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We report herewith new experimental data concerning the synthesis of carbon-nitride thin
films by reactive pulsed laser deposition (λ= 248 nm, τFWHM≤ 30 ns) from a graphite target
in low pressure nitrogen (0.2, 1 and 50 Pa) at a level of the incident laser fluence of
22 J/cm2. The obtained structures were studied by Raman spectrometry and microhardness
determinations. We have observed that an increase of the N2 pressure leads to an increase
in the N2 content in the deposited films but causes the reduction of the amount of the sp3

bounded C and the decrease of the microhardness of the obtained structures.
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1. Introduction
Carbon nitride is a hypothetical material with unique
potential properties. The original calculations by Liu
and Cohen [1, 2] suggested that the bulk modulus of
the theoretical covalent carbon-nitride solid,β-C3N4,
with a structure similar toβ-Si3N4, might significantly
exceed that of diamond. Various deposition techniques
such as reactive magnetron sputtering [3–6], chemical
vapor deposition [7, 8], ion beam deposition [9] and ion
plating [10, 11] have been applied in an attempt to grow
carbon nitride thin films. Lasers have been also used
for the synthesis and deposition of carbon-nitride thin
films. The main approaches are reactive pulsed laser
deposition (RPLD) [12–14] and laser chemical vapor
deposition (LCVD) [15, 16]. The obvious advantage in
this case is the ultimate purity of the deposited films as
a consequence of their chemical synthesis with light.
Numerical simulations were performed [17] in order to
study the structure of the carbon-nitride solids.

We previously reported the synthesis and deposition
of uniform and adherent, substoichiometric carbon-
nitride (CNx) thin films from a nuclear grade graphite
target in low-pressure nitrogen or ammonia by RPLD
using a XeCl∗ (λ= 308 nm,τFWHM≤ 30 ns) excimer
laser. We conducted the experiments with incident laser
fluences 3, 6, 12 and 16 J/cm2. The laser spot area was
S∼= 1 mm2. We observed the presence of the simple,
double and, respectively, triple bonds between the C and

N atoms. We found that the nitrogen enclosure inside
the deposited films is clearly increasing as the incident
laser fluence or the pressure of the chemically active
gas (N2 or NH3) increased in the irradiation chamber
[18–20]. In order to get a better insight into the in-
fluence of the enclosed nitrogen amount on the bond
formation inside the growing films, we conducted new
experiments at an increased level of the incident laser
fluence of 22 J/cm2. We report in this paper the results
of the new analyses performed by Raman spectrometry
and microhardness indentation of the films obtained at
various ambient nitrogen pressures.

2. Experimental
The scheme of the experimental apparatus is outlined
in Fig. 1.

Before each deposition the irradiation chamber was
evacuated down to a residual pressure of∼10−4 Pa and
then filled with high purity nitrogen at three different
dynamical pressures 0.2, 1 or 50 Pa. The pulses gen-
erated by a KrF∗ excimer laser source (λ= 248 mm,
τFWHM= 25 ns) running at 10 Hz were focused at 45◦
incidence angle. The targets used in the experiments
were prepared from high purity (nuclear grade) graphite
samples. The incident laser fluence was set at a value
of Fs

∼= 22 J/cm2. Series of 104 laser pulses were ap-
plied to deposit one film. In order to avoid drilling the

0022–2461 C© 2001 Kluwer Academic Publishers 1951



Figure 1 Experimental setup: L= lense, T= target and S= substrate.

target was rotated during the multipulse laser irradia-
tion with the frequency of 3 Hz. The CNx thin films
having a thickness of a few hundreds of nm were de-
posited onto sapphire substrates. The collectors were
not heated during the deposition. The target-collector
separation distance was of 4 cm. After each deposi-
tion, the resulting structure was allowed to cool down
in vacuum.

We recorded Raman spectra of the deposited films
with a spectral resolution better than 5 cm−1. We used
SPEX 1403 double spectrometer equipped with a pho-
tomultiplier operating in a photon-counting mode. The
setup was illuminated by a continuous wave Ar+ laser
source having a power of 60 mW and tunned on the
488 nm wavelength. The laser beam was focused in a
spot having a diameter of about 200µm.

