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Measurement of the dielectric constant of amorphous CNfilms in the 0—45 eV energy range
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Amorphousa-CN, thin films were deposited at room temperature by pulsed laser ablation of graphite targets
in a controlled nitrogen atmosphere. By means of reflection electron-energy-loss spectroscopy their dielectric
function has been obtained in the 0—45 eV energy range. An appropriate method of analysis has been also
proposed which does not take into account surface contributions to the measured spectra in the presence of
large electron inelastic mean free paths. The overall results show that the nitrogen introduction in the amor-
phous carbon matrix induces an increase in the total threefold coordination, i.e., a progressive material graphi-
tization. This finding is also confirmed from x-ray photoelectron spectroscopy results for the N amddtel
levels.

I. INTRODUCTION spectroscopy(near normal incidence reflectivity and ellip-
sometry but only in the photon low-energy rangekE (
In the last few years carbon nitride materials have beer<5 eV)2~
the focus of considerable experimental and theoretical atten- In this study we present the dielectric functionafCN,
tion since Cohen and co-workers proposed tga€C;N,  films, deposited by means of pulsed laser ablation, as de-
should have a hardness comparable to that of diamdnd. duced from reflection electron-energy-loss measurements
Subsequent calculations have shown that other crystallindREELS in the range 0—45 eV. Electron-energy-loss spec-
C3N, structures should have stability comparable to ortrocopy (EELS) is sensitive to the local coordination of CN
greater than that o8-C3N,, and that many of these struc- structure and can be useful to evaluate and to distinguish, as
tures should be very hartk.g., the cubic one The only a function of the nitrogen content, among various local car-
exception is represented by the energetically most stableon environmentsi.e., threefold and fourfold coordinatipn
form, the rhombohedral {,, which has a graphitelike EELS data ofa-CN, have been already presented in the
structure and is expected to be quite SdfErom the experi- literaturé®**~**but only in the form of raw experimental
mental point of view carbon nitride has been observed ta@lata: neither elastic peak subtraction nor some background
exist in apparent amorphous or disordered phases althougimoval procedure have been carried out. With the aid of a
there are several reports of crystalline phases being disperspdoper numerical procedure the dielectric function, the bulk
in the amorphous matriX.” The interest in amorphous car- loss function and the reflection coefficient can be obtained
bon nitride @-CN,) stems from its outstanding mechanical, over an energy range wider than that allowed by optical
optical, and electronic properties, which can be tailored as apectroscopy techniques. The analysis of the data from
function of the nitrogen contemt Due to its strong chemical energy-loss spectra and from x-ray photoelectron spectros-
bonding it shows a marked stability that allows a large vari-copy has allowed the characterization of the overall nitrogen
ety of applications in the fields of optical and electronic en-content in the films and the nature of the bonding states of
gineering, in particular with respect to the high-temperaturédoth carbon and nitrogen.
and high-frequency applications.
The atomic structure of amorphous carbon nitride is still Il. EXPERIMENT

very poorly known. This is mainly due to the rich variety of
possible local environments and the lack of long-range order. The films were grown at room temperature by ablating
The investigations have shown competition between th&ligh purity graphite targets placed on a rotating holder, 40
C-C, C-N, and N-N bonds in forming such a structure. Evenmm far from the substrates. These latter were crystalline sili-
if some group claimed the growth of t#®C;N, on the basis  ¢on and Corning 7059 glass. Ablation of the target was per-
of x-ray and electron diffraction or TEM data, most of the formed by focusing the beam of a KrF excimer lageave-
films, prepared with several different deposition techniqueslength 248 nm, pulse width 25 ns, pulse energy 150 mJ,
were obtained in tha@-CN, form The knowledge of the repetition rate 10 Hzonto an area estimated approximately
physical properties c&-CN, as a function of both the nitro- 4 MnT resulting in an energy density of 3.7 Jcf The
gen content and the particular deposition technique adopteigh vacuum deposition chamber was evacuated down to
is then of great relevance. Optical properties are a usefi@bout 4.0¢ 10~ Pa. The samples were obtained by inserting
index of changes directly related to the structure and compdN2 gas with partial pressure3y, up to 13 Pa.
sition of the films. They have been studied by conventional REELS and x-ray photoelectron spectroscOdS mea-
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TABLE I. C 1s and N 1s XPS data analysis results for samples T ' ' 7 ' ' T T ' '
grown at different partial nitrogen pressusee text [

