 nm 

excitation wavelength laser. Diamond film morphology was investigated by scanning electron micros-

copy (SEM). Film thickness and refractive index were calculated from optical measurements. Thickness 

of NCD films deposited at low temperatures (≤400 °C) was in the range 50–300 nm. 

3 Results and discussions 

Raman spectra of samples deposited at the high temperature range (>600 °C) exhibited one sharp peak 

centred at 1332.5 cm–1, identified as the diamond characteristic line [11]. In addition, two broad bands 

centred at 1350 and 1590 cm–1 (known as D and G band [12]) were observed over some samples. No 

specific correlation between intensity of these bands and the high temperature growth range was ob-

served. Raman spectra of NCD film deposited at the low temperature range are shown in Fig. 1. We 

observed that the variation and intensity of non-diamond phases increased with decreasing substrate 

temperature. In addition, non-diamond phases were more dominant over silicon substrate (Fig. 1). The 

origin of this behaviour is not clear yet. We assume that during the early growth stage a change in a gas 

chemistry can take place due to an oxygen coming from the glass substrate. Further plasma characteri-

zation is required to understand the differences between the NCD growth on silicon and glass. Figure 2  
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Fig. 1 (online colour at: www.pss-a.com) Raman 

spectra of NCD films deposited on glass (370 °C) 

and on silicon (400 °C). 

Fig. 2 (online colour at: www.pss-a.com) Surface mor-

phology of a NCD film grown on glass substrate at the 

temperature of 400 °C. 



phys. stat. sol. (a) 203, No. 12 (2006)  3013 

www.pss-a.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

shows a surface morphology of the NCD film grown on glass at low substrate temperature of 400 °C. 

The film consisted of randomly oriented nano-crystals up to 40 nm in size. The surface roughness was 

less than 10 nm (as measured by atomic force microscopy). Adhesion of NCD to silicon substrates was 

very good and independent on the growth temperature and/or the film thickness. Adhesion of NCD films 

deposited on glass was limited to a certain film thickness (400–600 nm). Thick nanocrystalline diamond 

films (>600 nm) have tendency to delaminate spontaneously from the glass substrates due to different 

thermal expansion coefficient of the diamond and the glass substrate. 

 The influence of the substrate temperature on optical properties of NCD films was investigated by the 

transmittance/reflectance measurements. In this case, all investigated NCD films were deposited on opti-

cally transparent glass substrate. The film thickness d, index of refraction n, and root mean square rough-

ness σ were calculated from the transmittance spectra using the interference fringes [13–15]. 

 Figure 3 shows a typical transparency/reflectance spectrum of a NCD layer deposited on a glass sub-

strate. To avoid the suppression of the interference fringes due to the inhomogeneous thickness [16], the 

size of the light spot was reduced to diameter 1 mm. The deposited NCD film is optically transparent in 

broad spectral range from infrared to ultraviolet light. The transparency in IR region below 0.5 eV 

(above 2500 nm) and in UV region above 3.5 eV (below 350 nm) is suppressed due to the glass sub-

strate. In our previous work it was shown that self-standing NCD membranes are fully transparent from 

far IR to deep UV [17]. The calculated refractive index of the NCD film is 2.34. It is interesting to note 

that this calculated value is not influenced by the substrate temperature. The surface scattering from 

NCD layers increased with an increasing film thickness. 

 An optical roughness of 500–1000 nm thick NCD films grown at the high temperature range 

(>600 °C) was σ ≈ 20–30 nm. This value reduced dropped down below 10 nm for ultra-thin NCD films 

typically grown at the low substrate temperature range (<400 °C). The calculated values of the optical 

surface roughness were confirmed also by AFM measurements. 

 Using the Clausius–Mossotti equation [18] we were able to calculate the mass density of 

ρ = 3.45 g/cm3 (for n = 2.34). A slight lowering of a mass density of NCD compared to single crystal 

diamond (ρ = 3.52 g/cm3) is probably due to a small non-diamond content (as observed also in Raman 

spectra) or voids between crystallites. Next, we used FTIR reflectance-absorptance measurements to 

estimate amount of hydrogen bonded to sp3 carbon. Generally, no measurable absorption was observed 

in the sp3 CH stretch region (2800–3100 cm–1 region) [19]. The absorption A related to hydrogen 

bounded to carbon was estimated to be less than 1% for 1 µm thick NCD film. Thus related absorption 

coefficient is lower then α ≈ A/d < 100 cm–1. According to Jacob and Unger [20], the total bounded hy-

drogen content in the diamond layer can be roughly estimated as NH ≈ α × 10
19 cm–3. Based on these 

facts, we can conclude that the total content of bounded hydrogen over our films is below 1021 cm–3 (i.e. 

less than 1 at.%). Similar results were observed for the whole temperature range. 
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Fig. 3 (online colour at: www.pss-a.com) Trans-

mittance and reflectance spectra of a 320 nm thick 

NCD film deposited on a glass substrate. 
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 A significant parameter for chemical kinetic of nanodiamond growth is also activation energy of the 

process, E
a
. The determination of the activation energy is not a simple task, while several surface reac-

tions are sensitive to the actual temperature [21–23]. Therefore, first we provided the nucleation proce-

dure at identical conditions for all the samples. Then the growth procedure was realized at different tem-

peratures varying from 370 to 1100 °C. Figure 4 shows an Arrhenius plot of the growth rate versus a 

reciprocal substrate temperature. Nearly a linear relationship is observed in the investigated temperature 

range. The growth rate monotonically decreases from 620 to 10 nm/hr with the substrate temperature 

decrease from 1100 to 370 °C. No significant difference between the growth rate of NCD film on silicon 

or on glass is observed. The calculated activation energy of the NCD growth on silicon is 9 kcal/mol. For 

a comparison, there are added data of a polycrystalline diamond growth in Fig. 4. The growth of poly-

crystalline diamond films was provided in the same deposition apparatus and the process parameters 

were published in the previous work [24]. The activation energy for the polycrystalline diamond growth 

process is 12 kcal/mol. The main origin for the observed differences in the activation energies is not clear 

and further investigations are in progress. Our both activation energies indicate that the polycrystalline 

and/or nanocrystalline growth process is controlled via hydrogen abstraction model, as previously ob-

served also for the CH4–H2 gas mixture [25]. It must be noted that our calculated activation energies do 

not include possible variation of the delay time for the diamond growth. We observed that the delay time 

is not a constant value and it has tendency to rapidly increase as the substrate temperature drops down. 

We believe that the optimalization of the early growth stage can significantly lower this delay time and 

so indirectly enhances the nanocrystalline diamond growth at as low temperatures as 370 °C. 

4 Conclusions 

We presented a successful deposition of the nanocrystalline diamond films in the wide temperature 

range, varying from 370 to 1100 °C. The NCD films were grown on both substrate types, i.e. silicon and 

glass, respectively. All the films had low surface roughness in order of tens of nanometers. Very low 

surface roughness (<10 nm) was achieved for the ultra-thin NCD films deposited at the lowest tempera-

ture. Raman spectra exhibited a presence of non-diamond phases, most probably located at the grain 

boundaries. Optical measurements confirmed an excellent optical transparency of films from infrared to 

UV region. No significant degradation of the optical quality was observed for the NCD films deposited 

at the low substrate temperature range. The growth of the NCD films seems to be controlled via hydro-

gen abstraction model, as indirectly dedicated from the calculated activation energy. 

Fig. 4 (online colour at: www.pss-a.com) Growth 

rate of diamond films on Si as a function of a recipro-

cal temperature. Rectangles – growth of NCD films. 

Circles – growth of polycrystalline diamond films. 

Triangle symbols represent the growth rate of NCD 

film on glass substrate. 



 

phys. stat. sol. (a) 203, No. 12 (2006)  3015 

www.pss-a.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

Acknowledgement This work was supported by the Research Training Network of EC, contract MRTN-CT-2004-

512224, by GACR contract 202/05/2233 and by project LC510. 

References 

 [1] K. E. Spear and J. P. Dismukes, Synthetic Diamond: Emerging CVD Science and Technology, The Electro-

chemical Society Series (John Wiley & Sons, NY, 1994). 

 [2] Y. Muranaka, H. Yamashita, and H. Miyadera, J. Appl. Phys. 69, 8145 (1991). 

 [3] J. Wei , H. Kawarada, J. Suzuki, and A. Hiraki, J. Cryst. Growth 99, 1201 (1990). 

 [4] M. Yuasa, O. Arakaki, J. S. Ma, A. Hiraki, and H. Kawarada, Diamond Relat. Mater. 1, 168 (1992). 

 [5] I. Schmidt, F. Hentschel, and C. Benndorf, Solid State Ionics 101–103, 97 (1997). 

 [6] M. Asmann, J. Heberlein, and E. Pfender, Diamond Relat. Mater. 8, 1 (1999). 

 [7] D. Zhou, A. R. Krauss, L. C. Qin, T. G. McCauley, D. M. Gruen, T. D. Corrigan, R. P. H. Chang, and H. Gna-

ser, J. Appl. Phys. 82, 4546 (1997). 

 [8] S. G. Wang, Qing Zhang, S. F. Yoon, J. Ahn, Q. Zhou, Q. Wang, D. J. Yang, J. Q. Li, and Sam Zhang Shany-

ong, Surf. Coat. Technol. 167, 143 (2003). 

 [9] T. G. McCauley, D. M. Gruen, and A. R. Krauss, Appl. Phys. Lett. 73, 1646 (1998). 

[10] M. Füner, C. Wild, and P. Koidl, Appl. Phys. Lett. 72, 1149 (1998). 

[11] S. Bühlmann, E. Blank, R. Haubner, and B. Lux, Diamond Relat. Mater. 8, 194 (1999). 

[12] S. L. Heidger, Mat. Res. Soc. Symp. Proc. 383, 319 (1995). 

[13] R. Swanepoel, J. Phys. E: Sci. Instrum. 16, 1214 (1983). 

[14] Z. Yin, H. S. Tan, and F. W. Smith, Diamond Relat. Mater. 5, 1490 (1996). 

[15] Z. Remes, Ph.D. Thesis, Prague, Charles University (1999). 

[16] R. Swanepoel, J. Phys. E: Sci. Instrum. 17, 896 (1984). 

[17] V. Mortet, J. D’Haen, J. Potmesil, R. Kravets, I. Drbohlav, V. Vorlicek, J. Rosa, and M. Vanecek, Diamond 

Relat. Mater. 14, 393 (2005). 

[18] L. Ward, The Optical Constants of Bulk Materials and Films (IPP, Bristol, 1994). 

[19] K. M. McNamara, K. K. Gleason, and C. J. Robinson, J. Vac. Sci. Technol. A 10, 3143 (1992). 

[20] W. Jacob and M. Unger, Appl. Phys. Lett. 68, 475 (1996). 

[21] S. Barrat, P. Pigeat, I. Dieguez, E. Bauer-Grosse, and B. Weber, Thin Solid Films 304, 98 (1997). 

[22] F. Bénédic, M. Belmahi, T. Easwarakhanthan, and P. Alnot, J. Phys. D: Appl. Phys. 34, 1048 (2001). 

[23] J. Lee, B. Hong, R. Messier, and R. W. Collins, Appl. Phys. Lett. 69, 1716 (1996). 

[24] V. Mortet, A. Kromka, R. Kravets, J. Rosa, V. Vorlicek, J. Zemek, and M. Vanecek, Diamond Relat. Mater. 

13, 604 (2004). 

[25] E. J. Corat, R. C. Mendes de Barros, V. J. Trava-Airoldi, N. G. Ferreira, N. F. Leite, and K. Iha, Braz. Phys. A 

27, 138 (1997). 



 

 



 

Investigation of nanocrystalline diamond films grown on silicon and glass at
substrate temperature below 400 °C

S. Potocky a,⁎, A. Kromka a,b, J. Potmesil a, Z. Remes a, V. Vorlicek c, M. Vanecek a, M. Michalka d

a Institute of Physics, Academy of Sciences of the Czech Republic, Cukrovarnicka 10, CZ 16253 Praha 6, Czech Republic
b Department of Microelectronics, Slovak University of Technology, Ilkovicova 3, 81219 Bratislava, Slovak Republic

c Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, CZ 18221 Praha 8, Czech Republic
d International Laser Centre, Ilkovicova 3, 812 19 Bratislava, Slovak Republic

Available online 18 December 2007

Abstract

We present investigation of nanocrystalline diamond films deposited in a wide temperature range. The nanocrystalline diamond films were
grown on silicon and glass substrates from hydrogen based gas mixture (methane and hydrogen) by microwave plasma CVD process. Film
composition, nano-grain size and surface morphology were investigated by Raman spectroscopy and scanning electron microscopy. All samples
showed diamond characteristic line centred at 1332 cm−1 in the Raman spectrum. Nanocrystalline diamond layers revealed high surface flatness
(under 10 nm) with crystal size below 60 nm. Surface morphology of grown films was well homogeneous over glass substrates due to used
mechanical seeding procedure. Very thin films (40 nm) were successfully grown on glass slides (i.e. standard size 1×3″). An increase in delay
time was observed when the substrate temperature was decreased. A possible origin for this behaviour was discussed.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Nanocrystalline diamond; Low temperature growth; SEM

1. Introduction

The nanocrystalline diamond (NCD) has attracted many
researchers because of advanced combination of intrinsic prop-
erties like smooth surface, excellent optical, mechanical and
thermal properties, bio-compatibility and chemical inertness
[1]. These films can be deposited over large area and become
economically feasible for variety of industrial use. However, the
conventional chemical vapour deposition (CVD) techniques for
diamond growth use relatively high substrate temperature, i.e.
above 700 °C [2]. The growth at lower temperatures is still not a
trivial task resulting in a decrease of the growth rate and in an
increased incorporation of non-diamond carbon phases in the
film degrading the advanced properties [3–6]. The low tem-
perature growth processes seem to be essential mainly for better
establishing of NCD films in new fields like biochemistry and
life science or for bio-encapsulation of electronic silicon
devices. In these cases diamond surface is used either as a
passive functional material for immobilization of various bio

molecules [7,8] or as an electrically active part of the bio-
sensing element [9,10]. In addition, ability to overcoat glass
slides (with standard size 1×3″) can substantially extend the life
science topics. However, especially the soda-lime glass is not an
optimal substrate material for the growth of NCD films. First, a
soda-lime glass has low softening temperature ∼570 °C.
Second, the relatively high mismatch in the thermal expansion
coefficient of a soda-lime glass (9.2×10−6 K−1) and diamond
(0.8×10−6 K−1) results in development of high stress during
cooling of the sample to room temperature [11,12].

In this study, the results of the growth of NCD films on
silicon, low alkaline borosilicate glass and a soda-lime glass
(1×3″ slides) are presented. The films were deposited in the
wide temperature range varying from 370 to 1100 °C. The
growth was realized from hydrogen-based gas mixture. The
soda-lime glass substrates have been successfully overcoated at
temperatures as low as 400 °C.

2. Experimental

Nanocrystalline diamond films were grown on (100) oriented
silicon and glass slides (1×3″, a low alkaline borosilicate or

Diamond & Related Materials 16 (2007) 744–747
www.elsevier.com/locate/diamond
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soda-lime glass) by microwave plasma enhanced CVD in the
ellipsoidal cavity reactor [13]. Prior to deposition process, the
substrates were either mechanically seeded in ultrasonic bath
with a nanodiamond powder or they were pretreated in the bias
enhanced nucleation step at a negative substrate bias of −180 V
for 12 min, 5% of methane in hydrogen and at substrate tem-
perature of 850 °C. The nucleation was followed by the growth
step provided at a constant methane concentration (1% CH4

in H2) and at the total gas pressure of 30 mbar. Substrate
temperature varied between 370 and 1100 °C. High temperature
range (above 600 °C) was measured by the two-colour pyrometer
working at the wavelengths of 1.35 and 1.55 μm (CHINO type)
and low temperature range (bellow 600 °C) was measured by the
two-colour pyrometer working at the wavelengths of 2.13 and
2.35 µm (Williamson type). Both pyrometers were found to be
insensitive to the absorption of a quartz bell jar. Raman spectra of
grown films were measured using a 514.5 nm excitation
wavelength (Ar+ laser). Diamond film morphology was
investigated by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Film thickness and refractive index
were calculated from optical measurements [14,15].

3. Result and discussions

The high temperature growth of NCD films, i.e. substrate
temperature TS≥600 °C, was realized on silicon and on low
alkaline borosilicate substrates (Schott AF45 glass). The soda-
lime glass substrates were used only for a low temperature
growth (≤400 °C). Raman spectra of nanocrystalline diamond
films deposited at TS≥600 °C displayed one dominant peak
centred at 1333 cm−1 (optical phonon in diamond) that
confirms presence of diamond [16]. In addition, two broad
bands centred at 1350 and 1590 cm−1 (known as D and G band
[17]) were observed for samples deposited on low alkaline
borosilicate glass. It is observed that the variation and intensity
of non-diamond phases increased with decreasing substrate
temperature. Raman spectra of the NCD films deposited at the
low temperature process (TS≤400 °C) exhibit relatively high
intensity of non-diamond carbon phases (Fig. 1). It seems that

non-diamond phases are more dominant over silicon substrates.
The origin of this behaviour is not clear yet. It is proposed that
during the early growth stage a change in the gas chemistry can
take place due to oxygen coming from the glass substrate.
Consequently, oxygen addition to the hydrogen-methane gas
mixture can result in improved film growth [18–20]. However,
in our case the process should differ (for example due to other
contamination coming from the glass substrate during the early
stage of diamond growth) and further plasma characterization is
required to understand the differences between the NCD growth
on silicon and glass.

The quantitative percentage of the sp3 hybridized carbon
atoms in the analyzed volume of the NCD films were evaluated
from the high resolution C 1s XPS spectra recorded at two
emission angles, i.e. 0° and 60° with respect to the surface
normal [21]. The resulting percentage of sp3 hybridized carbon
atoms was above 90%. Generally, this percentage was larger
below the surface region (from 95.3 % to 98.5%) than at the
surface region (from 92.7% to 95.2%). However, no remarkable
differences between the NCD films prepared in the whole
temperature range were observed by XPS measurements.

Fig. 2 shows surface morphology of the NCD films grown at
low temperature on silicon and glass substrates. The nanocrys-
talline diamond film deposited over silicon exhibits a relatively
rough surface. The crystal size varies from tens to hundreds
nanometres with well visible crystal faceting. Next, the surface
of NCD film exhibits some dark regions most probably related
to non-diamond carbon phases, which is in good agreement
with Raman measurements. On the other hand, nanocrystalline
diamond films deposited on glass show more homogenous
surface morphology in comparison to NCD growth on silicon.
The deposition on glass results in the growth of randomly
oriented nanocrystals, homogeneously distributed over the
surface with crystal size up to approx. 60 nm. The surface
roughness was less than 10 nm (as measured by AFM). The
observed difference in the surface morphology of nanocrystal-
line diamond films deposited on silicon and on glass substrates
seems to originate from a nucleation procedure. In the case of Si
substrate, the bias enhanced nucleation procedure was used.
However, the final film morphology was very sensitive to this
procedure, mainly to the optimal process parameters and dura-
tion time [22]. In the case of glass substrates, the mechanical
seeding procedure was used with the bath consisting of 5 nm
diamond powder. Presently, this procedure was well optimized
in our laboratory. The achieved nucleation density is very high,
in order of 1012 cm−2, as observed by AFM [23]. It is believed
that the high nucleation density allows us to grow fully closed
nanocrystalline diamond films of very low thickness (40 nm).

Another important parameter for the growth of a diamond
thin film is its adhesion to the foreign substrate. In our case
it was observed that the adhesion of NCD films to silicon
substrates was very good and independent on the growth tem-
perature or the film thickness. This was not the case for the
deposition on glass substrates. It was observed that thick
nanocrystalline diamond films (N600 nm) have tendency to
delaminate spontaneously from the glass substrate due to the
very different thermal expansion coefficient of the diamond and

Fig. 1. Raman spectra of NCD films deposited on a silicon substrate (400 and
500 °C), on a low alkaline borosilicate glass and on a soda-lime glass (370 °C).
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glass substrate. In addition, the successful growth of NCD film
on a soda-lime glass was possible only in the case of low
temperature process, i.e. TS≤400 °C. All NCD thin films
successfully deposited on glass substrates exhibited excellent
optical transparency in a broad spectral range from infrared to

ultraviolet light [24]. The measured transparency was sup-
pressed due to the glass substrate. The calculated refractive
index of the NCD films was 2.2–2.4, close to the single crys-
talline diamond (2.41).

The growth rate monotonically decreased from 620 to
10 nm/h with the substrate temperature decreasing from 1100 to
370 °C. No significant difference between the growth rate of
NCD film on silicon or on glass substrate was observed. The
calculated activation energy of the NCD growth on silicon, as
calculated from an Arrhenius plot of the growth rate versus a
reciprocal substrate temperature, was 9 kcal/mol [24]. That
value indicates that such a growth process is limited by the
temperature controlled chemical process, most probably by the
removal of surface bonded hydrogen atoms from the carbon
sites [25].

The delay time required to initialize the diamond growth for
a certain substrate temperature was calculated from a linear fit
of the dependence of film thickness on the deposition time for a
constant substrate temperature. Table 1 summarizes the delay
time values for various substrate temperatures. The value of
delay time monotonically increases from approx. 2 min up to
2 h with a decreasing substrate temperature from 890 to 380 °C.
It indicates that early stage of the growth is drastically hindered
for the low temperature regime. Generally, the delay time was
discussed and modelled as a function of several processes, like
the type of the nucleation procedure, thermodynamic condi-
tions, homogeneous and heterogeneous kinetics, implementa-
tion of a classical nucleation theory, adsorption–desorption
kinetics and equilibrium conditions [26]. Some authors relate
the delay time directly to the nucleation procedure in a steady-
state regime [27–31]. However, due to nanocrystalline diamond
seeding procedure used, it is not in our case. Our nucleation
density is extremely high and the growth in the first assumption
is similar to “homo-epitaxy”, which starts the growth on the
nano-sized diamond crystallites remaining on the substrate
surface after the nucleation procedure. In this case, the time
needed for initializing the diamond growth can be prolonged i)
due to possible reactions of carbon species with the substrate
and ii) due to specific modification and stabilization of the
nano-sized diamond nuclei (used in the mechanical seeding
procedure). Both these processes need some favourable energy
and can be strongly dependent on the temperature. Thus, a
particular process or specific chemical reaction is strongly
dependent on the temperature. When the nucleated surface is
covered by nano-sized diamond crystallites, it is proposed that
the less dominant role in the initialization of diamond growth
seems to be a surface diffusion of carbon species to active sites.

The main origin for an increased initialization time for
diamond growth (i.e. delay time) needs more detailed study and
is under investigation. It is believed that the optimization of the
early growth stage can significantly lower this delay time and so

Table 1
Calculated values of delay time for the NCD growth for various substrate
temperatures

Substrate temperature [°C] 890 500 450 380
Delay time [min] 2 63 72 ∼120

Fig. 2. Surface morphology of NCD films grown at low substrate temperatures
on silicon (a) and on glass substrates (b, c).
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shorten the total time for achieving fully closed nanocrystalline
diamond film at temperatures as low as 370 °C.

4. Conclusions

Nanocrystalline diamond thin films were deposited in a wide
temperature range, varying from 370 to 1100 °C. The NCD
films were grown on silicon and glass substrates. The successful
low temperature process allowed the deposition of NCD films
over glass slides of standard size 1×3″. Decreasing the substrate
temperature resulted in the increase of non-diamond carbon
phases mainly in the case of silicon substrates. Surface mor-
phology of NCD films grown on glass substrates was found to
be more homogeneous and we were able to grow very thin
(above 40 nm) and fully closed films. Finally, a drastic increase
in the delay time for the nanocrystalline diamond growth was
observed for the low substrate temperature range. The origin for
this behaviour seems to be due to the temperature dependent
process for preparing ready-active surface for the diamond
growth during the early growth stage.
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The process parametric window for diamond deposition using

the chemical vapor deposition at low pressures is quite limited

where addition of oxygen in the gas phase broadens this

window. The lower boundary of the lens-shaped domain

in C–H–O ternary diagram concurs with the H2–CO tie-line

(C/(CþO)¼ 0.5). In this work, we present the set of experi-

ments where the ratio of C/(CþO) was kept at a constant value

0.385. The effect of hydrogen concentration (ratio O/(OþH)

varied from 0.047 to 0.364) on plasma characteristics and

deposited NCD films were investigated. Raman spectroscopy

confirmed the diamond character of all deposited coatings while

scanning electron microscopy showed transformation from not

closed to continuous film and further decrease of grain size and

finally growth of diamond nanowires while decreasing hydro-

gen concentration in a gas mixture.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction New routes of diamond depositions are
of interest due to demands of a high quality and quantity
samples. Diamond exhibits a unique combination of physical,
mechanical, chemical, optical, and electrical properties while
keeping its high biocompatibility [1]. In the chemical vapor
deposition (CVD) of diamond films, oxygen in the precursor
gases either as a pure O2 or in the form of some oxides like CO2

or CO is added to a CH4/H2 system to obtain higher growth
rate and/or an improvement of quality of resultant films [2–5].
Several authors have discussed the role of oxygen in improved
diamond growth due to (i) increasing of concentration of atomic
hydrogen [4], (ii) higher reactivity of –OH radicals [5–7], or
(iii) change of electron temperature/density in the plasma [8, 9].

The first C–H–O phase diagram introduced by Bachmann
et al. [10], and revised later on [11], provides a common
scheme for diamond CVD methods based on experimental
results. The calculated phase diagram was presented by
Wang et al. [12] where further specifications and modifi-
cations were done [13, 14].

In this work, we present the CVD deposition of diamond
coatings at the growth/no-growth edge of ‘‘phase diagram’’.
The CVD growth is done by using a low-pressure linear
antenna microwave plasma CVD system.

2 Experimental Diamond thin films were grown on
(100) oriented silicon substrates in size 10� 10 mm2. Before
the CVD growth, Si substrates were ultrasonically pretreated
in a suspension of deionized water and ultradispersed
detonation diamond powder (diameter 5–10 nm, New Metals
and Chemicals Corp. Ltd., Kyobashi) [15]. Previously, we
have shown that this procedure yields high seeding densities
in the range up to 1011 cm�2. The growth of diamond
coatings was realized by the linear antenna microwave
plasma enhanced CVD deposition system [16]. This system
utilizes a lower pressure range than the commonly known
‘‘ball’’ shaped plasma. Thus, the diamond deposition is done
at much larger distance substrate-to-plasma. Diamond
coatings were grown from a gas mixture of methane in
hydrogen (up to 20% in H2) and carbon dioxide (up to 80% in
H2). Process parameters: microwave powerP¼ 2� 1700 W,
total gas pressure p¼ 0.1 mbar, gas ratio CH4/CO2¼ 0.25,
the substrate temperature Ts� 550 8C and deposition time
t¼ 15 h, were kept constant for all the experiments. Series of
experiments were prepared where H2 flow varied to keep the
gas ratios summarized in Table 1.

Surface morphology, grain size, and thickness of the
deposited coatings were characterized by scanning electron
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microscopy in top and cross section views (SEM, e_LiNE
writer, Raith GmbH). Diamond character of films was
determined by Raman spectroscopy (Renishaw In Via Reflex
Raman spectrometer, excitation wavelength of 325 nm).
Optical emission spectroscopy (OES) measurements were
done during the deposition process. Imaging spectrometer
Jobin Yvon with a focal length 500 mm and a diffraction
grating 1200 g mm�1 was used. The emitted light was
studied at the distance z¼ 10 mm perpendicular to the axis of
the linear antenna tube. The emissions were collected by
means of fiber-optic cable fitted with a 50 mm long,
cylindrical (ø10 mm) collimator, pointing perpendicularly
toward the antenna–substrate axis. The diffracted light was
detected by CCD detector which’s sensitivity was calibrated
on relative spectral intensity by tungsten lamp.

3 Results and discussion According to nomencla-
ture in Bachman et al. [10], Table 1 summarizes carbon:hy-
drogen:oxygen ratios of the corresponding gas phases, i.e.
coordinates of data points in the atomic C–H–O phase
diagram shown in Fig. 1.

Figure 1 shows feed gas composition points in the
modified lens-shaped C–H–O phase diagram by Bachman
et al. [11]. Regions of diamond growth, non-diamond
growth, and no deposition are depicted. Due to the fact that
only H2 gas flow was changed in our experiments, all
coordinates lie in the gas mixture line C/(CþH)¼ 0.385
(see yellow line in Fig. 1). Although this line falls into the no
deposition region we have still observed and confirmed a
deposition of diamond coatings with varied morphologies.
The origin for this observation can have few explanations.
First one is a different design of linear antenna plasma
system, which utilizes lower-pressure plasma than com-
monly used ‘‘ball’’ shaped plasmas where substrate is not
in a ‘‘close’’ contact with plasma [16]. Over the longer
plasma–substrate distance, the active oxygen containing
species might recombine, i.e. the reaction chemistry with
them should be lower. Second one, a total pressure should be
taken into account during the construction of Bachman
diagram as the diamond domain widens with decreasing
pressure which in our case is by one to two orders lower
than in common diamond deposition systems [13]. Last, the
deposition temperature has to be also taken into account,
which was lower in our experiments as compared to common
ones. The calculated phase diagrams by Wang et al. [12]
showed that for the process conditions as temperature higher
than 700 K and the pressure range from 0.01 to 100 kPa, the
C/(CþH)¼ 0.385 line copied the edge between diamond
and no diamond region.

The development of the layer morphology with decreas-
ing H2 gas flow, i.e. H/(HþC) ratio is shown in Fig. 2.
First, morphology of sample S1 reveals the nanocrystalline
diamond grains in size 20–40 nm and not fully closed layer is
observed. An estimated surface coverage is about 80%. The
suppression of grain growth accompanied by decreasing
in nucleation density should be caused by a ‘‘high’’ amount
of hydrogen and thus, etching by hydrogen atoms can
dominate over the diamond deposition. Sample S2 shows
high quality polycrystalline diamond film with the grain
size in the range of 50–150 nm and a visible development
of diamond nanocrystal faceting is well observed. Due to
reduced H/(HþC) ratio, the deposition of diamond phase
dominates above the etching (sample S1). We assume that
the nucleation layer survived at its high density (up to
1011 cm�2) [17] and the growing grains compose fully closed
diamond film. Further, reduce of the H/(HþC) (i.e. to 0.898)
gives a rise to the influence of CO2 in the gas mixture.
The SEM image of sample S3 reveals a flat surface with
fine granular structures (20–40 nm), i.e. morphology similar
to our previous results [16]. Further decrease of hydrogen
concentration exhibits a similar surface morphology while
finer structures is observed (sample S4).

A drastic change in the film morphology is seen for
sample S5 where formation of diamond nanowires is
observed. We assume that at such high CH4 concentration
(20% in H2), which would usually cause the deposition of
‘‘black’’ sp2 rich diamond films is effectively compensated
by a high value of CO2 concentration (80% in H2). It is well

Phys. Status Solidi B 249, No. 12 (2012) 2613

Original

Paper

Table 1 The deposition process gas flow concentrations, atomic
ratios and corresponding description of the samples.

sample [CH4] in
H2 (%)

[CO2] in
H2 (%)

O/(OþH) H/(HþC)

S1 1.25 5 0.047 0.970
S2 2.5 10 0.087 0.944
S3 5 20 0.154 0.898
S4 10 40 0.250 0.828
S5 20 80 0.364 0.737

Figure 1 (online color at: www.pss-b.com) The modified C–H–O
feed gas compositional ternary plot based on Bachman et al. [11]
with depicted sample S1 to S5 positions.
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known that oxygen etching occurs also at lower temperatures
and proceeds at much higher rates [18].

Figure 3 shows Raman spectra of diamond coatings
for a varied hydrogen flow. In the Raman spectra are
identified three basic peaks. The diamond characteristic peak
centered at 1331 cm�1 [19] is observed for all samples. Two
broad bands cantered at 1350 and 1580 cm�1 are attributed
to D and G bands [20]. Left shoulder of D band indicates
the presence of additional broad sub-band centered at

1160 cm�1 which should be attributed to the trans-poly-
acetylene groups (C–H bonds).

Sample S1 reveals only diamond 1331 cm�1 peak
because other non-diamond phases are effectively etched
by hydrogen. Low intensity is given only due to time
integration constant and low film thickness. For decrease of
H concentration in the samples S2, S3, and S4, increasing of
D and G bands is observed which is most probably due to
the increase of methane concentration. Also, formed films
consisted of smaller grains, i.e. grain boundary surfaces
increased (see SEM images Figs. 2-S2 to 2-S4) and it is
known that sp2 bonded phases of carbon are preferentially
localized along grain boundaries [21]. For sample S5, a sharp
diamond peak becomes dominant, D and G bands become
lower in their intensity and band at approx. 1160 cm�1 is
significantly suppressed down to the resolution limits of
our measurement set-up. This indicates a clear diamond
character of grown nanorods.

It should be noted that the deposition rate (resp.
thickness) monotonically increased from 3 to 30 nm h�1

with lowering the concentration of H2 in the gas mixture.
Saturation of growth rate was observed for Sample S5.
We experimentally observed that the CVD process running
without using H2 gas (CH4 only as a source of H atoms), no
diamond growth was achieved, i.e. the deposition rate was
0 nm h�1.

Further, we calculated the excitation temperature in
the close vicinity of the plasma source, which was �4500 K
independent on the gas mixture composition. Saturation
level of CO/Hb emission intensity was found until hydrogen

2614 Š. Potocký et al.: Linear antenna microwave plasma CVD diamond deposition
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Figure 3 (online color at: www.pss-b.com) Raman spectra of
deposited samples S1 to S5.

Figure 2 (online color at: www.pss-b.com) SEM images of the deposited samples S1 to S5.
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reduction H/(HþC) down to 0.898. The CO/Hb emission
intensity decreased by factor 0.5 at the lowest H2 gas flow.

4 Conclusions In the presented work, we have
investigated the influence of gas feed composition in
C–H–O system for diamond deposition at the edge of
diamond growth and no-growth regions. The deposition
process was monitored by OES. Diamond coatings were
characterized by Raman spectroscopy and SEM.

According to diamond peak in Raman measurements, we
have successfully grown diamond coatings in/along the no
diamond growth region due to the specific system set-up.
Decreasing of the hydrogen concentration caused (i) increase
in deposition rate maintaining good quality, (ii) change of
morphology from discrete diamond grains over hundred
nanometer well faceted grains, finer tens nanometer granular
structures (�30 nm) to porous diamond nanowires, (iii) the
presence of the non-diamond phases mostly located along
grain boundaries which is later reduced by substituted
oxygen.

An interesting feature was a monotonic increase in the
deposition rate with increasing CH4 and CO2 concentration
in the gas mixture. It is still an opened question if the CVD
process is dominated by carbon from CO2 or by suppressing
of H2 etching due to lower concentration. The influence of
substrate temperature (not discussed in this article) to the
deposition rate is prominent due to a temperature controlled
growth process [22].
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The influence of deposition conditions on the diamond thin film growth in linear antenna microwave plasma sys-
tem, also known as surface wave plasma reactor, is presented in this study. Depending on the process pressure the
two growth regimes were identified. At high pressures (over 50 Pa) dominates the re-nucleation regime that re-
sults in ultra-small diamond crystals, while at low pressures (below 10 Pa) dominates the lateral growth regime
that leads to formationof large diamond crystals. Next, itwas shown that the distance of substrates from “hot”plas-
ma region influences the diamond growth kinetics and results in growth regimes shift. Altogether, the observed
results contribute to a better understanding of the diamond growth phenomena in surface wave plasma systems.
Thus, it allows controllable growth of diamond films with tailored properties (morphology, roughness, etc.).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Diamond thin films due to inherent combination of outstanding
properties are traditionally considered as promising candidates for a
wide range of applications, e.g. micro-electro-mechanical systems,
surface acoustic wave devices, optical elements, and biosensors. [1–3].
On the other hand, there are several limitations for their broad usage.
One of them is the lack of a reliable technique for uniform diamond de-
position on industrially relevant areas. This demand could be covered,
for instance, by using of surface wave plasma (SWP) systems.

The SWP systems are well working for solar cells and semiconductor
industries, however, their use for diamond film deposition started only
recently [4–7]. As it was found, SWP has a great advantage comparing
to focused plasma [8,9] or hot filament [10,11] reactors which are gener-
ally used for diamond chemical vapour deposition (CVD). Potentially, the
deposition area of thediamondfilms in the SWP system could be as large
as 1 m2 or even more, depending on the antennas' configuration. The
next important advance of SWP reactors comparing to standard focused
plasma or hot filament systems is a lower substrate loading by tempera-
ture and plasma in general [4,12]. This, for example, gives opportunity to
deposit diamond on temperature sensitive optical elements [13].
Moreover, the large distance to plasma region (several cm) allows
diamond deposition on the 3D substrates [14] or substrateswith compli-
cated geometry.

