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Hydrogen-free diamond-like carboLC) films have been deposited with a 100 (BWHM)
Ti:sapphire laser beam at intensitied the 14— 10°Wi/cn? range. The films were studied with
scanning probe microscopy, variable angle spectroscopic ellipsometry, Raman spectroscopy, and
electron energy loss spectroscopy. DLC films with good scratch resistance, excellent chemical
inertness, and high optical transparency in the visible and near infrared range were deposited at
room temperature. As the laser intensity was increased frart@* to 6 10*°W/cn?, the films
showed an increased surface particle density, a decreased optical transpareney@®%f); and

Tauc band gap (1-40.8eV), as well as a lowesp®> content (60%-50%). The time-of-flight
spectra recorded from the laser plume exhibited a double-peak distribution, with a high energy
suprathermal ion peak preceding a slower thermal component. The most probable ion kinetic energy
showed arl %°° dependence, increasing from 300 to 2000 eV, when the laser intensity was varied
from 3x 10* to 6x 10" W/cn?, while the kinetic energy of suprathermal ions increased from 3 to
over 20 keV and showed atP® dependence. These high energy ions are believed to have
originated from an electrostatic acceleration field established by suprathermal electrons which were
formed by resonant absorption of the intense laser beamsl999 American Institute of Physics.
[S0021-897€09)07016-4

I. INTRODUCTION bonding and are generally amorphous, due to the lack of a

Ever since the invention of lasers, much attention hadong range. DLC possesses properties similar to those of dia-
been directed at the understanding of the fundamentals of tf80nd rather than graphite, including high mechanical hard-
laser—solid—plasma phenomena. The advances in lasBESS. high electrical resistivity, excellent chemical inertness,
plasma physics led to various practical applications in thigand optical transparency. In addition, a smoother surface to-
area. In the field of materials science, the use of high intenpography, better adhesion to the underlying substrates, and
sity laser beams to deposit thin films has shown great pronrelative ease in fabrication have made DLC films a desirable
ise in the synthesis of many advanced matefidsised la-  choice in certain applications. For these reasons, they have
ser depositionPLD), known for well over 2 decades, has been one of the most actively researched thin film materials
gained prominence in the deposition of a wide variety of thingyer the past 2 decades, primarily as an alternative to dia-
film materials such as superconductors, semiconductors, dinond coatings.

electrics, metals, and biomaterials, among others. Most successful PLD depositions of DLC films con-

The characteristics of PLD differ significantly from con- ducted so far have employed either excim&rF, ArF
ventional thermal evaporation methods. PLD was first distin ' '

guished by the formation of high temperature {200 K) xjé:r:)corm%(j;;\:gghﬁz_\sxg st;ts;(;?slia: ?’Lsezzclgsaesrs\/:;oﬁasvge-
plasma, as well as ejected target species with high kinetid y ' |

energies(~10s—1000s e followed by a forward-directed pulse duration in the nanosecond range. Depending on the
daser energy and beam diameter focused on the target, laser

. -y . l
induced plasma is believed to play an important role in synintensities in the 1%-10" W/cn range are most commonly

thesizing certain thermodynamica”y metastable materia|§chieved. Past experiments ha.Ve indicated tha.t the fraCtion Of

including diamond-like carbofDLC), cubic silicon carbide sp® bonds increased as a function of increasing laser inten-
(c-SiC), and cubic boron nitridec¢BN).! sity. The plasma formed under these conditions was found to

DLC can be considered as a metastable form of carbononsist of ionized carbon particles with moderately high ki-
material covering the spectrum between diamond and grapmetic energies, increasing from several eV up to several hun-
ite. But unlike crystalline graphite or diamond, which con- dreds of eV as a function of laser intensity. Conversely, as a
sists of 100%sp” and 100%sp’, respectively, hybridized kinetic condensation process, formation of the metastable
carbon atoms, DLC films have a mixture 8p® andsp” s bonding structure is expected to be destroyed under ex-
cessive high energy ion bombardment, resulting in the more
dElectronic mail: verac@mail.mse.ufl.edu stablesp? graphitic structure as recently shown.

0021-8979/99/86(4)/2281/10/$15.00 2281 © 1999 American Institute of Physics



2282 J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 Qian et al.

This motivated us to investigate the growth of DLC TABLE I. Experimental conditions for Ti:sapphire laser deposition of DLC
films using laser beams with a 100 WHM) pulse dura-  fIms:
tion. The laser system employed in our study was a solid

X ] ¢ Laser source Ti:sapphit@80 nm)
state Ti:sapphire laser system based on the chirped pulse —
amplification(CPA) technique, which enables the generation ?SE?';‘;?;;?;?NHM) 138 fHSZ
of hlgg peak |.ntenS|'ty laser pulses with extremely short pulse Target—substrate distance 4 cm
width.” By using this system, we were able to increase the  Minimum spot size 5Qum
intensity up to the 18— 10" W/cn? range with only moder- Peak intensity % 10M-6x 10" W/er?
ate laser energies. The laser plasma created under these con- Substrate Si, Si9

Substrate temperature Room temperature

ditions was studied through time-of-fligffOF) experi-
ments. This investigation was intended to establish a
correlation between the ablated carbon ion kinetic energy
and the grown DLC film properties, as a function of laserconstant. The deposition conditions for DLC films are sum-
intensity. marized in Table I.
The film properties were analyzed with various tech-

niques and correlated with the laser intensity. Carbon ion
Il. EXPERIMENTS kinetic energy as a function of laser intensity was measured
by TOF experiments. A field-free drift tube coupled with a
pulses at laser intensities within the X306 Faraday ion collector was used for thidon transit time

