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The effect of nitrogen partial pressure on amorphous carbon nitadeN,) (0.0<x<0.17 and

laser fluence on amorphous cartdarC) films prepared by ultrafast high repetition rate pulsed laser
deposition has been studied. The chemical bonding structure of the films was investigated by x-ray
photoelectron spectroscogXPS), Raman spectroscopy, and Fourier transform infraff€tiR)
analysis. XPS studies of films revealed an increase in the CN sites at the expense of CC bonded
carbon sites as nitrogen content in the films increased. R#r®®) prepared as a function of laser
fluence showed an increase $p*-bonded carbon as laser fluence was increased from 0.36 to
1.7 J/cm. Thelp/lg ratio andG peak position increased as a function of nitrogen whereas the full
width at half maximum(FWHM) of the G peak decreased. This is indicative of either an increase

in the size or number of thep’ sites. Films prepared as a function of laser fluence revealed a
decrease of théy/Ig ratio and an increase in the FWHM of tiie peak. The use of two visible
excitation wavelengths when analyzing the samples indicated a resonant process. FTIR analysis
revealed an increase in the peaks attributed £ /& bonds as well as indicated a tiny amount of
C=N bonds within the nitrogen-doped films. Additionally, surface morphology analysis showed a
greater particle density on films prepared at the highest laser energy in comparison to those prepared
at lower fluences. Film hardness characterized by nanoindentation revealed that films became softer
as a function of nitrogen content. )05 American Institute of Physid®OI: 10.1063/1.1874300

I. INTRODUCTION pulse duration is in the nanosecond rahy¥.The conven-
tional nanosecond pulsed lasers result in thermal loading of
Diamondlike carbon(DLC) is a form ofa-C that has the ablation target, causing particulates to form, and in opti-
been intensively studied over the years general it con-  cal pumping of the ablation plasma, initiating an increase in
sists of a mixture ofsp® and sp* bonds in an amorphous the mean thermal energy of the plasma. Processing with fem-
network. The technological interest in this material stemsosecond laser pulses offers unique characteristics of mini-
from their exceptional properties such as chemical inertnessnal thermal damage and well-defined ablation thresholds.
mechanical hardness, low friction coefficient, and ease offhese attributes have been utilized in the micromachining
fabrication. One of the desirable featuresae€ films is that  (microetching or microdepositigrof fine structure<®
they can be easily doped with other elements such as boron, |arge area deposition of tetrahedral carbon by femtosec-
fluorine, nitrogen, silicon, and various metals to modify theirond lasers is largely unexplored. A variety of characteristics
properties. Doping with nitrogen, in particular, has attractedn ultrafast laser ablation plumes could lead to significant
a lot of interest in the research community ever since thémprovements in the quality of the deposited films. Nanosec-
theoretical predictions of3-CsN, carbon nitride phase by ond laser pulses tend to generate explosive phase change,
Liu and Coherf. strong shock waves, and formation of particle clusters. On
Synthesis ofa-C and CN films through various tech- the other hand, ultrashort laser pulses impact weaker me-
niques such as ion beam and ion-beam-assisted depoSttion,chanical effects since plasmas form after the termination of
pulsed laser depositidh, chemical-vapor depositioh} and  the laser pulse and do not absorb part of the incident radia-

sputtering®**has been reported. DopirgC films with ni-  tion. These characteristics can be applied to synthesize new
trogen has the added advantage in that it has also been showixterials.

to reduce stress in fI|I’T11§l These characteristics make this Depending on laser intensity and repetition rate of the

material attractive as it lends itself to numerous applicationgemtosecond pulses new modes of vapor-substrate interac-

in optical and tribological coatings. tion can appear, which strongly influence the chemical, struc-
So far most of the work on film synthesis has concen+yral, and morphological properties of the films. Previous

trated on the use of excimer laser or solid-state lasers WhO?@(perimentg focused in the high laser intensity regin@

X 10 to 6x 10'° W/cn?), indicating a decrease in thsp®

¥Electronic mail: s.sinha-roy@ulster.ac.uk content with increasing laser intensity.
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Use of high repetition ratél0 KHz to MH2) in conjunc- TABLE I. PLD parameters used for the synthesisae€ anda-CN, films.
tion with low pulse energyud, short (picosecony laser

pulses, and large target substrate distaitBm) has dem-  -aser source Ti:sapphir@00 nm
onstrated to lead to particle-free amorphous carbon fins. puise width(FwHM) 50 fs
Due to the low energy of the pulse the number of atomsRepetition rate 1 KHz
evaporated by each pulse is reduced to the point where Target-to-substrate distance 4cm
becomes impossible for microscopic lumps of the carborpubstrate S(P type)
material to be ejected, thus preventing the source of particl@eposition temperature Room temperature
contamination from the film. Moreover, to compensate forChamber pressure 9:810°° mbar
the low evaporation rate the pulse repetition rate has to bgifo9en pressure %10°°-0.7 mbar
increased to a maximum value. Laser fluence 0:36-2.12 J/€m

Peak intensity 7.2 10%4.24x 10" W/ cn?