C1s N 1s
Pos. FWHM  N-C N-C  FWHM
X (eV) (eV) (sp’)  (sP) (eV) |
0.0 2845 1.59 1
104 2848 1.85 398.7  400.1 2.1 ‘§
250  285.1 2.07 398.8 4005 2.1 St I

surements were carried out using a VG ESCALAB vacuum
system. Reflection electron-energy-loss spectra were ob
tained by a VG LEG61 electron gun in conjunction with a
VG CLAM 100 hemispherical analyzer. The primary elec-
tron energy wasE,=2.5 keV, the incidence angle was

281 282 283 284 285 286 287 288 289 290 291

about 40° from the normal to the sample surface. The gun Binding energy (eV)
current was about 1QwA and the pass energy of the ana- _ _ _
lyzer was set to 20 eV. The acceptance anglef the ana- FIG. 1. Experimental C 4 XPS spectra of CNfilms having

lyzer was about 3°. Under these conditions the overall endifferent nitrogen contentsee Table)l

ergy resolution, as determined from the elastic pgak _ . o

width at half maximum(FWHM)] of the REEL spectrum hitrogen content sample. As nitrogen is incorporated, the
was approximately 1.4 eV. The same analyzer, with the samBresence of new components is therefore evident. Neverthe-
pass energy, was used to measure x-ray photoelectron spd@ss. as pointed out by other authdrsit is not possible to

tra excited by the AK « radiation(1486.6 eV of a conven- unamblg_uously deconvolve such a structure due to the many
tional twin-anode Al/MgKa source. During each measure- OVerlapping components. We rather preferred to carry out
ment the vacuum in the analysis chamber was in thdhis analysis on the Nsphotoemission band, whose behav-
107 Parange. The REELS and XPS spectra were obtainel@" iS reported in Fig. 2. Extending from 398 to 401 eV, it
by an automatic computer-controlled data acquisition systerfan be very well fitted with just two components, located
and a minimum of five complete scans were acquired in or@Pproximately around 398.5 and 400 eV. Since different ni-
der to optimize the signal-to-noise ratio. In order to avoidirogen species give Nslbinding energies in this range, the
charging effects, a silver paint droplet has been deposite@SSignment of these components to _deflnlte che_m|ca| states is
onto a small region of the sample surface. All the measurefOt unique. Nevertheless, considering two main configura-
XPS core levels were referred to the Agls3, line (380.0  tions forzznggogen, there is a wide agreement in the
eV). A negligible amount of oxygen contamination, preSUm-“tefathé}: ~“’to assign the peaks at lower and higher en-
ably due to atmospheric exposure of samples, was also ol§/dy to nitrogen atoms bonded with fourfold- and threefold-
served. Optical reflectivity measurements were performed oRoordinated carbon atoms, respectively. Overall, the low-
both a Lambdal9 and a Lambda20 Perkin-Elmer UV-Vis-energy peak exhibits a slight, but definite, increase with

NIR spectrophotometers using a specular reflectance accdg€reasing nitrogen content.
sory. The experimentally measured REEL spectra for the stud-

ied a-CN, films are shown in Fig. 3, after a normalization to
Ill. RESULTS AND DISCUSSION

