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Carbon nitride deposited using energetic species: A review on XPS studies
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This paper reviews x-ray photoelectron spectroscopy studies on carbon nitride~CN! and reports on results
obtained from CN thin films prepared by mass selected ion-beam deposition. The core-level spectra of samples
deposited at room temperature show that nitrogen is incorporated into the amorphous network in two different
bonding configurations; carbon has three main bonding configurations whose relative contributions vary as a
function of the nitrogen content. For samples deposited at elevated temperatures an ordering of the amorphous
CN network towards a crystalline graphitelike structure is observed. Furthermore, both deposition at elevated
temperatures~350 °C! and post-deposition ion irradiation have a strong influence on the bonding configuration
in the CN films. Based on these results and the results reported in the reviewed literature a picture of the
microstructure of carbon nitride deposited using energetic species is developed.@S0163-1829~98!03028-8#
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I. INTRODUCTION

The theoretical predictions made by Liu and Cohen1,2 on
the existence of the covalentb-C3N4 compound with me-
chanical properties similar to diamond have triggered num
ous experimental efforts to synthesize this material. In m
cases vapor-phase methods like chemical vapor deposi
plasma deposition, and a variety of ion-assisted physical
por deposition techniques were used to grow thin car
nitride ~CN! films ~Refs. 3 and 4 and references therein!. Up
to now, the highest nitrogen content achieved in CN fil
deposited by these methods has not exceeded 50 at. %
thus is still considerably below 57 at. % corresponding to
b-C3N4 phase. Also, experiments to implant high doses
nitrogen into carbon have not succeeded in achieving s
high nitrogen concentrations.5–9

However, in an early study Martonet al. claimed the ex-
istence of a two-phase system in their CN films, where na
sized b-C3N4 crystallites might be embedded in an amo
phous or graphitic carbon-rich matrix.10 This study was
based on x-ray photoelectron spectroscopy~XPS! measure-
ments on CN films deposited with three different techniqu
and stimulated commensurate experiments by other gro
Similar XPS results were obtained and thus the succes
synthesis ofb-C3N4 was concluded~see, e.g., Refs. 7 an
11–13!. In some cases, electron diffraction studies were p
formed to reinforce these conclusions,7,12,14–17but each of
these studies shows different diffraction patterns. Additio
ally, the calculated theoretical lattice parameters vary1,18 and
the presented electron diffraction patterns can be plaus
accounted for by carbon phases.18–20 Therefore, this analyti-
cal method is not suited to conclusively identify nanosiz
b-C3N4 crystallites embedded in an amorphous or/and g
phitic carbon-rich matrix. An unequivocal identification o
b-C3N4 by diffraction methods would only be possible wi
PRB 580163-1829/98/58~4!/2207~9!/$15.00
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uniform stoichiometry having larger crystallites. XPS al
cannot provide unambiguous evidence for the existence
b-C3N4 in such films. The energy distribution of the emitte
core-level electrons, observed by XPS, reveals only
chemical environment of the atoms in the film. Structu
information can be obtained with XPS only under spec
circumstances. A distinction between amorphous and crys
line phases usually requires line-shape analysis and w
known and characterized reference samples.

In this paper, we present XPS measurements on CN fi
prepared with mass selected ion-beam deposition~MSIBD!.
With this technique the deposition conditions are precis
and independently controllable.21,22 Therefore, MSIBD is
most suitable to grow CN films under well-defined cond
tions. With MSIBD, the well-known diamondlike phase te
rahedral bonded amorphous carbon~ta-C! can also be
produced.23 We chose for this study parameters based on
preparation of ta-C films, since this should promote the f
mation of a tetrahedral CN phase. The chemical environm
of the nitrogen and carbon atoms in the resulting CN films
studied as a function of nitrogen concentration and at t
different substrate temperatures. First, as a basis for the
cussion of our results, recent XPS studies on CN films w
respective interpretations are reviewed. Based on a comp
son with our data, and after a critical discussion, a model
the microstructure of CN films deposited using energe
species is proposed.

