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Effect of laser intensity on the properties of carbon plasmas and deposited films
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The effect of laser intensity on the deposition of diamondlike cafirC) films has been studied using an
ArF (193 nm) pulsed excimer laser. Our results are found to be distinct from other studies using Nd-YAG
infrared or excimer 248-nm lasers. Two issues concerning the growth mechanism of the films are digstussed:
the dynamics of the laser-induced plasma &)dhe dependence of the nature of the deposited films on laser
intensity. To address the first issue, time-integrated optical emission spectroscopy has been carried out to
investigate the carbon plasma induced by the A&tB3 nm) laser. Instead of molecular carbon bar(@s),
monoatomic neutrdIC,) and ionic(C,) emission lines are found to dominate the spectra. The emissid@) of
and(C,) have been studied as a function of laser intensity. For low laser intensity, the laser irradiation removes
the target surface material primarily through thermal evaporation. When the laser intensity is above a threshold
of (3.7-4x10° W/cn?, the evaporated species are also ionized. The observed phenomenon can be attributed
to higher multiphoton ionization and inverse bremsstrahlung rate as the laser intensity is increased. For the
second issue, films deposited at various intensities have been characterized by ellipsometry. Results show that
films deposited at low intensity are found to have excellent optical transpa(Bgey2.3 eV), which implies
a considerable amount &fp® bonds. However, films deposited at higher intensities are found to be more
graphitic. The damage threshold has also been located at8w/cn?. A qualitative structural analysis
based on the effective-medium approximation has been performed on the deposited films to investigate the
influence of laser intensity on their microstructurg80163-18207)01407-0

INTRODUCTION intensity Xionget al. used was only 510 W/cn?, which
was at least one order of magnitude lower than those

. o g T . reported® The low laser intensity required to form high-
technique for thin-film depositiohMany thin-film materials uality films suggests that laser wavelength, in addition to

such as high-temperature superconductors, semiconductofsiensity, may be important in controlling the physical and
and d|-e-.|ectr3|c materials have been deposited by pulsed lasgfryctural properties of DLC films. Hence, it is worthwhile to
erosnmrﬁ' Among the materials, laser deposited diamond-gydy the plasma plume produced by the ArF laser and com-
like carbon(DLC) films have been demonstrated to possespare to other available data obtained from longer wave-
some physical properties that are very close to crystallingengths. In this study, time-integrated optical emission spec-
diamond but distinct from chemical vapor depositi@VD)  troscopy(TIOES) has been performed on investigating the
hydrogenated amorphous carbon. DLC films are free of hycomposition of carbon plasma plume as a function of laser
drogen, extremely hard, and consistsg® C-C bond frac- intensity as well as to elucidate the growth mechanism of
tions higher than 70%:° It is known that the degree of DLC films. Results show that monoatomic carbon neutral
diamondlike character of the films is closely related to theand ion emission lines are found in our spectra. In addition,
deposition parameters such as substrate temperature, bagkiransition at a laser intensity ¢8.7-4x10° W/cn? has
ground pressure, as well as laser wavelength and intensitpeen observed at which the carbon plasma is transformed
Considerable studies have been made to improve the phydiom a laser thermal evaporation where neutral carbon is
cal properties of DLC films, either by varying the laser dominant to a laser plasma ionization where ionized carbon
power densit?[ or using an auxi”ary energy souréezven is dominant. The effect of the laser intensity on the qua“ty of
though significant advances on DLC films have beerdiamondlike carbon films is investigated. Films grown on
achieved in recent years, understanding of the effect of lase®i(100 under various conditions are studied by spectro-
produced plasma on film properties is still lackfg? Laser scopic ellipsometry. Results reveal that the structural and
plasma plume characterization is essential because it leads @ical properties of the deposited films are strongly depen-
an understanding of the interaction of various species withiflent on the laser intensity.

the plume, thereby opening the possibility of optimizing the
properties of the films.

