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Effects of annealing temperature on the optical,
bonding, structural and electrical properties of
nitrogenated amorphous carbon thin films grown
by surface wave microwave plasma chemical vapor
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We have studied the effects of annealing temperature (AT) on the properties of nitrogenated
amorphous carbon (a-C:N) films grown at room temperature (RT) on quartz substrates by
surface wave microwave plasma chemical vapor deposition (SWMP-CVD) using camphor
alcohol gas as carbon plasma sources. The thickness, optical, bonding, structural and electrical
properties of the as-grown (RT) and anneal-treated in range from 100 to 500°C of a-C:N films
were measured and compared. The film thickness is decreased rapidly with increasing AT
above 350°C. The wide range of optical absorption characteristics is observed depending on the
AT. The optical band gap of as-grown a-C:N films is approximately 2.8 eV, gradually decreased
to 2.5 eV for the films anneal-treated at 300°C and beyond that it decreased rapidly up to 0.9 eV
at 500°C . Visible-Raman Spectroscopy (Raman) revealed the amorphous structure of as-grown
a-C:N films and, the growth of nanocrystallinity of a-C:N films upon increase of AT. Raman and
Fourier transform infrared spectroscopy (FTIR) analyses respectively shown the structural and
composition of the films can be tuned by optimizing the AT. The change of optical, bonding,
structural and electrical properties of SWMP-CVD grown a-C:N films with higher AT was
attributed due to the fundamental changes in the bonding and band structure of the a-C:N films.
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1. Introduction

The mostly fabricated silicon based solar cells to date are
very expensive to use on a commercial basis [1, 2]. The
cost reduction of solar cell and establishment of environ-
mentally friendly production process are very important
for further spread of photovoltaic technology. With re-
spect to present high efficient solar cell materials, car-
bon is a material of highly stable, cheap and non-toxic
which can be obtained from precursors those are suf-
ficiently available in nature. There is a growing inter-
est in crystalline diamond, diamond like carbon (DLC),
tetrahedral carbon (ta-C), amorphous carbon (a-C), hy-
drogenated amorphous carbon (a-C:H) and nitrogenated
amorphous carbon (a-C:N) thin films because of their
well-known outstanding properties such as carbon is a
material of highly stable, cheap and non-toxic which can
be obtained from precursors those are sufficiently avail-
able in nature, high hardness, high electrical resistivity,
high thermal conductivity, high dielectric strength, in-
frared transparency and optical band gap varying over a
wide range from that of insulating diamond (~5.5 eV) to
that of metallic graphite (~0.0 eV).

There have been many interests in the study of the
properties of chemical vapor deposited (CVD) crystalline
diamond or DLC thin films as candidate materials for
future new electronic devices. For a deposition of large
area (over 10 cm) crystalline diamond films, however,
it is generally required a high power electromagnetic
wave source, such as 2.45 GHZ microwave having up
to 6 kW or 915 MHz UHF waves having up to 60 kW
[3]. It is also needed to heat the substrate (over 800°C)
for deposition of high quality diamond films. On the con-
trary, the DLC, a-C, a-C:H and a-C:N thin films can be
grown on silicon substrates at relatively low tempera-
ture using various methods such as pulsed laser depo-
sition [4-7], ion beam deposition [8, 9], sputtering [10,
11], CVD [12, 13] and r.f./microwave plasma CVD [14—
19]. The low temperature CVD is a great advantage from
the advantage of manufacturing aspect. Furthermore, the
enlargement of DLC films required for a variety of in-
dustrial applications can be done using the large area
plasma sources, such as RF discharge plasmas. Recently,
another type of plasma source, known as the surface
wave plasma (SWP) is also noticed as one of promising
plasma sources for the large-area thin film preparation
method.

The properties of a-C films known to be strongly de-
pend on the precursor material and method of deposi-
tion. Hydrogen in a-C films modifies the properties of
the films and introduces many sp* sites, causing an in-
crease in the band gap [20]. Depending on the condi-
tions and method of deposition, carbon films contain-
ing varying proportions of fourfold (sp?)- and threefold
(sp?)-coordinated bonded a-C or a-C:H can be obtained.
A tetrahedral (sp?)-coordinated carbon atom has four in-
plane o bonds while a trihedral (sp?) has three ¢ bonds
and one 7 orbital normal to the o -bonded plane. Photon-
assisted electronic transitions occur between filled bond-

ing states (o or m) and the empty anti bonding (¢* or
r*) states [21]. Since 7 states are more weaker bonded,
they lie closer to the Fermi level (Ef) than the o states.
Therefore, filled 7 states form valence band edges while
empty ¥ states form conduction band edges, and these
(r and 7*) states control the size of the optical gap. The
electronic properties are also control by these lower-gap
bands. Therefore, the optical properties of these films
are of much interest because of their potential applica-
tion in semiconductor technologies including photonic
devices.