II. REVIEW OF RECENT XPS STUDIES

A common observation in nearly all recent XPS stud
on CN films is that two and three contributions to the
1s and C 1s core-level lines have to be assume
respectively.5–8,10–13,25–29,31–34The binding energies reporte
for the components of the N 1s core-level line are generally
2207 © 1998 The American Physical Society
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2208 PRB 58C. RONNINGet al.
located around binding energies of 398 and 400 eV,
separated by 1.7–2.2 eV. However, considerable variatio
the C 1s core-level binding energy is found.

Marton and co-workers3,10 presented N 1s and C 1s core-
level spectra that were fitted with three and four lines,
spectively. In each spectrum one minor line was attributed
oxygen surface contamination resulting in N-O or C
bonds. From a comparison of two other lines of each sp
trum to binding energies in pyridine (C2H5N) and urotropine
(C6H12N4) it was concluded that in the studied CN films
two-phase system exists, one with a tetrahedral type of b
ing configuration and one with asp2 configuration. Phase 1
is ‘‘carbon and nitrogen atoms in positions resembli
b-C3N4’’ and phase 2 is ‘‘areas with excess carbon.’’ Th
lines were assigned as follows: 398.3 eV~N 1s! and 287.7
eV ~C 1s! to phase 1; 400.0 eV~N 1s! and 285.9 eV~C 1s!
to phase 2. This assignment seems questionable with re
to the relative contributions of each peak to the overall co
level line. Taking into account the different stoichiometri
of the claimed phases, Marton and co-workers assign
major component in the C 1s to the minor component in the
N 1s core-level line and vice versa. However, the remain
line of the C 1s spectrum at 284.6 eV, the highest intens
line, was completely ignored in this analysis. It is unlike
that about 50% of the overall detected carbon should be
ventitious and surface carbon atoms without nitrogen ne
bors.

This model was adopted by several groups to explain t
XPS results on CN films prepared by different techniqu
~see, e.g., Refs. 7, 11–13, 24, 29, and 30!. However, some
variation in positions and intensities of the respective line
found.10,3

A second set of publications6,35 traces back to a study o
Fujimoto and Ogata.36 Their CN films prepared by ion-beam
assisted deposition at low temperatures (,100 °C) show a
shift of the C 1s core-level spectrum from 284.5 eV up t
286.3 eV as a function of nitrogen concentration. At hi
nitrogen concentrations, three lines were observed in th
1s spectra and were attributed to diamond, graphite~or i-
carbon!, and ‘‘a new material.’’ However, up to now it is
difficult to distinguish between graphite, amorphous carb
~a-C! and diamond from a C 1s analysis, because~i! the
positions of the single C 1s lines are reported to be ver
close to each other around 284.7 eV~see, e.g., Refs. 37–39!,
and~ii ! charging effects during analysis, which are presen
the case of diamond and sometimes in a-C films. Howeve
large difference between diamond and graphite can be
served in the XPS valence-band spectra.37–39Furthermore, in
the N 1s spectra presented by Fujimoto and Ogata36 only one
single line was observed at 398.4 eV in contrast to m
other publications~see above!.

In other studies9,26–28,34,40the two lines in the N 1s core-
level spectra at 400 and 398 eV are attributed to NvC
~imine! and NwC ~nitrile!, respectively. This conclusion i
also supported byab initio based tight-binding molecular
dynamics simulations.41 However, a comparison to infrare
and/or Raman spectra, where NwC bonds are clearly ob
servable around 2200 cm21, shows that NwC bonds play
only a minor role in the CN network.27,33,42,43Therefore, it
seems rather unlikely that this bonding type contributes 5
or more to the N 1s spectra.
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Another interpretation of the N 1s core-level spectra was
introduced by Sjo¨ström et al.31 The two nitrogen configura-
tions were expected to be either N located in the hexagon
planes or in a more tetrahedral-like position. The main line
their C 1s spectra was attributed to adventitious carbon, a
Marton and co-workers.3,10 However, even with a N/C ratio
of 0.2–0.35~i.e., 16–26 % nitrogen concentration! most car-
bon atoms statistically should have at least one nitro
neighbor in a three-dimensional network. Furthermore,
films they prepared at high temperatures~600 °C! were su-
perhard and elastic.32 The authors found evidence and a s
isfying explanation for these features by a fullerenelike m
crostructure, where substitutional nitrogen in the graph
planes bends these into a wavy structure.

