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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 (@hbjexnd 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
temperature$350 °Q 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 devdl8pa83-18208)03028-9

I. INTRODUCTION uniform stoichiometry having larger crystallites. XPS also
cannot provide unambiguous evidence for the existence of
The theoretical predictions made by Liu and Cotfean  B-C3N, in such films. The energy distribution of the emitted
the existence of the covalet-C;N, compound with me-  core-level electrons, observed by XPS, reveals only the
chanical properties similar to diamond have triggered numerchemical environment of the atoms in the film. Structural
ous experimental efforts to synthesize this material. In mosthformation can be obtained with XPS only under specific
cases vapor-phase methods like chemical vapor depositiofircumstances. A distinction between amorphous and crystal-
plasma deposition, and a variety of ion-assisted physical vdine phases usually requires line-shape analysis and well-
por deposition techniques were used to grow thin carbofNown and characterized reference samples.
nitride (CN) films (Refs. 3 and 4 and references thejelip In this paper, we present XPS measurements on CN films
to now, the highest nitrogen content achieved in CN filmsPrepared with mass selected ion-beam deposifi¢8IBD).
deposited by these methods has not exceeded 50 at. %, aldth this technique the deposition conditions are precisely
thus is still considerably below 57 at. % corresponding to theédnd independently controllabfe®? Therefore, MSIBD is
B-CsN, phase. Also, experiments to implant high doses offost suitable to grow CN films under well-defined condi-

nitrogen into carbon have not succeeded in achieving suchions. With MSIBD, the well-known diamondlike phase tet-
high nitrogen concentratioris? rahedral bonded amorphous carbda-C) can also be

However, in an early study Martoet al. claimed the ex- produced?® We chose for this study parameters based on the
istence of a two-phase system in their CN films, where nanoPreparation of ta-C films, since this should promote the for-
sized B-C3N, crystallites might be embedded in an amor- Mation of a tetrahedral CN phase. The chemical environment
phous or graphitic carbon-rich matd%. This study was of the nitrogen and carbon atoms in the resulting CN films is
based on x-ray photoelectron spectroscé}pS) measure- studied as a function of nitrogen concentration and at two
ments on CN films deposited with three different techniquedlifferent substrate temperatures. First, as a basis for the dis-
and stimulated commensurate experiments by other group§ussion of our results, recent XPS studies on CN films with
Similar XPS results were obtained and thus the successfilifSpective interpretations are reviewed. Based on a compari-
synthesis of3-C;N, was concludedsee, e.g., Refs. 7 and SON with our data, and after a critical discussion, a model for
11-13. In some cases, electron diffraction studies were perthe microstructure of CN films deposited using energetic
formed to reinforce these conclusion&*~7but each of ~SPecies is proposed.
these studies shows different diffraction patterns. Addition-

ally, the calculated theore_tical I_attice parameters V&tand _ Il. REVIEW OF RECENT XPS STUDIES
the presented electron diffraction patterns can be plausibly
accounted for by carbon phas@s?’ Therefore, this analyti- A common observation in nearly all recent XPS studies

cal method is not suited to conclusively identify nanosizedon CN films is that two and three contributions to the N
B-CsN, crystallites embedded in an amorphous or/and grals and C 1 core-level lines have to be assumed,
phitic carbon-rich matrix. An unequivocal identification of respectively~810-1325-29.31=3fha hinding energies reported
B-C3N, by diffraction methods would only be possible with for the components of the Nslcore-level line are generally
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located around binding energies of 398 and 400 eV, i.e., Another interpretation of the Nslcore-level spectra was
separated by 1.7-2.2 eV. However, considerable variation iintroduced by Sjstram et al*! The two nitrogen configura-
the C 1s core-level binding energy is found. tions were expected to be either N located in the hexagonal C
Marton and co-workers’ presented N ¢ and C Is core-  planes or in a more tetrahedral-like position. The main line in
level spectra that were fitted with three and four lines, retheir C 1s spectra was attributed to adventitious carbon, after
spectively. In each spectrum one minor line was attributed tdarton and co-workers° However, even with a N/C ratio
oxygen surface contamination resulting in N-O or C-Oof 0.2—0.35(i.e., 16—26 % nitrogen concentratjomost car-
bonds. From a comparison of two other lines of each spechon atoms statistically should have at least one nitrogen
trum to binding energies in pyridine ¢B:N) and urotropine  npejghbor in a three-dimensional network. Furthermore, the
(CeH12Ny) it was concluded that in the studied CN films a fjms they prepared at high temperatuké80 °O were su-
two-phase system exists, one with a tetrahedral type of bintherhard and elasti? The authors found evidence and a sat-
ing configuration and one with sip configuration. Phase 1 jsfying explanation for these features by a fullerenelike mi-