To our knowledge, so far, methane or acetylene is com-
monly used as a precursor material in r.f./microwave
plasma CVD deposition methods for the preparation of
a-C thin films. However, camphor (C;oH;c0), a natural
source, is a new precursor material thought to have an
additional advantage over graphite in the sense that while
the latter is purely sp?-hybridized, the former consists of
both sp?- and sp>- hybridized carbons in its structure. We
have been working on camphor as a precursor material and
generated various forms of carbon such as semiconduct-
ing a-C their possible application in light energy conver-
sion devices [22-26]. In this paper, we report the effects
of annealing temperature (AT) on the optical, bonding,
structural and electrical properties of a-C:N films grown
on quartz substrates by newly developed large area sur-
face wave microwave plasma chemical vapor deposition
(SWMP-CVD) using alcohol camphor as a carbon plasma
source.

2. Experimental

We have developed a newly deposition method of SWMP-
CVD system [27, 28] for the deposition of a-C:N thin
films at low temperatures. This method is useful to avoid
plasma-induced damages of the substrate surface [27,
28]. An image of experimental setup is shown in Fig. 1.
The SWMP-CVD was produced in a 300 mm cylindrical
vacuum chamber by introducing a 2.45 GHz microwave
through a quartz window via slot antennae. In the SWMP-
CVD, the microwave introduced through the slot antennae
drops exponentially below the quartz window where the
electron density exceeds the cutoff density [27, 28]. A
high plasma density with a uniform electron density more
than 10'"' cm~3 was formed in the vacuum chamber and
broadened in the downed stream region due to the particle
diffusion. This is important for the wide range deposition
of thin films such as for commercial purpose.

Film deposition was carried out on the quartz and p-
type (100) silicon (Si) wafer substrates with a resistiv-
ity of 5-10 Q-cm and a thickness of 350 um. Before
deposition, the substrates were cleaned before-hand by
acetone and methanol for each at approximately 10 min
in an ultrasonic bath, rinsed with ultra-pure water, and
then dried with nitrogen blower and only for Si sub-
strates were etched with diluted hydrofluoric acid (5%),
HF:H,O (1:10) in order to remove the resistive native ox-
ide formed over the surface. After cleaning, the substrates
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Figure I The schematic representation of the surface wave microwave
plasma chemical vapor deposition (SWMP-CVD) system.

were quickly transferred into the chamber, placed on the
substrate holder and then exposed in the chamber with
Argon (Ar) plasma discharges for approximately 30 min,
to etch cleaning the top surface of the substrates. The films
were deposited at room temperature.

The deposition chamber was evacuated to a base pres-
sure approximately at 3.5 x 10~* Pa using a turbomolec-
ular pumps for approximately 4 h and total gas pressure
was fixed at 60 Pa. The launched microwave power was
set approximately at 500 W. For film deposition, we have
used Ar gas (Ar: 280 ml/min) as carrier gas, nitrogen gas
(N2: 5 ml/min) as dopant and camphor (C;oH;60) dis-
solved with ethyl alcohol (C;HsOH) composition (CHy:
10 ml/min), also known as camphor alcohol gas as car-
bon plasma sources. The chemical structure of a camphor
molecule is shown in Fig. 2 [29, 30].

It has been reported that camphor has both carbon and
hydrogen and moreover, it has both sp?- and sp*-bonded
carbon in its structure [29, 30], whereas in graphite,
methane or acetylene, only one type of bonding is avail-
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Figure 2 The chemical structure of the camphor molecule (C;oH;60).

able. The a-C:N films were grown for approximately 2 h
of deposition time. The grown a-C:N films were annealed
at various AT in range from 100 to 500°C in Ar gas atmo-
sphere for 10 min and their AT effects on the optical, bond-
ing, structural and electrical properties was analyzed by
using standard experimental characterization techniques
[24, 25] of scanning electron micrograph (SEM), atomic
force microscopy (AFM), Nanopics 2100/NPX200 sur-
face profiler, UV/VIS/NIR spectral reflectance and trans-
mittance measurements, Visible-Raman scattering (Ra-
man), Fourier transform infrared spectroscopy (FTIR)
analyses and 4-point probe method of electrical measure-
ments.

