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Vibrational analysis of amorphous carbon-nitrogen alloys by'°N and D isotopic substitution
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The origin of the vibrational modes ai-CN, alloys is investigated by infraredr) and Raman spec-
troscopies. Isotopic substitution 8N and D is used in the identification of vibration modesnbmhydroge-
natedmaterials containing low nitrogen concentratice20 at. %, the ir and Raman spectra are not equiva-
lent. Above this concentratiofup to ~30 at. %), the spectra became very similar to each other. On the
contrary, for a suitabl@éyydrogencontent the spectra are quite similar, independently of the range of nitrogen
concentrations studied. Quantum chemical Parametric Method 3 calculations are performed to obtain the
frequencies and intensities of the ir active vibrations of organic molecules and large carbon-nitrogen clusters.
These results are used to help in the identification of the features observed in the ir spectra. The importance of
both the promotion of bond dipoles and symmetry breaking by nitrogen in the ir spectra is established.

[. INTRODUCTION becomes less dense and=0! species are promoted. There-
fore, any study should take into consideration these structural
The electronic and mechanical properties of carbondifferences.

nitrogen compounds have been intensively studied during the In this work we analyze the influence of nitrogen and
past decade. The material is hard, showing low friction prophydrogen on the vibratiofir and Raman spectrgroperties
erties and is easily deposited as thin-film coating, making th@f the carbon-nitrogen alloys with nitrogen concentration
material unique for technological applicatiohBurthermore, ~ varying between 0—32 at. %. In the attempt to elucidate the
the theoretical prediction of a crystalling)l, phase, having origin of the ir absorption bands, samples deposited using the
properties similar to those of diamond, continue to be a chalisotope**N, and regular“N, were grown in nominally iden-
lenge to synthesize the materfdh spite of the large number tical conditions. To separate the influence of hydrogen and
of studies already performed, the complexity of the structuretitrogen, we have studied alloys with and without hydrogen,
of carbon containing materials has prevented a clear undegovering the range below and above 20-at. % nitrogen con-
standing of several basic aspects of the alloy. For instanc&gntration. In a previous work, we have usegtb identify
most of the interpretation of the Raman and infral@dl the existence of amines in the matefidlhose samples have
spectra of carbon-nitrogen alloya{CN,) relies on the pio- been re-examined by focusing the attention in the 1000-
neering work of Kaufmaret al® These authors reported no 1600 cni™* region of the ir spectra, corresponding to vibra-
significant changes in the Raman spectra ligdrogenated tions associated withp? bonds. In order to gain insight into
samples containing nitrogen between 0 and0 at.%. On the origin of the features observed in the spectra, we have
the contrary, the ir spectra show profound changes as a fungerformed calculations of the frequencies and intensities of
tion of nitrogen content. The conclusion of the work of Kauf- the ir active vibrations of several organic molecules. These
manet al.is that the increasing ir activity stems from the fact calculations are aimed at investigating the roles of
that nitrogen breaks the symmetry of the aromatic and/oBymmetry-breaking effects of substitutional N in graphite
acetylene groups that constitute the material. There are tweiructure and quantify the isotopic shifts due tN. The
recent results to be considered when analyzing the experiheoretical vibration analysis is based on the quantum chemi-
mental findings of Kaufmaet al. First, the inclusion of hy- cal Parametric Method @M3) technique'® These calcula-
drogen profoundly modifies the structure of the affo§. tions were carried out within the packagesarTAN'' and
Second, above-20-at. % nitrogen content the alloy under- HYPERCHEM'
goes a structural change® The former result is particularly
impprtant since Kaufman and poworkeafxclusivelyagcribe Il EXPERIMENT
to nitrogen the changes in the ir spectra. In a previous work,
however, we have shown that hydrogen modifies the ir spec- All the analyzed samples were obtained in a dual ion-
tra in samples containing similar amount of nitrogen andbeam—assisted-deposition system described elsewh&re.
different hydrogen contertWith regard to the structural pure-graphite-carbon targé9.99% was sputtered with At
changes introduced by nitrogen, the cited experimental findions of 1500 eV. Simultaneously,,N (H,") ions species of
ings show the impossibility of extendirey priori the results ~100 eV were used to bombard the growing sample. The
of Kaufmanet al. to alloys having nitrogen concentrations material was deposited on($L1) and glass substrates. The
above~20 at. %. Indeed, below this concentration, the nitro-nitrogen concentration was obtainidsitu by electron x-ray
gen substitution of carbon tends to maintain the planar gephotoemission spectroscopy. With this method concentra-
ometry of graphite, producing a stressed and hard mafetial. tions differing in 1% can be distinguishé@iThe thickness of
Above ~20 at. % nitrogen, the graphite sheets curl and ahe samples was measured using a profilometer. The shadow
band of localized nitrogen lone pair is form&@he material  produced by the clip clamping the Si substrate to the sub-
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strate holder formed a suitable step for the thickness mea-