However, together with the aforementioned advances, the SWP
systems have their own drawbacks. For example, the plasma density

and the expansion in the SWP reactor chamber are significantly affected
by the process pressure [15]. Next, themaximal diamond growth rate in
the SWP system ismuch lower comparing to focused plasma [8,9] or hot
filament [10,11] reactors. Thus, the issue of successful diamond CVD in
SWP systems is attractive but challenging. For example, one of the pos-
sible solutions to enhance the growth rate is the addition of oxygen con-
taining gases to the process gasmixture [7,9,16]. The other possibility is
increasing themicrowave power [6]. However, in this case the substrate
heating by plasma will increase as well. Therefore, the aim of any tech-
nological effort is to determine the stable SWP conditions suitable for
CVD of diamond films of required properties.

In the presentworkwe discuss the effect of pressure on the diamond
growth by linear antenna pulsed microwave plasma CVD system.
Depending on the process pressure we identify two main diamond
growth regimes. In the case of diamond deposition at high pressure
(over 50 Pa, low plasma volume) we observed the dominance of the
so-called re-nucleation regime which led to the growth of ultra-small
diamond crystals. On the other hand, the larger diamond crystals
formed at low pressure processes (below 10 Pa, high plasma volume)
are attributed to the dominance of lateral growth. Complementary to
pressure dependence the influence of distance from antennas to the
substrate (4 or 7 cm) was also studied.

2. Material and methods

The one-side polished Si (100) wafers (in size of 1 × 1 cm2) were
used as substrates. The ultrasound agitation in water based diamond
nano-powder suspension (powder from Metals and Chemicals Corp.
Ltd., Kyobashiwith size distribution 4–5 nm)was utilized as the seeding
technology [7]. The diamond depositions were performed in the large
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area linear antenna microwave plasma (LAMWP) system (modified AK
400, Roth& RauMicroSystems). As it was aforementioned this system is
based on the surface wave propagation and plasma ignition along linear
antennas. The process gas mixture was 2.5% of CH4 and 10% of CO2 in
hydrogen atmosphere [7,13]. The process pressure was set at a value
within the range from 8 Pa to 100 Pa. The other growth parameters
were as follows: microwave power 1700 W and substrate temperature
maintained in the range 550–560 °C by resistive heating adjusting. The
time of each deposition was 20 h while the films thickness varied from
60 nm to 280 nm. The experiments were realized at two constant
distances of the substrate holder from antennas: far position (the
distance from substrate holder to antennas is 7 cm) and close position
(the distance is 4 cm).

The study on plasma discharge was realized by optical emission
spectroscopy (OES) using Jobin Yvon imaging spectrometer with focal
length of 500 mm and diffraction grating of 1200 g/mm. The spectral
resolution in this configuration is 0.06 nm in the collected spectral
region (280 nm to 890 nm). The emitted light was collected at two po-
sitions (far and close) related to the substrate holder position during the
deposition process. The emissions were collected by the fibre-optic
cable with 50 mm long, cylindrical (ø10 mm) collimator, placed
perpendicularly to the antennas axis. The diffracted light was detected
by CCDdetector (1024×512 pixels). For atomic hydrogen amount eval-
uation spectra were collected within the pressure range from 7 Pa to
150 Pa using Ar addition to the process gas mixture. The sensitivity of
CCD detector was calibrated on relative spectral intensity by tungsten
lamp with known relative spectral radiation distribution.

After the diamond deposition the samples were analyzed by Raman
spectroscopy (inVia Reflex Raman microscope, Renishaw, excitation
wavelength 325 nm) and scanning electron microscopy (SEM, e_LiNE
system writer, Raith).

3. Results

Fig. 1 shows the distribution of the Ar plasma discharge in LAMWP
system at two different pressures: 100 Pa and 10 Pa. From the photos
it is evident that at high pressure the plasma is localized in a close vicin-
ity to the antennas (Fig. 1a), while at low pressure it expands towards
the substrate holder (Fig. 1b) which in this case is at the distance 7 cm
from antennas. In our previous study it was observed that when the
pressure is reduced from 150 Pa to 10 Pa, the plasma density at the

proximity of the substrate holder increased by 3 orders of magnitude
[15]. This gives the evidence of pressure effect on plasma species distri-
bution in the process chamber.

The representative plasma emission spectra in the region of
350–700 nm collected by OES at three different pressures are shown
in Fig. 2. While Fig. 2a shows spectra related to the far distance of sub-
strate holder from antennas, Fig. 2b shows spectra related to the close
distance of substrate holder to antennas.

All measured emission spectra are dominated by the Hα line
(off scale) at 656.3 nm and Hβ line at 486.1 nm (Balmer series) [21,22].
A broad region from 580 nm to 640 nm in the spectra is attributed to
the hydrogen molecular bands (Fulcher-α region) [6,23]. The other ob-
servable spectral lines are attributed to Hγ at 434.1 nm, Hδ at 410.2 nm
(Balmer series), C2 emission bands between 450 and 475 nm, CO at
493.7 nm and 518.7 nm, CH+ between 417 nm and 422 nm and C3 at
406 nm [21,22,24]. In the shown spectra (Fig. 2) the highest intensity
of all spectral lines in the case of far distance position was at 8 Pa while
in the case of close distance position the highest intensity was observed
at 20 Pa.

The evaluation of hydrogen amount in the chamber was done ac-
cording to the calculated ratio of Hα line (656.3 nm) to Ar line
(750 nm) intensities (Fig. 3) in the pressure range of 7–150 Pa for far
and close substrate holder distances from antennas respectively. The
calculated ratio in both cases with pressure increasing from 7 Pa to
150 Pa increases up to the maximum value (estimated as the highest
hydrogen amount) and then decreases. For the far distance the highest
valuewas found at pressure 15 Pawhile for the close distance position it
was found at pressure 20 Pa (i.e. shifted towards the higher pressures).
From the pressure 75 Pa to 150 Pa the calculated ratios for far and close
distances were similar.

The morphologies of diamond films deposited at different pressures
(arranged from100Pa to 8 Pa) and twodistances of the substrate holder
from antennas are shown in Fig. 4. The insets give detailed image of
samples with small grains. The far distance samples (substrate holder
distance from antennas is 7 cm) grown at pressures from 100 Pa to
30 Pa have similarmorphologywhere diamond crystal size is estimated
as b30 nm (Fig. 4a–c). Besides, for pressures 50 Pa and 30 Pa the non-
negligible formation of ballas-like structures [2] in size of up to
200 nm for 50 Pa and up to 300 nm for 30 Pa was observed. For sample
deposited at 20 Pa, the 100 nm large irregular clusters are observed
(Fig. 4d). The deposition at 10 Pa resulted in the growth of large

Fig. 1. The Ar plasma discharge in the linear antenna microwave plasma system at high (a) and low (b) process pressure (100 Pa and 10 Pa, respectively).
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diamond crystals (up to 200 nm) with cracks and defects (Fig. 4e). Fur-
ther pressure decreasing to 8 Pa led to the growth of diamond film
consisting of randomly oriented diamond crystals with clear facets
(Fig. 4f). The maximal size of the crystals is up to 200 nm.

Concerning the close distance samples (substrate holder distance
from antennas is 4 cm) they have similar morphologies comparing to
far distance samples, but the evidence of large diamond crystals forma-
tion is shifted towards higher pressures (Fig. 4g–l). Formation of
ballas-like structures (up to 300 nm in size) was found only for samples
deposited at a pressure of 100 Pa. The other important difference be-
tween close distance and far distance samples is found for films deposit-
ed at 8 Pa (Fig. 4f,l). In this case, for close distance samples (Fig. 4l) the
porous layer formationwith features up to 600 nm in size was observed.

Raman spectra of the grown films are shown in Fig. 5 and they
correlate well with the SEM images. The measured spectra are
typical for diamond films: the G-band (graphitic) centred at
1570–1600 cm−1, D-band (disordered) at 1350–1400 cm−1, diamond
peak at ~1332 cm−1, and the band related to transpolyacetylene resi-
dues at grain boundaries (1150–1170 cm−1) [17–19]. The intensity of
the detected peaks depends on the ratio of sp2 to sp3 carbon bonds in
thefilm. The presence of sp2 carbon bonds (graphitic phases) is attribut-
ed to bands around 1570–1600 cm−1 and 1350–1400 cm−1 [17,18],
while the diamond peak at 1332 cm−1 is related to sp3 carbon phase.
The quality of diamond is usually characterized by the ratio of sp3 to
sp2 carbon bonds, i.e. by ratio of diamond to non-diamond phases. The
diamond films quality was evaluated regarding to collected Raman
spectra. The low ratio of diamond to non-diamond phase is often attrib-
uted to the nanocrystalline character of diamond films with a large
amount of grain boundaries (rich in graphitic phase) [17–19]. On the
other hand, high ratio of sp3/sp2 (i.e. dominating peak at 1332 cm−1)
indicates higher quality of diamond films with larger grains and less
grain boundaries [17–19].

Fig. 6a shows the ratio of diamond to non-diamond phases of the
deposited diamond films (extrapolated from Raman spectra) as the
function of pressure. The diamond film quality (primarily attributed to
amount of diamond phase) was evaluated according to calculations
from the fitted Raman spectra of samples using the following equation:
Idiam / (ID + IG), where Idiam is the diamond peak area at a frequency of
∼1332 cm−1, while ID and IG represent the band areas at
∼1340–1380 cm−1 and ∼1500–1600 cm−1, respectively (the origin of
these bands was described above). No correlation factor for sp3 or sp2

was used, thus the ratio represents only the trend in film quality and
is a qualitative data. At high pressures, i.e. ≥30 Pa for far distance sam-
ple and ≥50 Pa for close distance sample, the ratio of Idiam/(ID + IG) is
low which indicates high amount of non-diamond phase in the films
[20]. This ratio increases with pressure decreasing (Fig. 6a). The slope
of the plotted data from 10 Pa to 30 Pa for far distance samples and
from 20 Pa to 50 Pa for close distance samples copies each other,
which also indicates the shift of growth kinetic for different distances
to antennas. The decrease of sp3/sp2 ratio for close distance samples at
low pressures ≤10 Pa in the graph is not clear yet; we supposed, it
could be related to the porous-like character of this film (Fig. 4l) or
decreased film thickness.

Fig. 6b summarizes the growth rates of deposited samples calculated
from the film thicknesses. The growth rate reaches maximum
(i.e. 13–14 nm/h) at process pressure of 20 Pa or 30 Pa for far and
close distances, respectively.

4. Discussion

The spectra collected by OES in the LAMWP system (Fig. 2) is a com-
bination of emission caused by a continuous recombination radiation
emission in the UV region, spectral emission lines from excited atoms
and spectral emission bands from excited molecules. Concerning the
observed emission lines it is necessary to mention the following.
Although, typical for diamond CVD, C2 emission bands between 450
and 475 nm were observed in the spectra, they were rather weak
comparing to those reported by other authors [21]. On the other hand,
we observe evidence of CO lines at 493.7 nm and 518.7 nm (more evi-
dent for higher pressures) and CH+ lines between 417 and 422 nm in
the spectra [21,22,24]. Surprisingly, we found no (or negligibly weak)
evidence of CH line at 431nm [21,22]. The emission related tomolecular
hydrogen was observed in the range of 580–640 nm [6,23]. For now the
role of these differences between typical CVD process and process in
LAMWP system is not clear, primarily due to not many publications re-
lated to OES in SWP systems. We propose that better understanding of
possible chemical reaction in SWP requires the simulational study that
will take into account chemical composition changes with increasing
distance from hot plasma region (near antennas). Nevertheless, the
SEM(Fig. 4) observation andRaman spectra (Fig. 5)measurements con-
firmed diamond growth by the LAMWP system and give practical out-
put for diamond growth with tailored properties.

Fig. 2. The representative plasma discharge spectra from LAMWP system collected by OES at different pressures and far (a) and close (b) distance to antennas.

Fig. 3. The calculated from emission spectra ratio of Hα line (656.3 nm) intensity to Ar line
(750 nm) intensity as the function of pressure.
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With regard to our previous observations of plasma density increas-
ing [15] and changes of emission line intensity depending on distance to
antennas and pressure (Figs. 2 and 3) we assume changing of process
chemistry in the close vicinity of substrates. Based on SEM and Raman
measurements (Figs. 4 and 5) we propose that the diamond re-
nucleation is the dominating growth process at the high pressure
(≥50 Pa) depositions which results in diamond films with ultra-small
crystals [2,20]. The low pressure depositions (≤10 Pa) are characterized
by the dominance of the lateral diamond growth [2,20]. These differ-
ences in the growth processes can be explained by the following. It is
recognized that atomic hydrogen is one of the most important compo-
nents for successful diamond growth [2], involved in: (i) etching of
non-diamond phases, (ii) stabilization of sp3 dangling bonds and (iii)
enhancing of the dissociation reactions [11,25,26]. At high pressures
the recombination rate of atomic hydrogen increases, thus its concen-
tration decreases [27]. On the other hand, at low pressures the plasma
density and thus species concentration is low [26]. This statement is
supported by the trend shown in Fig. 3. Here, with pressure increasing
from 7 Pa to 150 Pa the ratio of Hα line to Ar line intensities increases
up to the maximal value (correspond to observed high growth rate in
Fig. 6b) which is estimated as the peak of atomic hydrogen amount
and then decreases which let us claim that hydrogen concentration in
the substrate vicinity decrease as well. Tsugawa et al. pointed out the
importance of hydrogen and growth species diffusion out from the hot
plasma region [28,29] which allows diamond deposition at far distance.
The indication of this could be found in Fig. 3 where the ratio of Hα line

to Ar line intensities for close position generally are higher than that for
far position (higher hydrogen amount). Lowering the process pressure
from high values leads to increasing the mean free path of particles in
plasma and thus change in the amount of atomic hydrogen and growth
species (or simply plasma density [15]) in the close vicinity to the sub-
strate [11,25,27] and Fig. 2. Besides, in our gas mixture we used 10% of
CO2 (regarding to hydrogen) that also influenced the growth regime
[9,16]. The oxygen-based species partially replaces the role of hydrogen
(e.g. etching of non-diamond phases) which is mainly taking the role at
low temperature processes [16] and enhances the growth rates [9].

On the basis of calculated growth rates (Fig. 6b) and keeping inmind
our previous observation of plasma density behaviour [15] and mea-
sured OES data (Figs. 2 and 3) we can compare the growth kinetics for
different pressures. As it was shown, despite the similar morphology of
diamond films grown at far distance and pressures ≥30 Pa (Fig. 4a–c),
the growth rate is increased from approximately 3 nm/h at pressure
100 Pa to 6 nm/h at 30 Pa (Fig. 6b), together with diamond quality
(i.e. slightly increased amount of sp3 carbon forms, Fig. 6a). That is
well agreed with the increasing of the growth species concentration
(due to plasma expansion) according to Refs. [11,15,25,27] and OES ob-
servation (Figs. 2a and 3) and thus faster carbon deposition. However,
the lack of proper species for the lateral growth (e.g. atomic hydrogen
as can be seen from Fig. 3) leads to the formation of small diamond crys-
tals [11,20]. The origin of larger clusters (Fig. 4b, c) observed on the
films deposited at pressures 50 Pa (clusters up to 200 nm) and 30 Pa
(clusters up to 300 nm) is not fully clear yet. As it can be seen from

Fig. 4. SEM images of diamond films deposited at far (a–f) and close (g–l) distance of substrates to antennas and at different pressures varied from 100 Pa to 8 Pa; i.e. a), g) 100 Pa, b),
h) 50 Pa, c), i) 30 Pa, d), j) 20 Pa, e), k) 10 Pa, and f), l) 8 Pa. The insets give detailed view of films with small grains. The arrows in the figure highlight the same morphology (i.e. the
same growth regime) of diamond films deposited at ‘close distance’ compared to ‘far distance’.

Fig. 5. Raman spectra of diamond films deposited at different pressures and at far (a) and close (b) distance of the substrates from the antennas.
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the insets these features are formed (or covered) from the small dia-
mond crystals. We assume that its formation could be attributed to
plasma-nucleated crystals as proposed by Tsugawa et al. [28] or dust
particles [22]. The growth rate reaches the maximum value (13 nm/h)
for sample deposited at 20 Pa (Fig. 6a), and the diamond film quality
increases too. The highest growth rate supposes the optimal surface re-
actions, i.e. diamond film deposition and by-products removing [11,26],
which agrees with the relatively high amount of hydrogen according
Fig. 3. Further decrease of the pressure to 10 Pa resulted in the formation
of diamond crystals with evident facets (Fig. 4e) and higher sp3/sp2 ratio
(Fig. 6a), but lower growth rate (10 nm/h in Fig. 5). In this case, the atom-
ic hydrogen localized at substrate surface due to low pressure in high
concentration [27], etches sp2 carbon forms and enhances the formation
of higher quality diamond crystals. The growth rate decrease, probably, is
the indication of growth species decreasing affected by pressure [26].

Finally, the highest quality diamond film was observed at the
pressure of 8 Pa, but its growth rate decreased to 6 nm/h. This could
be attributed to the drop of the plasma density (i.e. less growth species)
rather than to high atomic hydrogen amount [16,27–29]. Indeed, in
Fig. 3 it is shown that intensity of hydrogen signal is decreasing with
pressure decreasing from 15 Pa to 7 Pa. Nevertheless, the amount of
atomic hydrogen should be high enough for crystal formation.

In the case of diamond films deposited at close distance to antennas,
similar dependences were observed. However, due to the shorter dis-
tance from the substrates to the hot plasma region the growth regimes
are shifted to higher pressures. This is attributed to the distribution of
growth species and active radicals whose density changes “vertically”
in the plasma (compare spectra in Fig. 2 and trends in Fig. 3 for far
and close distance). The diamond growths rates for pressures up to
20 Pa are nearly the same as in the case of far distance samples or slight-
ly lower (Fig. 6b). Probably, this is affected by process chemistry near
the samples' surface (more efficient etching) because plasma density
(and thus concentration growth species) must be high enough [15].
The growth rates from 20 Pa are slightly higher for close distance than
for far distance. It is supposed that this effect appears only due to the
increased amount of growth species (e.g. hydrogen according Fig. 3),
because the temperature increasing (due to closer position to hot
plasma region) was compensated by lower resistive heating of the
substrate holder.

It should be mentioned that the substrate holder position clearly in-
fluences the morphology of grown diamond films and the growth rates
(shift of large grain formation towards the higher pressure for close
position). The high influence of substrate holder position was observed
for the deposition homogeneity within the process area as well. The
temperature and plasma load of samples placed closer to antennas
(hot plasma region) is increased comparing to those at far position. In
our case the system design prohibits sample positioning at close vicinity
to antennas due to low plasma stability. It seems to be that further ap-
proaching of the samples towards the antennas (hot plasma region)
will approximate the process conditions to focused plasma systems,

i.e. the case of Bachman's diagram and no diamond growth due to
very high etching rate caused by oxygen [2,20,26]. In the hot filament
system the distance tofilaments (hot active species) significantly affects
the diamond film morphologies and growth rate trends [25,27,30].
Nevertheless, the formation of small grained diamond films at low
pressures is generally observed [25,27,30]. The observed trends of dia-
mond film growth in the LAMWP system demonstrate the difference
of this system from typical focusedMWplasma or hot filament reactors.

5. Conclusions

We studied the influence of pressure on the diamondfilm growth by
the linear antenna pulsed microwave plasma CVD system at two differ-
ent distances of the substrates from antennas (i.e. 7 and 4 cm). We ob-
served that depending on the process pressure two main diamond
growth regimes are identified. In the case of high pressure deposition
(over 50 Pa, at low plasma volume) we suggest the dominance of the
re-nucleation regime and thus growth of diamond film with ultra-
small crystals. On the other hand, the larger diamond crystals formed
at low pressure (below 10 Pa, at high plasma volume) were attributed
to the dominance of the lateral growth. We demonstrated that closer
substrate distance to the antennas shift the formation of large diamond
crystal towards the higher pressures. We proposed that these observa-
tions are caused by different plasma densities or concentration of the
growth species in the substrate vicinity. Altogether, the observed results
contribute to better understanding of the diamond growth phenomena
and mastering of diamond film growth in the surface wave plasma
systems.
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The versatility of linear antenna microwave plasma system,
growth of diamond films with variable grain sizes, and efficient
synthesis of oriented carbon nanotubes when combined with
radiofrequency substrate bias were studied. Grown diamond
films and carbon nanotubes are characterized by Raman
spectroscopy and scanning electron microscopy. Successful
surface functionalization of carbon nanotubes without their

destruction is shown in agreement to plasma state as measured
by Langmuir probe. We show that diamond growth from large
to ultra-small size grains can be easily driven by total gas
pressure. Langmuir probe measurements indicate low electron
effective energy at substrate position and higher ion energy at
the lowest total gas pressure.
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1 Introduction Demand on the growth of diamond,
CNT, graphene, and other carbon allotropes over large areas
with tunable morphological properties are a driving force for
relatively matured state of classical microwave plasma
chemical vapor deposition (CVD) techniques. A versatile
deposition system can benefit from the multicomponent
material deposition by a simple change of process
parameters. Design and optimization of microwave plasma
reactors is dominated by high pressure systems (10–
100 kPa). However, such high pressure microwave plas-
ma [1] is limited in the plasma volume represented either by
a ball or an ellipsoid in a typical diameter up to 7 cm [2].

Instead of high pressure systems, microwave surface
wave (MW-SW) plasma utilizing linear antenna(s), or slot
window(s) become an attractive CVD method for growth of
carbon allotropes over large areas (>500 cm2) [3–5]. The
deposition area can be simple enlarged by increased number
of antennas or by prolonging their length. Moreover, MW-
SW plasma combined with DC or RF bias extends specific
plasma parameters [6] and hence properties of formed
materials.

The growth of CNT becomes a routine by variety of
deposition techniques [7, 8]. In these CVD techniques,
catalytic materials are used as nickel, iron, cobalt or their

derivatives [9]. Among several techniques of CNT synthesis
available today, plasma CVD is the most popular and widely
used technique [10].

The large area diamond growth, an additional carbon
allotrope form, is also routinely achieved by standard or
modified hot filament CVD processes [11]. Unfortunately,
filaments limit their usage for specific applications due to
filament mechanical non-stabilities and chemical sensitivi-
ties to reactive gases as oxygen, etc.

In this work, we present the large area CVD deposition
system where the growth of diamond films and CNTs is
altered by optimized process parameters within one
deposition apparatus. The CVD growth is done by using
a low pressure linear antenna microwave plasma CVD
system [12]. Requirements of scale-up, high production
yield and versatility of deposited material (diamond, CNT, or
even graphene) are satisfied on various substrates [13].

2 Experimental Carbon nanotubes were grown on
(100) oriented Si substrates (in size of 10� 10mm2) with
thin SiO2 layer (approx. 1200 nm) on which Ni catalytic
layer (6 nm) was evaporated. First, the substrate with nickel
catalyst was pretreated for 10min in hydrogen plasma at
following process conditions: total MW power P¼ 1700W
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at each antenna side, total gas pressure p¼ 20 Pa, and
substrate temperature Ts¼ 650 8C. The CNT growth was
done at parameters: P¼ 1700W at each antenna side, RF
induced negative substrate bias voltage Ub¼ -200V, p¼ 6
Pa, CH4/CO2¼ 2/1 ratio, Ts¼ 650 8C and antenna to
substrate distance z¼ 70mm. The process duration was
varied between 10 and 40min. Both, the pretreatment and
growth steps, including oxygen termination of CNTs,
were performed in linear antenna microwave plasma
enhanced CVD (LA-MW-PECVD) deposition system [12].
Oxygen termination of CNTs for 5min was applied to
control their surface wettability as described in previous
studies [14].

LA-MW-PECVD was used also for deposition of
diamond thin films on (100) oriented Si substrates in size
of 10� 10mm2. Before the CVD growth, Si substrates were
ultrasonically pretreated in a suspension of deionized water
and ultradispersed detonation diamond powder (diameter 5–
10 nm, New Metals and Chemicals Corp. Ltd., Kyoba-
shi) [15] giving density of seeds in up to 1011 cm�2. Thin
diamond layers were grown from H2/CH4/CO2 gas mixture
(CH4 up to 2.5%, CO2 up to 10%). Other process parameters
were as follows: P¼ 2500W at each antenna side, total gas
pressure p varied between 6 and 200 Pa and Ts� 750 8C. The
substrate table was on floating potential. The antenna to
substrate distance z was kept at 70mm.

Surface morphology, thickness, and grain size of the
deposited coatings were characterized by scanning electron
microscopy in top and cross-section views (SEM, e_LiNE
writer, Raith GmbH). The films were examined by Raman
spectroscopy (Renishaw In Via Reflex Raman spectrometer,
excitation wavelength of 325 nm). Surface Energy Evalua-
tion System (Advex Instruments, s.r.o.) was used for contact
angle measurements. Spatially resolved Langmuir probe
measurements were carried out to estimate plasma tempera-
ture, plasma density and plasma potential at three different
distances between antenna and substrate, i.e. z¼ 16, 33, and
65mm. High purity wolfram cylindrical probe of 100mm
diameter and 1mm length was used. Selective time resolved
measurements were done due to the time modulation of MW
power source with f¼ 111Hz.

3 Results and discussion Figure 1a and b shows
surface morphology of densely packed and vertically aligned
CNTs. In this case, both MW and RF generators of LA-MW-
PECVD system were used (i.e. dual plasma configuration).
The length of CNTs, as measured from 458 angle-view SEM
image, was evaluated to �0.9 and �3.6mm for 10min
(Fig. 1a) and 40min (Fig. 1b) growth. The insets in Fig. 1b
show the influence of plasma post-growth treatment on
wettability of CNTs. As grown CNTs reveal hydrophobic
properties with a contact angle value up to 1308. On the other
hand, oxygen treated CNTs reveal contact angle <108. We
observed that surface wettability of CNTs can be controlled
by the treatment procedure up to certain time duration until
which nearly no degradation of CNTs is observed [14, 16].
Figure 1c shows the Raman spectrum of CNTs grown for
40min. In this spectrum, three peaks are identified. The
intensity ratio between D and G bands indicates good quality
of CNT [17].

Figure 2 shows SEM morphology of diamond films as
function of total gas pressure p in the LA-MW-PECVD
system. In accordance to our previous results [12] the
transition between large grain lateral-like growth regime
(Fig. 2a and b) to ultra-small crystal size growth regime
(Fig. 2c and d) was observed in the pressure range of 10–
100 Pa. By comparison of films grown at 6 Pa (Fig. 2a) and
10 Pa (Fig. 2b), we can conclude that in both cases the
diamond crystals have similar sizes up to 400 nm while the
diamond faceting is pronounced at the lowest pressure
(Fig. 2a). The growth rate was evaluated from cross section
SEM images up to 40 nm h�1. The diamond films deposited
at p> 100 Pa are flat with clustered-like features consisting
of grains in size <50 nm. In this case, the growth rate
decreased two times to the value of �20 nmh�1.

Raman spectra shown in Fig. 3 well agree with SEM
measurements. A sharp diamond peak at 1330 cm�1 [18] is
dominant for samples grown at p¼ 6 and 10 Pa. On the other
hand, D and G bands [19] dominate the spectrum for films
deposited at high pressure. In this case, diamond peak is
resolvable but at low relative intensity. Moreover, broad
bands centred at 1160 cm�1 (trans-polyacetylene group) and
1480 cm�1 are observed too.

Figure 1 SEM images of CNTs grown by CVDmethod combiningMW and RF plasma source for (a) 10min and (b) 40min with insets of
water contact angle variation by oxygen-treatment, and (c) corresponding Raman spectrum.
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For a better understanding of growth differences at
different pressures, we focused on plasma characterization.
Figure 4 shows the plasma density Ne as a function of total
gas pressure p and distance z from antenna during diamond
depositions. It is evident that when p is increasing, the Ne

decreases. For the substrate localized at z¼ 70mm, it means
a drop of Ne by three orders of magnitude in the range of 10–
150 Pa. The drop of Ne is faster at z¼ 65mm while for
shorter distances z the dependence of Ne on p is nearly
linear.

Figure 5 shows the effective electron temperature Teff
(i.e. mean electron energy in unit of kB�T) as a function of
pressure p and distance from the antenna z. In the close
vicinity to the antenna and for the lowest pressure, the Teff
reaches the value of 4.5 eV and exponentially drops with
increasing pressure. For higher distance z, the value of Teff
drops by 2 eV and saturates at value of Teff� 1.2 eV for
pressures p> 50 Pa. Higher values of Teff for z¼ 65mm then
for z¼ 33mm by 0.35 eV are most probably caused by the
measurement resolution of our set-up and can represent
measurement perturbation by plasma instability.

These results clearly indicate that the LA-MW-PECVD
system exhibits properties of cold plasma with low Teff. The
advantage of low Teff plasma is in low power loading of the

substrates during the CVD growth. This property allow us to
grow diamond films at Ts as low as 250 8C [20, 21] or
nondestructive plasma treatment of CNTs [14]. Increase of
the Teff values for p< 50 Pa most probably corresponds with
the morphology transformation from the ultra-small crystal
size growth regime to the lateral one. At such low pressures
the concentration of atomic hydrogen is increased which
shifts the growth conditions to hydrogen-rich plasma
conditions.

When the pressure increases above certain value (in
our case �100 Pa), the nanocrystalline growth regime
prevails. Moreover, presence of CO2 can lead to frequent
inelastic electron collisions with CO2 molecules and
excitation of their vibration and rotation states. Because
these excitation energies are relatively lower in comparison
with ionization energy of other gas atoms, the electron gas
temperature has to decrease. Moreover, the density of atomic
hydrogen and diamond growth species is very low near the
substrate.

Plasma potential Upl at z¼ 16mm reaches value of 30V
at p¼ 10 Pa, drops to 20V at 50 Pa and then linearly
decreases to 14V at 150 Pa. With increasing distance z the
values systematically decreases by �4V for each distance
step. A floating potential Ufl decreases from 16 to 8V at

Figure 2 SEM images of the diamond surface morphology changes induced by change of total gas pressure p. From the left (a) to the right
(d) the total gas pressure increased from 6 Pa to 10 Pa, 100 Pa and 200 Pa where transition from lateral, large grain growth regime (a and b)
to ultra-small crystal size growth regime (c and d) is prominent.

Figure 3 Raman spectra of the diamond films as a function of total
gas pressure.

Figure 4 Plasma densities as a function of total gas pressure p and
distance z from the antenna.
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z¼ 16mm. With increasing distance z the values systemati-
cally increases by �3V for each distance step. Thus the
potential difference Upl�Ufl is smaller for larger distance z,
i.e. closer to the substrate holder. Thus, energy of cations
bombarding substrate can be varied by substrate to antenna
distance, i.e. power loading of substrate can be optimized.
Moreover, due to the Upl drop at 50 Pa the potential
difference Upl�Ufl is larger for lower pressures p. This
indicates higher cation energy at pressures<50 Pa which can
supports higher crystallinity and grain size of grown
diamond films [22].

4 Conclusions In the presented work, we have
investigated the versatility of the linear antenna MW plasma
CVD system for growth of CNTs and diamond and their
surface functionalization. The used system can be simply
scale up by number of antennas or by prolonging their
length. Efficient synthesis of oriented CNTs was achieved at
dual plasma conditions when RF substrate bias was used in
the LA-MW-PECVD system. The length of CNTs increased
with the deposition time. The LA-MW-PECVD system can
be also used for CNTs surface treatment without their
damaging after finding optimal treatment conditions.

By changing processing parameters, we have success-
fully grown diamond films as confirmed by Raman
spectroscopy. The transition from lateral, large grain growth
regime to ultra-small crystal size growth regime was found
between 10 and 100 Pa. The plasma parameters during
diamond deposition process were monitored by Langmuir
probe measurements. Simultaneously plasma parameters
calculations indicate that the transition pressure p is �50 Pa.
Moreover, Langmuir probe measurements confirm lower
energy of particles together with decrease of plasma density
above the substrates with increased gas pressure influencing
morphology of grown diamond films.
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ABSTRACT: Synthetic diamond films are routinely grown
using chemical vapor deposition (CVD) techniques. Due to
their extraordinary combination of intrinsic properties, they
are used as the functional layers in various bio-optoelectronic
devices. It is a challenge to grow the dimensional layers or
porous structures that are required. This study reviews the
fabrication of various porous diamond-based structures using
linear antenna microwave plasma (LAMWP) chemical vapor
deposition (CVD), a low-cost technology for growing
diamond films over a large area (>1 m2) at low pressure
(<100 Pa) and at low temperature (even at 350 °C). From a
technological point of view, two different approaches, i.e., templated diamond growth using three different prestructured
(macro-, micro-, and nanosized) porous substrates and direct bottom-up growth of ultra-nanoporous diamond (block-stone and
dendritelike) films, are successfully employed to form diamond-based structures with controlled porosity and an enhanced
surface area. As a bottom-up strategy, the LAMWP CVD system allows diamond growth at as high as 80% CO2 in the CH4/
CO2/H2 gas mixture. In summary, the low-pressure and cold plasma conditions in the LAMWP system facilitate the growth on
three-dimensionally prestructured substrates of various materials that naturally form porous self-standing diamond structures.

1. INTRODUCTION

Because of their superior properties, synthetic monocrystalline
diamonds and polycrystalline diamond thin films have for
decades been the focus of interest of various research teams.1−3

At the same time, diamond is used in numerous industrial
fields. As a consequence, various diamond structuring
strategies have been developed to fit specific requirements,4−6

e.g., large surface areas, geometrically ordered microstripes or
meshes,7 nano-objects or nanostructures (wires, rods, and
whiskers),8,9 porous films and membranes,10,11 etc.
Recently, nanoscaled fibrous materials have been attracting

attention due to their specific characteristics, such as high
bending performance, flexibility in surface functionalities, a
high surface-area-to-volume ratio, and controllable pore size.12

These advantages make them interesting candidates for a wide
variety of applications, e.g., filtration, separation, catalysis,
storage and transportation, adsorption, tissue engineering, drug
delivery systems, sensors, etc.8,9,13−15 For example, tailorable
pore size is a key requirement in filtration and/or
separation.16,17

However, fabricating these nanostructures from diamond
remains a technological challenge, due to the great hardness of
diamond and its chemical inertness or due to undesired
diamond graphitization. Ongoing studies have therefore

focused on fabricating nanostructures, explaining specific
growth phenomena, and developing appropriate technological
procedures.
There are two main approaches to diamond film structuring:

(i) postgrowth processing (top-down) and (ii) pregrowth
(bottom-up) processing. These two approaches differ in the
number of technological steps and also in the dimensionality
and the geometrical aspect ratios that can be achieved in the
structures that are fabricated. Top-down processing involves
technological steps, such as depositing a masking material (Al,
Ni, Au, Cu, and Pt) followed by plasma etching (generally
oxygen with Ar, CF4, or CHF3)

5,14 or by thermocatalytically
induced etching (graphitization or burning).11,18 The first
study on top-down fabrication of porouslike diamond films was
reported by Kriele et al.16 They fabricated freestanding
diamond films consisting of nanopores localized between
diamond grains. The porouslike structure was achieved by
etching nondiamond carbon forms (mainly localized along
grain boundaries) by annealing in air at elevated temperatures
(530−560 °C).
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 Bottom-up processing is either guided by selective area
nucleation/deposition or is achieved by direct growth on
prestructured substrates, porous membranes, or nanofib-
ers.4,6,15 Key benefits are minimal technological steps and a
larger variety of complex geometries. However, the main
limitation is the less precise fabrication of structures, due to (i)
the pyramidlike diamond growth of the crystals and (ii) the
hard-to-control vertical and lateral diamond growth. Using the
bottom-up approach, porosity of the diamond films is achieved
by either (i) employing geometrically prestructured substrates
(i.e., templated growth) or (ii) optimized chemical vapor
deposition (CVD) by providing suitable growth conditions
(mainly by varying the gas mixture). The variety of supporting
substrates includes fully or partially transformable poly-
mers,19−21 various non-carbon-based templates,14,17,22,23 car-
bon-based templates,24−28 or SiOx-based templates.29−31 The
important advantage of templated diamond growth is that the
porosity is generally guided by the template that is used.27,30,32

In the course of the development and usage of these supports,
various aspects of procedures that can be used and specific
applications have already been discussed. For example,
diamond nanoparticles in a polymer matrix can be used for
fabricating porous diamond structures,7,19 for enhancing the
seeding efficiency in planar diamond deposition and for
diamond growth on vertical structures.20,33,34 In the case of
diamond deposition on graphitelike materials, the proper
seeding technology and the chemical stability of these materials
has a direct effect on the final geometry of the structure that is
formed.26,27 In addition, the pore size of the templates has a
strong influence on the penetration of the growth species in
depth (i.e., in the Z-direction) during chemical vapor
deposition (CVD). Pore size therefore has an impact on the
final thickness of a porous diamond-based structure.10,30,35

This can be overcome by using layer-by-layer deposi-
tion,29,31,32 but it is a time-consuming and expensive
procedure. For direct growth of thick porous diamond layers,
steady kinetic reactions during CVD are required to achieve
porous growth rather than micro- or nanocrystalline
growth.36,37 A reliable technique for templated and direct
fabrication of porous diamond structures is highly sought after.
In this paper, we introduce the linear antenna microwave

plasma (LAMWP) CVD system as a promising “4L” (low-
pressure, low-temperature, low-cost, and large-area) technol-
ogy for fabricating a great variety of porous diamond-based
structures. We present and summarize five complementary
bottom-up technological processes suitable for fabricating
diamond-based structures with different porosities. Two
approaches are involved: (1) templated diamond growth on
porous substrates, including (i) carbon foam (C-foam) with
macrosized porosity, (ii) a nonwoven nanofibrous SiOx mat
with microsized porosity, (iii) buckypaper (BP) composed of
single-wall carbon nanotubes (SWCNT) with nanosized
porosity, and (2) direct plasmochemically driven growth of
(i) block-stone-like and (ii) dendritelike diamond films with
ultra-nanosized porosity. All of these approaches allow the
fabrication of self-standing three-dimensional (3D) diamond-
based porous structures with the use of just one CVD system.