Microhardness measurements were carried out with
a PMT-3 microhardness tester equipped with diamond
indentors both for Knoop and for Vickers determina-
tions. The indentation pyramid was put in contact with
the sample surface for 15 s. The investigations were
conducted with loads P ranging from 1 to 200 g. The
microhardness was calculated with the equation:

H

[
kg

mm2

]
= B

P[kg]

d2[µm2]
(1)

where B= 14.229 for the Knoop pyramid and
B= 1.854 for the Vickers one,d is the measured im-
print diagonal. The penetration depth (h) was calculated
according to the equations:

h = d/30.51 (2a)

h = d/7 (2b)

for the Knoop and the Vickers indentor, respectively.
We mention that the use of the small loads as required

for measuring the hardness of thin films, and thus small
indentations can give rise to erroneous hardness values.
This phenomenon is known as the indentation size ef-
fect (ISE). The development of a correct mechanism
accounting for the ISE is a difficult task. This is due to
the fact that the microhardness is strongly determined
by the specific microstructures of the films and their
surface status as well as by indentor geometry.

Recently [21] it was shown that a physically reason-
able approach to deal with the ISE phenomenon is to
assume an exponential dependence of the measured mi-
crohardnessH on the indentation depthh of the type

H = H∞ ± Aexp

(
− h

Dp

)
(3)

Here H∞ is the load-independent hardness of the
material andA is a constant related to the status of
the sample surface.Dp is a quantity with meaning of
deformation depth. As shown in Ref. [21] the ISE takes
place whenever the indentor passes through a boundary
between two different media, in particular through the
film/substrate interface. We note, that the well-resolved
singularities at the film/substrate border with respect to
the microhardness-depth profiles of the films deposited
at 1 Pa and 50 Pa N2 pressures support these findings.

We can further write the contribution to the total mi-
crohardness value [22] of the film (with thicknessD)
and of the substrate, respectively, as:

Hf = Hf∞ ± Afb exp

(
−h− D

Dfb
p

)
(4)

Hs = Hs∞ ± As exp

(
−h− D

Dfb
p

)
(5)

The quantitiesAfb andDfb
p characterize the film while

As andDs
p refer to the deposition substrate material.

When indentation hardness tests are conducted on a
certain film/substrate structure the measurements re-
flect the contributions of the film and the substrate,
since both of them are deformed under indentor load.
All models describing the composite hardness involve
appropriate distinction between the contribution of the
film Hf and of the substrateHs. In the most general
approach proposed by Buckle [23] the composite hard-
nessHc of the film/substrate system is:

Hc = αHf + (1− α)Hs (6)

where the coefficientα depends on the film thickness.
According to [22] the coefficientα can be written as:

α = 1

1+ exp

(
−h− D

1D

) (7)

where1D stands for an effective width of the transi-
tion region. Forh< D, α is close to 1 and obviously
(1−α)→ 0. Correspondingly, the contribution of the
film hardness to the composite one is prevalent. For
h> D, α→ 0 and (1−α)→ 1. The contribution of the
film hardness to the composite one decreases, so that
deep down in the substrate the measured hardness be-
comes film and load-independent.

The recorded experimental dependenceHc(h) of
the uncoated sapphire substrate was modeled with
Equation 3. The best fitting was obtained for the value
H sapphire

s∞ = 13.1 GPa. This value is in fairly good
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agreement with the one obtained for Cr-dopped sap-
phire (H sapphire

s∞ = 10 GPa) [24] and is of the order
of that reported for single-crystalline sapphire samples
(H sapphire

s∞ = 13.1 GPa) [25].

3. Results
3.1. Raman studies
The Raman spectra within the wavenumber range from
300 to 2000 cm−1 of the three films deposited at differ-
ent nitrogen pressuresPN2 with subtracted baseline are
shown in Fig. 2. The spectrum of the film obtained at the
highest nitrogen pressure, 50 Pa (curve c in Fig. 2), like
most spectra reported so far, exhibits two main peaks—
the so called disorder (D) and graphite (G) bands, lo-
cated at about 1360 and 1560 cm−1, respectively. These
features are usually assigned to the grahitic sp2 bands—
i.e. i. D band from in-plane vibrational modes at the
domain surface and ii. the G-band arising from the E2g
mode of graphitic microdomains [26]. We note that, ac-
cording to Ref. [27] when considering graphitic amor-
phous carbon as a continium random network (CRN)
(where rings of clusters vibrations cannot be decoupled
from the network in which they are embeded), inplane
vibrational modes ofn= 4—8 membered symmetric
planar carbon rings with various frequenciesω can be
determined. The interpretation of the Raman spectra
of graphitic amorphous carbon [27] leads to the con-
clusion that the spectra comprise of about 20%n= 5
(E2 modes withω= 1100 and 1529 cm−1), 60%n= 6
(A1g mode withω= 1362 cm−1 and E2g mode with
ω= 1581 cm−1) and about 20%n= 7(E2 modes nearly
degenerated with E2 mode forn= 5). Thus G and D
bands are formed mainly by A1g (ω= 1362 cm−1) and
E2g (ω= 1581 cm−1) vibrational modes ofn= 6 rings
and their shapes are functions ofn= 5 andn= 7 rings.
The third, less intense, low frequency band which is
visible in the spectrum of this film, peaking at about
700 cm−1, is usually assigned to out-of-plane bending
mode of graphite-like domains [28].

