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Infrared spectra of carbon nitride films
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Abstract

The assignment of the vibrational modes in amorphous carbon nit@®® films is discussed by considering CN films
deposited using a variety of methods. The infraté®) spectra of CN show three main absorption bands. In hydrogenated CN
samples, CH and NH groups give rise to stretching vibrations at 3000 and 340D cm , respectively. A weaker sharp band is
observed approximately 2200 cth  due to CN~sp bonds. Finally, there is a broad band between 1000 and~2000 cm . It is
usually stated that the effect of nitrogen into carbon films is to break the symmetry of2he sp carbon bonds making the Raman
‘G’ (graphitio and ‘D’ (disorded) modes IR active, so the broad band between 1000 and 2000 cm is similar in both IR and
Raman spectra. However, it is shown that nitrogen is not necessary to have significant IR activity in the 1000—2000 cm  region.
Also, Raman spectroscopy in carbon is always a resonant process, so that the spectra depend on the excitation energy. Therefo
the similarity of the visible Raman and IR spectra of some CNs is generally a coincidence. We show that the IR broad band in
the 1000-2000 cm* region is an electronic effect and is not due to activation of IR forbidden modes due to symmetry breaking.
This explains the IR spectra not only of CN films but also of N-free amorphous carbon films and is related to the presence of
the system of delocalized bonds with increasing conjugation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the strong C—N and €N groups, both in chains and
heterocyclic rings, to terminating nitrile CN groupd.
Many studies on CN have been devoted to identify
the bonding configurations. One of the most popular
techniques is X-ray photoelectron spectroscOpPS).
However, the interpretation of the results is still contro-
versial [8-1(. Electron energy loss spectroscopy
h (EELS) has shown that the addition of nitrogen into the
from a scientific and technological point of view. For carbon network increases the’sp fraction, however, only

; ; - limited work has been devoted to study CN bonding or
technology, because many interesting applications are . :
emerging, such as gas sensdf or infrared (IR) the N bonding stategl1-14. Another useful technique,

detectors[6], and scientifically since the interpretation a,l\,tgffg Snot ;XNeélSsilyTsccessibI”e Is )I(-r_ay gbsorpﬂon
of the experimental results probing the bonding config- ( or ). The overail reso ution IS muc
urations is still under debate. better than for EELS, so the fine structure in the

Carbon and nitrogen are exceptional elements: theyIoeaks of both the C and N edges can be studied.
are both able to bond in three different hybridisation Recently the correlation between XPS and NEXAFS,

states. Heteronuclear bonds, in particular, change from"@S been object of interesting studig—1. In our
opinion there is a need for a comparison between a-C:N
*Corresponding author. Tel.+52-55-56-22-47-34; fax:+52-55- f”ms_ and V\,/e”'kno,wn mOIec_UIeS to obtain a greater
56-16-12-51. confidence in the interpretation of the current results.
E-mail address: saro36@yahoo.com.m(8.E. Rodi). On the other hand, IR and Raman spectroscopy are

The motivation for studying carbon-nitrid€N) com-
pounds has been the search for the super-fhard3-
CsN,, which so far has resulted just a hypothetical phase
since no experimental result has demonstrated definitely
the existence of such a pha§2-4. However, amor-
phous CN compounds are of great importance, bot
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widely available, rapid and non-destructive probes that between 60 and 100 eV, sufficiently high to allow
have been extensively used in the literature. An early subplantation but not too high to cause significant
interpretation of the main features in the IR spectra was chemical sputtering12,25.

given by Kaufman et al[19]. Many subsequent papers

have used this idea to explain their results, without the 2. 3. DC spurtering system

necessary critical analysis of their original proposal. The

aim of this paper is to propose an alternative and |, contrast to the previous deposition methods, the
consistent model able to explain the origin of the IR g, ttering system operates at relative higher pressures
intensity in a-C:N. This contrasts with the ideas of Ref. (~4 Pa. The a-C:N films were deposited by sputtering
[19], which were recently challenged by us and other 5 graphite cathode in argon—nitrogen atmosphere. By
authors[_20—23. setting the percentage of nitrogen gas in the mixture to
We will show how all the measured IR spectra of any ( 550, 75 and 100% the nitrogen content of the films

a-C:N films can be classified in only 4 different groups. cqid pe changed. The other deposition parameters were
We produced samples for each one of the groups. Thesekept fixed.

