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Structure of nitrogenated carbon films by electron diffraction and imaging
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The change of the microstructure of carbon films after nitrogen incorporation is a topic of extensive discus-
sion. Concerning this topic, tetrahedral amorphous carbon prepared by filtered cathodic arc deposition is
chosen for present investigations where nitrogen is incorporated in the films by using a Kaufman-type ion
source. The average distribution of bonds and bond angles is studied by electron diffraction leading to the
radial distribution function. On the other hand, a detailed study on the film microstructure has been carried out
in a high-resolution transmission electron microscope. Nanocrystalline structures of nitrogenated carbon are
clearly seen, especially, from the films having high nitrogen concentration. The variation of structure of the
films with nitrogen concentration is understood from electron energy loss spectra. The bonding arrangement of
carbon and nitrogen atoms is thoroughly emphasized from carbon as well as nKregges. The microscopic
view helps us to understand a model of carbon and carbon-nitrogen nanostructures.

[. INTRODUCTION structures as a function of nitrogen content.
In a conventional filtered cathodic arc techniqesapo-

The nitrogen doping of amorphous carbon and tetrahedrahtion of graphit¢ where nitrogen is introduced from the gas
amorphous carbofta-C) films is to some extent a subject of phase, the formation of crystalline phases of,CMdarticu-
controversy.® One of the main reasons for that is the lim- larly crystalline 3-C3N,, seems to be unlikely because nitro-
ited knowledge on film microstructure and its influence ongen has to substitute the carbon atoms from the planar
electronic structuré Researchers have tried to establish fromSpZ-bonded configuration. Using a Kaufman-ion source a
electron diffraction, radial distribution functioRDF), gnd highly dense energetic nitrogen-ion flux can be obtained,
electron energy loss spectroscofifELS) that there is @ which is helpful to incorporate a high nitrogen concentration
strong indication of change of electronic structure as well anto ta-C films. With this technique, therefore, we have the
doping of the diamondlike carboh® RDF can only deter- possibility to modify short-range order in GNilms.
mine average local structurs;* whereas the microstructure ~ The second important motivation of this work is to rein-
can be understood from microscopy, e.g., high-resolutioRestigate the role afp? bonding in nitrogen-free ta-C films.
transmission electron microscogelRTEM) imaging. Ac-  Theoretically as well as by electron diffraction experimehts
cordingly, the understanding of the structure of Glns at it was revealed that a compressed graphitic layered structure
nanometer scale is hardly possible from RDF due to th§yas needed to get an agreement between calculations and
complexity of different CN bonding arrangements. Up 10 experimental results. It is very important to have a clear un-
now there are no reports on crystallieCsN, of micron  gerstanding on the p?-bonded local structure, which could

. 7,8 . . . . ) 3 N - i )
size. " All crystallites are likely to be confined in the nanom- pe responsible for discarding the utility of this material as a
eter range. Other crystalline phases of,Gife suggested as oo electronic material.

well, for instancea-CgN,, cubic GN,, and rhombohedral = The paper is arranged as follows. Having explained the
C3N,4 type:” Reports are found on zinc blende or fullerene orexperimental and structural properties of this material in Sec.
onion-type structures of nitrogenated carfo we empha- || the average structure from RDF is present8écs. Il A

size the importance of a detailed study of our samples bynd 111 B). In the following part of this sectioiSec. 1110
electron diffraction and imaginghy HRTEM). A small per-  the microstructure of different CNfilms will be focused.

centage of nitrogen can produsg’-bonded structuredltis  The importance of these microstructures will be explained by
difficult to separate the contribution of C-C and different CN gg| 5 (Sec. 111 D).

bonds including single, double, and triple bordSo the
structure of CN films is obviously not a random mixture of
different hybridization bonds. Besides, there is a need for
understanding the electronic properties and the density of
states corresponding to the nanostructure region. EELS is A combination of a filtered cathodic arc with a Kaufman-
sensitive to the local coordination of CN structure, which cantype ion source is used for the sample preparation, where
be useful to distinguish carbon nanostructures. These expernergy and flux of carbon and nitrogen ions can be con-
ments are useful at carbdf edge(C K edge for carbon trolled independently. A graphite disc of high puritgarbon
nanostructures and also at the nitrogéredge(N K edgé  SGL Co and density of 1.9 g/cfris used for the cathode. A
edge for understanding the environment of nitrogen atomsstream of carbon plasm@nean ion energy of about 26 eV
Particularly, the NK edge has not been well studied before,with respect to ground and36 eV with respect to cathogle
which disables us to understand CN and NN bonds. In addiis passed through a magnetic coil that filters neutral carbon
tion, a systematic study is lacking on the change of @dal = atoms and macroparticles. Nitrogen is introduced in the films

