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Measurement of the dielectric constant of amorphous CNx films in the 0–45 eV energy range
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Amorphousa-CNx 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 and C 1s core
levels.
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I. INTRODUCTION

In the last few years carbon nitride materials have b
the focus of considerable experimental and theoretical at
tion since Cohen and co-workers proposed thatb-C3N4
should have a hardness comparable to that of diamon1,2

Subsequent calculations have shown that other crysta
C3N4 structures should have stability comparable to
greater than that ofb-C3N4, and that many of these struc
tures should be very hard~e.g., the cubic one!. The only
exception is represented by the energetically most st
form, the rhombohedral C3N4, which has a graphitelike
structure and is expected to be quite soft.3,4 From the experi-
mental point of view carbon nitride has been observed
exist in apparent amorphous or disordered phases altho
there are several reports of crystalline phases being dispe
in the amorphous matrix.5–7 The interest in amorphous ca
bon nitride (a-CNx) stems from its outstanding mechanica
optical, and electronic properties, which can be tailored a
function of the nitrogen contentx. Due to its strong chemica
bonding it shows a marked stability that allows a large va
ety of applications in the fields of optical and electronic e
gineering, in particular with respect to the high-temperat
and high-frequency applications.

The atomic structure of amorphous carbon nitride is s
very poorly known. This is mainly due to the rich variety
possible local environments and the lack of long-range or
The investigations have shown competition between
C-C, C-N, and N-N bonds in forming such a structure. Ev
if some group claimed the growth of theb-C3N4 on the basis
of x-ray and electron diffraction or TEM data, most of th
films, prepared with several different deposition techniqu
were obtained in thea-CNx form.8 The knowledge of the
physical properties ofa-CNx as a function of both the nitro
gen content and the particular deposition technique adop
is then of great relevance. Optical properties are a us
index of changes directly related to the structure and com
sition of the films. They have been studied by conventio
PRB 620163-1829/2000/62~24!/16893~7!/$15.00
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spectroscopy~near normal incidence reflectivity and ellip
sometry! but only in the photon low-energy range (E
,5 eV).9–14

In this study we present the dielectric function ofa-CNx
films, deposited by means of pulsed laser ablation, as
duced from reflection electron-energy-loss measurem
~REELS! in the range 0–45 eV. Electron-energy-loss sp
trocopy ~EELS! is sensitive to the local coordination of CN
structure and can be useful to evaluate and to distinguish
a function of the nitrogen content, among various local c
bon environments~i.e., threefold and fourfold coordination!.
EELS data ofa-CNx have been already presented in t
literature10,14–19 but only in the form of raw experimenta
data: neither elastic peak subtraction nor some backgro
removal procedure have been carried out. With the aid o
proper numerical procedure the dielectric function, the b
loss function and the reflection coefficient can be obtain
over an energy range wider than that allowed by opti
spectroscopy techniques. The analysis of the data f
energy-loss spectra and from x-ray photoelectron spect
copy has allowed the characterization of the overall nitrog
content in the films and the nature of the bonding states
both carbon and nitrogen.

II. EXPERIMENT

The films were grown at room temperature by ablati
high purity graphite targets placed on a rotating holder,
mm far from the substrates. These latter were crystalline
con and Corning 7059 glass. Ablation of the target was p
formed by focusing the beam of a KrF excimer laser~wave-
length 248 nm, pulse width 25 ns, pulse energy 150 m
repetition rate 10 Hz! onto an area estimated approximate
4 mm2 resulting in an energy density of 3.7 J cm22. The
high vacuum deposition chamber was evacuated down
about 4.031024 Pa. The samples were obtained by inserti
N2 gas with partial pressuresPN2