3. Results and discussions

The typical surface morphological of scanning electron
microscope (SEM: Hitachi S3000H) of as grown a-C:N
films is shown in Fig. 3. SEM measurement revealed that
the surface morphology of the as grown films were rel-
atively smooth and uniform. However, on some samples,
a few amorphous clusters of carbon pentacle were seen.
The AFM have revealed (not shown) that the film surface
morphology was relatively smooth and uniform with
average roughness of approximately 0.24 nm. The film
thickness was measured using Nanopics 2100/NPX200
spectroscopy measurements. The average thickness of
as grown (Grown temperature: 25°C) and anneal-treated
a-C:N films was calculated as the measured average film
thickness. Should be noted here that, when calculating the
film thickness, the changes in the density and roughness
of the films have not being taken into account, therefore
the film thickness might become more and more over
estimated as film density decreases with higher AT. As
shown in Fig. 4, it has been found that the films thickness
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Figure 3 The scanning electron micrograph (SEM) topography image of
typical as-grown (25°C) a-C:N film on silicon substrates. (Magnification:
x 10 K).
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Figure 4 The film thickness as a function of annealing temperature for as-
grown (25°C) a-C:N film, and a-C:N films annealed at various temperatures.
(Substrate: Quartz).
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Figure 5 The Tauc plot of (ahv) /2 as a function of photon energy (eV):
(a) for as-grown (25°C) a-C:N film, and for a-C:N films annealed at various
temperatures at (b) 100°C, (c) 150°C, (d) 200°C, (e) 250°C, (f) 300°C, (g)
350°C, (h) 400°C, (i) 450°C and (j) 500°C. (Substrate: Quartz).

is almost not depended on the AT up to 300°C, after
which it decreased significantly with increasing AT.

The optical properties characterization were carried
out using the as-deposited and anneal-treated a-C:N films
grown on quartz substrates. The optical properties were
investigated by spectral transmittance and reflectance
measurements using UV/VIS/NIR spectrophotometer in
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Figure 6 The optical band gap as a function of photon energy (eV) for
as-grown (25°C) a-C:N film, and for a-C:N films annealed at various tem-
peratures at (b) 100°C, (c) 150°C, (d) 200°C, (e) 250°C, (f) 300°C, (g)
350°C, (h) 400°C, (i) 450°C and (j) S00°C. (Substrate: Quartz).

range of 200-2000 nm. The Tauc optical band gap (E,)
was obtained from the extrapolation of the linear part of
the curve at o = 0 using the Tauc equation of (ahv)!/?
= B(E4-hv), where B is the density of the localized state
constant [31]. Fig. 5 shows a plot of (ahv)!/? versus
photon energy, E (eV) of the films and the change of
E, as a function of annealed temperature is shown in
Fig. 6. The E, of as-grown a-C:N film was found to be
approximately 2.8 eV, gradually decrease with higher AT
to approximately 2.3 eV at 300°C, after which it rapidly
decreased with higher AT to approximately 0.9 eV at
500°C. The variation of the optical band edge is attributed
to the removal or creation of band tail states [32, 33],
and the material is assumed to have less band tail states
when the edge has an increase in slope. The energy (hv)
dependence of « of the as-deposited and anneal-treated
a-C:N films is shown in Fig. 7. From the measurements of
optical reflectance and transmittance, an optical absorp-
tion coefficient (o) was calculated to be on the order of
103103 cm~!. As shown in Fig. 7, the optical absorption
edges of these carbon films are broad and increase upon
heat treatment, gradually increased with AT up to 300°C
and rapidly increased thereafter with higher AT.

The shape of the optical absorption edge in our exper-
iment is similar to absorption edge found in a-C:N films
[33, 34]. Our results also agree with them [33, 34], that
the absorption edge where it shifts towards lower photon
energy (higher wavelength) region with increasing AT has
a reduction in transparency. This is evident as we found
that the reflectance is decreased while transmittance is
observed to increase with higher AT. The decrease of E,
(Fig. 6) with higher AT above 300°C, can be related due
to the structural, bonding and doping modification in the
a-C:N films as has been confirmed by Raman and FTIR
analyses, and also by electrical measurements that will be
discussed in the next section.
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Figure 7 The optical absorption coefficient () plotted as a function of

photon energy (eV): (a) for as-grown (25°C) a-C:N film, and (b) to (j) for
a-C:N films annealed at various temperatures. (Substrate: Quartz).