surement with an accuracy ef5%. In order to have com- @O O
parable sample thickness¢s-5000 A), suitable times of N
deposition were used. In particular, the growth rate of hydro- @ O

genated sample@0 A/min) is half of that of nonhydroge-
nated samples. The ir and Raman spectra were obt&red
situ in a Fourier-transform infraredFTIR) NICOLET 850
spectrometer and in a micro-Rameexcitation lines: 520.8 FIG. 1. Molecular models adopted in PM3 calculations of ir
nm and 488 nm from Kr and Ar lasersespectively. The ir  spectra.

spectra were obtained in the transmission mode of the spec-

trometer. A resolution of 4 cm and~2000 scans proved to
be sufficient to obtain a good signal-to-noise ratio in the ir

spectra. All the spectra were referred to a blank Si b":mki:onvolutions of the calculated intensities. The Gaussian line

grognd supstrate obtained from the same Wf"lfer used to dghapes were normalized to unity and weighted by the calcu-
posit the _f|Ims. The NICOLET spectr_ometer_ls pe_rma_nentl_ylated PM3 intensities. The Gaussian broadening was arbi-
purged with dry nirogen and the equipment is maintained Ir1rari|y taken as 20 cm', a value smaller than the widening

a room with controlled humiditybetter than 48% relative . ; ; )
humidity). The background of the Si blank substrate and the'tggorgl;g?uciigz a combined effect of disorder and the appara

studied film spectra were obtained 30 min after Ipa_ding the MoleculeM 1 is very homogeneous in charge distribution
Sf”‘mp!es- This procedu_re proved to complt_ately eliminate th‘f‘;\nd in C-C bond lengths, resulting in very low ir intensities
vibration modes associated to atmospheric water angl COin the stretching region, as expected. Notice that the curve in

ghe rga:gl ;Rterlest ?f tt?'s ;N?rkbres(lj?fisrlnn';he \;]a”?]tt'mis 'r?tro'd:ig. 2 corresponding tM 1 has been scaled by a factor of 10
uce € local structure by dirferent concentrations ok, 7, comparisons with the other spectra. Replacement of
nitrogen and hydrogen in the alloys. Therefore, only normal

ized intensities are reported. The hydrogdauterium con- the central C atom by N brings a new charge distribution, in

) ) . . which second-neighbors carbons around N get negative
centrations were obtained by nuclear techniques. This tec harges through the- system. The consequence is the acti-
nique usually provides an accuracy ©1.0%° j

vation of C-C stretching vibrations, as seen in Fig. 2, in the
region 1200-1600 cirt. These collective vibrations also in-
lIl. THEORETICAL RESULTS clude thg C-N stretching, which shift§ the spectrum to higher
frequencies, from~1500 to 1600 cm’. There are differ-