is “carbon and nitrogen atoms in positions resemblingcrostructure, where substitutional nitrogen in the graphitic
B-C3N,” and phase 2 is “areas with excess carbon.” The planes bends these into a wavy structure.

lines were assigned as follows: 398.3 @V 1s) and 287.7 Finally, some authors give a mixture of the above-

eV (C 1s) to phase 1; 400.0 eWN 1s) and 285.9 eMC 1s)  described interpretations to explain the XPS core-level spec-
to phase 2. This assignment seems questionable with regafi¢h obtained from their CN film&25:33

to the relative contributions of each peak to the overall core-
level line. Taking into account the different stoichiometries
of the claimed phases, Marton and co-workers assign the
major component in the Cslto the minor component in the
N 1s core-level line and vice versa. However, the remaining Carbon nitride thin films were grown on heatable(800)
line of the C Is spectrum at 284.6 eV, the highest intensity substrates Ts) by alternating deposition of’C*™ and “N*
line, was completely ignored in this analysis. It is unlikely ions. lons were accelerated up to 30 keV, mass separated and
that about 50% of the overall detected carbon should be adinally decelerated down to very low energigs,,) of 50—
ventitious and surface carbon atoms without nitrogen neigh100 eV to minimize physical and chemical sputter effects
bors. during growth®34244The pressure in the UHV deposition
This model was adopted by several groups to explain theichamber was less than 10Pa during deposition. Typical
XPS results on CN films prepared by different techniquedon current densities were 30-%0\/cm? resulting in a
(see, e.g., Refs. 7, 11-13, 24, 29, and. 3owever, some growth rate of about 1 nm/min. Since nothing else than sin-
variation in positions and intensities of the respective lines igjly charged C and N" ions are involved in this subsurface
found1%3 bulk-growth process under UHV conditions, the films are
A second set of publicatiof$® traces back to a study of free of contaminants like oxygen, adventitious carbon, or
Fujimoto and Ogat&® Their CN films prepared by ion-beam hydrogen. Prior to deposition, the substrates were sputter-
assisted deposition at low temperatures100 °C) show a cleanedin situ with 1 keV “°Ar™ ijons. A uniform lateral
shift of the C Is core-level spectrum from 284.5 eV up to deposition was achieved using a beam sweep in front of the
286.3 eV as a function of nitrogen concentration. At highdeceleration stage. The details of the deposition system are
nitrogen concentrations, three lines were observed in the @escribed elsewheré:??
1s spectra and were attributed to diamond, grapkitei- The amount of deposited material is determined with an
carbon), and “a new material.” However, up to now it is accuracy of about 0.5% from measurements of the total de-
difficult to distinguish between graphite, amorphous carborposited ion charge. The ion charge measurement is also used
(a-O and diamond frm a C Is analysis, becausé) the to switch the separation magnet between mas€€sand
positions of the single C d lines are reported to be very “N, so that a constant@N™ ion ratio is maintained during
close to each other around 284.7 &ée, e.g., Refs. 37-39 film growth. During each switching cycle typically 5
and(ii) charging effects during analysis, which are present inx 10'* ions/cnf were deposited, thus ensuring a homoge-
the case of diamond and sometimes in a-C films. However, aeous film composition.
large difference between diamond and graphite can be ob- Immediately after deposition the films were characterized
served in the XPS valence-band speéfrd’ Furthermore, in  in situ by Auger electron spectroscogiES) and reflection
the N 1s spectra presented by Fujimoto and Odatmly one  electron energy-loss spectroscof)ELS). For the EELS
single line was observed at 398.4 eV in contrast to mosteasurements a Perkin-Elmer CMA system was used, where
other publicationgsee above electrons are detected in reflection geometry with primary
In other studie$?®-283*%%he two lines in the N & core-  electron energies of about 2 keV. The mean free path of
level spectra at 400 and 398 eV are attributed te=Gl  electrons in this energy range is about 3 firthus exceed-
(imine) and N=C (nitrile), respectively. This conclusion is ing the ion range.
also supported byb initio based tight-binding molecular- For XPS studies the samples were transferred into a UHV
dynamics simulation$! However, a comparison to infrared system(Leybold spectrometer, EA 11/1p0 Mg K, source
and/or Raman spectra, where=XC bonds are clearly ob- (hv=1253.6 eV) was used; binding energies are referred to
servable around 2200 crh shows that M=C bonds play the Fermi level of a clean Au test sample and were calibrated
only a minor role in the CN network:334243Therefore, it  using the Au 4, core line for which a binding energy of
seems rather unlikely that this bonding type contributes 50984.0 eV is assumed. Energy resolutions of about 1.0 eV were
or more to the N § spectra. obtained.

