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ABSTRACT

Carbon nitride (C3N4) films were deposited on quartz substrates via microwave plasma chemical vapor
deposition. C3Ny4 films were synthesized under different chamber pressures with and without hydrogen.
X-ray diffraction (XRD) revealed films with better a-C3N4 and (3-C3Ny4 structures above 90 Torr cham-
ber pressure with hydrogen condition. When the chamber pressure increases, the C3N4 crystal phase is
stronger and more conspicuous. Scanning electron microscopy (SEM) shows the surface morphology of
C3N; films exhibiting the hexagonal rod structure. Low chamber pressure resulted in small grains, while
higher pressures resulted in large grains. The C3N4 grains were about 10-12 pm in length and 6-8 pm in
width under 100 Torr chamber pressure and hydrogen condition. The center line average roughness from
atomic force microscopy (AFM) images showed that the average roughness with hydrogen was higher
than that without hydrogen. Fourier transform infrared (FT-IR) spectroscopy confirmed that all the C3N4
films contained C-N bonds. The hardness of C3N4 films measured using a nanoindenter with hydrogen
condition was higher than that without hydrogen.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Following the structure of 3-Si3Ny4, Liu and Cohen [1,2] replaced
Si with C and presented a theoretical calculation to predict 3-C3N4
hardness, which was favorably compared with diamond. Diamond
is the hardest known material with a hardness of 100 GPa; second
to it is BN with a hardness of 50 GPa [3]. Hardness is a significant
property in practical applications as it effects the elastic and plas-
tic deformation and ability to destroy the material. It also describes
the residual deformation against destruction. Zhao and Fan [4] used
first-principles calculations to show that carbon nitride (C3N4) has
five structures: a-C3Ny, [3-C3Ng4, cubic-C3Ny, cubic spinel-C3Ny,
and defect zinc-blende-C3N4. C3N4 is a new material that does not
exist in nature. It has excellent mechanical and physical properties
such as high hardness, low friction coefficient, wide energy band
gap, and non-poisonous, which make it suitable for application in
mechanical, photoelectron, and biomedical engineering as well as
the military.

Several researchers have attempted to synthesize C3N4 film
as a super hardness material using different methods. Chemi-
cal vapor deposition (CVD) [5-15] and physical vapor deposition
(PVD) [16-21] were more successful than other methods. CVD
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methods include microwave plasma chemical vapor deposition
(MPCVD) [5-13], hot-wire chemical vapor deposition (HWCVD)
[14], and synchrotron radiation assisted chemical vapor depo-
sition (SRCVD) [15], while PVD methods include RF magnetron
sputtering [16], DC magnetron sputtering [17-19], glow discharge
[20], dual ion beam sputtering [21], and ion beam assisted depo-
sition (IBAD) [22]. However, the hardness of the film fabricated
using those methods is still far from expectation. Further adjust-
ments to the process parameters and substrates need to be done
to synthesize high hardness C3Ny4 films. Previous MPCVD meth-
ods have used Si as the deposition substrate for the fabrication
[5-10]. Metal substrates such as Pt [10,11], Ni [12], Ta [13], and
Mo [13] have also been used. MPCVD generates high N atom
flow and synthesize C3N,4 films with more success. For cham-
ber pressures of 20-50Torr, the surface morphology exhibited
hexagonal rods. The grain size was small: about 1.5-2 wm in
length and 0.5 wm in width, and irregular grain surface was also
observed.

In this study, C3N4 films were synthesized with a quartz sub-
strate for the first time via MPCVD under different chamber
pressures (60-100Torr). Large and clear hexagonal rod crystal
grains were synthesized at high chamber pressures, and strong
C3Ny4 diffraction peaks were observed with main C-N bonds. The
phase structure of C3N4 films was analyzed by X-ray diffraction
(XRD). The surface morphology and surface roughness were inves-
tigated by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The bonds of the C3N4 films were character-
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Fig. 1. XRD patterns of C3N4 films under different chamber pressures: (a) with hydrogen and (b) without hydrogen.

Fig. 2. SEM images of C3N4 films with hydrogen condition under different chamber pressures: (a) 60 Torr, (b) 70 Torr, (c) 80 Torr, (d) 90 Torr, and (e) 100 Torr.
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ized by Fourier transform infrared (FT-IR) and the hardness was
measured using a nanoindenter.

