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Abstract

Copper substrates are successively implanted with carbon and nitrbi§&nafid 1*N*) at high fluences (% 10'7 and 1x 10 at. cn1?,
respectively) in order to synthesize specific carbon nitride compounds. The concentration as well as the depth distribution ‘SCcanion
nitrogen*N are determined using non resonant nuclear reactions induced by a 1.05MeV deuteron beam. The use of (cy))reactifths
allows us to profile botdA*C and*N elements with a single and relatively rapid measurement and a quite good resolution. The bonded state
of carbon and nitrogen are studied as a function of depth by X-ray photoelectron spectroscopy (XPS). The curve fitting of the C 1s and N
photopeaks shows that carbon and nitrogen atoms exist in different chemical states depending on the analysis depth, which correspond to sp
kinds of chemical bonds. At least two characteristic C—N bonds are detected indicating that different carbon nitride compounds have been fort
during the implantations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction precisely the modifications on surface properties of materials,

successive carbon and nitrogen implantations in metals have not
In recent years, the synthesis of crystalline carbon nitrideget succeeded in that wd$0]. Nevertheless, even amorphous

has been extensively investigated as they are expected to shaarbon nitride layers have suitable physical properties for the

remarkable physical properties such as wide band gap and higtse in many tribological applications, for instance as protective

hardness and wear resistance. Indeed, some calculations po®atings.

dicted thata- and3-C3N4 would be harder than diamorjdi]. The aim of our study is to form at least homogeneous, repro-

A wide variety of elaboration techniques have been used suctiucible and well characterized carbon nitride compounds by

as reactive sputtering, chemical vapour deposition, pyrolysis aiheans of implantation. We performed successive implantations

organic materials, laser deposition and ion implantatj@a3].  of 3C and*N into copper at 200C using a 2MV Tande-

So far, whatever the techniqgue employed, mixed phase layetson accelerator. Then, we determined the concentration depth

are quite often obtained and it remains very difficult to achievedistributions of carbort3C and nitrogent“N using non reso-

fully crystalline phase formation. Some studies have also shownant nuclear reactions (NRA) induced by a 1.05 MeV deuteron

that fullerene-like structures can be formed from nitrogen-poobeam. To obtain information on the nature of the chemical bonds

CN, phasg8]. For instance, carbon nitride systems close to thecreated between atoms in the carbon-nitride layer formed, we

Ci11N4 stoichiometry, that present interesting mechanical propearried out XPS measurements.

erties as high compliance, have been found to be st@ble

Although ion implantation may be one solution to synthesize2. Experimental

these types of new compounds due to the possibility to control
2.1. Materials and substrate implantation

* Corresponding author. Tel.: +32 81 72 54 77. The samples are polished polycrystalline copper substrates.
E-mail address: tristan.thome@fundp.ac.be (T. Thén Successive carbol¥C* and nitrogentN* implantations were

0368-2048/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.elspec.2005.10.001
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carried out using the 2MV ALTAIS Tandetron accelerator crater depth generated by argon sputtering on the copper sam-
(Accélerateur Lirgaire Tandetron pour 1'Analyse et 1'lImplan- ple. The chemical composition was obtained from the areas of
tation des Solides). During both implantations, the sample wathe detected XPS peaks in the C 1s, N 1s, O 1s and Gg 2p
maintained at 200C using a specific sample heater and theregions, performing Shirley background subtraction and tak-
vacuum pressure did not exceed 2®a. The implantation of ing into account sensitivity factors for each constituent. The
carbon was performed in first place. It was implanted at 400 ke\analyzed core-level lines were referenced with respect to the
with a current density of about A cm~—2 and the final dose component C 1s binding energy. The peaks were analysed using
was 5x 10 at. cnm? over a 5 mmx 5mm area. The nitrogen mixed Gaussian—Lorentzian curves (90% of Gaussian charac-
implantation was performed at 450 keV with a current densityter). Binding state information was determined from chemical
of 4 pAcm~2 and the final dose was 16at. cn2 (on the same  shifts observed on the binding energy scale after the curve fitting
area). The energies of nitrogen and carbon ions were chosen ¢é XPS peaks.