The theoretical approach relies on geometrical optimizaences between the spectraMP andM3 due to their par-
tions and vibrational analysis of carbon clusters suitably subticular symmetry group, but the intensities are of the same
stituted by nitrogen atoms, as described below. These calcwrder of magnitude. This means that the most relevant effect
lations are based upon the well known PM3 semiempiricabf N substitution in the ir spectrum of the aromatic system is
technique. PM3 is derived from the Hartree-Fock theorythe promotion of bond dipoles.
combined with the linear combinations of atomic orbitals  This result holds for larger systems provided that the aro-
approach to the molecular orbitals. This method has beematicity is preserved. We have performed similar calcula-
very successful in producing molecular conformations intions on large graphitic clusters containing up to 96 carbon
agreement with experiment, as extensively documented iatoms. Figure 3 depicts the simulated spectra for carbon
the literature. Though it has not been explicitly parametrizectlusters saturated with hydrogen at the end bonds, containing
to do vibrational analysis, PM3 has been reported to gives and 26 nitrogen atoms randomly substituted, respectively.
vibration frequencies in close agreement with more sophistiThe plot corresponding togghas been scaled by a factor 10
cated theorie$? It is usual to adopt a compression factor in
the range 0.85-0.95 to the calculated spectrum. The accu- , ,
racy of ir intensities depends on the group of molecules con- | ... M1 (x10) f
sidered. Several studies on aromatic hydrocarbons and nitro- ——— M2 (symmetric) i
gen containing organic species have been carried out upon i
use of PM3 vibration spectra, with reasonable resdlend
at low computational cost comparedab initio calculations.

All simulated spectra were normalized for comparison pur-
poses.

We start the study by analyzing the influence of symmetry
on the ir and Raman spectra of small moleculegy. 1).
Molecule M1 is an aromatic molecular radical haviigy, ok KIS L
symmetry. Substitution of the central carbon atom by N, as 1000 500
in moleculeM 2, is intended to investigate the effects due to
charge rearrangement while i3 molecule the substitution
site reduces the symmetry @, . The molecular conforma- FIG. 2. Simulated PM3 ir-active vibration specti@ormalized
tions were optimized and the vibration analysis was perintensitie$ of the model moleculeM1 (dotted line, scaled by 20
formed. A standard compression factor of 0.9 has been a2 (solid line), andM 3 (dash-dotted ling The curves were trans-
plied to correct the spectra. Figure 2 depicts the simulatethted upward for clarity.

M1 M2 M3

spectra in the region 800—1600 cievaluated as Gaussian

_______ M3 (asymmetric)
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FIG. 3. Simulated ir spectra of large carbon clusters from PM3 .
calculationgnormalized intensitiés The curves were translated up- ~ F/G- 4. Raman and ir spectra bydrogenate@ndnonhydroge-
ward for clarity. GgH., (dotted line, scaled by 30CogNgH.4 (solid natedcgrboq nltrld.e.(only two of the studied samples are shgwn
line), C;N,gHa4 (dash-dotted ling Normalized intensities.

and successive plots are shifted upward for better visualizayf coincidence of both curves shows that some vibration
tion. These spectra show the same features seen in Fig. godes that are forbidden in Raman spectroscopy are allowed
namely, weak ir activity of the graphene clu&ster and thejn jr spectroscopy and vice versa. This happens, for instance,
growing of structures in the range 1200—-1600 Cras nitro- i, graphite, where the absence of bond dipoles makes the
gen atoms are incorporated into the aromatic frameworkmaierial ir inactive. On the other hand, since the transitions
These features are associated with collective C-C and C-No 511owed graphite is Raman actieAs remarked in the
vibrations. The heavily doped clustersflagHzg is NOL oy ction, the similarities of the ir and Raman spectra ob-
graphltlc. In this dlsor.dgred.system the V'F’faF'O”S are Iocal'tained inhydrogenatectarbon-nitrogen alloy was explained
ized in subclusters, giving rise to a more intricate spectrum,_/\ o 2T by symmetry consideratiofsaccording

Indeed, the new frequencies appearing between 1400-15 th . tioat it breaks th v of th
cm * are associated with the=EC skeletal bonds induced © [€S€ INVESUYALOrS, nitrogen breaks he symmetry ot the
aromatic graphite rings making the material ir and Raman

by the symmetry breaking introduced by N. As we wil Seeactive However, our results show a fairly good coincidence
below, this conclusion is confirmed by the negligible isotopic . ’ . y good € .
of the ir and Raman spectra in samples containing different

shift introduced by'™N in this part of the ir spectra. Finally, - .
the vibrations above 1600 chare due to the stretching of q“"’?“““es of hyc_lrogen an(_j constant N co_nt(_ant, prev_entlng to
attribute exclusively to nitrogen the coincidence in these