The « of a-C:N films is found to be similar to those
of other forms of sputtered [35] and ablated [36] a-C
films. A broad optical edge is observed (Fig. 7) due to
the presence of localized states in mobility gap. The «
increases slowly up to 300°C, and the increment is higher
for higher AT. A similar trend can clearly be seen in Fig. 5,
where (ahv)!/? is plotted against the photon energy. The
E, is almost constant up to 300°C and a sudden decrease
is observed for the films annealed at higher temperatures.
From 350 to 500°C, the gradient of the optical band gap is
0.022 eV/°C with a negative sign (Fig. 6). At 500°C, the
E is decreased to 0.9 eV. The optical absorption of the
films indicates changes in the bonding and band structure.
Upon heat treatment, the films become more graphitic
in nature [37, 38]. Plots of optical band gap (Fig. 5) and
optical absorption coefficient (Fig. 7) showed stable char-
acteristics up to 300°C, while rapid change is observed
thereafter. The change of optical properties above 300°C
is might be due to the fundamental changes in the bonding
and band structure of the carbon films. The details on the
bonding and structural changes upon anneal-treatment
are discussed elaborately in the next section through
in depth Raman scattering and FTIR spectroscopy
analyses.

Owing to its structural sensitivity, Raman spectroscopy
is widely used for the analysis of carbon and carbon
related materials [39, 40]. Raman scattering is used as
a powerful technique to understand the changes of mi-
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Figure 8 The Raman spectra of as-grown (25°C) a-C:N film, and a-C:N
films anneal-treated at various temperatures. (Substrate: Quartz).

crostructural of a-C films. Raman spectra (RS) provide a
wide range of structural and phase disorder information.
The C—C bonding configurations were deduced from the
Raman scattering spectra analysis. The analysis of such
spectra is usually made by analogy with graphite [41]. Ra-
man spectra show a main peak centered at approximately
1580 cm™! (known as G peak), which corresponds to
the only Raman-active mode in mono-crystalline graphite
(stretching vibration mode of the C—C double bond in the
plane of the hexagonal layers). While, at the low wave
number is related to the disorder-induced centered ap-
proximately at 1350 cm™' (known as D peak), which
appears in microcrystalline or defective graphite.

Figs 8 displays the evolution of the RS in the range
1000 to 1800 cm™! of as-grown and anneal-treated a-C:N
films. The RS are vertically displaced for clarity, but oth-
erwise displayed using the same scale. As can be seen
from the Fig. 8, the shape and position of the spectra
are almost unchanged up to 150°C, after which it grad-
ually grows splitter in to sub band with higher AT. The
G peak shifts to higher wave number and become nar-
rower with increase of AT higher than 300°C. Thus, the
Raman analyses showed that the structure of the films
remain almost unaltered upon incorporation of N up to
300°C [39, 40]. The experimental result has shown the
structural properties of the N-incorporated a-C:N films
altered at higher AT above 300°C. As for the other com-
ponent, it roughly keeps the same position and the same
width while its intensity increases. Within the graphite
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like model, this behavior would mean increased disorder
of the sp?-C atoms spatial arrangement. This is the reason
to assigned this wide band spectra to collective vibrations
of the continuously connected carbon ‘skeleton’ formed
by both the sp*-C and sp?-C atoms, analogous to those oc-
curring for tetra-coordinated amorphous semiconductors
[42]. The six-fold ring-breathing mode of A, symmetry,
which is forbidden in graphite but becomes active in the
presence of disorder, could also contribute to this band at
higher AT over 350°C [43].

The typical as-grown a-C:N films deposited at 25°C ex-
hibited a relatively symmetric broad band, which is almost
similar to those of diamond-like C (DLC) films [44, 45].
This indicated that the films had mainly a diamond-like
structure. The broadband shapes of these films suggest
that its structure is amorphous [44—49]. The strict selec-
tion rules for electronic transition set by the long-range
translational symmetry of the crystal lattice are relaxed
in amorphous state and therefore, more modes can con-
tribute to Raman scattering resulting in the broadened RS.
It has been postulated that a visible RS with a relatively
symmetrical G peak corresponds to high quality of DLC
film, i.e., with high sp?/sp? ratio. To improve observation
of the influence of AT on the detailed structure of the
anneal-treated films, the experimental data were best fit-
ted with the accuracy factor is about 0.95 by two peaks
considering 2 Gaussian line shapes into two Raman bands
of D and G peaks, and the linear background and the plot
of this kind of RS for the as-grown and anneal-treated a-
C:N films in the range of 1000 to 1800 cm~! are shown in
Fig. 9. From the results of deconvolution, the correlations
of the Raman D and G peaks, the Raman D and G peak
positions, the Raman FWHM and the intensity ratio of the
Raman Ip/lg as a function of AT are obtained from the
fitting and calculated as shown in Table L. It is clear from
Fig. 8, 9 and Table I that the broad band resulted from
the a-C:N film (grown at 25°C) gradually splitted into
two peaks (commonly known as D and G peaks) with the
increase of AT, may be due to the progressive crystalliza-
tion upon increase of AT. The RS shows a similar trend to
those observed by Dillon et al. [50] and Mominuzzaman
et al. [51] in their heat treatment experimental of C films.
This indicates that these films consisted of a disordered
graphite matrix with some sp*-hybridized C states [52].
The RS indicate that a-C:N films have a graphitic struc-
ture. The variation in the position and shape of these peaks
are due to the structural changes, formation of disorder,
polymer rings, micro-graphite, etc., and in all cases the
peaks between 1300-1400 cm~! and 1500-1600 cm™!
are taken as evidence for the presence of a DLC in the
films [53].