up to 13 Pa.
REELS and x-ray photoelectron spectroscopy~XPS! mea-
16 893 ©2000 The American Physical Society
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16 894 PRB 62FRANCESCO BARRECAet al.
surements were carried out using a VG ESCALAB vacu
system. Reflection electron-energy-loss spectra were
tained by a VG LEG61 electron gun in conjunction with
VG CLAM 100 hemispherical analyzer. The primary ele
tron energy wasEp52.5 keV, the incidence anglea was
about 40° from the normal to the sample surface. The
current was about 10mA and the pass energy of the an
lyzer was set to 20 eV. The acceptance angleb of the ana-
lyzer was about 3°. Under these conditions the overall
ergy resolution, as determined from the elastic peak@full
width at half maximum~FWHM!# of the REEL spectrum
was approximately 1.4 eV. The same analyzer, with the sa
pass energy, was used to measure x-ray photoelectron s
tra excited by the AlKa radiation~1486.6 eV! of a conven-
tional twin-anode Al/MgKa source. During each measur
ment the vacuum in the analysis chamber was in
1027 Pa range. The REELS and XPS spectra were obta
by an automatic computer-controlled data acquisition sys
and a minimum of five complete scans were acquired in
der to optimize the signal-to-noise ratio. In order to avo
charging effects, a silver paint droplet has been depos
onto a small region of the sample surface. All the measu
XPS core levels were referred to the Ag 3d5/2 line ~380.0
eV!. A negligible amount of oxygen contamination, presu
ably due to atmospheric exposure of samples, was also
served. Optical reflectivity measurements were performed
both a Lambda19 and a Lambda20 Perkin-Elmer UV-V
NIR spectrophotometers using a specular reflectance ac
sory.

III. RESULTS AND DISCUSSION

XPS spectroscopy has been extensively used to chara
ize the composition and the chemical bonding nature of
C-N compounds.8 We investigated the C 1s and N 1s core-
level photoemission spectra to estimate both thex
5@N#/@C# atomic ratio and to study the modifications i
duced by progressive nitrogen incorporation~see Table I!. In
Figs. 1 and 2 such spectra are reported, after the subtra
of a Shirley-type background, for some CNx films deposited
at different nitrogen partial pressures. A quantitative estim
of the composition was performed in terms of the relat
intensity of the respective 1s photoemission signals and
sensitivity factors.20 Values ofx up to 0.25 were determined
The effect of nitrogen incorporation on the C 1s peak is
asymmetric broadening and shifting towards higher bind
energies. For the non-nitrogenated sample the C 1s peak is
sharper (FWHM51.6 eV) and is located at 284.5 eV, su
stantially at the same value of other pure carbon syste
while it reaches 285.1 eV with FWHM52.1 for the highest

TABLE I. C 1s and N 1s XPS data analysis results for sampl
grown at different partial nitrogen pressure~see text!.

C 1s N 1s

x
Pos.
~eV!

FWHM
~eV!

N-C
(sp3)

N-C
(sp2)

FWHM
~eV!

0.0 284.5 1.59
10.4 284.8 1.85 398.7 400.1 2.1
25.0 285.1 2.07 398.8 400.5 2.1
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nitrogen content sample. As nitrogen is incorporated,
presence of new components is therefore evident. Never
less, as pointed out by other authors,8,21 it is not possible to
unambiguously deconvolve such a structure due to the m
overlapping components. We rather preferred to carry
this analysis on the N 1s photoemission band, whose beha
ior is reported in Fig. 2. Extending from 398 to 401 eV,
can be very well fitted with just two components, locat
approximately around 398.5 and 400 eV. Since different
trogen species give N 1s binding energies in this range, th
assignment of these components to definite chemical stat
not unique. Nevertheless, considering two main configu
tions for nitrogen, there is a wide agreement in t
literature8,22–25 to assign the peaks at lower and higher e
ergy to nitrogen atoms bonded with fourfold- and threefo
coordinated carbon atoms, respectively. Overall, the lo
energy peak exhibits a slight, but definite, increase w
increasing nitrogen content.

The experimentally measured REEL spectra for the st
ied a-CNx films are shown in Fig. 3, after a normalization

FIG. 1. Experimental C 1s XPS spectra of CNx films having
different nitrogen content~see Table I!.

FIG. 2. Experimental and numerically fitted N 1s XPS spectra
of CNx films having different nitrogen content~see Table I!.
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the intensity of the primary electrons peaks. The analysis
the spectra have been carried out on the basis of a sim
phenomenological model in which the measured single s
tering electron yield is represented by a linear combinat
of the bulk and surface loss functions. The details of
model, reported in the Appendix, show that the backgrou
free experimental spectra are essentially due to bulk sca
ing, i.e., directly proportional to Im(21/ẽ). The spectra, re-
ported in Fig. 4, are characterized by two broad plasm
features due to collective excitations ofp electrons~at lower
energy! and p1s electrons~at higher energy!. The depen-
dence ofp1s excitations upon the nitrogen content can
clearly seen. Their plasmon energy decreases about 2.
whenx varies from 0 to 0.25, ranging from 26.9 eV for th
pure carbon to 24.0 eV in the case of the maximum nitrog
concentration. All the relevant parameters deduced from
analysis outlined in the preceding section are reported
Table II.

