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Abstract

Carbon nitride thin films have been prepared by plasma enhanced chemical vapour deposition of CH4 and N2 gas mixtures, by chemical
transport from a hollow graphite cathode. The deposits prepared on pieces of single crystal silicon substrates were characterised using
FTIR, Raman, SEM, EDX, SIMS, X-ray and electron diffraction. Single, double and triple carbon nitrogen bonds were detected in the FTIR
spectra; the relative intensities of the associated bands being a function of the plasma power and substrate bias. Elemental analysis of the
deposit showed that the nitrogen content was∼ 57 at%. A polycrystalline deposit identified as hexagonalb-C3N4 was obtained at low
substrate temperatures. The deposit was found to grow preferentially on scratch defects on the silicon substrate surface and was stable upon
annealing under vacuum up to 700°C.  1997 Elsevier Science S.A.
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1. Introduction

Carbon nitride films have become an active area of
research due to the predictions of Liu and Cohen [1] of
the extreme properties ofb-C3N4, and also because of the
possible applications for these materials as magnetic media
coatings [2] and as semiconductors [3]. A wide variety of
plasma assisted methods have been used in attempts to pre-
pare this compound [4–8]. However, the majority of the
research has resulted in deposits with nitrogen concentra-
tions (40 at%, which is substantially less than that of the
stoichiometric value∼ 57 at%. The purpose of this paper is
to report what appears to be one of the first successes in the
preparation of crystallites of C3N4 by a high power density
physical-chemical sputtering technique assisted by ion
bombardment.

2. Experimental

The reaction chamber consists of a rectangular stainless

steel box, 40× 40 × 20 cm, Fig. 1. The loadlock allows
sample interchange without exposing the chamber to atmo-
sphere. The replaceable electrode insert exposed to the
plasma, internal volume∼ 3.5 cm3, is made of dense nuclear
grade graphite. The gases were introduced through the cen-
tre of the electrode and thereby through the graphite insert.
The gas flows were controlled using MKS mass flow con-
trollers, 100 sccm for nitrogen (99.999% purity) and 10
sccm for methane (99.999% purity), the gas pressure was
measured by a MKS capacitance manometer, and this,
together with a MKS variable throttle valve mounted on
the mechanical vacuum pump, controlled the chamber pres-
sure. The experiments were carried out using 1× 1 cm
pieces cut from high resistivity silicon wafers. Optimisation
runs indicated that a uniform deposit could be produced
with an inter electrode distance of 2 cm, gas flows of 40
and 0.75 sccm, for nitrogen and methane, with a gas pres-
sure of 66.65 Pa. It was found that the deposition rate
decreased considerably for substrate temperatures higher
than 600°C. Therefore, for this study the characteristics of
the deposits were determined as a function of the deposition
time, the plasma power and the substrate bias. It should be
noted that the plasma power density is very high; it varies
from 56 to 170 Watts/cm3. No external heating was used and
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the substrate temperature varied from 100 to 300°C depen-
dant on the plasma power used.

The reaction chamber pre-deposit vacuum was
∼ 2.7 × 10−4 Pa. A 13.56 MHz ENI 1 kW power supply,
with a manual matching network and a Bird R.F. power
meter were used to provide and measure the plasma
power. The samples were analysed using a Nicolet 205
and 510P FTIR spectrophotometers (the latter has an IR
microscope for small area analysis), a Dilor Micro-Raman
probe using 632 nm laser light as the excitation signal, a
Sloan Dektak IIA profilometer, a Siemens D500 x-ray pow-
der diffractometer using CuKa radiation, a Leica-Cam-
bridge Stereoscan 440 scanning electron microscope
equipped with an energy dispersive x-ray analyser (EDX)
for the elemental composition measurements and a JEOL
JEM-1200EX transmission microscope for the electron dif-
fraction. The samples for the electron diffraction work were
prepared by slow chemical back-etching of the silicon sub-
strates in a hydrofluoric-acetic-nitric acid solution. Etching
was performed until a small hole was created in the sub-
strate, the maskant was then removed using toluene and the
sample was cleaned in iso-prolyl alcohol before analysis.

