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a b s t r a c t

Linear characteristics were shown in I-V curves for nanocrytalline diamond (NCD) films deposited in a
nitrogen rich atmosphere by microwave plasma chemical vapor deposition (MPCVD). In order to figure
out how grain size, fraction and structure of N incorporated NCD films influence the electric perfor-
mances of NCD films, the scanning electron microscopy (SEM), X-ray diffractometer (XRD), X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy were applied. Different surface morphologies
are shown while the nitrogen concentration was varied. A similar tendency of electrical conductivity
change versus grain size decrease and grain boundary network increase in NCD films has been observed.
C1s core-energy, N1s core-energy and Raman spectra showed that the fraction and the chemical bonds of
carbon atoms varied when the N2 concentration in plasma was different. All these measurements
indicate that N2 concentration in plasma is a critical parameter for the growth, grain size, chemical bond
and the electrical performance of deposited NCD films.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Diamond film synthesis can be traced back to 1950s [1], while
most of studies had focused on the production of microcrystalline
diamond film due to its extremely outstanding properties [2,3].
Performance of microcrystalline diamond films cannot satisfy the
increasingly stringent demands in small device areas. Without
changing structure or composition of diamond, the optimized
diamond properties can only be achieved by changing its micro-
structure [4]. Diamond films with grain size of tens to hundreds of
nanometers (mainly from 10 to 100 nm) are classified as nano-
crystalline diamond (NCD) films [5]. It is generally believed that
hydrogen plays an important role in the processes of various dia-
mond depositions [6]. It was found that diamond crystalline sizes
and morphologies were controllable by adding noble gas into
growth plasma. Both pure argon/CH4 [7] and hydrogen-poor/Ar-
rich/CH4 gas mixtures [8] plasma can be applied to deposit NCD
films. D. Zhou et al. [9] had systematically studied the behavior of
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diamond films deposited with various concentration of argon, from
2% to 98%. E.M.A. Fuentes-Fernandez et al. [10] had systemically
studied the growth of MCD to NCD to UNCD films by using the hot
filament chemical vapor deposition technique. O. Auciello and A.V.
Sumant had carefully disused the science, technology and appli-
cation of nitrogen doped NCD and UNCD films [8]. In order to
investigate the electrical conductivity of nitrogen incorporated
nanocystalline diamond films, J. Birrell et al. [11], T.D. Corrigan et al.
[12] and Qingyun Chen et al. [13] replaced hydrogen with nitrogen
in the argon plasma. As reactive gas nitrogen is more advantageous
and it has been proved that proper addition of nitrogen in plasma is
helpful to decrease the diamond grains and benefit the deposited
NCD films in a conventional CH4/H2 deposition system [14]. N
incorporated NCD films are obtained mainly by two approaches.
The first approach is N ion implantation after deposition of NCD
films which are commonly used to modify the film surface like
inducting defects or amorphous carbon in the films [15]. The sec-
ond one is to introduce nitric gas into the chamber during the
process which can achieve nitrogen atom doping without
damaging the surface structure [16]. So the microwave plasma CVD
method was chosen to deposit NCD films in this study.

NCD films have many special properties which make them well
candidates for many applications [8]. For example, the smooth
surface and low coefficient of friction make them possible to be
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used in the protecting, wear and sealing coating field [17,18]. The
excellent mechanical properties and chemical inertness make them
been wildly used on MEMS/NEMS devices [19,20]. Meanwhile,
special conductivity accompanied with outstanding biocompati-
bility enables NCD films to be considered as the best candidates of
electrochemically sensitive and stable electrodes [21]. The doping
of nitrogen atom into the NCD films improves the electric perfor-
mances [22]. The content of doped nitrogen atoms are always
considered as the main factor which affected the conductivity of
NCD films [23,24], but the studies of Kalpataru Panda et al. [16], and
T.D. Corrigan et al. [12] showed that the varying of the volume of
the grain boundaries and the structure of grain boundaries were
the main reasons which lead to the change of the conductivity of
the nitrogen incorporated nanocrystalline diamond films. The
doping of nitrogen atoms mainly happened at grain boundaries
[25,26] and affected the conductivity by promoting sp2 bonding in
the neighboring carbon atoms [12].