II. EXPERIMENTAL DETAILS
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TABLE I. Description of the samples properties obtained from ERDA, TEM, and EELS. The subscript
of a-CN, denotes the atomic concentration of nitrogen only.

Samples N at. %=*1) sp? fraction Density(g/cnT) Microstructure(with amorphous regions

ta-C 00 0.3 2.98 Ordered graphic showing diffraction rings
a-CNyq4 04
a-CNpg 09 0.4 2.94 Sharp rings in diffraction
a-CNy, 12 Weak crystalline peak and diffraction rings
a-CNy5 15
a-CNyq 19 0.46 2.89 Low intense crystalline
a-CNysg 25 Feature ofx-C3N, and diffraction rings
a-CNyq 29 1.23 2.27 Sharp peaks similar BoC5N,,

No halo nor ordered graphite.

by the admittance of a gas flow or by the bombardment ofnverse Fourier transformation.

the growing film with nitrogen ions from the Kaufman-ion  For the calculation of the RDF the intensity of diffracted

source. With a flow rate of 3 SCCNtubic centimeter per electrons is converted to the pair correlation funct®(r)

minute at STPthe gas pressure in the chamber is maintained= 377f§maxK I(K)sinKrdK, with K=2sing/Ax and 1(K)

at about 2<10 2Pa. The films are deposited on silicon =[1"(K)Nf2]K/Nf2 the interference functionl’(K) and

(100 substrates, which are cleaned by ethanol and argon ioy 2 are energy filtered scattering intensity and the scaled

beam before deposition. The substrates are mounted on gomic-scattering intensity, respectivelyis the wavelength

water-cooled copper plate. No substrate bias was appliey scattered electrons. The radial distribution functign) is

The stm_chmmgtry and .densny of all the films are determined.5culated fromG(r), J(r)=4mr2p+rG(r) (wherep cor-

by elastic recoil-detection analySiERDA). responds to the average number density of atoms in the
The samples of about 40 nm thickness are prepared og,mpley which is a measure of the number of electrons at a

small copper grids for electron microscopy by dissolving thegjyen distance. A series of Gaussians are used toJfit).
silicon substrates in HF/HNQacid and then rinsing into

distilled water. Electron diffraction and imaging is per-
formed in a Philips CM20 FEG transmission-electron micro-
scope with a primary electron energy of 200 keV. The elec- The atomic percentage of nitrogen, thp?-fraction and

tron energy-loss spectra were recorded on a Gatan 66 density of a complete batch of samples are given in Table
PEELS spectrometer mounted on the same microscope. Theayerage distributions of bonds using pair correlation func-
point and line resolution of the microscope are 2.4 A and 1.4i0n G(r) and J(r) are performed on three of the samples
A, respectively, and energy resolution of the spectrometer iﬁaving 0%, 19%, and 29% of nitrogen and the results are
about 1 eV. The spectral data are analyzed by Gatan EL/Eymmarized in Table Il. Th&(r) andl (K) of these samples
software (version 2.} to calculate the thickness of the ;e shown in the Figs.(4) and 1b). Decomposition of the
samples to remove multiple scattering. The plasmon energy(r) is presented in Figs.(8—2(c). The average bond angle
is.calculated from the peak maximui'efpréax and f2rom the full (6) is calculated fromd=2 sin Y(r,/2r,), wherer, andr,
width at half maximumA\E p asEp=(EpactAEY4)' Fol-  represent the first- and the second-nearest-neighbor dis-
lowing Bergeret al."* the fraction ofsp? bonds is calculated  tances. The atomic number densities of the samples are cal-
from R=(1;/1cn)[1 7(€)/Icn(€) ], wherel oy andlcn(€) are  culated from the slopes aB(r) at low r values[see Fig.