Finally, some authors give a mixture of the abov
described interpretations to explain the XPS core-level sp
tra obtained from their CN films.8,25,33

III. EXPERIMENT

Carbon nitride thin films were grown on heatable Si-~100!
substrates (TS) by alternating deposition of12C1 and 14N1

ions. Ions were accelerated up to 30 keV, mass separated
finally decelerated down to very low energies (Eion) of 50–
100 eV to minimize physical and chemical sputter effe
during growth.33,42,44 The pressure in the UHV depositio
chamber was less than 1027 Pa during deposition. Typica
ion current densities were 30– 50mA/cm2 resulting in a
growth rate of about 1 nm/min. Since nothing else than s
gly charged C1 and N1 ions are involved in this subsurfac
bulk-growth process under UHV conditions, the films a
free of contaminants like oxygen, adventitious carbon,
hydrogen. Prior to deposition, the substrates were spu
cleanedin situ with 1 keV 40Ar1 ions. A uniform lateral
deposition was achieved using a beam sweep in front of
deceleration stage. The details of the deposition system
described elsewhere.21,22

The amount of deposited material is determined with
accuracy of about 0.5% from measurements of the total
posited ion charge. The ion charge measurement is also
to switch the separation magnet between masses12C and
14N, so that a constant C1/N1 ion ratio is maintained during
film growth. During each switching cycle typically 5
31014 ions/cm2 were deposited, thus ensuring a homog
neous film composition.

Immediately after deposition the films were characteriz
in situ by Auger electron spectroscopy~AES! and reflection
electron energy-loss spectroscopy~EELS!. For the EELS
measurements a Perkin-Elmer CMA system was used, w
electrons are detected in reflection geometry with prim
electron energies of about 2 keV. The mean free path
electrons in this energy range is about 3 nm,45 thus exceed-
ing the ion range.

For XPS studies the samples were transferred into a U
system~Leybold spectrometer, EA 11/100!. A Mg Ka source
(hn51253.6 eV) was used; binding energies are referred
the Fermi level of a clean Au test sample and were calibra
using the Au 4f 7/2 core line for which a binding energy o
84.0 eV is assumed. Energy resolutions of about 1.0 eV w
obtained.
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TABLE I. Deposition parameters and nitrogen concentration obtained by AES and XPS for CN
prepared by mass selected ion-beam deposition.

Sample

Deposition parameters Nitrogen concentration

Eion ~eV! Ts C:N ratio AES~at. %! XPS ~at. %!

162 100 RT 100:0 0 0
150 100 RT 97:3 3~1!

43 100 RT 90:10 7.5~2!

271 50 RT 83:17 11~3! 8~5!

272 50 RT 75:25 15~3! 11~5!

251 50 RT 40:60 33~3! 25~5!

273 50 350 °C 40:60 27~3! 21~5!
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IV. STOICHIOMETRY

In Table I we have summarized the deposition parame
as well as the nitrogen concentration measured byin situ
AES andex situXPS. AES spectra show only carbon an
nitrogen peaks, whereas in the XPS spectra oxygen is
present due to the transfer through air. However, these
taminations are negligible (,5 at. %). The results from
AES and XPS are in acceptable agreement within the e
bars. They are plotted in Fig. 1 together with previou
published Rutherford backscattering42 and neutron depth
profiling46 data as a function of the provided N1 ion fraction
during deposition. For N1 ion fractions below about 10%
nearly all N1 ions are incorporated into the film. Both
significant loss of N and a saturation of the N content
about 30 at. % take place if the N1 ion fraction is increased
up to about 70%. For N1 ion fractions above 70% no film
growth is observed, except the formation of thin silicon
tride surface layers. These effects are well known and ca
explained by physical and chemical sputteri
effects.4,33,42,44