Comparing to conventional percentage of nitrogen gas in plasma
[13,27], this work applied a rich nitrogen atmosphere to deposit N
incorporated NCD films. The volume of grain boundaries and
chemical bonded type of the sp2 carbon are considered as the main
factors which affect the films' electric performance. Various
methods were taken to characterize the deposited samples.
2. Experimental details

A 2 kWAlter SM840E 2.45 GHz MPCVD device was used with a
N2-rich CH4/H2/N2 gas system. Silicon wafers with 1 � 1 cm2 and
0.5 mm in thickness were mechanically pre-scratched with 0.5 mm
Table 1
Parameters and grain size of the deposited NCD films.

No. Grains size/nm N2/sccm H2/sccm CH4/sccm

S1 25 70 20 10
S2 17 80 10 10
S3 10 85 5 10
S4 15 90 0 10
S5 20 95 0 5

Fig. 1. IeV curves of NCD films deposited w
diamond powder for 15 min to enhance diamond nucleation. Then,
the substrates were ultrasonically cleaned with acetone, deionized
water for 5 min respectively and inserted into the reactor chamber
after being dried in nitrogen flow. A molybdenum plate, 100 mm in
diameter and 5 mm in thickness, was used as the substrate holder.

Before the deposition of diamond films, the reactor chamber
was cleaned by the hydrogen plasma which was induced with a
microwave power of 1.0 kW at a total pressure of 28 torr while
hydrogen flow rate was 200 sccm. The deposition process consisted
of two steps: nucleation and growth. Same nucleation parameters
were set for all samples, which is 1.2 kW for microwave power, 30
torr for gas pressure, and 750 �C for the nucleation temperature. A
thermal couple under the substrate holder was used to monitor the
temperature of the substrate. In the growth step, nitrogen was
introduced into the reactor chamber and the deposition parameters
were listed in Table 1. In order to investigate the effects of rich N2
incorporation on the microstructure, grain size and quality of dia-
mond films, the N2 concentration in CH4/H2/N2 gas system was
varied in a range from 70% to 95% in the total gas flow rate.

To observe the electric behavior of the NCD films with different
N2 concentrations, the I-V measurements were performed by using
the PARSTAT 4000 Analyzer produced by Princeton Applied
Research. The surface morphologies and microstructures of the
samples were characterized by scanning electron microscopy (JSM
5510LV, operated at 128 keV electron energy and high resolution).
FALCON type X-ray powder diffractometer (X-ray source for Cu Ka
X-radiation, the wavelength of 1.5418 Å, EDAX) was used to mea-
sure the phase composition and grain size of the films. X-ray
photoelectron spectroscopy (ESCALAB, 250Xi) and Raman
Pressure/torr Microwave power/kW Substrate temperature/�C

35 1.5 980

ith different nitrogen concentrations.
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spectrometer (Renishaw, RM1000) to investigate the surface
bonding states of deposited samples.
3. Results and discussion

Fig. 1 provides the I-V curves of samples deposited with varying
nitrogen concentrations (from 70% to 95%) and all samples present
a linear (Ohmic) characteristic which suggests that in a nitrogen
rich and hydrogen poor atmosphere conductive NCD films can be
obtained. S1 to S5 in Fig.1 are samples which is list in Table 1. As it is
shown in Fig.1 the continuously increasing nitrogen concentrations
are not companied with a keeping increasing conductivity of
deposited films. When the nitrogen increased from 70% to 85% the
conductivity kept increasing however a rectification phenomenon
appears at 90% of nitrogen in plasma. Similar phenomenon was
observed with low nitrogen concentration in the CH4/Ar/N2 at-
mosphere [28], but the phenomenon of the appearance of mini-
mum value in N2-rich is more obvious than it in the low
concentration of nitrogen atmosphere.

The surface morphologies of all deposited samples are shown in
Fig. 2. SEM images of NCD films deposited with different nitrogen concentrations: (a)-S1, (b
deposited in our lab.
Fig. 2. From Fig. 2(a)e2(e) are surface SEM images of samples
deposited with different nitrogen concentrations. All films con-
sisted of nanosized grains which are similar to the diamond films
with an Ar-rich H2/CH4/N2 ambient [29,30]. In Fig. 2(a), with 70% of
the N2, the surface morphology shows faceted diamond micro-
structures with granular grains and is obviously coarser than films
deposited with other N2 concentrations. When increased the N2
concentration to 80%, the “needle-like” diamond grains appear, but
the film surface is still dominated by granular grains. Further
increased the N2 concentration to 85%, granular grains disappear
while film surface is covered by needle-like grains. With even
higher concentration of N2 (90%), the needle-like grains is dis-
appearing. The surface morphology finally turned out to the
cauliflower like when the N2 concentration is 95%. Fig. 2(f) is the
cross-section SEM image of S3 and the inset of Fig. 2 (f) is a cross-
section SEM image of a MCD film deposited in our laboratory. Apart
from the typical columnar growth of microcrystal diamond as the
inset of Fig. 2(f) showed diamond films deposited in this study
appear as an obvious nanographite films with lamellae structure
[8,12,31]. After 12 h of deposition the thickness of sample 3 was
)-S2, (c)-S3, (d)-S4, (e)-S5, (f)-cross section of S3, the inset of (f)-cross section of MCD
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28.6 mm, and the average growth of NCD films was 2.38 mm/h.
From the SEM results it can be concluded that NCD films can be