X 10'5W/cn? range. The pulse is near Gaussian shaped, ce2etween the target surface and the Faraday cup was mea-
tered at around 780 nm wavelength, with a FWHM of 100 fs_sured as a function of laser intensity. The ion velocity was
Due to compressor gratings absorption, the maximum lasdfetermined from the time lapse between the laser onset and
energy is about 40 mJ. the TOF distribution peak, which corresponds to the most
The deposition system consists of a high vacuum depgProPable carbon ion velocityv, with a Boltzmann-
sition chamber coupled with vacuum laser beam denver)JVIaxwelllan-llke distribution. Their kinetic energies can then
tubes (base pressure was maintained at Z0-°Torr). A be calculated from KE 0.5M V2, whereM is the carbon ion
high purity (>99.999% polycrystalline graphite disk was Mass: lon s!g_nals co.IIected by the Faraday cup were moni-
used as the ablation target. The distance between the tard@f€d by a digital oscilloscope and relayed through a general
and the substrate was kept at 4 cm during each deposition, RUTPOSE interface bus card to a computer. The triggering sig-
thin 3 mm MgF, laser window served as the front vacuum na_l was pro_wded by the Pockels cell wave voltage, which
window. A p-polarized, high damage threshold reflective coincides with the onset of _each laser pulse. The Faraday cup
mirror positioned inside a turning box directs the beam intoSUrface was kept perpendicular to the target normal for all

the deposition chamber. A gold plated aluminum off-axisth® TOF measurements.

parabolic mirror was used to focus the incoming laser beam

onto the target. The parabolic mirror has a 10 cm effectivd!l- RESULTS AND DISCUSSION

focal length and a 60° off-axis angle. This section details the experimental results of our inves-
The femtosecond laser beam was capable of breakinggation. First, results from the TOF experiments are pre-

down air even at relatively low energy levels. During film sented. This is followed by a presentation of the DLC film

deposition, the target was placed at an off-focal position tgroperties analyzed by various techniques.

maintain a larger spot size. This was found to be necessary '58 TOF measurements

keep the otherwise tightly focused beam from cutting a deep™

trench on the target surface. A minimum beam diameter of TOF data were taken at base pressure and averaged over

50 um was used in calculating the Ti:sapphire laser intensityeight pulses on the oscilloscope, with laser intensity in the

in our study. This compares with a measured focal spot of 11X 10'*-6x 10"°W/cn? range. The upper intensity limit

um, using an image relay technique; at low laser intensitieswas typical of the maximum laser intensity used in making

a microscope lens was positioned near the mirror focal and DLC films, while the lowest intensity value was determined

projected the image of the focal spot onto a charge-couplelly the oscilloscope signal/noise ratio.

device (CCD) camera. Conversely, a damaged surface spot Figure 1 shows a typical TOF spectrum taken at a laser

with 80 um in diameter was measured under an opticalintensity of 3x 10"W/cn?. The “zero time,” correspond-

microscope. ing to the moment the laser pulse strikes the target surface, is
The DLC films were deposited onto fused silica and sili-referenced by the early spike on the spectrum preceding the

con substrates at base vacuum pressure. The Silistrates main plasma peak, which was generated by the soft x rays

were optically polished on both sides with a roughne®0  emitted by the plasma. Notice that in addition to the main ion

A. Silicon substrates were single crystal wafers cut intopeak marked a¥,,, there is a second peak marked\asin

1cmx1cm squares, which were ultrasonically cleaned inthe spectrum, preceding the main peak. When converted into

acetone/methanol before been loaded into the depositioion velocity (see Fig. 2, this early peak represents a compo-

chamber. During the deposition processes, different intensitgent of the carbon plasma expanding at a much faster speed

levels were achieved by varying the incident laser energy, than that of the most probable ion velocM,. At this

and the beam spot size, while keeping the laser pulse widtimtensity level, V,, was calculated to be aroundxél0®

DLC films were deposited using 100 fs Ti:sapphire
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though the suprathermal ions constitute only a small fraction