C=C bonds at the cluster edges. ) :
Similar calculations were carried out to evaluate the iSO_spectra[Flg. Ab)]. For the sake of clarity, we have shown

topic effects of 1°N. We considered three situationgt) ?glr?/e(tjh?o?pifttrﬁefr? ' dorgeeizgpélsearautlesslmégt;ﬁlrJ1Itsuaretoob-
simple systems such as the aromatic molecM@&sandM 3 yarog P g up

(Fig. 1), in which sp? hybridized N atoms participate in ex ~32 at. % nitrogen. Therefore, we remark that since Kauf-
. ’ = 3 : :
tended electronic structure(2) sp and sp? N atoms in man et al’ studied hydrogenatedsamples, the ir spectra

o~ N i 3 modifications observed by these authors probably stem from
H3|C C:'\Il atnd "I§|((3 N_NC(:H3)|2 structu:_es, ar:al?,) Stf] N 2 combined effect of hydrogen and nitrogen inclusion in the
in large clusters like ¢NaeH,,. In aromatic systems the iso- alloy network. As observed in Fig. 4, the incorporation of
topic frequency shift is as small as 9 ¢l because the vi-

brati in which N at ficinat lecti th hydrogen causes the increase of the intensity ratio
rations n- which N atoms participaté are colleclive, Thus, zy,/py. Here, “G” identifies the band at-1570 cnit
minimizing the effect of the isotope. The isotopic shifts of

_ (“graphitic” componeni and “D” the band at~1360 cm !
compounds formed bgp andsp? N are~27 and 22 cm?, oo " 16\ the intensit fi
respectively. In the large cluster containieg3 N, several (“disorder” component. oreover, the intensity: ratio

: . . I(G)/1(D) is larger in hydrogenatedsamples when com-

ﬁelc:_)uengf:sb atre shifted by t?]n arr?fc;qntbra}nglnlgo tr?n@”t]o pared withnonhydrogenatedamples. This result shows that

Icm ' _uthor: averfa;get, f?ﬁsé[\: . 'St elow | CI € hydrogen increases the ir activity of the aromatic graphitic
conciusion is that an eftect ol ISotope IS clearly seen rings forming the material. Another important result is that
when the associated vibration Iscalized For instance, he spectra of théydrogenatecsamples show much better
-C=N species that appear in amorphous carbon-nitrogen a efined bands than theonhydrogenategamplegFigs. 4b)
loys are ex_pected to act as terminator groups and the assO%pq 5, inselt This effect is observed idiamondlikemateri-
ated V|brat|ons_ are .Ioca_llzed. In the case oER, qu cal- als (a-C:H) where the incorporation of hydrogen leads to the
culated stretching vibration frequency shift80 cm = upon formation of smaller domains with molecular characfeBy
15N substitution. Therefore, in collective vibrations, the iso-

: . ) s >~ comparison with this material, we suggest that hydrogen is
topic Sh'“? V\.”” be rar(_aly c_)bser_ved since other effects mlghtacting as a terminator inducing the formation of a graphitic
produce similar modifications in the ir spectrum.

disordered network of domains with a molecular character.
In nonhydrogenatedamples the network is more intercon-
nected, forming a compact material. Indeed, in a previous
Figure 4a) represents the Raman and ir spectra oba-  work we found thathydrogenatedalloys are stress-free and
hydrogenatedample containing 18 at. % nitrogen. The lack less dense thanonhydrogenatednaterials. Furthermore, in

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 6. Raman(a) and infrared(b) spectra ofnonhydrogenated
FIG. 5. Closeup of the hydrogenated and deuterated spectrgamples. Normalized intensities.
Inset: nonhydrogenated hydrogenated, and deuterated infrared
spectra. Normalized absorbances.

higher energies and the similitude of the ir and Raman spec-

stressed materials, i.e., nonhydrogenated, the rigidity of th&ra is evident.
network probably imposes stringent selection rules, causing As it was remarked above, Kaufmaat al® have attrib-
the differences observed between the Raman and ir spectrated the increasing ir activity on nitrogen incorporation to