FIG. 3. Experimental energy loss spectra of CNx films having
different nitrogen content~see Table I!. The curves have bee
shifted and the elastic peak region excluded for sake of clarity.

FIG. 4. Im(21/ẽ) spectra for CNx films having different nitro-
gen content~see Table I!, as deduced from the procedure outlined
the Appendix.
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The observed shift of the main plasmon towards low
energies finds its counterparts in the correspondent reduc
of the density of valence electrons (220.4%) and the mass
density r of the samples (221.7%). In particular,r has
been evaluated as

r5
nval~PC1PNx!

Na~NC1NNx!
, ~1!

wherePC andNC (PN andNN) represent the atomic weigh
and the number of valence electrons for carbon~nitrogen!
atoms, respectively,nval is the valence electrons density an
Na is the Avogadro number. In Eq.~1! x is defined as the
ratio @N#/@C# as deduced by the XPS 1s spectra of C and N.

Analyzing the behavior of Im(-1/ẽ) shown in Fig. 4, an
energy variation is also observed in the case ofp plasmons
whose position ranges from 5.06 to 4.25 eV, the former
ergy being typical of the pure amorphous carbon.26 As also
observed by other authors,19 p plasmon energy shifts a
lower energies and its intensity is found to increase w
increasingx. Both these two effects are to be ascribed to
increased threefold- to fourfold-coordination ratio. This
supported by the analysis of the complex N 1s XPS line
which, as we have already pointed out, can be associ
with an increase in the number of nitrogen atoms bonded
threefold- and fourfold-coordinated carbons. To simplify t
analysis we can assume that the structure ofa-CNx films is
essentially built up by only threefold- and fourfold
coordinated carbon atoms bonded to other carbon or nitro
ones. These coordinations are generally identified in the
erature as C-Csp2, C-Csp3, N-Csp2, and N-Csp3

bonds.14,19,27Thus, in order to justify the increase of the tot
threefold-coordination fraction, it should be necessary to
pothesize a decrease in the density of C-C fourfold coo
nation. Moreover, the shift to lower energies of thep plas-
mon is to be ascribed to the decrease of the sample dens
that induce a reduction in the density of the involvedp elec-
trons. The two effects of the samples nitrogenation on thep
plasmons, i.e., the increase of their intensity and the shif
lower energies, play a fundamental role in determining
threefold- to fourfold-coordination ratio. If, on one hand, th
formation of threefold coordinations supplies newp elec-
trons, on the other hand, it increases the average bond le
in the structure reducing the mass density.28 The overall
spectral behavior is given by the balance between these
competing mechanisms.

As a consequence of the different features in the l
spectra also the REELS-deduced dielectric constant~Fig. 5!
shows different spectral behaviors due to a modification

TABLE II. Summary of parameters deduced from REELS sp
tra analysis:Epl plasmon energy,nval valence electron density,r
calculated density, andL inelastic mean free path.x(%) is the
relative nitrogen content with respect to carbon, as deduced by
data analysis~see text!.

x (%) Epl ~eV! nval (cm23) r (g cm23) L ~nm!

0.0 26.9 5.2531023 2.614 3.25
10.4 25.7 4.7931023 2.367 3.56
25.0 24.0 4.1831023 2.047 4.09
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16 896 PRB 62FRANCESCO BARRECAet al.
electronic levels with respect to the pure carbon band st
ture. It shows two separated groups of structures ine2 sug-
gesting transitions that involve different groups of bands
in the case of graphite.29 In that case, two spectral region
are defined below and above 8 eV, the first one dominate
intraband and interband transitions mainly ofp→p* char-
acter and the second by interband transitions ofs→s* char-
acter. A similar separation can be made for our sample
a-CNx , being the two regions characterized by the sa
type of transitions. As can be observed in the behavior of
imaginary part of the dielectric constant, the higher nitrog
concentration gives a well-pronounced separation betw
the two groups of bands as in the case of graphite and
can be considered as a further proof of the nitrogen-indu
graphitization of the material. Moreover, the structures in
left side of the low-energy region, centered at about 2.5
show the tendency to increase their oscillator strength,
suggesting a reduction of the value of the energy gap a
possibly, an increase of the sample electrical conductiv
As pointed out in the Appendix, the loss function Im(21/ẽ)
has been normalized using a value of the dielectric cons
at very low energy. Such a value has been deduced by
analysis of the interference fringes present in the ne
infrared optical reflectivity of our samples. The results,
agreement with the decrease of the mass density upon n
genation, show a decrease of the index of refraction fr
2.30~pure amorphous carbon! to 2.20 for our higher nitrogen
content. These values are some percent higher than t
presented in Ref. 14, and this difference may be ascribe
the different sample preparation technique.