the total intensities in both the* and o* peaks(integrated  1(g)].
over an energy of-50 eV) for the CN, films and for electron

beam evaporated carbon, respectively. Intensitiesm7bf

peaks only are denoted Hy. andl .(e), for CN, and the
evaporated carbon, respectively. Multiple scattering contri- The position of the first- and the second-nearest-neighbors
butions are removed by Fourier-Ratio method, i.e., dividingdecreases from ta-C &3CN,q. The average bond angle rises
the Fourier transform dk-shell spectrum by the correspond- from 112.0° to 120.0° in these samples. The atomic number
ing Fourier transform of low-loss spectrum, followed by andensity(p) of the samples is found to decrease with nitrogen

IIl. RESULTS AND DISCUSSION

A. Pair correlation function [G(r)]

TABLE IlI. Variation of nearest-neighbor distances, bond angle, coordination number, and atomic number
density calculated fron®(r) andJ(r). A; andA, are the areas under first and second intense pedf)n

Nitrogen rq ry I Bond Coordin.  At. density(p)

at. % R) (R) (R) A, lA; angle number (A3
ta-C 0.0 1.52 2.52 2.02 2.55 112.0° 3.60 0.164
a-CNyg 9.0 1.47 2.43 1.98 2.50 112.2° 2.90 0.153

a-CNyg 29 1.38 2.39 1.86 2.46 120.0° 2.02 0.140
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0T T T T T T T T T of this peak may be explained by the graphitization. In the
r, a) - previous work by Daviet all! a similar small peak is ob-
400 —0.0%N . served, which on the other hand, is shifted towards high

oo | values with nitrogenation. A similar behavior in this region

of G(r) is also known for the hypothetical crystalline struc-
tures of 3-C3N,, for cubic GN, and graphitic CN, but not in
the hypothetical rhombohedrakig, structure’-81t

Range IlI: In the case of range (iih between 2.1 and 3.2
A, where the maximum corresponds to the second-nearest
neighborhooy the features are not very straightforward. For
example, the assignment of the third-nearest-neighbor peak
is not unique. Recalling the structure of diamond and graph-
ite many authors suggested that for ta-C this peak appears at
about 3 A% From molecular dynamics Jungnicletl al® sug-
gested (counting the third neighbor along the covalent

G(r)

08 T T T T T T T T T bondg that this peak originates from the dihedral torsion of
I ——0.0%N by J  the third neighboredp? andsp® units and the peak maxi-
——9.0%N ] mum corresponding to the third-nearest neighbor should be

located at about 3.7 A. Although tr@CN,, films are gra-

] phitic, the double peak between 2.2 A and 2.76 A is similar
SIS 1o that which is seen in crystalline diamond as well as in

W/ . polycrystalline graphit8.However, for this composition the

] peak at 2.76 A is also a signaturesyi>-bonded carbon or a

hexagonal ring structure. From reverse Monte Carlo simula-

tion of glassy carbon O’'Mallegt al® showed that this peak

arises from the significant distortion of hexagonal rings

- § forming a graphitic network. The position at 2.76 A is ex-
) P T SR S ST S SRS SO SRR S SRR S SR S B actly the double of the first peak positi¢h.38 A). This is a

K)

o 1 2 3 4 5 6 7 18 L clear evidence of graphitization with hexagonal ring
K (A structure® In a-CNyg a similar feature is not found due to a

small amount of hexagonal rings. In ta-C the peak at 2.9 A is
less than double of the first peak position.

The radial distribution functiod(r) is decomposed in the
region between 1.0 A and 2.6 A into several Gaussians peaks
concentration(see Table . The average coordination num- [Figs. 2a)—2(c)]. The integrated area ratio of second and the
ber of these samples changes from 3@8C) to 2.90 first peaks A,/A;) is useful for determining thep? con-
(a-CNgg) and to 2.02 4-CN,g). These features generally tent. These values are 2 and 3 for crystalline graphite and
represent that ta-C is diamondlike aaeCN, films are be- diamond, respectively. For ta-C sampleg/A, is nearer to
coming graphitic with increase of nitrogen concentration.that of diamond suggesting ayp®-rich system. The mea-
We now discuss with the increase mfdetails ofG(r) from  sured values of the ratio of teeCN, samples are decreasing
three different samples selecting a few partially overlappingvith increasing nitrogen content. Although these values are
r rangedsee Fig. 1a)]. interfered by CN bonds the decrease of these values indicates