2. EXPERIMENTAL PART
2.1. Materials and Preparation. The LAMWP CVD

system consists of a water-cooled chamber with two linear Cu
conductors (≈60 cm in length) located inside quartz tubes. A
distributed gas inlet enables a homogeneous precursor input

over the complete length of the antennas. Microwave power is
delivered from both sides by two microwave generators (2.45
GHz, Muegge) working at pulse-frequency up to 500 Hz and
at maximum power up to 4.4 kW in a pulse, using a specially
designed splitter-adapter (Muegge GmbH). The plasma is
generated in an asymmetric way between the two electrodes
and ground.38 This configuration provides homogeneous
plasma distribution at low working pressure (units of Pa)
over the water-cooled graphite substrate holder 30 × 20 cm2 in
area.39 The design principle and corresponding reaction
mechanism (simplified for H2 plasma) of such a deposition
system can be found in ref 40. The distance between the
substrate holder and the antennas (Z-axis distance) can be
adjusted in the range of several centimeters and was fixed at 7
cm in this work. At this distance, the effective electron
temperature Teff is about 1.5 eV,41 i.e., the LAMWP system is
characterized by a cold MW plasma process at the surface of
the substrate. This setup allows diamond growth at low
temperature (250 °C).42 However, if needed, the substrate
temperature can be controlled independently of the CVD
process by a resistively heated substrate holder up to 800 °C.43

In this study, we performed diamond deposition at temper-
atures in the range between 350 and 650 °C in a CH4/CO2/H2
gas mixture. The porous diamond structures were fabricated
either by novel CVD growth on a planar substrate or by low-
pressure CVD growth on macro-, micro-, and nanoporous
templates.
A commercially available rigid and highly porous (80 pores

per in.) C-foam was used as a macrosized porous template.44

The C-foam (15 × 10 × 3 mm3) was first oxidized by RF
oxygen plasma to make its surface hydrophilic. On the basis of
the previously optimized nucleation and growth procedures,27

the C-foam was seeded for 10 min in a poly(vinyl alcohol)/
nanodiamond (50:50 ratio) mixture, using an ultrasonic bath.
The microsized porous template was a silica (SiOx)

nonwoven three-dimensional nanofibrous mat produced by
needleless electrospinning (NanoSpider, Elmarco Ltd.). The
mat consisted of randomly oriented submicron fibers (ø ≈ 100
nm) weighing 20 g m−2, and the total thickness of the mat was
about 60−70 μm. The large SiOx mat was cut into smaller
pieces (3 × 4 cm2) and was treated in RF oxygen plasma to
achieve a hydrophilic character. The prepared mats were then
seeded by soaking in a dispersion of deionized water and
ultradispersed detonation diamond (UDD, ø ≈ 5−10 nm, New
Metals and Chemicals Corp. Ltd.).
Finally, a buckypaper (BP) composed of single-wall carbon

nanotubes (SWCNTs) was used as the nanosized porous
template. The fabrication procedure is described in ref 45. In
brief, the SWCNTs were first dispersed in an n-methyl
pyrrolidone solution and were then filtered through the nylon
membrane by vacuum filtration to fabricate a self-standing
dense SWCNT BP. The BP substrate was approximately 8 μm
in thickness. Before the diamond CVD, the BPs were
immersed in deionized water with UDD for 30 min.
The ultra-nanoporous (block-stone and dendritelike)

diamond films were fabricated on mirror-polished Si(100)
substrates 1 × 1 cm2 in size, which were ultrasonically seeded
in a suspension of deionized water and UDD. Similarly, silicon
substrates coated with ultranano- (UNCD) and microcrystal-
line diamond (MCD) layers were also used, but no ultrasonic
treatment was performed on them.
The substrates with various porosities and diamond CVD

growth conditions are presented in Table 1.

ACS Omega Article

DOI: 10.1021/acsomega.9b00323
ACS Omega 2019, 4, 8441−8450

8442

http://dx.doi.org/10.1021/acsomega.9b00323


 

2.2. Materials Characterization. The surface morphology
and the grain size of the fabricated diamond films/structures
were analyzed using a field-emission scanning electron
microscope (SEM) operating in secondary electron mode
(MAIA3, Tescan Ltd.) and in semi-in-lens mode (JSM7500F,
JEOL). The diamond character of the deposited films was
determined by Raman spectroscopy (InVia, Renishaw) using a
He−Cd laser with 325 and/or 442 nm excitation wavelengths.

3. RESULTS AND DISCUSSION

3.1. Templated Diamond Growth. 3.1.1. Macrosized
Porosity: Diamond Growth on C-Foam. The structure with
macrosized porosity was produced by templated growth of a
diamond film on C-foam. In general, it is not a simple task to
grow diamonds on this kind of graphite-based material using
high-density MW plasma CVD, due to the presence of atomic
hydrogen and oxygen species in the plasma, which degrades
and etches this material. One solution is to use a poly(vinyl
alcohol) and UDD mixture for the nucleation of C-foams,
followed by diamond growth.27 It should be noted that
successful overgrowth of porous C-foams by a continuous
diamond film within the whole volume of the substrate (3D
growth) was achieved only by the LAMWP CVD.
Representative SEM images of the bare and diamond-coated
C-foams are shown in Figure 1a,b. The presence of the
diamond film is confirmed by Raman spectroscopy (Figure
1c). The Raman spectrum of the bare C-foam consists of two
bands known as the D band (defect sp2 phases), centered at
1356 cm−1, and the G band (graphitic phases) centered at
1585 cm−1. Compared with the bare C-foam, the Raman
spectra of the diamond-coated C-foam taken from the top and
the bottom side reveal a red-shift of the position of the D band
from 1356 to 1332 cm−1. Additionally, the band at 1150 cm−1,
which is attributed to trans-polyacetylene (t-PA) chains at
diamond grain boundaries, is also present. The diamond
morphology taken at three different depths through the C-
foam is shown in Figure 1d. The diamond coating is present
throughout the bulk of the macroporous C-foam framework.
However, due to the variations in the penetration efficiency of
the active species within the Z-scale (∼3 mm), a visible
difference in the thickness of the diamond film is observed, i.e.,
delayed closing/growing of the diamond film was achieved at
the bottom of the substrate. However, this delay can easily be
solved by a prolonged deposition time. Similar results (not
shown here) were also observed for C-foams with lower
porosity (60 pores per in.) and with higher porosity (100 pores
per in.).
We will now discuss the homogeneity of the deposited

diamond film within the C-foam volume (bulk) achieved in
our LAMWP system. Marton et al.25 also exposed C-foam to

the diamond growth process in a hot filament (HF) CVD
system. They observed the formation of various carbon-based
materials (diamond, carbon nanowalls, graphite nanosheets,
etc.) within the volume of the C-foam, depending on the Z-
distance from the hot filaments. Marton et al. also reported a
strong influence of the porosity of the foam on the deposited
structures. The diamond growth rate decreased rapidly or there
was even no diamond growing inside the C-foam volume with
increased porosity. This was attributed to a lack of atomic
hydrogen penetrated into the C-foam. Thanks to the
significantly lower working pressure in the LAMWP CVD
system than that in the HF CVD system (i.e., 10 vs 3000 Pa),
deeper penetration of the growth species into the C-foam
volume should be achieved and any formation of nondiamond
forms is effectively suppressed. Other types of materials with
similar porosity (e.g., silicon carbide or alumina foam, etc.) can
be used to minimize any complications related to carbon-based
substrates (damage to the substrate and substrate etching).

3.1.2. Microsized Porosity: Diamond Growth on a SiOx
Mat. Self-standing porous diamond membranes were fab-
ricated using templated growth on three-dimensional micro-
porous SiOx fiber mats. The template (mat thickness, average
fiber diameter, pore size, and the relative spacing between the
fibers) was primarily defined by the parameters of the
electrospinning process. Figure 2a shows a top-view SEM

Table 1. Different Porosities and Applied Diamond Growth Conditions of the Substrates

description diamond film porosity
deposition
time (h)

microwave
power (kW)

CH4/CO2/H2 gas
flow (sccm)

substrate
temperature (°C)

SET 1 diamond growth on C-foam macroporous (substrate template) 60 2 × 2 10:0:100 650
SET 2 diamond growth on SiOx mat microporous (substrate template) 60 2 × 2 5:20:150 550
SET 3 diamond growth on SWCNT BP nanoporous (substrate template) 15 2 × 1.7 5:20:50 450
SET 4 growth of porous
(block-stone and dendritelike) diamond films

ultra-nanoporous (self-template) 15 2 × 1.7 5:20:50 450
5:20:25 650

550
450
350

Figure 1. SEM images of the (a) bare and (b) diamond-coated C-
foams. (c) Raman spectra of the bare and diamond-coated C-foams
(top and bottom side) measured with the 442 nm excitation
wavelength. (d) SEM images of the diamond-coated C-foam taken
from the top to the bottom of the substrate (i.e., Z-depth profiling).
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image of the electrospun fiber mat, which comprises randomly
oriented SiOx fibers with submicron diameter and a smooth
surface. Figure 2b shows top and cross-sectional views of the
nanofiber mat after the diamond CVD process. Detailed views
(see Figure 2d) confirm a hermetic coating of SiOx fibers with
the diamond film.
Some authors have reported that diamond deposition on a

fibrous template dominates only on the top surfaces whereas
other layers shield the inner part from plasma, resulting in
nonuniform diamond growth within the Z-depth.10,31 The
reason for this was assigned to hindered diffusion and
penetration of reactive species into the bulk of the densely
packed fibrous template.30,32 To improve the homogeneity of

the diamond film growth with the template bulk, polymers
have been used as the seeding layer30 or a layer-by-layer
deposition process has been used.31 As has already been
demonstrated above, the LAMWP system naturally forces
diamond growth also on 3D substrates (i.e., on perpendicular
walls of prestructured substrates). Its low-pressure operation
mode (10 Pa) prolongs the mean free path of active species
and therefore naturally suppresses any limitations in
diffusion.10,30,32

It should be noted that oxygen plasma pretreatment and
subsequent seeding with diamond nanoparticles also ensured
homogeneous nucleation throughout the volume of the
template by the opposite surface charges of UDD46 and SiOx

Figure 2. (a) Top-view SEM image of the bare SiOx fiber mat. (b) Top-view, cross-sectional view, and (d) detailed-view SEM images of the SiOx
fiber mat after diamond deposition. (c) Raman spectra of the top and the bottom of the diamond-coated SiOx mat measured with the 442 nm
excitation wavelength.

Figure 3. (a) Top-view SEM image of the bare SWCNT BP. (b) Top-view and cross-sectional-view SEM images of the diamond-coated SWCNT
BP. The corresponding Raman spectra of the (c) bare and (d) diamond-coated SWCNT BP samples, measured with the 442 nm excitation
wavelength.
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fibers. No mixing with polymer matrix30,31 was therefore
necessary in our case. The fibers were well-overgrown by the
diamond film throughout the 65 μm thickness of the substrate;
see Figure 2b. Moreover, the diamond film well copied the
initial microstructure of each individual fiber. We were also
able to coat the whole membrane efficiently, using two-sided
deposition in a single run. In this case, the fiber mats were
mounted on a special substrate holder (i.e., the templates
“hovered” ∼1 cm above the substrate holder), which enabled
simultaneous chemical vapor deposition on both sides, i.e., on
the top side and on the bottom side. No major morphological
changes were observed for the top and bottom parts of the
diamond-coated SiOx mat, which indicates almost identical
films.
These results are also supported by Raman measurements,

i.e., the Raman spectra from the top and from the rear side are
similar (see Figure 2c). In general, both Raman spectra are
dominated by the diamond characteristic peak centered at
1332 cm−1 and by two broad bands at 1385 and 1600 cm−1,
which are attributed to the D band and the G band,
representing the nondiamond carbon bonds (sp2 phases) in
the diamond film.47 The weak band centered at 1168 cm−1

corresponds to trans-polyacetylene groups localized mainly at
grain boundaries. The LAMWP system also ensured excellent
deposition homogeneity over large areas; i.e., 18 samples 3 × 4
cm2 in size were coated within a single deposition run.
3.1.3. Nanosized Porosity: Diamond Growth on SWCNT

Buckypaper. Finally, we report on templated diamond growth
on very densely packed SWCNT buckypaper with nanosized
porosity. Figure 3a shows the top-view SEM image of the bare
buckypaper substrate, which is primarily composed of SWCNT
bundles, with only a small amount of impurities (amorphous
and carbonaceous residues). The corresponding Raman
spectrum (Figure 3c) reveals four characteristic peaks/bands:

(i) radial breathing mode at 193 cm−1, (ii) the D band at 1360
cm−1, (iii) the split G band (G− and G+ at 1566 and 1593
cm−1, respectively), and (iv) two-dimensional (2D) mode at
2705 cm−1. After the diamond CVD process, the SWCNT
bundles were homogeneously coated with a nanocrystalline
diamond (NCD) film (Figure 3b) not only on the top of the
substrate but also throughout the volume of the porous BP
(see the cross-sectional SEM image in Figure 3b). This
compact diamond coverage led to significant changes in the
Raman spectrum (Figure 3d), which is now dominated by two
bands recognized as the D band (a broad band combining the
diamond peak 1333 cm−1 and the red-shifted defect band 1348
cm−1) and the blue-shifted G band to 1607 cm−1.
In the case of diamond growth on SWCNT BP, both the low

working pressure and the gas composition are crucial
parameters. The gas composition has to be chosen very
properly to avoid the formation of a two-layer compartment
heterostructure, due to the rapid diamond growth rate and, at
the same time, to avoid the rapid substrate etching by atomic
hydrogen. Moreover, the typically used CH4/CO2/H2 gas
mixture in the LAMWP system results in more complex
plasmochemical reactions than in the conventionally used
CH4/H2 atmosphere. The main role of the added CO2 gas is to
increase the diamond growth rate and to improve the diamond
quality.48 However, the presence of oxygen species together
with atomic hydrogen species makes the plasma environment
more aggressive, especially for the nondiamond carbon-based
substrates.49 However, unconventional diamond growth can be
achieved at an unusually high ratio of CO2 to H2 (see Section
3.2).
As a summary of Section 3.1, the pulsed microwave cold

plasma system with a linear antenna arrangement is versatile
for the production of various porous diamond structures with
adjustable morphologies. The low-pressure operation length-

Figure 4. (a) SEM images and the Raman spectrum of a block-stone diamond film deposited at a temperature of 450 °C from a gas mixture of
CH4/CO2/H2 = 5:20:50 sccm. (b) Top-view SEM images and the corresponding Raman spectra of dendritelike diamond films grown at different
deposition temperatures and with a higher CH4 + CO2 content in a gas mixture (CH4/CO2/H2 = 5:20:25 sccm). The Raman spectra were
measured with the 325 nm excitation wavelength.
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 ens the homogeneity of the diamond growth in the substrate
Z-depth and also enhances the penetration of the growth
species into the porous templates. However, the pore size is
still a substantial parameter because penetration of the growth
species is clearly easier (simpler) for large (macro-) pores than
for smaller (micro- and nano-) pores. Thanks to the large
distance of the microwave plasma from the substrate, the
LAMWP system also enables two-sided deposition in a single
run and homogeneous diamond growth in the volume of thick
or densely packed porous templates. Moreover, the LAMWP
system can vary the deposition conditions (temperature and
gas composition) in a wide range to tailor the thickness, the
morphology, and the crystalline quality of the diamond coating
to specific needs. It should be noted that boron-doped
diamond films can also be prepared by this system, which
widens the applicability of porous diamond structures.
3.2. Ultra-Nanosized Porosity: Plasmochemically

Driven Porous Diamond Growth. Porous (block-stone
and dendritelike) diamond films were also directly grown on
standard seeded polished silicon substrates or on polycrystal-
line diamond films deposited on silicon in the pulsed
microwave cold plasma system with a linear antenna
arrangement. Using the same deposition conditions (see
Table 1) as those for the overgrowth of the SWNCT BP
templates, we observed homogeneous coverage of Si with well-
faceted block-stone diamond crystals (Figure 4a). Some
crystals exhibit platelike structures, i.e., quasi 2D diamond
crystallites around 20 nm in thickness (yellow arrow) and up
to 200 nm in lateral dimension (white arrow). The length-to-
thickness aspect ratio was approximately 10. Although the
surface is homogeneously covered with diamond crystals, these
plates are sparsely located (see Figure 4a). The Raman
spectrum consists of the diamond characteristic peak centered
at 1329 cm−1 and two broad bands centered at 1388 and 1588
cm−1, known as the D band and the G band, respectively
(Figure 4a). The band at around 981 cm−1 is attributed to the
second order of silicon.
Similar block-stone diamond crystals have already been

prepared at high temperatures (>850 °C) using the ASTeX
resonant cavity MW plasma enhanced CVD system.50−53

However, high-temperature diamond growth is applicable only
for limited substrate materials, e.g., silicon. Drijkoningen et al.
have recently reported the growth of diamond plates in a linear
antenna microwave plasma system at a lower temperature (410
°C), using MW continuous wave power of 2.8 kW, a gas
mixture of CH4/CO2/H2 (2.5% CH4 and 6% CO2 to H2), and
a low working pressure of 23 Pa.37 The diamond plates were
randomly oriented and were up to 130 nm in height after 18 h.
For the prolonged deposition time (up to 64 h), the individual
plates disappeared and only a continuous layer consisting of
microcrystalline diamond grains was observed. The driving
force for the anisotropic growth of the plates was assigned to
the stacking faults present in the early stages of the diamond
growth.36 Drijkoningen et al. proposed a model in which the
formation of diamond plates is related to silicon atoms, i.e.,
“impurity traces” coming from the quartz tubes. Here, Si atoms
were involved as a catalyst that either blocks diamond layer
growth or enhances the selective etching of {111} diamond
facets (for details, see ref 37). Drijkoningen et al. reported that
once the diamond crystals enlarged their size enough, the plate
growth collapsed and microcrystalline grains dominated the
surface morphology of the sample. On the basis of their model,
the growth of thick porous structures (500 nm and larger)

therefore seems to be unfavorable at these process parameters.
However, this contrasts with our findings.
Note that the gas mixture and the total gas pressure are

crucial process parameters that influence the quality and the
morphology of the diamond films. In our previous studies, we
have demonstrated that the addition of a small amount of CO2
to the CH4/H2 gas mixture substantially improved the
diamond growth.39 Next, taking into account the Bachmann
ternary diagram, the diamond growth should be suppressed
usually at a high oxygen content (>40% CO2 in the CH4/H2
gas mixture).54 However, the diamond growth in LAMWP
CVD does not strictly follow the Bachmann ternary diagram
and the diamond also grows at higher CO2, i.e., outside the
forbidden region.55

Another issue is the total gas pressure in the LAMWP
system. At process pressure >100 Pa, the diamond growth was
dominated by the renucleation mode and the films that formed
consisted of nanosized diamond crystals (<50 nm) with a high
content of sp2-bonded carbon on grain boundaries.41 However,
reducing the pressure to 10 Pa (in our case) suppressed the
renucleation mode43 and the crystal size increased in
proportion with the deposition time. In this case, the Raman
spectrum revealed a sharp diamond peak. In this sense, the
combination of high CO2 content (40% to hydrogen) and low
process pressure (10 Pa) allows the formation of a high-quality
diamond in a block-stone form (Figure 4a), whereas higher
CO2 content (80%) results in the formation of a dendritelike
form (Figure 4b). In general, the low working pressure
increases the concentration of atomic hydrogen, thus locating
the points on the triangular Bachmann diagram closer to the
hydrogen vertex.56 We assume that the increased CO2 content,
i.e., the increased amount of oxygen-based species (such as
CO, CO2, O2, or alcohol) supports the role of atomic
hydrogen and has a beneficial effect on the diamond growth
regime. In addition, the higher CO2 content led to formation
of a higher amount of OH radicals57 and in combination with a
low-pressure regime, it finally switched the diamond growth
regime from a block-stone to dendritelike form. In comparison
with the block-stone diamond, the growth of the dendritelike
diamond can be tailored by the deposition temperature.
Although all of the Raman spectra reveal a high-quality
diamond film with just a small amount of sp2 hybridized
carbon, some changes can be still observed. The diamond films
deposited at higher temperatures (650 and 550 °C) are
characterized by three Raman features: (i) the diamond peak
centered at around 1329 cm−1, (ii) the D band with a
maximum at 1388 cm−1, and (iii) the G band at 1585 cm−1.
Lowering the deposition temperature resulted in a red-shift of
the diamond peak to a value of 1323 cm−1 and a clear increase
in the diamond peak shoulder around 1250 cm−1. This feature
most likely originates from a disordered sp3 phase, which is
typically found in dynamically synthesized nanodiamonds and
may be a part of the sp3/sp2 near-surface stress-releasing
transient layer.58

For the growth of isolated diamond nanowires, (111)
nanowires were proposed as the unstable form whereas
C(100)(2 × 1) dimer rows parallel to the axis of the nanowire
should ideally fulfill the stability requirements.59 Theoretical
calculations later showed that certain morphological criteria
must be fulfilled for structurally and thermodynamically stable
diamond nanowires or nanorods.60 This may be the reason
why the chemical and kinetic reactions are in thermodynamic
equilibrium with the etching process and the growth of the
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preferential crystallographic orientation. This type of specific
equilibrium could also be required for dendritelike diamond
growth, as presented in this work. Dendritelike diamond
growth seems to be driven only by plasmochemical processes
(and not to be influenced by the substrate material), and it
does not collapse into micro- or nanocrystalline diamond
growth for prolonged deposition times.
Further evidence for a plasmo-hemical driven process is

demonstrated by the dendritelike diamond growth on
ultranano- (UNCD) and microcrystalline (MCD) diamond
films. Figure 5a shows a cross-sectional view of a diamond
sandwich structure. The diamond sandwich structure starts
with the UNCD base layer, which was further used as a
substrate for the growth of dendritelike diamond. Finally, the
dendritelike porous structure was overgrown with nanocrystal-
line diamond (NCD). Figure 5b shows top-view SEM images
of individually deposited diamond films on planar Si substrates
(the reference). The dendritelike diamond growth is not
conditioned by the UNCD morphology and reveals the same
morphology as in the previous section (Figure 4b). However,
the NCD film well copies the top profile of the dendritelike
diamond layer.
Figure 5a shows the Raman spectrum of the final sandwich

structure. For comparison, Figure 5c shows the corresponding
Raman spectra of each diamond type deposited on Si
substrates. It is evident that the Raman spectrum of the
sandwich structure is primarily influenced by the UNCD layer.
However, the diamond peak intensity and the contempora-

neous lower G band intensity seem to be related to higher-
quality diamond films (dendritelike and NCD films).
Finally, a two-layer compartment of the dendritelike

diamond film (deposited at T = 450 °C) on a rough
microcrystalline diamond film was also fabricated. It is evident
from the cross-sectional SEM images that the dendritelike
growth is not disturbed (influenced) by the base MCD layer
(Figure 5d). The Raman spectrum is characterized by three
typical features: t-PA, the diamond peak, and the G band.
Unlike in the sandwich structure, the position of the diamond
peak (1331 cm−1) is preferentially influenced by the MCD
layer (Figure 5d). Finally, it should be noted that dendritelike
diamond growth was also observed on nonseeded Si substrates,
due to spontaneous nucleation (not shown here).
To summarize Section 3.2, the unconventional diamond

growth regime that is outside the Bachmann ternary diagram
led to the direct growth of porous block-stone and dendritelike
diamond films. Both of these growth modes are affected by the
low total gas pressure (10 Pa) and by the composition of the
gas, with a high content of CO2 gas (40% CO2 to H2 for
porous block-stone and 80% CO2 to H2 for dendritelike
diamond films). The diamond growth itself is mainly driven by
plasmochemical reactions, i.e., it is not conditioned by the
substrate material. Moreover, the dendritelike diamond growth
does not collapse after reaching a certain diamond film
thickness. This is in contrast to the block-stone growth
model.37 This unique bottom-up porous diamond growth,
observed only when there is a high CO2 content in the

Figure 5. (a) Cross-sectional view of the diamond sandwich structure (UNCD/dendritelike/NCD) and the corresponding Raman spectrum of the
final sandwich structure. (b) Top-view SEM images of the diamond structures after an individual deposition step during fabrication of the sandwich
structure, and (c) the corresponding Raman spectra of the reference diamond films deposited on silicon substrates measured with the 325 nm
excitation wavelength. (d) Cross-sectional SEM images and the Raman spectrum measured with the 442 nm excitation wavelength of the MCD/
dendritelike diamond structure.
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LAMWP system, is minimally affected by the deposition
temperature. In this sense, the LAMWP system is suitable for
porous diamond growth on temperature-sensitive substrates
over a large area. The multilayered structures (sandwich and
two-layer compartment structures) can be prepared within a
single deposition run by simply varying the gas chemistry
during the CVD process. This saves fabrication time. It should
be noted that all of the fabricated and presented diamond-
based porous structures were thick enough to be self-standing.
3.3. Applicability of Porous Diamond Structures.

Generally, porous materials are of significant interest due to
their wide applications. They can be used for various targets in
solar energy systems containing adsorption materials, thermal
energy storage materials, insulation materials, evaporation
materials, or heat transfer augmentation materials.61 The
distribution of the sizes, shapes, and volumes of the void spaces
in porous materials is directly related to their ability to perform
the desired function in a particular application.62 In addition,
the material of the porous structure itself is a key factor for its
usability. Porous diamond-based structures in various forms, as
well as their applicability, have already been presented as
promising electrodes,26 as separators in biotechnology and
biomedicine,17 as electrochemical separators,63 and as super-
capacitors.32 In a wider manner, Figure 6 summarizes the
classification of porous diamond structures grown by LAMWP
on the basis of their pore sizes and outlines their potential
applicability.
Driven by the demand for porous structures based on

intrinsic or boron-doped diamond, the last two decades have
seen an enormous effort by researchers to prepare and
optimize the fabrication procedures. For example, Kondo et
al. reported a two-step thermal treatment method for the
fabrication of porous conductive boron-doped diamond

electrodes,64 Ruffinatto et al. reported that heavily boron-
doped diamond porous membranes were fabricated using low-
cost commercial fiber glass filters seeded through the Buchner
filtration process,30 Shimoni et al. presented recipes for the
creation of various diamond-based patterns using a lithog-
raphy-based procedurs,65 and Gao et al. reported the
preparation of a porous diamond foam by a fabrication
procedure consisting of several steps.29 Generally, a complex
fabrication procedure was needed.
In this sense, we believe that our summary of the fabrication

(with or without a template) of a wide range of 3D porous
diamond structures using the pulsed microwave cold plasma
system with a linear antenna arrangement can promote the
potential use of porous diamond in industrial applications.

4. CONCLUSIONS

In this work, we reviewed two different fabrication approaches
(top-down and bottom-up) of porous diamond structures in
one unique CVD system, the large-area pulsed microwave
plasma system with a linear antenna arrangement. In the first
approach, templated diamond growth on macro-, micro-, and
nanoporous substrates was presented. Low-pressure operation
(10 Pa) lengthened the diamond growth in the substrate Z-
depth and thus enhanced the penetration of the growth species
into the porous templates. Moreover, thanks to the larger
distance between antennas and substrate, the LAMWP system
also enabled quite homogeneous two-sided deposition growth
in the volume of thick or very dense porous templates within a
single deposition run. In the second approach, the new
plasmochemically driven growth for a high CO2 content (80%
to H2) in the gas mixture led to an unconventional formation
of dendritelike diamond films. This unique bottom-up porous

Figure 6. Classification of porous diamond structures by pore size and their potential applicability.
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 diamond growth was not dependent on the substrate material,
the deposition time, or the film thickness. The results
presented here demonstrate that the large-area pulsed
microwave plasma system with a linear antenna arrangement
is a promising and industrially compatible versatile tool for the
fabrication of a great variety of porous diamond structures in a
broad range of temperatures.
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Abstract
The influence of growth temperature (350 ÷ 1100 °C) on the intensity of Si-V colour centres photoluminescence was studied 
in diamond thin films. The films were grown by a microwave plasma enhanced chemical vapour deposition system. The film 
quality and surface morphology were characterised by Raman spectroscopy and scanning electron microscopy, respectively. 
For selected samples, the temperature behaviour of steady-state photoluminescence emission spectra was studied within 
the range 11 ÷ 300 K as well. The photoluminescence properties are related to the film growth temperature. We found that 
800 °C is the optimal growth temperature, at which the highest intensity of the Si-V centre photoluminescence was observed. 
For all the samples, the blue shift in the position of the Si-V centre photoluminescence zero-phonon line is observed with 
decreasing temperature, which is attributed to the effects of lattice contraction and quadratic electron–phonon coupling. The 
zero-phonon line narrowing is discussed regarding vibrations of the perturbed lattice.

1  Introduction

The outstanding properties inherent to diamond [1] are mul-
tiplied by optically active impurities [2]. Silicon-vacancy 
(Si-V) colour centres are naturally incorporated into all types 
of diamonds prepared by the chemical vapour deposition 
(CVD) technique, due to etching of Si substrates or quartz 
windows or even quartz bell-jars themselves [3]. The excep-
tionality of the Si-V centres resides in the spectrally narrow 
photoluminescence (PL) in the NIR spectral region, with the 
short decay time of 1.2 ns [4] and their high photo-stability 
[5, 6]. The Si-V centre PL is dominated at room temperature 
by the very intensive and narrow zero-phonon line (ZPL) 
(full width at half maximum (FWHM) even 0.7 nm [7]) that 
is located in the spectral window of biological tissues [8]. 
Moreover, the Si-V centres PL can be effectively excited by 
red light, which reduces biological tissue auto-fluorescence. 
Such properties predetermine Si-V centres doped diamond 
for applications as solid-state light emitters [7], especially 

single-photon sources [4, 9], or biocompatible fluorescent 
markers for bio-imaging [6, 10], where they could surpass 
recently used nitrogen-vacancy centres [4].

To achieve PL intensity enhancement and controlled 
reproducible fabrication of the Si-V doped CVD diamond, 
attention was paid to the influence of the deposition condi-
tions, such as substrate material quality [11, 12], gas mixture 
[13–15], or substrate structure [16–18]. Despite this great 
effort, a reproducible fabrication of diamond films with con-
trollable concentration and PL activity of Si-V centres is still 
a technological challenge.

In addition, many works devoted to ab initio calculations 
[19], electron paramagnetic resonance measurements, and 
studies of optical properties in polarised light [7, 20, 21] deal 
with the other important questions concerning the nature of 
electronic transitions, structure, and geometry of the Si-V 
centres. In this context, valuable information is also provided 
by the temperature behaviour of the Si-V centre PL ZPL, 
which was reported for the low-stress homo-epitaxial CVD 
diamond thin films [22] and diamond nanoparticles [23].

In this work, we present a controllable preparation of Si-V 
centres in nano-crystalline diamond (NCD) films. The influ-
ence of NCD film deposition temperature on PL activity of 
the Si-V colour centres is analysed. The study of steady-state 
PL and Raman scattering of NCD films is correlated, and 
attention is also paid to the temperature behaviour of the 
Si-V centres PL.

 *	 Kateřina Dragounová 
	 katerina.dragounova@fjfi.cvut.cz

1	 Institute of Physics AS CR, v. v. i., Cukrovarnická 10, 
16200 Prague, Czech Republic

2	 Faculty of Nuclear Sciences and Physical Engineering, Czech 
Technical University in Prague, Trojanova 13, 12000 Prague, 
Czech Republic

http://orcid.org/0000-0002-6868-0941
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-1643-0&domain=pdf


 
	 K. Dragounová et al.

1 3

219  Page 2 of 5

2 � Experimental

Diamond thin films were grown on Si (100) substrates 
with an area of 10 × 10 mm2. Before the CVD growth, 
substrates were ultrasonically pretreated in a suspension 
of deionised water and ultra-dispersed detonation diamond 
powder (diameter 5–10 nm, New Metals and Chemicals 
Corp. Ltd., Kyobashi). The CVD deposition of diamond 
was performed in a microwave plasma enhanced CVD 
reactor using the cavity resonator with focused plasma 
[24]. This system enables the diamond deposition at sub-
strate temperatures TS ranging from 1100  °C down to 
350 °C [25]. All NCD films were deposited in hydrogen-
rich plasma with methane (1% with respect to H2 flow) and 
had approximately the same thickness (~ 200 nm). Notice 
that no silicon-containing gas mixture was used during the 
CVD deposition. Thus, Si atoms were incorporated into 
the NCD films mainly as a result of chemical etching of 
the exposed silicon substrate or possibly of components of 
the CVD reactor chamber (quartz bell jar) [11, 26].

Surface morphology was characterised by scanning 
electron microscopy (SEM) (e_LiNE writer, Raith GmbH). 
The thickness of the diamond films was determined using 
reflectance interferometry and evaluated by commercial 
Film Wizard software (Scientific Computing International) 
by fitting to a predefined model of the Si substrate/dia-
mond/air system. The error in the thickness was estimated 
to be about 5%. The Raman and PL spectra of the films 
were measured at room temperature by a Renishaw In Via 
Reflex Raman spectrometer using a CCD camera and an 
excitation wavelength of 442 nm. Temperature-dependent 
PL emission spectra of diamond films excited by 442 nm 
line of He–Cd laser were measured in the reflection geom-
etry within 11–300 K temperature range using a set-up 
based on a Carl Zeiss SPM2 monochromator. The PL 
intensity was measured with a cooled RCA31034 photo-
multiplier (GaAs photo-cathode) operating in the photon-
counting mode, and the emission spectra were corrected 
for the spectral dependence of the apparatus response.

3 � Results and discussion

Figure  1 shows a selection of SEM images of NCD 
films deposited in the range of TS = 350–1100 °C, that 
are reported and discussed in detail in [27]. The sam-
ple deposited at 350  °C (Fig. 1a) reveals the smallest 
grain sizes (< 50 nm). Samples grown at temperatures 
from 450 to 900 °C displayed nearly identical grain size 
(150 ÷ 200 nm), as illustrated for TS = 800 °C in Fig. 1b. 
For the highest TS (1100 °C), the grain size reduction is 

obvious in Fig. 1c, but formed crystals still reveal good 
faceting in contrast to the sample grown at the lowest TS 
= 350 °C. The deposition temperature-dependent grain 
size can be explained as follows. The small grain size at 
the lowest TS is a consequence of a high re-nucleation 
rate during the growth stage caused by sp2 bonded carbon 
atoms [28, 29]. In the TS range 450 ÷ 900 °C, increasing 
grain size is observed due to suppressed re-nucleation. The 
grain size decrease observed at TS = 1100 °C is assigned 
to raised graphitisation due to too high TS [30].