Finally, in Fig. 6, the reflectivity spectra of our sampl
are shown together with those measured by spectrophoto
ric methods. Taking into account the very different char
teristics of the techniques adopted, the observed qualita
agreement is quite satisfactory. In particular, the spectra
duced by REELS in the optical limit and those obtained
optical spectroscopy essentially differ due to their very d
ferent energy resolutions. The optical functions provided
REEL spectroscopy, being a convolution of their natural l

FIG. 5. Spectra of the reale1 ~continuous line! and the imagi-
nary e2 ~dashed line! part of the dielectric constant deduced fro
Eqs.~A12! and~A13! for CNx films having different nitrogen con
tent ~see Table I!.
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shape with a Gaussian response function that has the FW
~1.4 eV! of the elastic peak, are more broadened and lowe
than their spectrophotometric counterparts. The optical
flectivity data also show, upon increasing nitrogen conten
marked overall decrease compared to the EELS dedu
ones. Since we found that the film surface roughness
creases with the nitrogen content, an increased light sca
ing effect can be responsible for the substantial spread of
optical data. Nevertheless, from both the two sets of spe
is evident a continuous decrease of the reflectivity up
sample nitrogenation, with a contemporaneous shift towa
low energies of the main structures. Thus, these results
also be interpreted on the basis of progressive reductio
the index of refraction, due to a lower mass density, indu
by the increasing nitrogen concentration, accompanied w
a graphitization of the material.

IV. CONCLUSION

In summary, the complex dielectric constant of CNx films
has been obtained in a very wide energy range~0–45 eV! by
means of electron-energy-loss spectroscopy in the reflec
mode. In particular, the results obtained can be summar
as follows.

From the point of view of the technique and of the me
odology adopted, an appropriate choice of the approxim
tions has allowed us to deconvolve the loss spectra an
extract, with a relatively simple procedure, the real a
imaginary parts of the dielectric function. The use of t
inelastically scattered electron spectroscopy offers the m
advantage to provide optical spectra without problems a
ing from interference effects, at low frequencies, or lig
sources availability, at high frequencies, typical of the sp
trophotometric techniques. The sensitivity of REELS in d
tecting small differences in the dielectric response has b
confirmed by the good agreement with the optically det
mined reflectivity.

For what concerns the material properties, in the frame
our starting hypotheses on the nature of the bonds in Cx ,
the nitrogen introduction in an amorphous carbon matrix
been found to induce an increase in the total threefo

FIG. 6. Optical reflectivity spectra~lower! and REEL deduced
ones~upper! for CNx films having different nitrogen content~see
Table I!.
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coordination fraction with a contemporaneous lowering
the C-C fourfold-coordination concentration. Then, as
ready observed by means of other diagnostic technique19

there is clear evidence of a progressive graphitization of
material upon increasing the nitrogen content.
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APPENDIX

The extracting procedure of the optical constants from
electron-energy-loss spectra is elsewhere described in de
both for transmission~TEELS! and reflection ~REELS!
modes.30–33 Here we report a more simple procedure for t
extraction of the dielectric function from the loss data.

The analysis of a REEL spectrum is based on a sim
phenomenological model in which the measured single s
tering electron yield is represented by a linear combinat
of the bulk and surface loss functions

S~E!5k$A Im@21/ẽ #1B Im@21/~ ẽ11!#%, ~A1!

whereẽ is the complex dielectric function andk is an instru-
mental scale constant.A and B are coefficients that mainly
depend on the primary beam energy, its angle of incide
on the sample surfacea, and the total mean free pathL. In
particular,

A5E
d

`

expS 22z

L cosa Ddz5
L cosa

2
expS 22d

L cosa D ,

~A2!