To date, much work on DLC films has been carried out
using Nd-YAG (Ref. 5 or excimer 248 nmRef. 4 lasers; The schematic of the experimental setup has been de-
little is known of using an excimer laser at 193 nm. Recently scribed previously? Plasma characterization is carried out in
Xiong, et al. have deposited high-quality DLC films on sili- a stainless steel ultrahigh vacuum chamber evacuated to a
con with C-C sp bond fraction over 95% by Ar£193 nm base pressure of<110™° Torr using a turbomolecular pump
excimer lasef. Compared with 248-nm KrF or longer- and a cryopump. An ArF pulsed excimer las@uestek
wavelength lasers used by other research groups, the laséiodel 2740SQ¢ with a wavelength of 193 nm and a pulse

Pulsed laser depositiofiPLD) has proven to be a viable

EXPERIMENTAL PROCEDURE
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width of 21 ns full width at half maximunfFWHM) is fo-
cused onto the surface of a 1-in. diameter pyrolytic graphite
(PG disk. The target is mounted at a 45° with respect to the
laser beam and is constantly rotated to provide fresh surface
for ablation. The energy of the laser is stabilized at 275 mJ/
pulse and the repetition rate is kept at 5 Hz. The laser energy
incident on the target is approximately 90% of the total en-
ergy due to losses from the focusing lens and the quartz
window on the vacuum chamber. Various laser intensities
are obtained by translating the focusing lens to change the 0
irradiated beam size. The dimensions of the beam are deter-

mined using stylus profilometry to measure the area of cra- 3.2x10°*
ters. Time-integrated emission spectra are collected through
a quartz window using an UV-grade optical fiber probe
coupled to an Acton Research Corporation S-500 spectrom-
eter with a 1200-groove/mm grating. A Princeton Applied
Research 1455 silicon-based intensifier with high quantum
efficiency is used to collect emission. This configuration al-
lows a spectral resolutiorr0.5 nm and a wavelength range
from 180 to 900 nm. The optical multichannel analyzer ol L T e w
(Princeton Applied Research Model 1470 i& used to pro- 440 V‘ti&lerfg%ﬁ (mf;)6 0 600
cess and store the emission spectra, and the background sig-

nal has been subtracted. The collection efficiency of the op- FIG. 1. Optical emission spectrum of carbon plasma taken from
tical emission is enhanced by using a focusing lens with @20 to 620 nm at a laser intensity 0k&0% W/cm?. C, represents
focal length of 20 cm. The optical fiber probe is placed par-neutral carbon emission lines, @presents singly ionized carbon
allel to, and 1 to 3 mm away, from the target. The spectrabmission lines, and (Crepresents doubly ionized carbon emission
response of the spectrometer-OMA system is calibrated udine.

ing both a mercury and a neon lamp.

The silicon wafers used in this experiment are cleanehang have shown previously the Cauchy model provides a
first in acetone and methanol, and then dipped into 1:yood mathematical approximation to describe the dielectric
HF/H,O solution for 1 min. They are then transferred imme-functions of our diamondlike carbon filni8.The precision
diately into the vacuum chamber to avoid any contaminationof the fits are double checked by measuring the thickness of
Substrates are positioned parallel to and 60 mm away frorthe films using a stylus profilometer.
the target. Deposition time ranges typically from 30 to 40
min yielding film thicknesses on the order of 300 to 500 A.
After deposition, a spectroscopic ellipsometé8OPRA
ES4Q in the rotating polarizer configuration is used to de- A. Plasma emission
termine the optical properties of the films. The ellipsometric
parameters, Tan P&F) and Cos DeltdA), are measured for
a range of wavelengtt800 to 800 nmat an incident angle
of 75° with respect to the sample surface normal. A three
phase model with a structure of ambient/film/substrate i
used to analyze the ellipsometric dataSurface and inter-
face roughness are neglected in our m&déIThis assump-
tion can be justified by realizing that amorphous carbon film

usually grow uniformly on smooth surfacgsAtomic force 495.9 nm is the second order of 247.8 nm. Singly ionized

microscopy (AFM) has been carried out on our films for carbon (C,) emission peaks are located at 251.2, 257.62,

roughness measurements, and the results indicate that surfaé;}a5 3 284.4. 2995 392 426.7. and 514.5%1%and dou-
roughness is insignificaritess than 1 nm Since measure- bly ioﬁized cérbor(c,m) is 'Iocated’ at 2298 mﬁg_,lé Peaks at