As remarked above, H(D,) substantially modified the the symmetry breaking of aromatic and/or acetylene groups.
spectrum of nitrogen-carbon sampl@sg. 5, insel. At first ~ This conclusion relies on the absence of isotopic effect in the
glance, Fig. 5 shows an apparent isotopic shift in deuterated-1000—1600-cm’ region of the ir spectra by substitutional
samples, suggesting that hydrogen-containing complexes afd\ in hydrogenatecsamples containing up teat. 20 at. %
contributing to vibration modes in the 1000—1600-Crme- nitrogen® In the attempt to separate the role of hydrogen in
gion. In fact, we have studied several deuterated samplgbe results, we have studied the influence'® on the ir
showing this type of trend which suggests a small isotopicspectra ofnonhydrogenatedsamples containing~25-26-
shift. As discussed in the theoretical section, the simulated iat. % nitrogen. This concentration was chosen because above
spectra depict vibration modes above 1600 tmue to the ~20 at. % nitrogen content, profound changes occur in the
stretching of>C—=C< bonds at the edges of the clusters. material!®
Indeed, the presence of hydrogen at the frontier of the cluster Figure 7 shows the ir spectra of two samples containing
causes the rising of these structu(egy. 3). Therefore, deu- 1N (26+1) at. % and®N (25+1)at. %. This spectra shows
terium substitution will, in principle, affect this region of the two well-differentiated bands at1000—1500 cm' and at
spectrum. ~2150 cmt. The band associated with =EN (~2150

There are, however, experimental limitations that preventm %) shifts Aw~35cni %, an amount consistent with the
ascribing undoubtedly the peak shifts indicated in Fig. 5 tancreased atomic mass and assuming a constant oscillator
an isotopic effect. First, the ir difference spectra correspondstrength® This experimental shift agrees quite well with the
ing to deuterated and hydrogenated samples is as much as30-cmi * theoretical shift obtained for =N by the nu-
10% of the original spectra areas. Second, as remarkeaierical analysis discussed above. Moreover, the difference
above, the hydrogerideuterium concentrations are deter- spectra under the 2150-crhband is over 20% of the area of
mined with an uncertainty of-10% while variations in N each individual band, a percentage that cannot be attributed
concentration within 1% are also possible. Finally, in a pre-
vious work we have shown that hydrogenated samples, when
exposed to the atmosphere, form hydroxyls association in
extensive hydrogen-bond structures-&8500 cm %, contrib-
uting to the discussed bafidTherefore, although small
changes could be present above 1600 trthe experiments
of deuterium substitution are inconclusive. Therefore, these
results suggest that the important variations in the ir activity
observed below 1600 cm areinducedby hydrogen in the
skeletal structure formed bsp? bonds.

Figure 6 shows the normalized Ram@hand ir (b) spec-
tra of the studiechonhydrogenatedamples. This plot shows . . .
some important features to be remarké&d:only minor dif- 1000 1500 2000
ferences are found in the Raman spectra in all the studied
samples despite the large nitrogen variations in the alloys;
(2) although less dramatic than hydrogen, nitrogen also in- FIG. 7. Infrared spectra of tha-C'°N, anda-C N, samples
creases thé(G)/I(D) intensity ratio of the ir spectra; and with 25—26-at. % nitrogen content. For the sake of clarity, the
(3) increasing the nitrogen content shifts the ir spectra taurves are shifted by an arbitrary constant. Normalized intensities.

Absorbance (arb. units)
=]
w

~ 14N2

v (cm™)
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to experimental uncertainty. Therefore, we conclude that thisymmetry of the system, inducing stronger localized vibra-
shift is indeed produced by an isotopic effect. tions in the 1300—1600-cni region of the ir spectra:® The

The analysis of the main absorption band is more complistress reduction introduced by nitrogen imposes less strin-
cated. The numerical simulation shows that most of the feagent selection rules and, consequently, quite similar Raman
tures between 1000-1600 chare associated with-=C  and ir spectra are obtained.
and C=N vibrations. It also shows th&PN will not produce (2) Numerical simulations show thaPN substitution in
appreciable frequency shifts in this region of the ir spectrumlarge clusters does not produce significant shifts in the main
As in deuterated samples, the difference spectra of samplésabsorption band~1000—1600 cm?). The absence of iso-
containing!®N and N is too small when compared with the topic shift in nonhydrogenated material containing5—26-
area of the original bands. Furthermore, we have found thadt. % **N strongly suggests that nitrogen is mostly incorpo-
the spectra of two samples containing {26) at. % and rated in large clusters.
(24=1) at. % of N, respectively, can account for this dif- (3) Hydrogen incorporatiorimaintaining constant nitro-
ference spectra. Therefore, the lack of a clear isotopic shifgen concentrationproduces the same effect as nitrogen just
strongly suggests that nitrogen is bonded in large clusterdescribed in1) though the changes are stronger. Indeed, the
rather than in isolated bonds, as supported by the numeric&icorporation of a relatively small amount of hydrogen in-