lll. EXPERIMENT
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TABLE I. Deposition parameters and nitrogen concentration obtained by AES and XPS for CN films
prepared by mass selected ion-beam deposition.

Deposition parameters Nitrogen concentration

Sample Eion (V) T, C:N ratio AES(at. % XPS (at. %
162 100 RT 100:0 0 0
150 100 RT 97:3 @)
43 100 RT 90:10 7®)
271 50 RT 83:17 1B) 8(5)
272 50 RT 75:25 18) 11(5)
251 50 RT 40:60 3B 25(5)
273 50 350 °C 40:60 13) 21(5)

IV. STOICHIOMETRY which under these preparation conditions are tetrahedrally

. " bonded and amorphouyta-C) with a mass density of about
In Table | we have summarized the deposition parameter 23 .
; : . g/cnt,?® we measured plasmon energies of 82.0eV.
as well as the nitrogen concentration measuredrbgitu

AES andex situXPS. AES spectra show only carbon and With increasing nitrogen concentration the plasmon energy

nitrogen peaks, whereas in the XPS spectra oxygen is alsdecreases to 299 eV for sample 251. This means a lower

. Hectron density in the CN films and since nitrogen has five
present due to the transfer through air. However, these con- . .

S - valence electrons in comparison to four valence electrons of
taminations are negligible (5 at. %). The results from

AES and XPS are in acceptable agreement within the erro?arbon’ it also indicates a strong decrease in the mass density

bars. They are plotted in Fig. 1 together with previouslyOf th%zCN glrlgs.f Thzlz w;llgooddaf?reement with our previous
published Rutherford backscatterfigand neutron depth results-and Rets. o, 4L, an ’

profiling®® data as a function of the provided™Non fraction

during deposition. For N ion fractions below about 10% VI. X-RAY PHOTOELECTRON SPECTROSCOPY

nearly all N" ions are incorporated into the film. Both a

significant loss of N and a saturation of the N content at For a detailed analysis the core-level lines obtained by
about 30 at. % take place if the'Non fraction is increased X-ray photoelectron spectroscopy were numerically fitted to
up to about 70%. For Nion fractions above 70% no film Doniach-Sunjic functions, i.e., a convolution of a Gaussian
growth is observed, except the formation of thin silicon ni-and a Lorentzian profile with an additional parameter allow-
tride surface layers. These effects are well known and can 89 asymmetry of the 1iné In metals this asymmetry is
explained by physical and chemical sputteringdirectly related to the density of states at the Fermi level.

effectst33:42.44 Consequently the asymmetry should be zero in semiconduct-
ing or insulating materials. While in some cases it can be
V. ELECTRON ENERGY-LOSS SPECTROSCOPY convenient to describe a humber of symmetric lines by one

asymmetric envelopésee, e.g., Ref. 49 here we tried to
EELS measurements were carried out to obtain the plasdistinguish between the individual contributions. The asym-
mon energies of selected samples. For pure carbon filmsnetry parameter, however, proved to be useful to check
the plausibility of the results of the fitting procedure, as ex-
plained in more detail below. The seconddiyelastically
scattereg electron background to the lines was determined
N conc. of CN. | within the fitting procedure, assuming a background propor-
. of CN, : o . . ) o
tional to the respective integral intensity. During the fitting
procedure all parameters were left free adjustable; the plau-
sibility of the results was checked along the following lines.
The resolution of the analyzer used here is approximately
1 eV. This resolution mainly determines the linewidth of the
Gaussian component of the Doniach-Sunjic function. There-
fore, the fitting should yield at least 1 eV for the Gaussian
linewidth of all components of a peak. Additionally, amor-
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101 phization leads in general to a broadening of the linewidth.
l In this experiment we observed linewidths between 1.0 and
%0 02z 04 06 08 10 l4eVv.