Recent experimerftd employing an average repetition
rate (1 KHz) and laser pulse€l.5 mJ of femtosecond dura-

tion resulted in films with predominargp® hybridization | arious nitrogen pressures ranging from 103 to 0.7 mbar.
(~70%) and high wear resistance. Synthesis of amorphouge geposition time for this series of films was approxi-

carbon nitride films has also been performed using sublase;ﬁatmy 15 min in which the thickness ranged from 150 to
with low repetition rat€'>* However, those studies were 500 nm for samples with low nitrogen contdfrom 0 10 4.3
focused mainly to the surface morphology and not to they; o N. At higher nitrogen content9—17 at. % N film
actual structure of the films. Motivated from this deficiency iickness was approximately 95-115 nm. A second series of
of studies we have investigated the growth and bonding,mpies were prepared as a function of laser fluence without
states of botma-C anda-CNy films using a 1-KHz, 50-fS e introduction of nitrogen. For this experiment the laser
Ti:sapphire laser. fluence was varied from 0.36 to 2.12 J/&rfthe deposition

The combination of x-ray photo-electron-spectroscopyiime for these films was approximately 7 min giving a lower
(XPS), Fourier transform infraredFTIR) analysis, and Ra-  im thickness(in the range of 50-105 nm

man spectroscop§>*has proved very successful foranalyz- - ypg analysis of the films was carried out with a XSAM
ing the structure ob-C anda-CN, films. These techniques gg( (Krato§ spectrometer using a nonmonochromated
are available in most laboratories and in this paper we havg/lg K(1253.6 eV x-ray source and a hemispherical elec-
used those _for studying the electronic structure ofaF@_ tron energy analyzer in a vacuum of approximately 1.33
and a-CN, films prepared by femtosecond laser ablation., 15-10 mpar. To take into account of charging effects the
However, there exist inconsistencies in specifying the effecbeakS were calibrated to the standard binding energy of the
of nitrogen on Raman parameters of carbon nitride films dug.grhon peak285.0 eVl. The spectra background was then
to the different methodologies employed. Here we alsqy,piracted using the Shirley method. The deconvolution of C
present a wavelength-dependent resonant Raman-scatterifg ;nq N 1 envelopes was performed using Gaussian line
study and nanoindentation analysis of the films in order t%hapes. The atomic percentages of the<Cadd the N &
provide a clear idea into the bonding configurations of theyere calculated from the total area of the XPS signals corre-

films. sponding to the C 4and N Is core levels using the sensi-
tivity factors of the instrument:
Il. EXPERIMENT Raman characterization was performed using an ISA_ La-
bram 300 Raman spectroscope. The system was equipped
For this workP-type silicon wafers were used. The sub- with a BX 40 microscope coupled confocally to a liquid-
strates were cleaned with acetone and placed in an ultrasoniitrogen-cooled spectrograph. The excitation was carried out
bath for 5 min. Following this, they were dipped in hydrof- with a 20-mW He:Ne laser with a wavelength of 632.8 nm
luoric acid (10:1 ratig for 40 s to remove the native oxide and a 50-mW Ar-ion laser with a wavelength of 514 nm. All
layer. The samples were then rinsed with water and driedneasurements were made by focusing a laser filtered with a
prior to being placed in the chamber for deposition. The0.1% transmission filter through a 180magnification lens
pulsed laser depositiofPLD) system consisted of a Ti- onto the surface of the sample to avoid thermal damage. An
sapphire lasefr 800 nm with a repetition rate of 1 KHz and appropriate filter for spectral acquisition was selected fol-
a full width at half maximum(FWHM) of 50 fs. The laser lowed by the spectra being taken over a 20-s period. For all
beam was focused at an angle of incidence of 45° to theneasurements a confocal hole of 406, a spectrograph
target normal. The substrate-to-target distance remained atehtrance slit of 15Qum, and a 1800-grooves/mm diffraction
cm. All depositions took place at room temperatysee grating were employed. FTIR spectra were measured by
Table ). BIO-RAD-FTS-3000MX spectrophotometer in the transmis-
The first series of films were prepared as a function ofsion mode.
nitrogen pressure. Prior to each deposition run the chamber Nanoindentataion measurements of the samples were
was pumped down to approximately X80° mbar. Alaser performed using a nanoindenter XRano Instruments All
fluence of 0.64 J/chwas used to ablate a graphite targetmeasurements were taken in the continuous stiffness mode
(purity 99.999%. During deposition nitrogen was released (CSM), whereby upon being loaded in standard mode a
into the chamber with a mass flow controller used to controbmall ac modulation is superimposed on the applied load.
the background nitrogen pressure. Films were prepared dthis allows the stiffness data from the load displacement
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FIG. 1. Nitrogen concentration revealed by XPS as a function of nitrogen £
pressure.
Na%N 17 at%N
curves to be acquired continuously throughout the indenta- ——
tion process. Using the Oliver and Pharr mddele can then A —
derive the hardness as well as the modulus of elasticity from ‘/\
the stiffness data. In this experiment a series of nine indents %_’ At %N
were performed on each sample spaced at approximately |0at%N -

20 um apart with the results averaged. The ac nanoindenta- 280 285 200 205 300 390 395 400 405 410
tions were performed at maximum depths of 50 nm at a
constant strain rate-loading segment of 0.05F ensure
that the Berkovich tip geometry was stable throughout theFIG. 2. Deconvolution of the Csland N Is spectra of CNfilms at different
tests we measured the hardness of a standard bulk siligérogen concentrations.

sample before and after each experimgéﬁThe nanoindenter

continuously measured the load and displacement of thgyo high-energy peaks at approximately 288 and 290 eV
three-sided pyramidal diamond indenter as it pushed into thgrise from Csp? in a C;N,, environment and C-O species,
Sample. No noticeable differences were observed Suggestiﬁgspective|y_ Second|y, Dast a|_36 used three peaks inthe C

Binding energy (eV)

no appreciable tip wear. 1s within the ranges of 284.6, 286.5, and 289 eV and are
assigned as carbon bon@®th and G=C and C-G, carbon
Ill. RESULTS AND DISCUSSION coordinated nitrogen bond€C—N and CGC=N). The third

peak located at 287.6—287.8 eV is attributed te-O bonds.