cmis, corresponding to a carbon ion kinetic eneBgy of of the total ionized particles generfa\.ted in the_Iaser plume,
approximately 250 eV. On the other han}, was estimated they could nonetheless p!ay a significant role in the for.ma-
to have a value of 2410’ cm/s, corresponding to an ion tlpn 9f metastable DLC. film structures. If thg optimal ion
kinetic energyE, on the order of 3.5 keV. kinetic energy of laser induced plasma does indeed fall be-
We designated the carbon ions responsible for the earlt een severa_ll tens to several hundreds of eV as suggested by
peak as “suprathermal ions.” Here the term “suprathermal” a(rjhler experllmenk;[s andkcllearlylssh(;]wn recentl;;]for ”T‘Uosec'
is a relative one used with respect to the main ion peakon aser pulses by Merkulcat al,” these su_prat ermat lons
which itself may have a kinetic energy much higher than tha%llon.e coulq very W?” push the re-:s.ultant. films over the po-
represented by the plasma thermal energy. Both the main aﬁsnt'al barrier back into the graphitic regwﬁa‘\lth‘ough the
suprathermal plasma peaks shifted to shorter time scales g]?utral carbon atoms are known to fqrm -the_major part .Of the
higher laser intensities. The carbon ion velocitigsandV plasma plume ‘f.ﬂ Iattgr stages, _thelr kinetic energy 'S too
were computed and plotted in Fig. 3 as a function of IaselSmall In comparison W.'th that C.)f lons and suprathermal ons
intensity. Assuming atomic carbon ions, their kinetic ener-f"Ind the!r role in chapgmg the film structure and 'composmon
gies, E,, andE,, were calculated and shown in Fig. 4. The is marglnal. We believe that_ the suprathermal ion peak de-
most probable carbon ion kinetic enerBy, had a maximum f[ected in the TOF spectra_arlses from highly charged carbon
value of ~2.0 keV at a laser intensity of 610"W/cne.  'O"S: @S suggested earlier by I_Eﬁlaand Stevefelt and
The suprathermal ion kinetic ener@y is, however, at least CoIIms.. We were unable to derive the gxact 'on charge
one order of magnitude higher thdfy,, at each measured state with our pre§ent Setup. An. e.lectr.ostgtm sphengal sector
intensity level.E, reached a maximum value of25 keV at analyzer, which WI|| b_e able to distinguish ions W|_th different
6x 105W/cn. Data fitting yieldedE, o155 and Eo 1933 mass/charge rat!os, is currently undgr construgtlon.
| being the laser intensity. The mechanism of.suprathermal ion formation should be
The observation of suprathermal ions in a femtosecon&elated to the generation of suprathermal electrons and the

. . lectrostatic field established by these electrons. At laser in-
laser induced plasma has not been previously reported. AF ¢ i
P P y rep tensities of 1&*W/cn? and above, a plasma absorption

mechanism called resonant absorption, may play a more im-
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FIG. 2. TOF spectrum plotted on the velocity scale at a laser intensity of~IG. 4. Most probable and suprathermal carbon ion kinetic energy plotted as
3x 10" W/en?. a function of laser intensity.



2284 J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 Qian et al.

mechanism. At these high laser intensities, when a Ti:sapbalances? These ions will eventually move at the same ve-
phire laser beam is incident on the graphite target at an oHecity as the suprathermal electrons, and their kinetic energy
lique angle of 60° off the parabolic mirror, the laser wavesaturates when all the electron energy has been extracted.
will be refracted by the charge density gradient with a turn- A quantitative measurement of the suprathermal ion
ing point at n=n,cos(60°)=4.5x 10?%cm?, before the fraction is difficult. This is because the TOF peaks corre-
critical density surface. For pepolarized laser beam such as sponding to suprathermal and to slow ions are a function of
the one used here, where the laser electric field vector iboth the particle number and their charge state, which could
parallel to the plane of incidence, the solution of Maxwell’'s not be differentiated with the current setup. However, if one
equation showed a singularity in the magnitude of the oscilassumes that ions have the same charge and both assume
lating electric field vector at the point of reflection. The os-Maxwellian-like distributions, it can be estimated that at a
cillating field can resonantly drive an electron plasma waveaser intensity of X 10" W/cn?, their ratio is~10"2, and it
to very large amplitudes. This resonant singularity may bedecreases to-10 2 at 6x 10*°W/cn?. This finding is not
viewed as a tunneling of the evanescent wave from the turnwell explained and we suspect that the contrast ratio of the
ing point to the critical layer, where it resonantly excites aTi:sapphire laser pulse may have played a role.
plasmal! As a result, oscillatory motion of the electrons due ~ There are two factors affecting the contrast ratio in a
to this abnormally high electric field creates a charge sepa<PA laser system. One is the so-called amplified spontane-
ration, which at a finite electron temperature leads to théus emission(ASE) which originates from spontaneous
propagation of a plasma wave. At finite temperature there i€mission from various amplifier stages. ASE is present as a
a direct transfer of energy from photons to plasma wavdow but rather broad background noise with a time scale up
which subsequently converts its energy to electron thermdP tens of nanoseconds in the output spectrum. The second
energy. This collisionless wavebreaking process in resonandactor involves the stretching/compression scheme of the la-
absorption gives rise to the so-called suprathermal electron§€r system. When there is a compressor/stretcher mismatch
Suprathermal electrons have been previously observed iand/or spectral distortion by the amplifier system, the com-
laser fusion studie¥*®where the laser intensities used are Pressed laser pulse may have pedestals, or “wings” in front
similar to those generated by the femtosecond pulses in o@f and after the main peak, which can extend to over hun-
experiment. These suprathermal or sometimes termed “fagireds of picoseconds. For a subpicosecond Ti:sapphire laser
electrons” are characterized by a temperature that is on thBulse with extremely high intensity, even a relatively small
order of 10—20 times higher than that of the background@mount of prepulse can generate a low density plasma on the
plasma temperature and scales Bs2?T?, wherea andb  target surface before the main laser peak arrives. Assuming
generally have values between 0.25 and 0.50 laigl the background ASE/pedestals with time scales on the order of 1
laser intensity) is the laser wavelength, aridis the back- NS: @ minimum contrast ratio of 44 would be required to
ground plasma temperature. Particle simulations by Fre€liminate the possibility of a preplasma formation on the
idberg et al’® also showed that a small number of suprath-graphite target, even at 'Fhe lowest laser intensity of about 1
ermal electrons could be created as an outward moving‘ 101_4W/sz employed in our study. This is because the
stream originating from the critical density region. ablgtlon threshold for graphite for % ns pulse duration was
Due to their small inertia, the plasma electrons will start€Stimated to be a_round><L’LOB W/C_mz- Therefore, when the
to move towards the vacuum side once the laser pulse termi@ser intensity is increased to higher values, it is very likely
nates and the balancing ponderomotive pressure no longifat @ low density plasma may have been created before the
acts as an impeding force against the thermal pressure. TH&Mval of the femtosecond pulse. As a result, these less in-
much heavier carbon ions, however, will remain relatively€nse, long duration prepulses will generate more “slow
“cold” and stationary during the pulse span. In this early ions” in the plasma. They may obscure the TOF signal from
stage of plasma expansion, with an electron density on thi1€ suprathermal, or