Range |: The first peak position of ta-C at 1.52 A is verya transition fromsp®-rich to sp?-rich systems with the in-
close to the CC bond length of diamoii#l.544 A, which  crease of nitrogen concentration.
changes to 1.38 A ina-CN,g indicating more trigonal In the following we compare several peaks obtained from
bonded carbon similar to olefinic structu¥d small increase the decomposed redial distribution function of different
of the full width at half maximunm{(FWHM) of the first peak samples as shown in the Figga2-2(c). The width and area
of a-CN,y compared to the ta-C towards the loweside  of the first peak in the nitrogen-free sample are 0.26 A and
may appear due to CC triple bonts203 A or CN double  38.5 A2, respectively, which change to 0.27 A and 251 A
and CN triple bond$1.30 A and 1.14 A, respectivelyAlso  due to the presence of 29% nitroggfigs. 2a) and Zc)].
there is a possibility of increase of static disorder of the bondAlthough the width for the film with 9% nitrogen is smaller
length in the CN films causing the increase of FWHM. (0.22 A) than for the other compositions, the peak area

Previously no good explanation was provided on the recomes in between, i.e., 34.An particular fora-CN,q it is
gion between 1.6 A and 2.2 A. A small peak2A may difficult to separate the contribution of CN single bonds from
account for a fourfold bonded network as proposed by Li andRDF curve as the bond length is in between 1.35 and 1.39 A.
Lannin® In fact in the nitrogen-free sample a small peakOther peaks corresponding to CN bonds may be covered
appears at;,=2.02 A [Fig. 2(@)], in agreement to that. In under the intense peak of CC bonds. For example, the first
the nitrogen-doped films a mixed feature is evident in thisintense peak of-CNyg is asymmetric towards the low
region. Fora-CNgg this peak (;,) reduces to a minimum region where a contribution from=eN(~1.14A), C=N
intensity[Fig. 2(b)] and reemerges as an intense peak at 1.86~1.30A), C=C(~1.18A) or from N=N(~1.24A) can
A for maximum nitrogen concentratidirig. 2(c)]. The shift  be expected. Neglecting the presence of CN bonds at short

FIG. 1. (a) pair correlation function andb) interference func-
tion derived from electron diffraction of ta-C and nitrogenated car-
bon films.
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FIG. 2. Decomposed RDF indicating a distribution of bonds lengths of atoms of carbon films avidip, (b) 19%, and(c) 29%
nitrogen, respectively(d) Difference curve ofl(r) with respect to nitrogen concentration.

range this decrease is correlated with the reduction of mass In order to understand the contribution of CN bonds, dif-
density of the samples. The position, width and area of thderence spectra af(r) of samples containing different nitro-
small intermediate peak between the first- and the secondg)en concentrations are plotted in Fig(dR Positive and
nearest neighborhood {, in Table 1) change from 2.02 A, negative intensities of the difference curves at a particular
0.240 A, and 12.57 Ain the nitrogen-free samples to 1.86 are the indications of the formation and absence of the par-
A, 0.255 A, and 14.51 A respectively, for 29% nitrogen ticular bond, respectivgly. AII. the three curves have a ten-
incorporation. This difference may be possible if we allow adency of decrease of intensity at about 1.5 A and also at
second bonding configuration, e.g., CN bonds. In generaPbout 2.0 A explaining the decrease of G6* bonds with
the origin of this part is not established. It might also happen{he increase of nitrogen percentage. Peaks at 1.15 A and at
due to a bond disorder and dangling bonds in the carbor-36 A of the(9-0%N curve could indicate th_e formatlon_of
matrix. _CEN an_d C=N (or C—N) bonds, respectively. Surpris-
Shift of position of the nearest neighbors and variation O#ngly an mtenose peak appe?rs at 1.22 A from the_ oyher two
mass density of amorphous carbon have been correlated Gurves((29-99%N and (29-0%N] suggesting a majority of