The third opiniori”*reveals that the peaks situated at 284.5,
The XPS technique is frequently used for analyzing the285.2, 286.5, and 288.6 eV are attributed to C—-G=0,
bonding configuration o&-CN, thin films; however, the in- C—-N or C=N, and C-O bonds, respectively. In this paper
terpretation of the data has been subjected to considerabteir C 1s XPS spectra were fitted using three Gaussian lines,
debate ever since research on carbon nitride films starteg@spectively. Although fitting the spectra with three peaks is
over a decade agb.Figure 1 shows the nitrogen content less informative, it is also not confusing. The three peaks in
within the films as the nitrogen pressure was increased duthe C Is arise within the range of 284.2-284.6, 286.0-286.4,
ing each deposition run. Figure 2 shows the normalized C 1and 287.4-287.8 eV. The first two peaks are assigned as

and N Is spectra of ourl-CN, films containing various ni- carbon bondgboth C=C and C-Q, carbon coordinated
trogen contents. We can see that the €pkaks become nitrogen bond§C-N and G=N), respectivel}?.6 The third
broader and more asymmetric as greater amounts of nitroggreak located at 287.6—-287.8 eV is attributed te-O. These
are incorporated into the films. Whereas the 8lspectra peaks have been denoted as C1, C2, and C3, respectively.
reveal a shift towards a higher binding energy at higher ni-Table Il shows the bonding percentage area, FWHM, and
trogen concentrations. intensity ratios of the curve fittings for the G $pectra. We
Usually in the literature the Cslenvelopes ofa-CN,  note that as the films become more nitrogenated the relative
films are deconvoluted using several components. To datdjinding area of peak C(CC) bonds decreases from 68% at
the identification of local bonding states in G 4pectra is 4 at. % N to 45% at 17 at. % N. At the same time we ob-
not definitive. In the literature three alternative assignmenserved that the area of peak G2N) increased from 28% to
methods are commonly employed. Firstly, Ronn'etgal.35 approximately 39%. It is noted that the FWHM of peak C1
showed that one to five Lorentzian lines had to be used tbecomes narroweifrom 1.91 to 1.77 eY as too does peak
obtain a proper fit with the Cslcore-level spectra of differ- C2 (from 2.05 to 1.77 eY. This can be explained due to the
ent samples within the energy range of the peak positioincrease in the nitrogen incorporation increasing the intensity
284.5-289.9 eV. The peak centered at the lowest energy was the CN peak at the expense of the CC peak. This is shown
assigned to carbon atoms in a pure C environment. The nexly the increase in the(CC)/l (CN) ratio (from 0.41 to 0.87.
two peaks were close to 285.6 and 286.6 eV which are as- The fitting of the N & spectra usually entails three peaks
signed to C—N and €=N, respectively. It is assumed that the in the range of 398.3-398.8\N1), 399.6—400.3(N2), and

A. X-ray photoelectron spectroscopy
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TABLE II. The C 1s bonding areas and peak widths ®CN, films.

C1284.4+/-0.2 eV C2 286.2+/-0.2 eV C3287.6+/-0.2 eV
N at. % I CN/I CC Area (%) FWHM Area (%) FWHM Area (%) FWHM
4 0.41 68 1.91 28 2.05 4 1.63
9 0.52 62 1.86 32 1.95 6 1.69
14 0.64 55 1.71 35 1.81 10 1.86
17 0.87 45 1.77 39 1.77 16 2.25
401.3-401.4N3) eV. The best fits to N denvelopes for the The C Is spectra of the amorphous carbon films pre-

a-CN, films resulted in three Gaussian pedk&l, N2, and pared as a function of laser fluengeith no nitrogen addi-
N3) at binding energies mentioned in Table IIl. The literaturetion) were deconvoluted into two main contributions at 284.4
contains contradictory interpretations on the assignment ofC1) and 285.2 eMC2), which are assigned tep? andsp®
the first two peaks. Some authors have assigned the peaksnding. A third peak was also present at 287.6 (€3),
N1, N2, and N3 to C-N, &N and NO, respective@f which was indicative of the presence o0 bonds. Figure
Other researchers have suggested that peak N1 is related 3aisplays the deconvolution of the G peak ofa-C films
the C=N bonds and peak N2 is related to the Cn- prepared at two different laser fluences. We can see the
other opinion is that both N1 and N2 peaks ap@ hybrid-  change in peaks C1 and C2 as the fluence is increased from
ized and bonded tsp? carbon® Table Il reveals that the 0.36 to 1.7 J/crh An increase in peak C2 at 1.7 J/&sug-
area and FWHM of peak N1 show a decreasing trér@n  gests that the film becomes more diamondlike. This is con-
53% and 2.21 to 35% and 1.73 g¥s greater amounts of firmed in Fig. 4, which shows thep*-C, sp>-C, and G=0
nitrogen are incorporated, whereas peak N2 shows the oppbonds plotted as a function of laser fluence. A clear trend can
site trend(an increase from 41% and 2 eV to 50% and 2.27be observed, as the fluence is increased spe bonding
eV). These results indicate that the films became moravithin the films increases while at the same time #p@
graphitelike as greater amounts of nitrogen were added dubonds decrease. However, at the highest fluence
ing the deposition of the films and are confirmed by nanoin{2.12 J/cr) the sp? bonding increased slightly at the ex-
dentation hardness measurements. The ratio N1/N2 deense ofsp® bonding. In summary it is worth emphasizing
creases with the increase of N at. % and a decrease dfe following points from the XPS analysis: First, for amor-
hardness valug¢see Sec. Il E clearly indicated that N2 is phous nitrogenated carbon G fieak fitting revealed the for-
related tosp?-CN. We assign that the peak N3 is related tomation of CN bonds at the expense of CC bonds as a func-
NO and the peak N1 is related to C-N and=N (if tion of nitrogen pressure. During NsPeak fitting, we also
presenk observed that for higher N content films the majority of CN
In addition to carbon and nitrogen, oxygen was also debonds are Nsp? C. Secondly, for pure carbon films an in-
tected in the samples. This superficial contamination can berease in laser fluence up to 1.7 J7owas accompanied by
attributed to the prolonged exposure of the samples to tha corresponding increase in tisg® bonds. However, at a
laboratory atmosphere. Samples prepared at higher nitrogéluence of 2.12 J/cf we observed a slight increase sp?
pressures tended to have a slightly higher concentration afontent, which suggests that there is an optimum laser flu-
oxygen(see Table Ii. This can be explained due to the pres-ence for the growth o§p*-rich films.
ence of nitrogen and the minor contamination of oxygen
within the carbon network, which increases the electronegaé Raman spectroscopy
tivity of the CN, compound. Due to this increase the films ~
tend to become more polar and thereby absogt Hnol- Raman spectroscopy has proved to be a popular nonde-
ecules present in the laboratory atmosphere, thus increasirstyuctive technique successfully used in the characterization
the oxygen content within the films. This is shown by theof structural information o&-C films. The Raman spectrum
increased trends observed in peaks C3 and N3 in Tables df diamond has a single Raman active mode at 1332 cm
and Il whereas the Raman spectrum of single-crystal graphite con-