8§86 and 580 nm are identified as laser lines. The presence of
two continua can be attributed td) the free-free or free-
bound electronic recombination of carbon species and elec-
"trons, and(2) the formation of larger molecules and cluster,
both of which are common behaviors in the laser-induced

3.2x10°
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RESULTS

The emission spectrum of laser-induced plasma obtained
from a laser intensity of §10° W/cn? is shown in Fig. 1.
Measurements are performed from 200 to 765 nm, but the
spectrum is featureless beyond 600 nm. The spectrum con-
Sists of two broad continua with atomic carbon neutral and
ionic emission lines superimposed on each other. Peaks lo-
cated at 247.8, 437.2, 492.7, 505.3, and 538.1 nm are iden-
Sified as neutral carboriC,) emissiond®!® and a peak at

contamination is also ruled out from our model. The regl (
and imaginary K) components of refractive indices and the
thickness of the films are obtained by the best fit of ou
experimental curves with the Cauchy model givetPas

i+20
N= A, + A, N2+ AL N plasma of graphité’
1T 3 1) In contrast to the results reported by other research
k=B,+B,/\+B3/\3 groups, no G Swan band or g€high-pressure band are found

in our spectra. Abhilashaet all®!! and Thareja and
where \ is the photon wavelength, an® and B; are the  Abhilashd? used a Nd:YAG laser(1.06 um in 2.5 ns
coefficients determined by the Marquardt least-squares rolrWHM) to ablate graphite for optical emission measure-
tine to fit the experimental data. In fact, Xiong, Wang, andment. At their lower-intensity powef1x10** W/cn?) the
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FIG. 2. Emission intensities of neutral carbon)(&t 248.2 nm
(0) amd 495.4 ni(X) vs laser intensity. FIG. 3. Emission intensities of singly ionized carbon,) Gt
283.8 nm(O) and 251.1 nn{+) vs laser intensity.

spectrum is dominated by,@mission bands. When the laser .
energy is increased todl0* W/cn?, C, Swan band, neutral In order to study the nature of the laser-induced plasma,

and ionic atomic peaks from,@ C, are found to dominate Ci @t 247.8 and 495.4 nm and, @t 251.1, 283.8, 392.3, and
equally. A KrF (248 nm excimer laser at X 10° W/cn? was 426.3 nm emission lines at various laser intensities are ex-
used by Chen, Mazumder, and Purdhityt only a trace of amined in detail. The plot of emission intensities qfadd
atomic carbon emission superimposed gnb@nds was ob- Cu @ré shown in Figs. 2, 3, and 4. As we can see, the peak
served. Recently, Mulleet al® described the comparative !ntens!tles pf all carbon species increase as gfunctlon of laser
study of laser depositiotiKrF 248 nm) of amorphous carbon intensity with G and G behave differently. Figure 2 shows
films using nanosecond and femtosecond pulse length. THEat the emissions of @248.2 and 495.4 njmincrease with
intensity power used by them was &ICF and 1.2¢<10%  Increasing laser intensity, but suffer a slight depression when
Wi/cm?, respectively. They found that the emission spectruni€ intensity passes the transition threshold. Fere@is-
collected from femtosecond laser was dominated by CSIONs, however, two distinct behawor_s were observed. The
peaks rather than the,Gwan band that is usually given by curves of G at 251.1 and 283.8 nrfFig. 3) are found to
nanosecond laser. Hence, it is suggested that there may exi@grease steadily with increasing the laser intensity through-
a threshold value between®@nd 13° Wicn? for which ¢ ©ut the whole range. For,Gat 392.3 and 426.3 nrtFig. 4),
and G emissions are favorabfé. However, our spectrum €Ven though the emissions are found to increase very simi-
shown in Fig. 1 is obtained with a laser intensity ok 58 larly to those in Fig. 3 from 2.2 to 3:810° Wicn, they
W/cr?, which is considerably lower than the threshold value€XPerience a sharp rise after the threshold. Moreover, inspec-
suggested by other researchers. tion of the slope of the curves implies that the emissions of
Emission spectra of various laser intensities ranging fronf- &ré more laser intensity dependent than that p&Cin-
2 2% 10° to 6x 108 W/cn? are collected in an attempt to iden- f[ensny greater than threshold, but become less dependent at
tify the threshold for G emissions. The value of 2:@l(8  intensity less than threshold.
W/cn? is chosen as our measurement limit because this
value is believed to be one of the lowest laser powers for C. Optical properties
DLC film deposition® However, no G bands are ever ob-
served from our spectra. This observation makes us believgx
that not only the laser intensity but also the laser wavelengtlaf
help to define the laser-induced plasma of carbon. Along
with the results reported by Xioret al.® we believe that the