calculations. creases their activity of the aromatic rings that are assumed
to form the material. As a consequence, a fairly good simili-
V. SUMMARY AND CONCLUSIONS tude of the ir and Raman spectra is obtained. The ir spectra
) o of deuterated samples show that hydrogen is not directly
We summarize the above findings as follows. involved in the strong activity observed around 1000—1600

(1) The Raman and the ir spectra nbnhydrogenated m=1.
samples are different in films containing up te20-at. %
nitrogen concentration. The numerical simulations show that,
in nonhydrogenatedilms containing up to~20-at. % nitro-
gen, the increasing activity of the ir spectra is due to the The authors are indebted to D. Comedi for reading the
promotion of bond dipoles by N substitution in graphenemanuscript, to F. Ikawa, R. G. Lacerda, and R. Zannata for
aromatic systems. Above this concentration two sources corthe Raman and ir measurements, and to I. Baunvold for
tribute to the increasing ir activitya) as before, dipole pro- kindly providing the®N, gas. This work was partially sup-
motion, and(b) the bending and curling of the aromatic ported by FAPESP and CNPg. N.M.V., M.C.dS., and F.A.
rings, introduced by the incorporation of nitrogen, break theacknowledge financial support from CNPg.

ACKNOWLEDGMENTS

1p. H. Fang, J. Mater. Sci. Letl4, 536 (1995; D. F. Frances- Rev. B57, 2536(1998.
chini, C. A. Achete, and F. I. Freire, Jr., Appl. Phys. L&®, 9M. C. dos Santos and F. Alvarez, Phys. Re\c@13 918(1998.
3229(1992; D. I. Jones and A. D. Stewart, Philos. Mag 4B, 103.J. P. Stewart, J. Comput. Chehf), 209 (1989.
423(1982; L. C. Chen, T. R. Lu, C. T. Cuo, D. M. Bhusari, J. lsparTan, package v. 5, Wavefunction, Inc., 1995.
J. Wu, K. H. Chen, and T. M. Chen, Appl. Phys. L&, 3449 12,,ypercHem, version 5, Hypercube, Inc., 1996.
(1998. 135ee, for instance, L. Ley, ifihe Physics of Hydrogenated Amor-

iA- Liu and L. Cohen, Scienc245 841 (1989. . phous Silicon I} edited by J. D. Joannopoulos and G. Lucousky,
J. H. Kaufman, S. Metin, and D. D. Saperstein, Phys. Re89B Topics in Applied Physics Vol. 56Springer-Verlag, Berlin,
13 053(1989. 1984).

4
S. Souto and F. Alvarez, Appl. Phys. LeT0, 1539(1997). 145ee, for instance, V. Subramanian, K. Chitra, K. Venkatesh, S.

5 . . .
PAI-Ilaémzrr;;Zrl(l\llgg/l8 Victoria, and F. Alvarez, J. Vac. Sci. Technol. Sanker, and T. Ramasami, Chem. Phys. 126, 92 (1997).
6 ’ - . . 153ee, for instance, Y. Shinohara, R. Saito, T. Kimura, G. Dressel-
F. Alvarez, N. M. Victoria, P. Hammer, F. L. Freire, Jr., and M. haus, and M. S. Dresselhaus, Chem. Phys. R, 365(1994;
C. dos Santos, Appl. Phys. Left3, 1065(1998. o ’ - Phys. " ’
V. E. Borisenko, A. V. Baturin, M. Przeslawka, and A. Koll, J.

"F. Alvarez, M. C. dos Santos, and P. Hammer, Appl. Phys. Lett. :
73, 3521(1998. Mol. Struct.407, 53 (1997).

16 ;
8S. Souto, M. Pickholz, M. C. dos Santos, and F. Alvarez, Phys. J. Robertson, Prog. Solid State Che2a, 199 (1993.