TABLE Ill. The N 1s bonding areas and peak widths &N, films.

N1 398.3-398.8 eV N2 399.6-400.3 eV N3 401.3-401.7 eV

N at. % IN1/IN2 Area (%) FWHM Area (%) FWHM Area (%) FWHM

4 1.70 53 2.21 41 2 6 2.36
9 1.49 50 2 43 1.76 7 2.92
14 0.49 39 1.73 51 2.22 10 3.37
17 0.46 35 1.74 50 2.27 15 3.57
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c2 FIG. 5. Raman spectra at 514-nm excitation of films prepared at different
nitrogen contents.
Cc3

c1 _ _
bands, respectively. The third appro&tH uses three Gauss-

ian line shapes attributed 1@, G, and nitrogen(N) bands,
respectively. In this report, we will not consider the third
approach, as we have not observed a distinct third band in
the D-G region. Instead, our analysis will be based on the
first and second methods. Recently, Lifsﬂﬁtpointed out
that a large portion of the Raman data given in the literature
is erroneously interpreted. In order to analyze the Raman
sists of a narrow peak at 1580 thand is labeledG for  spectra of-CN, films we found that the following questions
graphite. In the case of polycrystalline graphite two narrowneed to be addresset) What sets of functions should be
bands exist. The previously mention&l band located at used to fit the Raman spectré) Which Raman parameters
1580-1600 cmi(which is associated with the,y mode and  are most informative and how do the Raman parameters
a second band located at 1350 cr(which is associated change with excitation laser wavelengi(i?) Is it reliable to
with the A;y mode only become active in the presence of estimatesp? cluster size from Raman parameters?

disorder. Therefore, the Raman spectra of nanocrystalline In the following section we will try to give answers to
and amorphous carbon are dominated@wndD peaks of the above questions. The Raman spectra of our films were
varying intensity, width, and position. The reason for thefitted with two of the more popular methods so that valuable
dominance ofG andD bands can be attributed to the scat-information could be extracted. The first method involved
tering of sp? sites withina-C. This in itself creates a problem deconvoluting the spectra using two  Gaussian
as thew states have a lower energy than thetates making  functions®******This allowed us to derive information such
them much more polarizable. It has been reported that thigg Ip/1g ratio, G peak position, ands width. The second
gives thew states a much larger Raman cross sect&@®  method involved fitting the spectra with a BWE+ine

282 284 286 288 290
Binding energy (eV)

FIG. 3. Deconvolution of the Cslenvelopes of-C films at two different
laser fluences.

proximately 50-230 times Iarg)ethan 5[33 Sites‘.‘z Shape‘ts"w"‘gwhich is expressed as
Usually Raman spectra of carbon nitride films are de- )
composed using three different approaches, which have gen- l(w) = lo[1 + 2w~ wo)/Ql'] +a+b (1)

2 L
erated confusion. In the fifst****and arguably the most 1+[2(@= wp/T]

widely reported approach, both tileandG peaks are fitted \herel(w) is the Raman-scattered intensity as a function of
with two Gaussian distribution functions and a linear back-raman shiftl, and w, are theG peak intensity an@ posi-

ground. The secorit*’ one is based on a Breit-Wigner— tjon, respectively, whereds is the FWHM, anca andb are
Fano(BWF) and a Lorentzian shape fitting for ti@andD  constants. TheQ parameter is the coupling coefficient or

skewness and in the limit of § approaching 0O, a Lorentz-

ian line shape is recovered. A second Lorentzian line shape
60 . $ ] was also required for thB peak to improve the quality of
g 501 s ©-C bonds the fit. This particular fitting function was utilized as it can
£ ‘g i be used to provide a binary tegtigh or low) of the sp’
£ @ 40 content in the filmg&®4"49
®f 2 ] .
E 3 30 " . C=C bonds
S 3 | L] . 1. Effect of nitrogen pressure
e 2 ) . .
2§ 204 c=0 bonds Figure 5 shows the Raman spectra as a function of ni-
(-] . -
@ g w0l a a4 4 s trogen content in the range of 1000-1900 &nThe spectra
° L T T T T T T M . . B
0204 06 08101214 16 18 20 2.2 have been normalized to allow for the visualization of
Laser fluence (J/icm?) changes in the shape and position of thandG bands upon
FIG. 4. Curve fitting results of the CsSpectra plotted as a function of laser Which patterns or trend; can be dls_tmgwshed. |t_ is clear _that
fluence. as greater amounts of nitrogen are incorporated into the films
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FIG. 6. I/l ratios at 514- and 633-nm excitation wavelengths as a func- FIG. 7. FWHM of theG peak as a function of nitrogen.