obtained in a N2-rich N2-CH4-H2 mixture atmosphere and the
varying concentration of N2 can significantly affect the surface
morphologies of deposited NCD films. The grain form switches
from granular type to needle-like one and finally present like
cauliflowers. Other parameters were kept constant while N2 con-
centration in plasma was the only changing parameter as it was
shown in Table 1, so it can be deduced that N2 in the gas mixture
can significantly affect the growth and surface morphologies of
deposited NCD films.

In order to better understand the growth and the relationship
between the surface morphology and grain size of deposited NCD
films with different N2 concentrations the X-ray diffraction (XRD)
was used. The XRD patterns of all deposited samples films are
shown in Fig. 3. The relatively sharp and narrow diffraction peaks at
43.9 �, 75.5 �and 91.8 � are identified to be diamond (111), (220) and
(311) diffraction peaks, respectively. Peak (111) appears in all XRD
patterns of deposited samples and the intensity increases with the
increasing of nitrogen concentration from 70% to 85% and decreases
when the nitrogen concentration changes from 90% to 95%. Peak
Fig. 3. XRD patterns of NCD films deposited with different N2 concentrations.

Fig. 4. Grain size and resistance of deposited films with different nitrogen concen-
trations and the vertical bars represent the value of value variation of grain sizes and
resistances.
(220) is almost invisible for the concentration of 70% and 80% and
the intensity increases with the increasing of the nitrogen con-
centration accompanied with a broadness of peaks. While for peak
(311), it is apparent in all samples except for the concentration of
70% and the intensity is also increasing with the addition of ni-
trogen concentrations.

The transition of XRD patterns not only suggests a transform of
the growth pattern but also indicates the change of grain size. The
well-known Sherrer equation [32] was applied to calculate the
grain sizes of the NCD films deposited at different nitrogen
concentrations:
Fig. 5. X-ray photoemission spectra of NCD films deposited with different nitrogen
concentrations.

Fig. 6. C1s core-energy level spectra for NCD films deposited with different nitrogen
concentrations (a)-S1, (b)-S2, (c)-S3, (d)-S4, (e)-S5.
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d ¼ 0:9 l=Bcosq

Here d is the grain size, l ¼ 1.54016 Å and B is the full width at half
maximum (FWHM) of the diamond diffraction peak. The grain sizes
are obtained from diamond (111) X-ray diffraction peak, and the
calculating results are list in Table 1. It is obvious that the variation
of the N2 concentration can significantly affect the grain size of the
diamond films.When the nitrogen concentration increase from70%
to 85% the grain sizes decrease from 25 nm to 10 nm. While the
concentration keeps increasing the grain size increase and reaches
20 nm when the concentration is 95% for nitrogen in plasma. This
tendency is same to the previous observation as SEM images. For
better analysis and comparison, the values of grain sizes and re-
sistances of all NCD films are shown in Fig. 4. It shows that resis-
tance is decreasing while the grain size is decreasing and the
increasing grain size is accompanied with the increasing of the
resistance. The decrease of grain size leaded to the increase of the
amount of the grain boundaries, this was also proved by the study
of Chii-Ruey Lin et al. [31]. The study of them also showed that the
smaller grain size was accompanied with the broadened of the
width of the grain boundaries. Meanwhile, the study of James Bir-
rell et al. [25] showed that the doping of nitrogen can only slightly
increase the amount of the sp2 carbon in deposited samples and the
grain itself remained purified diamond while the overall grain
boundary of N-doped nano-grains diamond films. So we can
deduce that the obviously changing of the surface morphologies
were caused by the changing of the grain sizes of deposited NCD
samples with different N2 concentration in plasma.