“fast ions” induced by the main fem-
order of 168%cn?, the plasma has a Debye lengiy, tosecond pulsg, thus making a.quantitative estimation of the
=740(T./ny)°5 (in cgs units of the order of only several suprathermal ion fraction unreliable.
angstroms. The ions thereby will not be able to feel the effect
of the electric field established by the electrons and no ion
acceleration occurs until the plasma has expanded to a muct
lower density level, where the Debye length becomes com- 1 um
parable to the plasma dimensions. The requirement for the
plasma as a whole to maintain quasineutrality then estab-
lishes a time dependent electrostatic potential in the lower
density coronal region. Here the suprathermal electrons lead  soum
the expansion of the plasma and, through the radial electric
field set up by charge separation, a fraction of the plasma
ions will be accelerated to high velocities according to their ////‘%‘op&”m
chargeZ. We believe it is this process that produced the opm el
suprathermal ions observed in our TOF experiméht8in oum
the meantime, a return electron current is established by thigc, 5. AFM image of DLC film deposited by a Ti:sapphire laser at
electric field to maintain both charge and momentum3x 10" wi/cn?.

[4999 41 nm
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FIG. 6. AFM image of DLC film deposited by a Ti:sapphire laser at

1x 10 W/cn?. FIG. 8. Transmittance of DLC film deposited by a Ti:sapphire laser at
3x 10% W/cn?.

B. DLC film properties

2. Variable angle spectroscopic ellipsometry (VASE)
1. Scanning probe microscopy (SPM)

] ] ] ) The optical properties of the DLC films deposited on

The DLC films deposited on SiGubstrates are visually - sjo, substratesn andk, the real and imaginary part of the

smooth and largely transparent with a light yellowish tint. £y complex index of refraction, were analyzed by VASE
Those deposited at higher intensities appear to be more aByjipsometry(J. A. Woollam Comparly

sorbing with a darker appearance. The DLC films deposited  Then andk were measured as a function of the incident

onto Si substrates have a black and sometimes bluish tingeam wavelength (300—1000 nmas well as the angle of
Color interference fringes can be seen on thinner Sampleﬁﬂcidenceqb (65° and 75). To prevent the probe light re-
The films are resistant to the razor blade scratch test. Theyacteq by the substrate backside from reaching the detector
also remain intact after being submerged in a 1:3 HCI:HNO 44 interfering with the signal, we used fused silica sub-

solution for over 12 h, suggesting good chemical inertnesssirates with a thickness of 3 mm. To obtain unique solutions
Thicker films, however, tend to buckle and peel off from thefqr poth the film thickness and its optical constants, the data

substrates once they are removed from the vacuum enviropystiained by VASE were correlated with the transmission

ment. _ _ _ data from the same sampge.
A TopoMetrix® 2000 series SPM, operated in the force Intensity transmittance measurements were carried out

sensor mode by applying a constant force on the sensgjy setting the ellipsometer in the straight through configura-
probe, also called an atomic force microscdpéM) was tion (=90°). A baseline intensity of the incident beam was
used to study the film topography. Figures 5, 6, and 7 displayjrst measured without the sample in place. The DLC film
the AFM images OI DLC f||5ms dep03|te5d on Si@t laser  ransmittance was then obtained by measuring the beam in-
intensities of 3 104, 1 10? , and 6<10*°W/cn, reSpPec-  tensity with the sample in place and dividing the transmitted
tively. Under AFM, these films appeared to have high parintensity by the baseline intensity. Plotted in Figs. 8 and 9 as
ticle densities, especially for those grown at higher laser iny function of wavelength, are the transmittance of DLC
tensities, when the entire surface area was covered Witgamples deposited at laser intensities ot @' and 6
micron-sized particles. The average particle size, however 1gl5\\/cn?, respectively. The DLC film deposited at 3
rem_ained largely unchanged. No large chunks of_clustereck 10*W/cn? has an optical transparency up to 85% in the
particles were observed even on samples deposited at thg yegion. It is also largely transparent in the visible spec-

highest intensity. Splashing of the target microparticles wagy,;m down to about 600 nm and becomes more absorbing in
visually observed in the laser plume, when tight focal spots

were used.
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FIG. 7. AFM image of DLC film deposited by a Ti:sapphire laser at FIG. 9. Transmittance of DLC film deposited by a Ti:sapphire laser at
6 10 Wicn?. 6 10" W/cn?.
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FIG. 10. Refractive index of DLC films deposited by a Ti:sapphire laser, Photon energy (<V)
as a function of wavelength.

