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We studied composition, structure, and growth parameters of amorphous diamond-like carbon
(DLC) and carbon nitride (CJy films deposited by pulsed laser deposition in vacuum and in
nitrogen atmosphere. The composition{N/C=<0.4), the structural and the electronic properties

of the deposited carbon and carbon nitride films were investigated for different laser fl(gnd@s
Jlent). Electron energy loss spectroscopy, x-ray photoelectron spectroscopy, and micro-Raman
spectroscopy indicated an increasesgi-bonded carbon sites in the DLC films and an increase in
N-sp® C bonded sites in the GNfilms with increasing deposition laser fluence. Raman
spectroscopy also showed the presence of a small amount=ifl ®onds in the CN films.
Furthermore, we observed that keeping the nitrogen pressure corRtaOQ mTor) the increase

in the deposition laser fluence is reflected by an increase in the nitrogen content in the films. All the
results have been discussed in the framework of different theoretical model200@ American
Institute of Physicg.S0021-89780)08120-3

I. INTRODUCTION conditions influence the resulting structure in DLC and,CN
films.12 Carbon atoms in nonhydrogenateeC films form
Carbon can exist in an amorphous state that can displayhemical bonds among them by hybridization of their out-
a wide range of properties depending on the short-range ofnost ¢ and  orbitals in tetrahedralg(p® hybridization, di-
der of the structure, such as bonding state of carbon atomgedral gp? hybridization, and less extendedly lineas
the proportion of different bonding states, and compositionhypridization spatial configurations. These configurations
Amorphous carbon films with diamond like properties havecorrespond to different coordination numbers and also the
very attractive properties such as extreme hardness, infrarethemical bonds are different.bonds are more energetic and
transparency, chemical inertness, and excellent tribologicaktiffer than thes bonds and consequently they are respon-
corrosion, and adhesion propertfe@wing to their unique sible for the mechanical properties of the C films such as
properties diamond-like carbofDLC) films have found a hardness. The improvement of the quality of the filfeg.,
wide range of technological applications: as hard coatingshe hardnessis strictly correlated with the increase in the
for magnetic disk drives, as antireflection coatings for IRsp?® (only o bond$ concentration in the film.An important
windows, and as cold cathodes for field emission dispfays. parameter characterizing the films prepared under different
In order to improve DLC properties, many attempts havedeposition conditions is, hence, tlap3/sp2 ratio.
been carried out by adding dopants such as silicon, boron, |n our experiment amorphous DLC and carbon nitride
and nitrogerf.® thin films were deposited by laser ablation of graphite under
A tendency towards carbon nitride (@Nfilms in car-  vacuum conditions and nitrogen atmosphere. Since nitrogen
bon overcoats is now taking place due to the improved weais a weak dopant for carbon, techniques like core level analy-
durability, the lower friction coefficient, the higher elasticity, sis are required to establish the chemical bonds of nitrogen
and compatibility with existing lubricants. with carbon. In this article we will present our results con-
DLC and CN, films can be grown with different meth- cerning the use of x-ray photoelectron spectroscof§S),
ods such as sputter deposition, cathodic arc, direct ion beaglectron energy loss spectroscdfBELS), and micro-Raman
depositior}, chemical vapor depositichplasma enhanced spectroscopy to investigate how the laser fluence changes the
chemical vapor depositich,and pulsed laser deposition composition, the structural, and the electronic properties of
(PLD).* This last method is particularly attractive because itCN, films. Some of our results concerning the DLC films are
can be easily carried out even on nonconductive substrategready well known in the literature; nevertheless they are
and at low substrate temperature during film grotfihere  reported because they can help to better draw the conclusions
are still several open questions regarding how the growtlyn the CN films.

dpresent address: EPFL, Institut de Physique Brmntale, Lausanne, Su- Il. EXPERIMENTAL METHODS
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chamber with a base pressure 010 ° Torr and a ' s NC=04
Q-switched Nd:YAG laser with a wavelength of 532 nm, a L Cls| o . NC=03
pulse duration of 20 ns and a frequency of 10 Hz. The dis- & 95 % o NC=0
tance between the target and the substrate was 3 cm. The 2 Q‘f XY
laser fluence ranged from 1 to 35 Jfcfor the DLC films 5t o2 Y ® » i
and from 1 to 12 J/cffor the CN films. During the growth S & ", *:
. . < . g %  a

of CN, films we used a nitrogen pressure of 100 mTorr. - Prs & @ |
Silicon wafers, cleaned with acetone, were used as sub- 27 of LA
strates. 5 ::A o % %