Not much is known about the relevance of the linewidth
of the Lorentzian component of a peak in materials like the
FIG. 1. Measured N concentration of CN films deposited onto Siones discussed here; however, a particular component can be
at room temperature usifgC* and!N* ions as a function of the ~€xpected to exhibit similar linewidths in similar films.
N ion fraction. For a N ion fraction above 0.7 no CN film growth As mentioned above, the asymmetry of the various com-
takes placdincluding data from Refs. 42 and 16 ponents should be close to zero in the case of a semiconduct-

14. . .
N* ion fraction
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TABLE Il. Fitting results from the analysis procedure of the measured core-level lines. Lines were fitted to Doniach-Sunjic functions
(Ref. 48. Whereas good agreement between measured and fitted lines for tisespedtra could be achieved in most cases with two
Lorentzian lines, up to five lines had to be assumed for thesGpkctra. Fractions were determined form the integrated areas of the lines.
We labeled the lines, B, andC for N 1s and fromD throughH for C 1s. D* indicates a line at the same positionfbut with a different

meaning as explained in the text.

N 1s C1s
Sample 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 2845 eV 2855 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 eV
(T=3500 68 % 26 % 6 % 31 % 30 % 19 % 10 % 10 %
ing or insulating material—if the fitting yields larger devia- 406404 402 400 398

tions of the asymmetry parameter from zero and the films at
the same time do not show a density of states at the Fermi
level, this might be seen as an indication for the necessity of
an additional component.

It almost goes without saying that the positions of indi-
vidual components should not vary much from film to film.
The results obtained by numerically fitting the experimental
data for a series of films according to these guidelines are
summarized in Table II. We labeled the linésB,andC for
N 1s and fromD throughH for C 1s. D* indicates a line at
the same position db, 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 & core-level spectra of all CN films
deposited at room temperature with increasing N concentra-
tion are shown. For the lowest nitrogen concentration of 3
at. % (Fig. 2, top a good agreement between the measured
and fitted lines could be achieved with one peak, whereas
two contributions had to be assumed for the other samples.
The N Is binding energy of sample 150 is 399.3 eV. With
increasing nitrogen concentration up to about 9.5 ata%
erage of AES and XPShis line A shifts slightly to higher
binding energies of 399.9 e\samples 43 and 27&nd re-

396 394

Nis

Intensity [arb. units]

XPS (hv = 1253.6 eV)

#150

Binding energy [eV]

mains there for further increase of the nitrogen concentra- gig. 2. XPS fr=1253.6 eV) N & core-level spectra of CN
tion. The second lin® emerges at a nitrogen concentration samples prepared by MSIBD at room temperature as a function of
of about 7.5 at. %sample 43 The position of this line shifts nitrogen concentratiofitop, lowest concentration; bottom, highest
constantly from 399.3 eV for the 7.5 at. % sample to 398.2oncentration Dots are the measured data and solid lines represent
eV for the 30 at. % sample. At the same time, the intensity ofits as described in the text. The dashed lines represent the two
this line increases with growing nitrogen concentration.components obtained from the fit procedure.
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B A 290 288 286 284 282

c c XPS
C=N| Cc=N—C A (hv = 1253.6 eV)
|
C Cls
FIG. 3. Possible configurations of nitrogen atoms incorporated
into an amorphous carbon network with one, two, or three neigh- 1
bors.

Pure carbon filmgta-C) deposited at ion energies around
100 eV and at room temperature have a high mass density
and consist of a highly tetrahedrally bonded amorphous
network®° (i.e., about 80-90% of the carbon atoms have
four carbon neighbojs A nitrogen atom could be incorpo-
rated into an amorphous carbon network having a variety of
different bonding environments with up to three neighbors as
shown in Fig. 3. Based on theoretical studfes® and the
fact that a nitrogen atom cannot form five bonds, we can
exclude configurations other than those shown in Fig. 3.