FIG. 12. Tauc plot of DLC films deposited by a Ti:sapphire laser.

the UV range. The film deposited aaL0'>W/cr?, on the  the Tauc modéFf is often used to describe their optical band
other hand, is much more absorbing with a 65% transparenc§@Ps, where the energy dependency of the absorption coeffi-
at 1000 nm wavelength. At 600 nm, its transmittance is only¢ient « is expressed as:
about half that of the film deposited a0 W/cn?. B(E—Eq)2
The best fits of the ellipsometric data were achieved with —E (1)
a parametric semiconductor model. The refractive index
and the extinction coefficierk of the DLC films are plotted whereE is the photon energ)B is a constant, ané is the
in Figs. 10 and 11, 12 respectively, as a function of laserfauc band gap. The absorption coefficienis calculated
intensity. A rather consistent trend is seen among these DL@om a=4mk/\, wherek is the extinction coefficient ann
samples. As the laser intensity increases, the films beconié the photon wavelength. Table Il summarizes the films
more absorbinghigherk) and refractive, consistent with the thickness and Tauc band gap of DLC films deposited at laser
transmittance measurement. For each sample, the film istensities between 810 and 6x 10"°*W/cn®.
more transparent in the IR and visible range than in the UV~ As shown in Table II, the DLC films have Tauc band
region. Demicheli®t al??> have demonstrated that it is pos- gaps ranging from about 1.5 to 0.8 eV, decreasing as a func-
sible to directly deduce thep®/sp? ratio of the DLC films  tion of increasing laser intensity. The presence of an optical
from the experimental values of the complex dielectric con-band gap in amorphous DLC films is significant. The graph-
stantse; ande,. However, their approach could not be suc- ite target, with 100%sp® bonds, is in effect a zero band gap
cessfully carried out in our ellipsometry study since thesemiconductor. On the other hand, a single crystal diamond
maximum photon energy attainable was only about 4 eV. Wwith 100%sp® bonds has an optical band gap of 5.4 eV. It
Depending on film thickness and laser intensity, theseseems that diamond-like carbon, with its mix@ef ands p?
DLC films were measured to have electrical resistance rangponding structure, would have a higher band gap asfile
ing from several hundred thousand to several mega-ohm&onding content increases. However, the assumption that
For amorphous semiconducting materials such as DLC filmghere exists a simple linearity relationship between the film
optical band gap and itsp® content is often false, because
the optical band gap of DLC depends not only on the relative
amount ofsp®/sp? bonds, but also on their distribution in

a(E)=

0.6 10 W ' . ' . the film structure. Robertson and O'Refthhave shown that
05 e em the mere presence &fp® sites in amorphous diamond-like
X k108 Wiem? carbons was not sufficient to produce an optical band gap.
§ 04l i Instead, thesp? sites must be spatially correlated to produce
& 1X10" Wicm? a band gap even in the presencespf sites.
o
o 03 _
ot 6x10" W/cm® ) i ) )
= TABLE Il. Thickness and Tauc band gap of Ti:sapphire laser deposited
Q 021 4 .
< DLC films.
X 3x10" Wiem?
01 S Sample Laser intensitgW/cn?) Thickness(A) Tauc band gageV)
ol o L — Femto-A 3x 10 1506+10 15
0 200 400 600 200 Femto-B 6x 10t 1242+10 1.3
Wavelength (nm) Femto-C x 101 1350+10 1.1
Femto-D 3x 101 811+10 1.0
FIG. 11. Extinction coefficienk of DLC films deposited by a Ti:sapphire Femto-E 6x 10%° 853+10 0.8

laser, as a function of wavelength.
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a0 : . r . placed in the axial-transmissive spectrograph configuration.
1332 This compact design provides spectral coverage up to 4500
610" - 1580 N cm 1in one single exposure.

The Raman spectra were taken with a laser power of 11

st mW measured on the film surface. The probe beam diameter

§ et | was determined to be-16 um with a 50< objective lens.

o Diamand Graphite Target The spectra acquisition time was set at 10 s. With the cosmic
§ 1c light filter on, actual acquisition time doubled to 20 s. Figure
[&]

13 shows typical Raman spectra taken from DLC samples
deposited on Si@substrates, along with those taken from a
graphite target and a free standing CVD diamond film.
The Raman spectral features of the DLC films are dis-
\ ) ) tinctively different from that of the CVD diamond and the
1000 1200 1400 1600 1800 200 graphite target, as shown in Fig. 13. Instead of well-defined
WAVENUMBER (CM ™) s
D and G peaks, these DLC samples exhibited a broadband
FIG. 13. Raman spectra of a typical DLC film, a graphite target, and a CVDstructure covering the spectrum ranging from about 1000 to
diamond film. 2000 cm L. This broadband can be interpreted as a convolu-
tion of the two-component structure of a microcrystalline
graphite: a relatively narro band centered at around 1550
For the Ti:sapphire laser deposited DLC films in ourcm™ and a much broaded shoulder embedded at a lower
experiment, their band gaps showed a tendency to decreaggwve number. A common practice in analyzing the small
as a function of increasing laser intensity. This can be relatedifferences among these spectra is to mathematically fit them

to the defect states introduced by the energetic carbon payvith two damped harmonic oscillator functidfis
ticles. It has been shown that there exists an inverse correla-