obtain identical implantation projected ranges close to 450 nm

in copper, according to SRIM code calculatigh]. 3. Results and discussion

2.2. Characterization We first present NRA results from carbon and nitrogen
nuclear reactions with the 1.05MeV deuteron beam. Then,
The concentration as well as the distribution of carb#®  the formation of characteristic carbon nitrogen bonds in the
and nitrogen**N were determined using non resonant nucleaimplanted layer is discussed on the basis of XPS measurements.
reactions induced by a 1.05 MeV deuteron beam before and after Fig. 1 shows the experimental NRA spectrum measured at
the 1N implantation. NRA experiments were performed using150° after carbon and nitrogen implantations. A very intense
the same facilities as for the implantations (ALTAIS Tandetronpeak is observed just below 3 MeV, which can be attributed
accelerator). We considered the nuclear reactitiNéd,p)°N,  to 12C surface contamination. Around 6 MeV, the (d,p) peak
1AN(d,pr2) 1N, 2N(d,p3) 1PN, 1N(d,a1)1%C, and®*C(d,m)*C  corresponds to the implantddC ions. All the other peaks are
to depth profile"N and3C, and'?C(d,pp)*3C to determine the  assigned to (d,p) and ¢g) reactions witH*N element. From this
quantity of'2C carbon contamination brought during implanta- spectrum, we determined the total concentrations and the depth
tion. Two silicon surface barrier detectors were placed at 150distributions of!2C, 13C and!“N elements using the SIMNRA
and 168 relative to the incident beam to measure respectivelyorogram[12] in which specific nuclear reaction cross sections
NRA and RBS signals. A 12m mylar absorber foil was set are considered and the copper sample is sliced into layers con-
in front of the NRA detector at 150n order to stop backscat- taining all the elements concerned. The simulated SIMNRA
tered ions and to measuxeand proton energies. Since the crossspectrum is representedfing. 1and the different concentration
sections of the nuclear reactions ¥iN and*3C are very low,  depth distributions of2C, 13C and!4N calculated are shown in
we used a large solid angle (25.7 msr) for this detector to minFig. 2
imize the acquisition time (about 20 min). The RBS detector The!3C depth distribution determined before 8l implan-
was collimated (0.18 msr) to allow the detection of backscattation is slightly narrower than the final one but both areas are
tered deuterons without any absorber foil. Td@nd protons  identical (distributions not shown herg)3], which means that
emitted from nuclear reactions at low energy were also detectesl small carbon diffusion process occurs during the nitrogen
with a better resolution than with the NRA detector. The RBSimplantation. AlthougH3C and*N concentrations correspond
detector was used as a monitor to determine the concentrations
of nitrogen and carbon atoms implanted in the copper sample 100000
from the quantity of incident deuterons detected. The distribu- ;‘ch,po) c
tion homogeneity of carbon and nitrogen was controlled carrying 2
out several measurements on the implanted area of the sample.  '%°%3 i “Cldpy)‘C 3
XPS measurements were performed to study the composi-
tion and the nature of the carbon-nitride layer formed in the . 1000 § It
implanted copper sample. XPS spectra were recorded with a 2 NG p) N NG N iy o
SSX 100 Spectrometer system (Surface Science Instrument)i_:; 100_“‘;}" § LI
equipped with a hemispherical electron analyser. All reported .';.J;";“:
spectra were recorded at a°3take-off angle relative to the \ f?j‘(
substrate using monochromatized Ak Kadiation as excitation 1041 | ‘ A
source (1486.6 eV). Nominal resolution was measured as full 10 10V
width at half maximum of 1.0 and 1.7 eV for core-levels and | i | ,
survey spectra, respectively. The argon ion gun used for sputter- 2 3 4 5 6 7 8
ing was equipped with a special regulating system which enabled Energy (MeV)
automated operation during long time depth profile procedures., _ _ :
The depth profiling conditions were the followings: raster size OI{;'-g' 11'3 %Xpenﬁegtal and simulated NRA spectra ofthe copper sample Impliimted
ith °C* and™*N™ at 200°C measured at 13dNRA detector). Symbols (dia

about 2mmx 2mm, Ar" ion energy of 4 keV and sputter rates monds) and solid lines represent respectively the experimental spectrum and the
around 3nm mint. Depth calibration was done measuring the simulated one with SIMNRA program.
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Fig. 2. Concentration depth distributions’8€ (open squares}3C (open cir-
cles) and*N (open triangles) calculated from SIMNRA simulations for the
copper sample implanted wiffiC* and*N* at 200°C. Solid lines are guides
for the eyes.

well to the implanted ones expected, a large amour£6fis
also detected in the sample (nearly 307 at. cn12).

A surface contamination layer mainly composed'#€E is
clearly observed (about 30 nm wide) while almost %€ is

21

Table 1

Experimental and calculated projected ranggfandRsriv) and full widths at
half maximum (FWHMyp and FWHMsrim) of the concentration distributions
in the copper sample implanted witAiC* and 1*N* at respectively 400 and
450 keV

Element Rexp(nM)  Rsrim (M) FWHMexp (nm)  FWHMsgim (nm)
3¢ 480 450 350 130
14N 460 430 300 130

detected around thé3C and 1“N implantation mean depth
(Fig. 2). This contamination may be explained by some car-
bon build-up phenomena during implantations as no carbon
is detected on the virgin sample surface. Gaussian like dis-
tribution curves are observed fé#C and1*N. Although the
experimental distribution maxima (close to 470 nm in the sam-
ple) correspond well with the projected ranges calculated with
SRIM program, the widths of the curves are larger than SRIM
calculated onesTéble ). That can be explained by a diffusion
process of nitrogen and carbon during the implantations. The
relative concentrations 3fC and1*N at the profile maximum
correspond to our implanted dose estimations (N/C ratio of about
0.2).