V. ELECTRON ENERGY-LOSS SPECTROSCOPY

EELS measurements were carried out to obtain the p
mon energies of selected samples. For pure carbon fi

FIG. 1. Measured N concentration of CN films deposited onto
at room temperature using12C1 and14N1 ions as a function of the
N1 ion fraction. For a N1 ion fraction above 0.7 no CN film growth
takes place~including data from Refs. 42 and 46!.
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which under these preparation conditions are tetrahedr
bonded and amorphous~ta-C! with a mass density of abou
3 g/cm3,23 we measured plasmon energies of 32.0~3! eV.
With increasing nitrogen concentration the plasmon ene
decreases to 29.9~3! eV for sample 251. This means a lowe
electron density in the CN films and since nitrogen has fi
valence electrons in comparison to four valence electron
carbon, it also indicates a strong decrease in the mass de
of the CN films. This in good agreement with our previo
results42 and Refs. 28, 41, and 47.

VI. X-RAY PHOTOELECTRON SPECTROSCOPY

For a detailed analysis the core-level lines obtained
x-ray photoelectron spectroscopy were numerically fitted
Doniach-Sunjic functions, i.e., a convolution of a Gauss
and a Lorentzian profile with an additional parameter allo
ing asymmetry of the line.48 In metals this asymmetry is
directly related to the density of states at the Fermi lev
Consequently the asymmetry should be zero in semicond
ing or insulating materials. While in some cases it can
convenient to describe a number of symmetric lines by o
asymmetric envelope~see, e.g., Ref. 49!, here we tried to
distinguish between the individual contributions. The asy
metry parametera, however, proved to be useful to chec
the plausibility of the results of the fitting procedure, as e
plained in more detail below. The secondary~inelastically
scattered! electron background to the lines was determin
within the fitting procedure, assuming a background prop
tional to the respective integral intensity. During the fittin
procedure all parameters were left free adjustable; the p
sibility of the results was checked along the following line

The resolution of the analyzer used here is approxima
1 eV. This resolution mainly determines the linewidth of t
Gaussian component of the Doniach-Sunjic function. The
fore, the fitting should yield at least 1 eV for the Gaussi
linewidth of all components of a peak. Additionally, amo
phization leads in general to a broadening of the linewid
In this experiment we observed linewidths between 1.0 a
1.4 eV.

Not much is known about the relevance of the linewid
of the Lorentzian component of a peak in materials like
ones discussed here; however, a particular component ca
expected to exhibit similar linewidths in similar films.

As mentioned above, the asymmetry of the various co
ponents should be close to zero in the case of a semicond

i
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TABLE II. Fitting results from the analysis procedure of the measured core-level lines. Lines were fitted to Doniach-Sunjic fu
~Ref. 48!. Whereas good agreement between measured and fitted lines for the N 1s spectra could be achieved in most cases with t
Lorentzian lines, up to five lines had to be assumed for the C 1s spectra. Fractions were determined form the integrated areas of the
We labeled the linesA, B, andC for N 1s and fromD throughH for C 1s. D* indicates a line at the same position ofD, but with a different
meaning as explained in the text.

Sample

N 1s C 1s

A B C D,D* E F G H

162 284.9 eV
100 %

150 399.4 eV 284.7 eV 285.4 eV
100% 35 % 65 %

43 399.9 eV 399.3 eV 284.8 eV 285.7 eV
80 % 20 % 20 % 80 %

271 399.9 eV 398.9 eV 284.7 eV 285.8 eV 286.5 eV 288.3 eV
74% 26 % 25 % 53 % 15 % 5 %

272 399.8 eV 398.4 eV 284.6 eV 285.7 eV 286.8 eV 288.2 eV
80 % 20 % 25 % 55 % 14 % 5 %

251 400.2 eV 398.2 eV 284.5 eV 285.5 eV 286.5 eV
60 % 40 % 44 % 36 % 20 %

273 400.8 eV 398.2 eV 399.1 eV 284.7 eV 285.6 eV 286.4 eV 287.8 eV 289.9 e
~T5350 C! 68 % 26 % 6 % 31 % 30 % 19 % 10 % 10 %
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ing or insulating material—if the fitting yields larger devia
tions of the asymmetry parameter from zero and the film
the same time do not show a density of states at the Fe
level, this might be seen as an indication for the necessit
an additional component.