After the deposition process, the samples were immedi- =l ,'@3 o ‘._ AA% _
ately loaded into an UHV system where carbon and nitrogen ?3, of “.w'.
bonding configuration, chemical composition, and electronic 3 e 3, ﬂ.,
structure were determined by XPS core level and EELS low § RS % "-‘o‘.;
energy spectra. These measurements were performed at the Z ?‘% RE &
base pressure ofx10 % Torr. Core levels were measured 2é4 2§6 n2é8
using an AIK , 1486 eV x-ray source. Charging effects were Binding Energy (eV)

not observed on the samples during measurements. The re-

sulting experimental resolution, including the width of the FIG. 1. C 1s XPS spectra of three different GNIms with N/C=0, 0.3, and
x-ray line and the energy resolution of the analyzer, wad4

about 1.1 eV. The Si 2 core level of an uncovered part of

the silicon substrate was used to calibrate the scale of thﬂms with N/C=0, 0.3, and 0.4, respectively. These effects
binding energies, whereas to calculate the chemical cOmpQye 5 clear indication that nitrogen atoms are involved in
sition at the surface we used standard sensitivity valueshemical bonds with carbon in three possible distinct chemi-
EELS measurements were performed using an EG5 VSV states: C—N. £N. C=N bonds. An image of the pos-

Scientific Instruments electron gun. We studied energyipe chemical bonds between nitrogen and carbon in the
losses in the range from zefat the primary electron energy fiims can be inferred from the deconvolution of the indi-

to 50 eV. The energy resolution, as deduced from the widtR;j,a1 C 1s and N 1s lines into Gaussian line shapes. The

of the primary peak, was 2 eV. For both XPS and EELSinerpretation of the respective contributions, however, di-

measurements we utilized a hemispherical analyzer. A DEK/erges somewhat between different authors. Ronatreg °

TEK profilometer was used to measure the thickness of thgaye presented a review on the different explanation of the
samples. The average thickness of the deposited films is 1QQ,iributions to the N 4 and C I core level lines. A com-

nm. The growth rate changes significantly with the laser flu1,0n observation in almost all recent XPS works on,CN

ence varying from 200 A/min fot, =35 J/cnf to 6 A/min g\ <17-21js that the N & core level can be deconvoluted in

forl =1 Jienf. The O 1s/C 1s intensity ratio, evaluated by 5 peaks located around binding energies of 398 and 401
taking into account the Osland C Is sensitivity factors, is oy 3 third peak at about 402 eV related to N—O bonds can

0.03 for all the C samples and about 0.1 for the,GBmples. 554 pe present. The deconvolution of the Clibe seems to

~ Micro-Raman spectroscopy provided additional informa-pe mare controversial for different reasons. First, this line
tion on the film structure. These measurements were madg,nears sometimes featurelé$Second, considerable varia-
using a LabRam Infinity Dilor apparatus probing an area okjons in the C & binding energy are found in different

the order of a few micrometers and using either the 633 Ny, s and finally some authors claim that there is no evi-
He—Ne laser radiation or the 458 nm Ar laser radiation.  yance for a significant difference in the @ positions be-

tween graphite and diamorid.

We have normalized all the core level spectra to their
own areas, in order to compare quantitatively the spectra of
samples with a different content of nitrogen. The best Gauss-

The N/C ratio of the deposited CN thin flms was mea-ian fits to the N & core level lines resulted in three peaks as
sured by the C4 and N Is core level spectra taking into shown in Figs. 2a) and 2b) for the CN, films with N/C=0.3
account the C ¢ and N 1s sensitivity factors. We found out and 0.4, respectively. These peaks are at about 399.7 eV
that the N/C ratio increases with the laser fluence in thé€N1), 401.2 eV(N2), and 402.6 eMN3). The assignment of
range 5-12 J/cf We obtained N/G0.3 for a laser fluence peaks N1 and N2 is still under debate, even if it is now
of 5 Jlcnf and N/C=0.40 for 12 J/crh This result is in  generally agreed that the peak N1 is assigned to nitrogen
agreement with previous works carried out with laser flu-bonded tos p?-hybridized carbon, while peak N2 can be as-
ences in the range 3—12 J&M** however other authots  signed to nitrogen bonded to sp?-coordinated
have shown a decrease in the N/C ratio for laser fluencesarbon'”*%2°-2*This interpretation is also supported bip
increasing from 0.8 to 2 J/¢mFigure 1 shows the XPS Gs1 initio binding energies calculatio’d However, this interpre-
spectra of three CNfilms with different nitrogen content. tation is in contrast with the studies of other authiGr® we
The C 1s peak broadens and becomes more asymmetric withelate peak N1 to C—N bonds, peak N2 te=@l bonds and
increasing nitrogen concentration: the full widths at halfpeak N3 to N—O bonds. The results of the fit are reported in
maximum(FWHM) are equal to 1.8, 3.2, and 3.8 eV for the Table I. These results show that there is a higher concentra-