B5E
0

d

expS 22z

L cosa Ddz5
L cosa

2 F12expS 22d

L cosa D G ,
~A3!

where z is a depth coordinate perpendicular to the sam
surface andd is a phenomenological parameter which rep
sents the thickness of that sample region where the sur
scattering dominates. Its value is generally of the same o
of magnitude of the wavelength of the impinging electrons34

In our case, for a primary energy of 2.5 keV,d is about
0.240 Å. When the ratiod/L decreases, the surface cont
bution to the measured yield decreases as well. Th
samples characterized by large electron mean free p
show a spectrum which is mainly due to bulk effects. T
value of L used for our REELS data analysis has been
duced by a universal function proposed for a wide variety
compounds.35 Measuring the primary energyEp in electron-
volts and ifM is the molecular weight in g/mol,N the num-
ber of valence electrons per structural unit~atom or mol-
ecule!, and r the density in g/cm3, the electron mean free
path is given by

L~Ep!5
MEp

rN~13.6 lnEp217.621400/Ep!
. ~A4!
f
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In order to proceed to the extraction of the optical functio
from the raw data, the first step is the elimination of t
elastic peak and the subtraction of the background~double
scattering included!. The former procedure is typically ac
complished by a best fit of its Gaussian line shape. The la
is obtained by a self-consistent method suggested by T
gaard and Kraaer,36,37

FlK~E02E!5
1

C H Y~E!2FlE
E

E0
K~E82E!Y~E8!dE8J

~A5!

with

Fl5
LL

L1L
, ~A6!

whereK(E) is the background-free loss spectrum,Y(E) the
total experimental yield,L the attenuation length of the re
flected electrons due to elastic scattering, andC the elastic
peak area. Details concerning the application of this pro
dure can be elsewhere found.38 A single scattering spectrum
is thus obtained, built up by bulk and surface contributio
where losses are due, typically in the first 30 eV, to interba
transitions and plasmon excitations. In the second step,
cording to the standard procedures described in the literat
this single scattering spectrum shall be fitted to the mo
function for the REELS cross section and its yield subjec
to the separation of surface and bulk terms.

In order to evaluate the relative weight of theA and B
terms in Eq.~A1! it is necessary to estimate the total me
free pathL, knowingN andr. In the free-electron approxi
mation, the densitynval of valence electrons is given by th
well-known Drude relation

nval5
m

4pe2
Epl

2 57.2531020Epl
2 ~eV!, ~A7!

while the mass densityr is given by

r5

nval( ~Pixi !

Na( ~Nixi !

, ~A8!

whereEpl is the main plasmon energy,m the electron mass
e the electron charge,Na the Avogadro number, and((xi)
51. Pi , Ni , andxi represent the atomic weight, the numb
of valence electrons, and the percentage fraction of thi
atomic species, respectively. Strictly speaking, for a prec
evaluation of the above quantities, it must be stressed tha
eigenfrequencies of the bulk plasmons should be defined
the conditionẽ50 and not by the position of the plasmo
peak. Moreover, when bound electrons are present, the
electric constant and, consequently, the plasmon ener
change with respect to those obtained by the simple Dr
formula. However, such changes are not so drastic to inv
date the use of the free-electron approximation.30 The L
value is calculated from Eq.~A4!, using theEpl value ob-
tained after the elimination of the elastic peak and the s
traction of the secondary electrons background. Suc
choice may be justified by the fact that the surface coun
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part of the main plasmon lays at lower energies and ha
minimal influence in determining the plasmon energy.

In the case of our samples,L values range from about 3
to 41 Å. Taking the ratio of the two coefficientsB and A,
defined by the Eqs.~A2! and ~A3!,

B

A
5expS 2d

L cosa D21, ~A9!

we obtain, for our REEL spectra, a value slightly smal
than 3%. Consequently the surface contribution to the t
single scattering yield is then negligible with respect to
bulk one. As a result, we have considered the backgrou
free experimental spectra as essentially due to bulk sca
ing, i.e., directly proportional to Im(21/ẽ).

A Kramers-Kronig transform is then used to deduce
real part of21/ẽ,

ReS 2
1

ẽ~E!
D 512

2

p
PE

0

`

c ImS 2
1

ẽ~E8!
D E8

E822E2
dE8.

~A10!

For a semiconductor or an insulator the proportionality c
stantc is generally deduced knowing the value of the diele
tric constant at very low energy, as deduced by optical
flectivity measurements,

c5

p

2 F12ReS 2
1

ẽ~0!
D G

PE
0

` Im@21/ẽ~E8!#

E8
dE8

, ~A11!
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