For better understanding of the conductivity mechanism of
nitrogen-doped NCD films, the X-ray photoemission spectroscopy
(XPS) was applied to investigate the surface chemistry of deposited
films. The complex surface structure and the relationship of the
conductivity of deposited films will be discussed. In Fig. 5 the
survey XPS spectra of NCD films deposited with different nitrogen
concentrations are presented. An apparent peak around 400 eV is
shown for all samples, which corresponds to the nitrogen atoms in
carbon film lattice [33]. The peak intensity keeps increasing while
the nitrogen concentration increases from 70% to 95%. A strong C1s
peak is shown at 285.0 eV [33]. The existence of oxygen may due to
Fig. 7. Values of fitting results of C1s and N1s core-energy level
the exposure in the air during the waiting period before XPS
examination.

To better analysis the composition of deposited films with
different nitrogen concentration, the C1s core-energy level spectra
of all samples were collected and are shown in Fig. 6. All C1s spectra
were decomposed into four components: 284.4 eV, the sp2 hy-
bridized carbon known as C¼C [34]; 285.1 eV, the sp3 bulk carbon
known as C-C [34e36]; 286.0 eV for C¼N bonds and 286.9 eV for C-
N bonds [34]. The deconvolution result shows that the varying
concentration of nitrogen not only affected the grain size of the
deposited films but also influenced the chemical bonds of the
carbon atoms of deposited films. As it is shown in Fig. 7, the fraction
of sp2 bonded carbon reaches the maximum when the nitrogen
concentration is 85% and the varying sp2 fraction has a similarity to
the changing tendency of the grain size and the resistance of NCD
films which is presented in Fig. 4. According to the study of James
Birrell et al. the diamond grains remain pure diamond after nitro-
gen is added to the film [25], so the increasing of sp2 bond carbon
content is main happened at the grain boundaries. According to the
deconvolution result the nitrogen concentration can significantly
affect the chemical bonds of the deposited films which finally
affected the conductivity in macroscopic. The sp2 structure is al-
ways considered as the defects in grain boundaries [37], which can
apply the conductive channel for electrons. So it can be deduced
that the smaller the grain size is, the larger the sp2 amount is.
Increasing of the surface conductivity is accordant to the decreasing
of grain size, which reaches the minimum at 85% of nitrogen in
plasma.

The Raman spectroscopy was applied to further measure the
structure of deposited films, because the Raman scattering is very
sensitive to the p-bonded sp2 carbon [7]. The wavelength of the
used laser was 633 nm. Fig. 8 presents the Raman spectra of NCD
films deposited with 70%e95% N2 in the N2/H2/CH4 atmosphere
and Gussian fitting was applied to fit the Raman spectra. Some
common peaks of NCD films are shown: (1) peaks around
1350 cm�1 (D-band) is the signature of sp2 bonded carbon which
existed in rings only, (2) the 1580 cm�1 peak of graphite G band
arising from the in-plane stretching mode of sp2-bond carbon at
grain boundaries which existed in chains and rings both, (3) peaks
around 1150 cm�1 and 1480 cm�1 are related to the trans-
spectra of NCD films with different nitrogen concentrations.
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polyacetylene (trans-PA), which are attributed to the C-H wagging
monde and/or C-C stretchingmodes (n1) and C¼C stretchingmodes
(n3) of trans-PA chains.

The fraction and full width at half maximum (FWHM) of
different peaks of deposited NCD films are used to analysis the
deposited films [38]. The ratio of peak intensity of D-band and G-
band to the sum intensity of all peaks was calculated and it is
presented as ID/Isum and IG/Isum in Fig. 9(a). The FWHM of D-band
and G-band are presented in Fig. 9(b). The intensity of two vibration
modes of trans-PA, n1 and n3 mode, to the sum intensity of all peaks
are presented in Fig. 9(c) as In1/Isum and In3/Isum. Both of the ID/Isum
and IG/Isum values increase with N2 concentration in plasma at first,
and then decrease with the further increasing of N2 concentration.
This means that the sp2 content in deposited NCD samples
increased first and then decreased when the N2 concentration kept
increasing. The increase of the intensity of D-band is more
dramatically than the G-band, which indicates the grain boundary
network increase as the grain size decrease when proper
Fig. 8. Visible Raman spectra of NCD films deposited with different nitrogen con-
centrations: (a)-S1, (b)-S2, (c)-S3, (d)-S4, (e)-S5.
concentration of N2 was inducted into the plasma. The varying
tendency of D-band and G-band fraction is consistent with fitness
results of XPS C1s core-energy spectra in Fig. 7 as we expected. And
the peak position slightly moved to lower wave numbers when the
N2 concentration increase from 70% to 85% and moved back to the
higher wave number when the N2 concentration kept increased to
95%. The FWHM value of D-band and G-band both reach minimum
when the nitrogen concentration is 85% as it is shown in Fig. 9(b).
Opposite to the changes of D-band and G-band the intensity of
trans-PA to the sum of all peaks decreased with the increasing
concentration of N2 first and then increase when the N2 concen-
tration kept increasing. The decrease of the intensity of peak
1150 cm�1 means the decreasing amount of H bonded to trans-PA
chains at grain boundaries [35] when the N2 concentration in-
crease from 70% to 85%. The intensity of peak 1150 cm�1 increases
when the N2 concentration kept increasing to 95%. This indicates
that the concentration of nitrogen in plasma play an important role
in the construction of grain boundaries as deduced before.