tion between the defect density and the optical band gap of dI lNwg
amorphous DLC film$?# In a DLC film containing bothar do [(02— w?)?+ 4T wiw?]’ @
and o bonds, therr defects are expected to be predominant

due to their lower formation energy. A higher carbon ion\yheredi/dw is proportional to the detector signal@tw, is
kinetic energy will increase the amount sfdefect states in e undamped mode frequeneyijs the frequency shift from

the films, lowering the optical band gaps of films depositedihe |aser line, and’ is the damping constant. An integration
at higher laser intensities. In the case of femtosecond lasgf the above equation gives the intensitassociated with
deposited films, additionar defects are likely to have been gzch Raman band. The Raman spectra were fitted in the
introduced because of the high energy suprathermal ion COMypectral range between 1200 and 1800 EnSummarized in
ponent found in the laser plasma, thus further decreasing theaple 11 are the parametric values used in fitting the Raman
optical band gap. spectra, including the peak center position for @&nd D
bands, as well as their respective bandwidth.

When compared with the graphite target, théand of
every DLC sample was observed to have shifted from 1580
Raman spectra were taken from the same DLC samplesm ! down to the 1520—1530 crl range. As the laser in-

examined by ellipsometry. The instrument used is a Kaisetensity increased from %10 to 6x 10®°W/cn?, the G
Optical System, Inc. HoloProbe spectrometer which consistbands showed a slight upward shift, but their bandwidths
of an imaging spectrograph integrated with a fiber—optic(FWHM) did not exhibit a well-defined trend and remained
probe head, an Olympus BX60 microscope, a CCD camerdargely unchanged. On the other hand, fhebandwidths
and various compact laser components. The laser souraisplayed a clear upward drift as a function of increasing
used in this spectrometer is a 532 nm diode-pumpedaser intensity, their values more than doubled from 150 to
frequency-doubled Nd:YAG laser. The system’s imaging340 cm ! as the laser intensity was increased from B4
spectrograph is equipped with a HoloPlex™ grating ando 6x 10**W/cn?. The D band center did not have a well-

2x10*

1x10* (4x10" Wiem?)

(5x10'S W/em?)

3. Raman spectroscopy

TABLE Illl. Fitted Raman parameters of Ti:sapphire laser deposited DLC films.

G band(cm™) D band(cm™)
Sample Laser Intensitgw/cnr) Center FWHM Center FWHM
Femto-A 3x 10" (fluorescence — — — —
Femto-B 6x 10t 1520 181 1321 150
Femto-C X101 1527 177 1327 215
Femto-D 3x 101 1528 185 1325 270
Femto-E 6< 10'° 1530 183 1342 340

Accuracy — *1 *3 *5 +10
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defined correlation with the laser intensity either, although it
also appeared to have downshifted to lower wave numbers
(1321-1343 cmt) when compared with that of the graphite
D band at 1345 cm’. The relationship between tt2 band

center position and that of the DLC structure is less well
established. Although it has been suggested that there was ¢ [ DLC (3 x 1014 W/cm?)
possibleD band downshift as a result of increasisig® con- .
tent and/or bond-angle distortiéh?’ this observation has - F DLC (5 x 1015 W/cm?2)
been rebutted by recent experimefits. i

The observedG band downshifting from that of the i raphitic carbon
graphite target has confirmed the notion that there exists a

o—>oc*

_ CVD diamond

Count (a.u.)