Moreover, one single neighbor can be excluded in our
samples, since the triple bond plays only a minor role in the
CN network as discussed above. With the incorporation of
low concentrations(<10 at. % of nitrogen no significant
change of the dense amorphous network should occur, as
observed by EELS. As a result of the above considerations,
we assume that the Nslline A around 400 eV originates
from nitrogen atoms having three neighb@Fsg. 3. In this
case, the films are best described as “nitrogen-doped ta-C
films,” because the carbon atoms are still tetrahedrally coor-
dinated. However, these films are not usable for electronic
devices since only additional midgap and band-tail states are
created®®>354 The second line B) in the N Is spectra at
around 398 eV is attributable to electrons originating from
nitrogen atoms having two neighbors. Nitrogen atoms bound
to their carbon neighbors in this way can also be a part of an
aromatic ring systente.g., like in pyridin. In samples with
higher nitrogen concentration some neighbor atoms could be
nitrogen instead of carbon. The difference in the $\bind- . i
ing energies would consequently be caused by the different 290 . 288, 286 284 282
hybridization: 3r as opposed to @+ 1, respectively. In Blndlng encergy [CV]
agreement with Ref. 41, the decrease in the density of the
CN films can then be explained with the lower coordination FIG. 4. XPS fi»=1253.6 eV) N & core-level spectra of CN
number of the nitrogen atoms. samples prepared by MSIBD at room temperature as a function of

This interpretation of our N< core-level spectra is sup- nitrogen cqncentratio(top, pure carbon; bottom, h?gh_est nitrogen
ported by Boutiqueet al®® The measured N<l core-level goncentratlop Dot; are the measured data a.md solid lines represent
spectrum of 3,5,11,13-tetraazadg8.3azine in this study fits as described in the text. Th_e dashed lines represent the three
shows two peaks separated by 3.0 eV with an intensity ratiGo™POnents obtained from the fit procedure.
of 1:4. The intense component at lower binding energy was
attributed to the four nitrogen atoms in the molecule withtive stoichiometric amounts of the measured samples are
two carbon neighbors and the line at higher binding energgonsideredcompare Tables | and)ll
to one nitrogen atom with three neighbors. Additionally, our  Our interpretation of the Nslcore-level spectra is in con-
interpretation is in agreement with Refs. 47 and 56 and clostrast to Refs. 3, 10, 26—28, and 40, but we have a small
to that given by Sjstram et al3! In their interpretation the amount of N=C in our films, since we observe a small peak
tetrahedral bonding is assumed to be achievable only in that 2200 cm* in the IR spectrd? According to Ref. 57, &C
configuration with bonds to four neighbor atoms. However,should form a line in the N4 spectra at much higher bind-
they did not consider the free orbital. A nitrogen atem  ing energies compared to a nitrogen aterbonded to three
bonded to three carbon atoms and having one free orbital iseighbors. We did not observe a line at such positions. This
tetrahedrally coordinated, e.g., NHIn accordance to the discrepancy might be due to a different IR sensitivity of the
interpretation of Sjetram et al, we assign the respective triple bond in relation to other bond configurations in CN
configuration to the lines observed in our N &pectra. A  films. Unfortunately, no investigations about the IR/Raman
reverse assignment is quite possible, but fails if the respecensitivity factors were published to our knowledge.

Intensity [arb. units]
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Binding energy [eV]
FIG. 5. Fraction of the componenf8, D*, E, andF (from
Table 1) to the C & core-level spectra of CN films deposited at
room temperature by MSIBD as a function of nitrogen concentra-

tion. 290 288 286

XPS
(hv=1253.6eV)
Cls

284 282

B. C 1s core-level spectra of room-temperature deposited films

Low nitrogen concentrations

For ta-C films a satisfactory agreement between the mea-
sured and fitted Cdlcore-level spectrum could be achieved
with one line(Fig. 4, top. The determined binding energy of
284.9 eV agrees well with the values of other pure carbon
systems like graphite and diamoffd3® The full width at
half maximum of this line is 1.5 eV. In the case of the
samples with low nitrogen concentrati¢b50 and 43 three
lines were required to fit the measured €dpectra, which
makes an interpretation much more difficult in comparison to X
the N Is spectra. However, the contribution of tRecompo- 290 788 286 284 282
nent centered at 286.5 eV is almost negligible for these ni- Binding energy [eV]
trogen concentrations. Componebtcentered at 284.7 eV
decreases and compondhicentered at 285.7 eV increases  FIG. 6. N 1s (A) and C s (B) core-level spectra of CN films
with growing nitrogen concentration up to a nitrogen con-prepared by MSIBD with an ion ratio of C:N4:6 at room tem-
centration of 7.5 at. %, as it can be seen in Figs. 4 and 5. perature(top) and 350 °C(bottom.