Ill. RESULTS AND DISCUSSION

A. Core level x-ray photoelectron spectroscopy
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FIG. 2. Deconvoluted N 4 spectra for Cly samples with(a) N/C=0.3 and
(b) N/C=0.4.

the peaks C1 and C2 equal to 0.69 for the sample with N/C

tion of C=N bonds Corresponding to sz C bonded sites =0.3 and to 1.44 for the Sample with NHD.4. The result-
in the sample with less content of nitrogé/C=0.3) and  ing deconvolutions of the Cslspectra, shown in Figs.(3
grown with lower laser fluence. The ratio A1/A2 between theand 3b), exhibit peaks at about 284.8 e\C3), 286.1 eV
areas related to peak NC—N) and N2(C=N) results to be (C2), 287.2 eV(C1), and 288.8 e(C4). The results of these
0.69 for the sample with N/€0.3 and 1.44 for the sample fits are summarized in Table Il. We would like to underline
with N/C=0.4. that our interpretation of the components of the fahd C

In the fit of the C & peaks we have imposed a decon-1s core level lines is coherent with the values of the binding
volution in four peaks C1, C2, C3, and C4 which were at-€nergies(BE) of reference organic polymers containing ni-
tributed to C—QC3), C=N (C2), C—N(C1), and C-O(C4). trogen. PyridindC=N, sp? hybridization has a C % BE at
The C3 peak attributed to C—C bonds is situated at an inter285.5 €V"**?’and a N & BE at 400.6 e\2>~*' Urotropine
mediate position between the two @ peaks relative to OF HMTA (C—N, sp* hybridization), exhibits a C 5 BE at
C—C sp? bonds in graphite and to C—@p® bonds in 286.9 eV [287.3 eV for hexamethylenetetramine
diamond?* This interpretation is in agreement with the as- (HMTA)]'**"*%and a N & BE at 399.4 e\\/
signment of Marton and co-workéfs and of other
authors’?>?®We have fixed the ratio between the areas of

TABLE I1I. Binding energies and areas of the peaks resulting from the
deconvolution of the C 4 spectra in Figs. @ and 3b).

TABLE I. Binding energies and areas of the peaks resulting from the de

convolution of the N & spectra in Figs. @) and 2b). Cls N/C X=0.3 X=0.4
N 1s N/C X=0.3 X=04 Cc-C C3 284.72 284.95
C=N Cc2 286.16 286.16

C-N N1 399.80 399.5 C-N C1 287.28 287.22

or C=N or C=N

C=N N2 401.21 401.27 C-0 C4 288.7 288.99
N-O N3 402.67 402.68 Area 3 0.575 0.449
Area 1 0.361 0.534 Area 2 0.200 0.16

Area 2 0.515 0.370 Area 1 0.14 0.23

Area 3 0.128 0.102 Area 4 0.10 0.16

Area 1/Area 2 0.69 1.44 Area 1/Area 2 0.69 1.44

X2 3x10°° 9x10°° X2 2x10°° 3x10°°
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The deconvoluted peaks from the € &pectra at=287 o C I =3Jcm
eV (C1) and from the N % spectra a&==399 eV (N1) could ¢ C I =12Yem
also be assigned to=EN bondg®182631pyt the binding en- o & ON 1 =5Vom

ergy of the peak C1 in both the samp|&3gs. 3a) and 3b)]
is at 287.2 eV which is much closer to the values 286.8 and
287.3 eV of materials witls p® configuration with respect to
the value 286.4 eV of polyacrylonitril€C=N bonds. A
confirmation of the fact that the peaks C1 and N1 in both the
CN, samples are related to C—N bonds instead s&NC
bonds comes also from the Raman spectra in Fig. 6. These
spectra, in fact, show that there is only a weak signal from
C=N bonds in the films and that this signal is the same in ,
both the studied CNfilms. In any case we have to underline s L . L
that no investigation about the IR/Raman sensitivity factors 0 10 E 20 L030 v40 30
for the different bond configurations in CN films have been nergy Loss (V)
published to our knowledge. FIG. 4. EELS spectra of C films grown with laser fluences of 12 and 3%J/cm