G
certain amount osp’> bonds as well as a certain degree of
bond-angle distortion in these DLC films. It is also tempting
to suggest that the films deposited at lower laser intensities T — g*
have highersp® fractions, in light that theilG bands are
centered at lower wave numbers and they have higher optical
band gaps measured by ellipsometry. However, one has to be - L ! L
cautious because the effectsf® content and bond-angle 260 28§,ecuon3§r?ergy losasz((c)av) e
disorder on theG band downshift may not be easily differ-
entiated, considering the fact that the existence of bond-angfG. 14. K-shell edge EELS spectra of DLC films deposited by a Ti:sap-
distortion andsp® bonds in a DLC film are often correlated. Phire laser at & 10 and 5<10®Wient, and along with that of a CVD
In addition, it has been demonstrated that Raman band shiﬁamond and a graphite film.
could be introduced as a result of residual stresses in the
DLC films.?® Our TOF and ellipsometry measurements have
indicated that the DLC films are condensed from carbon par? E/€ctron energy loss spectroscopy (EELS)
ticles with very different kinetic energy and they have un- EELS was used in this study to quantify tap> content
equal film thickness, which could give rise to various com-of the grown DLC films. A Gatan EELS with a maximum
pressive stresses at the film/substrate interface. This residugsolution of~0.5 eV, defined by the FWHM of the zero
stress cannot be easily relaxed because of the rigid SiQoss peak, attached as an auxiliary to a field-emission ana-
substrate. Thereby the Raman band shift resulting from thgitical TEM, was used in our experiment. Carb#ashell
residual stress and that from the change of structure disordeiige spectra were taken between 280 and 320 eV at an ac-
in the films often could not be separable. celerating voltage of 150 kV. EELS samples were prepared
Another conclusion that can be drawn from the Ramarby first depositing DLC films onto cleaved sodium chloride
study is that the DLC films grown at higher laser intensity (NaCl) crystals, which were then floated off in de-ionized
levels have a higher degree of bond-angle distortion, mostater onto copper grids. Film thickness was controlled to be
likely caused by the higher particle energies. This is consiskess than 700 A to alleviate the effects of multiple electron
tent with the study of Enk& who found a direct relationship scattering.
between theD bandwidth and that of the film bond-angle Two DLC samples deposited at laser intensities of 3
distortion. X 10* and 5x 10> W/cn?, respectively, by the femtosecond
As mentioned earlier, thB band center position did not Ti:sapphire pulses were analyzed by EELS. Figure 14 shows
exhibit a clear correlation with the laser intensity. In additionthe K-shell edge EELS spectra acquired from these two DLC
to possible complications caused by the presence of residuilms. The EELS spectra of an arc evaporated carbon film
stress, some artifacts associated with the fitting process suemd a free standing CVD diamond film, presumed to contain
as the selection of the fitting range, background intensityl00% sp? and 100%sp® carbon bonds, respectively, were
treatment, and the choice of oscillating functions might havaused as standards and are also plotted in the same graph for
played a role. Thereby for DLC films, which do not have comparison. All presented data were collected in one session
well-defined vibrational/translational peaks, Raman spectrogo minimize the uncertainties caused by different probing
copy analysis can at best be treated as a semiquantitativ®nditions.
technique. One can notice in Fig. 14 that transitions from the car-
Sinha et al®! also observed that DLC films made by bon 1s core level to the emptyr* antibonding statesz
different techniques and exhibiting very differemp®/sp? —a* transitions caused a strong absorption peak-@85.5
ratios seemed to present rather similar Raman features. Thi/ for the graphitic carbon film, as a result of its losa
can be explained by the fact thap® bonds, with a Raman bonding structure. On the other hand, thes 7* peak is
scattering cross section of 580 " cm !sr !, are as much totally absent from the EELS spectrum taken from the CVD
as 50 times stronger Raman scatters tharsfiieoonds®> As  diamond film. This is because thep® bonds in diamond
a result, the Raman spectrum will be most sensitive to theontain onlyo but no 7 orbitals. Instead, thesl»o*, or
presence obp? bonds in a DLC film, even when they only o—o* transitions(transitions from the 4 core level to the
constitute a relatively small fraction of the total bonding o* antibonding statgsstart at a higher energy of about 290
sites. eV. These transitions also lead to distinct near-edge features
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beyond 290 eV. This extended energy-loss fine structure is The formation of laser deposited DLC films is believed
analogous to the extended absorption fine structure in x-raio be an ion assisted energetic condensation process, with the
absorption spectroscopy. In comparison, the EELS spectrearbon particle kinetic energy being one of most important
for the two DLC samples, which contain a mixture s>  factors affecting the film properties. For the femtosecond la-
andsp? bonded carbon atoms, lie somewhere between thater induced plasmas, the TOF spectra of carbon ions exhib-
of the graphitic carbon and the CVD diamond. The smallited a double-peak distribution, with a fast moving suprath-
7—* peaks measured in their EELS spectra suggest the&rmal ion component preceding a majority of slower thermal
diamond-like nature. In addition, due to the amorphous naions. By varying the laser intensity in thex110“-6
ture of these DLC films, the fine EELS features beyond 290x 10 W/cn? range, it was estimated that the most probable
eV found in the diamond film have been lost. ion kinetic energy displayed arf->® dependence, increasing
Because the energy loss signal in a EELS spectrum iffom 60 to over 2000 eV. On the other hand, the suprather-
derived from primary electron interactions, the number ofmal ions were measured to have kinetic energies ranging
electrons that have lost energy duese~=* and c—o* from 3 to over 20 keV and &2 dependence. Only a small
excitations can be directly estimated by the net integratedraction of the carbon particles were made of suprathermal
intensity of the corresponding peak in tKeshell edge re- ions. They are believed to be generated by a time dependent
gion. A formula for estimating thep® fraction can be ex- electrostatic acceleration field induced by the suprathermal
pressed &s electrons which are formed due to resonant absorption of the
sp* N,—3N. (N,/N_)—3 intense,p—pola_lrized laser b_eam. Because (_)f the_zir excessive
= = , ©) energy, the highly energetic suprathermal ions in the femto-
W 4N, 4 second plasma are detrimental to the DLC film formation.
where

/ IPulsed Laser Deposition of Thin Filmedited by D. B. Chrisey and G. K.
& _ (17 IU)gfaphite (4) Hubler (Wiley, New York, 1994.
N, (I-/1)pLe 2C. L. Marquart, R. T. Williams, and D. J. Nagel, Mater. Res. Soc. Symp.
Proc.38, 325(1985.
| . andl, in Eq. (4) are the integrated area underneath the3w. Pompe, H. J. Scheibe, A. Richeter, H. D. Baner, K. Bewilogua, and C.

energy window 284-289 eV and 290-310 eV, respectively. Weissmantel, Thin Solid Film$44, 77 (198.
N, /N, is the ratio of the number of and 7 orbitals. It is fén%efoggﬁ ';'h)?: Vf;'é’i' Eiel\?iéggngerman' W R Osbom. and b &
i 3 , . . , :
numerically 3/:!- for 1000/.55p2 bonds, a_nd 4/0 for 100%p 5V. 1. Merkulov, D. H. Lowndes, G. E. Jellison, Jr., A. A. Puretzky, and D.
bonds. Subscripts graphite and DLC in E(®.and(4) refer B. Geohegan, Appl. Phys. Leff3, 2591(1998.
to the values obtained from the graphitic carbon film and thef\?v- SS”th'%?ij‘d andd(\SNl\/JIourtou,P?pt. C(;E;"ﬁlﬁgéﬁ%%ggs-
. - . . . bemtraler an . Jantz, asma .