It almost goes without saying that the positions of in
vidual components should not vary much from film to film
The results obtained by numerically fitting the experimen
data for a series of films according to these guidelines
summarized in Table II. We labeled the linesA, B,andC for
N 1s and fromD throughH for C 1s. D* indicates a line at
the same position ofD, but with a different meaning as ex
plained below.

A. N 1s core-level spectra
of room-temperature deposited films

In Fig. 2 the XPS N 1s core-level spectra of all CN films
deposited at room temperature with increasing N concen
tion are shown. For the lowest nitrogen concentration o
at. % ~Fig. 2, top! a good agreement between the measu
and fitted lines could be achieved with one peak, wher
two contributions had to be assumed for the other samp
The N 1s binding energy of sample 150 is 399.3 eV. Wi
increasing nitrogen concentration up to about 9.5 at. %~av-
erage of AES and XPS! this line A shifts slightly to higher
binding energies of 399.9 eV~samples 43 and 271! and re-
mains there for further increase of the nitrogen concen
tion. The second lineB emerges at a nitrogen concentrati
of about 7.5 at. %~sample 43!. The position of this line shifts
constantly from 399.3 eV for the 7.5 at. % sample to 39
eV for the 30 at. % sample. At the same time, the intensity
this line increases with growing nitrogen concentratio
at
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2
f
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FIG. 2. XPS (hn51253.6 eV) N 1s core-level spectra of CN
samples prepared by MSIBD at room temperature as a functio
nitrogen concentration~top, lowest concentration; bottom, highe
concentration!. Dots are the measured data and solid lines repre
fits as described in the text. The dashed lines represent the
components obtained from the fit procedure.
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Pure carbon films~ta-C! deposited at ion energies aroun
100 eV and at room temperature have a high mass den
and consist of a highly tetrahedrally bonded amorph
network23,50 ~i.e., about 80–90% of the carbon atoms ha
four carbon neighbors!. A nitrogen atom could be incorpo
rated into an amorphous carbon network having a variety
different bonding environments with up to three neighbors
shown in Fig. 3. Based on theoretical studies51–53 and the
fact that a nitrogen atom cannot form five bonds, we c
exclude configurations other than those shown in Fig. 3.

Moreover, one single neighbor can be excluded in
samples, since the triple bond plays only a minor role in
CN network as discussed above. With the incorporation
low concentrations~,10 at. %! of nitrogen no significant
change of the dense amorphous network should occur
observed by EELS. As a result of the above consideratio
we assume that the N 1s line A around 400 eV originates
from nitrogen atoms having three neighbors~Fig. 3!. In this
case, the films are best described as ‘‘nitrogen-doped
films,’’ because the carbon atoms are still tetrahedrally co
dinated. However, these films are not usable for electro
devices since only additional midgap and band-tail states
created.46,53,54 The second line (B) in the N 1s spectra at
around 398 eV is attributable to electrons originating fro
nitrogen atoms having two neighbors. Nitrogen atoms bo
to their carbon neighbors in this way can also be a part o
aromatic ring system~e.g., like in pyridin!. In samples with
higher nitrogen concentration some neighbor atoms could
nitrogen instead of carbon. The difference in the N 1s bind-
ing energies would consequently be caused by the diffe
hybridization: 3s as opposed to 2s11p, respectively. In
agreement with Ref. 41, the decrease in the density of
CN films can then be explained with the lower coordinati
number of the nitrogen atoms.