Figure 2 shows the integral intensity of ZPL of the Si-V 
centre PL at room temperature (full symbols) and the ratio 
Adiam/AG of the integral intensities of diamond peak and 
graphite band (empty symbols) in the Raman spectra of 
NCD films for various deposition temperatures TS. The inte-
gral intensity of ZPL corresponding to the electronic transi-
tion 2Eu → 2Eg in Si-V centres [21] was determined from 
the PL spectra already presented in [27]. FWHM of ZPL 
peaking at room temperature in the vicinity of 738 nm was 

Fig. 1   Surface morphology of NCD film deposited at growth temper-
atures a 350 °C, b 800 °C, and c 1100 °C (scale bar corresponds to 
200 nm for all images). Adopted from [27]
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Fig. 2   Integral intensity of Si-V PL (squares) and the ratio of the inte-
gral intensity of diamond peak and G band (circles) in the Raman 
spectra of NCD films deposited at various growth temperatures TS. 
PL integral intensity was normalised to its value for TS = 350 °C. PL 
and Raman spectra were measured at room temperature with excita-
tion by 442 nm line of He–Cd laser
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found ~ 6 nm in the studied NCD films [7, 15]. Taking into 
account an overlap of the emission bands in the PL spectra, 
the evaluation of the integral ZPL intensity further revealed 
its dependence on the deposition temperature TS which 
was not seen in the previous work using only normalised 
PL spectra [27]. The ZPL intensity is weak for the sample 
deposited at TS = 350 °C, but it increases by more than one 
order of magnitude with increasing the temperature to TS = 
450 °C, and then three times as much, with a subsequent TS 
increase reaching the maximum at TS = 800 °C. Further, a 
TS increase to 900 °C results in the ZPL intensity decrease 
to the level observed for samples deposited at 450 °C. The 
ZPL intensity did not significantly change for the highest 
examined TS = 1100 °C.

The Raman spectra of selected NCD films can be found 
in [27]. A pronounced diamond peak at 1332 cm−1, which 
denotes good film quality, and an additional four bands 
centred at 1150, 1360, 1450 and 1580 cm−1 were identified 
in the Raman spectra. The bands at 1150 and 1450 cm−1 
are attributed to trans-polyacetylene groups (C–H bonds) 
[31], whereas bands at 1360 and 1580 cm−1 correspond 
to D and G bands [32, 33], respectively. Overlapping 
bands at 1450 and 1580 cm−1, both originate from the 
sp2 hybridised carbon phase and are most pronounced for 
the highest TS. The inconspicuous sub-band in the vicin-
ity of 1150 cm−1 is typically seen on nano- or ultrana-
nocrystalline diamond films [32]. A broad G band is most 
pronounced for samples grown at the lowest (350 °C) and 
the highest TS (1100 °C). In the case of TS = 350 °C, the 
high content of the sp2 hybridised phase is ascribed to the 
high amount of grain boundaries due to the smallest grain 
size. For the highest TS, the graphitisation dominates and 
once again, a high amount of the sp2 hybridised phase is 

detected [34]. Thus, the behaviour of the integral intensity 
of the diamond peak, relative to that of identified Raman 
graphite peak, is in agreement with SEM measurements.

Increased intensity of the Si-V centre PL observed for 
the deposition temperatures within the range 650 ÷ 800 °C 
is most probably caused by the increased concentrations of 
the PL active Si-V centres in NCD films. It results partly 
from increasing Si concentration due to more efficient sub-
strate etching, partly from increasing the content of dia-
mond phase, and partly from the vacancy motion through 
the NCD film [3, 4, 35]. A higher deposition tempera-
ture contributes to re-ordering and stabilisation of carbon 
vacancies [36]. Thus, with rising TS, more Si is introduced 
into the NCD film, and the number of mobile vacancies 
also increases, leading to the higher amount of vacancies 
trapped by silicon impurities that can form the PL active 
colour centres in the diamond phase. At the same time, 
exceeding the optimal NCD deposition temperature creates 
a more graphitic phase in the films. Consequently, maxi-
mal intensity of Si-V centre PL is observed at temperature 
TS, which does not correspond to the maximal value of 
ratio Adiam/AG. Besides, changes to the local environment 
of Si atoms due to graphitic phases could result in the 
change of the Si-V charge state to a PL inactive one (Si-V)0 
or the creation of PL inactive Si centres.

Figure 3a shows the temperature development of the PL 
emission spectra for NCD film deposited at TS = 800 °C. 
The spectrum measured at 300 K shows a sharp ZPL of 
Si-V centre PL with a broad, hardly visible, phonon side-
band. After cooling down to 200  K, well-pronounced 
phonon replicas at 757 nm (13,038 cm−1) and 767 nm 
(13,210 cm−1) are resolved. The band at 767 nm could 
be attributed to the local resonance phonon mode of the 
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Si-V centre (without much participation of distant carbon 
nuclei), and the band in the vicinity of 757 nm to delocal-
ized phonon mode [37].

To identify the temperature development of the ZPL 
parameters, the broad emission band and phonon sidebands 
were fitted outside the ZPL spectral range by Gaussian 
functions. Then the sum of these Gaussian curves was sub-
tracted from the measured PL emission spectra as a ZPL 
background. The determination of the ZPL position was 
performed using the method of moments described in [38], 
FWHM was obtained directly from the ZPL profile. For the 
ZPL shift expression, the ZPL position (736.6 nm) obtained 
at the lowest temperature was taken as the reference value. 
All NCD samples revealed the blue shift and narrowing of 
ZPL with temperature decrease. Figure 3b shows the depend-
ence of the ZPL position and FWHM on the temperature for 
NCD film deposited at TS = 800 °C. During sample cooling 
from room temperature down to 110 K, crucial changes of 
these ZPL parameters took place. The peak position shifts to 
higher energies by 29 cm−1 (~ 1.5 nm) and FWHM decreases 
from 123 cm−1 (~ 6 nm) to 50 cm−1 (~ 2.5 nm). Further cool-
ing down to 11 K did not significantly influence the ZPL 
position and FWHM. The ZPL position is nearly constant, 
and FWHM that primarily results in inhomogeneous broad-
ening at these temperatures reduces from 50 to 40 cm−1 
(~ 2 nm). Our results are in agreement with works [22, 39] 
where ZPL shifts by 19–31 cm−1 and FWHM decrease to 
40 cm−1 was observed for temperature < 100 K.

The development of the ZPL position could be explained 
as a result of two synergetic processes, lattice contraction 
and quadratic electron–phonon coupling [22]. The ZPL tem-
perature shift is consistent with the dependence aT2 + bT4 
(a, b = const.) similarly as in [22, 40], where T2 term repre-
sents an effect of bonds softening in an excited state, and T4 
dependence describe contributions of hard phonon modes 
in electron–phonon coupling along with lattice contraction. 
The following values of a and b parameters were determined: 
a = − 9.0 × 10−5 cm−1 K−2, b = − 2.6 × 10−9 cm−1 K−4 by 
fitting the data in Fig. 3b. Unfortunately, to the best of our 
knowledge, in the available literature, no values have been 
published for a comparison.

The temperature dependence of FWHM at low tempera-
tures follows in general T7 dependence, expressing the effect 
of phonon spectrum of perturbed lattice on non-degenerate 
electronic states. Temperature-dependent PL study on N-V 
centres performed by Hizhnyakov et al. [40] showed that for 
degenerate electronic states, the phonon interaction induces 
a dynamic Jahn–Teller effect and softening of bonds in an 
excited state. The contribution of these effects to FWHM 
could be expressed by two other additional terms ~ T5 and 
~ T3, respectively. Thus, a homogeneous line broadening 
is described by the polynomial formula cT3 + dT5 + eT7 (c, 
d, e = const.). Nevertheless, Neu et al. [22] found that for 

the Si-V colour centres, the term ~ T3 rather comes from 
the effect of fluctuating fields between the centre and other 
defects. Apparently, the dominant term in this formula deter-
mines the main mechanism of the FWHM broadening. The 
same work [22] assigned the predominant contribution to 
the T3 dependence, which was also confirmed for our sample 
(see Fig. 3b). The evaluated fitting parameter of the FWHM 
temperature dependence is c = 3.02 × 10−6 cm−1 K−3. As for 
the ZPL position, no values have been found in the literature 
for a comparison.

4 � Conclusion

Thin nanocrystalline diamond films deposited at various 
growth temperatures were analysed using steady-state pho-
toluminescence, Raman scattering, and SEM measurements. 
The NCD growth kinetic, surface morphology and PL were 
influenced by the deposition temperature TS. Especially for 
the lowest (350 °C), and the highest (1100 °C) deposition 
temperatures, grain size reduction and graphitisation domi-
nated the deposition. The NCD films deposited within the 
medium temperature range (450 ÷ 900 °C) showed well-fac-
eted diamond crystals. The correlation between the integral 
intensity of ZPL of the Si-V centre PL and quality of the 
diamond film reveals the key role of the diamond carbon 
phase for the Si-V centre PL. The highest intensity of the 
Si-V centres PL was found for the sample deposited at the 
temperature of 800 °C. For this sample, the ZPL narrow-
ing from FWHM = 123 cm−1 (~ 6 nm) to FWHM = 40 cm−1 
(~ 2 nm) was observed for a temperature decrease from 300 
to 11 K, respectively. This behaviour was well described 
by the T3 dependence expressing the homogenous broaden-
ing determined by vibrations of the perturbed host lattice. 
Additionally, the blue shift by 29 cm−1 (~ 1.5 nm) in the 
ZPL position from room temperature to 11 K was observed. 
This blue shift follows the T2 + T4 polynomial dependence 
reflecting effects of lattice contraction and weakening of the 
strength of electron–phonon coupling.
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The successful growth of nanocrystalline diamond (NCD) thin
films with optically active Si-related color centers was realized on
glass and molybdenum substrates by the microwave plasma
chemical vapor deposition (CVD) with focused or linear antenna
plasma reactors. Diamond coatings were characterized by Raman
spectroscopy, scanning electron microscopy, and photolumin-

escence (PL) spectroscopy. Increased of a-Si interlayer thickness
resulted in reduction of stress in NCD film and increased
renucleation ofNCD films. The PL spectra showed that the Si-color
center is only observed in the focused plasma system. The influence
of the substrate material as well as the a-Si interlayer on the density
of Si-related color center was not confirmed in our setup.

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The photoluminescence (PL) proper-
ties of optical centers in diamond are outstanding due to high
quantum yields and little photobleaching [1]. In addition,
optical centers in diamond are promising as single photon
emitters [2, 3]. Many impurities are known to form optically
active defects in diamond. These include N, Si, and Cr [4], and
recently, N-vacancy centers with pronounced zero-phonon
line (ZPL) with a relatively strong phonon sideband [5].
Silicon vacancy (SiV) defects with ZPL at 738 nm [6] have
weak interaction with phonons of the host [7]. Several studies
have reported on the excellent PL of nanodiamond particles in
cells without photobleaching even at room temperatures [8, 9].
A nanosized island-like diamond film with nonuniform
spatially localized SiV centers can be prepared by microwave
(MW) plasma chemical vapor deposition (CVD) [10]. The
size of nanodiamonds influences the shift of SiV emis-
sion [11]. In addition, due to carbon–carbon bonds diamond
can be easily functionalizedwith various chemical groups [12]
and color center activity can be controlled.

In this paper, we present a controllable and reproducible
method for the preparation of SiV centers in nanocrystalline
diamond (NCD). A comparison of twoMWplasma deposition
systems utilizing quite distinctive setup and process para-
meters is also done.

2 Experimental Diamond thin films were grown on
fused silica (UQG) and Mo substrates in size 10� 10mm2.

Before the CVD growth, substrates were ultrasonically
pretreated in a suspension of deionized water and ultra-
dispersed detonation diamond powder (diameter 5–10 nm,
New Metals and Chemicals Corp. Ltd., Kyobashi) [13].
The CVD deposition of diamond was performed in a MW
plasma enhanced CVD reactor using either cavity resonator
with focused plasma (Aixtron P6) [14, 15] or the linear
antenna system (AK400, Roth & Rau), which exhibits
unique characteristics compared to focused plasma systems
[16–18]. Amorphous Si (a-Si) interlayers (5, 10, and 20 nm)
were prepared by a custom RF plasma enhanced CVD
system by Aurion.

Three sets of samples were prepared and studied for the
influence of a-Si interlayer thickness, substrate type, and
deposition system on SiV color center activity (see Table 1).

Samples with defined a-Si interlayer thickness were
prepared using the focused plasma reactor as follows:
(a) first, approx. 50 nm NCD film was deposited using 1%
of methane (3 sccm) diluted in hydrogen (300 sccm), total
gas pressure p¼ 5 kPa, substrate temperature Ts� 730 8C,
using the total power P¼ 2.5 kW and 45min deposition
time, (b) then transferred for a-Si growth, and (c) finally
redeposited by approx. 100 nm NCD layer using 1% of
methane (3 sccm) diluted in hydrogen (300 sccm), p¼ 6 kPa,
Ts� 900 8C, P¼ 3 kW, and 1 h deposition time.

Samples comparing the focused and linear plasma
reactor were prepared using two nucleation procedures:
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(a) nucleated substrate was redeposited by 10 nm a-Si layer
and (b) clean substrate with 10 nm a-Si was nucleated.
Only UQG substrates were used. These pretreated substrates
were then loaded for NCD growth in both deposition
systems. In the case of the focused plasma system, the
deposition parameters were the same as in the third step
when 1% of CH4 in H2, p¼ 6 kPa, Ts� 900 8C, P¼ 3 kW,
and 1 h deposition time were used. The process parameters of
the linear antenna system were as follows: H2/CH4/CO2 gas
mixture (2.5% of CH4 and 10% CO2 in 200 sccm H2),
P¼ 2 kW at each antenna side, p¼ 100 Pa, and Ts� 450 8C.
The substrate table was on floating potential at a distance of
70mm from antennas [18].

Surface morphology was characterized by scanning
electron microscopy (SEM, e_LiNE writer, Raith GmbH).
The layer thickness was characterized by the reflectance
interferometry and evaluated using the commercial Film
Wizard (Scientific Computing International) software. The
thickness of selected samples was also confirmed by SEM in
cross-section view.

The diamond character of films as well as their PL was
determined at room temperature by the Renishaw In Via
Reflex Raman spectrometer using a CCD camera, the UV
excitation wavelength of 325 nm for Raman spectra and blue
excitation light 442 nm for the PL spectra. Steady state PL
was also measured at room temperature in 550–1050 nm
spectral range under oblique incidence 608 in our micro-
spectroscopic setup with TTL triggered green excitation

laser operating at 532 nm and 200mW, the fused silica
aspheric lens collecting PL (f¼ 20mm, N.A. 0.5), Horiba
H10 monochromator and fW photodiode receiver locked-in
to the laser reference frequency.

3 Results and discussion The development of the
layer morphology with increasing a-Si interlayer thickness is
shown in Fig. 1. Shown images are for UQG substrates.

Figure 1a shows the surface morphology of NCD film
without a-Si interlayer. The grains are well faceted with
average size 170 nm. Figure 2a shows surface morphology
of NCD film with 5 nm a-Si interlayer. Renucleation and a
decrease of average grain size are observed due to the a-Si
interlayer. As will be shown later in Fig. 2a, the a-Si layer is
too thin or it is reduced during the growth of diamond to
observe its recrystallization. Due to this fact further growth
of the upper diamond layer is only weakly influenced by the
a-Si layer. In Fig. 1c and d, the effect of renucleation is more
evident with the average grain size decreasing to �100 nm
(Fig. 1c) and �75 nm (Fig. 1d). The pronounced renuclea-
tion with 20 nm of a-Si interlayer is mostly caused by
recrystallization of Si (see sample S1d in Fig. 2a). Another
effect of increased a-Si interlayer is stress compensation.
This problem is caused by lattice mismatch and is
emphasized when growing thicker NCD films and/or high
thermal cooling after the deposition occurs. We have tested
higher sample cooling after the NCD deposition on UQG
substrates. Cracking and delamination of NCD was reduced
with increased a-Si layer thickness. Morphology changes of
sample S3a and S3c versus S3b and S3d confirm that 10 nm
a-Si layer on top of nucleated sample increase renucleation
of diamond grains.

Figure 2 shows Raman spectra of diamond coatings for
increasing a-Si interlayer thickness both for UQG and Mo
substrates. In the Raman spectra, six peaks are identified.
The diamond characteristic peak centered at 1332 cm�1 [19].
Broad bands cantered at 1350 and 1580 cm�1 are attributed
to D and G bands [20]. The broad sub-band centered at
1150 cm�1, which is attributed to the trans-poly-acetylene
groups (C–H bonds). The peak at 520.7 cm�1 corresponds to
crystalline Si with a shoulder from amorphous phase
at 480 cm�1, where the peak at approx. 960 cm�1 reflects its
second order [21, 22].

All samples show high quality NCD film were prepared
independent on substrate material and the thickness of a-Si

Table 1 The parameters of prepared samples.

sample
name

deposition
system

substrate
type

a-Si interlayer
(nm)

S1a focused UQG 0
S1b focused UQG 5
S1c focused UQG 10
S1d focused UQG 20
S2a focused Mo 0
S2b focused Mo 5
S2c focused Mo 10
S3a focused UQG 10 nm a-Si/nucleated
S3b focused UQG nucleated/10 nm a-Si
S3c linear antenna UQG 10 nm a-Si/nucleated
S3d linear antenna UQG nucleated/10 nm a-Si

Figure 1 SEM images of the diamond surface morphology changes induced by increasing thickness of a-Si interlayer. From left (a) to
right (d), the a-Si thickness increased from 0 nm (sample S1a) to 5 nm (S1b), 10 nm (S1c) and 20 nm (S1d) where the renucleation
of diamond is pronounced.
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layer owing to constant process parameters and confirms the
high reproducibility of the deposition system [14]. Recrys-
tallization of the a-Si interlayer is observed with increasing
a-Si thickness as confirmed by the peak at 520.7 cm�1. This
is due to the equilibrium between enough high amount of
Si atoms [23], optimal temperature and detection limit of
Raman measurement setup. Recrystallized Si grains are
attributed to increasing renucleation of the upper NCD film
as shown in Fig. 1.

Figure 3 shows PL spectra of diamond coatings as a
function of a-Si interlayer thickness both for UQG and Mo
substrates. The PL spectrum shows the ZPL line from SiV
center at 738 nm, and associated satellites merged into a
broad shoulder at 757 nm [6]. Activity of the SiV center was
also confirmed for the sample without a-Si interlayer, see
Fig. 3a. To eliminate the effect of glass substrate sputtering
as a source of Si, Mo substrates were used. Since the 738 nm

PL peak is present in NCD grown on Mo, see Fig. 3b, the
substrate is not the source of Si atoms. The idea of
pronounced fabrication of SiV centers by immersing the a-Si
layer into NCD film was also not confirmed. Thus, we
speculate that the source of Si remains in the quartz bell jar
of the focused plasma system. Indeed, the electrical field
strength in the two focal maxima of the ellipsoidal cavity
resonator is three times greater than side maxima [24]. These
side maxima in close vicinity to the bell jar can ignite weak
plasma, which etches Si from it. This contamination was
detected previously [25] but it was not understood as a
feature of the system that created optically active centers in
diamond.

Moreover, for Mo substrate also a peak at 806 nm was
detected and its activity decreased with decreasing thickness
of a-Si interlayer. However, the origin of this peak is unclear
at the moment.

Figure 4 shows PL spectra of diamond coatings for two
pretreatment layers in the focused and linear antenna plasma
deposition systems. Since the a-Si layer was not found to
cause a detectable improvement in the fabrication of SiV
centers, we have focused on the other deposition system
utilizing linear antenna MW plasma source [16–18]. By
comparing PL activity of the samples grown in the focused
plasma system (S3a and S3b) with samples from the linear
antenna plasma system (S3c and S3d) in Fig. 4, we can
conclude that no detectable PL is present in the samples S3c
and S3d. This observation further indicates that the Si-color
center is closely related to the focused plasma system. The
future outlook includes the study of SiV activity as a function
of the substrate temperature and gas composition.

4 Conclusions In the presented work, we have
investigated the reproducible method of SiV color center
preparation in diamond. The PL activity of single phonon
centers in diamond layers was achieved and correlated with
process parameters and deposition system characteristics.

Figure 2 Raman spectra of the diamond films (S1x and S2x) as a
function of a-Si layer thicknesses on both substrates.
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Figure 3 PL emission spectra taken at RT under 532 nm excitation
on NCD samples (S1x and S2x) with various a-Si layer thicknesses
on both substrates.
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Figure 4 PL emission spectra at RT taken under 532 nm excitation
on NCD samples (S3x) comparing focused and linear antenna
plasma system.
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Our observations indicate that the Si-color center is
closely related to the focused plasma system. The idea of
pronounced fabrication of SiV centers by the presence of
the a-Si interlayer in the NCD film was not confirmed. On
the other hand, we observed that the increased a-Si thickness
results in reduction of stress in NCD film and increased
renucleation of NCD film.
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In this paper, we studied the influence of process parameters on
the incorporation and optical activity of the silicon vacancy
(Si-V) zero phonon line (ZPL) in diamond films. The ZPL
intensity at 738 nm is studied in nano- and micro-crystalline
diamond films deposited by microwave plasma enhanced CVD
as a function of a substrate temperature, gas composition, i.e.
CO2 and N2 concentrations in the gas mixture. We found that
the ZPL intensity of Si-V center is independent in a broad
deposition temperature range from 450 8C to 1100 8C with a

full width of half maxima (FWHM) of 6 nm. For the lowest
deposition temperature (350 8C), the ZPL intensity decreases
and the FWHM doubles. The Si-V center ZPL vanished for
admixtures of 1% CO2 or 2.5% of N2 and higher in the gas
mixture. For smaller concentrations, the ZPL intensity
gradually decreased while keeping the ZPL peak position
and FWHM constant. The influence of CO2 and N2 addition on
the diamond morphology is also discussed with respect to the
presence of Si-V centers.

� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Optical centers in diamond reveal
outstanding photoluminescence (PL) properties as high
quantum yields, negligible photobleaching, and no
blinking [1]. The zero-phonon line (ZPL) of Si-V centers
in diamond is predominantly localized at approximately
738 nm [2–4]. Its sharp and short-lived emission line makes
diamond a promising single-photon source material [5] or
material suitable for bio-imaging due to its near infrared
emission [6, 7]. Si-related centers are often and commonly
incorporated in all chemically vapor deposited (CVD)
diamonds by the etching of Si substrates, quartz windows,
and bell jars [3, 4] or by addition of Si containing gasses to
the gas mixture [8]. To achieve PL enhancement and
reproducible fabrication, studies related to the substrate
material morphology [5, 9] and quality [10], gas compo-
sition [11–13] or creating special structures [14–16] were
carried out. Due to carbon–carbon sp3 hybridized bonds,
diamond can be easily functionalized with various chemical
groups [17] which can also influence the optical activity of
nearly localized color centers. A high interest is seen in
fabrication of nanodiamonds. They can be fabricated
directly [8, 11] or from solid films [18]. Molecular-sized
fluorescent nanodiamonds with Si-V centers were theoret-
ically predicted [19] and experimentally confirmed [20].

This concerns applications in drug delivery [21] or
fluorescent labeling [22, 23].

In the diamond CVD process, oxygen is added to a
source gas mixture to increase the growth rate and/or to
improve the quality of the resultant films [24, 25] due to
faster etching of non-diamond phases. Oxygen containing
gas species are also very effective for low temperature
diamond growth [26–28]. On the other hand, the addition of
nitrogen into the gas mixture resulted in quite significant
morphological changes in diamond films [29, 30].

In this contribution, we present a reproducible method
for the preparation of diamond films with controllable
enhanced photoluminescence corresponding to Si-V color
centers. The influence of process parameters (substrate
temperature and gas composition – CO2 or N2 addition) on
the Si-V center ZPL intensity is studied.

2 Experimental Thin diamond films were grown on
10� 10mm2 Si (100) substrates. Before the CVD growth,
substrates were ultrasonically pre-treated in a suspension of
deionized water and ultra-dispersed detonation diamond
powder (diameter 5–10 nm, New Metals and Chemicals
Corp. Ltd., Kyobashi) [31]. The CVD deposition of
diamond was performed in a microwave plasma-enhanced
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CVD reactor using the ellipsoidal resonator with focused
plasma [32]. Three sets of samples were prepared. Diamond
films were grown from hydrogen rich plasma from two
various gas compositions (i.e., H2/CH4/CO2 and H2/CH4/
N2) and at varied substrate temperatures (Ts) from 350 8C to
1100 8C.

For the study of the Ts influence on the Si-V center ZPL
intensity, the diamond films were deposited from 1%
CH4/H2 gas mixture. Variation of Ts (350, 500, 650, 800,
900, and 1100 8C) was controlled by changing total gas
pressure p, total microwave power P, and heat transfer
efficiency to the cooled substrate holder [33]. The growth
time t was 15min to 12 h to achieve the same diamond
thickness (approximately 200 nm).

For the study of the CO2/H2 concentration (0, 0.5, 1.5,
2.5, 3.5, and 4.5%) in the gas mixture on the Si-V center
activity, diamond films were deposited at 5% CH4/H2,
p¼ 6 kPa, Ts� 900 8C, P¼ 3 kW, and t¼ 4 h.

For the study of the N2/H2 concentration (0, 0.5, 1, 2, 4,
and 6%) in the gas mixture on the Si-V center activity,
diamond films were deposited at 5% CH4/H2, p¼ 7 kPa,
Ts� 800 8C, P¼ 3 kW, and t¼ 2 h.

In the gas composition experiments ([CO2] and
[N2] studies), the diamond deposition was first 10min
without CO2 or N2 addition to the gas mixture to prevent
etching of the seeding layer.

The diamond character of films as well as their
photoluminescence was determined at room temperature
by the Renishaw In Via Reflex Raman spectrometer using
CCD camera with 442 nm excitation wavelength. Surface
morphology was characterized by a scanning electron
microscopy (SEM, e_LiNE writer, Raith GmbH). The film
thickness was measured by a reflectance interferometry and
evaluated using the Film Wizard software (Scientific
Computing International).

3 Results and discussion
3.1 Influence of substrate temperature Ts The

influence of the substrate temperature Ts on the Si-V color
center ZPL intensity was studied for 1% CH4 in H2 gas
mixture. Figure 1 shows the dependence of surface
morphology on the varied Ts from 350 8C to 1100 8C. It
is well-known that an increased Ts results in an increased
deposition rate and a pronounced crystal faceting [34]. In
our case, all the films had the thickness approximately
200 nm. This was achieved by variation of the deposition
time. The sample deposited at 350 8C (Fig. 1a) reveals the
smallest grains (<50 nm). For higher Ts up to 900 8C, the
grain size remains nearly constant with the size between 150
and 200 nm (see Fig. 1b–e). Similar grain size is mainly
given by the same film thickness and effective growth
process without renucleation during the diamond growth.
For the highest Ts, a reduction of grain size is observed
(Fig. 1f). This crystal size decrease is attributed to a too high
(1100 8C) substrate temperature which is already behind an
optimal deposition temperature where the graphitization
occurs [35].

Figure 2 shows selected Raman spectra of samples
deposited at four different substrate temperatures. Typical
features for diamond films are observed, i.e., one sharp peak
centered at �1332 cm�1 and three bands centered at the
frequencies of �1150, �1360, and �1580 cm�1. Intensity
of the diamond peak at 1332 cm�1 (sp3 diamond phase)
increases with increasing Ts. The D-band at 1360 cm�1 is
observed when small graphite crystallites are present.

A broad band from approximately 1450 to 1630 cm�1 is
a superposition of several bands, including trans-
polyacetylene band (1450 cm�1) and G-band (related to
sp2 graphite phase) at 1550–1620 cm�1 [36, 37]. The
G-band increases for the sample deposited at the highest Ts
(1100 8C), which is attributed to high sp2 content due to a too
high substrate temperature when microcrystalline graphite
may be also formed [35]. For the Ts¼ 350 8C, the trans-
polyacetylene band (at 1150 cm�1) is attributed to a high

Figure 1 Surface morphology of diamond films deposited at
different substrate temperatures Ts from the H2/CH4 gas mixture
(scale bar corresponds to 500 nm for all images).

Figure 2 Raman spectra of diamond films deposited at different
substrate temperatures Ts from the H2/CH4 gas mixture.

Phys. Status Solidi B 252, No. 11 (2015) 2581

www.pss-b.com � 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Original

Paper



 

amount of grain boundaries as the average grain size is the
lowest [38].

The normalized photoluminescence spectra of diamond
films as a function of substrate temperatures Ts are shown in
Fig. 3. The photoluminescence spectra show the Si-V center
ZPL line at 738 nm, and associated satellites merged into a
broad shoulder at 757 nm [3, 4]. The diamond films
deposited at Ts� 450 8C reveal comparable ZPL intensities
as well as the FWHMs (6 nm) independently on Ts. These
observations are similar to previously published results [9].
For the Ts¼ 350 8C, the FWHM of the 738 nm Si-V center
peak is doubled while the intensity decreased to 70%. Based
on SEM and Ramanmeasurements (as seen in Figs. 1 and 2),
this can be attributed to structural defects and increased
amount of non-diamond phases within the formed diamond
film. The presence of NV centers in the grown films was not
detected (as seen in the inset of Fig. 3).

3.2 Influence of gas composition As introduced,
the addition of other gases to standard H2/CH4 chemistry
can change the diamond morphology from micro- to nano-
or even to an ultra-nanocrystalline character. Similarly, film
quality, growth rate, and the most importantly, the presence
and activity of the Si-V center will be influenced too. Based

on our previous work [30], we fixed CH4/H2 concentration
at 5% at different CO2 and N2 added concentrations.

Figure 4 shows SEM images of diamond films deposited
at CO2 varied from 0 to 4.5%. No significant change of
diamond growth or surface morphology is observed up to
3.5%CO2. On the other hand, the deposition is slowed down
already at 4.5% CO2 due to the prevailing etching process
promoted by CO2 addition [27].

Figure 5a shows the photoluminescence spectra of the
diamond films deposited at various CO2 concentrations
while the inset in Fig. 5a shows the corresponding Raman
spectra. The Raman spectra prove the good quality of the
diamond films with dominating sharp diamond peak. In
contrast to the Raman results, the PL spectra show a strong
sensitivity to the CO2. An addition of 0.5% CO2 into the gas
mixture reduces the ZPL intensity by more than 50%. The
Si-V center position and the FWHM did not change. A
further increase of CO2 concentration to 1.5% and higher
resulted in a total quenching of Si-V centers. No qualitative
change in the diamond peak (1332 cm�1) was observed for
various CO2 concentrations (see inset in Fig. 5a) confirming
the good quality of the diamond films.

Figure 5b shows a dependence of the ZPL intensity after
the N2 addition to the gas mixture. In this case, the addition
of 0.5% N2 into the gas mixture already led to reduction of
the ZPL intensity by 50%. The ZPL intensity decreased to
30% for 1% of N2. The position and FWHMof the Si-V ZPL
were insensitive to these N2 concentrations. No active Si-V
centers were detected for N2 concentrations higher than 1%.
Competitive vacancy creation processes with oxygen or
nitrogen might be the reason for ZPL intensity decrease due
to the lack of vacancies. The observed decrease in the Si-V
intensity can be caused by changed plasmochemistry
(preferential formation of SiOx complexes in the gas phase)
or changed growth kinetics (higher N2 content enhances the
renucleation which leads to the formation of a larger amount
of grain boundaries). It is well known that the diffusion of
any element into diamond lattice is very low (nearly zero).
Moreover, the dopants should be preferentially segregated
along the impurities induced by additional element rather
than substitutionary incorporated in the diamond crystal
lattice. Thus, the decrease of Si-V intensity with higher N2

concentration could be attributed to the quenching of the
Si-V PL as a result of N2 clustering and/or too high amount
of non-diamond carbon phases [11, 39].

Figure 3 The normalized photoluminescence emission spectra
from diamond films deposited at various substrate temperatures Ts.
The PL spectra were taken at RT using the 442 nm excitation
wavelength. The inset shows as-measured spectra.

Figure 4 Surface morphology of diamond films as a function of CO2 addition to the H2/CH4 gas mixture (scale bar corresponds to
500 nm for all images).
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The surface morphology changed significantly and
revealed a transformation from well-faceted diamond film
(without N2) to a nanowire-like diamond structure (�4% of
N2). As previously observed by SEM and Raman spectra,
the diamond growth was hindered for 10% N2 [30]. In
contrast to the Singh and Catledge findings [11], we did not
observe any increase of Si-V emission after nitrogen
addition. It is assumed that this difference might be
attributed to much lower N2 concentrations used in their
work. On the other hand in their work [11], enhancement of
the ZPL diminished for 0.115% N2. These different findings
might be assigned to the deposition apparatus. Moreover,
the main source of Si atoms is coming from the Si
substrate [11, 40].

The SIMS measurements (SIMS TOF IV. ION TOF
Muenster) revealed the Si content at the detection limit of
our setup (i.e., more or less comparable with the noise signal
– not shown here). On the other hand, the depth profiling
indicated a nearly linear Si increase at the diamond/Si
interface. This dependence could be assigned to the plasma
etching of the Si substrate before its coating with a
continuous diamond film.

Our results indicate the technological possibility to
deposit diamond films at high quality and defined
morphologies with or without optically active Si-V color
centers fabricated within one deposition process.

4 Conclusion We studied the influence of process
parameters on the Si-V color center ZPL intensity correlated
with the quality and morphology changes of diamond films.
The intensity of Si-V centers ZPL was independent of the
substrate temperature Ts. Similar grain size (�175 nm) was
obtained for Ts in the range of 450–900 8C. For the lowest
(350 8C) and the highest (1100 8C) substrate temperatures, the
grain size was reduced and graphitization occurred at 1100 8C.
By a small addition of CO2 orN2 into the gasmixture, the Si-V
ZPL intensity gradually decreased. Moreover, morphology of

the diamond films with active Si-V centers was insensitive to
the CO2 admixture. In the case of nitrogen addition, the
diamond film morphology changed from micro- to nano-
crystalline structure still revealing active Si-V centers. In all
cases, no shift of the ZPL was observed. The FWHM of the
ZPLs was 5–6nm except for the sample deposited at 350 8C
when it was doubled.

These experiments indicate that agradient intensityofSi-V
color centers within the diamond film can be prepared by
precise control of thegasmixture andstill keepinggoodenough
film quality and morphology. Using this strategy, sandwich-
like structures consisting of optically active and not active Si-V
centers can be fabricated. Moreover, micro- or nanocrystalline
diamond character can be tailored by the gas admixture while
still keeping optical activity of the Si-V centers.
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A B S T R A C T

Selective deposition of diamond allows bottom-up growth of diamond nanostructures and nanoscale devices.
However, it remains challenging to reduce the size of the patterns and to suppress parasitic spontaneous nu-
cleation. We show here that thin layers of hydrtogenated amorphous silicon (down to 40 nm) efficiently suppress
spontaneous nucleation of diamond. The suppression of diamond nucleation does not depend on the substrate
materials below hydrogenated amorphous silicon (Si, SiO2, Pt, Ni). We attribute the suppressed diamond nu-
cleation to surface disorder on atomic scale. By using a structured layer of hydrogenated amorphous silicon,
highly selective growth of diamond micro-patterns with optically active SiV centers by low-temperature mi-
crowave plasma chemical vapor deposition is achieved.

1. Introduction

Diamond has many outstanding properties – optical, thermal, elec-
trochemical, chemical, electronic [1] – which are very promising for
many potential applications. One of the most interesting and intensively
studied features are diamond colour centers [2,3]. They are in-
vestigated for many reasons such as detection of very weak magnetic
fields [4,5] and quantum computing [6] by nitrogen-vacancy (NV)
centers, and biomarkers and (bio-)sensing by silicon-vacancy (SiV)
centers [7]. Many of these applications require, or may benefit from,
precise placement of luminescent diamonds on a substrate.

When chemical vapor deposition (CVD) of diamond is carried out on
a non-diamond substrate, stable clusters of carbon atoms with a dia-
mond structure (called nuclei) must first be created. In order to become
stable, clusters must overcome the energetic barrier (i.e. to achieve a
critical size). This process is called spontaneous nucleation [8,9]. The
height of the energetic (or nucleation) barrier is determined by the
deposition conditions – the deposition system, the gas mixture, pressure
or temperature [10]. The spontaneous nucleation rate is usually char-
acterized by the nucleation density – the number of spontaneously
created diamond grains per unit surface area. Spontaneous nucleation
depends not only on the deposition conditions, but also on the prop-
erties of the substrate material. CVD diamonds usually start to grow
after the formation of a carbide buffer layer on the substrate (e.g. SiC on

Si substrates). Moreover, the same material can lead to different nu-
cleation densities if defects are present on the surface. For example,
spontaneous nucleation is markedly enhanced near the scratches on an
otherwise smooth surface [11].