The reliability of our fitting procedure was checked and CN films grown with laser fluence of 5 J/ém
along the following lines. The Gaussian line width of all the
components is determined by the instrumental broadening
that is 1.1 eV and further broadening can be expected due tentage osp®> C—C bonds of 70%-90% and they observed
chemical disorder and phonon broadening. In our experimerthat the augmentation of the content of N corresponds to a
the FWHM of the deconvoluted peaks both in the €and  partially transformation of thep>-CN bonded matrix into a
N 1s spectra result to be about 1.6 eV for the peak C—C, 1.polymeric configuration containing=SN bonds.
eV for the peak €N, 1.4 eV for the peak C—N, and about ~ From the XPS analysis some authrawolved in the
2 eV for the peak C—O and N-O, these values are in googrowth of CN films by PLD in nitrogen atmosphere claim
agreement with previous repo?f_g?B that in their CN films there are only Np and N-sp2 C

The position of the individual components should notbonded sites but this result is in contrast with different ex-
vary from film to film, and in this experiment we found that perimental works®*° In particular De Giorgiet al** re-
the binding energies of the individual components are théorted that in their CN samples deposited by PLD, there is
same in each film within 0.3 eV. Furthermore, it is worth an increase in Nsp? C bonded sites with increasing the N/C
noting that the sum of the areas of the peaks C1 and C2 is d@tio, in agreement with our measurements. Finally, it is im-
aspect about 0.3 and 0.4 for the films with N/G.3 and 0.4, portant to consider the energy of the C ions as suggested by
respectively, whereas the areas related to the bonds C—O a¥@me author?**In agreement with their hypothesis in our
about 0.1 in all the spectra, coherently with the ratiospcl ~ experiment the films grown with higher laser fluence that
1s. means higher C ions enerfyare richer in Nsp® C bonded

The analysis of the spectra in Figs. 2 an@3nd 3b) sites. Other studies on the growth of CRIms by pulsed
shows that the percentage of C—=N bonds on the total amoumser depOSition show that the film quallty increases with the
of bonds between C and N increases from 36% to 53% wittaser fluence®**
growing the N/C ratio from 0.3 to 0.4. Different authors
found a similar trent??2232526gnd Sjstrom et al?° pro-
posed a model to explain this behavior, supported by theog' Electron energy loss spectroscopy
retical calculations. They suggested that when a small In Fig. 4 we show the EELS of one GNilm grown with
amount of nitrogen is incorporated in a hexagonal graphitidaser fluence ofl =5 J/cnf (N/C=0.3) and two C films
structure, the N atoms take substitutional positions in theyrown with laser fluences df =3 and 12 J/crh The first
graphite layers without changing the shape or the propertiegeak at about 6 eV calle@d-plasmon peak is related to the
of the basal planes. For high concentrations there must beollective oscillations of ther valence electrons and it is not
more than one N atom in some graphitic rings and this higpresent in a pursp® configuration whereas it is present at
local concentration of N can promote the formation of pen-6.6 eV in the graphitd®—38The second peak at about 28 eV
tagons and facilitate the cross linking between the planes related to theo+ 7 valence electron® % This peak is
through sp®-coordinated carbon atoms. Even if our C located at about 27 eV in graphite and at 33 eV in
samples are rich a§p® hybridization, they still have about diamond®®=3  Following a  well  established
50% of sp? hybridization and these graphitic domains caninterpretation®3¢3"*the rise in Fig. 4 of ther-plasmon
undergo the above-mentioned evolution to a three dimenpeak means an increase in the percentage o feor sp
sional structure with the N content increase. Another recensites. The increase iap? C sites with decreasing the laser
theoretical work? shows that the ratisp*/sp? grows with  fluence in the DLC films is in agreement with other experi-
the nitrogen concentration. On the other hand, differenmental works and with the subplantation motfel? bearing
authord®2! report opposite trends regarding the relation be-in mind that the laser fluence grows almost linearly with the
tween N content and the percentage ofp C bonded sites energy of the carbon iort8.The o+ plasmon peak is pre-
in the films. They studieda-C samples with a starting per- dicted by the quasifree electron model t¢%é®

6 + & -Plasmon

Normalized Intensity
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FIG. 6. Raman spectra of different CNIms, shifted on they axis.