Wanget al® A similar feature is holding good for the present =N bonds with high nitrogen concentration. So it seems
vang ' . 99 P that at high nitrogen concentration not all nitrogen atoms are
nitrogenated carbon, where with the decrease of the ma

Pound to the carbon atoms.
density the second nearest neighbor shifts towards a lower

(from 2.52 A to 2.43 A value. The decrease in area of the _
first peak inJ(r) corresponds to a decreasesg® content. B. Interference function [1(K)]

But the area of the second peak is describedNyN, The features observed froh{K) [see Fig. 1b)] are as
—1), whereN; stands for the coordination number of the follows. A prepeak between 2 and slightly above 3*Aa
material. So a decrease of the® content results in the de- main peak at about 5.5, a double-peak feature between 7
crease of the area under the second neighbor much more thand 12 A%, and a broad one near 13"A The prepeak

in that of the number of first neighbors. The area under thishows a complex behavior with nitrogen concentration. For
peak also decreases from 98.4 /& ta-C to 61.7 K in  ta-C this prepeak appears at about 3.06",Avhich is very
a-CN,g suggesting a decrease sp® fraction in the films  similar to[100] reflection of diamond. A rough estimation of
upon nitrogen incorporation. The width of this peak is highersp®-bond fraction may be mad&lungnickelet al1% from
than the first peak, this reflects a contribution due to thehe position of this prepeak. The position of the peak at about
presence of a static variation in the bond angles. 5.5 A~ moves towards highek values with nitrogen per-
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centage. We see that for ta-CaiCNqg a hump in the region ta-C. Figure 83 shows ordered lines in the TEM image of
between 8.0 and 10.0 & is intense, which is an indication ta-C corresponding to the graphite planes. A few clear and
of high percentage o§p® bonds, whereas the right side be- sharp diffraction ringgFig. 3@), insef from this area are
tween 8.0 and 10.0 A increases ina-CN,y explaining identified as reflection frorf002], [100], and[110] planes of
graphitization of the samples. The relative intensity of thegraphite explaining that some parts of the film are made of
left to the right part of this double peaks between 7 and 12rdered graphite, although the average bond length of atoms
A~1 was found to be increased with tsg® fraction!® in is near to diamond. We believe the presence of these
agreement with our results from nitrogenated carbon filmssp*-bonded network disables ta-C films to be suitable for
Also compared to nitrogenated carbon the peak-at3.0  doping even though they exhibit a large optical gap of about
A~1is shifted to a lowK value indicating higrsp® content. 2 €V.
The peak positions of the present samples in Fiy) are It is surprising that nitrogenated carbon films do not show
compared with the peaks observed from crystalline graphit@ny evidence of ordered graphitic layéigs. 3b) and 3c),
and diamond. In the nitrogen-free samples the peak at 5.4@sef. In the nitrogenated carbon showed several small crys-
AL corresponds to the reflection frof220] planes of dia- talline regions with sharp diffraction rings. The experimen-
mond. This peak is sharp in ta-C, which is a good indicatiorfally observedd values and a comparative study with the
of tetrahedral structure of carbon. For the same sample #heoretically predicted values are listed in Table III. The dif-
shoulder at 1.6 A® suggests that still some amountg?  fraction patterngFigs. 3b) and 3c), insef very often match
bonds are preseh:!! with that of « and 8 phase of GN,.”® But like the previous
For a-CNyg a peak is seen at 3.06 Aas found for ta-C ~ reports we do not find all values af spacing as predicted
but the peak at 5.62 & clearly identifies the reflection from theoretically. Even some new diffraction rings could indicate
[110] planes of graphite. So for a small percentage of nitro-2 New phase of CN bonded network.
gen the carbon films show a mixed structure between dia-