It is well known that these parameters are sensitive
to structural changes of sp?-hybridized C domains.
As can be seen from the Figs 8, 9 and Table I, our
experimental result shows that according to AT, Raman
D peak intensity increases and Raman D and G peak
positions shift to high wavenumber. The upward shifting
of the Raman G peak position together with the increase
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Figure 9 The Raman spectra of as-grown (25°C) a-C:N film, and a-C:N
films anneal-treated at various temperatures, and their images of deconvo-

lution of Raman D and G peaks using 2 peaks of Gaussian lines. (Substrate:
Quartz).

of Raman D peak intensity is exactly the same trend as
that observed from graphitization of CN films [54] and
C films [55]. Raman D and G peaks gradually increases
with AT up to 300°C and then rapidly shift afterwards,
which shows evidence of a formation of crystallites in
a-C:N films at higher AT [54]. This implies the a-C:N
films are dominated by sp? rather than sp® with higher
AT and which might cause the crystallites to have a
bigger size [54, 55]. This phenomenon may reflect to the
progress of graphitization of a-C:N films because Raman
D peak is assigned to sp?>-bonded C in which seems to
be aromatic in structure. An increasing in sp? bonding in

TABLE I The Raman fitting parameters of as-grown (25°C) a-C:N film,
and a-C:N films anneal-treated at various temperatures, deconvoluted using
2 peaks of Gaussian lines

Raman

parameter

annealing

tempera- D peak D peak G peak G peak

ture position FWHM position FWHM

0 em™)  em™)  em™)  (em™)  Ipllc
25 1286.85 256.81 1550.55 256.81 1.38

150 1288.64 200.28 1553.22 200.28 1.69

200 1336.04 209.93 1560.35 117.59 1.85

300 1350.11 214.34 1568.37 101.55 1.99

500 1354.18 228.83 1581.73 90.86 2.32




these films resulted in a Raman G peak shift to a higher
wave number and agree with the works of Freire Jr. et al.
[56], Mominuzzaman et al. [S1] and prawer et al. [57].

These films also followed the same trend with other
authors to some extent, that is we noted here as an in-
teresting observation that the shift of D peak is quite
different from the Raman spectra of a-C films reported
by several authors. Dillon et al. [50] observed an upward
shift of D peak as a function of AT up to 400°C, which
remained almost constant thereafter. Mominuzzaman et
al. [51] observed an upward shift of D peak as a function
of annealing temperature up to 400°C, which downshift
rapidly thereafter. Richer et al. [58] observed an upward
shift of D peak up to a certain value of the substrate bias
where after it shifts downward but much explanation was
not made for such behavior. However, as shown in Fig. 8,
9 and Table I, we have observed the shift of the G peak
from about 1550 to 1580 cm™!, indicates the formation
of disordered nano-crystalline graphite particles, upon in-
crease of AT. The upward shift of Raman G peak towards
higher frequency, implies that the a-C:N films are domi-
nated by sp? trihedral bonding rather than sp*-tetrahedral
bonding and the crystallites have a very small grain size
[53]. According to our observations, the upward shift of
D and G peaks in a-C:N films upon increase of AT is due
to the change of bond angle disorder up to 300°C, and up-
ward shift of D peak with rapidly upward shift of G peak
at above 300°C, is due to the change in bonding (sp*/sp?)
which in turn affects the structure of the a-C:N films.

The sp? structure acts as a conduction part of the amor-
phous network [54, 55], and the graphitic C formation
is due to the presence of the sp? structure [56]. The up-
ward shift of the Raman D and G peaks with increase
of AT indicate the presence of the bond angle disorder
[53]. The upward shift of the G peak from about 1550 to
1580 cm™!, indicates the formation of disordered nano-
crystalline graphite particles [51] upon increase of AT.
Such a shift of D and G peaks indicate that increased of AT
causes progressive graphitization in the N-incorporated
a-C:N films. This may suggest that the increase of AT
promotes the formation of sp?N- C or sp?> C-C bonding.
This may can be partly explained due to the increased of
collisional cooling of the ablation plume by the heavier N
molecules leading to a-C:N films with more graphitic na-
ture. Furthermore, the upshift of the Raman G peak may
indicates the presence of sp’-bonds, which is also been
confirmed through FTIR analyses.