The substrate is often seeded with diamond nanoparticles before
deposition (e.g. in an ultrasonic bath), because the spontaneous nu-
cleation process is typically slow and the nucleation density is relatively
low and insufficient for growing thin, continuous films. Subsequently,
the diamond grows directly on diamond grains. Lateral structuring of
the seeding layer can be used for selective growth of diamond devices
[12]. However, it is challenging to reduce the size of the patterns in the
seeding layer to nanoscale, to control the position of the seeding par-
ticles in order to prepare small clusters of diamond crystals, as well as to
reduce unwanted growth outside the defined areas [13].

A mask made of material that suppresses diamond nucleation can be
used instead of lateral structuring of the seeding layer in order to
achieve selective growth. There are several requirements on the mate-
rial of the mask. 1. It must suppress spontaneous nucleation in order to
achieve growth only within predefined areas. 2. It must be compatible
with the conditions that are used for the diamond growth. 3. The ma-
terial should be easily deposited, structured on nanoscale and, pre-
ferably, easily removable.

In this respect, hydrogenated amorphous silicon (a-Si:H) thin films
are appealing. A layer of a-Si:H can easily be deposited by chemical
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vapor deposition, can easily be etched chemically, and can be locally
structured by photolithography or even by a conductive atomic force
microscope (AFM) [14–16].

In this study, we first investigate the effect of a-Si:H thin film
coating on the spontaneous nucleation of diamond on various substrate
materials. In order to quantify the effect, the nucleation density on a-
Si:H is compared with the nucleation density on a bare Si wafer, as a
reference. Low temperature diamond growth [17,18] was used for de-
position in order to avoid thermally-induced changes in a-Si:H layers.
We show that spontaneous nucleation of diamond is completely sup-
pressed on amorphous silicon in contrast to monocrystalline silicon,
where high spontaneous nucleation density can be achieved. In this
sense, the a-Si:H film can work as a mask for selective diamond de-
position, as demonstrated. Moreover, we show that the chemical purity
of the diamond is high enough for optically active SiV centers to be
observed. The method presented here can thus be highly beneficial for
bottom-up growth of diamond photonic [19] or electronic devices [12].

2. Experimental

Spontaneous nucleation was investigated on the following sub-
strates: standard polished monocrystalline p-type Si (100) wafers, or Si
wafers with additional interlayer made of Ni (40 nm by evaporation), of
Pt (40 nm by sputtering) or of SiO2 (900 nm). All of these substrates
were covered by a thin layer (40 nm–230 nm) of a-Si:H. The a-Si:H
layers were deposited by chemical vapor deposition (CVD), using
0.02% of SiH4 (1 sccm) diluted in helium (5000 sccm), and a low sub-
strate temperature (50 °C). This process leads to a high hydrogen con-
tent in the a-Si:H layers (20–45 at. %). The thickness of the a-Si:H layer
was controlled by the CVD deposition time, with a linear increase in
thickness with deposition time, and was determined by atomic force
microscopy (AFM). A bare monocrystalline silicon wafer (placed side-
by-side with the a-Si:H covered samples) was used as a reference during
subsequent diamond deposition, and the nucleation density on a-Si:H
was compared with the nucleation density on this reference sample.

The diamond deposition was carried out in a focused microwave
plasma CVD (MP-CVD) reactor (Aixtron P6) using an ellipsoidal cavity
resonator. For the setup scheme of the reactor, see Fig. S1 in
Supplementary Information. The plasma is located close (1–2 mm) to
the substrate surface [8]. This proximity of the plasma limits the lowest
substrate temperature that can be achieved during CVD deposition. The
substrate temperature was kept low (approximately 430 °C; monitored
by a Williamson, PRO 92-20-C-23 type IR pyrometer) in order to reduce
possible thermally-induced changes to the a-Si:H. In some cases, a
higher surface temperature (approximately 560 °C) was used while
keeping the deposition conditions unchanged. This was achieved by
using a hollow substrate holder with lower thermal conductivity.

The deposition conditions were adjusted so that the nucleation
density on the reference polished monocrystalline silicon substrates was
higher than 106 cm−2, which is the maximum that we could achieve
while keeping the substrate temperature low. The reference substrates
were cleaned using O2 plasma treatment before depositions. The
parameters used for diamond deposition were as follows: deposition
time t = 3 h–12 h, total gas pressure p = 4 kPa, gas flow of hydrogen H2

equal to 300 sccm, gas flow of methane CH4 equal to 3 sccm (or 15
sccm), power of the MW source P = 4 kW. Three different deposition
scenarios were used. In the first scenario (labeled as long), the deposi-
tion time was 12 h. All parameters were kept constant during the de-
position. In the second scenario (labeled as methane), the deposition
was shortened to 4 h. In order to enhance and accelerate spontaneous
nucleation, the methane concentration was increased to 5% during the
first hour. In the third scenario (labeled as interrupted), the deposition
was interrupted after 0.5 h. Deposition was restarted after 0.25 h, and
lasted a further period 3 h.

Scanning electron microscopy (SEM; Tescan Maia3) was used to
determine the nucleation density of the diamond grains and the

morphology of the samples after deposition. The particles on randomly
selected regions (each 1500 μm2 in area) over the surface of the sample
were manually counted. Subsequently, the number of particles was
divided by the total area of these regions.

The material and chemical composition of grains was characterized
by Raman micro-spectroscopy (Renishaw inVia Reflex, excitation wa-
velength 442 nm, objective 100×; Horiba XploRA, excitation wave-
length 325 nm, objective 100×). The micro-photoluminescence of the
structures was also measured in the same setup (Renishaw inVia Reflex).
The chemical composition of some samples was analyzed by X-ray
photoelectron spectroscopy (XPS; AXIS Supra, Kratos spectrometer with
a hemispheric analyzer and a monochromatic Al Kα X-ray source,
1486.6 eV; high resolution spectra pass energy 20 eV). The XPS spectra
were acquired from an area of 700 × 300 μm2 with a 90° take-off angle
90°.

The selective growth of diamond was demonstrated on samples
consisting of a Si wafer covered by 40 nm of Pt. We used FDP (Fumed
Diamond Powder, 3.1 ± 0.6 nm; NanoCarbon Research Institute) de-
tonation nanodiamonds, which were dispersed in DI water by means of
ultrasonication (200 W, 1 h; Hielscher UP200S) for seeding. The sam-
ples to be seeded were immersed in a colloidal solution (1 mg/ml) of
FDP diamond nanoparticles for 30 min, were rinsed in DI water, blown
by nitrogen and covered with a layer of a-Si:H (230 nm). Part of this
layer was removed using a standard photolithographic process (positive
photoresist, 6 s exposition with UV light, 40 s in the developer) and dry
etching in SF6 plasma. SF6 plasma, which is not harmful for the dia-
mond seeding layer, was used to selectively remove a-Si:H in places
where the resist was removed in the photolithographic process, re-
vealing the diamond seeding layer. The rest of the photoresist was re-
moved in an acetone bath. The final samples consisted of a Pt layer (on
a Si wafer) seeded with diamond nanocrystals and partially covered
with a-Si:H layer.

Subsequently, diamond deposition was carried out in the focused
MP-CVD reactor. The deposition parameters were: power 4 kW, pres-
sure 4 kPa, concentration of methane in hydrogen 1%, and deposition
time 3.5 h. The samples were characterized using SEM, Raman micro-
spectroscopy and micro-photoluminescence measurements.

3. Results

3.1. Spontaneous nucleation on monocrystalline silicon

We detected clusters of nanocrystalline diamond (NCD) sponta-
neously nucleated on the surface of monocrystalline Si (Fig. 1). The size
of the clusters differed according to the deposition scheme. The largest
clusters (up to 2 μm) were observed on the sample with long deposition.
The surface of this sample was also covered by a thin layer of non-
diamond carbon particles. The larger clusters were composed of smaller
diamond grains 50 nm–100 nm in size. Solitary grains were also ob-
served on the samples.

The nucleation density on the reference sample (monocrystalline
silicon) achieved by three different growth scenarios was determined
from SEM images. The deposition scenarios are described in detail in
the Experimental section. The diamond nucleation density is roughly
the same (4 × 106 cm−2) for all three scenarios (Table 1). The un-
certainty of the spontaneous nucleation was estimated on the basis of
the slightly different number of particles in several SEM images taken in
various places over the sample.

The chemical composition of the nucleated particles was de-
termined by Raman micro-spectroscopy. The diamond peak is clearly
visible in the spectra of the particles, confirming their diamond com-
position. Raman spectroscopy also revealed different ratios of the sp3 to
sp2 bonds for the three scenarios. The highest concentration of sp2

bonds was detected on the sample with interrupted deposition (rela-
tively, in comparison with the other two depositions). The absolute
height of the diamond peak cannot be compared, as the Raman spectra
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were measured on clusters of different sizes.
The diamond nature of the nucleated particles was also confirmed

indirectly by the micro-photoluminescence measurements [20]. The
photoluminescence spectra show that optically active SiV centers were
created in diamond crystals formed on monocrystalline silicon (Fig. 2).
The zero phonon line (ZPL) is centered at approximately 738 nm. The
characteristic phonon band (wavelength > 750 nm) is also present.
The luminescence of the SiV centers was detected for all deposition
scenarios. However, the luminescence intensity varied in different
scenarios. This is most probably due to the different sizes of the parti-
cles. The highest intensity was detected for the long deposition scenario
with the biggest clusters, which supports this assumption. However, the
role of different chemical composition (e.g. a different ratio of the sp2

bonds) cannot be excluded.
Some carbon deposits were detected even in the surroundings of

diamond grains on the sample with the long deposition scenario.
However, these carbon deposits are not composed of diamond, as evi-
denced by both Raman and PL spectra (Fig. 1(b) and 2). Note that even
very small diamonds may contain optically active SiV centers [20,21]

and the PL spectra can thus confirm the presence/absence of diamond
nanoparticles.

3.2. Spontaneous nucleation on a-Si:H

SEM images of a-Si:H coated samples with various thicknesses and
interlayers after diamond deposition (interrupted deposition) are
shown in Fig. 3. The results of other deposition scenarios were similar.
The first four samples were placed side-by-side inside the reactor
chamber. Deposition on the other two samples was carried out sepa-
rately, using the same deposition conditions.

The nucleation density was determined from SEM images (the
number of all particles in a given area). The nucleation density on
samples with microcrystalline silicon (a 40 nm layer of a-Si:H which
crystallized during diamond deposition due to the metal-induced crys-
tallization process [22]) is at least one order of magnitude lower than
on monocrystalline silicon (Table 2). A few particles can be seen on the
SEM image (Fig. 3(c), bottom right corner). However, not all the par-
ticles were composed of diamond, as was revealed by Raman spectro-
scopy. Detailed pictures of some particles can be found in Fig. S2, in
Supplementary Information. Some of the particles may be diamonds.
However, the diamond sp3 peak was observed only in a few cases in the
Raman spectra of the particles. The absence of a diamond peak in other
cases is not caused by the small size of the particles, since different
Raman peaks (e. g. crystalline Si, carbon G-band, examples given in
Figs. S3 – S5, in Supplementary Information) were observed on the
particles.

No presence of spontaneously nucleated diamond particles was
observed on the samples with a thicker (150–230 nm) a-Si:H layer,
which remained amorphous during diamond deposition, as detected by
Raman micro-spectroscopy. Nevertheless, the layer was wrinkled in
some cases (Ni interlayer) due to the elevated temperature during de-
position (Fig. 3(d)).

Fig. 4 shows the Raman spectra of the samples presented above.
These spectra were taken on parts of the samples that did not contain
any particles (observable in the optical microscope). The spectrum of a
diamond particle nucleated on monocrystalline silicon is plotted at the
top for comparison. There is no sign of carbon in the spectra of the other
samples, with the exception of the sample with a 40 nm a-Si:H layer on
a Ni interlayer, which is covered with a continuous carbon film.
Moreover, a layer of carbon nanostructures composed of diamond-like
carbon (see Supplementary Information for details) was repeatedly
observed by SEM on this sample at high magnification. Luminescence of
the SiV centers was not detected on either of the samples with an
amorphous/microcrystalline silicon layer.

Fig. 1. Monocrystalline silicon samples with spontaneously nucleated diamond
clusters (three different deposition scenarios): (a) SEM images, (b) Raman
spectra of clusters; the grey dashed line denotes the position of the diamond
peak.

Table 1
Nucleation density on monocrystalline silicon for three
different deposition scenarios. The estimated un-
certainty is 1 × 106 cm−2.

Temperature approx. 430 °C

Interrupted 5 × 106

Long 4 × 106

Methane 5 × 106

Fig. 2. Photoluminescence of spontaneously nucleated diamond clusters (var-
ious scenarios). The yellow dashed line denotes the position of SiV centers ZPL
(738 nm).
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3.3. Selective growth of diamond

Based on knowledge of suppressed diamond nucleation on a-Si:H,
the application of an a-Si:H layer as a mask for diamond deposition was
tested. Fig. 5 shows the sample, which was seeded by diamond nano-
crystals and was selectively covered by an a-Si:H layer (approx. 230 nm
in thickness) during diamond deposition. The SEM image and the
Raman spectra clearly show that the diamond is growing only on areas
that are not covered by an a-Si:H layer. The detailed SEM image shows
that the deposited layer has the form of nanocrystalline diamond with

grain size between 20 and 50 nm. Moreover, the diamond contains
optically active SiV centers that are clearly evidenced by the micro-
photoluminescence measurement. No diamond crystals were detected
on the a-Si:H part of the sample.

When a thinner layer of a-Si:H (40 nm) was deposited on the
sample, we observed some growth of nanocrystalline diamond even on
the masked areas of the sample. This is most likely because the thick-
ness of the a-Si:H layer tends to decrease during diamond CVD growth,
due to an escape of hydrogen or due to crystallization. The diamond
nanoparticles in the seeding layer can thus be partially uncovered, and
diamond grows directly on them without the spontaneous nucleation
process.

4. Discussion

The nature of the a-Si:H films remained amorphous during diamond
deposition if the layer was sufficiently thick (150 nm–230 nm). Thicker
a-Si:H layers on the Ni interlayer were wrinkled (Fig. 3(d)), which is
very likely caused by the different coefficient of thermal expansion of
Ni and a-Si:H. The situation was different for thinner layers of a-Si:H
(40 nm). These layers crystallized during diamond deposition (tem-
perature approx. 430 °C). The crystallization was probably caused by
the presence of metals (Ni, Pt), both of which significantly reduce the
temperature at which amorphous silicon crystallizes [22]. In addition,
the high concentration of hydrogen reduces the crystallization tem-
perature [23]. However, both the metal interlayer and a high hydrogen
content are essential for templating a-Si:H layers with AFM [14].

We propose the following explanation of the observed phenomenon
of suppressed or reduced spontaneous nucleation on amorphous Si layer
and on a microcrystalline Si layer, in comparison with a monocrystal-
line Si wafer. On monocrystalline Si, diamond nuclei are created on
preferential sites on its surface, such as defects or nano-scratches, where
the concentration of carbon atoms is increased. Between these sites,
carbon atoms can migrate relatively freely over the surface. However,
the nucleation in the immediate neighborhood (10 nm) of nucleation
sites is suppressed, because they act as sinks for the diffusing adatoms
[24].

In contrast to crystalline Si, there are many more surface defects on
amorphous/microcrystalline Si that may act as potential preferential
sites [25]. However, all preferential sites also act as sinks for diffusing
adatoms and prevent nucleation in their neighborhood. The high sur-
face density of the preferential sites results in high competition between
them, and in the slow growth of carbon clusters. The slow growth rate
causes the diamond nuclei to be dissolved or destroyed by the

Fig. 3. SEM images of samples on different substrates after diamond deposition
(interrupted deposition): (a) Monocrystalline silicon (reference and carrier
substrate); (b) Si/Ni/a-Si:H (40 nm); (c) Si/Pt/a-Si:H (40 nm); (d) Si/Ni/a-Si:H
(230 nm); (e) Si/SiO2/a-Si:H (150 nm); (f) Si/a-Si:H (150 nm). Note that the
contrast on the samples was intentionally increased in order to show details on
the surface of the sample.

Table 2
Diamond nucleation density (ND) on six different samples after diamond de-
position (interrupted deposition). Based on data from SEM. * denotes that the a-
Si:H layer crystallized during diamond deposition due to elevated temperature.

Substrate ND (cm−2)

Reference 5 × 106 ± 1 × 106

Si + Ni + a-Si:H* (40 nm) Non-diamond carbon particles (see
Supplementary material)

Si + Pt + a-Si:H* (40 nm) < 2 × 105

Si + Ni + a-Si:H (230 nm) No diamond particles
Si + SiO2 + a-Si:H (150 nm) No diamond particles
Si + a-Si:H (150 nm) No diamond particles

Fig. 4. Raman spectra of the surface of the sample after diamond deposition
(interrupted deposition, temperature approx. 430 °C). From the top:
Monocrystalline silicon (reference - diamond particle); Ni/a-Si:H (40 nm); Pt/a-
Si:H (40 nm); Ni/a-Si:H (230 nm); SiO2/a-Si:H (150 nm); Si/a-Si:H (150 nm).
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bombarding energetic species [26] before they reach the diamond nu-
cleation critical size. The low temperature of the substrate may play an
important role in this process, because it further reduces the diffusion
rate of adatoms or of clusters of adatoms over the surface.

The role of surface termination and the surface energy difference
between monocrystalline Si and a-Si:H was also considered. The sur-
faces of both materials were covered by a native oxide layer prior to
deposition. The thickness of the oxide layer on a-Si:H was roughly the
same as on monocrystalline Si [27], taking into account that there were
several days between the deposition of a-Si:H and the diamond de-
position. The surface energy is about 50 mJ/m2 both for microcrystal-
line Si [28] and for a-Si:H [29] covered with native oxide, which is
significantly lower than the surface energy of diamond [30]. Thus,
there is no significant difference in surface termination or in surface
energy. Note that it cannot be only the amorphous structure of the
surface that suppresses the spontaneous nucleation of diamond, because
low nucleation density was also observed on microcrystalline Si (a thin
layer of a-Si:H that crystallized during deposition). However, the
number of surface defects is still significantly higher on microcrystalline
Si than on the monocrystalline reference. This can again lead to limited
diffusion of carbon atoms over the surface.

Some carbon nanostructures were observed only on Ni samples with
a thin (40 nm) layer of a-Si:H. The carbon layer is probably composed of
diamond-like carbon (DLC), as evaluated by Raman micro-spectroscopy
and XPS analysis (see Supplementary Information for details). At the
same time, there was no such nucleation of carbon on other types of
samples (a different material below a-Si:H, or a thicker a-Si:H layer).
The nucleation is, therefore, caused by the presence of Ni in the vicinity
of the surface. Similar structures were observed on Fe substrates in
[31]. We suppose that the a-Si:H layer (40 nm) shrinks and crystallizes
during deposition, due to the elevated temperature. Layer shrinkage
was observed after local application of an electric field in [16], and was
assigned to an escape of hydrogen atoms from the layer. Increased
temperature (400 °C) also leads to the effusion of hydrogen atoms from
hydrogen-rich layers [32]. The crystallization was evidenced by Raman
micro-spectroscopy. Subsequently, Ni atoms can diffuse through the

crystallized Si layer towards the surface. The Ni diffusion rate is sig-
nificantly higher for crystalline Si than for amorphous Si [33], which
explains why we observed the effect of Ni only for the case of the thin
layer that crystallized during diamond deposition. This observation
shows that the a-Si:H layer must be thick enough in order to prevent
nucleation of carbon nanoparticles. If the layer is too thin, it crystallizes
during diamond deposition and the substrate material may affect the
deposition process and catalyze the growth of carbon species.

Similarly, a thicker layer (> 150 nm) must also be deposited for the
use of a-Si:H as an efficient mask over the diamond seeding layer. We
have demonstrated that thick layers block the growth of diamond and
at the same time reduce unwanted spontaneous nucleation. When very
thin layers (20 nm) of amorphous Si were used, they crystallized during
diamond deposition, and diamond growth was observed [34]. This is in
accordance with our observation here. This fact limits the maximal
deposition temperature (approx. 500 °C) that can be used during dia-
mond deposition. On the other hand, it means that an a-Si:H layer does
not have to be completely removed in order to achieve diamond de-
position on selected areas. This could be very important for the use of
AFM for a-Si:H lithography [16], where the a-Si:H is structurally
modified but is not completely removed. The process is therefore also
not so sensitive to the accuracy of dry etching in conventional pat-
terning by photolithography or electron beam lithography.

5. Conclusion

Coating various substrates (Si, SiO2, Pt, Ni) with a thin
(150–230 nm) a-Si:H films leads to complete suppression of the spon-
taneous nucleation of diamond at deposition conditions when diamond
spontaneously nucleates and grows on monocrystalline Si. Reduced
nucleation density was also detected on microcrystalline silicon thin
films. The suppression of spontaneous nucleation was explained by the
amorphous nature and, therefore, the large number of surface defects,
which greatly hinder the surface diffusion of C atoms. The suppression
of spontaneous nucleation by a-Si:H films opens a new way for highly
selective deposition of diamond nanostructures. By patterning the a-

Fig. 5. (a) Optical microscope image (top) and SEM
morphology (middle) of the sample with an a-Si:H
layer patterned by photolithography after diamond
growth. The pictures at the bottom shows SEM de-
tails of the NCD structure (left) and the a-Si:H mor-
phology (right). (b) Raman spectra taken on the a-
Si:H and on the NCD part of the sample; the grey
dashed line denotes the position of the diamond
peak. (c) PL intensity taken on the a-Si:H and on the
NCD part of the sample; the yellow dashed line de-
notes the spectral position of the SiV peak.
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Si:H layer with the use of photolithography, highly selective growth of
nanocrystalline diamond with optically active SiV centers was achieved
even at relatively low substrate temperatures. This method can be
further miniaturized to nanoscale by using conductive AFM for creating
patterns in a-Si:H thin films. The results presented here thus open
prospects for various applications in photonics and in sensor systems.
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Abstract
Diamond nanoparticles, known as nanodiamonds (NDs), possess several medically significant properties. Having a tailorable and

easily accessible surface gives them great potential for use in sensing and imaging applications and as a component of cell growth

scaffolds. In this work we investigate in vitro interactions of human osteoblast-like SAOS-2 cells with four different groups of NDs,

namely high-pressure high-temperature (HPHT) NDs (diameter 18–210 nm, oxygen-terminated), photoluminescent HPHT NDs (di-

ameter 40 nm, oxygen-terminated), detonation NDs (diameter 5 nm, H-terminated), and the same detonation NDs further oxidized

by annealing at 450 °C. The influence of the NDs on cell viability and cell count was measured by the mitochondrial metabolic ac-

tivity test and by counting cells with stained nuclei. The interaction of NDs with cells was monitored by phase contrast live-cell

imaging in real time. For both types of oxygen-terminated HPHT NDs, the cell viability and the cell number remained almost the

same for concentrations up to 100 µg/mL within the whole range of ND diameters tested. The uptake of hydrogen-terminated deto-

nation NDs caused the viability and the cell number to decrease by 80–85%. The oxidation of the NDs hindered the decrease, but

on day 7, a further decrease was observed. While the O-terminated NDs showed mechanical obstruction of cells by agglomerates

preventing cell adhesion, migration and division, the H-terminated detonation NDs exhibited rapid penetration into the cells from

the beginning of the cultivation period, and also rapid cell congestion and a rapid reduction in viability. These findings are dis-

cussed with reference to relevant properties of NDs such as surface chemical bonds, zeta potential and nanoparticle types.
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Introduction
Carbon-based materials in the form of nanostructures are

showing great promise as engineering and biomedical materials

[1]. Moreover, diamond represents a new class of material with

properties that are tailorable on demand [2]. This work investi-

gates the use of diamond nanomaterials, or nanodiamonds

(NDs), especially in life sciences, tissue engineering and regen-
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erative medicine [3-6]. Diamond is biocompatible [7,8], and for

advanced biomedical applications, it is particularly promising in

its nanostructured forms (nanoparticles, nanostructured

diamond films and composite scaffolds) [9].

ND particles can act in the single particle form (bioimaging and

biosensing) [10,11], can serve as a stable delivery platform for

therapeutic antibodies [12], or can be incorporated into various

materials, for example, films for potential implant coatings [13].

Nanodiamond-based drug delivery has been mainly developed

for advanced tumour therapies and for localized drug delivery

[3,14]. Due to their stable and controllable photoluminescence,

NDs are also highly promising for advanced photonic and bio-

imaging techniques [15,16] and for nanoscale sensing [17,18].

There are various types of NDs, but two main groups can be

identified on the basis of their synthesis procedure. The first

group of NDs are those synthesized by the detonation method

[19], where even sub-nanometer detonation nanodiamond parti-

cles (DNDs) are produced [20]. A typical size distribution has a

maximum DND diameter of around 5 nm. The second group of

NDs are prepared by mechanical grinding of high-pressure

high-temperature (HPHT) diamond crystals [21]. The HPHT

ND particle size distribution can be mechanically controlled

down to approximately 20 nm, or by further post-processing

down to 1 nm, as has recently been reported [22].

NDs typically contain impurities, such as other carbon

allotropes, various oxides or carbides (i.e., carriers of various

functional surface groups) [3,23]. Therefore, for use in biologi-

cal or biomedical studies, NDs need to be extensively purified.

Numerous methods exist for removing non-diamond carbon

components based on treatment with various oxidizers, such as

peroxides, acids and ozone-enriched air [3,24,25]. Oxidation in

air at elevated temperature is a good method for effective sp2

carbon removal [26,27], particle size reduction [22] and surface

oxidation (i.e., the surface is covered by defined starting func-

tional groups).

The cytotoxicity of NDs depends on their origin (i.e., DNDs or

HPHT NDs), their size (distribution), their tendency to form

aggregates (surface charge), the presence of impurities, and sur-

face functionalization groups. Adverse effects on cell viability

have been reported when using DNDs [24,28-32], while HPHT

NDs often appear to be nontoxic [33,34]. Factors influencing

the cytotoxicity of nanoparticles are their size [24,35,36] and

surface functionalization [37].

In this work, we focus on cytotoxicity studies of NDs as a func-

tion of their synthesis route (DNDs versus HPHT NDs), their

concentration in the medium (from 10 to 1000 mg/mL, 3 to

300 µg/cm2), their size (5 nm DND, 18–210 nm HPHT NDs)

and their surface potential/termination (as-received and oxygen-

terminated). The cytotoxicity of NDs against the SAOS-2

human osteoblastic cell line is evaluated in this work by

counting adherent cells and by a mitochondrial metabolic activi-

ty test (MTS) after 3 and 7 days. Both the cell count and mito-

chondrial activity are positively correlated with the cell viability

and are negatively correlated with the material cytotoxicity. The

live-cell imaging method was used for observing the intake of

NDs into the cells. The results were evaluated on the basis of

particle size, surface potential, surface functional groups, and

the concentration of the ND suspension.

Results and Discussion
Influence of particle size and concentration
Figure 1 shows the results of a cell mitochondrial activity test

(upper row ) and a cell nuclei count (lower row) after 3 days of

cultivation for three different concentrations of 10, 100 and

1000 µg/mL (3, 30, and 300 µg/cm2) as a function of HPHT

ND (labeled as MR-xx) particle size. Both tests proved almost

no ND size or concentration dependence on cell viability after

3 days of cultivation within the measurement error. Only at the

highest concentration of NDs (1000 µg/mL, 300 µg/cm2), the

mitochondrial activity and the cell number showed a tendency

to decrease in certain ND groups. However, these differences

were not statistically significant. This decrease could be due to

the obstruction of access to nutrients or scavenging of nutrients

and growth factors from the cultivation medium by the NDs. A

high ND concentration can also express chemical toxicity based

on the production of reactive oxygen species.

Figure 1: Viability of SAOS-2 cells incubated with HPHT NDs for three
concentrations as a function of the mean particle diameter after
3 days. (Upper row) results of an MTS assay, (lower row) results of cell
counting after cell staining. The results are given as the mean ± SD
from 3 experiments, each performed in sextuplicate. ANOVA, Tukey
HSD post-hoc test. “*” indicates a significant difference from MR-18 at
a concentration of 1000 µg/mL (p < 0.05).
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Figure 2 shows the results of a cell mitochondrial activity test

(upper row) and counting of the cell nuclei (lower row) after

7 days of cultivation for three different concentrations of 10,

100 and 1000 µg/mL (3, 30, 300 µg/cm2) as a function of

HPHT ND particle size. Again, no dependence of the ND size

or concentration was observed for 10 and 100 µg/mL (3 and

30 µg/cm2) suspension concentrations after 7 days. However, a

concentration-dependent toxic effect of HPHT NDs was

revealed after 7 days of cultivation, where the viability of the

cells cultivated in the 1000 µg/mL (300 µg/cm2) suspension

reduced by 25% when evaluated by MTS and by 35% when

evaluated by the cell counting experiment. This pronounced

effect may have been caused by the previously mentioned

obstruction of access to nutrients by nutrient scavenging or by

reactive oxygen species. Alternatively, it could have been

caused just by mechanical obstruction of the cell adhesion and

division by ND agglomerates, as confirmed by live-cell

imaging. A similar effect was also observed in human

osteoblast-like MG 63 cells cultured in a medium with multi-

walled carbon nanotubes (MWCNTs) at concentrations of 4, 40,

400, 4000 and 40000 µg/mL. On days 1, 3 and 7 after seeding,

the number of MG 63 in the media with 4 and 40 µg/mL of

MWCNTs was similar to or even higher than in the control

cultures without MWCNTs, while at higher concentrations of

MWCNTs, it decreased in a concentration-dependent manner.

This was explained by the fact that MWCNTs at higher concen-

trations covered most of the bottom of the culture well and left

only limited space for cell attachment and spreading [38].

Figure 2: Viability of SAOS-2 cells incubated with HPHT NDs at three
concentrations as a function of the mean particle diameter after
7 days. (Upper row) results of the MTS assay; (lower row) results of
cell counting after cell staining. The results are given as the
mean ± SD from 3 experiments, each performed in sextuplicate.
ANOVA, Tukey HSD post-hoc test. “*” indicates a significant differ-
ence from MR-18 at a concentration of 1000 µg/mL (p < 0.05).

Influence of particle type
Figure 3 and Figure 4 show a comparison between the cell

metabolic activity test (upper row) and counting of the cell

Figure 3: Viability of SAOS-2 cells incubated with NDs at three con-
centrations as a function of ND type and surface treatment after
3 days. (Upper row) results of the MTS assay; (lower row) results of
cell counting after nuclei staining. The results are given as the
mean ± SD from 3 experiments, each performed in sextuplicate.
ANOVA, Tukey HSD post-hoc test. “&” - significant difference from
NA-5 100 µg/mL (p < 0.05), “*” - significant difference from all other
measurements (p < 0.01), “#” - significant difference from all other
measurements except for NA-5 100 µg/mL (p < 0.01), “@” - significant
difference from MR-50 10 and 100 µg/mL, AR-40 10 µg/mL (p < 0.05).

Figure 4: Viability of SAOS-2 cells incubated with NDs for three con-
centrations as a function of ND type and surface treatment after
7 days. (Upper row) results of the MTS assay; (lower row) results of
cell counting after nuclei staining. The results are given as the
mean ± SD from 3 experiments, each performed in sextuplicate.
ANOVA, Tukey HSD post-hoc test. “a” - significant difference from
NA-5 1000 µg/mL and NR-5 1000 µg/mL p < 0.01, “&” - significant
difference from MR-18 1000 µg/mL, NA-5 100 and 1000 µg/mL, NR-5
100 and 1000 µg/mL (p < 0.05), “%” - significant difference from
AR-40, MR-18 10 µg/mL, NA-5 10 µg/mL and NR-5 10 µg/mL
(p < 0.05), “*” - significant difference from control, all 10 µg/mL mea-
surements and all MR and AR 100 µg/mL measurements (p < 0.01),
@ - same as “*” + MR-50 1000 µg/mL (p < 0.01), “$” - significant differ-
ence from 1000 µg/mL (p < 0.01), “#” - significant difference from all
AR-40 and from all 100 and 1000 µg/mL concentrations, with the
exception of MR-50 (p < 0.05).

nuclei (lower row) for three different concentrations of 10, 100

and 1000 µg/mL (3, 30 and 300 µg/cm2) as a function of ND

type and surface treatment after 3 days (Figure 3) and 7 days
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(Figure 4) of cultivation. Three ND types with differing charac-

teristics were selected: non-luminescent HPHT NDs of two di-

ameters as described in the previous section (MR-18 and

MR-50), HPHT NDs with photoluminescent nitrogen-vacancy

(N-V) centers (AR-40), and detonation NDs with hydrogen

termination (NR-5, as-received) and with oxygen termination

(NA-5, annealed).

First, we compared the photoluminescent HPHT NDs (AR-40)

with non-luminescent HPHT NDs of similar size (MR-50) and

of smaller size (MR-18). The photoluminescent NDs AR-40

were available only in two concentrations: 10 and 100 µg/mL (3

and 30 µg/cm2). Both HPHT ND types were oxidized. Neither

of the HPHT NDs are cytotoxic in low and medium concentra-

tions after 3 and 7 days of cultivation. A visible decrease in cell

viability can be observed with the highest ND concentration of

MR-50 and 18. The decrease was statistically insignificant after

3 days (Figure 3). However, after 7 days the cell viability had

decreased significantly (Figure 4) in comparison with the

control cells in the pure culture medium and in comparison with

the other concentrations of MR. The similar cytotoxicity of

these HPHT NDs is probably caused by the similar production

method, which results in oxidized surface termination and sur-

face energy of the NDs. The presence of photoluminescent N-V

centers had no negative effect on cell viability in the concentra-

tions studied (3 µg/cm2 and 30 µg/cm2).

Similar to the other HPHT NDs with an oxidized surface, the

NDs with N-V optical centers expressed no significant toxicity

when compared with the ND-free living control (i.e., cells

grown in polystyrene wells in a medium without diamond nano-

particles). Similar results were also obtained in a study by

Vaijayanthimala et al. [11], in which the proliferation of HeLa

cells and 3T3-L1 pre-adipocytes exhibited no significant differ-

ence in cultures exposed and unexposed to photoluminescent

nanodiamonds. This positive effect can be attributed to the fact

that the mechanism of the ND uptake was clathrin-mediated

endocytosis, that is, a physiological cellular mechanism for

internalization of various bioactive substances from the extra-

cellular environment. The negligible difference in cytotoxicity

is caused by the similar production method, surface termination

and energy of the NDs.

The surface termination of the two HPHT ND types is similar,

despite the fact that the photoluminescent NDs were further

postprocessed utilising methods influencing the bulk of the NDs

(formation of vacancies, and N-V sites supported by high-tem-

perature annealing in vacuum) [39]. This was confirmed by the

fact that there was no obvious difference in the FTIR spectra

between the MR-18 sample and the AR-40 sample. The zeta

potential of MR-type NDs were negative, typically in the range

of −20 to −40 mV [40,41], comparable with the −37 mV zeta

potential value of the AR-40 sample. The stock concentration of

AR-40 did not allow us to test the effect of the highest ND con-

centration (1000 µg/mL, 300 µg/cm2).

Next, we compared the influence of surface treatment by evalu-

ating NR-5 and NA-5 samples (i.e., samples of detonation NDs

as-received and treated by annealing, respectively). These deto-

nation NDs in their as-received state have a positive zeta poten-

tial, which is characteristic for hydrogenated NDs. The XPS

analysis indicated a mixture of hydrogen and oxygen states on

the surface. They were fully oxygenated by annealing at high

temperature. The viability of the cells cultivated with NR-5

(100 and 1000 µg/mL, 30 and 300 µg/cm2) had already reduced

by 80–85% after 3 days of cultivation. However, the annealing

of these DNDs (NA-5) reduced their toxicity significantly by

30%. This effect could still be observed after 7 days of cultiva-

tion, where the cytotoxicity of air-annealed DNDs decreased by

25% for a 100 µg/mL (30 µg/cm2) suspension, and by 30% for

a 1000 µg/mL (300 µg/cm2) suspension. The particle size

should be same as these samples are produced from the same

batch of DND powder. The main difference lies in the surface

termination and energy. The surface termination differs mainly

in antisymmetric and symmetric CH2, CH3 (decrease), C═O

(increase) and strong overlapping C–O, C–C bonds with air oxi-

dation [42]. The oxidation of DNDs has a strong impact on their

zeta potential, which influences the aggregation or the selection

of adhered proteins from the culture medium. The as-received

DNDs have a strongly positive zeta potential of ≈40 mV, while

oxidation reverses it to approximately −40 mV [41].