mond and graphite. These features suggest that the nitroge-
nated carbon films have a structure near to sputtered carbon.
Also in a-CNyg the peak at 10.8 A' shows a signature of Carbon films prepared in a filtered cathodic arc have rela-
sputtered carboht tively low fraction of sp? bonds and high density. In the
In the a-CNyg, the first peak at 1.92 A arises from  present study nitrogen gas is ionized in the arc deposition
sp?-rich domains and002] reflections of graphitic regions. chamber either by electrons in Kaufman source or by intense
Also the peak around 2.9 & is close to the reflections from carbon-ion plasma or which opens a possibility of having a
[100] planes of graphite, which are commonly observed inhigh fraction of nitrogen in the films and also some local
sputtered and in glassy carbon. The most intense peak aptructures in the amorphous matrix. A detailed study on
pears at 5.71 A! suggesting either the absence [afL0] EELS spectra recorded from nanocrystalline regions shows a
reflection or its coverage under the peak at 5.90,Avhich  difference in position, shape, and intensity of different peaks
rises from the graphitg200] plane. with respect to that of amorphous regiotBhattacharyya
et al®). Here, we concentrate on the amorphous regions of
the films.
A drastic change in the position ef—7* peak andw
Observed from electron diffraction and imaging the over-+ ¢ plasmon peak, as well as K and N K edges of the
all structure of all the films is amorphous. In addition to thesamples is observed as a function of nitrogen confiseé
amorphous regions nanocrystalline structure can also be se€iys. 4a)—(c)]. In the low-energy loss region the peak cor-
from these samplesee Figs. @)—(c), insef. So we cannot responding to ther+ o plasmon oscillation shows a shift of
consider the structure of our films as a random mixture oimaximum towards lower values with the increase of nitrogen
only trigonal and tetrahedral bonds. concentratiorfFig. 4@]. The area and shape of th& and
From the literature we see that the presencemfbonds  ¢* peaks both for K and NK edges vary with nitrogen
or microcrystalline graphite and thep® network are ex- concentratiodFigs. 4b) and 4c)]. Even in the nitrogen-free
pected to be complementary to hold the amorphousamples a smalt* shoulder is observed due to the presence
structure> However, no such microcrystalline graphitic of C sp? bonds. This peak becomes intense with nitrogen
structure but some resemblance of lattice fringes wergoncentration compared to the respecti¥epeak again both
seern~°The fringes arise from localp?-bonded clusters. for C K and NK edges. The NK edge shows an overall
Similarly, ordered graphitic planes should be found in ta-Cjmprovement of intensity but not continuously in the ratio of
which give rise to a stronge™ peak in the CK-edge #* and¢™ peaks. For a low nitrogen concentration it is very
spectrunt? It was shown thatsp?-bonded carbon forms difficult to compare the G< edge with NK edge. Also to
clusters within arsp® network in the form of sheets which understand NK edge in EELS is difficult for poor resolution
minimize the elastic strain energy developed mostly by biaxfrom the samples containing a small amount of nitrogen. Still
ial compressive stres&:® From molecular dynamics calcu- we can see a significant difference in their line shapes, which
lation it has been suggested that in ta-C tbaf-bonded implies that the concentration of CN single and double bond
atoms prefer to be arranged in paifsAlso from theoretical s different in local structuré® X-ray absorption spectra can
models it is understood that more than 28%-C bonds are  give a detailed structure of the conduction band. It is helpful
present in ta-C film&lt® to compare our work with the M-edge structure observed
In the present study from electron microscopy we haverom x-ray appearance near-edge structpANES).®
clearly seen that nanocrystalline graphite can be found ifrrom XANES we see that peak at399 eV corresponds to