samples have been fully characterized in terms of their
IR and resonant Raman spectra. .
2.4. Characterization

2. Experimental )
The IR spectra were measured in the 400-4000

Hydrogenated and hydrogen free samples were pro-CM  range. An average of 200 scans were taken per
duced using different deposition methods. If no N is sample whilst purging the spectrometer with nitrogen to

introduced, two of the deposition techniques we used, 'educe the signal from water vapor and £O . Unpolari-

normally produce highly tetrahedral carbon films. The 2€d Raman spectra were recorded ex situ at room
filtered cathodic vacuum ar6FCVA) gives tetrahedral ~ t€mperature in backscattering geometry using a variety
amorphous carbor(ta-C) and the electron cyclotron of Ren_lshaw Raman spectrometers adapted to work with
wave resonancECWR) produces the hydrogenated excitation wavelengths_ varying from 244 to 785 nm.
counterpart, ta-C:H. The other method we adopted, aC@re was taken to avoid sample damage. ,

DC sputtering system, is more suitable for the production  1he N/C ratios were obtained by EELS using a
of sp? bonded amorphous carbon. In all cases the Vacuum generator HB501 scanning transmission elec-

samples were deposited at room temperature on hightron microscope with a dedicated parallel EELS spec-
resistive silicon substrates. trometer. The Samples for EELS were 30—50 nm thick

and deposited on silicon substrates. To remove the films
2.1. Plasma deposited a-C:N:H from the substrates, the samples were immersed in a
solution of HF:HNQ :H O which etches the silicon

The a-C:N:H films were deposited by decomposition substrate but does not affect the film. Once the silicon
of two different gas mixtures of ) C,H, and N,/CH . has been etched away, the films floated to the surface
The films obtained from B/ C,H, were deposited ation ~2and the film was transfer to a 200-mesh microscopy
energy of 80 eV. For the NCH, samples the ion energy grid. For some of the hydrogenated samples, elastic
was decreased to 40 eV to minimize chemical sputteringrecon detection analysis and Rutherford backscattering

of the carbon film by the impinging N ions. The pressure Were used to determine the hydrogen content. These
prior to deposition was always less thax 50~ * Pa, films have been extenswely_charactenzed and other
and during deposition remained belowx302 Pa.  'elevant results can be found in Rdf2,22-23.

However, small variations occurred as the nitrogen to

hydrocarbon gas ratio was varied from 0 to 7, when 3. IR spectra classification

using N,/C,H,, and from 0 to 15, when using )XCH .

Methane was used in instead of acetylene to produce a- We propose to classify the IR spectra of CNs, accord-

C:N:H samples with a higher H%24]. ing to four characteristics ‘shapes’, as shown in Fig. 1.
The IR spectra of a-C:N:H samples can be divided into
2.2. Dual ion beam a-C:N two different groups. The first one, ta-C:N:H, includes

all the hydrogenated samples deposited with ion bom-
Hydrogen free samples were obtained by a dual ion bardment, i.e. those deposited on the cathode of a
beam approach, where an ECWR source provided aPECVD system subject to a substrate biaé—24, or
beam of N ions and the carbon ions were produced inta-C:H:N samples deposited with an ECWR from a gas
a FCVA system. The pressure was maintained below mixture of acetylene and nitrogef29]. The second
5X10°? Pa during deposition to maximize the ion group, a-C:N:H, consists of hydrogenated samples with
current density of both beams. The N ion energy was higher H content>30 at.%9, deposited at lower ener-



124 S.E. Rodil et al. / Thin Solid Films 420—421 (2002) 122-131

samples after exposure to air can be used to differentiate
between water absorptidd1] and contamination. How-
ever, the shape of the OH stretching bdbdoader and
extended to smaller wave numbgrnd the density of
the films can also help to distinguish between the two
phenomena. A low-density is a requisite for the forma-
tion of hydrogen bonding, since it is a long directional
bond that needs sufficient space to be accommodated
[46]. From hereon, this fourth type of samples will be
referred as low-density, high-porosity a-C:N. The films
are typically soft, easily scratched and present a rough
surface characteristic of columnar growth. A relatively
high nitrogen content can be achieved in these samples,
~40 at.% and their Raman spectra are characterized by
a high photoluminescence background. Their IR spectra

a-CN ] look similar to the ones of hydrogenated CN films, even
Low-density k if H was not directly incorporated.
, . These four IR shapes and the structural properties

500 10|00 1500 2000 2500 3000 3500 4000 given later can be used to characterize and distinguish
between different a-C:N and a-C:N:H films.