The SIMS measurements were performed using a
CAMECA IMS-6F spectrometer. For the laterally resolved
microprobe imaging the primary ion beam (Cs+) had an
impact energyEi = 5 kV focused to a spot size of 1–2
micrometers, with a beam currentIP = 1 nA. The raster-
scanning area was 55mm2 and secondary ions CsN+ and
CsC+ were collected from the complete area. Both the
EDX and SIMS elemental studies were calibrated using
measurements of high purity samples of melamine
(C3N6H6) and sodium cyanide (NaCN). SIMS is a widely
used technique for the characterisation of surface and thin
films because of its excellent detection sensitivity. Unfortu-
nately, the quantitative determination of major sample com-
ponents is very difficult due to the extreme variation of
ionisation probability of secondary ions as a function of
the sample composition; the ‘matrix effect’ [9,10]. How-

ever, it has been observed that MCs+ molecular secondary
ions (where M is a specimen element) are fairly abundant in
the sputtered flux under Cs+ bombardment, and that for
those MCs+ species ‘matrix effects’ are greatly reduced
[11–15]. Under steady-state conditions the flux of such spe-
cies represents the bulk concentration of this element and,
thus, can be measured. A number of investigations [16] have
shown that under the aforementioned conditions quantifica-
tion of SIMS data is possible by employing relative sensi-
tivity factors. The reference [17] shows an example of SIMS
quantification, here the NCs+/CCs+ intensity ratio displayed
a good correlation with the CN/CC concentration ratio of
different ternary MxCyNz thin film specimens. This observa-
tion was confirmed by our measurements of the two stan-
dard compounds, and the NCs+/CCs+ intensity ratios we
obtained were 0.27 and 0.58, respectively, values that are
very similar to the data presented in [17].

Preliminary Langmuir probe measurements of the plasma
involved the use of a 0.45 mm diameter tungsten wire, 6 mm
long, connected to a Keithley 237 Source/Measure unit
interfaced to a 486 PC.

Finally, a selection of samples were annealed for 1 h in
either vacuum (1.3× 10−4 Pa) or air, at 700 and 500°C,
respectively. With the FTIR spectra of the samples being
recorded before and after treatment.

3. Results and discussion

Analysis of the Langmuir probe characteristics,∼ 2 mm
above the substrate, carried out vs. the plasma power with
no substrate bias, showed that the electron temperature
increased from∼ 3 to 15 eV for powers of 100 to 500
Watts. The corresponding change in the plasma potential
was 18 to 100 Volts. The plasma density was∼ 1010 cm−1

for all powers. These results indicate that the plasma con-
tains electrons with sufficient energy to cause the fragmen-Fig. 1. Schematic drawing of the reaction chamber.

Fig. 2. Micro-photograph of the deposit surface.
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tation of both the methane and nitrogen molecules [18,19],
as well as sufficient energy to promote the formation, in the
gas phase, of CN molecules [20].

During initial experiments isolated columnar growth was
observed on the polished surface of the silicon substrates.
The columns appeared to be associated with mechanical
defects in the substrate surface. A significant increase in
column growth was found for substrates that had the surface
abraded with fine silicon carbide powder. Abrasion of sepa-
rate areas of a substrate with various materials indicated that
the existence of the columns depended on the degree of
damage to the silicon and not on the inclusion of a particular
material in the surface of the silicon. Given the difficulty of
preparing identically abraded surfaces, the reverse matt sur-
face of the pieces of silicon was used for the subsequent
runs; reproducibility experiments indicated that this sub-
strate gave adequate results.

Fig. 2 shows a SEM micro-photograph of a typical area of
the substrate with the cone shaped columns of material,
between the columns much smaller sharp peaks of deposit
can be observed. The appearance of these columns is typical
of a deposit formed under conditions of significant erosion
due to bombardment [R. Messier, Personal Communication,
MRL, Pennsylvania State University]. They were well
adhered to the substrate but could be removed by mechan-
ical scratching to obtain a powder. This powder could be
used to scratch Corning 7059 glass but not sapphire plates,
indicating that its hardness was within the range 9.8–18.6
GPa.