The cell surface charge is influenced by the actual biochemical

composition of the cytoplasmic membrane and the state of the

cell. It is an important biophysical parameter influencing the

interaction with the cell surroundings.

The cell surface charge (zeta potential) of human cells was be-

tween −20 and −30 mV caused by the presence of noniono-

genic groups within phospholipids, proteins, and their polysac-

charide conjugates [43]. Thus, we can expect similar zeta poten-

tial values for SAOS-2 cells, which are comparable with HPHT

NDs and annealed DNDs, (i.e., negatively charged nanoparti-

cles). It is known that negatively charged nanoparticles are less

attractive for binding to the cell membrane than positively

charged nanoparticles, which can be internalized more rapidly

[44]. Positively charged nanoparticles have been reported to

improve the efficacy of imaging, gene transfer and drug

delivery. However, at the same time, negative effects like

impaired integrity of cytoplasmic membrane and damage of

other membranous organelles like mitochondria and lysosomes

were observed. Also, more autophagosomes were produced by
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Figure 5: Phase contrast images of photoluminescent NDs (AR-40, 100 µg/mL) incubated with SAOS-2 cells after 3 days (left) and after 7 days
(right).

the cells cultivated with positively charged nanoparticles ([45]

or for a review see [46]). Hydrogenated positively charged ND

particles impaired the radio-resistance of cancer cells and poten-

tiated radiation-caused DNA damage and the generation of

cytotoxic reactive oxygen species [47]. Thus, the positive

charge of our as-received DNDs could, at least partly, explain

their more pronounced cytotoxic effect than that observed in

negatively charged annealed DNDs.

Finally, we can compare the NDs produced by mechanical

grinding and by the detonation method, MR-18 and NR-5, re-

spectively. Here, the main differences are in the production

method and the particle size (18 nm and 5 nm), while the effect

of surface termination is minimized due to air annealing [42].

We have shown that air annealing of as-received DNDs reduced

mainly bands in the 2800–3000 cm−1 region corresponding to

CH2 and CH3 stretching vibrations, and they give rise to a C═O

stretch at 1775 cm−1, C–O stretch at 1294 cm−1, and a C–O–C

stretch at 1077 cm−1.

This produces surface termination similar to that of the

as-received HPHT NDs (compare Figs. 1 in [42] and [40]). The

zeta potentials have almost the same value of −40 mV for both

ND types [41]. This explains the similarity in cytotoxic behav-

iour, where annealing of DNDs reduced their toxicity signifi-

cantly. A decrease in the cytotoxicity is still observable after

7 days of cultivation (a 40% reduction), likely because some

CH2, CH3 and C–H stretch bands remain and some differences

in particle diameter. Finally, the dependence of the concentra-

tion on the cell viability was again most pronounced for the

highest concentration (1000 µg/mL, 300 µg/cm2).

Live-cell imaging of diamond nanoparticle
uptake
Live-cell imaging (see Supporting Information File 1 and Sup-

porting Information File 2 for full experimental data) con-

firmed the formation of DND aggregates in the suspension

(10 µg/mL, 3 µg/cm2). Particle aggregates are collected by cells

from their surroundings. DNDs then accumulate on their sur-

face and are endocytosed during the experiment. The accumula-

tion and the cytotoxicity of the DNDs in the cell depends on

their surface termination.

Live-cell imaging of SAOS-2 cells with as-received DNDs

(NR-5, see Supporting Information File 1) reveals rapid uptake

of NDs by the cells. The DNDs penetrated the cells early in the

experiment. The video begins with six living cells. The cells are

soon congested by the nanoparticles then their viability drops

rapidly. Five cells undergo cytokinesis, but at least half of the

cells are dead at the end of the experiment. In at least one or

two of the cases of cell death, an expelled cytoplast can be seen

exiting the cell membrane. This indicates uncontrolled cell

death and rupture. The remaining living cells have an elongated

shape due to the accumulated NDs which mechanically restrain

their spreading and migration [38].

Unlike NR-5, the air-annealed DND aggregates (NA-5, see

Supporting Information File 2) are not taken up by the cells as

rapidly as their non-annealed counterparts. The video starts with

a similar number of living cells as described above. The cells

undergo 14 cytokineses, and most of them survive until the end

of the video sequence. Only two or three cell death events can

be recognized in the video.

Photoluminescence of diamond
nanoparticles
Figure 5 shows fluorescence phase contrast images of osteo-

blasts and photoluminescent NDs (AR-40, 100 µg/mL,

30 µg/cm2) grown for 3 and 7 days. The images reveal the pres-

ence of NDs in the cells. The red photoluminescence signal

around the outside of the cell nuclei indicate that the NDs could

not penetrate the nuclear envelope and stay in the cytoplasm. A

certain amount of NDs are present outside the cells, probably in

the loose serum protein/ND aggregates or in cell debris. The
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well-spread osteoblasts are homogeneously and confluently dis-

tributed. Good cell adhesion and division confirms the viability

of the cells with photoluminescent NDs (AR-40).

Conclusion
A comparison of cell viability with various types of NDs

(HPHT, HPHT PL, DND) and surface termination and

energy showed that the toxicity is mostly dependent on particle

surface modification. In our study, oxygen termination emerges

as the best surface modification for ND particles from the point-

of-view of their biocompatibility. The viability of cells culti-

vated with positively charged as-received DNDs (100 and

1000 µg/mL, 30 and 300 µg/cm2) had already decreased after

3 days of cultivation. However, annealing these NDs reduced

their toxicity significantly. This effect could still be observed

after 7 days of cultivation.

A concentration-dependent toxic effect of HPHT NDs was

revealed after 7 days of cultivation when the viability of the

cells cultivated at a 1000 µg/mL (300 µg/cm2) concentration

reduced by 25–30% in comparison with 100 µg/mL and

10 µg/mL (30 µg/cm2 and 3 µg/cm2). This was associated with

the mechanical obstruction by NDs preventing cell adhesion,

migration and division.

In comparison with the results of our previous studies, the air

annealing of as-received DNDs reduced bands mainly corre-

sponding to CH2 and CH3 stretching vibrations, and gave rise to

C═O, CO and C–O–C stretch bands [41,42]. The zeta potential

was also reversed from positive values to negative values. Thus

the surface state of as-received DNDs is rendered similar to the

state of HPHT NDs with similar cytotoxicity results. A de-

crease in viability was still observable after 7 days of cultiva-

tion, mostly due to the remaining CH2, CH3 and C–H stretching

bands. The dependence of concentration on cell viability was

again observed.

The comparison of the viability of the cells cultivated with

various types of NDs indicates that the toxicity of NDs is proba-

bly dependent on the surface functional groups and the zeta

potential rather than on the diameter of the particles.

Live-cell imaging showed that as-received DNDs penetrated

rapidly into cells and caused rupture. O-terminated DNDs

aggregated into large clusters, and the cells internalized them at

a slower rate with a low impact on their viability for the first

3 days. After 7 days of cultivation, the MTS test revealed lower

cell viability for ND concentrations of 100 µg/mL and

1000 µg/mL (30 µg/cm2and 300 µg/cm2). Nevertheless,

O-termination increases the biocompatability of diamond nano-

particles and can be considered an advantageous modification.

Experimental
Origin and surface modification of diamond
nanoparticles
Nanodiamond particles produced by two different methods

were used: NanoAmando DNDs (NanoCarbon Research Insti-

tute, Japan) with a nominal diameter of 5 nm, HPHT NDs

(Microdiamant AG, Switzerland) with median sizes from

18–210 nm, and 40 nm HPHT NDs with N-V-based photolumi-

nescence (Adámas Nanotechnologies, USA). The particles were

used either as-received or were oxidised by air annealing at

450 °C for 30 min [48]. For the detonation nanodiamonds pur-

chased from NanoCarbon, the as-received nanodiamonds had a

mixture of hydrogen and oxygen states on the surface with a

positive zeta potential (characteristic for hydrogenated NDs). A

fully oxidized state was achieved by air annealing, which

resulted in oxygen-termination. The other diamond nanoparti-

cles, namely high-pressure high-temperature (HPHT) DNPs and

photoluminescent HPHT NDs, were oxidized in their as-deliv-

ered state.

Characterization of diamond nanoparticles
The size of the ND particles and their zeta potential was deter-

mined by dynamic light scattering (DLS) measurements in

water at 25 °C using a Nano-ZetaSizer (Malvern, UK) equipped

with an He-Ne laser. A separate disposable folded capillary cell

was used for each set of ND measurements to eliminate sample

cross contamination.

A Nicolet 8700 FTIR spectrometer (Thermo Scientific, USA)

was equipped with N2 purging, a KBr beamsplitter and an MCT

detector cooled by liquid nitrogen. 50 µL of the water suspen-

sion with NDs was applied on the Au mirror by the drop-casting

method just prior to the grazing angle reflectance FTIR mea-

surements. The optical absorbance was calculated in standard

absorbance units as A = −log(R/R0), where R is the spectrum

measured with NDs and R0 is the reference (background) spec-

trum recorded using the clean Au mirror before the NDs were

applied. In all cases, the spectra represent an average of

128 scans recorded with a resolution of 4 cm−1.

The basic characteristics and the notation of the NDs that were

used are summarized in Table 1. More data on ND characteriza-

tion by FTIR and XPS can be found in our previous works

[42,49].

Evaluation of cell viability
The cell viability upon exposure to the NDs was evaluated

using the SAOS-2 human osteoblastic cell line (European

Collection of Cell Cultures, Salisbury, UK, Cat. No. 89050205).

The SAOS-2 cell line was used for biocompatibility experi-

ments based on cell anchorage dependency and homogeneity.
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Table 1: Characteristics and notation of diamond nanoparticle (ND)
samples.

ND type Particle size [nm] Treatment Notation

HPHT NDs

18

as-received

MR-18
25 MR-25
50 MR-50
75 MR-75
90 MR-90
125 MR-125
210 MR-210

DNDs 5 as-received NR-5
5 annealed NA-5

HPHT PL NDs 40 as-received AR-40

Two complementary methods were used. The first method was

based on the mitochondrial metabolic activity test (MTS), while

the second method was based on counting adherent cells. The

cells were cultivated in the recommended McCoy’s 5A medi-

um (Sigma-Aldrich, USA) with 15% fetal bovine serum (FBS,

Sigma-Aldrich, USA). The cells were seeded at a density of

15000 cells/cm2 in a sterile 96-well plate (TPP, Switzerland)

and were cultivated for 24 h before the nanoparticles were

added. Cells from the 82nd passage to the 86th passage were

used for the experiments. The NDs were sonicated in a UP

100H sonicator (Hielscher, Germany) in sterile distilled water

in a stock concentration of 10 mg/mL, at 80 W for 30 min. The

stock ND suspension was sterilized by exposure to UVC light

(Esco germicidal lamp, spectrum peak at 253.7 nm) for 30 min.

The working concentrations of 10, 100 and 1000 µg/mL were

then diluted in the cultivation medium with FBS. The original

medium was aspired off the cells, and the medium with NDs

was pipetted onto the cells. The cells were cultivated with the

NDs for 3 and 7 days under standard cultivation conditions

(37 °C, 5% CO2). The cell metabolic activity (a marker of cell

viability and growth) was measured using the colorimetric MTS

test (CellTiter 96® - Promega, USA). The absorbance of the

colorimetric MTS test was measured at 490 nm, and a refer-

ence measurement was taken at 650 nm. This experiment was

repeated three times in sextuplicate for each experimental

group. The cells on the samples were then washed with phos-

phate buffered saline and were fixed with 4% paraformalde-

hyde for 10 min. The nuclei of the fixed cells were then stained

using Hoechst 33258 dye for cell counting. Micrographs of the

stained nuclei were acquired using an IX71 microscope

(Olympus, Japan) with a 10× lens. 12 micrographs were taken

for each sample. The cell nuclei were automatically counted

using open source ImageJ image processing software. Photolu-

minescence microphotographs of fixed cells co-cultivated with

photoluminescent NDs (AR-40), 100 µg/mL (30 µg/cm2), were

also taken using an IX71 microscope (Olympus, Japan) with a

40× lens. The AR-40 NDs were excited by green excitation

light, and their red photoluminescence was collected through a

U-MWG2 filter cube (Olympus, Japan).

The statistical significance of the differences in the cell meta-

bolic activity and in cell number among the samples was evalu-

ated using ANOVA with the Tukey HSD post-hoc test.

Live-cell imaging
The live-cell imaging method was used for observing the ND

uptake in the cells. Live-cell imaging was again performed on

the SAOS-2 cell line. The cells were seeded on a 35 mm diame-

ter Petri dish with a 0.17 mm glass bottom and were cultivated

for 24 h. The ND suspension was prepared in the same way as

for the viability test. For live-cell imaging, only 10 µg/mL and

100 µg/mL concentrations were used. The live-cell imaging was

performed on the TE2000 microscope with 40× magnification,

(Nikon, Japan), Plan Fluor, ELWD objective (Nikon, Japan)

with phase contrast installed. The microscope was equipped

with a cell incubation chamber (Solent Scientific, UK) with

humidity regulation (95%), controlled temperature (37 °C) and

CO2 concentration (5%). The cells were photographed for 72 h

at 2 min intervals for the first 6 h and thereafter at 10 min inter-

vals.

Supporting Information
Supporting Information File 1
Live-cell imaging of NR-5 (10 µg/mL, 3 µg/cm2) uptake by

the SAOS-2 cells.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-165-S1.avi]

Supporting Information File 2
Live-cell imaging of NA-5 (10 µg/mL, 3 µg/cm2) uptake

by the SAOS-2 cells.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-165-S2.avi]

Supporting Information File 3
FTIR comparison of MR-18 and AR-40 nanodiamonds.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-165-S3.png]

Supporting Information File 4
Live-cell imaging of SAOS-2 cells after three days without

nanodiamonds.

[http://www.beilstein-journals.org/bjnano/content/

supplementary/2190-4286-8-165-S4.avi]
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A B S T R A C T

Nanofibrous scaffolds are promising materials for engineering various types of tissues, including bone tissue. The
properties of nanofibers for bone tissue engineering can be improved by adding ceramic or carbon nanoparticles,
including diamond nanoparticles (DNPs). In this study, poly(L-lactide) (PLLA) nanofibrous membranes re-
inforced with detonation DNPs (concentration from 0 to 12.28 wt%), provided by the NanoCarbon Research
Institute (Japan) under the name NanoAmando®, were prepared by a needle-less electrospinning process. The
biocompatibility of these DNP-reinforced PLLA membranes was tested in vitro using two human lines of os-
teoblast-like cells, MG-63 and Saos-2. Microscopic and biochemical methods were used. In addition, the ex-
pression of cell survival markers, focal adhesion proteins and osteogenic markers were studied in both cell types
at mRNA level and at protein level. The mitochondrial activity of both cells types decreased with increasing DNP
concentration in the PLLA matrix. At the same time, the expression of cyclin D and survivin, i.e. factors sup-
porting cell growth and survival were downregulated on the DNP-loaded PLLA scaffolds, while KLF6, an anti-
proliferative factor, was often upregulated, at least in MG-63 cells. Thus, loading the nanofibrous polymeric
scaffolds with detonation DNPs had rather adverse effects on the behavior of human bone-derived cell lines.
These results are mostly in conflict with our earlier studies on poly(lactide-co-glycolide) (PLGA) scaffolds, loaded
with DNPs prepared by etching the diamond layer fabricated by radiofrequency plasma-assisted chemical vapour
deposition. The cell behavior on DNP-loaded scaffolds is therefore markedly influenced by the origin and the
properties of the DNPs.

1. Introduction

In recent years, nanofiber materials reinforced with nanoparticles
have been attracting interest in bone tissue engineering. The nanofibers
for this purpose have been fabricated from natural or synthetic poly-
mers [1]. To reinforce the nanofibers, and also to enhance their bio-
logical activity, ceramic particles have mainly been used, particularly
particles based on silica and calcium phosphates [1,2]. In addition to
ceramic particles, carbon nanoparticles, such as fullerenes, carbon na-
notubes, graphene and nanodiamonds, are also promising for reinfor-
cing polymeric nanofibrous scaffolds and for increasing their bioac-
tivity. For example, modified fullerene nanoparticles have been used to
form synthetic polymeric nanofibrous scaffolds designed for bone

reconstruction [3] or for bioimaging [4]. Multi-walled carbon nano-
tubes and particularly graphene nanoparticles incorporated into nano-
fibrous poly(L-lactic acid) (PLLA) scaffolds enhanced the osteogenic
differentiation of mouse bone marrow mesenchymal stem cells in cul-
tures on these scaffolds [5]. In our earlier studies, loading nanofibrous
poly (lactide-co-glycolide) (PLGA) scaffolds with diamond nano-
particles (DNPs) accelerated the growth of human bone marrow me-
senchymal stem cells [6], improved the mechanical properties of the
scaffolds, and facilitated the formation of focal adhesion plaques in
human osteoblast-like MG-63 cells in comparison with pure PLGA
scaffolds [7]. Similarly, in a study by Mahdavi et al., adding DNPs into
an electrospinning solution of chitosan and bacterial cellulose improved
the tensile strength and the wettability of the resulting nanofibrous
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 scaffolds and supported the growth of mouse skin L929 fibroblasts [8].
DNPs also had a favorable effect when incorporated into polymeric
films or when attached to the surface of nanofibers in nanofibrous
scaffolds. Thin poly(L-lactide) (PLLA) films with fluorescent nanodia-
monds supported the adhesion, growth and osteogenic differentiation
of murine bone marrow-derived cells to a similar extent as pure PLLA
films, but showed considerably higher hardness and Young modulus
[9]. Porous poly(L-lactide-co-ɛ-caprolactone) scaffolds coated with
oxygen-terminated DNPs increased the adhesion and the osteogenic
differentiation of human bone marrow mesenchymal stem cells in vitro,
and also increased bone tissue formation in vivo using a sheep calvarial
defect model [10]. Similar effects were observed when oxygen-termi-
nated DNPs were added into β-tricalcium phosphate. The resulting
scaffolds enhanced the attachment of ovine bone marrow stromal cells
in vitro and improved guided bone regeneration after lateral augmen-
tation of the mandible in sheep in vivo [11].

Diamond nanoparticles have also proved to be suitable for other
applications, such as bioimaging, biosensing and targeted drug and
gene delivery (for a review, see [12]), and also for coating biomaterials.
In our earlier studies, and in studies by other authors, nanocrystalline
diamond films provided excellent substrates for the adhesion, growth
and osteogenic differentiation of cells [13,14]. The cell performance on
these films, and on DNP-containing materials in general, can be further
modulated by terminating NCD with hydrogen or oxygen [15,16], by
functionalization with biologically active molecules, e.g. bone mor-
phogenetic protein-2 [17] and angiogenic factors [18], or by boron
doping [19].

In the study presented here, we constructed nanofibrous scaffolds
with various concentrations of DNPs, ranging from 0 to 12.28 wt%, in
order to investigate the behavior of bone-derived cells on these scaf-
folds. In studies by Zhang et al. [9], performed on PLLA foils with DNPs,
the Young modulus and the hardness of the films increased and the
creep decreased proportionally to the DNP concentration, ranging from
0 to 10wt%. The deposition of minerals in simulated body fluid (SBF)
also increased with increasing DNP concentration. We therefore ex-
pected different cell behavior on scaffolds with various DNP con-
centrations. The cell behavior was studied on two commercially avail-
able lines of human osteoblast-like cells, namely on human osteoblast-
like MG-63 cells, which are considered to be a good model for cell
adhesion and proliferation studies, and on human osteoblast-like Saos-2
cells, which are considered to be a good model for studies on osteogenic
cell differentiation [20–22]. Our study provides an insight into the
adhesion, growth, viability, mitochondrial activity, osteogenic cell
differentiation and expression of genes regulating cell growth and
apoptosis in cells on DNP-loaded nanofibrous PLLA scaffolds in corre-
lation with the physical and chemical properties of these scaffolds.

2. Experimental

2.1. Preparation of the PLLA scaffolds

Poly(L-lactide) (PLLA, Ingeo™ Biopolymer 4032D) for preparing
nanofibrous scaffolds was purchased from NatureWorks, Minnetonka,
Minnesota, USA. Its molecular masses were Mw=124,000 g/mol and
Mn= 48,000 g/mol, as determined by size exclusion chromatography.
Five grams of PLLA was dissolved in 100ml of chloroform. The polymer
solution was made to be electrically conductive with tetra-
ethylammoniumbromide, which was first dissolved in dimethylforma-
mide at a concentration of 3 wt%, and then 3 g of this solution were
added to 100 g of the PLLA solution (for a review, see [2]). Diamond
nanoparticles (DNPs; NanoAmando, Nanocarbon Research Institute Co.,
Ltd. Japan [23]) were then added in concentrations ranging from 0 to
0.7 g/100ml of the polymer solution (these concentrations were set by
successive division of 0.7 by two). After the solvent had evaporated,
these concentrations corresponded to 0 to 12.28 wt% in the final dry
PLLA scaffolds (Table 1). The as-received DNPs were used directly

without any pre-treatment. The DNPs were prepared by detonation of
trinitrotoluene in an oxygen-deprived atmosphere. This method results
in the production of hydrogen-terminated (i.e. hydrophobic) DNPs with
the size median between 4 and 5 nm [23].

In our earlier studies, these DNPs were thoroughly characterized
with Fourier-transform infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS) and dynamic light scattering (DLS). FTIR
spectra of as-received DNPs revealed vibrational modes of the hydroxyl
groups of water at about 3500 cm−1 (stretching) and 1630 cm−1 (de-
formation) and CeO groups at about 1300–1000 cm−1 [24]. XPS
measurements were in good agreement with FTIR, and the concentra-
tions of the chemical bonds calculated from the deconvoluted high-re-
solution C 1s peak were 7% for CeO, 2% for C]O and 91% for carbon,
of which 24% was identified as sp2- hybridized carbon, and 66% was
identified as sp3-hybridized carbon. The relatively high sp2/sp3 ratio
(0.36) indicated an amorphous character of bulk DNPs or their outer
carbon shell [25]. The presence of sp2-hybridized carbon seems to be
responsible for the positive zeta potential of DNPs. Broad range XPS
scans revealed the presence of 2% of nitrogen, which we attributed to
contamination of the DNPs during their production [26]. The DLS
measurements of the DNPs revealed nanoparticles as large as 13 nm and
77 nm, which was attributed to aggregates of DNPs [27]. As has later
been confirmed by many authors, sonication & milling processes further
decreased the average size of DNP aggregates to 6 nm [28].

The suspensions of DNPs in a PLLA solution were intensively vor-
texed and sonicated for 2min using a Sonorex sonicator (Bandelin,
Berlin, Germany), in order to prevent or at least reduce the aggregation
of DNPs. The nanofibrous membranes were then prepared by a nee-
dleless electrospinning technology, using a Nanospider machine (NS
Lab 500, Elmarco Ltd., Liberec, Czech Republic). The electrode distance
was 200mm, the voltage was 60 kV, the electric current was 0.07mA,
the relative humidity was 23.6%, and the process was performed at
room temperature. The speed of the vessel with the DNP-PLLA mixture
was 430mm/s, and the speed of the polypropylene fabric, which served
as the nanofiber collector, was 11mm/min. The fiber density, i.e. the
area weight of the nanofibrous membranes, ranged from 15.1 to 29.3 g/
m2. The fiber density was generally similar in membranes with a DNP
concentration from 0 to 6.54 wt% (15.1 to 19.6 g/m2 with no depen-
dence on the DNP concentration), and increased markedly only in the
membranes with 0.7 wt% of DNPs (29.3 g/m2; Table 1).

2.2. Physicochemical characterization of the scaffolds

The nanofibrous membranes were detached from their underlying
polypropylene substrate, and their morphology was studied using
scanning electron microscopy (SEM). The thickness (i.e., diameter) of
the nanofibers was measured on SEM images using Atlas software
(Tescan Ltd., Brno, Czech Republic). The chemical functional groups on
the PLLA surface were studied by attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy. The presence of diamond

Table 1
Concentrations of diamond nanoparticles (DNPs) added to the PLLA solution in
chloroform, calculated in dry scaffolds after evaporation of the solvent, and the
specific weight of the scaffolds.

Sample
label

Concentration of DNPs
(g/100ml of PLLA
solution)

Concentration of
DNPs pure PLLA (wt
%)

Membrane
weight (g/m2)

1 0 0 17.82
2 0.021875 0.44 18.97
3 0.04375 0.87 17.05
4 0.0875 1.72 16.44
5 0.175 3.38 15.1
6 0.35 6.54 19.6
7 0.7 12.28 29.3
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 in the scaffolds was confirmed by Raman spectroscopy.
The chemical composition of the PLLA surfaces was characterized

by X-ray photoelectron spectroscopy (XPS), using an Al Kα X-ray source
(1486.6 eV, Specs) equipped with a hemispherical energy analyzer
(Phoibos 100, Specs, Berlin, Germany). The wettability of the scaffolds
was estimated by the water drop contact angle measured by reflection
goniometry [6].

2.3. Cell culture on the scaffolds

The nanofibrous membranes were detached from the underlying
polypropylene substrate, were cut into square samples (2× 2 cm), fixed
in CellCrown inserts (Scaffdex Ltd., Tampere, Finland), disinfected in
70% ethanol in deionized water for 1 h, rinsed in deionized water, in-
serted into polystyrene 12-well culture plates (TPP, Trasadingen,
Switzerland, well diameter 2.1 cm), and rinsed in phosphate-buffered
saline (PBS). The samples were then seeded with human osteoblast-like
MG-63 cells (European Collection of Cell Cultures, Salisbury, UK; Cat.
No. 86051601) or with human osteoblast-like Saos-2 cells (European
Collection of Cell Cultures, Salisbury, UK, Cat. No. 89050205). Both cell
lines were seeded in a concentration of 40,000 cells/well, which cor-
responds to ca. 10,500 cells/cm2 in 3ml of the medium. The MG-63
cells were cultured in Dulbecco's modified Eagle's Minimum Essential
Medium (DMEM; Sigma, USA, Cat. No. D5648), supplemented with
10% of fetal bovine serum (FBS; Sebak GmbH, Aidenbach, Germany).
The Saos-2 cells were cultured in McCoy's 5A medium (Sigma-Aldrich,
St. Louis, MO, USA), supplemented with 15% of FBS. Both media also
contained gentamicin (40 μg/ml; LEK, Ljubljana, Slovenia).
Nanofibrous PLLA membranes without DNPs and standard cell culture
polystyrene wells served as control samples in the subsequent studies
on cell adhesion, growth, viability and osteogenic differentiation.

2.4. An evaluation of the potential cytotoxicity of the scaffolds

The potential cytotoxicity of the scaffolds was evaluated in the cells
on day 3 after seeding. For an evaluation of cell viability, the cells on
the samples were stained by the LIVE/DEAD viability/cytotoxicity kit
for mammalian cells (Thermo-Fisher Scientific, Waltham, MA, USA).
The live cells were stained in green with calcein dye, and the dead or
dying cells were stained in red with ethidium homodimer-1.

Microscopy images were acquired on an Olympus IX 51 microscope
with a lens 10× (N.A.= 0.3) and an Olympus DP 70 camera (Olympus
Corp. Tokyo, Japan). The number of living cells (green) and dead or
dying cells (red) in 3-day-old cultures on cell culture polystyrene and on
PLLA nanofibrous scaffolds with 0 to 12.28 wt% of DNPs were auto-
matically counted using ImageJ software [29]. The results were dis-
played as the arithmetical mean ± standard deviation. The data were
taken from 3 experiments performed in triplicate, i.e. three independent
samples were used for each experimental group. Statistical significance
was evaluated by ANOVA with the Student-Newman-Keuls post-hoc
test.

In addition to the LIVE/DEAD staining, a Cell Proliferation Kit II
(XTT) (Roche Diagnostic GmbH, Mannheim, Germany, Cat. No. 11 465
015 001) was used to measure the activity of the mitochondrial en-
zymes in the studied cell lines. The experiments were performed ac-
cording to the manufacturer's protocol.

2.5. Expression of specific markers of cell cycle regulation, adhesion and
differentiation at mRNA level

The quantitative PCR method was used for detecting selected ex-
pressed genes taking part in cell adhesion, cell cycle regulation and cell
differentiation. On day 14 after cell seeding, the nanofibrous mem-
branes with cells were rinsed with PBS, were dismounted from the
Scaffdex CellCrowns, were placed in Eppendorf tubes, and the cells
were then lysed directly on the membranes using the lysis solution

enriched with mercaptoethanol (1%). Four samples were pooled for all
types of samples in two independent experiments. Total RNA was
subsequently isolated using the Total RNA Purification Micro Kit
(Norgen Biotek Corp., Thorold, ON, Canada).

Individual mRNA samples were reversely transcribed using the
Omniscript Reverse Transcription Kit (Qiagen, Venlo, Netherlands) and
the Random primer kit (New England Biolabs Inc., Ipswich, MA, USA),
and the relative mRNA expression of the target was tested. The mRNA
levels were quantified using real-time 5xHOT FIREPol Probe qPCR Mix
Plus (ROX) (Solis BioDyne, Tartu, Estonia) and TaqMan Gene
Expression Assays (Life Technologies, Thermo-Fisher Scientific,
Waltham, MA, USA) labelled with FAM reporter dye specific to the
studied human genes.

The studied genes involved in the cell cycle and in apoptosis reg-
ulation were:

(a) cyclin D (probeID: CCND1, Hs00765553_m1), a member of the
cyclin protein family that is involved in regulating the cell cycle
progression;

(b) B-cell lymphoma 2 (Probe ID: Bcl-2 Hs00236329_m1), an important
anti-apoptotic protein and proto-oncogene;

(c) survivin, also called a baculoviral inhibitor of apoptosis repeat-
containing 5 (probe ID: BIRC5, Hs04194392_s1), an inhibitor of
caspase activation;

(d) Krueppel-like factor 6 (probe ID: KLF6, Hs00810569_m1), a tran-
scription factor involved in growth-related signal transduction, cell
proliferation and differentiation, development, apoptosis and an-
giogenesis, postulated as an anti-proliferative tumor suppressor
[30].

For an evaluation of the cell/material interaction, two structural
proteins of cell focal adhesions were chosen:

(a) talin (probe ID: TLN1, Hs00196775_m1), a protein connecting ei-
ther integrin dimers in focal adhesions or integrins and the actin
cytoskeleton;

(b) vinculin (probe ID: VCL, Hs00419715_m1), a protein cooperating
with talin in connecting the integrin molecules to the actin cytos-
keleton.

The osteogenic differentiation was evaluated by measuring the
concentrations of mRNA for the following proteins:

(a) collagen type I (Coll I, probe ID: COL1A1 Hs00164004_m1), a bone
extracellular matrix (ECM) protein and an early differentiation
marker,

(b) alkaline phosphatase (ALP, probe ID: ALPL Hs01029144_m1), an
enzyme involved in the bone extracellular matrix calcification
process,

(c) osteocalcin (Ocn, probe ID: BGLAP Hs01587814_g1), a non-col-
lagenous ECM protein typically produced typically by osteoblasts.
The data were presented as the means of 4–5 experimental points
from two independent experiments.

The expression values were obtained from the Ct numbers. The
target gene levels were expressed as a relative value, i.e. the ratio of the
target gene expression to the reference gene GAPDH. The relative gene
expression was calculated as 2−ΔCt, where ΔCt was determined in each
sample by subtracting the Ct value of the target gene from the Ct value
of glutaraldehyde-3-phosphate dehydrogenase (probe ID: GAPDH,
Hs02758991_g1). The data were presented as the arithmetic
means ± standard deviation.
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2.6. Production of specific markers of cell adhesion and differentiation at
protein level

The concentration of molecular markers of cell adhesion and os-
teogenic differentiation was estimated by the enzyme-linked im-
munosorbent assay (ELISA). The markers of cell adhesion again in-
cluded talin and vinculin, and the markers of osteogenic cell
differentiation included collagen type I (Coll I) (an early marker), al-
kaline phosphatase (ALP) (a middle marker) and osteocalcin (Ocn) (a
late marker). The concentration of all these markers was measured per
mg of protein in homogenates of MG-63 cells and Saos-2 cells harvested
on day 14 of cultivation. The total protein content was measured using
a method developed by Lowry et al. [31], and the detailed protocol of
ELISA was reported in our earlier studies [19,32].

2.7. Statistical analysis

The quantitative data were presented as the mean ± S.D. (standard
deviation). The statistical significance of the differences between the
compared experimental groups was evaluated using the One Way
Analysis of Variance (ANOVA), Student–Newman–Keuls method
(SigmaStat for Windows, version 3.5 (Systat Software, Inc., San Jose,
CA, USA). P values equal to or< 0.05 were considered significant.

3. Results

3.1. Morphology and physicochemical properties of the scaffolds

In nanofibrous meshes, SEM revealed mainly straight and randomly
distributed fibers ranging in diameter from 293 ± 167 nm to
466 ± 498 nm (mean ± S.D.) The thickness of the fibers within the
same sample was inhomogeneous, i.e. the minimum fiber diameter
values ranged from 10 nm to 60 nm, while the maximum values reached
from 1590 nm to 6140 nm (Figs. 1 and 2). However, the box plot in-
dicates that the majority of the data is in a similar range in all tested
groups of samples. The growing quantity of DNPs results in a higher
maximum of the fiber diameter (Fig. 2). Material clusters, which
formed mainly due to the aggregation of DNPs, were present pre-
dominantly in the nanofibrous meshes with the highest DNP con-
centration. However, small material clusters were also present in the

pure PLLA meshes (Fig. 1A, G).
The infrared absorbance spectra of selected PLLA nanofibers (zero,

medium and the highest concentration of DNPs) revealed almost
identical vibration fingerprints. A detailed description of the peaks and
bands is documented in the supplementary data (Fig. S1).

Results of the Raman spectra of the nanofibrous PLLA scaffolds
showed dependence on the diamond concentration in the PLLA in the
broad luminescence background, as shown in the supplementary data
(Fig. S2). The water drop contact angle increased from 45° to 139° with
increasing DNP concentration, i.e. the addition of DNPs increased the
hydrophobicity of the scaffolds (Table 2). More detailed descriptions of
these approaches and their results are given in the supplementary data.

3.2. An evaluation of the potential cytotoxicity of the PLLA scaffolds

Staining the cells with the LIVE/DEAD Cell Viability Cytotoxicity kit
on day 3 after seeding (Fig. 3) revealed that the number of MG-63 cells
was basically similar in standard polystyrene cell culture wells, in pure
PLLA scaffolds, and in scaffolds with a concentration of DNPs up to
1.72 wt%. These cells were mostly viable, well-spread and mostly
polygonal in shape. However, from a concentration of 3.38 wt% of
DNPs in the scaffolds, even the viable cells showed signs of detachment
and their number decreased significantly in comparison with the stan-
dard tissue culture polystyrene. The lowest number of viable cells was
observed on scaffolds with 12.28 wt% of DNPs (Fig. 3).

The number of Saos-2 cells on all tested materials was generally
lower than the number of MG-63 cells (Fig. 3). At the same time, the
number of Saos-2 cells was significantly lower on all types of nanofi-
brous scaffolds than in the polystyrene wells, and the cells were rela-
tively poorly spread, being mostly rounded and with a smaller cell-
material projected area.

The cell number and the cell viability were further estimated by the
activity of mitochondrial enzymes, measured by the XTT test (Fig. 4). In
MG-63 cells, the mitochondrial activity was significantly lower on all
DNP-containing samples than on the pure PLLA membrane, whereas in
Saos-2 cells, there was no difference in the mitochondrial activity of
cells between the pure PLLA membrane and the sample with the lowest
amount of DNPs (0.44 wt%). However, the mitochondrial activity of
Saos-2 cells on the pure PLLA membrane was lower than on poly-
styrene, while in MG-63 cells, this value was similar as on polystyrene.

Fig. 1. Morphology of nanofibrous PLLA scaffolds with increasing concentrations of diamond nanoparticles: 0 wt% (A), 0.44 wt% (B), 0.87 wt% (C), 1.72 wt% (D),
3.38 wt% (E), 6.54 wt% (F) and 12.28 wt% (G). MAIA Tescan scanning electron microscope (Brno, Czech Republic), original magnification 500×, bar= 10 μm.
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Moreover, in Saos-2 cells, a significant drop in the mitochondrial ac-
tivity in comparison with the sample containing 0.44 wt% of DNPs
started already from the sample with 0.87 wt% of DNPs, while in MG-
63 cells, the drop began from the sample with 3.38 wt% of DNPs
(Fig. 4).