The IR spectra in Fig. 1 are divided in three different
Fig. 1. Four characteristic ‘shapes’ of the IR absorption of amorphous spectral regions |, Il and Ill, broadly corresponding to
CN. 2900-3600 cm* , 2000-2500 cth  and 1000-2000
cm™t,

Band | arises from NH antbr OH stretching vibra-
tions. Band Il is due to €N, N=C and/or -N=C=N-
groups. There is no question about these assignments,
confirmed also by*® N and D substitutiori49,20,45.

T T T T T T T M T T T
Band 111  Band II Band I

Absorbance (A.U.)

ta-CN

.

Wavenumber (cm”)

gies [30,3] such as those we deposited from a gas
mixture of methane and nitrogen. The third type corre-

sponds to CN samples prepared by PVD techniquesype origin of band Il is the subject of this paper.

with ion bombardment, which do not directly introduce 4 approach was to assume that the band Il was a
H,_and therefore produce hydrogen-free CN samples. .o ojution of C—N (1100-1300 cm?) and G=N
This group m_cludes all FCVAt)a-C:N samples; a-C:N bonds (1500—1600 cm?) [47]. Had this been true, it
deposited using unbalanced magnetron SpUttering sysy,q 4 have greatly facilitated the identification of the

tems or dual ion beam$32-3€, or any other PVD predominant bonding in the filmgt8]. However, if this

system that promotes ion bombardment. Finally, the yere the case, isotop® N substitution should create a
fourth type is a peculiar group of CN samples which, gpitt in the position of band Ill. Kaufman et aj19]

independent of the deposition process, have the IRghowed that there was no shift. Therefore, Band Ili
spectra in the 3000-3300 crh  region dominated by cannot be directly related to molecular-like CN bonds
hydrogen related bands, even though H was not neces{19 20,43. This simple observation invalidates the many
sarily present during the depositi¢87—41. These four  cjaims of deposition of CN films with a high fraction
types cover all of the different shapes of IR spectra seengf cN single bonds, based on IR analysis using the
in literature, with very few exceptiong!2,43. In these assumptions of Friedricf47], such as in Ref§49,50.
exceptions a strong band at 1100 tin  is sometimes Another common idea is that pure carbon films are
found and assigned to C-N single bonds. However, this transparent at the IR frequencies, showing no absorption
could equally be due to silicon inclusion as shown in pands[19]. Therefore, the appearance of a strong IR
Ref. [44]. absorption in the CN films was thought to be necessarily
The fourth type deserves special attention, since it a consequence of the introduction of nitrogen into the
has been shown that, for some CN films, water is easily carbon network[19]. Thus, band Ill should be due to
absorbed from the environmeifd5]. Water is mainly ~ Raman CC vibrations activated in the IR by the N
incorporated through the formation of hydrogen bonds inclusion, since N would break the symmetry of the
either between H and ON-H...O) or between H and  aromatic rings[19]. These ideas are widely accepted
N (O-H...N) producing a broad IR signal, which can and many explain band Ill as due to the activation of
extend from 2000 to 3600 cnt . Obviously, poor the D and G Raman modes in the IR.
vacuum conditions during deposition can also lead to However, some simple arguments can be put forth to
moisture contamination and then clear NH or OH bonds show that this commonly accepted interpretation is
are formed. The evolution of the IR spectra of the CN incorrect:
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Fig. 2. IR absorption of pure carbon films, no nitrogen added. The
intensity has been normalized to take into account the film thickness.

1. Pure carbon films in fact show a non-negligible, and

sometimes very intense, IR absorption band in the

same region lll, Fig. 2. Therefore, there is no require-
ment for nitrogen to induce the IR activity.

. Visible Raman and IR spectra of CN films can
sometimes be similar in shape only for hydrogenated
CN films or for the low-density CN films, but not
for ta-C:N or high-density a-C:N films, as clearly
shown in Fig. 3 and Refl20].

. Even if sometimes the spectral shapes can look
similar, the fitted trends of the G and D peaks in
Raman and IR spectra are often different and some-
times even oppositEs1].

of carbon films are always resonant at any excitation
energy[52—-54, and their shape change with energy.
So any similarity between the Raman spectra at some
excitation energy(such as visible Ramarand the IR
spectra is a-priori merely a coincidence.