This interpretation of our N 1s core-level spectra is sup
ported by Boutiqueet al.55 The measured N 1s core-level
spectrum of 3,5,11,13-tetraazacycl~3.3.3!azine in this study
shows two peaks separated by 3.0 eV with an intensity r
of 1:4. The intense component at lower binding energy w
attributed to the four nitrogen atoms in the molecule w
two carbon neighbors and the line at higher binding ene
to one nitrogen atom with three neighbors. Additionally, o
interpretation is in agreement with Refs. 47 and 56 and cl
to that given by Sjo¨ström et al.31 In their interpretation the
tetrahedral bonding is assumed to be achievable only in
configuration with bonds to four neighbor atoms. Howev
they did not consider the free orbital. A nitrogen atoms-
bonded to three carbon atoms and having one free orbit
tetrahedrally coordinated, e.g., NH3. In accordance to the
interpretation of Sjo¨ström et al., we assign the respectiv
configuration to the lines observed in our N 1s spectra. A
reverse assignment is quite possible, but fails if the resp

FIG. 3. Possible configurations of nitrogen atoms incorpora
into an amorphous carbon network with one, two, or three ne
bors.
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tive stoichiometric amounts of the measured samples
considered~compare Tables I and II!.

Our interpretation of the N 1s core-level spectra is in con
trast to Refs. 3, 10, 26–28, and 40, but we have a sm
amount of N[C in our films, since we observe a small pe
at 2200 cm21 in the IR spectra.42 According to Ref. 57, N[C
should form a line in the N 1s spectra at much higher bind
ing energies compared to a nitrogen atoms-bonded to three
neighbors. We did not observe a line at such positions. T
discrepancy might be due to a different IR sensitivity of t
triple bond in relation to other bond configurations in C
films. Unfortunately, no investigations about the IR/Ram
sensitivity factors were published to our knowledge.

d
-

FIG. 4. XPS (hn51253.6 eV) N 1s core-level spectra of CN
samples prepared by MSIBD at room temperature as a functio
nitrogen concentration~top, pure carbon; bottom, highest nitroge
concentration!. Dots are the measured data and solid lines repre
fits as described in the text. The dashed lines represent the
components obtained from the fit procedure.
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B. C 1s core-level spectra of room-temperature deposited films

Low nitrogen concentrations

For ta-C films a satisfactory agreement between the m
sured and fitted C 1s core-level spectrum could be achieve
with one line~Fig. 4, top!. The determined binding energy o
284.9 eV agrees well with the values of other pure carb
systems like graphite and diamond.37–39 The full width at
half maximum of this line is 1.5 eV. In the case of th
samples with low nitrogen concentration~150 and 43! three
lines were required to fit the measured C 1s spectra, which
makes an interpretation much more difficult in comparison
the N 1s spectra. However, the contribution of theF compo-
nent centered at 286.5 eV is almost negligible for these
trogen concentrations. ComponentD centered at 284.7 eV
decreases and componentE centered at 285.7 eV increase
with growing nitrogen concentration up to a nitrogen co
centration of 7.5 at. %, as it can be seen in Figs. 4 and 5

Analogous to the pure ta-C films, componentD is as-
cribed to carbon atoms in a pure carbon environment for
nitrogen-doped ta-C films. In accordance with Ref. 59,
consequently ascribe componentE to carbon atoms sur
rounded by three carbon and one nitrogen atom. The hig
binding energy is attributed to an electron charge tran
from C to N.1,2 The intensity ratio of the two linesD andE
agrees well with the stoichiometry of the respective samp

High nitrogen concentrations

With a further increase of the nitrogen concentratio
componentF becomes a significant part of the C 1s spectra
~see Fig. 5! and four lines had to be used in order to achie
good agreement between fit and experimental data~Table II!.
However, the contribution of the fourth component is alm
negligible~,5%! and is therefore not included in Figs. 4 an
5. The intensity ratio of componentsD andE now show an
opposite behavior to that at low nitrogen concentrations,
whereas componentD increases as a function of nitroge
concentration, componentE decreases~Fig. 5!. In addition,
we observe a slight shift of componentD to lower binding
energies leading to spectra similar to those observed by M

FIG. 5. Fraction of the componentsD, D* , E, and F ~from
Table II! to the C 1s core-level spectra of CN films deposited
room temperature by MSIBD as a function of nitrogen concen
tion.
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ton and co-workers.3,10 We assign now this component a
D* , indicating a different bonding configuration with equ
binding energy.