3.3. Gene expression of proteins involved in cell cycle regulation and
apoptosis

In addition to biochemical and microscopic evaluations of the bio-
compatibility of the PLLA scaffolds, the gene expression of the proteins
regulating the cell cycle progression and apoptosis was also evaluated
at mRNA level using real-time PCR. These molecules included cyclin D,
survivin and Bcl-2, i.e. factors supporting cell growth and survival, and
Krueppel-like factor 6, a factor suppressing cell proliferation.

Cyclin D is synthesized during the G1 phase of the cell cycle, and
drives the G1/S phase transition. The gene expression of cyclin D in
MG-63 cells growing on pure PLLA nanofibers was comparable with the
values in the cells growing on nanofibers loaded with DNPs up to a
concentration of 6.54 wt% (Fig. 5). On nanofibers with 0.87 and
3.38 wt% of DNPs, the expression was even higher than on the nano-
fibers with the lowest DNP concentration. At the highest DNP con-
centration, the expression decreased to values significantly lower than
for all other tested samples. In Saos-2 cells, the gene expression of cy-
clin D on samples with 0.44 to 6.54 wt% of DNPs was significantly
lower than on pure PLLA samples, and on samples with the highest DNP

concentration of 12.28 wt%, this expression was significantly lower
than on all other tested samples (Fig. 5A, B).

Survivin, encoded by the BIRC5 gene, is an inhibitor of caspase
activation and apoptosis. The gene expression of survivin was mostly
lower in the cells on DNP-loaded nanofibrous scaffolds than in the cells
on the pure PLLA scaffolds. Only in MG-63 cells on scaffolds with
3.38 wt% of DNPs (Fig. 5C), and in Saos-2 cells on scaffolds with 0.87
and 6.54 wt% of DNPs (Fig. 5D), the mRNA expression level of survivin
was relatively unchanged.

Bcl-2 is an important anti-apoptotic protein, which promotes cell
survival by inhibiting the actions of pro-apoptotic proteins. The gene
expression of Bcl-2 in MG-63 on DNP-loaded PLLA nanofibers was si-
milar to, or even higher than, the expression in cells on pure PLLA
nanofibers, namely on nanofibers with 0.87 wt% of DNPs, and even on
nanofibers with a relatively high concentration of DNPs of 6.54 wt%
(Fig. 5). In Saos-2 cells, the expression of Bcl-2 was also higher in the
cells on nanofibers with a DNP concentration from 0.44 to 6.54 wt%
than on the pure PLLA nanofibers, but after an initial increase on na-
nofibers with 0.87 wt% of DNPs, the expression of Bcl-2 decreased
significantly with increasing DNP concentration. On the membranes
with 12.28 wt% of DNPs, this expression became equal to the values in
the cells on the pure PLLA scaffolds (Fig. 5E, F).

Krueppel-like factor 6, encoded by KLF6, is a transcription factor
postulated as a tumor suppressor, i.e. a suppressor of cell growth. The
expression of KLF6 showed a pattern surprisingly similar to the ex-
pression of Bcl-2, particularly in MG-63 cells. In these cells, it reached
two maxima, at 0.87 wt% and at 6.54 wt% of DNPs, and was sig-
nificantly higher than on the pure PLLA scaffolds (Fig. 5). In Saos-2
cells, the maximal expression of KLF6 was found on scaffolds with the
lowest DNP concentration (0.44 wt%), and then this expression de-
creased with increasing DNP concentration to values significantly lower
than on the pure PLLA scaffolds (at 6.54 wt% and 12.28 wt% of DNPs;
Fig. 5G, H).

3.4. Markers of cell adhesion

The gene expression of talin both in MG-63 cells and in Saos-2 cells
cultured on PLLA nanofibers with the lowest concentration of DNPs
(0.44 wt%) was higher than in the cells on pristine PLLA nanofibers
(Fig. 6A, B). However, the talin expression then decreased significantly
in comparison with the sample containing 0.44 wt% of DNPs in both
MG-63 and Saos-2 cells. In Saos-2 cells on samples with the highest

Fig. 2. Distribution of diameters of fibers of nanofibrous PLLA scaffolds with increasing concentrations of diamond nanoparticles: 0 wt% (1), 0.44 wt% (2), 0.87 wt%
(3), 1.72 wt% (4), 3.38 wt% (5), 6.54 wt% (6) and 12.28 wt% (7).

Table 2
The static water drop contact angle of nanofibrous PLLA scaffolds with various
concentrations of diamond nanoparticles (DNPs).

Sample label Concentration of DNPs per pure PLLA
(wt%)

Water drop contact
angle (°)

1 0 51
2 0.44 45
3 0.87 70
4 1.72 129
5 3.38 133
6 6.54 127
7 12.28 130, 139
– PLGA with 23wt% of DNPsa ~70
– Pure PLGAa ~70

a For comparison, data from our earlier study [7] are provided.
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concentration of DNPs (12.28 wt%), the talin expression became sig-
nificantly lower than on all other groups of tested samples.

The dependence of the gene expression of vinculin on the DNP
concentration was more complicated and rather biphasic. In MG-63

cells, the vinculin expression in cells on scaffolds with low concentra-
tions of DNP (0.44 and 0.87 wt%) was similar as on the pure PLLA
scaffolds. The expression then decreased significantly (at a DNP con-
centration of 1.72 wt%), then increased again, and finally decreased on

Fig. 3. Images: morphology and viability of human osteoblast-like cells MG-63 (left side, A) and Saos-2 (right side, B) on day 3 after seeding in standard cell culture
polystyrene wells (PS) and on PLLA nanofibrous scaffolds with increasing concentrations of diamond nanoparticles: 0 wt% (1), 0.44 wt% (2), 0.87 wt% (3), 1.72 wt%
(4), 3.38 wt% (5), 6.54 wt% (6) and 12.28 wt% (7). The cells were stained with a LIVE/DEAD Cell Viability Cytotoxicity kit (Life Technologies). Live cells are stained
in green, and dead or dying cells are stained in red. Images were acquired with an Olympus IX 51 microscope, obj. 10×, DP 70 Olympus camera, scale bar= 100 μm.
Graphs: The number of live (L, green) and dead/dying (D, red) cells per cm2 in 3-day cultures on cell culture polystyrene wells and on PLLA. Mean ± S.D. from 3
experiments performed in triplicate. Statistical significance was evaluated by ANOVA with the Student-Newman-Keuls post hoc test. Statistical significance level:
P≤ 0.05. (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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the scaffolds with the highest DNP concentrations (6.34 and 12.28 wt
%). A similar behavior was observed in Saos-2 cells. The vinculin ex-
pression decreased up to a concentration of 1.72 wt%, then increased,
and at the highest concentration of DNPs (12.28 wt%), it finally de-
creased (Fig. 6A, B).

In spite of the remarkable differences found in the gene expression
at mRNA level, the amount of talin and vinculin at protein level was not
significantly influenced by the concentration of DNPs in almost all
scaffolds in comparison with the pure PLLA scaffolds. The ELISA mea-
surement results indicated that the concentrations of talin and vinculin
in the MG-63 cells were similar on all samples. The only significant
difference found in Saos-2 cells was in the amount of vinculin on the
sample with the highest concentration of DNPs (12.28 wt%), which was
lower than for most of DNP-containing samples (Fig. 6C, D).

3.5. Osteogenic differentiation

The expression of the collagen I gene in MG-63 cells decreased with
increasing DNP concentration (Fig. 7A). In Saos-2 cells, the expression
of collagen I first increased significantly in the cells on the scaffolds
with DNP concentrations from 0.87 to 1.72 wt% in comparison with
pristine scaffolds and scaffolds with lower DNP concentrations, but then
decreased, and at the highest DNP concentration (12.28 wt%), the level
decreased significantly below the values measured on the pure PLLA
scaffolds. Similar results were also observed for the expression of os-
teocalcin in Saos-2 cells on scaffolds with the same DNP concentrations.
However, the ALP expression in Saos-2 cells had a clear decreasing
trend with increasing DNP concentration, which was apparent at higher
DNP concentrations. At DNP concentrations of 3.38 and 6.54 wt%, the
ALP expression was significantly lower than on scaffolds with 0 and
0.44 wt% of DNPs, and at the highest DNP concentration of 12.28 wt%,
the ALP expression was significantly lower than on scaffolds with
0–3.38 wt% of DNPs (Fig. 6B). ALP and osteocalcin markers were
measurable only in Saos-2 cells, which are a better model of osteogenic
cell differentiation than MG-63 cells [21,22], where the concentrations
of both markers were very low and at the limit of detection. They were
therefore omitted in our graphs.

The concentrations of collagen I and alkaline phosphatase at protein
level were similar in MG-63 cells on PLLA nanofibrous membranes with
all concentrations of DNPs (Fig. 7C). In Saos-2 cells, the amount of
collagen I was even significantly higher on the PLLA scaffolds with
3.38–12.28 wt% of DNPs. Similarly, the concentration of ALP protein
was higher in Saos-2 cells on the membranes with 1.72 and 6.54 wt% of

DNPs (Fig. 7D), despite its lower expression on mRNA level (Fig. 7B).
The concentration of osteocalcin, a marker of late osteogenic differ-
entiation, decreased in MG-63 cells on scaffolds with medium and
higher DNP concentrations (Fig. 7C), while in Saos-2 cells the amount
of osteocalcin remained similar in the cells on scaffolds with all DNP
concentrations (Fig. 7D).

4. Discussion

In this study, we created PLLA nanofibrous scaffolds with an in-
creasing concentration of diamond nanoparticles (from 0 to 12.28 wt
%). We found that an increasing concentration of DNPs in the PLLA
nanofibrous scaffolds (from 0 to 12.28 wt%) had a negative effect on
the viability, proliferation and mitochondrial activity of both human
osteoblast-like cells lines used in this study. The number of living cells
on the scaffolds and the activity of mitochondrial enzymes measured on
the 3rd day of cultivation decreased progressively with increasing DNP
concentration. The negative effect was more pronounced in Saos-2
cells, as the number of living cells after 3-day cultivation on the scaf-
folds was apparently lower than the number of living MG-63 cells
(Fig. 3). We decided to identify the cause of this drop in cell viability,
and we therefore investigated the expression of survival markers, cell
adhesion markers and cell differentiation markers at mRNA level. In
addition, the expression of the adhesion and differentiation markers
was also evaluated at protein level.

First, we evaluated the expression of genes regulating the cell cycle,
proliferation and apoptosis. The decrease in the expression of cyclin D,
i.e. a protein stimulating the cell cycle progression, observed particu-
larly in Saos-2 cells, is in good correlation with the decrease in the
number of living cells, and particularly with the decrease in cell mi-
tochondrial activity with increasing DNP concentration. Similar effects
were observed in human fibroblasts and in HEK293 cells cultured in the
presence of single-wall carbon nanotubes [33] and human mesench-
ymal stem cells in cultures with silica nanoparticles [34]. These effects
were attributed to the oxidative stress generated by these nanoparticles
[34] and to disturbances in the cell membrane integrity [35]. The ex-
pression of survivin, an antiapoptotic factor, was also downregulated in
MG-63 and Saos-2 cells on most DNP-loaded PLLA scaffolds in com-
parison with the pure PLLA scaffolds. Similarly as in the case of cyclin
D, the expression of survivin was also downregulated in response to
various nanoparticles, such as alginate-enclosed, chitosan-conjugated,
or calcium phosphate and iron-saturated bovine lactoferrin nano-
carriers/nanocapsules [36]. By contrast, the expression of Bcl-2,

Fig. 4. Cell mitochondrial activity of human osteoblast-like cells measured by an XTT test on day 3 after seeding on MG-63 (A) and Saos-2 (B) cells lines cultivated on
polystyrene dishes (PS) and PLLA nanofibrous membranes loaded with different concentrations of DNPs: 0 wt% (1), 0.44 wt% (2), 0.87 wt% (3), 1.72 wt% (4),
3.38 wt% (5), 6.54 wt% (6) and 12.28 wt% (7). The plotted values are the means of the absorbances ± S.D. (from 17 to 21 values obtained from 4 independent
experiments) related to the pure PLLA membranes (sample 1). Statistical significance was evaluated by ANOVA with the Student-Newman-Keuls post hoc test.
Statistical significance level: P≤ 0.05.
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another anti-apoptotic factor, was similar or even higher in the cells on
DNP-loaded scaffolds than on pure PLLA scaffolds, which suggested a
certain resistance of the cells, particularly MG-63 cells, to the damage
caused by DNPs. Similarly, fullerenol C60(OH)24 nanoparticles, which
are promising anti-oxidative agents, also increased the Bcl-2 expression
in irradiated K562 leukemic cells, and thus rendered these cells more
tolerant to radiotherapy [37]. In Saos-2 cells on scaffolds with 0.87 to
12.28 wt% of DNPs, the Bcl-2 decreased with increasing DNP con-
centration, which suggests increased propensity of these cells to apop-
tosis. Apoptotic cell death, manifested by a decrease in Bcl-2 expres-
sion, was observed in human HeLa cells exposed to TiO2 nanofibers
[38], where this was attributed to oxidative stress, and in human lung
cancer H1299 cells exposed to silver nanoparticles [39]. The expression
of KLF6, a tumor suppressor, was also similar or even higher in cells on
DNP-loaded scaffolds than on pure PLLA scaffolds. In this context, it
should be pointed out that both MG-63 cells and Saos-2 cells are p53-
deficient. In a study by Gehrau et al. [30], performed on a profiling
array of cancer cell lines exposed to a variety of cell damaging stimuli at

growth inhibitory concentrations, KLF6 expression was significantly
increased in 63% of the p53-deficient cell lines, and was decreased
in> 70% of the p53-positive cells. High intensity of cell damage caused
a p53-independent down-regulation of the KLF6 gene. In accordance
with this, the expression of KLF6 in Saos-2 cells on the scaffolds with
the highest concentrations of DNPs decreased below the level observed
in cells on the pure PLLA scaffolds. Saos-2 cells are considered to be
more differentiated and better resembling normal human osteoblasts
[21,22]. They were therefore probably more sensitive than MG-63 cells
to damage by DNPs.

Another phenomenon that could have influenced the cell survival
on the scaffolds was cell adhesion. The focal adhesion protein talin
plays a key role during inside-out signaling, namely in regulating the
cell adhesion by binding to the cytoplasmic tail of the β-integrin sub-
unit, and in this way, it allosterically regulates the affinity of integrins
to their ligands in ECM molecules [40]. The decrease in the mRNA
expression of talin in Saos-2 cells was proportional to the increase in the
DNP concentration. The expression of talin in Saos-2 cells was higher

Fig. 5. 1st, 2nd and 3rd row (green graphs): The gene expression of factors supporting cell cycle progression (cyclin D) and inhibition of apoptosis (encoded by BIRC5
and Bcl-2 gene). 4th row (red graphs): gene expression of the anti-proliferative tumor suppressor KLF6 gene. All markers were measured for MG-63 and Saos-2 cells
on PLLA scaffolds with various concentrations of diamond nanoparticles: 0 wt% (1), 0.44 wt% (2), 0.87 wt% (3), 1.72 wt% (4), 3.38 wt% (5), 6.54 wt% (6) and
12.28 wt% (7). The mRNA concentrations were measured 14 days after cell seeding, and were expressed as a % of the value obtained on pure PLLA (sample 1). The
plotted values are the means ± S.D. of 4–5 experimental points obtained from 2 independent experiments. The statistical significance was evaluated by ANOVA with
the Student-Newman-Keuls post hoc test. Numbers above the columns indicate statistical significance with P value≤ 0.05. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Markers of cell adhesion measured 14 days after cell seeding: talin and vinculin gene expression measured by RT-PCR (upper row) and concentrations of talin
and vinculin proteins measured by the ELISA assay (lower row) in MG-63 cells (left column) and in Saos-2 cells (right column) cultured on the PLLA nanofibrous
membrane with different concentrations of diamond nanoparticles: 0 wt% (1), 0.44 wt% (2), 0.87 wt% (3), 1.72 wt% (4), 3.38 wt% (5), 6.54 wt% (6) and 12.28 wt%
(7). The plotted values are the means ± S.D. of 4–5 experimental points from obtained from 2 independent experiments. The values were expressed as a % of the
value obtained on pure PLLA (sample 1). Statistical significance was evaluated by ANOVA with the Student-Newman-Keuls post-hoc test. Numbers above the columns
indicate statistical significance with P value≤ 0.05.
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than on pure PLLA scaffolds only at the lowest DNP concentration
(0.44 wt%). Similarly, the expression of vinculin in Saos-2 cells was
higher on scaffolds with a medium concentration of DNPs (3.38 wt%)
than on scaffolds with lower DNP concentrations. This could be ex-
plained by the increased stiffness of the PLLA-DNP scaffolds, which
could improve the cell adhesion. In our earlier study, the formation of
talin- and vinculin-containing plaques in MG-63 cells was better on
DNP-loaded nanofibrous PLLA scaffolds than on pure scaffolds [7]. At
higher nanoparticle concentrations, the adverse effects of DNPs prob-
ably prevailed over their beneficial effects on cell adhesion.

Surprisingly, the concentrations of talin and vinculin at protein level
did not differ significantly from the control pure PLLA membrane in
both cell types, with the exception of the concentration of vinculin in
Saos-2 cells on scaffolds with 12.28 wt% of DNPs, which was sig-
nificantly lower than on most DNP-loaded PLLA scaffolds. The dis-
proportions between the expression of focal adhesion proteins at mRNA
level and at protein level can be explained by the fact that the ex-
pression at mRNA level reflects the current status of gene expression in
a cell, while the total amount of a protein in a cell is usually a result of
long-term accumulation.

Nevertheless, it can be summarized that the expression of talin and
vinculin both on mRNA level and on protein level responded more
sensitively to the increasing concentration of DNPs in Saos-2 cells than
in MG-63 cells. In MG-63 cells, the dependence of the mRNA expression
of both focal adhesion proteins on the DNP concentration was less
regular, and there were no significant differences at protein level. In

addition, the adhesion and growth of Saos-2 cells was more dependent
on the morphology of the adhesion substrate. The number and the
spreading of Saos-2 cells on the pure nanofibrous PLLA scaffolds were
significantly lower than on the control flat polystyrene dishes, while in
MG-63 cells, these parameters were similar on both cultivation sub-
strates. Therefore, MG-63 cells seem to be more stable in cell adhesion
than Saos-2 cells.

The last possible reason studied here for the drop in cell viability
and mitochondrial activity corresponding with the DNP concentration
could be a progressive process of cell differentiation that could result in
slowing down cell proliferation. The expression of the mRNA for the
first studied osteogenic marker, collagen type I, decreased slowly in
MG-63 cells with the DNP concentration, whereas in Saos-2 cells this
marker rose up to 150% of the pure PLLA sample on sample 4 (1.72 wt
% of DNPs). Together with the increase in osteocalcin expression in
Saos-2 cells, which was even more pronounced, and with the rising
concentration of alkaline phosphatase at least on the protein level, this
could indicate that the cells were undergoing osteogenic differentiation.
On the other hand, in studies by other authors, collagen I was produced
by cells during foreign body reaction, wound healing and encapsulation
of implants with less appropriate physical and chemical properties. For
example, increased deposition of collagen has been observed around
polymeric meshes for hernia repair [41] and in gingival fibroblasts after
microplasma irradiation [42]. Therefore, it cannot be excluded that the
expression of the collagen gene was produced by Saos-2 cells in our
study, in response to the damaging effect of their growth support, rather

Fig. 7. Markers of cell differentiation measured 14 days after cell seeding: expression of the collagen I gene, the ALP gene (only in Saos-2) and the osteocalcin gene
(only in Saos-2), measured by RT-PCR (upper row), and the concentrations of collagen I, ALP and osteocalcin proteins measured by the ELISA assay (lower row) in
MG-63 cells (left column) and Saos-2 cells (right column) cultured on the PLLA nanofibrous membrane with different concentrations of diamond nanoparticles: 0 wt%
(1), 0.44 wt% (2), 0.87 wt% (3), 1.72 wt% (4), 3.38 wt% (5), 6.54 wt% (6) and 12.28 wt% (7). The plotted values are the means ± S.D. of 4–6 experimental points
obtained from 2 independent experiments. The values were expressed as a % of the value obtained on pure PLLA (sample 1). Statistical significance was evaluated by
ANOVA with the Student-Newman-Keuls post-hoc test. Numbers above the columns indicate statistical significance with P value≤ 0.05.
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 than as a marker of osteogenic cell differentiation. The reaction of the
MG-63 cells on mRNA level or on protein level did not indicate any
significant osteogenic differentiation.

A possible explanation for our rather negative results is the rela-
tively high hydrophobicity of our PLLA-DNP scaffolds, which increased
with increasing DNP concentration. In our scaffolds with 0.44 to
12.28 wt% of DNPs, the water drop contact angle ranged from 45° to
139°. By contrast, in PLGA scaffolds with 23 wt% of DNPs in our earlier
studies, the water drop contact angle was only about 70°, which can be
considered as a moderate level of hydrophilicity, optimal for cell ad-
hesion and growth [7].

Another explanation is the potential cytotoxicity of the DNPs used in
our study. The damaging effect of DNPs on cells depends on their
origin, size, impurities and functionalization. In studies reporting ad-
verse effects of DNPs, these nanoparticles were often prepared by de-
tonation [43–45]. In our present study, too, the DNPs were of detona-
tion origin. In other studies with non-toxic or even beneficial effects of
DNPs on cell behavior, the DNPs were prepared by non-detonation
methods, e.g. by milling of diamond microcrystals [10,46], or by the
radiofrequency PACVD method, which was used in our earlier studies
[6,7]. The detonation DNPs used in our present study were relatively
small in diameter (4–5 nm) and were grayish in color, which suggested
the presence of impurities. In a study by Keremidarska et al. [45], in-
creased cytotoxicity of DNPs was associated with their smaller size and
with the presence of impurities, such as other carbon allotropes and
metals. In addition, the detonation DNPs used in our study had positive
zeta potential [47]. It has been reported that positively-charged nano-
particles in general showed a higher cellular uptake and greater sub-
sequent damage to subcellular structures than negatively-charged na-
noparticles (for a review, see [47]). The biocompatibility of detonation
DNPs can be improved by annealing at high temperature, which oxi-
dizes these DNPs and changes their surface charge from positive to
negative [47]. Other possible ways to achieve improvements include
functionalization of detonation DNPs with various chemical groups or
molecules, such as oxygen-containing groups (hydroxyl and carboxyl
groups) or serum proteins (for a review, see [48]).

5. Conclusions

The nanofibrous PLLA-DNP scaffolds prepared in this study had
rather negative effects on the adhesion, growth and osteogenic differ-
entiation of human osteoblast-like MG-63 and Saos-2 cells. The number,
spreading, viability and the mitochondrial activity of these cells de-
creased with an increasing concentration of DNPs in the scaffolds (from
0.44 to 12.28 wt%). In accordance with this, the expression of cyclin D
and survivin, i.e. factors supporting cell growth and survival, were
downregulated on DNP-loaded PLLA scaffolds. The expression of KLF6,
a tumor suppressor, was mostly similar or even higher in cells on DNP-
loaded scaffolds than on the pure PLLA scaffolds. However, the ex-
pression of Bcl-2, an antiapoptotic factor, was also similar or even
higher in cells on DNP-loaded scaffolds. This suggested only a moderate
cell damaging effect of the DNP-loaded scaffolds in this study.

The expression of mRNA for focal adhesion proteins vinculin and
particularly talin decreased significantly on scaffolds with the highest
DNP concentration (12.28 wt%) in comparison with the pure PLLA
scaffolds and most of the DNP-loaded scaffolds. However, on scaffolds
with the lowest DNP concentration (0.44 wt%), the expression of talin
was even higher than on the pure PLLA scaffolds. This suggests a certain
supportive effect of DNPs on the cell adhesion by increasing the stiff-
ness of the scaffolds. Similarly, the expression of collagen I and osteo-
calcin at mRNA level, and collagen I and ALP at protein level, was in-
creased in Saos-2 cells on the scaffolds with medium and high DNP
concentrations. However, this could be due to the response of the cells
to the cytotoxicity of the material, rather than due to osteogenic cell
differentiation. Moreover, MG-63 cells showed impaired rather than
improved osteogenic differentiation on DNP-loaded scaffolds.

In general, we can see a decrease in the mRNA expression of all
studied markers of osteogenic cell differentiation at the highest DNP
concentration (12.28 wt%). It can therefore be concluded that the de-
tonation 4–5 nm DNPs in the PLLA nanofibrous scaffolds used in our
study had a damaging effect on human osteoblast-like MG-63 and Saos-
2 cells.
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Coating Ti6Al4V implants 
with nanocrystalline diamond 
functionalized with BMP‑7 
promotes extracellular matrix 
mineralization in vitro and faster 
osseointegration in vivo
Ivana Nemcakova1, Andrej Litvinec1, Vaclav Mandys2, Stepan Potocky3, Martin Plencner1, 
Martina Doubkova1*, Ondrej Nanka4, Veronika Olejnickova1,4, Barbora Sankova1,4, 
Martin Bartos5, Egor Ukraintsev6, Oleg Babčenko6, Lucie Bacakova1, Alexander Kromka3, 
Bohuslav Rezek6 & David Sedmera1,4*

The present study investigates the effect of an oxidized nanocrystalline diamond (O-NCD) coating 
functionalized with bone morphogenetic protein 7 (BMP-7) on human osteoblast maturation 
and extracellular matrix mineralization in vitro and on new bone formation in vivo. The chemical 
structure and the morphology of the NCD coating and the adhesion, thickness and morphology of 
the superimposed BMP-7 layer have also been assessed. The material analysis proved synthesis of 
a conformal diamond coating with a fine nanostructured morphology on the Ti6Al4V samples. The 
homogeneous nanostructured layer of BMP-7 on the NCD coating created by a physisorption method 
was confirmed by AFM. The osteogenic maturation of hFOB 1.19 cells in vitro was only slightly 
enhanced by the O-NCD coating alone without any increase in the mineralization of the matrix. 
Functionalization of the coating with BMP-7 resulted in more pronounced cell osteogenic maturation 
and increased extracellular matrix mineralization. Similar results were obtained in vivo from 
micro-CT and histological analyses of rabbit distal femurs with screws implanted for 4 or 12 weeks. 
While the O-NCD-coated implants alone promoted greater thickness of newly-formed bone in direct 
contact with the implant surface than the bare material, a further increase was induced by BMP-7. 
It can be therefore concluded that O-NCD coating functionalized with BMP-7 is a promising surface 
modification of metallic bone implants in order to improve their osseointegration.

Metallic alloys are the most widely used materials for the fabrication of load-bearing orthopaedic and dental 
implants that require outstanding mechanical properties such as excellent ductility, fatigue life and strength1–3. 
Titanium-based Ti6Al4V alloy possesses significantly lower density and stiffness (elastic modulus), matching the 
properties of cortical bone much more closely than stainless steel or Co-Cr-based alloys2,3. Moreover, Ti6Al4V 
has superior biocompatibility, the highest rate of integration with the host bone and the greatest corrosion resist-
ance of these three implant alloys, thanks to the spontaneous formation of an adhesive titanium dioxide layer 
at its surface with the highest rate of spontaneous recovery after mechanical disruption2,4,5. Although Ti6Al4V 
is one of the most favourable metallic implant materials, many patients have experienced increasing local pain, 
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swelling, allergic reactions, and inflammation resulting in implant migration, aseptic loosening, and osteolysis. 
These reactions increase the need for painful and expensive revision surgeries. Human life expectancy has 
been increasing, but a recent study has concluded that only about half of hip replacements last for 25 years in 
patients with osteoarthritis6. Many patients nowadays outlive their implant. There is therefore great interest in 
the innovation and optimization of promising biomaterials such as Ti6Al4V with a view to eliminating factors 
responsible for implant failure.

The most common causes of implant failure are an accumulation of wear debris (i.e. metallic ions from 
Ti6Al4V), insufficient implant integration into the host bone (osseointegration), or a bacterial infection7. Vari-
ous types of functional coatings for metallic implants, such as hydroxyapatite-based coatings8,9, ceramic-based 
coatings10,11, carbon-based coatings, such as diamond-like carbon (DLC)12,13 or fullerene coatings14,15, and silver-
containing nanocomposite coatings16 are therefore currently under investigation to address some or all of these 
issues. Another promising material for coating metallic implants, due to its superior properties, is a nanocrystal-
line diamond (NCD) coating. The main advantages of an NCD coating over other carbon-based coatings are that 
NCDs are optically transparent, chemically inert, highly biocompatible, and can easily be functionalized in many 
ways according to their intended application17. In addition, NCDs exhibit excellent mechanical hardness as well 
as high chemical, thermal and wear resistance18,19, which should limit their decomposition or transformation 
into materials with potential toxicity and accumulation of wear debris near the implant site. A publication by 
Papo et al. has indeed shown that an NCD coating markedly improved the wear resistance of Ti6Al4V alloy after 
simulated loading mimicking two years of clinical use20. Moreover, NCD-coated metallic implants should also 
lower the risk of post-surgical problems associated with a bacterial infection. A considerable number of studies 
have demonstrated strong antibacterial activity of NCD coatings against various Gram-negative and Gram-
positive bacteria, including Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus21–24.

In addition, the nanostructured morphology of NCD coatings better imitates the nanoscale architecture of 
natural bone, and this should promote better osseointegration of an implant into the surrounding bone tissues 
of a patient. Several studies have shown that NCDs deposited on various substrates, or diamond nanocrystal-
lites added into hydrogels, stimulated osteogenic maturation (evaluated by increased expression of osteogenic 
markers, e.g., osteocalcin, collagen type I, increased activity of alkaline phosphatase, or increased mineralization 
of extracellular matrix) of various bone-derived cells in vitro25–29. Usually, however, not all osteogenic markers 
were elevated but only some of them, depending on the type of cell that was used, or depending on the form of 
the NCD material that was used. Although these in vitro data are quite promising, in vivo studies evaluating the 
osseointegration of diamond-coated implants are quite scarce and the results are ambiguous. While Kloss et al. 
reported enhanced new bone formation promoted by Ti6Al4V implants coated with oxygen terminated NCD 
coatings30, and Jaatinen et al. reported enhanced new bone formation promoted by Ti implants coated with 
amorphous diamond coatings31, studies by Rupprecht et al. and by Metzler et al. have failed to show a positive 
effect of NCD coatings on the osseointegration of Ti6Al4V implants in vivo32,33.

Improvements to the early stages of healing after an implant placement are very important because they can 
greatly enhance the clinical outcome. Implants that are osseointegrated more rapidly can be loaded sooner, and 
this is increasingly favoured by patients34. A possible way to improve the osteoconductive properties of NCD-
coated implants in vivo is by functionalizing NCD coatings with a biomolecule inducing bone formation and 
regeneration.

Bone morphogenetic protein 7 (BMP-7), also known as osteogenic protein-1, has been recognized as a key 
modulator of bone and cartilage formation and repair, mainly through the SMAD pathway35. It has been reported 
that BMP-7 protein not only enhances osteogenic maturation of osteoblasts36–38 but also induces osteogenic dif-
ferentiation of various stem cells39–41 and fibroblasts42,43 in vitro. Moreover, various animal studies have proved 
the positive effect of BMP-7-coated implants43–45, or of an administration of BMP-7 into an implant site47,48, or 
into a wound site without the use of any implant49–52 on the regeneration and formation of new bone in vivo. 
Because of its great osteoinductive effect, BMP-7 protein has been approved by the FDA for clinical application 
in the healing of fracture non-unions53,54.

The present study set out to assess the benefits of the NCD surface functionalization with BMP-7 protein 
in vitro and in vivo. The NCD coating deposited on Ti6Al4V alloy plates and screws used for experiments is 
modified by a plasma oxidation process to create an oxidized NCD (O-NCD) surface. The plasma oxidation 
process is known to clean a surface from organic residues and to provide a hydrophilic surface with various 
oxygen-related chemical groups, such as carboxyl and anhydride55. The oxidation process is therefore expected 
to improve both the physisorption of BMP-7 proteins and also the adhesion of human osteoblasts (compared to 
the hydrogenated surface), as has been observed in our previous studies56,57. The surface functionalization with 
BMP-7 has a potential to further enhance the osteogenic properties of the material both in vitro and in vivo. 
We therefore hypothesized that the surface modification of titanium alloy with O-NCD would increase its bio-
compatibility, manifesting as increased cell adherence, and faster osteogenic cell differentiation, and that these 
properties would be further enhanced by functionalization with BMP-7. To assess the benefits of this modifica-
tion, firstly the effect of O-NCD surface with or without BMP-7 coating on phenotypic maturation of osteoblasts 
and on mineralization of the extracellular matrix is evaluated in vitro. Secondly, the effect of these coatings on 
osseointegration in vivo is evaluated by micro-CT and histology analyses after implantation into the femurs of 
New Zealand white rabbits for a period of 4 or 12 weeks. Standard material and morphological analyses of NCD 
coating and BMP-7 adhesion, thickness and morphology are also included.
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Materials and methods
Materials.  A conventional Ti implant alloy (Ti6Al4V) was used for the experiments in the form of thin plates 
(10 × 10 × 3  mm; BEZNOSKA Ltd., Czech Republic) and in the form of self-cutting screws (HA 3.5 × 8  mm; 
Medin Inc., Czech Republic).

Sample preparation and characterization—nanocrystalline diamond coating.  The Ti6Al4V 
plates and screws were coated with a thin nanocrystalline diamond (NCD) film. The samples were first pre-
treated in a suspension of ultra-dispersed detonation nanodiamonds (DND, nominal size of 5 nm; New Metals 
and Chemicals Corporation Ltd., Japan). The diamond thin film growth was performed in the low-temperature 
low-pressure linear antenna microwave plasma (LAMWP) chemical vapour deposition (CVD) system (AK 400, 
Roth & Rau, Germany)58 for 60 h at a total gas pressure of 10 Pa, microwave power of 2 × 1.7 kW and a gas 
mixture of 3.3% CH4 and 13.3% CO2 to H2. The substrate temperature was kept at 450 °C by resistive heating of 
the substrate holder. The deposition was repeated twice to overcoat the top and the bottom part of the screws. 
Surface hydrogenation of the sample was carried out in the LAMWP system by microwave hydrogen plasma. 
The surface of the diamond-coated samples was further modified by an oxidizing process using radio frequency 
oxygen plasma (100 W, 4 min). The resulting material coating was characterized by standard analytical methods: 
optical microscopy, scanning electron microscopy (SEM; Maia 3, TESCAN, Czech Republic) and Raman spec-
troscopy (WITec alpha300 RAS, Germany).

Sample preparation and characterization—BMP‑7 functionalization.  The Ti6Al4V plates and 
screws with an NCD coating were sterilized in an autoclave (Tuttnauer Co. Ltd., Israel). A part of the samples 
coated with oxidized NCD was further functionalized with human bone morphogenetic protein 7 (BMP-7; 
BioLegend, Cat. No. 595602, USA) to promote phenotypic maturation of osteoblasts in vitro or to promote bone 
formation and thus to improve the osseointegration of the implants in vivo. The samples were functionalized 
with BMP-7 by incubating them in a BMP-7 solution with a concentration of 10 µg/mL in phosphate-buffered 
saline (PBS) for 24 h at room temperature (RT). The samples were subsequently washed in PBS (Sigma-Aldrich, 
Merck, Germany) and were immediately used for in vitro or in vivo experiments.

In order to study the adsorption of BMP-7 on the diamond surfaces and the interaction of BMP-7 with 
these coatings, an atomic force microscopy (AFM; Dimension ICON, Bruker, US) analysis was performed. For 
the AFM analysis, BMP-7 protein was deposited on flat monocrystalline diamond samples with hydrogenated 
(H-NCD) and oxidized (O-NCD) surfaces that were prepared by the same technology (microwave hydrogen 
plasma and radio-frequency oxygen plasma) as described above. BMP-7 solution droplets of 30 µL were applied 
on both samples for 24 h to allow the BMP-7 molecules to adsorb. Then the samples were rinsed with water 
and were dried by airflow. The thickness of the BMP-7 adsorbed layer was measured by the contact mode 
(CM) nanoshaving method59. Four 2 × 2 µm2 images were scanned in CM-AFM. Next, a 5 × 5 µm2 overscan was 
performed in PeakForce Quantitative Nanomechanical mode (PFQNM), which reveals details of the surface 
morphology and also differences in the adhesion and deformation of the surface layer after adsorption of BMP-7.