XPS spectroscopy has been extensively used to characte
ize the composition and the chemical bonding nature of the
C-N compound$.We investigated the Csland N 1s core-
level photoemission spectra to estimate both tke
=[N]/[C] atomic ratio and to study the modifications in-
duced by progressive nitrogen incorporatisee Table)l In
Figs. 1 and 2 such spectra are reported, after the subtractioZ
of a Shirley-type background, for some Cflms deposited & ,
at different nitrogen partial pressures. A quantitative estimate & x=25.0%
of the composition was performed in terms of the relative ' 9
intensity of the respective 1s photoemission signals and the
sensitivity factor$? Values ofx up to 0.25 were determined.
The effect of nitrogen incorporation on the C 1s peak is an
asymmetric broadening and shifting towards higher binding
energies. For the non-nitrogenated sample thes@dak is
sharper (FWHM-1.6 eV) and is located at 284.5 eV, sub-
stantially at the same value of other pure carbon systems, FIG. 2. Experimental and numerically fitted Ns XPS spectra
while it reaches 285.1 eV with FWHM2.1 for the highest of CN, films having different nitrogen contelgee Table)L

400
Binding energy (eV)



Counts

different nitrogen contenfsee Table ). The curves have been
shifted and the elastic peak region excluded for sake of clarity.
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FIG. 3. Experimental energy loss spectra of Nms having
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TABLE Il. Summary of parameters deduced from REELS spec-
tra analysis:Ep, plasmon energyn,, valence electron density
calculated density, and. inelastic mean free pathx(%) is the
relative nitrogen content with respect to carbon, as deduced by XPS
data analysigsee text

X (%) Epi (eV) Nyal (Cm73) p(9 Cm73) A (nm)
0.0 26.9 5.2% 1073 2.614 3.25
10.4 25.7 479107 2.367 3.56
25.0 24.0 418107 2.047 4.09

The observed shift of the main plasmon towards lower
energies finds its counterparts in the correspondent reduction
of the density of valence electrons-0.4%) and the mass
density p of the samples €21.7%). In particular,p has
been evaluated as

_ nval( PC+ PNX)

P NL(Ne+ Nyx) @)

wherePc andN¢ (Py andNy) represent the atomic weight

the intensity of the primary electrons peaks. The analysis ofind the number of valence electrons for carlgnitrogen

the spectra have been carried out on the basis of a simpltoms, respectivelyy,, is the valence electrons density and
phenomenological model in which the measured single scalN, is the Avogadro number. In Eql) x is defined as the
tering electron yield is represented by a linear combinationratio [N]/[C] as deduced by the XPSskpectra of C and N.

of the bulk and surface loss functions. The details of the = analyzing the behavior of Im(-E) shown in Fig. 4, an
model, reported in the Appendix, show that the backgroundgergy variation is also observed in the casergflasmons
free experimental spectra are essentially due to bulk scattefzhqse position ranges from 5.06 to 4.25 eV, the former en-
ing, i.e., directly proportional to Im¢ 1/€). The spectra, re- ergy being typical of the pure amorphous carBbAs also
ported in Fig. 4, are characterized by two broad plasmombserved by other authot$, plasmon energy shifts at
features due to collective excitationssfelectrongat lower

energy and 7+ o electrons(at higher energy The depen-

lower energies and its intensity is found to increase with
increasingx. Both these two effects are to be ascribed to an

dence ofw+ o excitations upon the nitrogen content can beincreased threefold- to fourfold-coordination ratio. This is
clearly seen. Their plasmon energy decreases about 2.9 &ipported by the analysis of the complex N XPS line
whenx varies from 0 to 0.25, ranging from 26.9 eV for the which, as we have already pointed out, can be associated
pure carbon to 24.0 eV in the case of the maximum nitrogenvith an increase in the number of nitrogen atoms bonded to
concentration. All the relevant parameters deduced from thehreefold- and fourfold-coordinated carbons. To simplify the
anzzySiS outlined in the preceding section are reported imnalysis we can assume that the structura-GiN, films is
Table II.