The irregular surface of the deposits signified that mean-
ingful thickness measurements of the samples by profilome-
try were not possible. However this technique did give
useful information about the maximum height and number
of columns. These results are presented in the Fig. 3 and it
can be seen that the column growth process was not linear

with time. The maximum column height increased slowly as
a function of the substrate bias. The variation as a function
of the plasma power was more complicated, and further
work is required to explain the behaviour observed. The
data concerning the distribution of column heights is pre-
sented as the number of columns with heights greater than 1
micron (A), the roughness of the substrate, and those greater
than 2 microns (B). The number of A columns increased vs.
the deposition time until for deposition times of 300 min
about half of the columns were of size B, but with a total
number approximately the same as for a deposition time of
120 min. The existence of both types of columns as a func-
tion of negative substrate bias was seen to be complex, and
at 100 volts only B size columns were observed.

Thus, it appears that there is an initial nucleation stage for
the column growth after which they rapidly develop. This
nucleation stage and the development can be seen to be
affected by bombardment of the deposit by the plasma spe-
cies.

The infrared spectra of samples were taken on the col-
umns and the base zone of the deposit, with the micro-FTIR
spectrometer (see Fig. 4). Apart from very small peaks due
to NH and CH stretching, there is: a large band centred
around 2200 cm−1 due to nitrile or double cumulated
bonds [21], a double bond (CyC and CyN) region between
1600 and 1750 cm−1, a graphitic band peaking at around
1560 cm−1 [22], and a broad feature spanning from 700 to
1250 cm−1. Deconvolution of this last feature using Gaus-
sian curves resulted in three main bands at 830, 1000 and
1210 cm−1. The latter is identified with CN single bonds [23]
and the first with a deformation mode of either a triazine
ring or a deformation mode in a pyramidal structure with a
nitrogen atom at its apex [24]. We are uncertain as to the
identification of the 1000 cm−1 feature.

The IR signal obviously grows as more material is depos-
ited, but the double bond and graphitic bands do not grow as
fast, and even less so in the column areas. This suggests the
existence of a more ordered structure and indeed X-ray

Fig. 3. Variation of the maximum column height and the distribution of the
column height, for a 1-mm scan, as a function of the deposition time
(bottom axis) and variation of the maximum column height vs. substrate
bias (top axis).

Fig. 4. Small area FTIR spectra of the column and base areas of samples
prepared at different deposition times.
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analysis of the films and electron diffraction studies indicate
the presence of a crystalline phase.

Raman spectra were taken on the deposited material on
both columns and non-columnar areas. For some samples
the photoluminescence (PL) masked the Raman signal. A
first order peak from the substrate could be seen in many of
the samples, and this implies that the material is transparent
to the laser light and that its bandgap should be greater than
1.96 eV. In the Raman spectra, theG andD bands of dis-
ordered graphite were detected at around 1600 and 1360
cm−1, respectively, and appear in all samples indicating
that there is a graphitic phase present [25]. The peaks
observed in the spectrum of the sample deposited using no
external bias were only observed in the columnar structures.
However, we have not been able to identify these with any
precise vibrational modes, except for a small feature
between 600 and 700 cm−1 that has also been observed in
CN sputtered films [26]. Such a mode has been predicted for
b-C3N4 and has been reported by other workers [27]. There
are clear differences between the Raman and the IR spectra;
given that the Raman modes in graphitic CN become active
in the infrared [26] it is possible to say that the infrared
peaks at 830, 1000, 1200 and 2200 cm−1 are not from gra-
phitic rings because they are not Raman active.

The EDX technique permitted the analysis of both the
columns and the intercolumnar areas and showed that
both are of the same composition, and moreover that this

did not depend on the experimental variables within the
ranges investigated. However, further work is required in
this area as only a reduced selection of the samples with a
large number of columns were analysed. After calibration
measurements with the substances of known composition
were performed, we found that the carbon to nitrogen
ratio was 0.75± 0.03. This is the stoichiometric value for
C3N4.