ComponentF can be attributed to tetrahedrally bonde
carbon atoms having two nitrogen neighbors due to a furt
increase of 1 eV in the binding energy. However, witho
doubt the films become more and morep-bonded with in-
creasing nitrogen concentration as was concluded fr
EELS, density, and electrical measurements.42 We assume
that the additionalp bond is much more effective at resistin
charge transfer from C to N than a singles bond. Such a
change in the polarity of thep ands C-N bond was already
observed by Wan and Egerton.58 Therefore, we claim that
the origin of componentD* is due tosp2 carbon bonded to
carbon or nitrogen atoms. From this viewpoint, the inten
ties in the XPS spectra agree well with the stoichiometry
the CN films.

Summarizing the interpretation of the XPS core-lev
spectra, we would expect for the predictedb-C3N4 phase a
single line at 400 eV in the N 1s spectra and a single line a

-

FIG. 6. N 1s (A) and C 1s (B) core-level spectra of CN films
prepared by MSIBD with an ion ratio of C:N54:6 at room tem-
perature~top! and 350 °C~bottom!.



re
d
n

ab
t

io

em
en

u-

w
m

e

g
CN
ob-
n

ph-
ich
ms
-

rds,

on-
as
of

a-

od
cond

of

od
bon
ese

on
ss.

ter-
ame

ut-
the
as
s.
ond
er-

am
two
ding

of
to

a
ni-
ni-

wo
ain
en-

1

PRB 58 2213CARBON NITRIDE DEPOSITED USING ENERGETIC . . .
high binding energies of about 288 eV in the C 1s spectra.
This was not observed in any of the reviewed studies.

C. Influence of substrate temperature

Two samples with high nitrogen concentration were p
pared by MSIBD at different substrate temperatures un
otherwise unchanged conditions. Sample 251 was grow
room temperature and sample 273 at 350 °C~see Table I!.
The higher substrate temperature resulted in a consider
lower deposition rate due to the chemical sputtering effec
higher temperatures.42,44 The XPS N 1s and C 1s core-level
spectra of these two samples are shown in Figs. 6~a! and
6~b!, respectively. While componentB at low binding ener-
gies in the N 1s spectra was found to increase as a funct
of nitrogen concentration, componentA at higher binding
energies tends to increase as a function of deposition t
perature. In addition, we observed a shift of this compon
towards higher binding energies. A third line (C) had to be
fitted to the N 1s spectrum of sample 273, but the contrib
tion of this line plays only a minor role@Fig. 6~a! ~bottom!#.
In the C 1s spectrum of the sample prepared at 350 °C,
measured only small differences in comparison to the roo
temperature prepared sample@Fig. 6~b!#. We discovered a
slight increase of lineD* at 284.5 eV at the expense of lin
E at 285.5 eV.

FIG. 7. N 1s (A) and C 1s (B) core-level spectra of sample 27
as deposited~top! and after 1 keV Ar-sputtering for 1 min~bottom!.
-
er
at

ly
at

n

-
t

e
-

In light of our interpretation, we claim that for increasin
deposition temperature an ordering of the amorphous
network towards a graphitelike structure takes place, as
served by Sjo¨ström et al.31 This is supported by a separatio
and narrowing of the lines in the N 1s spectrum. In a graphi-
telike structure the N atoms are incorporated into the gra
ite planes having three neighbors forming pentagons, wh
results in the discovered wavy structure. The carbon ato
become increasinglysp2 bonded with rising substrate tem
perature, which explains the increase of componentD* in
the C 1s core-level spectrum.

D. Influence of sputtering

Sample 271, with a nitrogen content of 8 at. %~XPS
data!, was sputteredin situ with 1 keV Ar ions for 1 min
after the above described measurements. Directly afterwa
XPS measurements were performed.