2. Experimental procedure

The C3N4 films were deposited with a MPCVD equipment system (ITRI, MP2000-
DH2). The apparatus is equipped with a maximum microwave power of 2 kW and
24504+ 50 MHz microwave frequency. Gas mixtures of hydrogen (H;, 99.999%),
methane (CH4, 99.95%), and nitrogen (N, 99.999%) were used as precursors. A
vacuum was created below 7 x 103 Torr through a turbomolecular pump and a
rotary pump. Two different parameters were used as experiment variables: with
and without hydrogen condition. The flow rates were controlled by mass flow
controllers of precursors as 1sccm for CHy, 100sccm for N, and 0sccm (with-
out hydrogen)/10 sccm (with hydrogen) for H,. The microwave power was kept
at 1.2 kW under different chamber pressures of 60, 70, 80, 90, and 100 Torr. The
deposition time was 4 h. Quartz was used as the deposition substrate in this work.
A quartz sheet (1 mm thick) was selected as the substrate material, and was cut in
15mm x 15 mm pieces of 0.7 mm thickness. Prior to MPCVD, an ultrasonic polish-

ing technique was first applied for 8 h to all substrates using diamond paste (mean
particle size 6 um). The substrates were then washed using a standard cleaning
chemical with acetone and deionized (DI) water for 20 min, and were cleaned using
pure hydrogen plasma at 1 kW for 20 min before deposition.

The phase of C3N4 films was analyzed by XRD (Shimadzu XRD-6000) with a 26
range of 10-85°, a step size of 0.05°, and a step time of 2 s. The surface morphology
and roughness of C3N4 films were investigated by SEM (Jeol ]SM-5600) and AFM
(Seiko NPX110), respectively. The bonds of C3N,4 films were characterized by FT-IR
(Horiba FT-730) and the hardness was measured using a nanoindenter (Psia, XE-100
Hysitron TriboScopeR).

3. Results and discussion

Fig. 1(a) shows XRD patterns of C3N4 films deposited on quartz
substrates with hydrogen under different chamber pressures. At
60 Torr, there are no clear diffraction peaks, and only amorphous
quartz substrate (SiO,) diffraction is observed. When the cham-

Fig. 3. SEM images of C3N4 films without hydrogen condition under different chamber pressures: (a) 60 Torr, (b) 70 Torr, (c) 80 Torr, (d) 90 Torr, and (e) 100 Torr.
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ber pressure was increased to 70 and 80 Torr, the crystal structure
started to exhibit clear diffraction peaks. When the pressure was
further increased to 90 and 100 Torr, strong (-C3N4 diffraction
peaks (200) were observed at 33°. Thus, the higher the chamber
pressure, the stronger was the diffraction peak, as higher pressures
enhanced the density of the plasma sphere. The higher density dis-
sociated the precursors and increased the crystal growth of the
films. Fig. 1(b) shows the XRD patterns of C3Ny4 films deposited on
quartz substrates without hydrogen condition. The crystal struc-
tures of a-C3N4 and 3-C3N4 were present above 90 Torr under
both conditions of with and without hydrogen. However, the major
diffraction peak at 33° without hydrogen condition was lower than
that with hydrogen because there was no hydrogen as the precursor
to dissociation. XRD patterns revealed films with better a-C3N4 and
[3-C3Ny4 structures above 90 Torr chamber pressure with hydrogen
condition. Some a-C3N4 and [3-C3Ny4 diffraction peaks appeared to
overlap, and some diffraction peaks of SizN4 were exhibited as the
N atoms reacted with the quartz substrate.

Fig. 2(a)-(e) shows the SEM images of C3N4 films with hydro-
gen for different chamber pressures. The grains at 60 Torr chamber
pressure were small and dispersed, with a length of ~2 um and a
width of ~1 wm (Fig. 2(a)). At 70 Torr, the grain size was larger,
but the grains were not of uniform size, and the distribution
was more uniform (Fig. 2(b)). As the pressure was increased, the
grain clearly transformed to a hexagonal rod (Fig. 2(c)). At 90 and
100 Torr, the grains transformed into complete hexagonal rods of
length 10-12 wm and width 6-8 wm, and the grains were dis-
persed evenly, indicating non-directional growth (Fig. 2(d) and (e)).
Fig. 3(a)-(e) shows the SEM images of C3N4 films without hydro-
gen condition for different chamber pressures. At 60 Torr, the grains