Analogous to the pure ta-C films, componedtis as-
cribed to carbon atoms in a pure carbon environment for th?on and co-workerd 10
nitrogen-doped ta-C films. In accordance with Ref. 59, we__, '
consequently ascribe componeitto carbon atoms sur- . .
rounded by three carbon and one nitrogen atom. The highé?mdmg energy. ,
binding energy is attributed to an electron charge transfer COMPonentE can be attributed to tetrahedrally bonded
from C to N2 The intensity ratio of the two lineB andE parbon atoms haV|.ng two r)ltrqgen neighbors due to a further
agrees well with the stoichiometry of the respective sampledncrease of 1 eV in the binding energy. However, without
doubt the films become more and morebonded with in-
creasing nitrogen concentration as was concluded from
] ) ) ~ EELS, density, and electrical measureméntsVe assume

With a further increase of the nitrogen concentration,at the additionatr bond is much more effective at resisting
component= becomes a significant part of the € §pectra charge transfer from C to N than a singlebond. Such a
(see Fig. b and four lines had to be used in order to achievechange in the polarity of ther ando C-N bond was already

good agreement be_twe_en fit and experimental dmh!e 1). observed by Wan and EgertdhTherefore, we claim that
However, the contribution of the fourth component is almostthe origin of componend* is due tosp? ca,rbon bonded to

negligible(<5%) and is therefore not included in Figs. 4 and carbon or nitrogen atoms. From this viewpoint, the intensi-

5. The intensity ratio of componenB and E now show an ties in the XPS i Il with the stoichi v of
opposite behavior to that at low nitrogen concentrations, i.e /€S IN € spectra agree well with the stoichiometry 0

whereas componer increases as a function of nitrogen the CN fiIm_s._ ) )

concentration, componei decrease¢Fig. 5). In addition, Summarizing the interpretation of_the XPS core-level
we observe a slight shift of componeBtto lower binding ~ SPectra, we would expect for the predictgeCsN, phase a
energies leading to spectra similar to those observed by Magingle line at 400 eV in the Nslspectra and a single line at

- -
~,
~
N

Intensity [arb. units]

We assign now this component as
, indicating a different bonding configuration with equal

High nitrogen concentrations
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406 404 402 400 398 396 394 In light of our interpretation, we claim that for increasing
Xps M ' deposition temperature an ordering of the amorphous CN
(hv =1253.6 V) /:.\ network towards a graphitelike structure takes place, as ob-
Nis 'L served by Sjstrom et al3! This is supported by a separation
S and narrowing of the lines in the Nskpectrum. In a graphi-

A) telike structure the N atoms are incorporated into the graph-
ite planes having three neighbors forming pentagons, which
results in the discovered wavy structure. The carbon atoms
become increasinglgp? bonded with rising substrate tem-
perature, which explains the increase of comporigfitin
the C & core-level spectrum.

R
3%
~
—_

Intensity [arb. units]

406 464 462 460 3§8 3§6 394 D. Influence of sputtering

Binding energy [eV] Sample 271, with a nitrogen content of 8 at.@6PS
data, was sputteredn situ with 1 keV Ar ions for 1 min
after the above described measurements. Directly afterwards,
XPS measurements were performed.

First, we observe a strong reduction of the nitrogen con-
tent to 5 at. %, in agreement with Ref. 13. However, this was
expected due to the well-known preferential sputtering of
nitrogen in CN films*334244n Fig. 7 we have summarized
the N 1s and C & core-level spectra obtained from the mea-

N surements before and after sputtering. Theshsfiectrum of
D“:" B) the sputtered film requires only one line to achieve a good

. #271 agreement between measured and fitted lines. The second
component at about 399 eV disappeared.