Beeman et al. [59] has reported about the calculations of
density of state that the spectra around 1100 to 1300 cm ™!
(D peaks) contributed from the tetragonal structures shift
upward more as the sp? percentage increases. Upward
shifting of G peaks is also from the contributions of the
tetragonal (sp?) structure. Upward shifting of this peak
increases the broadening and integral density of D peaks
and therefore increases the intensity ratio Ip/Ig. Dillon et
al. [50] reported that upward shifting of the D and G peak
positions could be correlated to bond angle disorder and
bond length disorder. From these relations of RS, as the ST

increases, the amount of spz-bonding increases and/or the
disorder of the a-C:N films decreases. This phenomenon
reflects the progress of graphitization of the a-C:N films
because D peak is assigned to sp?>-bonded C, which seems
to be aromatic in structure. Therefore, the upward shift of
the Raman D and G peaks with increasing AT indicates the
reduction of bond angle disorder and growth of graphitic
domains by increase of AT.

Variations of the Raman FWHM of D and G peaks and
Raman /Ip/lg also showed the growth in number and/or
size of graphitic domains of a-C:N films. The Raman
FWHM of G peak is related to the bond angle disorder
at sp sites in the C system [50]. The gradual narrowing
of the G peak indicates the development of long-range
order in the a-C:N films or disordering of the graphitic
structure. It is clear that the Raman FWHM of D and G
peaks decreases significantly upon increase of AT, which
indicate the increases of the crystallinity [60]. As can be
seen from Figs 8 and 9, it was obvious that the increase
in AT reduced the Raman FWHM of D and G peaks.
The narrowing of G peak with the increase in ST sug-
gested the increase in graphitization in the C-C phase of
the deposited films, which was similar to that in DLC
films [50, 51, 56, 57, 61]. The position of the Raman
D and G peaks shift to a higher frequency and the de-
crease of Raman FWHM of D and G peaks showed that
the N incorporated in a-C:N films with increasing the
AT favor the formation of sp? units according to Raman
data.

Beeman et al. [59] also has reported about the upward
shifting of D peak increases the broadening and integral
density of D peaks and therefore increases the intensity
ratio of Raman Ip/lg. As can be seen from Fig. 9 and
Table I, the Raman Ip/Ig ratio of as-grown a-C:N film
(1.38) gradually increases to 1.85 with increasing of AT
at 200°C and increases up to 1.99 at 300°C, which re-
flected the fact that the degree of disorder increased in the
films. Raman I/l increases rapidly with further increase
in AT over 300°C up to 2.32 at 500°C. The Raman Ip/Ig
reflects the number and/or size of graphitic domains for
a-C materials [50, 62, 63]. Several authors reported about
the relationship between Raman /p/Ig and structure of a-
C. They reported the Ip/Ig varies inversely with the size of
sp?C crystallites [64] and the increase of Raman Ip/Ig was
caused by the increase in the dimensions of graphite crys-
tallites (sp® cluster size) [50] in C films. Because D peak
represents a more disordered structure with very small
sp? domains [49] and a higher amount of sp*-hybridized
C [65] whereas the G band is assigned indicative of large
graphite-like sp> domains, this rapid increase of the I'p/Ig
ratio indicates that the C matrix changes from a more
graphite-like to a predominantly disordered network-like
structure with further increase of AT above 300°C. The
high Raman Ip/I ratio may be indicative of a high degree
of structural disorder.

Here, we assigned the increase of Raman Ip/lg with
increasing of AT indicates that the growth of graphitic do-
mains, i.e. graphitization by increase of AT. These micro-
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structural modifications may account for the decrease in
the average coordination number and the reduction in the
internal stress of these films. This is may be due to the fact
that high AT can promote the migration and rearrangement
of particles by thermal energy during anneal-treated of
a-C:N films. Raman scattering analyses have revealed the
amorphous nature of C and growth of nano-crystallinity
upon increase of AT. The intensity of D peak increases
with increasing ST over 300°C, which implies that the
films anneal-annealed at higher AT (over 300°C) contain
relatively lower sp?-bonded DLC. The Raman I/l of the
as-grown a-C:N films at 25°C is lower than that of a-C:N
films at 500°C. The high relative intensity ratio of Raman
Ip/Ig can be correlated with the smaller band gap (Fig. 6)
in DLC [56]. The relative intensity ratio of Raman Ip/lg
can be used as a parameter for sp® content, a smaller Ra-
man Ip/Ig ratio corresponding to higher sp* content [66].
We found, the smaller Raman I/l and the larger band
gap at 25°C revealed more diamond-like nature and hence
more sp>-bonded structure, which decreases at higher AT.