It is generally believed that the doped nitrogen atom is more
likely to locate in the grain boundaries of NCD films and the
structure of doped nitrogen atoms is a crucial factor that can affect
Fig. 9. Values of (a) ID/Isum and IG/Isum, (b) FWHM of D-band and G-band of deposited
NCD films, (c) In1/Isum and In3/Isum.
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the surface conductivity [15,25]. As it is shown in Fig. 5, all samples
were successfully doped with nitrogen atom and the atom con-
centration of nitrogen is 1.14%, 1.26%, 1.44%, 1.79% and 2.12% for
sample 1 to sample 5, which means that the increasing of nitrogen
concentration in plasma is accompanied with the increasing of the
nitrogen atom concentration of deposited films. In order to better
analysis the construction of doped nitrogen atoms, the XPS N1s
Fig. 10. N1s core-energy level spectra for NCD films deposited with different nitrogen
concentrations: (a)-S1, (b)-S2, (c)-S3, (d)-S4, (e)-S5.
core-energy spectra were collected. The N1s spectra with a Shirley
type background and Gussian fitting of all samples are presented in
Fig. 10. Four peaks are found: (1) peak of pyridinic-N
(398.7 ± 0.2 eV, named as N1) [39], (2) peak of amino-N
(399.4 ± 0.2 eV, named as N2) [40], (3) peak of pyrrolic-N
(400.3 ± 0.2 eV, named as N3) [39], (3) peak of quaternary nitro-
gen (401.4 ± 0.2 eV, named as N4) [39]. An obvious shift from
399.3 eV to 398.9 eV was found and N1s peak shift to the lower
binding energy was caused by a large amount of the existence of
amino-N in the deposited films. Compared with N2 the influence of
N4 of the spectra is insufficient as the content is much less, and
other researchers already had similar results [41]. The decreasing
intensity of peak N1 is corresponding of the increasing intensity of
peak N3 meanwhile the rising of peak N1 is accompanied with the
reducing of peak N3 as it is shown in Fig. 7. The minimum value of
peak N1 and the maximumvalue of peak N3 are obtained when the
nitrogen concentration is 85%. The sum of pyridinic-N and pyrrolic-
N is almost unchangeable. In the pyridinic-N situation, each ni-
trogen atom contributes one p-electron to the aromatic p system
[42]. For pyrrolic-N, each nitrogen atom contributes two p-elec-
trons [42]. Quaternary nitrogen is also known as “substituted ni-
trogen” in which nitrogen atoms are incorporated into the
deposited films and replace carbon atoms at grain boundaries [42].
Some studies showed that the enhancement of conductivity of
deposited films is attributed to the existents of pyridinic-N and/or
pyrrolic-N [43]. In our study we found out that compared with the
dramatic varying of the surface conductivity the value of pyridinic-
N plus pyrrolic-N is fixed.

4. Conclusion

In this work nitrogen incorporated NCD films are deposited
within a nitrogen rich atmosphere by microwave plasma chemical
vapor deposition. The N2 concentration in plasma can obviously
affect the growth, surface morphology, grain size, chemical bond of
carbon atoms at grain boundaries. Analytical results showed that
the surface conductivity is changing with the grain size of NCD
films. The lowest resistance was corresponding to the smallest
grain size when the nitrogen concentration was 85% in plasma. The
fitting results showed that the N2 concentrationwas not only varied
the content of sp2 bonded carbon atoms but also affected the
structure of sp2 bonded carbon atoms. The content of the incor-
porated nitrogen atoms were kept increasing when the N2 con-
centration in plasma increased from 70% to 95%, but the
concentration of pyridinic-N and pyrrolic-N was almost constant.
So we believe that within nitrogen rich atmosphere the N2 con-
centration can influence the surface conductivity by incorporated
nitrogen atoms and varied the content and the chemical bond of
sp2 carbon atoms in deposited NCD samples.
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