In the following sections we will first analyze the IR
spectra of the various N-free amorphous carbons in the
sub 2000 cm?* region. Then, we propose a new expla-
nation for the IR activity in this spectral region. Next,
we present the dispersion of the Raman features for
different CN films. And, finally consider the effect of
nitrogen introduction on the IR spectra showing that the
same principles used to explain the IR activity in N-free
samples can be used to explain the spectra in CN films.

4. IR spectra of nitrogen-free carbon films

Most of the work on carbon films has focused on the
heteroatom vibrations in the IR spectra, i.e., the CH
vibrations [55,56. Skeletal CC vibrations are often
neglected. However, the IR spectrum of evaporated

. Finally, the strongest argument is that Raman spectralntensity of the band corresp

125

(sp?) a-C was measured by Knoll and Geidéir], who
found peaks at~700, 1300 and 1500 cnt For
diamond-like carbons, Theye et 4b8] investigated in
detail the sub 2000 cmt region for polymeric and
diamond-like a-C:H. They studied the effect of deuteri-
um substitution and annealing up to 600. With the
deuterium substitution, they observed two broad bands
(1350-1400 cm® and 1550-1580 ch clearly due

to skeletal CC vibrations, since all the CH bending
modes were shifted away from that region. On the other
part, it is well known that annealing a-C:H films above
600 °C removes H, increases the?sp fraction andithe
delocalization. Theye’'s works8] shows that there was
also an increase in the IR intensity approximately 1350
cm™1, resulting in a spectrum very similar to the H-free
carbon films[57], more recently reported by Bonelli et
al. [59] and Rodil et al.[24]. Fig. 2 compares the
normalized IR spectra of a ta-C samfl20% sp), a
~50% s a-C sample and a sputtered a-C saifg§0éo
sp?). The intensity is in arbitrary units, however the
absorption in the low sp films is comparable to that
observed in some CN films of similar thickness. It can
be seen that only the highest®sp % ta-C has negligible
IR absorption. However, for lower 3p contents a clear
IR absorption is detected, increasing for decreasirfg sp
fraction. Fig. 2 and Theye’s resul{§8] suggests that
the IR absorption in the 1000—-2000 ch  region is
only due to the CC sp phase and it is responsible for
the variation in the observed spectra. Neglecting the
sp® phase, the €p phase can be regarded as a mixture
of chains and rings of different size, order and relative
proportion. We can thus adopt a molecular approach to
simply describe the IR activity of the $p phase. The IR
onding to the normal mode

ta-C:H:N ta-C:N

Raman

Pl "
600 900 1200 1500 1800 2100

600 900 1200 1500 1800 2100

Wavenumber (cm’') Wavenumber (¢cm’')

Fig. 3. Comparison between the IR and Raman spectra of hydrogen-
ated and non-hydrogenated CN films.
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O, is related to the IR effective charge®. ¢* is given increasing conjugation. Indeed, in ta-C the residudl sp
by change in the dipole-momept during the vibration ~ phase has very localized bonds [63], thus the IR
[60-64. activity is negligible, as seen in Fig. 2. Indeed, the main
) effect is passing from a localizefl-system to a longer,
Ta(e¥)?= I 1) delocalized one. The higher fraction of the?sp phase
90; with higher electron delocalization allows higher charge
fluxes and thus higher IR activity.
The dipole-moment can be written as:
=Y qul (2) 5. Resonant Raman spectra of amorphous CNs

In this section we will present the resonant Raman
scattering from our CN films. It will be clear how peak
positions and intensities change with excitation energy.

P P P This only is sufficient to indicate that the apparent
S R M o
et = 20, _Z[GQ,W“'%@Q] 3 S|m!lar!ty between a Raman spectrum_taken_ at some
o« ' ' excitation energy and an IR spectrum, in particular the

For H and N free samples we can assume=0 at presence of two main peaks, is a priori purely accidental.
the equilibrium position as for any homopolar solid, = Raman scattering from carbon is always a resonant
then the second term in ER) is 0. However, the first ~ process. The configurations that are preferentially excit-
term can be non-zero. It is called the dynamic charge in €d are those whose band gap matches the excitation
solid state or the charge flux in the chemical literature energy used. Any mixture of 3p , 3p and'sp carbon

where the chargg, on atoma may change during the
vibration. We therefore have:

[60-64. atoms always has a gap between 0 and 5.5 eV, and this
energy range matches that of IR—vis—UV Raman sys-

o = I %r (4) tems[54]. The Raman spectra of all carbon films show
90 ~ 00, ° several common features: the so-called G and D peaks,

The main contribution to IR intensity will therefore Which lie at approximately 1560 and 1360 ci  for

be the dynamic charge or charge fluxég,/00,. The visible excitation, and the T peak, seen for UV excita-
charge fiux accompanying a normal modg can be tion, at approximately 1060 cnt . The G and D peaks

expressed af50—64: are dug to sp sites.only. The G peak_ is due to the bond
stretching of all pairs of p atoms in both rings and
| > chains[64]. The D peak is due to the breathing modes
aQI of sp? atoms in rings. The T peak is due to the C-C
e*=3" (5) sp® vibrations but is only seen using UV excitation.
e Most of the previous literature, in the quest foy G N,
WhereaH/aQi is the electron phonon coupling term, was pressed by the need of finding identifiable signa-
is the ground state and e the excited state. tures for C—N bondq65] or N=N bonds[66] in the

In a crystalline homopolar solid with two or less Raman and FTIR spectra. This biased approach was the
atoms per unit cellg* is 0 by symmetry, because the main cause for errors and unsound conclusions. Indeed,
contribution from each bond about any atom add up to the Raman spectra of CN films resembles that of pure
0. In a homopolar random network, a crystal with three carbon films and® N substitution suggests no direct
or more atoms per cell, or molecule* can be non- detectable contributions from CN nor NN bonds in the
zero. Eq.(5) shows thate* varies inversely with the ~ 1000-2000 cm?® spectral regid23]. To interpret the
average band gap. In highly 3p bonded carbon films, resonant Raman spectra of CN films we thus adopt the
the ¢ bonds have a much wider band gap, so they aresame approach used for single wavelength excitation
less polarisable, and their IR activity is much less. [22], i.e. analyzing the trends in the G and D positions
Furthermore¢* and the IR absorption is much larger in  in the same way as for N-free sample2].
sp? a-C than ta-C for two reasons. Thestates have a The Raman spectra and their dispersion are character-
smaller energy gapt,—E, than the o bonds, and istic of each type of carbon, while their single wave-
secondly the conjugated bonding of sp sites means length Raman spectrum may be indistinguishable
that there can be long-range charge flow over a number[54,64. The G (or D) dispersion, i.e. the slope of the

of bonds, so that* increases with delocalizatiof60— wavelength dependence of the peak frequdidy, is a
62]. Both these effects give a much larger dynamic good indicator of the degree of disorder.
charge form states. Figs. 4 and 5 show the multi-wavelengtMW)

We therefore propose that the main reason for the Raman spectra of an a-C:N sample and a ta-C:N:H
increase in the IR activity in higher $p samples is the sample, respectively. The spectra change with the inci-
presence of the system of delocalized bonds with dent laser wavelength. To obtain the positions and
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ta-C:N (33% sp’, 33% N) ta-C:H:N (26% H 29% N )

Intensity (A.U.)
Intensity (A.U.)

1
Y, 244 nm g
L A it sy |

1500 2000 2500

Raman Shift (cm ™)

. ! N X 5.
1000 1500 2000 2500
Raman Shift (cm™)

Fig. 4. Raman spectra of a ta-C:N sample measured at different exci- Fi9- 5 MW Raman spectra for hydrogenated CN films. Note that
tation wavelengths. Notice how the ‘shape’ of the spectra changes 9ain CN—sp bonds are clearly detected at UV—excitation.
with the laser wavelength. CN-5p bonds are remarkably enhanced

for UV—Raman. sputtered samples deposited at substrate temperatures
above 200°C [34]. Unfortunately, there is no informa-
intensities of the G and D peaks, we fitted the spectration on the sp content of this kind of samples, but the
using a combination of a Breit—Wigner—Fano and a apparent increase of hardness and other mechanical
Lorentzian for the G and D peaks. Fig. 6 shows the properties with nitrogen addition suggests a small
variation of the G peak position as a function of the increase in the $p conterd68]. We will not further
excitation wavelength. The G band downshifts with discuss this type of films since here we concentrate on
decreasing exciting wavelength. The slope of the linearly room temperature prepared CN films.
fit of Fig. 6 gives the G dispersiofcm™'/nm) and is The effect of the nitrogen content on the IR spectra
proportional to the degree of disordis4]. A complete  and the optical gap can be seen in Figs. 8 and 9. These
analysis of the MW Raman data is reported elsewherefigures show the integrated IR activity in the 1000—
[23]. In this paper we mainly wish to show that Raman 1800 cnt! region as a function of N and?sp content.
scattering in CN films is a resonant phenomenon and
therefore the shape of the spectra depends on the