Figures %a) and 8b) show the index of refractiom{ and
tinction coefficient K) spectra obtained by ellipsometry
diamondlike carbon films deposited on Si at laser

carbon atom and ion, instead of, Cplay a major role in 510" e
providing the properties of pulsed laser deposited amorphous ) [
carbon films that are close to those of diamond. 5 40 [ ]
gt z
B. Laser intensity dependence 2 30" 1 ]
Even though our original idea is to locate the threshold § 2410 L 1
value of G emissions by varying the laser intensity, the re- é i
sults turn out to be very surprising. First of all, the color of 3 1x10° L ]
the plasma plume changes abruptly from purple to pale blue ‘g ;
aswereducetheIaserintensity.ThisphenomenonindicatesLu o kL e
that there might exist a transition threshold in which the 2 25 3 35 4 45 5 55 6
plasma undergoes some changes in its properties. The tran- laser intensity (10° W/cm®)

sition threshold is identified to be-(3.5-4x10® W/cn?.
Dimensions of the plumes are also found to decrease with FIG. 4. Emission intensities of singly inoized carbon, )Gt
decreasing laser intensity. 426.3 nm(O) and 392.3 nn(A) vs laser intensity.
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FIG. 5. (a), (b). The refractive indexr{) and extinction coeffi-
cient (k) of DLC films deposited at various laser intensities as a
function of wavelength(X) represents the laser intensity of X.2
108 Wicm?; (¢) represents 3 10® W/cn?; (O) represents 810
8 Wicn?; and(O) represents & 10° W/cn?. The refractive indices
of diamond and graphite are also shown(-as-) and(—), respec-
tively.

intensities of 2.X10f, 3.7x10%, 5x10%, and 6<10° W/cn?.
The refractive indices ) of natural diamont and
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FIG. 6. Plot ofEc/? vs the photon energl for film deposited
at laser intensity of 3.% 108 W/cn?. The tangential extrapolation
gives the optical band gap of the film of 2.3 eV.

gaps of other films determined by the same method are tabu-
lated in Table I. As we can seBg increases from 2.2 to 2.3
eV when the laser intensity reaches the threshold and then

falls to 1.5 eV at the intensity of 610° W/cn?.

D. Morphology

Figure 7 shows the atomic force microsco@y-M) sur-

face profiling of the carbon film on silicon deposited at
5x10° W/cn?. The surface is almost atomically smooth and
featureless except with some small particulates deposited on
top, which is very typical for pulsed laser deposition. All the
other films show almost the same morphology and are rela-
tively insensitive to the laser intensity. These findings sup-
port our argument on neglecting the surface roughness in our
ellipsometric model.

DISCUSSION

When an excimer laser pulse with a duration of 20 ns and
an intensity of the order of fow/cn? irradiates on the
metal-like graphite surface, its leading edge is absorbed in
the surface layer immediately with minor attenuation and
transforms the material into a hot vapgdr?° The interaction

graphité* are also given for comparison. As we can see, thé_)f the vaporized materials with part of the laser pulse results

indices () of the films disperse with wavelength very simi-
larly to crystalline diamond even though they all are slightly
higher than that of diamond. Similar results have been re
ported by other research groub$he curve at &10° W/cn?

is the closest to diamond. As the extinction coefficients indi-
cate, except the films deposited at low intengizy2x 10°
Wi/cn?) and at threshol@3.7x 10° W/cn?), which show little

difference, the films basically become more absorbing with

increasing laser intensity. The thicknesses of the films pre
dicted using ellipsometry have been confirmed by profilom-
etry with good agreement.