Fig. 5 shows result of a two dimensional SIMS analysis of
a sample (200 W,−200 V bias and 60 min deposition time)
using MCs+ ions. Plate a of Fig. 5 was recorded using CCs+

ions and supplies a topographical image of the amount of
carbon in the surface studied, while plate b shows the nor-
malised NCs+/CCs+ ratio from the marked part of the surface
of Fig. 5a. Thus, laterally resolved ion images have been
transformed into an elemental distribution map (Fig. 5b),
and this shows the presence of the CN chemical phase on
the sample surface.

The X-ray diffraction studies showed the presence of
various fairly strong peaks at values of 2v of 66.0, 45.2
and 43.2°, with smaller peaks at 15.8, 28.5, 41.3, 48.7,
57.5 and 69.8°. The intensity of the strong peaks were
seen to increase with increasing plasma power and with
the substrate bias. Indeed, the smaller peaks were only dis-
tinguishable at the highest powers and for deposition times
greater than 100 min.

Electron diffraction measurement of the areas of the sam-
ples containing the (100) crystalline silicon permitted cal-
culation of the microscope constant and this was used in the
analysis of the of the sample diffraction patterns. Fig. 6
shows a typical incomplete ring diffraction pattern and
bright field image from analysed the deposit. We conclude

Fig. 5. Plate a is a topographical image of the deposit surface prepared
using 200 W,−200 V bias and 60 min deposition time. Plate b is a C/N
compositional contour map of the indicated area of plate a.

Fig. 6. Electron diffraction pattern and bright field image of part of a
column in a sample prepared using 500 W,−100 V bias and 120 min
deposition time.
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that the deposit consists of small crystallites (∼ 100 nm) and
since some sets of the rings were only observable when the
inclination the sample was altered the crystallites are prob-
ably preferentially orientated relative to the substrate.
Although the characteristic distances of thea- andb-hex-
agonal phases are very similar [28,29] and [Virginia Poly-
technic Institute and State University, (Internet http://
www.mse.vt.edu)], thea-phase has planes near to 0.15
nm and since these are not observed this phase is not pre-
sent. Similarly, theb cubic phase can be excluded by the
absence of distances greater than 0.22 nm, together with the
existence of the 0.73 nm reflection. Similar comparisons can
be carried out to rule out the presence of the pseudo-cubic
and graphite phases. Therefore, it is concluded that the
deposit consists of orientated crystallites ofb-hexagonal
C3N4.

The annealing studies showed no change in the FTIR
spectra of the samples treated under vacuum even at
700°C, and the only alteration seen at 500°C in air was an
increase in the Si-O signal probably arising from oxidation
of the back surface of the substrate.

Therefore, in summation, the results show that the forma-
tion of CN compounds in the gas phase together with par-
ticle bombardment of the growing surface are important for
the production of the carbon nitride deposit and that once
column formation has started these grow at the expense of
other areas. The FTIR and Raman spectra indicate that the
deposit is a mix of CN and graphite. The EDX and SIMS
reveals that the composition of the column areas is that of
C3N4 + graphite, the contradicting results from these tech-
niques for the base areas may be produced by the large
uncertainties in the EDX measurements resulting from the
small amount of material in these areas. The diffraction
analysis affirmed that crystalline C3N4 is present in the col-
umns and that this is theb hexagonal phase.

4. Conclusions

Deposits containing carbon and nitrogen in amounts
equal to the stoichiometric value of C3N4 have been pre-
pared by a high power density hollow cathode plasma
assisted method which involves both chemical and physical
sputtering of a graphite target by nitrogen. Plasma probe
measurements showed that the electron temperature of the
plasma produced with this hollow cathode reactor, in the
substrate region, under near optimum conditions is remark-
able high. The deposits show a columnar structure, of
dimensions up to∼ 20 mm diameter and 15mm high, with
a hardness between 9.8–18.6 GPa. The observed cone shape
of the columns is very similar to that seen in other deposits
where bombardment of the coating plays a definitive role
[26]. Electron and X-ray diffraction showed that the deposit
has polycrystallineb hexagonal structure. The FTIR,
Raman and SIMS analysis indicate that the C3N4 crystallites
are mixed with graphite. Preliminary annealing studies

show that the deposits are stable up to 700°C.
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