Figure 2 Raman spectra of the films deposited in low pressure nitrogen
at 0.2 Pa (curve a), 1 Pa (curve b) and 50 Pa (curve c). We also give
the decomposition of the spectrum into two mixed Lorentz-Gaussian
profiles of the sample deposited at 50 Pa N2 where the D- and G-bands
could be well resolved.

In the spectra of the films, obtained at lower nitrogen
pressures (curves a and b in Fig. 2), the D-band could
not be clearly resolved. The very broad bands with
a variable degree of disorder that are located around
1350 cm−1 and 1580 cm−1 are known to correspond
to amorphous carbon [29]. Indeed, as has been pointed
out in Ref. [29], the Raman spectrum of a-C is in fact
a broadened variant of the graphite one. The maximum
in the spectrum of a-C is peaking at about 1535 cm−1,
while the phonon frequency of the graphite is placed at
1575 cm−1. Accordingly, the broad bands visible in the
Raman spectra (curves a and b in Fig. 2) imply a high
degree of amorphization. We mention that in the case
of amorphous solids the Raman spectra are governed
by the phonon density of states (PDOS).

The Raman spectra were decomposed in mixed
Lorenz – Gaussian profiles (see e.g. curve c in Fig. 2
for the film deposited at 50 Pa N2).

The results of the decomposition for all spectra are
given in Table I. From Table I one observes that when in-
creasing the gas pressure, the position of G-peak shifts
toward higher frequencies (from 1560 to 1571 cm−1)
while its half-width narrows (from 155 to 80 cm−1).
The shift of G peak might be due to an increase of the
amount of C=N stretching vibrations with frequen-
cies in the range 1600–1700 cm−1 [30, 31] or to the
increase of the strain in the graphitic rings, broken by
incorporation of nitrogen atoms. According to the re-
sults recently reported by Bhattacharyyaet al.[32], the
ratio between the intensities of D and G peaks—ID/IG—
increases with the nitrogen concentration, indicating an
increase of the size of the sp2 bonded carbon clusters.
Taking into account that the increase of nitrogen pres-
sure probably increases the fraction ofn= 5 andn= 7
rings, one may conclude, that the increase of the ni-
trogen pressure leads to an increase of the amount of
the sp2 bonded carbon clusters. However, this does not
cause the increase of their sizes.

On the other hand, Merkulovet al. [33] demon-
strated that the Raman spectra of amorphous solids
(such as diamond-like carbon (DLC)), obtained under
a visible excitation are completely dominated by sp2 C
atoms. According to them, the Raman scattering in the
ultraviolet (UV) region appears to be more suitable to
providing a good estimation of PDOS when studying
amorphous carbon.

Following the results from Ref. [32], we removed the
high frequency peak, placed at about 1560 cm−1. The
substraction of the LG profiles from the spectra allows
the contribution of the sp3 bonded atoms to become
more apparent.

TABLE I The main parameters of the lines obtained by the decompo-
sition of the Raman spectra corresponding to the films deposited at 0.2,
1 and 50 Pa N2

PN2 [Pa] Peak [cm−1] ID/IG Half-width [cm−1]

0.2 1560 0.18 155
1367 68

1 1568 0.37 126
1372 198

50 1571 0.83 80
1377 162
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Figure 3 Subtracted Raman spectra of the samples deposited in low
pressure nitrogen at 0.2 Pa (curve a), 1 Pa (curve b) and 50 Pa (curve c).

The subtracted spectra are shown in Fig. 3. The spec-
tra of the films deposited at 1 Pa (curve b in Fig. 3) and
50 Pa (curve c in Fig. 3) N2, similar with those reported
by Merkulovet al. [33] for sputtered a-C, exhibit two
characteristic features:

i. a broad peak at about 650 cm−1, corresponding
mostly to the bending motion of sp2 C atoms with some
possible contribution from sp3 C sites and

ii. a band between 900 and 1550 cm−1.