Combining then and k values with the corresponding
photon energie&, the optical band gaf, is calculated by
using the relatiore(E) = B(E—E,)*/E?, wheree=2nk and
B is a constant:??> An example is presented in Fig. 6, in
which the quantityEe'? for a film deposited at 35710°
W/cn? is plotted versus photon enerdy. The x intercept

in the formation of an excited and ionized plasma adjacent to

FIG. 7. The AFM surface profiling of DLC film on silicon at a

provides the band gap and is found to be 2.3 eV. The opticdhser intensity of 5 10° W/cn?.
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TABLE I. The optical band gapEg) of amorphous carbon 12 , , , , ,
DLC films deposited at various laser intensity. g

11F b

Laser intensity(10° W/cn?) Eg (eV) E Lo . ©°

22 22 g 43.974 + 2.67x R=0.98923 o
g 9ry=-4. + 2.67x R=0. A J
3.7 2.3 E |  C 4263nm) ]
5 21 g gt n 3
6 1.5 2 ]
g 7L CII (392.3 nm) E

= y = -47.606 + 2.82x R=0.99347

the target. The degree of ionization of the plasma depends 6 o

: 19 192 194 196 198 20 202
strongly on various parameters such as laser wavelength, la- In laser intensity (W/cm?)
ser intensity, and the intrinsic properties of ablated material.
Basically, carbon ions can be generated from three mecha-
nisms: (1) the multiabsorption of photons to the graphite
surface and reach the ionization threshold of carddn264
eV) [C(s)+Nhv=C"(g)+e~], (2) the multiphoton ioniza-
tion of gaseous carbon atoms to release ions

[C(g) +Nhu=C"(g) +e~] or the multiphoton absorption of . )
atomic carbon to excited state and autoionized to ion,(@nd 0 have any effect on stripping the neutral. Thus, multiphoton

the collision of neutral atoms with energized electrons via®Mnization is considered to be the primary source for ion

inverse bremsstrahlungC(g)+e =C'(g)+2e ]. The generatiorf> Assuming that the plasma is optically thin,

third mechanism is, however, considered to be less importafthich is valid for a weakly ionized plasma, the density of the
than the first two for the UV excimer laser due to the Sma”carbon ion is roughly proportional to its emission |nten§1‘ty.

absorption coefficient of electrons in the short-wavelengtt! IS POssible to estimate the number of photons needed to
regime232° The reactions are accompanied with substantial®MiZ€ & carbon atom by using the following equation based

heating of the plasma by the laser and energy acquisitioR" Fermi's golden rulér#®

proceeds until the plasma becomes opaque to the irradiation.

As the pulse is approaching its tail, the plasma attains suffi- [CUD]=AIN, 2
cient energy and is allowed to expand freely in vacuum.

The observation of atomic carbon emissions rather thamhere[C(11)] is the relative emission intensity of,CA,, is a
molecular emissions can be attributed to the high energy ofonstant,| is the laser intensity, antll is the number of
photons bombarding the graphite surface. By realizing thaphotons necessary to produce carbon ion. Figure 8 presents
the optical penetration depth decreases with decreasinge natural log-log plots of emission intensity versus laser
wavelength, the efficiency of photon coupling to the surfacdntensity for G at 392.3 and 426.3 nnm\ values below
of target is enhanced considerably by using 193-nmthreshold are determined to be 2.82 and 2.67 from the slopes
radiation®**° The surface layer, which corresponds to sev-of the plots and are also shown in Fig. 8. Result indicates
eral monolayers, is heated up more intensively. The highhat three photons are needed in order to generate a carbon
surface temperature leads to an extensive bond breaking ion and this bound-free transition is called “above-threshold
the graphite and the vaporization of carbon atoms. Moreoveiipnization”.?® Experimental data for multiphoton ionization
direct emissions of electrons and ions are made possible yf atomic carbon are still lacking at this time to confirm our
this strong laser irradiation. As a result, a 193-nm radiatiorresults, but theoretical calculations have been presented by
of 6.4 eV is sufficient to dissociate and release monoatomi@ang and Lambropoulos recent.In their calculations,
carbon species but not the 5.5-eV photon energy of 248 nraven though emphasis has been on the double ionization of
or longer wavelength laser. The intensity threshold fgr C atomic carbon and the energy photons Tang and Lambropou-
emission in this experiment may be found to be as low ds 10los considered are higher than ours, they in fact point out that
W/cn?. This argument can be substantiated by our emissiothree photons are necessarily to be absorbed in order to ion-
spectra collected at laser intensities down to<2lef W/cn?, ize carbon atom.
no G, emission bands are ever observed. When the laser intensity is increased above threshold, it