[m]

of length ~1 wm and width ~0.5 pm were irregular. At 70, 80, 90,
and 100 Torr, the grain transformed gradually and turned into com-
plete hexagonal rods. The grains were dispersed evenly, indicating
non-directional growth. The SEM images showed that the grain size
increased with chamber pressure because high pressures result in
an improvement in the density of the plasma sphere. That is, when
the chamber pressure was low, the crystallization was weak, and
when it was high, the crystallization was strong. This enhanced
crystallization led to the formation of complete hexagonal rods.
Fig. 4(a) and (b) shows the AFM images of C3N,4 films with
hydrogen under 60 and 100 Torr chamber pressures. We found that
different chamber pressures cause different grain sizes: the higher
the pressure, the larger are the grain size and film thickness. Fig. 4(c)
and (d) shows the AFM images of C3Ny4 films without hydrogen con-
dition under 60 and 100 Torr. The growth situation was as the same
as that with hydrogen: the grain size increased with the chamber
pressure. AFM results indicated that the hydrogen could enhance
the ability of crystal growth. The center line average roughness of
C3Ny4 films is shown in Fig. 5. It was calculated by AFM images
analysis software. In the with hydrogen case, the average rough-
ness increased with chamber pressure. The average roughness with
hydrogen was higher than that without hydrogen because hydro-
gen promotes the grain growth, and large grains in turn result in
a higher roughness. The chamber pressure and hydrogen not only
affected the grain size, but also enhanced the average roughness.
Fig. 6(a) shows the FT-IR spectra with hydrogen under differ-
ent chamber pressures. The results indicated that the C-N bonds
increased with the chamber pressure, and also supported the for-
mation of C-N bonds in the a-C3N4 and 3-C3N4 mixtures. C=N and
C=N bonds were not apparent. In theory, C3N4 films are composed

(b)

[pm]

Fig.4. AFM images of C3N4 films with and without hydrogen condition under different chamber pressures: (a) with Hy, 60 Torr; (b) with Hy, 100 Torr; (¢) without H,, 60 Torr;

(d) without Hy, 100 Torr.
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Fig. 5. Center line average roughness of C3N4 films under different chamber pres-
sures with hydrogen and without hydrogen condition.
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Fig. 6. FT-IR spectra of C3N4 films under different chamber pressures: (a) with
hydrogen and (b) without hydrogen.
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Fig. 7. Hardness of C3N;4 films under different chamber pressures with and without
hydrogen condition.

of C-N bonds. The bond length of C3N4 C-N bonds, 1.47 A, is shorter
than that of diamond C-C bonds, 1.54 A. The short bond length
exhibited strong bond strength and stability and exhibited excel-
lent properties. Therefore, the deposited films contained a strong
C3Ny4 structure from FT-IR analysis. Fig. 6(b) shows the FT-IR spec-
tra of without hydrogen under different chamber pressures of 60,
70, and 80 Torr; the C-N bonds were not obvious. When the cham-
ber pressure increased to 90 and 100 Torr, the C3N4 films started
to transform the completed C-N bonds. The C=N and C=N bonds
were still not distinct. High chamber pressures caused crystalline
C3Ny4 films to form completed C-N bonds, but C=N and C=N bonds
did not increase with chamber pressure. The results show that the
chamber pressure influences the C-N bond formation.

According to the hardness analysis of C3Ny4 films (Fig. 7), the
hardness increased with the chamber pressure. It increased obvi-
ously when the chamber pressure increased from 60 to 70 Torr.
According to SEM images, the grain size became large when the
chamber pressure rose from 60 to 70 Torr. According to XRD analy-
sis, high chamber pressure results in complete crystal phase. FT-IR
spectra present films containing C-N bonds under high chamber
pressure. Thus, the properties and hardness improve as the cham-
ber pressure is increased. However, at 90 Torr, the hardness tended
to slow down. The relationship of the chamber pressure of C3N,4
films without hydrogen was similar to that with hydrogen. The
maximum hardness of the C3N4 films deposited at 100 Torr with
hydrogen was 27 GPa. The hardness increased with the chamber
pressure, but the hardness without hydrogen was lower than with
hydrogen. The AFM images also showed that the grain size without
hydrogen was lower than with hydrogen. Therefore, hydrogen not
only enhances the growth of grains but also increases the hardness.

4. Conclusion

C3N4 films were deposited on quartz substrates via MPCVD
under a fixed N, CH4 flow with different chamber pressures. XRD
patterns showed that C3N4 films could be obtained as welled a-
C3N,4 and 3-C3Ny4 crystal phases at chamber pressures above 90 Torr
with hydrogen condition. SEM images showed the surface mor-
phology of C3N4 films that exhibited hexagonal rod structure. When
the chamber pressure increased, the grain size became large; that
is, the chamber pressure in combination with hydrogen enhanced
the grain size. FT-IR spectra showed that there were C-N bonds in
C3Ny4 films. From nanoindenter measurement, we found that the
hardness of C3Ny4 films with hydrogen condition was higher than
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that without hydrogen. The hardness increased with the chamber
pressure, and tended to slow down above 90 Torr. The maximum
hardness of the C3N,4 films was 27 GPa at chamber pressure of
100 Torr with hydrogen. Because there is no hydrogen to enhance
the reaction in the without hydrogen condition, the crystal phase,
grain size, and hardness of C3N4 films were lower than those with
hydrogen condition.
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