exciting energy. Thus the similarity between IR and 1600 .' e tz;-C:IH:I\}(Zlé%'HZ;% N
visible Raman spectra of CNs is not enough argument 1595 - (a-C:N (33% sp’. 33 % N)
to prove that the vibrations observed in the IR spectra - -
have the same origin than the D and G Raman bands ~ 390 0 ]
of amorphous carbon films. E 1585 © .
& 1580 o .
6. Effect of nitrogen inclusion into carbon films E 1575 | ]
[ L J
4
In this section a review of the experimental results 5 '57°[ ]
on the effects of nitrogen inclusion into the different © 1565 .
carbon networks is presented. The starting N-free film 1560 L ]
can be anywhere in the ternary phase diagram for carbon - . . . . . . 1
films, Flg 1 on Ref[67]. In general, in hlgh §p carbon 1555200 250 300 350 400 450 500 550
films, the effect of N is to reduce the number of carbon Excitation Wavelength (nm)

atoms with tetrahedral bonding. This result is general

and applies to hydrogenated and non-hydrogenatedrig. 6. Dispersion of G peak vs excitation wavelength for a represen-
films, as seen in Fig. 7. This trend is different for tative sample of ta-C:N and ta-C:H:N.
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Fig. 7. Variation of the C—-C $p fraction as measured by EELS. Neg-

ative values in the Sp fraction are indicative of a significant fraction Fig. 9. Tauc optical gapéright: y-axis) and IR integrated area from
of sp* bonds. These are usually neglected in the standard®C—sp cal-900 to 1800 cm?! vs. nitrogen contefiiottom: x-axis) and vs. CC-
culations because carbon films hardly content any CE—sp bonds. sp? % (top: x-axis). Corresponding to the series of hydrogenated sam-
However, IR and Raman spectra of CN films clearly show the pres- ples deposited by a mixture of,C,/N,. The line is only a guide for
ence of CN—sp bonds. the eyes.

Previous to the integration the IR spectra were normal- .
g P gap the IR spectra in the general classes of amorphous

ized to the thickness of each sample, so that the CNs and Figs. 8 and 9 are sufficient to Subbort our
integrated area is a true estimation of the IR absorption. " gs. PP

In general, there is an increment in the integrated area"®Ws:
of band IIl as both nitrogen content and?sp fraction
increase, whilst the optical gap decreases.

. . . . ) 0.8 L T T T T T T T T T T T T T
Figs. 8 and 9 also show that the integrated IR intensity (@) .
is a very useful parameter to characterize CN samples, Tl e sisam | O © 1
. . . . 4 L)
even though it is rarely considered in the literature. The o6 © Z44am o g’ o -
precise trends may vary for specific samples or deposi- _ost xe® . o ]
tion systems[69], but here we just want to show the A o 08 ° ]
main parameters controllingsp? % and average band- ; 0'1 i o, © ]
- o © ®
N 0.2 F ° 4
I ® arcavs.sp'% | C-sp %
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Fig. 8. Tauc optical gapéright: y-axis) and IR integrated area from
900 to 1800 cm?! vs. nitrogen contefiiottom: x-axis) and vs. CC-

line is only a guide for the eyes.