In the C k core-level spectra we observe a decrease of
componentd andF and a strong increase of componé&nt

st [Fig. 7(b)]. Since the statistics in this spectrum are good
290 2é8 2é6 zé 4 282 enough, it seems that the t(_etrahed_ral configuration of carbon
Binding energy [eV] atoms containing one N neighbor is the most stable at these
nitrogen concentrations, wheresg® carbon is preferentially

FIG. 7. N 1s (A) and C s (B) core-level spectra of sample 271 sputtered. Additionally, the signal of the tetrahedral carbon
as depositedtop) and after 1 keV Ar-sputtering for 1 mifibottom). atoms with two N neighbors disappears due to nitrogen loss.

In summary, the XPS spectra of the sample after sputter-
high binding energies of about 288 eV in the €dpectra.  ing resemble those of an as deposited sample with the same

290 288 286 284 282

XPS
(hv =1253.6eV)
Cls

T
)
I
1
)
N
1
1
¢

S
e
;

T T
..... e o

sputtered

Intensity [arb. units]

i
1
2
|
1
I
(
t
1
1
b
(

This was not observed in any of the reviewed studies. nitrogen concentratiotte.g., sample 43 From this experi-
ment we can conclude that, apart from the preferential sput-
C. Influence of substrate temperature tering of nitrogen, sputtering has a strong influence on the

Two samples with high nitrogen concentration were pre_bonding configqratiqn in the CN films. This influence was
pared by MSIBD at different substrate temperatures undefiSO observed in diamond and amorphous carbon fiftms.
otherwise unchanged conditions. Sample 251 was grown Jiherefore, XPS measurements do not reflect the initial bond
room temperature and sample 273 at 350(8€e Table )L structure of CN films !f the surface was cleaned by sputter-
The higher substrate temperature resulted in a considerabl})d: as was the case in Refs. 7, 25, 27, 28, 33, and 36.
lower deposition rate due to the chemical sputtering effect at
higher temperature®:** The XPS N 5 and C & core-level
spectra of these two samples are shown in Figa) énd
6(b), respectively. While componei® at low binding ener- CN thin films were grown by mass-separated ion beam
gies in the N & spectra was found to increase as a functiondeposition as a function of nitrogen concentration and at two
of nitrogen concentration, componeAtat higher binding substrate temperatures. The highest N content, corresponding
energies tends to increase as a function of deposition teme a GN stoichiometry, was achieved with an ion ratio of
perature. In addition, we observed a shift of this componenN:C=6:4. The N concentration is strongly limited due to
towards higher binding energies. A third lin€) had to be  chemical sputter processes during growth.
fitted to the N 5 spectrum of sample 273, but the contribu- Room-temperatur€RT) deposited CN films experience a
tion of this line plays only a minor rolfFig. 6(@ (bottom].  reduction in the electron and mass density for increasing ni-
In the C 5 spectrum of the sample prepared at 350 °C, wetrogen concentrations. The core-level spectra show that ni-
measured only small differences in comparison to the roomtrogen is incorporated into the amorphous network in two
temperature prepared sampyleig. 6b)]. We discovered a different bonding configurations. Carbon exists in three main
slight increase of lind®* at 284.5 eV at the expense of line bonding configurations as a function of the nitrogen concen-
E at 285.5 eV. tration. We assume that the I8 line A around 400 eV is due

VII. CONCLUSIONS
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to s electrons originating from nitrogen atoms having threedering of the amorphous CN network towards a crystalline
neighbors, and the second linB)(in the N Is spectra we graphitelike structure is observed.

attribute tos electrons originating from nitrogen atoms hav-
ing two neighbors. The componerisandD* (around 284.7
eV), E (around 285.6 €}, andF (around 286.8 eYin the

C 1s core-level spectra were assigned as follo¢B) sp® We would like to thank A. D. Banks for reading the
carbon in a carbon environment for low nitrogen concentramanuscript. Financial support by the Deutsche Forschungs-
tions, O*) sp?-bonded carbon for higher nitrogen concen- gemeinschaft under Grant No. HO1125/4-1 and Grant No.
trations, €) sp>-bonded carbon with one N neighbor, and HO1125/8-1 under the auspices of the trinational D-A-CH
(F) sp*-bonded carbon with two N neighbors. This interpre-cooperation on the “Synthesis of Superhard Materials” is
tation fits well with the respective measured stoichiometriegratefully acknowledged. J.-U. T. is grateful for funding by
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