Im(=1/&)

1k x=25.0%

0.5F

x=10.4%

o

1k X=00%

0.5F
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Energy (eV)

FIG. 4. Im(—1/€) spectra for CN films having different nitro-

essentially built up by only threefold- and fourfold-
coordinated carbon atoms bonded to other carbon or nitrogen
ones. These coordinations are generally identified in the lit-
erature as C-8p?, C-Csp’, N-Csp?, and N-Csp®
bonds**®2"Thus, in order to justify the increase of the total
threefold-coordination fraction, it should be necessary to hy-
pothesize a decrease in the density of C-C fourfold coordi-
nation. Moreover, the shift to lower energies of theplas-
mon is to be ascribed to the decrease of the sample densities
that induce a reduction in the density of the involveelec-
trons. The two effects of the samples nitrogenation onsthe
plasmons, i.e., the increase of their intensity and the shift to
lower energies, play a fundamental role in determining the
threefold- to fourfold-coordination ratio. If, on one hand, the
formation of threefold coordinations supplies newelec-
trons, on the other hand, it increases the average bond length
in the structure reducing the mass den$ftyThe overall
spectral behavior is given by the balance between these two
competing mechanisms.

As a consequence of the different features in the loss

gen contentsee Table), as deduced from the procedure outlined in spectra also the REELS-deduced dielectric congfaigt 5
the Appendix.

shows different spectral behaviors due to a modification of
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FIG. 6. Optical reflectivity spectrdower) and REEL deduced
ones(uppe) for CN, films having different nitrogen conterisee
Table ).

FIG. 5. Spectra of the real; (continuous ling and the imagi-
nary e, (dashed ling part of the dielectric constant deduced from
Egs.(A12) and(A13) for CN, films having different nitrogen con-

tent (see Table)l shape with a Gaussian response function that has the FWHM

electronic levels with respect to the pure carbon band stru (1.4 eV) of the elastic peak, are more broadened and lowered
b P Shan their spectrophotometric counterparts. The optical re-

ture. It shows two separated groups of structures,iisug- - : . i

) - . . flectivity data also show, upon increasing nitrogen content, a
gesting transitions that involve different groups of bands as
h ) . marked overall decrease compared to the EELS deduced
in the case of graphit€. In that case, two spectral regions

are defined below and above 8 eV, the first one dominated bones. Since we found that the film surface roughness in-

intraband and interband transitions mainly ot 7* char- greases with the nitrogen content, an increased light scatter-
acter and the second by interband transitignse#a* char- ing_effect can be responsible for the substantial spread of our
acter. A similar separation can be made for our samples 0(?ptlcal data. Nevertheless, from both the two sets of spectra

2-CN.. beina the two reaions characterized by the sam Is evident a continuous decrease of the reflectivity upon
X 9 9 . y ample nitrogenation, with a contemporaneous shift towards
type of transitions. As can be observed in the behavior of th?

imaginary part of the dielectric constant, the higher nitro enOW energies of the main structures. Thus, these results can
ginary p ' 9 9€M1s0 be interpreted on the basis of progressive reduction of

ncentration giv well-pronoun ration betw : : e
concentration gives a well-pronounced separation betwee e index of refraction, due to a lower mass density, induced

g;fn tt\;\:aoc%rr?st,jig;ggk;asngiuitshg}r thri;ag’fﬂ?é %Eﬁghgﬁ_ﬁ]ndduég' y the increasing nitrogen concentration, accompanied with
P 9 graphitization of the material.