A simple model is given to understand the effect of laserheats up the plasma even more, leading to avalanche ioniza-
intensity on the carbon plasma. Below the threshold, thermaion of carbon atom&® The high laser intensity creates a
evaporation is a dominant mechanism and direct ion andnore effective coupling of photons to the carbon atoms than
electron emission by the laser pulse is insignificdrithe  that of low intensity and subsequently produces more ions
plasma consists mostly of neutral carbon as evidenced bgnd free electrons. In addition, the increase of the number of
comparing the relative intensities of @nd G in Figs. 2, 3, free electron within the plasma enhances the absorption rate
and 4. The emission of @hcreases with increasing the laser for inverse bremsstrahlung, which further generates more
intensity due to the increase of laser sputtering rate on targetharged particle$>* This scenario, as observed in Figs. 4
However, some ionization of carbon atoms may occur duringand 8, actually happens at high laser intensity and causes an
their expansion in the Knudsen layer where the vapor atomascension of £emission and a shift of thg intercept in a
are strongly interacted with photofsThe density of free log-log plot. Since the electron density in this regime is high
electron, at this point, is too low for inverse bremsstrahlungenough to make the plasma become optically thick, emis-

FIG. 8. The natural log-log plot of Cemissions at 426.3 nm
(O) and 392.3 nmA) vs laser intensity. The slope of the curves
determined below threshold are 2.8 for 426.3 nm and 2.6 for 392.3
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FIG. 10. The effective numbaer,; of valence electrons per car-
283.7 nm bon atom vs photon energyx) represents the laser intensity of
2.2x 108 Wicn?, () represents 3.% 108 Wicn?, (0J) represents
252p%(’P) 5x10% Wicn?, and(O) represents 810° W/cn?. Also shown are

graphite(—) and diamond, respectively.

253p(S) from ions will be largely released as heat and convert the
metastable state back to teg® stable state.
To investigate the structural change in DLC films with
FIG. 9. The partial energy-level diagram of.C laser intensity, we examine the effective number of valence
electrons per carbon atom taking part in the optical transition

sions are not able to escape from the plasma completely ariP to energyE, using the sum rufé
collected by the OMA. Thus, the emission measurement re-

Its i derestimation of the density of carbon ion and 1M [Fo
SUItsS In an un _ ono e S y O (0} neﬁ=7.66>< 107! — f EEZ(E)dE, (3)
the slope determined here cannot provide any aspect of pho- p Jo
ton ionization. By examining the valley shown in Fig. 2 and . : : : .
the rise in Fig. 4, the trend of two curves reveals the produc\—’r\qge;%'l\./'d '.Sntrlle,?t?:n;'rccvgf'g]hr: (I)\f/ Cna:ratig:ﬂylss t?ﬁegsn:rlfay f%f ;
tion of ions at the expense of neutrals, which confirms owI d 1N kg ~. u : 1ais, the u
argument of assuming the ions are indeed produced Withi%]/allence eI.ect.ronsbpe(rjatom alva|labl_e_ for bonding. l'; they all

. : rt in interban [ ransitions, we w X

the plume but not from the target. The slight elevation pf C ake part terband opical transitions, we would expect

T - ; N approaching a value of 4 as all possible transitions are
emission afterward indicates that the sputtering rate on thg < \med at high photon enerffyHowever, the situation is