tion of nitrogen content.

can also be observed at 14 at. % nitrogen concentration su§f’® G band decreases continuously as the cluster size in-
gesting a greatesp? content. creases. Thus the lowering of tli&width as a function of

Previous work carried out by Gilkest al*® implied that ~ Nitrogen indicates an increase in the cluster size, which sup-

a BWF coupling coefficientQ) lower than—10 is evidence POrts our previous calculations. Figure 8 shows the fited

of asp? fraction of 70% or more. In all our films th@ factor ~ Position as a function of nitrogen content. The graph indi-
was greater than-10, which suggests that our films had a cates that a shift to higher wave numbers takes place with
sp fraction less than 70%. Thig/I¢ ratio is used to give a greater nitrogen concentrations. The increas%inGrm)si-
qualitative assessment of the induced disorder irsfiiedo-  tion agrees with previous work by Prawet al.”™ who re-
mains and is also related to the clustering of &p@ phase. Ported an increase in th@ position, representing an increase
Figure 6 shows thdp/lg ratio as a function of nitrogen in the sp? content. 4

content at two excitation wavelengths. We can see that as the Recently Ferraret al.”" suggested th& peak dispersion
nitrogen content is increased within the films thdl ratio @S the most informative parameter for Raman analysis of all
also increases until it reaches a maximum at 14%, aftefCNy films. We found that this is a quite tempting statement
which it falls. This increase in th, /1 ratio relates to an and needs to be considered with care due to three simple

increase in the number and size of disordesgéisites ac- reasons. First, th@ line shape and dispersion of any carbon

cording to the relationship, fi!ms depen.d. on various factors such as film thickness, depo-
sition condition, substrate, laser wavelength, and to some
|_D:C()\)|_2 ) extent on instrumental precision. Second, several

a’

researcheP8>*found that the3 peak of the Raman spectrum
whereC is a constant with a value of approximately 0.0055Shifts to higher wave numbers with the ir)lcrease of compres-
sive stress and a recent report by 8hial. ® found no Sys-

nm for 514 nm and_, is the in-plane crystalline size. The o ) ) . .
above relationship is valid for crystalline sizes smaller tharf€matic dispersion oG peak in ta-CN films. Third, the data

20 A. From our calculations the cluster sizprobed by presented here confirm that other Raman parameters such as

514-nm excitatiopincreased from 10 to 13.35 A as the ni- lo/le, G width varied significantly with N at. % as did ti@

trogen content increased from 0% to 14%. However, wher‘?eak po§|t|on. .
the crystallite sizes are greater than 20 A thglg ratio The interpretation of Raman results should be presented

52 1o
decreases and the Tuinstra and Koening relationship is eﬁeg_arefully. IFﬂ']s 'mﬁ ortant' tothnoftf[:f that .RgmanTEara;neters
tive in which the ratio peak intensity varies inversely with may vary with a change in the fiting window. therefore, a

le

L 42
a

o _ CO) . o8 S

|G La . 1570 / \I

=

In the case of the films prepared with 17 %t.N a drop in ;.3 1560 a__ =
the intensity ratio is observed. This is attributed to the in- § 15504
crease in crystalline size in which the relationship described x e
in Eq. (3) takes effect. 9 1540+ /°/'

The width of theG peak has already been well estab- (L) &
: ; . 1530 ——
lished as being related to the bond angle disorder asgfe .
sites withina-C.*? Figure 7 shows th& width of the films 1520 -r———r+——F————7——————
taken with 514- and 633-nm excitation wavelengths. The 0 2 4 6 8 10 12 14 16 18

. . . L. g ’ Nitrogen Content (at %)

narrowing of the peaks as nitrogen incorporation is increased
suggests the development of long-range order inat@. FIG. 8. G peak position as a function of nitrogen content.
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FIG. 11. FWHM of G peak as a function of laser fluence.

FIG. 9. The Raman spectra of films prepared at various laser fluences.
a clear trend has developed for both excitations. The fact that
Ithe Ip/1g ratio continues to fall as laser fluence is increased
points to an increase in trsp®/sp® fraction.

Using Eq.(2), we calculated the cluster size of the films
?repared at various fluences. We found that the cluster size

fixed window should be used for accuracy in results. In ou
case we fitted the spectra within a window of
1000-1900 crrt. It should be a priority to mention the fit-

ting window in research papers so that it can be considere bed by 514 ationd qf 1191099 A
when comparing results from the literature. Fitting param- probed by 514-nm excitatiordecreased from 11.9 to 9.