We found the increased of Raman D and G peak and the
Raman I/Ig, and the decreased of Raman FWHM with
the increased of AT, which may indicate that N incorpo-
rated a-C:N films caused an increase in the number and/or
size of graphitic domains with higher AT. Simultaneously,
transformation of C atoms from sp*-hybridization to sp*-
hybridization takes place. These results support the the-
oretical model of Beeman et al. [67] where they have
predicted downshift of G peak with increase of sp> frac-
tion. In general, the electrical properties are determined
by the ratio of sp*/sp?>-hybridized C in a-C. Therefore
C film with large sp® fraction will exhibit a high elec-
trical resistivity similar to diamond. Hauser et al. [68]
suggested that DLC film contains a mixture of diamond
(sp>-C bond) and graphite (sp?>-C bond) bonds, and the
latter acts as a localized conduction state. Therefore, the
electrical resistivity of a-C film is determined by the ratio
of sp*/sp?-hybridized C.

The electrical resistivity (o) was measured at room tem-
perature (RT) by a 4-point probe resistance measurement
method, the usual way for high resistance measurement.
The p values for each film were the average of measure-
ments made at different positions on the film surface.
Fig. 10 shows the p values of as-grown a-C:N film mea-
sured to be around 7.5 x 10° (2—°") gradually decreases
with higher AT to 6.1 x 10° (2—°™) at 100°C. As AT in-
creases, the p decreases up to 3.5 x 10° (2—°") at 200°C.
At higher AT, as can be seen in Figs 6 and Fig. 10, both
of the E, andpare gradually decreases up to 2.3 eV and
2.3 x 10° (2—°™) at 300°C, respectively. The variation
of the optical and electrical properties can be related to
interstitial doping of N in a-C films through modifications
of C-N bonding configurations by rearranging of N atoms
upon increase of AT. However with further increase of
AT above 300°C, both E, and p are drastically decreases
upto 0.9 eV and 1.5x% 105 (22— at 500°C, respectively.
This is probably due to the graphitization of the a-C:N
films. Perhaps the doping of N accompanied by increase
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of AT above 300°C increases crystallinity and subsitu-
tional doping of N thereby sharply decreases resistivity.
These phenomena also supported by the Raman and FTIR
spectroscopy measurements.

The bonding states of carbon (C), nitrogen (N) and
hydrogen (H) atoms can be characterized by FTIR mea-
surements. The FTIR spectra of a-C:N films has been re-
ported by several authors. It has been reported that, Band
1 at around 700 cm™! is due to the out-of-plane bend-
ing mode for the graphite-like domain [69]. The peak at
around in range 1000-1360 cm~! (Band 2) can be as-
signed to C—N and C=N bonds and the broad band ex-
tending in range 2800-3000 cm™! (Band 3) corresponds
to different C-H configurations [70, 71]. Broad absorption
band 2 indicates that the films structure is predominantly
amorphous with sp?-C vibration modes, and is related to
Raman active D modes [72]. The contributions around
1350 and 1550 cm™~! were initiated from disordered (D
band) represents disordered sp?-C with an amount of sp>-
C and graphite-like (G band) represents sp>-C bonds in
the a-C:N films, respectively [73]. Another contribution
at around 1145-1265 cm™!, was due to symmetric tetra-
hedral CN bond [74, 75]. According to Kaufman et al.
[76], these Raman active D and G modes become IR ac-
tive due to the incorporation of N atoms into C network
that results in the symmetry breaking of the C network.
Band 4 at 1100-1400 cm ™!, band 5 at 1500—1700 cm™!
and band 6 at around 2200 cm™' are due to C—N, C=C
and/or C=N and C—N stretching vibration modes, re-
spectively [77, 78]. The FTIR absorption for C-H stretch-
ing vibrations on sp-C is found in the 2950-3060 cm™!
range, while for sp3-C in the range 2850-2945 cm™~! range
[79] and the peaks around 2926 and 2956 cm™' are the
most prominent, assigned to —CH,sp? asymmetric and —
CH,sp? olefinic bonds respectively, and the peaks around
2855 cm™! indicate the formation of sp* bonding [80].
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Fig. 11 shows the FTIR transmittance spectra measured
in the wave number in range from 600 to 2000 cm ™! for as-
grown and anneal-treated a-C:N films. FTIR spectra show
for a-C:N films, contributions around 1350 and 1550 cm™!
were initiated from disordered (D band) and graphite like
(G band) attributed to CN bonds [81]. Another contri-
bution, around 1212-1265 cm™!, was due to symmetric
tetrahedral CN bond [82]. The broad band 1 to band 6 are
appeared in all of the sample as-grown and anneal-treated
a-C:N films. The absorption peak at around 2350 cm ™!,
which is also observed in as-grown and anneal-treated
a-C:N films, can be attributed to the CO, stretching mode
arising from oxygen contamination at the film surface
[83]. FTIR spectra indicated that as AT increased higher
than 300°C, the intensity of the band 2 and the three
characteristic peaks of DLC peaks (not shown) in
the region 2800-3000 cm~' peaks (Band 3) become
more and more prominent suggests the formation of
crystalline structure in the films [84]. The absence of
clear appearance of peaks in the as-grown and a-C:N
films up to 300°C suggests the amorphous nature of the
films. The different of intensity of band 2 may indicates
there is a different modification of the binding geometry,
that is likely to induced by the increase of internal film
stress arising from the increase of the trigonal bond
density due to increase of AT. FTIR shows the crystalline
structure of the films increases with the increases of AT
over 300°C. This is evident that the composition of the
films can be tuned by optimizing the AT.