target is faster than the ionization rate of carbon by multi-4 of different for carbon, which can exist in either tetra-
photon or inverse bremsstrahlung. The three-body recombisegra) or trigonal configurations. In graphite, since one elec-
nation rate, which has an effect on reducing the ion densityyqn per carbon atom is available far bonding and is in-
is found to increase with laser intensity as indicated by thgolved in the 7-#* transition, ng increases with photon
gradual evolution of the background emission Conﬁﬁua energy to a value of 1 at about 9 éQ/Above this energy the
(not shown. However, the recombination is insignificant ¢-¢* transition begins and leads; to approach to a value
compared to ionization due to persistent increase,ad@is-  of 4 asymptotically. In diamond, on the other ham
sion even at very high intensify.As we can see from the would be kept at zero until the photon energy increases
energy-level diagram of C(Ref. 18 shown in Fig. 9, the above 7 eV where the-¢* transition begins to functiof?
increase in the emissions at 392 and 426 nm reveal that thdence, at low energy the behavior wf; could provide in-
plume species actually acquire higher energies to reacformation on the local bondings of carbon in DLC films.
higher excitation states and therefore undergo more excitd=igure 10 illustrates the plots afy versus energy for the
tions. corresponding DLC films. Since(E) spectra only cover the
Films deposited at various laser intensities are found t@nergy range from 1.5 to 4.5 eV, extrapolation to zero pho-
have different optical properties. Basically, the diamondliketon energy is performed in order to carry out the integrations.
carbon films become more absorbing with increasing the laPlots of diamond and graphite are also given for comparison.
ser intensity. It has been reported by Falldral. that a high-  Our results indicate the film deposited at 310° W/cn?
energy carbon ion may turn out to have an adverse effect obares the most resemblance to diamond. Films behave more
the carbon films? In their study, the energy of carbon ions like graphite as laser intensity is increased further.
was increased by further biasing the substrates and they A structural analysis based on the effective-medium ap-
found that the fraction of sp® actually decreased. proximation(EMA) was performed on the film%.In gen-
Robertso?3 has proposed that medium-energy ions bom-eral, it has been known that there are several limitations of
bard the surface and create a high compressive stress on thsing EMA to model diamondlike carbdnHence, the re-
surface atomic layers which transform the local bonding ofsults reported here are only to provide qualitative insight
sp? to the metastablsp® configuration. Additional energy about the effect of high laser intensity on the microstructure
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TABLE II. The fraction ofsp? carbon in the DLC films deter- CONCLUSIONS
mined by the effective-medium approximation.

Time-integrated optical emission spectroscopy has been

Laser intensity(10° W/cr) sp* (%) carried out to investigate the carbon plasma induced by an
292 3.6 ArF (193 nm) laser. In contrast to the results reported by
3.7 3.4 other research groups, monoatomic carbon neutral and ion
5 5 emission lines have been observed from our spectra. A tran-
6 14 sition of the plasma from a neutral dominated region to an

ion dominated region is studied as a function of laser inten-
sity. The value of the transition threshold is determined to be

of DLC films. A three phase model is defined where the fiIm_M(?"S_ZD><108 Wicnt. The optical properties of the result-

layer contains two different componentsp3 and sp2 car- g films are fpund to be depen_den_t upon the laser intensity,
bon. The dielectric functions of each amorphous carborVhich inturn is related to the kinetic energy of ablated spe-
component used in our model are extracted from Xiong-'€S- The most'transp'arent film with a band gap of 2.3 QV is
et al®6 and Arakawa, Williams, and InagakiThe first has ~obtained at an intensity of 37L0° Wiem? where the transi-
reported recently that the material is hydrogen free and corfion threshold is roughly located. The effective-medium ap-
tainssp3 bond fraction over 95%, and the second material isprommatmn revealed that the film depqsted at the threshold
deposited by thermal evaporation and is believed to considfdeed has the Ieast.amountsqu graphitic carbon. Further

of mostly sp? carbon. The results of the best fits are tabu-2nalysis will be carried out to csolnflrm our results. We be-
lated in Table II. It is shown that the percentage s lieve, as reported_ by Falloet al.** that a h_lghly energetlc_
carbon is decreased from 3.6% to 3.4% when the laser inte/f@rbon plasma might degrade the properties of the films in-
sity reaches the threshold and starts to increase 14% stead of_|mprow_ng. them. As a result, we have. de_monstrated
after the threshold. The amount exfpz determined here that optlcallemlssmn_ spectrosc_opy can provideimrsitu
might be overestimated due to the uncertainty of the materifondestructive technique to optimize the growth process.
al’'s compositions obtained from Ref. 35. This finding is con-

sistent to the results reported by Fallenhal® and we be-

lieve, as suggested by Robersf8ri® the bombardment of ACKNOWLEDGMENTS
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