eters can also change significantly with the choice of fitting®> the intensity raFio .dec.reased' from 0(a80.36 J/'crﬁ) to .
function. The trend of Raman parameters with depositiorp'54(at 1.7 /cr indicating an increment of the dlsordgr n
condition is most important rather than the absolute magnizhe fllmg. Samples pre_pared at 2.12 Jpmevealed an in-
tude of Raman parametersanC anda-CN, films. Errors in crease in the cluster size to 10.4 A and a greater degree of
the Raman fitting parameters appear mainly due to base "n%rder.h idth h Iso b lotted . |
correction and a suitable background function can minimizeI T eG. widt as also been p Qtte as 6} funcrflon ?]f aser
the error. We should mention that in our experiments thJ uence(_F|gr.] 1) using tv]:/ohexcnanlgn wav;—z engt S: 'fl'le In-
error in the Raman fitting parameters was negligible and di(ﬁrease in the FWHM of thé& peak as a function of laser

not have any influence on the trends with deposition condi- uence 1s further evidence of an increase in sig content
tions such as laser fluence or nitrogen pressure. of the films. The skewness of these spectra was also analyzed

by fitting them with a BWF and a Lorentzian function. The
Q factor had decreased froml.5 to—3.5 as the fluence was
increased from 0.36 to 1.7 J/énAt a fluence of 2.12 J/cfn
the Q parameter was approximatey2.8 suggestin “that
Figure 9 shows the Raman spectra of the samples prehe sp® content was less than 60% for all films.
pared at different laser fluences in the range of A persistent change in the trend of Raman parameters
1000-1900 crt. From the spectra we can see that the took place for the films prepared at a fluence of 2.12 $/cm
peak becomes more symmetric as laser fluence is increasdebr example, a change in the trend of symmé@yparam-
This is indicative of an increase in thep® content of the etep of the G peak, of thel /I ratio, and of the FWHM of
films. Ip/lg ratio andG width were derived by fitting the the G peak occurred at 2.12 J/éniThese changes suggest
spectra with two Gaussian line shapes. Figure 10 shows théat there is an optimum laser energy for the growth of films
trend of the intensity ratio as a function of laser fluence takemwith high sp® bonds. It is expected that the kinetic energy of
at 514- and 633-nm excitation wavelengths. We can see thalasma species will increase with the increase of laser flu-
ence. Although a high kinetic ener‘&y(tens to several hun-

2. Effect of laser fluence

1.0 dreds of eV is favorable for the formation o§p® bonding,
| excessive particle energi¢keV regime are detrimental to
091 e the film quality and are responsible for pushing the resultant
] films into the graphitic regim&** We believe that the
o 0.8 plasma formed at 2.12 J/énexhibits two contributions with
5 |- @ a fast moving suprathermal ion component preceding a ma-
S 0.7 \_\ jority of slower thermal ions as identified in previous
=a ] e . studies?” These suprathermal ions are responsible for the
0.6- \ /. introduction of o and 7 defects in the films leading to the
] ’/ observed changes in the trends of the Raman parameters.
05 03 0% 09 12 15 18 24 3. The effect of two visible wavelengths on the
2 Raman parameters of CN , and a-C films
Laser Fluence (J/cm®) ) ) _ _
Figures 6 and 10 show the intensity ratibs/lg, of the
FIG. 10. Ip/1¢ ratio of films prepared at various laser fluences. films prepared as a function of nitrogen content and laser
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fluence. These were analyzed by both 51241 eV} and 4. Conclusions from Raman analysis

633-nm (1.95 eV} excitation wavelengths for comparative The following conclusions can be drawn from our Ra-
purposes. The two graphs showed similar trends for bothnan analysis:

wavelengths. However, at 633 nm thg/lg ratios were
higher for both sets of experiments. This can be explaineé')
through the resonant phenomena of Raman scattering. The
resonant condition is realized when the excitation energy of
the laser is close to the energy of an electronic transition,
resulting to an increase in the Raman cross section. By tun-
ing the excitation energy, one can selectively probe the vi-
brational frequency of differergp? clusters within thesp®
matrix. At 633-nm excitation, th® band (breathing modes

A combination of spectroscopic techniques is always
desirable to obtain a clear understanding of the struc-
ture ofa-CN, films. A set ofnormalizedRaman spec-
tra over at least two wavelengths and the fitting of
those by a BWF+ and two Gaussian functions can
be used to gain powerful information about the com-
position of the films. BWF+ function is less infor-
mative for lowersp® content films. However, two
Gaussians are useful for both the low and hgji

of sp* atoms in rings only is more resonant, whereas at content films

514-nm excitation th& band(bond stretching of all pairs of (i) The G peak positionG peak width, and /1 ratio

sp atoms in both rings and chainis dominant, which leads were found to vary systematically with the laser flu-

to a higherlp/I¢ ratio for the 633-nm excitation. In other ence and nitrogen pressure. It is difficult to point out

words, smallersp® clusters are preferentially excited by which is the most informative parameter. It appears

higher excitation energy, which in turn lower thg/1 ratio. that the above parameters along with the skewness of
Figures 7 and 11 show the FWHM of tkiepeak of films G peak may be taken into account in the analysis of

prepared as a function of nitrogen and laser fluence, also the Raman spectra @ CN, films.
taken with 514- and 633-nm excitation wavelengths. Again(iii) Determination ofsp? cluster size from Raman is only

the trends are similar for both wavelengths. The FWHM of indicative, as the cluster size @CN, films is not

the G line when analyzed with 633-nm excitation is much independent of excitation wavelength. Laser excita-
higher than that of 514 nm and agrees with previous tion selectively probes clusters with different sizes.
work *>*5® Figure 8 shows the variation of th@ peak posi- More research is needed to elucidate this issue, in
tion when analyzed with the two excitation wavelengths. The particular, fora-C films with a very small cluster size