In vitro experiments—phenotypic maturation of human osteoblasts hFOB 1.19.  The human 
non-tumour osteoblast cell line (hFOB 1.19; ATCC CRL-11372™, USA) was used to evaluate the phenotypic 
maturation of osteoblasts cultured on the investigated materials (Ti6Al4V alloy plates coated with O-NCD films 
with or without BMP-7 functionalization; unmodified Ti6Al4V plates were used as a reference control mate-
rial). hFOB 1.19 cells were induced to proliferate when cultured at a permissive temperature of 33.5 °C and were 
induced to differentiate into mature osteoblasts expressing the normal osteoblast phenotype when cultured at a 
restrictive temperature of 39.5 °C60,61. The samples, inserted into polystyrene 12-well tissue culture plates (well 
diameter 21 mm; TPP, Switzerland), were seeded with hFOB 1.19 cells and were cultured in a 1:1 mixture of 
Ham’s F12 medium and Dulbecco’s modified Eagle’s medium (Gibco, Cat. No. 11039, USA) supplemented with 
10% foetal bovine serum (Sebak GmbH, Germany) and geneticin G418 (0.3 mg/mL; Gibco, USA) at 33.5 °C in a 
humidified air atmosphere containing 5% of CO2. When the cells reached confluence (3 days after seeding), the 
temperature was set to 39.5 °C (labelled as day 0 of differentiation) and the cells were cultured for an additional 
period of 21 days with the medium exchanged every 2–3 days. The metabolic activity of hFOB 1.19 cells cultured 
on the investigated materials was evaluated on days 0, 3, 10 and 21 of differentiation, while the phenotypic matu-
ration (osteogenic differentiation) of the cells was assessed on days 3, 10 and 21. Three independent samples for 
each experimental group and time interval were used. The quantitative data were presented as the mean ± S.E.M. 
(Standard Error of the Mean).

The metabolic activity of the cells (the activity of the mitochondrial enzymes) was assessed by incubation of 
the samples in a final concentration of 40 µM Resazurin (Sigma-Aldrich, Merck, Germany) in the fresh complete 
cell culture medium mentioned above. After 1.5 h of incubation at 39.5 °C, the fluorescence of the solution was 
measured (Ex/Em = 530/590 nm) by a Synergy™ HT Multi-Mode Microplate reader (BioTek, USA). A solution 
without cells was used as a blank control.

The activity of alkaline phosphatase (ALP, a marker of early/mid-term osteogenic differentiation) was assessed 
on days 3, 10 and 21 of differentiation after 10-min incubation of samples in a solution of 1 mg/mL of p-nitro-
phenyl phosphate in a substrate buffer (50 mM glycine, 1 mM MgCl2, pH 10.5; Sigma-Aldrich, Merck, Germany) 
at RT. The resulting solution was then mixed with the same volume of 1 M NaOH solution, and the absorbance 
was measured at 405 nm by a Synergy™ HT Multi-Mode Microplate reader (BioTek, USA). A solution without 
cells was used as a blank control. The absorbance of the known concentrations of p-nitrophenol diluted in 
0.02 M NaOH (9–90 μM; Sigma-Aldrich, Merck, Germany) was measured as a standard.
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The extracellular matrix mineralization (a late marker of osteogenic differentiation) was evaluated on days 10 
and 21 of differentiation by Alizarin Red S staining. The cells cultured on the samples were fixed in 4% paraform-
aldehyde (PFA; Sigma-Aldrich, Merck, Germany) for 15 min at RT. The samples with fixed cells were incubated in 
40 mM Alizarin Red S in dH2O (pH 4.1; Sigma-Aldrich, Merck, Germany) for 20 min at RT with gentle shaking. 
The unbound dye was washed away by dH2O (5 times for 10 min with gentle shaking) and the samples were then 
left to dry and were stored at -20 °C until the quantification was performed. To extract the dye, the samples were 
incubated in 10% acetic acid for 1 h at RT with gentle shaking. The solution that was obtained, together with the 
layer of cells (detached by a cell scraper), was transferred to a 1.5 mL tube, was vortexed for 30 s and was heated at 
85 °C for 10 min. The tubes were then incubated on ice for 10 min and were subsequently centrifuged at 20,000g 
for 15 min. The pH of the supernatant was adjusted by 10% NH4OH (Sigma-Aldrich, Merck, Germany) to 4.2, 
and the absorbance of the solution was measured at 405 nm by a Synergy™ HT Multi-Mode Microplate reader 
(BioTek, USA). A solution without cells was used as a blank control.

The real-time qPCR method was used to evaluate the expression of other markers of phenotypic maturation 
of hFOB 1.19 cells cultured on the investigated materials. RNA from the cells was extracted using a Total RNA 
Purification Plus Micro Kit (Norgen BioTek, USA), according to the manufacturer’s instructions. An amount 
of 300 ng/µL mRNA was used for reverse transcription into cDNA using the ProtoScript First Strand cDNA 
Synthesis Kit (New England Biolabs, USA) with oligo-dT primers. The reaction ran in a T-Personal Thermocy-
cler (Biometra GmbH, Germany). The relative mRNA expression was quantified using SYBR Green (FastStart 
Universal SYBR Green Master; Roche Diagnostics GmbH, Switzerland) and primers from Generi Biotech, as 
presented in Table 1. The cDNA was amplified in the iCycler iQ™ 5 Multicolor Real-Time PCR detection system 
(BioRad, USA) in a total reaction volume of 20 μl, under the following conditions: 10 min incubation at 95 °C, 
followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The data were analysed using the 2−��Ct method, were 
normalized against the GAPDH housekeeping gene, and are plotted as mean ± standard deviation (SD).

A statistical analysis was performed using SigmaStat (Jandel Corporation, USA). A comparison between the 
groups was analysed with the ANOVA, Student–Newman–Keuls method. Values of p < 0.05 were considered 
statistically significant.

In vivo experiments on rabbits.  The animal experiments were approved by the Animal Care and Use 
committee of the Institute of Physiology in compliance with the current national legislation. The experiments 
conformed with all the international and EU ethical standards and also with the ARRIVE guidelines (https://​
arriv​eguid​elines.​org/​arrive-​guide​lines).

New Zealand white rabbits were supplied by an accredited supplier (Velaz, Prague, Czech Republic) and 
were provided with food and water ad libitum. Animals of either sex were used (total N: 44), with a minimum 
body weight of 3.4 kg. After a habituation period of at least one week, the animals were weighed, and their body 
weights were recorded. Anaesthesia was initiated by an intramuscular (IM) injection of diazepam (5 mg/kg). 
The surgery was performed under antibiotic cover of marbofloxacin (5 mg/kg IM). Deep anaesthesia (surgical 
plane) was induced by ketamine (50 mg/kg, IM) with xylazine (5 mg/kg, IM). After the cessation of reaction to 
painful stimuli, a dab of antiseptic ointment (Ophtalmo-Septonex) was applied to both eyes to prevent corneal 
drying, and the limb to be operated on was shaved from ankle to groin. The surgical field was then thoroughly 
disinfected by povidone iodine and the animal was placed onto an operating table, where the surgical plane of 
anaesthesia was maintained by continuous administration of 2% halothane (Narcotan) with oxygen applied via 
a face mask. Pulse and blood oxygen saturation were continuously monitored by a pulse oximeter.

After the field had been covered with sterile wraps, a skin incision was performed in the area of the lateral 
condyle of the femur, followed by blunt dissection of all the layers up to the bone. After finding and marking the 
appropriate place on the lateral aspect, a hole 2.7 mm in diameter was drilled by an orthopaedic drill (Acculan 
3Ti, B.Braun), followed by the implantation of O-NCD-coated, O-NCD + BMP-7-coated or uncoated control 
Ti6Al4V screws (HA 3.5 × 8 mm) via a hand screwdriver. To reduce the necessary number of animals (3R), both 
sides were operated consecutively, i.e., 12 and 4 weeks before sampling, to obtain 2 samples at different time 
points from each animal. The minimum size for each group was 5 implants for each type of coating and sampling 
interval. The wound was then closed in layers with a PDS II 4–0 absorbable suture.

Table 1.   Oligonucleotide primers used for qPCR amplification. BGN biglycan, COL1A1 collagen type I, DCN 
decorin, GAPDH glyceraldehyde 3-phosphate dehydrogenase, OSX osterix, RUNX-2 runt-related transcription 
factor 2, SPARC​ osteonectin.

Gene Forward primer sequence Reverse primer sequence Product length (bp)

BGN 5′-CAG CCC GCC AAC TAG TCA-3’ 5′-GGC CAG CAG AGA CAC GAG-3’ 93

COL1A1 5′-CAG CCG CTT CAC CTA CAG C-3′ 5′-TTT TGT ATT CAA TCA CTG TCT TGC C-3′ 83

DCN 5′-
GGA GAC TTT AAG AAC CTG AAG AAC C-3’ 5′-CGT TCC AAC TTC ACC AAA GG-3’ 104

GAPDH 5′-TGC ACC ACC AAC TGC TTA GC-3’ 5′-GGC ATG GAC TGT GGT CAT GAG-3’ 87

OSX 5′-GGC ACA AAG AAG CCG TAG TC-3’ 5′-CAG GTG AAA GGA GCC CAT TA-3’ 106

RUNX-2 5′-GCC TTC AAG GTG GTA GCC C-3’ 5′-CGT TAC CCG CCA TGA CAG TA-3’ 67

SPARC​ 5′-GTA CAT CGC CCT GGA TGA GT-3’ 5′-CGA AGG GGA GGG TTA AAG AG-3’ 124

https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines
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After the surgery, the animals received a depot dose of 0.5 mg/kg of non-steroidal anti-inflammatory analgesic 
meloxicam by a subcutaneous injection (SC), and the suture was smeared with Betadine to prevent infection of 
the wound. During the recovery period, the animals were monitored continuously until complete awakening. 
For at least 10 days after surgery, the animals were checked several times a day with emphasis on their general 
well-being and on wound healing. For a period of 5 days, a combination of an antibiotic (marbofloxacin 5 mg/
kg, IM) and an analgesic (meloxicam 0.5 mg/kg, IM) was administered daily. The diet was enriched with fresh 
vegetables and hay for faster healing. Food and water intake were monitored daily by a veterinarian for the entire 
duration of the experiment.

At the time of sampling, i.e., 4 or 12 weeks after implantation, the animals were sacrificed by an approved 
method (rendering them unconscious by a spring-loaded device followed by exsanguination), and the distal 
femurs containing the implants were extracted. The samples were sawed down to a size that fitted the fixation 
vials, and were subsequently fixed for 48 h in 4% paraformaldehyde in PBS at 4 °C. After rinsing in PBS, the 
samples were scanned and evaluated by micro-CT (see 2.6), as in our previous studies62,63. After imaging, the 
samples were decalcified with a hydrochloric acid solution (Histolab Products, Sweden) and the screws were 
carefully removed after slicing the decalcified bone in half with a scalpel. The bone samples were then processed 
for paraffin histology (see below), while the screws were imaged using SEM to confirm the integrity of the coating.

Micro‑CT evaluation of the tissue samples.  Each specimen was placed in a plastic tube with PBS and 
was scanned using a SkyScan 1272 micro-CT device (Bruker micro-CT, Kontich, Belgium) with the following 
scanning parameters: pixel size 10 μm, source voltage 100 kV, source current 100 μA, 0.11 mm Cu filter, frame 
averaging 3, rotation step 0.2°, rotation 360°. The scanning time was approximately 6 h for each specimen. The 
flat-field correction was updated before each acquisition. Image data were reconstructed and were processed 
using NRecon SW (Bruker, Belgium). Standardized cross-section images were acquired using DataViewer 
(Bruker, Belgium).

Histological analysis of the tissue samples.  PFA-fixed, paraffin-embedded tissue samples were cut in 
series at 10 µm and were stained alternately with Hematoxylin–Eosin and van Gieson/Orcein staining protocol. 
The stained sections were photographed using an Olympus DP80 CCD camera (Olympus, Tokyo, Japan) fitted 
on an upright BX51 compound Olympus microscope at different magnifications (2×–20×). The thickness of 
newly formed bone was measured in the mid-shaft region taking care to exclude any attached trabeculae. Digital 
images were processed using Adobe Photoshop (background and levels adjustment, Unsharp Mask filtering—
always performed on the entire image) and were arranged in plates with the same software.

Results and discussion
Characterization of the NCD layer and BMP‑7 adhered on NCD.  Raman spectroscopy and surface 
mapping show uniform coating by NCD with the typical diamond peak and G band in the spectrum (Fig. 1). 
The SEM image of the coated screw surface along the thread and in the screw tip area exhibits a corrugated 
morphology conformal to the screw surface finish and fine nanostructures related to the NCD grains in both 
critical areas.

The BMP-7 morphology, the adhesion map and the thickness profile observed by AFM in PFQNM regime 
O-NCD and H-NCD surfaces are shown in Fig. 2. The square in the centre corresponds to the area from which 
the molecules were removed (nanoshaved) by scanning on contact mode AFM. The BMP-7 adsorbed thickness 
on the O-NCD surface, as determined from the mean heights in the central and outside area, was 1.8 ± 1.3 nm. 
From the profile across the nanoshaved area, the thickness was also 1.8 ± 1.3 nm. The BMP-7 adsorbed thickness 
on the H-NCD surface was 1.9 ± 1.2 nm in area and 2.3 ± 1.2 nm from the line profile.

The thickness of the adsorbed BMP-7 was similar on the H-terminated and O-terminated nanocrystalline 
diamond surfaces. The BMP-7 surface morphology also appeared qualitatively similar, comprised of a uniform 
conformal coating and a high density of larger (brighter) dots. This is a noteworthy finding, as H-NCD is 
hydrophobic and O-NCD is hydrophilic. The adsorbed BMP-7 thickness was on average only 2 nm. The three-
dimensional structure of BMP-7 exhibits an open boomerang-shaped conformation with dimensions of 13 × 9 × 5 
nm3, as deduced from transmission electron microscopy (TEM) measurements and from Small Angle X-ray 
scattering (SAXS) measurements64. Thus, in our case, the BMP-7 molecules must be lying on the diamond sur-
face, forming a uniform primary layer coating, on which the BMP-7 molecules, adsorbed in a more native form, 
correspond to the observed brighter dots. The relatively small and similar thickness of the BMP-7 primary layer 
on the hydrogenated and oxidized diamond surfaces may be explained by a tight interaction with the diamond 
surface dipoles (C-H or C-O) via hydrogen bonding. The BMP-7 could also be collapsed (as observed by compar-
ing the AFM data in air and in solution on other biomolecules57. However, the BMP-7 dimensions given above 
were determined from the TEM in vacuum condition64, so this effect can be excluded.

However, the conformation of BMP-7 in the primary layer on H- and O-terminated NCD can differ, as was 
observed above for adsorbed FBS proteins59,65. This effect may be due to different polarity of the surface dipoles, 
different protein parts forming hydrogen bonds and/or interacting with the diamond surface via hydrophobic 
or hydrophilic interactions. This assertion is supported by the PFQNM adhesion data (tip-molecule adhesion 
forces in the range of 10 nN). There is a uniform background of the adhesion force due to the thin BMP-7 layer, 
which is lower than on the bare (nanoshaved) diamond in the central area of the adhesion images. The differ-
ence in the adhesion force between BMP-7 and bare diamond is greater on H-NCD than on O-NCD. This again 
hints at a slightly different conformation of the BMP-7 molecules lying on the surface. On both types of surfaces, 
there are also smaller and larger dark dots in the adhesion map, obviously corresponding to the native form of 
BMP-7. From the adhesion image, it is evident that these BMP-7 aggregates are larger and more pronounced 
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on H-NCD, while they are fine and more homogeneously distributed on O-NCD. This again suggests that the 
BMP-7 interaction with H-NCD and O-NCD is different, despite the similar surface morphology and a similar 
thickness of approximately 2 nm.

Phenotypic maturation of hFOB 1.19 cells in vitro.  To investigate the effect of the O-NCD coating 
and the O-NCD coating functionalized with BMP-7 (O-NCD + BMP-7) on the maturation of human osteoblasts 
in vitro, confluent hFOB 1.19 cells were cultured for another 21 days at a restrictive temperature of 39.5°, induc-
ing their differentiation into the mature osteoblast phenotype. Figure 3a shows that the values of the metabolic 
activity (which are usually proportional to the cell numbers) of hFOB 1.19 cells were comparable among all 
sample groups on days 0 and 3 of differentiation. The cells exhibited the greatest metabolic activity on day 10 of 
differentiation, with values 2-times higher than on the other evaluated days. Slightly higher metabolic activity of 
cells cultured on the O-NCD + BMP-7 coating was observed with increasing time of cultivation (from day 10 of 
differentiation); however, these differences were not proven to be significant (Fig. 3a). The results of metabolic 
activity at all assessed time intervals did not show any significant differences among the investigated materials.

The evaluation of the activity of alkaline phosphatase (ALP), which is one of the main markers of early/mid-
term phenotypic maturation of osteoblasts, showed that on day 3 of differentiation, the activity of ALP in cells 

Figure 1.   Material and morphological characteristics of the nanocrystalline diamond-coated cortical screws: 
(a) a photograph of a coated screw, (b) bright-field optical microscope image, (c) Raman spectrum showing 
characteristic nanocrystalline diamond features, (d) a Raman diamond peak intensity map, (e) SEM image of 
the coated screw surface along the thread and (f) in the screw tip area.
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on both O-NCD-based coatings was lower than in cells on uncoated Ti6Al4V (Fig. 3b), while the gene expres-
sion of other early and mid-term markers of osteogenic differentiation, namely RUNX-2, osterix, biglycan and 
decorin, was usually increased (Fig. 4). However, it should be pointed out that the enzymatic activity cannot be 
always proportional to the expression of a given enzyme at mRNA and protein level, because enzymes, includ-
ing ALP, can be present in their immature, pro-enzymatic form. The correlation between the gene expression of 
ALP, amount of its molecules and its activity in cells on O-NCD-based coatings should be further investigated.

A lower activity of ALP on O-terminated NCD surfaces might also be explained by a certain inhibitory effect 
of these surfaces on the enzymatic activity. On the one hand, O-NCD surfaces are hydrophilic, and thus they pro-
mote the adsorption of cell adhesion-mediating proteins in an appropriate geometric conformation for binding 
cell adhesion receptors, and by this mechanism, these surfaces support the adhesion, spreading and subsequent 
proliferation of cells. On the other hand, oxygenated surfaces can also have some adverse effects on cells. It is 
known that oxygen radicals can inhibit the activity of various enzymes, including ALP. For example, treatment 
of ALP with oxidizing agents, such as p-nitrophenyl phosphate, beta-glycerophosphate or ascorbic acid/Fe2+, 
resulted in the inhibition of the enzyme activity, due to generation of oxygen radicals, e.g., .OH radicals66. Other 
examples are inhibition of ALP by H2O2

67 or low activity of serum ALP in patients with Wilson´s disease, where 
the enzyme is inhibited by ROS induced by elevated Cu2+ ions68. Oxygen-containing radicals might be present 
on the surface of NCD after oxygen plasma treatment, especially in relatively early culture intervals, when the 
cultivation substrate is not fully covered with cells and their newly formed extracellular matrix.

It is also known that ALP activity is inversely correlated with the concentration of calcium69. Ca2+ ions can 
be attracted to oxygen-containing chemical functional groups on O-NCD surface, which are usually negatively 

Figure 2.   BMP-7 morphology (a,c), adhesion maps (b,d), and thickness profiles (insets) observed by AFM 
in the PFQNM regime on oxidized (a,b) and hydrogenated (c,d) NCD surfaces. The square in the centre 
corresponds to the area from which the molecules were removed (nanoshaved) by scanning in contact mode 
AFM. The Z scale is 20 nm for 5 × 5 µm2 topography images, 10 nm for 0.5 × 1 µm2 topography images (insets) 
and 10 nN for 5 × 5 µm2 adhesion images.
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charged (-COOH-, OH-). Last but not least, as every protein, ALP can be adsorbed to the O-NCD surface, which 
can inhibit its activity. For example, ALP activity was deactivated by adsorption on quartz slides70.

Nevertheless, in the following culture intervals (days 10 and 21 of differentiation), the ALP activity of hFOB 
1.19 cells cultured on the O-NCD-based coatings increased in comparison with the value on the uncoated 
Ti6Al4V, especially on O-NCD functionalized with BMP-7. The cells cultured on the O-NCD coating functional-
ized with BMP-7 revealed the highest ALP activity with significant differences from the reference Ti6Al4V alloy 
(days 10 and 21) and from the O-NCD coating (day 21). Nevertheless, after 21 days of differentiation, even the 
O-NCD coating without BMP-7 induced greater ALP activity of the cells than the reference Ti6Al4V. Similarly 
to the metabolic activity, the ALP activity of the hFOB1.19 cells was also about two times higher on day 10 than 
on days 3 and 21 (Fig. 3b).

The mineralization of the extracellular matrix, which is a typical marker of late osteogenic differentiation, was 
assessed by Alizarin Red S staining on days 10 and 21 of differentiation. The extracellular matrix mineralization 
by hFOB 1.19 cells was about 2 times higher on the O-NCD coatings functionalized with BMP-7 than on the 
reference Ti6Al4V and on O-NCD without BMP-7 at both evaluated time intervals (Fig. 4a).

The qPCR analysis performed on days 3, 10 and 21 of differentiation revealed that the gene expression of all 
monitored osteogenic markers (except for OSX) was significantly higher in cells growing on the O-NCD coat-
ings functionalized with BMP-7 than on the other materials (Fig. 4b). The expression of both early osteogenic 
factors (RUNX-2, OSX), evaluated on day 3 of differentiation, showed a similar trend. The expression of RUNX-2 
in cells cultured on O-NCD + BMP-7 was significantly higher than in cells grown on the reference Ti6Al4V 
and on O-NCD without BMP-7. This is in agreement with the fact that BMP proteins are known to stimulate 
RUNX-2 expression through the SMAD protein signalling pathway34,71. Moreover, even the O-NCD coating 
without BMP-7 induced a higher RUNX-2 expression than the reference Ti6Al4V. The expression of OSX, despite 
following a similar trend to RUNX-2, was not found to be significantly increased due to a big data spread. On 
day 10 of differentiation, the mid-term osteogenic markers BGN and DCN, which are associated with matrix 
mineralization in vitro72,73, also showed a significantly increased expression in cells cultured on O-NCD + BMP-7 
in comparison with other materials. These results correspond with the matrix mineralization results on day 10 
assessed by Alizarin Red S staining. The expression of late osteogenic markers, such as COL1A1 and SPARC​72, 
measured on day 21 of differentiation, followed the same expression profile, with higher values found on the 
O-NCD-BMP-7 samples than on the reference Ti6Al4V and on the O-NCD coating without BMP-7 (Fig. 4b).

In summary, the osteogenic maturation of hFOB 1.19 cells in vitro was slightly enhanced by the O-NCD 
coating, which promoted a greater expression of an early osteogenic factor RUNX-2 and greater activity of 

Figure 3.   The metabolic activity (a) and the activity of alkaline phosphatase (ALP) (b) of hFOB 1.19 
cells cultured on bare Ti6Al4V samples (Ti6Al4V), on Ti6Al4V samples coated with the O-terminated 
nanocrystalline diamond coating (O-NCD), or on Ti6Al4V samples coated with the O-terminated 
nanocrystalline diamond coating functionalized with BMP-7 (O-NCD + BMP-7) under differentiation 
conditions (a restrictive temperature of 39.5 °C) for 3 weeks. Mean ± S.E.M. * indicates a significant difference 
from the reference Ti6Al4V, while # shows a significant difference from the O-NCD coating; p < 0.05.
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alkaline phosphatase than the reference uncoated Ti6Al4V alloy. However, O-NCD coating of the Ti6Al4V alloy 
did not increase matrix mineralization in the case of hFOB 1.19 cells. Our results are in accordance with results 
reported in other publications, where various NCD coatings (including O-NCD) promoted increased ALP activ-
ity in SAOS-2 osteoblastic cells in comparison with a reference polystyrene culture dish27,28. Moreover, other 
researchers also did not observe increased expression of collagen type I, osteocalcin or osteopontin in SAOS-2 or 
MG-63 osteoblastic cells cultured on O-NCD samples28,74, whereas neonatal human dermal fibroblasts formed an 
extracellular matrix with collagen both on O-NCD and on H-NCD75. Matrix mineralization or other osteogenic 
markers investigated in our study were not evaluated in the study by Kalbacova et al.27. In contrast to our results, 
Liskova et al.28 reported increased matrix mineralization in the case of SAOS-2 cells grown on O-NCD coatings. 
There are various possible explanations for this discrepancy, e.g., the use of different analysing methods, or more 
likely the use of different reference controls (the polystyrene culture dish vs. the Ti6Al4V alloy) or different cell 
lines. Unlike non-tumour osteoblast cell line hFOB 1.19, the SAOS-2 cell line is derived from a malignant bone 
tumour and has various chromosomal abnormalities and gene mutations60,76, resulting in different cell behav-
iour in response to the same culture substrate or in response to the same culture conditions, with SAOS-2 cells 
expressing the most mature osteoblastic phenotype77. The differences between non-tumour and tumour-derived 
osteoblast cell lines have been thoroughly discussed in a recent publication by Nemcakova et al.78.

Functionalization of the O-NCD coating with BMP-7 markedly improved the osteogenic maturation of 
hFOB 1.19 cells in vitro, which was confirmed by the elevation of all osteogenic markers evaluated in the present 
study. In complete agreement with our results, other studies have also reported improved osteogenic properties 
of various Ti-based materials with immobilized BMP-7 molecules on their surfaces. Rat primary osteoblasts, 
human bone marrow mesenchymal stem cells and mouse MC3T3-E1 pre-osteoblasts cultured on these materials 
showed increased ALP activity, increased osteocalcin and osteopontin expression, as well as increased matrix 
mineralization in vitro38,79,80.

Figure 4.   Mineralization of the extracellular matrix, assessed by Alizarin Red S staining, induced by hFOB 1.19 
cells (a), and their relative gene expression (b). The cells were cultured on bare Ti6Al4V samples (Ti6Al4V), 
on Ti6Al4V samples coated with the O-terminated nanocrystalline diamond coating (O-NCD), or on 
Ti6Al4V samples coated with the O-terminated nanocrystalline diamond coating functionalized with BMP-7 
(O-NCD + BMP-7) under differentiation conditions (a restrictive temperature of 39.5 °C) for 3 weeks. Graph (b) 
compares the gene expression of osteogenic markers RUNX-2 and OSX (osterix; both early markers), BGN and 
DCN (biglycan and decorin; mid-term markers) and COL1A1 with SPARC (collagen type I and osteonectin; 
late markers). The relative mRNA expression was quantified by the 2−��Ct method. The data are expressed 
relative to GAPDH, normalized to gene expression on the reference Ti6Al4V sample (calibrator). Mean ± S.E.M. 
(a). Mean ± SD (b). * indicates a significant difference from the reference Ti6Al4V, while # shows a significant 
difference from the O-NCD coating; p < 0.05.
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In vivo tissue response to various implant surfaces.  The tissue reaction in the vicinity of an implant 
is a multifactorial and multistep process. Its morphological appearance is closely related to the character, com-
position and structure of the implant surface and to the duration of implantation81,82. The granulation tissue and 
the formation of the woven bone around the implant are present soon after implantation – after approximately 
3 weeks81,83. Remodelling processes characterized by the formation of the mature lamellar bone surrounding the 
implant are observed after 4 weeks83,84.

SEM analysis of explanted screws showed over 95% of the surface coating intact (confirmed by element analy-
sis, Ti vs. C, data not shown here), confirming the long-term stability of the NCD coating under in vivo condi-
tions. Our preliminary experiments with a healing period of 6 and 12 months showed excellent osseointegration 
with a continuous rim formed of trabeculae of lamellar bone (mean thickness 130 µm, range 24–152 µm) in the 
vicinity of the screw in all groups (Fig. 5) with no differences (both for Ti6Al4V and for stainless steel screws, 
with and without the O-NCD coating).

Figure 5.   The morphology of distal rabbit femur one year after implantation. Complete embedding of the 
screw by the bone is visible (top row). The tissue in the contact with the head is partly cartilaginous (middle 
row), while the tip is covered by newly-formed bone (bottom row). Van Gieson/orcein staining (top row) and 
hematoxylin–eosin staining, scale bars 1 mm (top row) and 200 µm (remaining panels). Control = unoperated 
side.
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Further attention was therefore focused on earlier time points (4 and 12 weeks). Three groups of animals 
(N = 7 per group) received implants first to the right femur, and 8 weeks later received implants from the same 
investigated group (either the control Ti6Al4V, O-NCD-coated Ti6Al4V, or O-NCD + BMP-7-coated Ti6Al4V) 
to the left femur, thus reducing the experimental variation and also the numbers of animals in the experiment. 
After an additional period of 4 weeks, a non-destructive ex vivo whole specimen 2D/3D visualization and analysis 
was performed by micro-CT. Another advantage of micro-CT 3D visualization is that it may also improve the 
preparation of subsequent histological sections (i.e., the position and the orientation of the section). The micro-
CT results (Fig. 6) showed clear temporal progress in osseointegration. The extent of trabecular bone in contact 
with the O-NCD-coated implants was clearly and consistently higher than in the bare Ti6Al4V implants. A 
further increase in the extent of bone formation and in the thickness of the newly-formed bone in direct contact 
with the implant surface was observed in the O-NCD + BMP-7 implants at both 4-week and 12-week time points.

Serial histological sections (Fig. 7) also confirmed the observation from the micro-CT revealing greater 
thickness of the newly-formed bone on the O-NCD with a further increase on the O-NCD + BMP-7 surface at 
both time intervals. There was no foreign body reaction on the surface of the coated implants, and we did not 
observe any coating detachment with loose parts containing nanodiamonds on or in the bone. Similarly to our 
observations, good agreement between the micro-CT results and the histology results in the evaluation of the 
bone-implant contact analysis has also been reported in other studies85–87. The more detailed histology results 
(Fig. 7) also showed that the mineralization of the connective tissue progressed from the head of the screw 
towards the tip. The tissue found around the head was histologically hyaline cartilage (from the joint cartilage), 
with the cavity in the screw head often filled by newly-formed fibrocartilage, which was also formed in the joint 
capsule that came into contact with the implant. At 4 weeks, the discontinuous rim of the lamellar bone-forming 
trabeculae and areas of the bone marrow circumscribed by a thin layer of collagen connective tissue was present 
around the screw. A thin rim of fibrous tissue continuing to the bone marrow covered the tip of the screw. A 
downward arrangement of osseointegration of this type has also been observed in other publications84,88. At 
12 weeks, the continuous rim of the newly-formed lamellar bone was present in most of the implants, including 
the area of the tip.

We quantified the thickness of newly-formed bone in all three experimental groups by measuring, for 
consistency, the region of the mid-shaft of the screw (illustrated by green circles in Fig. 7). In all groups, the 
thickness increased between 4 and 12 weeks (paired t-test, p < 0.05, Fig. 8). There was a significant difference 
between bare metal and coated implants at 4 weeks, while at 12 weeks, the difference was only significant for 
the O-NCD + BMP-7 group (Fig. 8). At both time points, the layer of the newly-formed bone was significantly 
thicker in the O-NCD + BMP-7 implants compared to the O-NCD group.

The faster bone formation promoted by the O-NCD coating observed in our study was also reported by Kloss 
et al. After 4 weeks of implantation in sheep calvarias, O-NCD-coated Ti dental implants showed a thicker layer 
of mineralized osseous tissue than uncoated Ti implants30. By contrast, two other studies investigating the effect 
of NCD coatings on the osseointegration of Ti6Al4V implants in domestic pigs or in New Zealand white rabbits 
failed to show any positive effect of NCD coatings32,33. Moreover, the NCD-coated implants became osseointe-
grated at a later time point than the uncoated implants33. This discrepancy with our results can be explained by 
the use of NCD coatings without the post-deposition oxygen plasma treatment that was applied in our study. 
The as-deposited NCD diamond coatings are generally hydrogen-terminated. A comparison of the wettability 
of NCD coatings with various post-deposition treatments showed that both the as-deposited NCD coatings and 
the hydrogenated NCD coatings were less hydrophilic than the oxygen plasma-treated O-NCD coating89,90. The 
hydrophilic O-NCD films improved the adsorption of cell-adhesion-mediating proteins, and showed two times 
higher biological activity and better cell adhesion, proliferation and osteogenic differentiation in vitro than the 
H-NCD films28,90. An oxidized NCD coating should therefore also better promote osseointegration in vivo than 
an as-deposited NCD coating or an additionally hydrogenated NCD coating. Indeed, the study by Kloss et al. 
confirms this explanation. While the O-NCD-coated implants promoted new bone formation better than the 
uncoated implants, the H-NCD-coated implants showed even less bone formation than the uncoated implants. 
Moreover, although the O-NCD-coated implants were overlaid with a thick layer of mineralized osseous tissue, 
the H-NCD-coated implants were covered with accumulating fibrous tissue30.

The functionalization of O-NCD-coated implants with BMP-7 protein further increased the thickness of 
the newly-formed bone, as was confirmed by both micro-CT and histological analysis in our study. A recent 
publication has also shown accelerated new bone formation induced by calcium phosphate + BMP-7-coated Ti 
implants in goats with osteoporotic-like bones within the first month after implantation91. Similar results have 
been reported in some other publications, where BMP-7-modified Ti or Ta implants promoted faster new bone 
formation in dog jaws or in rabbit femurs, respectively, than the control metallic implants without BMP-744–46. 
These results suggest that biological functionalization of bone or dental implants with a strong osteogenic fac-
tor such as BMP-7 protein can markedly accelerate the post-surgical healing process. This can be especially 
important in patients with a hostile bony environment caused by a disease like osteoporosis. However, it is 
important to mention that the osseointegration process depends on the selected animal model, and this affects 
the extrapolation of healing dynamics from animal studies to humans. Botticelli et al. have reported that bone 
healing occurred much faster in smaller mammals such as rabbits than in humans92.

Conclusions and further perspectives
Material and morphological analyses have shown the conformal nanocrystalline diamond coating of Ti6Al4V 
plates and Ti6Al4V screws with a fine nanostructured diamond morphology. AFM confirmed the homogene-
ous coating and the tight binding of BMP-7 molecules on diamond surfaces. It also revealed the nanostructured 
morphology of the adsorbed BMP-7 layer, where molecules lie on the surface and form nanoscale aggregates. A 
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Figure 6.   Micro-CT images of implants after 4 and 12 weeks. Two representative cases from each group are 
shown in longitudinal sections. Increased bone coverage progressing from the screw head towards its tip is 
evident in all groups. There is clearly more implant coverage in the O-NCD-coated group than in the reference 
uncoated Ti6Al4V group, and the thickness of the newly-formed bone in contact with the surface of the screw 
is enhanced in the O-NCD + BMP-7-coated group, especially the tip of the screw. Note also the less mineralized 
cartilage filling the head of the screw. Scale bar 1 mm.
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combination of in vitro and in vivo data has shown (1) no adverse effect of an oxidized nanocrystalline diamond 
coating with good long-term stability and tolerance and (2) the possibility of functionalizing this O-NCD coating 
with BMP-7 protein, resulting in a considerable increase in mineralization of the matrix in vitro and significantly 
faster osseointegration in vivo. Implants coated by nanocrystalline diamond, especially with further function-
alization with bioactive molecules, such as BMP-7, can provide significant added value and medical benefits in 
clinical applications such as orthopaedic or dental implants (1) by promoting faster osseointegration resulting 
in better bone healing with the possibility of earlier loading, and (2) by limiting allergic reactions to the metal 
by shielding it from the immune system, which can also be expected (and which could be an interesting topic 
for further studies).

Figure 7.   The histology of the implant site 4 and 12 weeks after the procedure. In contrast to bare metal 
implants, both coatings promoted bone formation at the screw tip at 4 weeks. Increased thickness of the newly-
formed bone is evident in the O-NCD-coated group with a further increase in the O-NCD + BMP-7-coated 
group in both time intervals, confirming the micro-CT data (Fig. 6). The panel on the left shows the whole 
implant in elastin staining at low magnification, and the panel on the right shows higher power views from the 
region of the head and the tip (hematoxylin–eosin staining). Empty spaces correspond to fat cells in the bone 
marrow. Boxes indicate the approximate position of the high-power views taken on the sister sections. Green 
circles indicate points of measurements for quantification. Scale bars 1 mm (overview images), 100 µm (high 
power views).
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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