First, we observe a strong reduction of the nitrogen c
tent to 5 at. %, in agreement with Ref. 13. However, this w
expected due to the well-known preferential sputtering
nitrogen in CN films.4,33,42,44In Fig. 7 we have summarized
the N 1s and C 1s core-level spectra obtained from the me
surements before and after sputtering. The N 1s spectrum of
the sputtered film requires only one line to achieve a go
agreement between measured and fitted lines. The se
componentB at about 399 eV disappeared.

In the C 1s core-level spectra we observe a decrease
componentsD andF and a strong increase of componentE
@Fig. 7~b!#. Since the statistics in this spectrum are go
enough, it seems that the tetrahedral configuration of car
atoms containing one N neighbor is the most stable at th
nitrogen concentrations, whereassp2 carbon is preferentially
sputtered. Additionally, the signal of the tetrahedral carb
atoms with two N neighbors disappears due to nitrogen lo

In summary, the XPS spectra of the sample after sput
ing resemble those of an as deposited sample with the s
nitrogen concentration~e.g., sample 43!. From this experi-
ment we can conclude that, apart from the preferential sp
tering of nitrogen, sputtering has a strong influence on
bonding configuration in the CN films. This influence w
also observed in diamond and amorphous carbon film60

Therefore, XPS measurements do not reflect the initial b
structure of CN films if the surface was cleaned by sputt
ing, as was the case in Refs. 7, 25, 27, 28, 33, and 36.

VII. CONCLUSIONS

CN thin films were grown by mass-separated ion be
deposition as a function of nitrogen concentration and at
substrate temperatures. The highest N content, correspon
to a C2N stoichiometry, was achieved with an ion ratio
N:C56:4. The N concentration is strongly limited due
chemical sputter processes during growth.

Room-temperature~RT! deposited CN films experience
reduction in the electron and mass density for increasing
trogen concentrations. The core-level spectra show that
trogen is incorporated into the amorphous network in t
different bonding configurations. Carbon exists in three m
bonding configurations as a function of the nitrogen conc
tration. We assume that the N 1s line A around 400 eV is due
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to s electrons originating from nitrogen atoms having thre
neighbors, and the second line (B) in the N 1s spectra we
attribute tos electrons originating from nitrogen atoms hav
ing two neighbors. The componentsD andD* ~around 284.7
eV!, E ~around 285.6 eV!, andF ~around 286.8 eV! in the
C 1s core-level spectra were assigned as follows:(D) sp3

carbon in a carbon environment for low nitrogen concent
tions, (D* ) sp2-bonded carbon for higher nitrogen concen
trations, (E) sp3-bonded carbon with one N neighbor, an
(F) sp3-bonded carbon with two N neighbors. This interpre
tation fits well with the respective measured stoichiometri
and EELS results. At an elevated deposition temperature
e
,

a

-

.

s

,
p

i.

,

d

ls
-

s
r-

dering of the amorphous CN network towards a crystal
graphitelike structure is observed.
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31H. Sjöström, L. Hultman, J. E. Sundgren, S. V. Hainsworth, T. F.
Page, and G. S. A. M. Theunissen, J. Vac. Sci. Technol. A14,
56 ~1996!.
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54H. Hofsäss, in Proceedings of the 1st International Specia
Meeting on Amorphous Carbon~World Scientific, Singapore, in
press!.

55J. P. Boutique, J. J. Verbist, J. G. Fripiat, J. Delhalle, G. Pfis
Guillouzo, and G. J. Ashwell, J. Am. Chem. Soc.106, 4374
~1984!.

56J. R. Pels, F. Kapteijn, J. A. Moulijn, Q. Zhu, and K. M. Thoma
Carbon33, 1641~1995!.

57S. Huefner,Photoelectron Spectroscopy: Principles and Applic
tions ~Springer-Verlag, Berlin, 1995!, p. 122.

58L. Wan and R. F. Egerton, Thin Solid Films279, 24 ~1996!.
59A. Mansour and D. Ugolini, Phys. Rev. B47, 10 201~1993!.
60P. Reinke, G. Franz, P. Oelhafen, and J. Ullmann, Phys. Re

54, 7067~1996!.