This second band could cumulate two contributions
to the spectra: an sp2 C network with the scattering at
about 1400 cm−1 and sp3 C network yielding a peak at
about 1150 cm−1. We notice, that the sp3 contribution
became visible after the afore described subtraction.

There is a strong resemblance between the spectrum
of the film deposited at 50 Pa (curve c in Fig. 2) and
the spectrum reported in Ref. [33] mainly containing
6 at.% sp3 C. In both cases the band extending from
900 to 1550 cm−1 peaks at 1400 cm−1.

Merkulov et al. [33] found that, with the increase
of the sp3 C at.% the maximum of the band shifts to-
ward lower frequency values. Thus, this maximum is
shifted to about 1300 cm−1 in the case of the film with
20 at.% sp3 C and to 1150 cm−1 for the films with 30 and
75 at.% sp3 C. Accordingly, the slight shift of this max-
imum (visible in Fig. 3) from 1400 cm−1, for the film
deposited at 50 Pa N2 (curve c in Fig. 3) to 1350 cm−1,
for the film deposited at 1 Pa N2 (curve b in Fig. 3), can
be interpreted as an increase in the amount of the sp3 C
at.%.

In the spectrum obtained for the film deposited at
0.2 Pa N2 (curve a in Fig. 3) the band between 900
and 1550 cm−1 could not be resolved. There is a strong
shift of the maximum of this band toward lower fre-
quencies. Thus, it can be concluded that the increase
in ambient nitrogen pressure leads to a decrease of the
sp3 C at.%.

On the other hand, in our Raman spectra, obtained by
using an Ar+ laser source (λ= 488 nm) for excitation,
the intensity of the bands strongly increases with the

increase in nitrogen pressure. This fact can be attributed
to the resonant enhancement of the scattering from the
sp2 C bonds in visible light [33, 34]. It is well known
[33] that sp2 network exibits resonance enhancement in
the Raman cross-section because the local sp2 C energy
gap of about 2 eV is comparable with the energy of
incident photons. The sp3 C atoms do not exibit such
a resonance effect because of the higher local gap of
about 5.5 eV. Moreover, the strong increase in band
intensity points to the increase of the sp2 C at%.

3.2. Microhardness investigations
The experimental dependencies of the measured micro-
hardnessHc(h) for the films deposited at 0.2 Pa (a), 1 Pa
(b) and 50 Pa (c) N2 and for the sapphire substrate (s),
measured with the Knoop indentor, are shown in Fig. 4
by dots.

The microhardness-depth profile of the film de-
posited at 1 Pa N2 (Fig. 5) was taken with the Vickers
indentor as well.

The experimental recordingsHc(h), shown in Figs 4
and 5 were fitted with Equation 6 whereHf is given by
Equation 4,Hs by Equation 5 andα by Equation 7. The
numerically simulated dependencies are represented by
full curves in Figs 4 and 5.

In order to infer the evolution ofHf (h) from theHc(h)
recording, we used the value ofH sapphire

s∞ = 13.1 GPa,
determined from the modeling of the experimental
Hc(h) recording of the uncoated substrate. The thick-
ness D of the three layers have been measured with
Tencor Alphastep 200 stylus profilometer. We obtained
values of 600 nm, 510 nm and 320 nm for the films
deposited at 0.2 Pa, 1 Pa and 50 Pa, respectively. The
fitting parameters wereHf∞,1D, Afb, As, Dfb

p , Ds
p, A

andDp.
From Fig. 4, we observe, that the microhardness-

depth profile of the film deposited at 1 Pa N2 is entirely

Figure 4 Microhardness values for the samples deposited in low pres-
sure nitrogen at 0.2 Pa (a), 1 Pa (b), 50 Pa (c) and for the substrate (s)
obtained with the Knoop indentor.
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Figure 5 Microhardness values for the samples deposited at 1 Pa N2

obtained with the Vickers indentor.

governed by the ISE on the surface (on the air/film
boundary). This implies a very large value of the con-
stant A, characterizing the status of the film surface
or, in other words, a high hardness on the top of the
film obtained at this pressure. Thus the actual value of
the Hf∞ cannot be reached even deep inside the film.
The interpretation of theHc(h) evolution of the film
deposited at 1 Pa N2, obtained with the Knoop inden-
tor (curve b in Fig. 4) gave values ofHf∞ ranging from
19.2 GPa to 35.6 GPa. In order to eliminate such a large
uncertainty, we further used a Vickers indentor, hav-
ing a smaller imprint area. The experimental recording
Hc(h) of the film deposited at 1 Pa N2, obtained with
the Vickers indentor (see Fig. 5), significantly differs
from theHc(h) recording of the same sample, obtained
with the Knoop indentor (Fig. 4). The best fitting of the
experimentalHc(h) recording, given in Fig. 5, provided
the valueHf∞= 19.4 GPa.