The D band (1350 cm™") and G band (1550 cm™") are
gradually increased with higher AT. Above 300°C, the D
band seems to be gradually suppressed. This indicates no
modification of the binding geometry at lower AT up to
300°C and a modification of the binding geometry with
the transformation of the sp> C—N bonds into sp> C—N
binding state as AT increased up to 500°C. As can be seen
from Fig. 9, the single broad band of anneal-treated a-C:N
films, centered at around 1350 cm™! has gradually sup-
pressed and shifted to a higher wave number and reached
to about 1412 cm~! at 500°C. This red shift indicates
there is a modification of the binding geometry, that is
likely to induced by the increase of internal film stress
arising from the increase of the trigonal bond density due
to increase of AT. In our spectra, bands 1,2, 3,4 (sp3C—N
tetrahedral), band 5 (sp>C—N trihedral) and band 6 of as-
grown and anneal-treated a-C:N films are weak and as
AT increases, starting from around 300°C the intensity
of broad absorption band 2 has gradually increased. This
indicates the component modification of the C—N, C=N,
C =C and C=N bonds increases with higher AT above
300°C, which is also confirmed by the optical and Raman
analyses. The FTIR spectra thus indicated the transfor-
mation to the graphite-like sp> C—N bonds and crystalline
structure of the a-C:N films increases with the increase of
AT above 300°C.

These characteristics resemble the properties of a-C:H
films previously studied by others [16-20] and therefore,
indicate the presence of hydrogen in our as-deposited
a-C:N films. The possible explanation for the presence
of hydrogen in our a-C:N films, can be derived from
the structural properties of precursor materials, camphor
(C10H160) (Fig. 2) that was dissolved with ethyl alcohol
(C,HsOH) composition as source gases, which differs
from other precursor material in the sense that has a large
amount of hydrogen in its structure. Also, it is reported
that at higher temperature above 400°C, the hydrogen in
the film effuses and hydrogen bonded sp* carbon converts
to C=C-carbon sp? carbon [37] which in turn affects var-
ious optoelectrical properties of carbon films, as can be
seen in our a-C:N films at higher anneal temperature above
300°C. Based on these observations, we suggest that pre-
cursors similar to camphor, in the sense that they contain
both sp?-and sp-bonded carbon in their structure, may
be better and suited candidates as starting materials for
semiconducting carbon for electronic applications. Also,
camphor has the additional advantage that it can be used
as a precursor in both physical [4-11] and chemical vapor
deposition such as SWMP-CVD.

4. Conclusions

The hydrogenated amorphous carbon (a-C:N) films have
been grown by surface wave microwave plasma chemical
vapor deposition (SWMP-CVD) method and the effects of
AT in range from 25 to 500°C has been investigated. The
thickness, optical, structural and bonding properties of the
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as-grown and anneal-treated a-C:N films were measured
and compared. The film thickness is decreased rapidly
with increasing AT above 300°C. The optical band gap of
the as-grown a-C:N films was found to be approximately
2.8 eV, remained almost constant until 300°C, and beyond
that it decreased monotonically up to 0.9 eV at 500°C.
Raman scattering analyses revealed the amorphous struc-
ture of a-C:N films deposited at 25°C and, the growth of
nanocrystallinity of a-C:N films upon increase of AT. We
found that, both the sp? and sp>-hybridized C atoms can be
bound to the N atoms in the a-C:N films. The FTIR spec-
troscopy measurements also have shown that the structural
and composition of the films can be tuned by optimizing
the AT. The change of optical, bonding, structural and
electrical properties of SWMP-CVD grown a-C:N films
with higher AT was attributed due to the fundamental
changes in the bonding and band structure of the films.
The result shows it is possible to control optical band
gap of SWMP-CVD grown a-C:N films by the annealing
process for getting suitable optical band gap of solar cell
application.
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