graphitization of the material. Moreover, the structures in the
left side of the low-energy region, centered at about 2.5 eV,
show the tendency to increase their oscillator strength, this

suggesting a reduction of the value of the energy gap and, |n summary, the complex dielectric constant of (fims
possibly, an increase of the sample electrical conductivityhas been obtained in a very wide energy raf@e45 e\j by
As pointed out in the Appendix, the loss function il/e) means of electron-energy-loss spectroscopy in the reflection
has been normalized using a value of the dielectric constamhode. In particular, the results obtained can be summarized
at very low energy. Such a value has been deduced by thes follows.
analysis of the interference fringes present in the near- From the point of view of the technique and of the meth-
infrared optical reflectivity of our samples. The results, inodology adopted, an appropriate choice of the approxima-
agreement with the decrease of the mass density upon nitrtions has allowed us to deconvolve the loss spectra and to
genation, show a decrease of the index of refraction fronextract, with a relatively simple procedure, the real and
2.30(pure amorphous carbpto 2.20 for our higher nitrogen imaginary parts of the dielectric function. The use of the
content. These values are some percent higher than thoseelastically scattered electron spectroscopy offers the main
presented in Ref. 14, and this difference may be ascribed tadvantage to provide optical spectra without problems aris-
the different sample preparation technique. ing from interference effects, at low frequencies, or light
Finally, in Fig. 6, the reflectivity spectra of our samples sources availability, at high frequencies, typical of the spec-
are shown together with those measured by spectrophotometophotometric techniques. The sensitivity of REELS in de-
ric methods. Taking into account the very different charactecting small differences in the dielectric response has been
teristics of the techniques adopted, the observed qualitativeonfirmed by the good agreement with the optically deter-
agreement is quite satisfactory. In particular, the spectra demined reflectivity.
duced by REELS in the optical limit and those obtained by For what concerns the material properties, in the frame of
optical spectroscopy essentially differ due to their very dif-our starting hypotheses on the nature of the bonds ig,CN
ferent energy resolutions. The optical functions provided bythe nitrogen introduction in an amorphous carbon matrix has
REEL spectroscopy, being a convolution of their natural linebeen found to induce an increase in the total threefold-

IV. CONCLUSION
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coordination fraction with a contemporaneous lowering ofln order to proceed to the extraction of the optical functions
the C-C fourfold-coordination concentration. Then, as al-from the raw data, the first step is the elimination of the
ready observed by means of other diagnostic technitjues,elastic peak and the subtraction of the backgro(owlible
there is clear evidence of a progressive graphitization of thecattering included The former procedure is typically ac-
material upon increasing the nitrogen content. complished by a best fit of its Gaussian line shape. The latter
is obtained by a self-consistent method suggested by Tou-
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APPENDIX

The extracting procedure of the optical constants from the AL

. . : - 1= A1
electron-energy-loss spectra is elsewhere described in details A+L

both foor_ggransmission(TEELS) and. reflection (REELS whereK (E) is the background-free loss spectrur{E) the
modesff Here we report a more simple procedure for theygia| experimental yieldl. the attenuation length of the re-
extraction of the dielectric function from the loss data. flected electrons due to elastic scattering, &hthe elastic
The analysis of a REEL spectrum is based on a s'mpl‘Eeak area. Details concerning the application of this proce-
phenomenological model in which the measured single scaly,re can be elsewhere fourfiA single scattering spectrum
tering electron yield is represented by a linear combinations thys obtained, built up by bulk and surface contributions
of the bulk and surface loss functions where losses are due, typically in the first 30 eV, to interband
- ~ transitions and plasmon excitations. In the second step, ac-
S(E)=k{AIm[—1/e]+BIm[—1/(e+1)]}, (A1) cording to the standard procedures described in the literature,
_ this single scattering spectrum shall be fitted to the model
wheree is the complex dielectric function ardis an instru-  function for the REELS cross section and its yield subjected
mental scale constant and B are coefficients that mainly to the separation of surface and bulk terms.
depend on the primary beam energy, its angle of incidence In order to evaluate the relative weight of tlleand B
on the sample surface, and the total mean free path. In  terms in Eq.(Al) it is necessary to estimate the total mean