On the other hand, the values of the load-independent
hardness of the films deposited at 0.2 Pa and 50 Pa
(curve a and c in Fig. 4), obtained from the fitting of the
experimental recordingsHc(h) (Knoop indentor), pro-
vided values ofHf∞= 21.0 GPa and ofHf∞= 5.6 GPa,
respectively. We therefore had no reason to repeat
these determinations with the Vickers indentor. We
note, that according to the current literature [35, 36]
the microhardness value for diamond is within the
range of 60–100 GPa and for graphite is much less
than 1 GPa.

4. Discussions
We deposited carbo-nitride thin films at different
ambient nitrogen pressures. In order to obtain low-
compressibility (high-density) uniform and adherent
hard films, with nitrogen content close to the predicted
stoichiometric value, we increased the nitrogen pres-
sure up to 50 Pa. Indeed, as reported elsewhere [37],
we observed a strong increase in the N/C ratio from

0.20, for the film deposited at 1 Pa to 0.33, for the film
obtained at 50 Pa.

On the other hand, our new results are in good
agreement with the molecular-dynamics simulation re-
ported by F. Weichet al. [17]. The authors of this
paper performed numerical calculations in order to
systematically study the amorphous state of carbon-
nitrides for a wide range of stoichiometries and densi-
ties. They considered periodically repeated supercells
with 140 atoms. A total of 60 amorphous supercells
with 6 different densities, 1.5, 2.0, 2.5, 3.0, 3.5 and
4.0 g/cm3 was taken into account. The N concentration
was varied from 0% to 57% (the last value correspond-
ing to the nitrogen amount in the idealβ-C3N4 com-
pound). In apparent contradiction with the calculations
of Liu and Cohen, their main results can be summarized
as follows.

i. The densities of the films decrease with increas-
ing N-incorporation concentrations, a trend which will
inhibit the synthesis of any novel high-density, low-
compressibility and very hard CN material.

ii. The N-C coordination number decreases with the
increase of the N content. As a consequence, the enclo-
sure of a large amount of N would result in a structure
exhibiting strongerπ peaks, indicating an increasing
number of double and triple bonds, instead the single
bonds, characteristic for theβ-C3N4 molecule.

iii. The addition of N drastically lowers the C-sp3

content. This third prediction limits the potential for-
mation ofβ-C3N4 molecule. We note that in order to
obtain a low-compressibility very hardβ-C3N4 phase,
the carbons should be totally sp3—while all nitrogen
should be sp2 bonded.

Our Raman studies show that the increase in nitrogen
pressure in the irradiation chamber which causes the
increase of the N content of the films [37] results in
a decrease of the sp3 C at%. The sp2 hybridization of
the C atoms becomes dominant in the films deposited
at higher nitrogen pressures (50 Pa) which are richer
in N.

In accordance with these predictions [17] and evolu-
tions, the hardness values of the films deposited at low
nitrogen pressure (PN2= 0.2 Pa and 1 Pa, respectively)
are close to each other and much higher than that for the
film grown atPN2= 50 Pa. Indeed, the pressure increase
to 50 Pa leads to a sharp (about threefold) decrease of
the film hardness. This finding is in agreement with the
results of Raman scattering, indicating a high degree
of graphitization along with the increase in nitrogen
pressure during deposition. We also observed that the
microhardness decrease can be the effect of the den-
sity decrease in the films deposited at higher pressures,
which grow more fluffy.

5. Conclusions
We deposited CNx thin films by RPLD from a graphite
target in nitrogen at 0.2, 1 and 50 Pa. In comparison with
previous depositions we increased the incident laser
fluence at 22 J/cm2. The increase in nitrogen pressure
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causes a higher nitrogen incorporation in the films. On
the other hand, the increase in nitrogen content leads
to the reduction of the sp3-bonded C. This reduction is
most probably responsible for the strong microhardness
decrease when the nitrogen pressure is increased from
0.2 Pa to 50 Pa.

We consider, that these results basically support the
prediction made in [17], namely that the addition of
nitrogen lowers the sp3 hybridized C content. This
strongly overcomes in our opinion the successful syn-
thesis of low-compressibility, high density, very hard
β-C3N4 structure.
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