Then, XPS measurements were carried out to know whether
specific carbon nitrogen bonding is created in the implanted
copper sample.

Survey scan XPS spectra indicate the presence of carbon,
nitrogen and oxygen in the copper implanted sample. The oxy-
gen contamination is not studied in this work because itis mainly
localized in the near surface. The concentrations of nitrogen and
carbon can be deduced from the areas of the different XPS peaks.
The carbon contamination layer detected by NRA is confirmed
by XPS results. The maximum concentration range (around
450 nm) also corresponds approximately to the one determined
by NRA. Nevertheless, the atomic concentration ratio of nitro-
gen to carbon (N/C) is less important than the one calculated
from NRA experiments (by a factor 1.5). That can be explained
by some contribution of the surface contamination carbon to the
determination of the carbon concentration value at 450 nm.

Core level photoelectron spectra of C and N 1s, acquired at
the surface and at a depth where the concentrations of nitrogen
and carbon are maximum, are presenteérigs. 3 and 4No
clear peak components can be observed in the different spectra
in C 1s region but the peaks broaden with the analysis depth.
One main peak component, which is centred around 285 eV, can
be resolved at the surface. It corresponds to C-C bonds in an
amorphous carbon contamination layer. A tail in the high bind-
ing energies indicates the presence of low quantities of C-N
and C—O bonds (a few %) due to the higher electronegativity of
nitrogen and oxygen. When, the analysis goes further in depth,
the peak broadening is accompanied with an increase of the
tail component intensity. To achieve curve fitting of the C 1s
peak at the 450 nm depth, four Gaussian componersGC
Co, C3) have been used, that we attributed to different bonding
states of carbon atoms. Thg €omponent (around 284.8 eV) is
attributed to carbon atoms bonded to carbon neighbours, as in
graphite or amorphous carbon. No distinction betweérasyl
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Fig. 3. C 1s XPS spectra at the surface (a) and at a 450 nm depth (b) for tgld- 4- N 1s XPS spectra at the surface (a) and at a 450 nm depth (b) for the
copper sample implanted witC* and 14N* at 200°C. Experimental data  COPPer sample implanted witBC* anq14N* at 200°C. Experimental data‘ _
are represented by open squares. Solid lines are the results of the curve fittide 'ePresented by open squares. Solid lines are the results of the curve fitting
Gaussian components in dotted lines. Meaning ofiations is discussed in (;auss'an components in dotted lines. Meaning jofidtations is discussed in

the text. the text.

sp® has been made for this first component whatever the analy20nds (nitrogen atom bonded to tetrahedral carbon) ancto sp
sis depth. G (286.2 eV) and €(287.8 eV) peak components are C-N .bon.ds (.nltrogerj atom ponQed to tngonal carbon). A small
related to nitrogen presence. As suggested in different reporf@ntribution in the highest binding energies (around 403.7 eV)
[14,15] we ascribed € to s C-N bonds (trigonal carbon €an qlso be 'detected. We assigned it to N—Q bon.d.s apd we will
configuration) and €to sp C—N bonds (tetrahedral carbon con- not discuss it further. This peak component _|d_ent|f|cat|on forC
figuration). The final peak component with the highest binding!S @nd N 1s core level photoelectron spectra s in good agreement
energy (289.9 eV) may be assigned to C—O bonds. The positioffith recent reports in literaturfg 5,16} o
and the intensity of this last peak are rather difficult to obtain pre- 1hese results show that several carbon nitride compounds
cisely as they depend very much on the background subtractid® created during the successive implantations. At least two
procedure. Thus, the presence of C-O bonds is not discuss&tpds of carbon nitride regions, that are characterized by dif-
here. ferent hybridisations of C-N bonds fspnd sg), mixed in a

As shown inFig. 4, the N 1s core level photoelectron spectradominant amorphous carbon matrix and surrounded by copper,
exhibit more resolved peak components even if their intensitie§12y be envisioned.
are lower due to a smaller implanted concentration. No curve
fitting and decomposition were performed on the first spectrund. Conclusion
because of poor statistics due to very low nitrogen concentration
detected at the surface. To perform curve fitting of the N 1s peak This study showed that carbon nitride formation was possible
at the 450 nm depth, three Gaussian componergsNi N2) by performing successive carbon and nitrogen implantations at
have been used. We attributed thg(®98.7 eV) and N (around  200°C. The atomic depth distributions of nitrogen and carbon
400.7 eV) dominant peak components to respectivef/GgN  were determined by NRA. The depth profile peaks corresponded
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