(AB)

particular, free pathA, knowingN andp. In the free-electron approxi-
mation, the density,, of valence electrons is given by the
% -2z A cosa —2d well-known Drude relation
A= f ex dz= ex ,
d A cosa 2 A cosa
m
(A2) =, Ef=7.25<107E}(eV), (A7)

while the mass density is given by

B_J'd -2z q _ACOSa 1 -2d
= o P Acosa 9T 2 XA A cosa

where z is a depth coordinate perpendicular to the sample p= ,
surface andl is a phenomenological parameter which repre- NaE (Nix;)
sents the thickness of that sample region where the surface o

scattering dominates. Its value is gene_rally of the same Ord%hereEp, is the main plasmon energy the electron mass,
of magnitude of the wavelength of the impinging electrghs. e the electron chargey,, the Avogadro number, and(x;)

In our case, for a primary energy of 2.5 keW,is about  _q p. N andx; represent the atomic weight, the number
0.240 A.When the ratial/ A decreases, the surface Contri- o¢ \ajence ‘electrons, and the percentage fraction ofithe
bution to the measured yield decreases as well. Thugomic species, respectively. Strictly speaking, for a precise
samples characterized by large electron mean free pathg,ayation of the above quantities, it must be stressed that the

show a spectrum which is mainly due to bulk effects. Thegjgentrequencies of the bulk plasmons should be defined by
value of A used for our REELS data analysis has been de- L~ .
he conditione=0 and not by the position of the plasmon

duced by a universal function proposed for a wide variety oiI .
compound<® Measuring the primary enerds, in electron- peak. Moreover, when bound electrons are present, the di-

o and {1 s the molcular weight i g he pum-  SECE CONSET, anc, conseatenty, the pison encrgles
ber of valence electrons per structural ug@tom or mol- g P y P

L kX formula. However, such changes are not so drastic to invali-
ecule_, ar_ldp the density in g/cm the electron mean free date the use of the free-electron approximafidhe A
path is given by '

value is calculated from EqA4), using theE value ob-

ME tained after the elimination of the elastic peak and the sub-
P . (A4) traction of the secondary electrons background. Such a

pN(13.6 InE,—17.6- 1400F,) choice may be justified by the fact that the surface counter-

Nvay (Pix)
—_— (A8)

A(Ep) =
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part of the main plasmon lays at lower energies and has @ghere Rg— 1/6(0)] is equal to 51_1(0) being €,(0)=0.

minimal influence in determining the plasmon energy. ‘Once known the real and imaginary parts ofl/z, the di-

¢ Lnlthlf C_?SE. of ?ﬁr Sa{npleﬁ%’ altles ran%? f.ronéab?jtﬁ 32 electric constant all over the experimental range is obtained
0 - 1aking the rafio of the two coetlicients and A, by means of the following equations:

defined by the Eq9A2) and (A3),
-1, (A9) 1
Re — =

B 2d

A~ X cosa
we obtain, for our REEL spectra, a value slightly smaller
than 3%. Consequently the surface contribution to the total
single scattering yield is then negligible with respect to the
bulk one. As a result, we have considered the background-
free experimental spectra as essentially due to bulk scatter-

ing, i.e., directly proportional to Im 1/e). 1
Im( - —)

A Kramers-Kronig transform is then used to deduce the
real part of— 1/e,
EIZ_ EZ dE

1 2 (= 1
Re(—~ )=1——Pf c|m(—~
€(E) 7 Jo e(E")
(A10)

For a semiconductor or an insulator the proportionality condt has been showfl that, in the reflection mode, the maxi-
stantc is generally deduced knowing the value of the dielec-mum momentum transfeg upon collision of the primary
tric constant at very low energy, as deduced by optical reelectrons with the solid does not exceed 0.3 AThe di-
flectivity measurements, electric constant deduced by the above procedure, taking into
account the small momentum transfer of the impinging elec-

E/

!

T 1 trons (in our case about 0.102 & at an energy loss of 25
7| 1R “%0) eV), is to be considered as substantially similar to that ob-
c= _ , (A11)  tained by means of optical experiments. This assumption is
Pfxlm[_lle(E,)]dE’ usually referred to as the optical limit, i.e., whe«E,q)
0 E’ ="¢(E).
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