600 800 1000 12'00 1400 1600 1800 limitations in the graphite domain size, induced by grain
Raman Shift (cm-1) boundaries or imperfections, such as substitutional N atoms,
sp°® carbon, or other impuritie€ Thus, the intensity of th®
FIG. 5. Raman spectra of C films grown with laser fluences of 35 and 3pand is quite sensitive to the size of crystalline micro-
Jien? and CN films_ grown with laser fluence of 5 J/énffrom the bottom domains. Furthermore, the width of the peaks also gives im-
to the top, respectively . . . .
portant information about the crystalline nature of the film.
Amorphous materials give rise to broad diffuse peaks,
12 whereas crystalline materials give rise to well-defined sharp

2
wp= Amnee , (1)  peaks. All this remains true until the size of the crystalline

m* domains is greater than 15—20'Aafterwards when the ma-

wheren, is the valence electron density of the material andi€"1@l Pecomes much more amorphousihband changes its

rr1‘|orm and decreases in intensity. Analyzing the spectra in Fig.
5 it results that the C film grown with high laser fluences
fresents an amorphous nature with a mixture of hybridiza-

m* ande are the electronic effective mass and charge. Fro
the spectra in Fig. 4 and using E@), it is possible to evalu-
ate, approximately, the mass density of the different films. |

3 42 ; "
was found that the density of the CN films and of the C filmst'r?n s‘fl andspl. llc:)ecreasmg thehdep95|t|on I?ser fluznce
grown with low and high laser fluence are respectively:t e C films evolve from an amorphodsiixture of sp? an

~1.96,~2.37, and~2.45 g/cm. The density calculated for sp® hybridization towards a disordered graphite-like struc-

the CN, films is overestimated because the number of qua%ure&;l'hmde_vqlu_uon IS conflrme_dhb;;] the aplpea[)an_ce f qh
sifree electrons in the CNfilms is five instead of four as in and™ and It Is in agreement with the results obtained wit

carbon. This means a strong decrease in the mass densitytg‘f3 EELidmeasuLements. dif b h
the CN films in comparison with the C films, in agreement We di no.t observe any ditference etweef‘ the spectra
with previous works>~* and with the cluster assembled _Of CN, films with 0.3<N/C=0.4 except for the signal com-

structure of these CN films observed with an atomic force™Y frqm the silicon substrate. This signal ingreases fr'om the
microscopy® film with N/C=0.3 Fo the film ywth N/G=0.4. Smce the films
have the same thickness this means an improved transpar-
ency in the sample with a higher content of nitrogen in
agreement with the XPS results. The increase ofhmeak
The Raman spectra were collected using two differenin the CN films in comparison with the amorphasig® rich
wavelengths 458 and 632 nm. All the required spectra resulE films means that the CNfilms have a less amorphous
to be broader and less intense for632 nm, and similar  structure. However, in this case we cannot attribute this be-
features are observed far=458 and 632 nm. For this reason havior to an evolution towards a graphite-like structure be-
we do not show the spectra acquired wikth632 nm, not cause the EELS spect(Rig. 4 showed that these two types
providing more information on the structure and on the ordeof films have almost the same percentagespf sites. In
of films than the spectra acquired wiki=458 nm. Figure 5 agreement with our results different auth6fs;?633 show
shows the Raman spectra of one Ciim and two C films  that theD/G peak ratio increases by introducing N in €N
grown with different laser fluences: 3 and 35 Jicrithe  films, and Buliret al3® observed that it saturates at about
Raman spectrum of the C film grown with high laser fluenceN/C=0.3. Other work¥ show that this ratio is fairly con-
(I,=35 Jicnf) exhibits an asymmetric broad single peak.stant with increasing N content in the films. Figure 6 shows
The C films grown with lower laser fluence and the CN the Raman spectra of two GNilms in the range 2000—-2400
flms show a second shoulder at lower wave numbersm 1. At about 2220 cm’ there is a small peak correspond-
(~1360 cm1). This second peak increases in intensity in theing to the G=N stretching modé® As it appears from the
C films by decreasing the deposition laser fluence. The peasomparison of the two spectra, the amount eER bonds is
located at a wave number of 1550 ¢h(the so-calledG  the same for the two samples grown with=5 J/cnf (N/C
peak,G for graphite corresponds to the symmetiit,, vi- =0.3) andl =12 J/cn? (N/C=0.4) and this amount seems
brational mode in graphite-like materials, whereas e to be very small. This peak is also a fingerprint that nitrogen
band (D for disordej at about 1360 cm' arises from the is chemically bonded to carbon.

C. Micro-Raman spectroscopy
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