Fig. 10.1(D)/I(G) intensity ratios vs. Nitrogen content for two dif-
sp? % (top: x-axis). Corresponding to a series of ta-C:N samples. The ferent excitation wavelength¢a) ta-C:N samples and@b) ta-C:H:N
samples.
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. . , ; ; ; . an extra electron to ther-system, polarizes all the %p
e ta-CN || bonds of the conjugated system to which this is a
ta-CNH || terminal atom. Thus N increases the bond dipole
1 moment of each CC bond resulting in an effect that is
greater the longer the conjugated chain.
030 F o § We believe that the effect of N introduction in
I ] amorphous carbons parallels the effects of doping in
polyconjugated materials, such as polyenes and polyaro-
020 f o ®o ] matic polyconjugated ponmerEﬁO,?O—?Z. For these
0.5 - %“8e¢° O § conjugated systems a noticeable facet of the IR spectra
I o~ g o, ® T is that some bands in the fingerprint regitti700—-900
T ° o ] cm™?) have IR peaks one or two orders of magnitude
0.05 - . higher than the corresponding bands of the neutral
o s 10 s 2 25 30 3 species. These strong IR intensities in general cannot be
N(at. %) explained only in terms of the static polarization of the
relevant bonds, and hence some intimate interplay
Fig. 11. G peak dispersion for both ta-C:N and ta-C:H:N samples at petween the vibrational and electronic processes is
increasing nitrogen content. Theaxis is the slopdin cm™*/nm) of ~ acegsary for the generation of such strong IR intensities
the linear fit to the G_pos_ltlon vs. the three excitation W_avelengthsfor [73]. The mechanism that gives rise to the strong IR
the samples shown in Fig. 6. Similarly, the G dispersion was calcu- ! o - : :
lated for the remaining nitrogen content films, not shown in Fig. 6.  intensities can be easily explained for charged linear
polyenes[74,73. A simple model includes two valence-

Generally, the introduction of nitrogen directly induc- bond resonance structures in which an electric charge

es an increase and clustering of thé sp phase and onlyesides on either end of the conjugated chain. The
indirectly modifies the Raman spectra. This is clearly location of the electronic charge and the bond alternation

0.45

0.40

T ereT

G Peak Dispersion (cm /nm)

035F @ -

0.25 ® -
(] L 0
L ° J

seen in Figs. 10 and 11. Fig. 10 shows that k@) / pattern in one of the resonance structures is opposite
I(G) ratio increases as a function of N content for both from those in the other. As a consequence, adjacent CC
514.5 and 244 nm excitation wavelengfl28], indicat- bonds stretch and contract alternately and the electric
ing clustering of the sb phadé4]. Fig. 11 shows the = charge moves from one end to the other upon the
G peak dispersion as a function of N content ora- transition between the two resonance states. In other

C:N and(t)a-C:N:H samples. For any film, the G peak Words, the electric charge moves through the conjugated
dispersion decreases with nitrogen content, suggestingchain by the vibration along the bond alternation coor-
again ordering of the €p phase, in agreement with the dinate. However, for molecules with an intricate network
sp? clustering evidenced in Fig. 10. Spectra from the of chemical bonds, such as polycyclic aromatic hydro-
sputtered samples are more difficult to analyze due to carbons, a more general theoretical formulation is need-

the strong photoluminescence signal. ed to explain the IR activity, since the vibrational
patterns cannot be anticipated from the molecular struc-
7. Conclusions tures alone[76,77. Two facts have been determined,

one that CC bond stretching is mainly responsible for
The results of Sections 4—6 allow us to propose a the IR activity and, secondly, that the vibrational motions
new mechanism to explain the origin of the bands in are closely related to the electronic structure. The
the IR spectra in amorphous carbon and amorphous CN.enhancement of the strong IR bands is believed to occur
It is clear that it is only the $p phase that is responsible through a mechanism of charge fluxes, both long-range
for the observed spectra. The higher the fraction of the (between rings as well as, that of short-randéntra-
sp* phase having greater electron delocalization pro-ring). Both mechanisms are related to electron—vibration
motes charge fluxes within the molecule and thus higher interactions that involve onlyr electrons.
IR absorption. A similar interpretation of the IR spectra of CN films
As mentioned in Section 6, N introduction increases has been recently given by Franchini et §1,7§.
the C-sp fraction(either by forming G=N or inducing They proposed that the dipolar field generated by CN
C=C bond formation and the clustering of the 3p  sp' groups polarizes the-electrons of the sp clusters
phase and this alone, as explained in Section 4, increaseto which they are bonded, so that IR active=C
the IR absorption. Furthermore, nitrogen increases thestretching modes appear in the clusters. This implicitly
static charge on the carbon atoms to which N is bondedmeans that N is necessary to induce the IR activity in
and, due to the presence of thesystem, the polariza- the 1000-1800 cm' region. In contrast, we proposed
tion of the sg skeleton, thus resulting in an additional that it is the charge flux in the complex conjugated
increase in the charge fluxes. This can be understood ifsystem formed by alternation of<0C and G=N (both
one considers that N, even if not directly contributing in rings and chainsthat is responsible for the strong IR



130

S.E. Rodil et al. / Thin Solid Films 420—421 (2002) 122-131

activity in carbon and CN films.
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