D. Analysis of structure by EELS

C. Analysis of structure by electron diffraction
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100 nm

FIG. 3. TEM image collected from selected regions of carbon films hal@ng%, (b) 19%, and(c) 29% nitrogen, respectively. Inset:
Electron diffraction from the selected area shows crystalline features.

1s— #* transition. This is also observed in acridine, a pyri- sharp relative to the other samples. TheKNedge is well
dine analogué® Carbazole, a pyrrole analogue, also has aesolved intor* ando* peaks for the samples containing a
strong resonance at403 eV, which is assigned to as1 large amount of nitrogen. 1a-CNys 7* and ¢* are of com-
—a*. Theo* resonance is observed a#08 eV for amine parable intensity. The area of* is maximum fora-CNyg
compounds. The peak at 403.5 eV arises both from pyridinand it is broad. But ima-CN,q again ¢* becomes more in-
and pyrrole. The broad peak at 409 eV comes from bottiense making the™ to #* ratio high, together with a slight
aromatics and saturated amine. In general, the position of th@ovement towards higher energy.
both peaks suggests an aromdpgridinelike) or saturated The intensity ratio ofo* to 7* peaks is calculated from
amine structure in the materisl. the CK and NK edges. At the K edge this ratio decreases
In the samples with low nitrogen percentage tifepeaks  from 3.64 ina-CNggto 1.82 ina-CNy5to 1.64 ina-CN;gand
are relatively small and they are not so prominent asothe to 1.48 ina-CN,g. From this variation we can understand
bond. For example, the* transition is fairly small in the that the percentage of CE€p? bond increases compared to
samples prepared low nitrogen ion curreat@N;,). This  the CCsp® bond with the increase of nitrogen concentration.
feature is even less pronounced for the samples prepared Mgood agreement between the increase of percentagg?of
reactive mode d-CNyg). No significant NK edge is ob- bonds and optical gap with increase of nitrogen concentra-
served for the samples having a low percentage of nitrogetion has been noticed. The optical gap of ta-C is about 2 eV
(in a-CNgy,4, not shown in the figurgsAlso the width ofc™ which is reduced to 1 eV im-CNgyg and finally drops to a
peak is significantly decreased in the samples with differentalue near to 0.3 eV im-CN,g suggesting a continuous in-
nitrogen concentration. For 29% nitrogen thd peak is crease of the percentage ofsp? double bond as the nitro-
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TABLE Ill. A comparative study between the theoretically predicted and experimentally obsgi(eistance between crystal planes
values.

B-C3N, B-C3N, a-C3N, experimentally calculated d spacing

prev. ob$ calculated calculated a-CNyg a-CNiq a-CNgg ta-C
5.568 (100 5.543 (100 5.6 (100 5.5485 (100 2.7386 3.6091 1.54538
3.215 (110 3.2 (110 3.605 (101 2.7710 (200 2.2593 1.9477 1.32172
2.784 (200 2,771 (200 3.233 (110 2.3999 (101 2.1007 1.8183 1.15015
2.25 (101 2.202 (101 2.8 (200 2.1214 (210 1.9195 0.96016
2.104 (210 2.095 (210 2.407 (201 1.9527 (111
1.953 (111 1.92 (111 2.355 (002 1.6735 (300
1.856 (300 1.847 (300 2171 (102 1.5687 (310
1.599 (211 1.814 (201 2117 (210 1.4660 (301
1.544 (310 1.6 (220 1.931 (211 1.3302 (221
1.481 (302 1578 (211 1.904 (112 1.3013 (311
1.345 (221 1.537 (310 1.867 (300 1.2795 (320
1.308 (311 1.464 (301 1.802 (202 1.2299 (002
1.277 (320 1.331 (221 1.735 (301 1.2141
1.23 (002 1.294 (311 1.574 (212 1.0844 (411
1.133 (321 1.553 (310 1.0657
1.113 (500 1.475 (311 0.9759 (420
1.089 (411 1.333 (222 0.9573 (312
1.052 (420 1.297 (312 0.8994 (610
0.962 (312 1.261 (213
0.849 (610 1.24 (321

aSee Ref. 8, values in parentheses correspond to indices of crystalline planes.

gen concentration rises up. A decrease of this ratio in the Nitomic fraction of nitrogen in locally ordered GNtructure

K edge from 1.23 ima-CNpg to 1.07 ina-CNys in general  wil| be different from disordered structure. So in most of the
represents that the concentration of CN trigonal bond risegases nitrogen is not homogeneously distributed in the films
up as a function of nitrogen concentration. But a slight in-anq even a major fraction is not at substitutional sites. There-
crease of this ratio to 1.14 ia-CNye suggests that the in- fore, a film containing significantly less amount of nitrogen
crease of the €N bonds is not uniform at high nitrogen  {han what should be in a long-range order, might show local
content. crystalline regions of ¢N,.% This is also verified from our