G peak position is shifted to higher wave numbers at higher (<20 A).
excitation energy. This is due to more resonance occurring at
the higher photon energi2.41 e\j. This result is in agree-
ment with Wegneet al,>* who proposed that smaller clus-
ters possess higher vibrational frequencies than larger ones. For basic understanding of the bonding configurations in
From the data presented here one can observe the followingtrogenated carbon films, FTIR is considered as a very use-
relationships between Raman parameters and laser energyfin technique. In general, it was observed that the number of
a-CN, films: (i) the G position and the @ factor are propor- “CN” triple bond increases with nitrogen contéfitalthough
tional to the excitation energyji) the Ip/lg ratio and the @ similar trend is not clear for CN single and double
FWHM of the G peak are inversely proportional to the exci- bonds>"*® The reason is that the separation of the peaks
tation energy. corresponding to C—-N, £-N, and N=H bonds in the re-
Although considerable research has taken place on est@ion of 1100-1750 cfit is very difficult and even the pres-
mating thesp? cluster size by Raman spectroscopy, the acence of nitrogen atoms &y carbon clusters brea_ks the sym-
curate size and distribution &f# cluster in amorphous car- Metry of theG mode of the Raman spectra to give riseXo

. ,58
bon network are still not well establishéih particular, for ~2ndG bands in the IR spegtFé.
cluster sizes less than 20)ASome insight can be provided . The features observed in the present FTIR spectra shown

on this aspect from the data presented here. Ferrari an Fig. _112 are as follows: The region between 700 and
0 . S 050 cn1? indicates the presence of largg? domains. The
Robertson” have proposed relatiofR) for estimating the . 1 .
. . . region between 1300 and 1700 This the representative of
size of ordered regions from thg/I s ratio of Raman spec-

: : . broad features of &N, C-N stretching and also respon-
tra. It is clear from Eq(2) that cluster size critically depends sible for CH, and CH vibrations. Moreover the absorption

on excitation wavelength. Raman mode will disperse Withpeaks at about 1400 and 1550 ¢ntorrespond to C—N,
the change of excitation wavelength if the phase contains any. ~__ ~— and>c—N-bonds respectively. The strong ab-
m bonding®™ Since all of our films contain significant sorption between 2900 and ’3250‘élrmorresponds to the
amount ofz bonding we observed dispersion@fpeak with  \ipration of CH, (n=1,2,3 and even NH bonds too(see
wavelength. The& peak dispersion with wavelengtRig. 8 inset of Fig. 12, whereas the region between 3200 and
suggests that smaller clusters exhibit a higher vibrationag500 cm? indicates the presence of mostly NH boridf
phonon frequency than larger ones. It appears that our filmgnd at higher energg>3500 cm?) it is contribution of G,
contain a wide size distribution of carbon clusters and thevhich is due to contamination of the films from the environ-
different cluster sizes have been probed by changing thement. The presence of “NH” bond intensity is used to study
wavelength. Thelp/lg ratio varied significantly with laser the degree of attachment of H to C or N sité&2 The dou-
energy implying a variablep’ cluster size in our films. blet peaks observed at2300 cm?, attributed as environ-

C. Fourier transform infrared  (FTIR) analysis
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FIG. 12. FTIR absorption spectra afCN, films with different nitrogen

concentrations. FIG. 13. SEM images of samples prepared@t2.12 J/cm and (b) at
0.9 J/cm.

mental CQ, and the other two sharp peaks at 612 an
1100 cm?, which are Si—C and SiQ present in the silicon
wafer before deposition. A study by Rodeet al’® using two Nd:YAG (yttrium

The most striking features in FTIR spectra from thealuminum garnetlasers compared the resultsaC samples
a-CN films are theD g and Gk lines (see Fig. 12and the  synthesized with one laser in the nanosecond regir#e ns
peaks ~2100 and 2200 cit corresponding to CN triple With a high repetition rate of 10 KHz and the other laser in
bonds. TheD,; and G5 regions indicate an increase in the the ultrafast regime¢60 ps combined with a very high rep-
peak intensity as greater amounts of nitrogen are incorpcefition rate of 76 MHz. Atomic force microscopfAFM)
rated into the film. This suggests the formation of CN doublg'esults” showed that the films produced in the picosecond
bonds since this IR band is located at the same wave-numbgg9ime were practically free of submicron irregularities and
range as €&=N bonds and conjugated-N bonds in rings. appeargd to be atomically smooth with surface variations of
This is in agreement with previous work carried out by @PProximately 1 nm. _ _ _
Zhanget al® Additionally there was a very small amount of | "€ Scanning electron microscop§EM) images in our
C—N nitrile groups observed in which their peak intensitiesswdy of two samples prepared under different laser fluences

increased with nitrogen concentration as shown in the inserlevegled particulates and are shown in Figgaiand 13b). .
above in Fig. 12. At the highest nitrogen concentratiod The images reveal that there are a greater number of particles

at. % in the present films, an intense of the absorbance Oﬁmplanted within the sample prepared at 2.12 Jiciihe

_ . ig. 12 1 sample prepared at a lower fluer{@9 J/cnd) revealed par-
peaks at 2225 cri (see inset of Fig. nd~—3400 cm™is ticle size to be smaller and more sparse. Surface morpholo
observed which corresponds to thestIN nitrile group con- P ’ P ay

) o . . results of thea-CN, also revealed particulates on the surface;
jugated to aromatic rings and N—H stretching, respectively, S

. ) : however, no clear trend could be distinguished between the
The structure of the molecule is close to that of thioamides or article size or densitv as a function of nitrogen content
amides. Another peak at 2130 thappearedsee inset of P y 9 '
Fig. 12, which indicates that isonitrile element asg-type . . .