as-deposited D_LC film, r_espectlvely. 4It has been estlrsnatedal 3. Cuomo, D. L. Pappas, J. Bruly, J. P. Doyle, and K. Saenger, J. Appl.
that the DLC film deposited at310“W/cn? has asp Phys.70, 1706(1997).
fraction of ~60%, and the one made ax80"°W/cn? has a le. W. Ehler, J. Appl. Phys46, 2464(1975.
sp® bonded carbon content ef50%. The limiting factors in | J- Stevefelt and C. B. Collins, J. Phys.2a, 2149(1997. _
this estimation include possible bonding state change underT' P. Hughes] aser-Plasma InteractionsProceedings of the Twentieth

. P 9 9 Scottish Universities Summer School in Physics, edited by R. A. Cairns
the intense electron beam bombardment, as well as the unand J. J. SandersdiEdinburgh University Press, Edinburgh, 198pp.
certainties involved in background subtraction and integra121—90-

tion window cutoffs. D. V. Giovanielli, J. F. Kephart, and A. H. Williams, J. Appl. Phy&,
2907(1976.
13D, W. Forslund, J. M. Kindel, and K. Lee, Phys. Rev. Lei8, 284
(1979.

IV. CONCLUSION 14K. Estabrook and W. L. Kruer, Phys. Rev. LetD, 42 (1978.

. . .. 15 H
In summary, we have systematically experimented with i‘fi?féffé?gu Kilkenny, M. H. Key, and J. G. Lunney, Phys. Rev. Lett

the use of inten$e femto_second |as?r beams_ to deposit Fhiﬂa. P. Freidberg, R. W. Mitchell, R. L. Morse, and L. I. Rudsinski, Phys.
hydrogen-free diamond-like carbon film materials at laser in- Rev. Lett.28, 795(1972.

. . . 17 H H
tensities in the 1¥—10"W/cn? range, which are at least | R-L. Morse and C. W. Nielson, Phys. Fluid§, 909 (1973.

. . 18E. J. Valeo and I. B. Bernstein, Phys. Fluitig, 1348(1976.
three orders of magthde hlgher than those employed b)éM. G. Haines,Laser-Plasma Interactiondroceedings of the Twentieth

conventional PLD techniques, using a Ti:sappltir@0 fs at Scottish Universities Summer School in Physics, edited by R. A. Cairns
FWHM) laser beam. and J. J. SandersdiEdinburgh University Press, Edinburgh, 1980p.
The DLC film properties, including their surface topog- ,,145-218:

. . OD. H. Reitze, H. Ahn, and M. C. Downer, Phys. Rev4B, 2677(1992.
raphy, optical constants, bonding structure, as Wellsp'é 21p_ G. Synder, J. A. Woollam, S. A. Alterovitz, and B. Johs, J. Appl. Phys.

content, were studied as a function of laser intensity. DLC 68, 5925(1990.

films were grown at room temperature with good scratch’F. Demichelis, C. F. Pirri, and A. Tagliaferro, Phys. RevAB 14364
. : . : i 01(1992.

resistance, e).(celrl:ant .C.f;?mlca(; inertness, and hllgh OptII.C%J. Tauc,Amorphous and Liquid Semiconductoeslited by J. Tauc¢Ple-

transparency in the visible and near IR range. Fl m qgalty num, London, 1974 pp. 159—220.

was observed to have decreased as the laser intensity Was. Robertson and E. P. O'Reilly, Phys. Rev3B 2946(1987).

increased from & 10 to 6x 10 W/cn?. This was evident *°H. Owen, D. E. Battey, M. J. Pelletier, and J. B. Slater, Proc. SR

X . . i 2260 (1995.
by an increased surface partlde denSIty’ a decreased Optlcgﬁ_ O. Dillon, J. A. Woollam, and V. Katkanant, Phys. Rev2B 3482
transparency, and Tauc band gap, as well as a lower tetraher;ggy.

drally bondedsp® carbon atom percentage. 2’D. Beeman, J. Silverman, R. Lynds, and M. R. Anderson, Phys. Rev. B



2290 J. Appl. Phys., Vol. 86, No. 4, 15 August 1999 Qian et al.

30, 870(1984). Kidder, P. W. Pastel, and W. Lanford, Appl. Phys. Lé&@, 562 (1992.
2F, Qian, Master’s thesis, University of Florida, 1993. 32N. Wada, P. J. Gaczi, and S. A. Solin, J. Non-Cryst. Soifi£36 543
29D, S. Knight and W. B. White, J. Mater. Re%. 385 (1989. (1980.
30K, Enke, Thin Solid Films80, 227 (1981). 33D, L. Pappas, K. L. Saenger, J. Bruley, W. Krakow, J. J. Cuomo, T. Gu,

31K. Sinha, J. Menendez, O. F. Sankey, D. A. Johnson, W. J. Varhue, J. N. and R. W. Collins, J. Appl. Phyg/1, 5675(1992.