L «
.The. S'T“"a”‘y of7 peakg betwegn .NK anq CK edge EELS measurements wherekCand NK edges are signifi-
might indicate that nitrogen is substitutional in all networksCantly different

ranging from tetrahedral to trigonal structure. Here, th& N . : . e

and CK edges do not look similar having different nitrogen In thg previous report by Gilkest al. it was d'f.f'CU|t tp

concentratior{Figs. 4b) and 4c)]. The intensity of ther* determine the absolute energy ofNedge and their relative

peak compared to the respectivé peak in NK edge is shift. Also the local structure of CN films was different from
the bulk. We find#* bands in NK edge even at low per-

different than that in &K edge. For example, ia-CN,5 and _ S ) _
a-CN,s the relative intensity of™* peak at NK edge is much centage of nitrogen although its intensity remains poor. It

more than that at & edge. The relative increase of th&  S€emS that CN double bonds are formed at low percentage of

peak at NK edge suggests an increase of the number of CNpitrogen and CN double bonds increase with the nitrogen
double bond compared to CN single bond, which decreases@ncentration. Ira-CN,s sample ther* peak in CK edge is
little in a-CNyg. much different fromz* peak in NK edge but this effect is
Electron energy loss at an energyshould be highly spe- less pronounced im-CNye. Also the rate of formation of
cific in the way the nitrogen atom is bond&dwhen nitro-  C=N is higher than that of &C bonds. An extensive study
gen atoms are in a substitutional site thek @nd NK edges  using XPS spectroscopy on the similar films showed that the
should look similar neglecting the effect of charge transferstructure of C  and N 1s peak are also differert. with the
from C to N atoms. And for a nonsubstitutional site a differ- variation of nitrogen concentration the contribution from CN
ence between the near edge spectra should occur. The intesingle and double bonds were also found to be diffef2nt.
sity of N K edge relative to &K edge does not necessarily 1s spectra were decomposed into three different peaks,
indicate that more nitrogen is incorporated. It could happemwhich are located at about 398 eV, 400 eV, and 402 eV and
in other ways due to charge transfer as indicated by Wan antthey represented the amount of CN single, triple, and double
Egerton®® Besides, all nitrogen atoms cannot be expected tdonds, respectivelyAn increase of the CN single bond with
substitute carbon atoms from network. Consequently, thaitrogen concentration relative to the CN triple and double

|12
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FIG. 4. EELS from different nitrogenated carbon filita plasmon energy losgb) C K edge, andc) N K edge.

bonds was found im-CN,y. A decrease ofr*/o* peak in- has been performed from which the following conclusions

tensity ina-CN,q relative toa-CN,s is supported by the re- can be drawn.
sult from XPS analysi$® (i) From RDF an increase of the amount o=C com-

Finally, the variation of CN structure can be interpretedpared to G-C bonds and also decrease of atomic number
with the help of Fig. 2d). The difference of thd(r) curves  density with nitrogen concentration has been underst@iod.
of a-CN,g and a-CNyg show the presence of molecular ni- This report, based on electron diffraction, clearly shows the
trogen establishing that the environment of N atoms is dif+variation of the amount of &N, C=N, C=N, and also
ferent from that of C atoms. So at high nitrogen concentraz—N bonds with increase of nitrogen concentrati6ii) A
tion not all nitrogen atoms are bound to carbon network. Atclear difference between the nanocrystalline and amorphous
low nitrogen concentration contribution of CN triple bond is regions ofa-CN, films has been emphasized. For instance, in
also important. ta-C films presence of ordered graphitic structure has been
noticed, which might create an additional defect density of
states in electronic structure of this material. From electron
microscopy nanocrystalline structure of carbon-nitride, very
close toB-C3N,, has been observed in the samples with an

Determination of atomic structure of ta-C as well as ni-average atomic nitrogen concentration of 29%, which is
trogenated carbon films is a complicated problem. Usingnuch less than 57% as theoretically predicted. Change of
combined electron diffractiofRDF) and electron micros- microstructure of the samples with nitrogen concentration is
copy a thorough investigation on the structure of the filmsdescribed too(iv) A detailed study of the NK edge inter-

IV. CONCLUSIONS
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prets the nature of CN bonds. A dissimilarity in the intensityincreases as the nitrogen concentration rises up but it is not
of o* to #* ratio calculated from the & and NK edges uniform at highest nitrogen content measured.

suggests that not all nitrogen atoms are bound in substitu-

tional sites. At high nitrogen concentration bonding between

nitrogen atoms is understood from EELS as well as from the ACKNOWLEDGMENTS
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