9. 12 A-typ .. E. Nanoindentation analysis

carbon structure are present. These results suggest that nitro-
gen not only breaks the symmetry of aromatic rings but also  The measurement of the intrinsic nanomechanical prop-

produces a distorted ring structure in the carbon network. erties of thin films is a challenge due to the effect of the

dD. Surface morphology
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30 and therefore large nonuniformity problems incurf@@-nm
[ 13%an(a)  150-200 nm variations on a 1& 10-mm substraje Moreover, the intro-
25 e 9%atN 5 S duction of nitrogen into the chamber affects the deposition
. 1‘5‘-.‘“‘” iﬁﬁﬁ fﬁ.._....,.....-.. rate. The kinetic energy of the ablated species decreases with
iiiao-“-"'" o nitrogen pressure due to numerous collisions with the back-
ground N molecules. Since the deposition time was kept
constant(15 min) it was not possible to obtain films with
exactly the same thickness. However, for purposes of com-
parison, we present in Fig. 14 two setsafCN,: (i) films
95-115 nm containing 1.3% apd 4_1% atN wiFh_ thickness in the range of
150-200 nm andii) films containing 9% and 14% at N
0 1'0 2'0 3'0 4'0 ' 50 approximately 95-115 nm thick.

In the first set of hardness curvédms containing 1.3%

X,
o

Y

- -

Hardness (Gpa)
o v o u

Depth (nm) and 4% at Nl two stages can be clearly resolved. First, the
(b 150-200 nm hardness increases sharply as the indentation increases up to
300 ( ) iﬁﬁiﬁ}ﬁﬁﬁmﬁﬁﬂ Aﬁ 20 nm. Second, for indentation depths of higher than 20 nm
250- "u\.“ilin1?4111111}11}IIHHP hardness remains stable or increases at a much smaller rate.
200 $0000000000,0000000,0400004) The E (d) curves show also two stages. A rapid increase up
7 to 10 nm followed by a decrease approaching values closer
S, X y pp g

to the substratd~170 GPa The a-CN, film containing
1.3% and 4% at N has hardness values 623 and
~19 GPa, respectively, at an indentation depth of 30 nm

—a—13%atN

1 0' A at % . . . . . .
0 1| PGP (~15% of film thickness Due to inaccuracy in film thick-
50- 9 :;?%G*N ness(30 nm it is not possible to ascertain if this small re-

T T y J T duction is due to a lower thickness or incorporation of nitro-
0O 10 20 30 40 50 gen.
Depth (nm) In the second set of hardness curyébns containing
9% and 14% at Nboth hardness and elastic modulus values
FIG. 14. Hardness and elastic modulus values as a function of indentatiorise to approach the corresponding values of the substrate
depth fora-CN, films containing various nitrogen contents. (~11.8 and~170 GPa, respectively This increasing slope
demonstrates a pronounced softening effect, which is mainly

underlying substrate. It is claimed that indentations with conttributed to the nitrogen incorporation. These films are
tact depths of less than 10% of the film thickness are needetPfter than the Si substrate and as indentation depth is in-
to obtain intrinsic film properties and void the influence of C€asing the effect of the substrate becomes more apparent.

the substrate. Due to equipment limitations such as machin&"€ &CNy film containing 9% and 14% at N has hardness

resolution, signal-to-noise ratio, inaccuracies in tip area calivalués of~8 and ~6 GPa, respectively, at an indentation

bration, and incomplete subtraction of the Hertzian behaviof€Pth of 20 nm(~20% of film thickness The reduction in

it is very difficult to obtain meaningful analytical results for hardness and elasticity is a result of the nitrogen being incor-

indentation depths less than 20 nm. Bearing in mind thorated _|nt0 the_ film netwo_rk. The results show that the in-

above, it is obvious that it is not possible to obtain substrateSOrPoration of nitrogen at high nitrogen levels revertsstp'é_

independent results for films less than 200 nm thiglkce network tosp?, exhibiting the soft characteristics of graphite.

10% of 200 nm is 20 nm Therefore, in order to analyze

films Ies; than ZOQ nm thick it i; essential tp monitor the,,, syMMARY

mechanical properties as a function of depth in order to ob-

tain an insight into the influence of the substrate. In this studya-CN, anda-C with a nitrogen content up
Figures 14a) and 14b) represent the hardness and elas-to 17 at. % were grown on HF-etchestype silicon by ul-

tic modulus as a function of indentation depth for thetrafast high repetition rate PLD as a function of nitrogen

a-CN, films fabricated at various nitrogen pressures. Thepartial pressure and laser fluence, respectively. The XPIS

data points represent the average hardness and elastic modghowed that the CN fraction increased at the expense of CC

lus values based on nine different load/displacement tests. Tmonds with an increase of N content in the films. Films pre-

illustrate the effect of nitrogen dependence on the nanomesared as a function of laser fluence revealed a distinct trend

chanical properties and rank the films it is essential for all ofin that as laser fluence increased so didgpecontent.

them to have the same thickness. It is well known that pulsed Raman analysis agreed with XPS results in that the size

laser deposition due to the directional nature of the plumer number ofsp? sites in the samples increased as a function

produces nonuniform films and as a result the thickness caof nitrogen partial pressure. These results were compounded

vary markedly along the substrate. Specific routes have to bas I/Ig ratio and G peak position increased while the

employed to alleviate the nonuniformity problem such asFWHM of the G peak decreased. The decrease inltheg

rastering of the laser beam, the substrate, or Bbth.our  ratio as well as an increase in the FWHM of tBepeak

case the depositions were carried out by a stationary beaindicated thatsp? sites decreased as a function of laser flu-

Elastic Modulus (Gpa)
o
s
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ence. The results also showed that there was an optimufiP- Das, K. H. Chen, S. Chattopadhyay, and L. C. Chen, J. Appl. P3is.

laser fluence for the growth sf® bonds and when exceeded
formation ofsp® bonds no longer took pladéaser fluence of
2.12 J/cm).
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