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Pulsed laser deposition is a unique technique for the deposition of hydrogen-free diamond-like
carbon films. During deposition, amorphous carbon is evaporated from a solid target by a
high-energy KrF laser, ionized, and ejected as a plasma plume. The plume expands outwards and
deposits the target material on a substrate. The plasma properties of the plume determine the quality
of the thin films deposited on the substrate. These plume properties include ion density, ion flow
speed, electron temperature, and plume peaking parameter. In this research, a triple Langmuir probe
is used to determine various plasma properties of the plume created from the pulsed laser ablation
of amorphous graphite as a function of laser energy density and laser spot size on the target. A thin
diamond-like carbon film is deposited and analyzed with electron energy-loss spectroscopy to
determine thesp3/sp2 fraction. A special preparation technique was used to prepare the thin film for
analysis to prevent the damage that may be caused by conventional ion milling techniques. ©2003
American Institute of Physics.@DOI: 10.1063/1.1555695#
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I. INTRODUCTION

Diamond-like carbon~DLC! films have many propertie
similar to pure diamond including high hardness, scratch
sistance, smooth surface morphology, chemical inertn
good thermal conductivity, high electrical resistance, and
tical transparency.1–3 These diamond-like properties mak
DLC films attractive for a number of applications includin
wear resistance in hip joints,4 disk drive coatings,5 flat panel
displays,1 and electron injection layers in organic light em
ting diodes.6 Diamond-like carbon films may be doped wi
certain elements to create and control unique tribolog
properties.7

Early work in diamond-like carbon films using chemic
vapor deposition implied that hydrogen was necessary
preservesp3/sp2 bonding in the films. The pulsed lase
deposition~PLD! technique demonstrated that the prese
of hydrogen is not necessary to obtain high quality DL
films.2 Large sp3/sp2 bonding fractions, some higher tha
80% have been reported in PLD films.8 A review and discus-
sion of preparation techniques for the production of DL
films is found in the previous literature.1–3

The details of the physical processes of target evap
tion, plume creation and ionization, plume propagation, a
the subsequent deposition of the DLC film itself are n
known in detail and depend on a large number of opera
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variables. These variables include laser wavelength; la
spot size on the target; laser angle with respect to the tar
laser pulse form; optical, mechanical and thermal proper
of the target; substrate temperature; particle densities;
kinetic energy; and forward peaking of the plume.9–15Recent
work points to the kinetic energy of the ions as a key fac
in the creation of high quality DLC thin films.8,12,16 It was
shown that an optimum ion kinetic energy exists near 90 e8

However, similar work by Koivisaari finds an optimum io
kinetic energy of 450 eV.12 One possible source of discrep
ancy is in the tendency to associate the Langmuir probe
saturation time value data with a time-of-flight signal.

The interpretation of the Langmuir probe ion saturati
current as a time-of-flight signal is not an obvious one. C
lisions in the plume destroy the correspondence between
rival time and particle velocity distribution. Such collision
must occur during plume expansion, as they are a caus
the plume forward peaking, a phenomenon observed in
pulsed laser deposition process.17 Additionally, a plume of
finite initial dimension before expansion yields collisionle
velocity space mixing. Furthermore, since the probe size
typically of the order of the plume dimensions, a correcti
for variation in ion density with respect to position must
applied.

In our work, flow speeds are calculated by examini
leading edge arrival times at different probe positions. Fl
speeds calculated by this method are nearly identical to th
cited by Koivusaari,12 although the laser energy densities
7 © 2003 American Institute of Physics
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that work were an order of magnitude higher than those
this work.

Understanding the role of plasma properties in the f
mation and quality of DLC films necessitates a detai
analysis of plasma and thin film properties as functions
the operating variables. The Langmuir probe is useful for
measurement of the properties of a variety of plasmas,
cluding those within the plasma plume created in the P
process.18 This work presents a study of plasma propert
determined by Langmuir probe analysis of the plasma plu
created by the ablation of an amorphous carbon target b
KrF laser. Electron temperature, ion flow speed, ion kine
energy, plume forward peaking parameter, and ion den
are inferred from the Langmuir probe measurements. La
energy density at the target and the spot size of the lase
varied independently. The Langmuir probe results are co
pared against an adiabatic expansion model.19 Finally, the
sp3/sp2 fraction of a thin DLC film, prepared with a specia
sample preparation technique that does not introduce dam
to the film via ion milling,20 is determined through electro
energy-loss spectroscopy~EELS!.

II. EXPERIMENT

The pulsed laser deposition system used for these ex
ments consists of an excimer laser, optical bench, a vac
chamber, target holder, and various vacuum ports on
vacuum chamber. Details of the experimental system are
scribed elsewhere.9 The laser is a Lambda Physik KrF exc
mer laser capable of one-Joule laser pulses with a full p
length of 45 ns and operates at a wavelength of 248 nm.
optical bench consists of several mirrors and lenses tha
rect the laser into the vacuum chamber at an angle of 45
the target surface. Laser spot size on the target is inde
dently controlled by fine positioning of the last focusing le
on the optical bench with respect to the vacuum cham
The spots sizes on the target, estimated from burn patt
for this experiment were 0.22, 0.26, and 0.29 cm2.

The target holder assembly forms the top of the vacu
chamber and permits the target to be rotated at appr
mately six resolutions per minute to prevent pitting. A
amorphous carbon disk with a 1 in. diam supplied by Alfa
Aesar is used as the target for both the Langmuir probe
deposition experiments. The graphite target was polishe
prevent the occurrence of large particles within the plas
plume that have a deleterious effect on film quality.21

The Langmuir probe consists of three 5-mm-long tun
sten tips connected to lead wire and fed through a vacu
tight Alumina tube. A Kepco power supply is used to bias t
probe at235 V such that one of the probe tips operates
ion saturation.9 The Langmuir probe is inserted into th
vacuum chamber through a Wilson seal that allows the pr
to be moved toward and away from the target without bre
ing vacuum. The probe tips are placed 0.5 cm from the c
terline of the laser spot. A Hewlett Packard 1153A differe
tial probe connected to a Hewlett Packard Infiniu
oscilloscope is used to acquire voltage signals from a s
cially designed Langmuir probe circuit. The voltage sign
are proportional to electron temperature and electron den
Downloaded 11 Oct 2004 to 128.219.12.140. Redistribution subject to AI
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A Stanford Research Systems DG535 trigger generato
used to simultaneously trigger both the laser and data ac
sition system. Density and temperature data were taken
the Langmuir probe at axial positions of 1, 3, and 5 cm fro
the target, laser spot sizes on target of 0.22, 0.26, and
cm2; and laser energies from 350 to 1000 mJ in steps of
mJ. Example signals proportional to electron temperat
and density are shown in Figs. 1~a! and 1~b!.

Flow speeds at each laser energy and spot size are d
mined through the analysis of Langmuir probe signal arri
times. The raw density traces at the one and three centim
Langmuir probe positions for identical laser energy and s
size conditions are normalized to the maximum value in e
trace. The parallel components in the normalized raw den
traces represent self-similar portions of the expand
plasma. The difference in the arrival times of the self-simi
portions of the plasma at the one and three centimeter La
muir probe positions is defined to be the drift time,Dt. Since
the probe is not translated along the centerline of the plu
and since it cannot be assumed that the probe collects
particles at the tip of the probe, the plume travel distan
between the 1 and 3 cm Langmuir probe positions is

FIG. 1. ~a! Raw voltage traces proportional to the electron temperatur
Langmuir probe positions of 1, 3, and 5 cm. Laser energy 1000 mJ. L
spot size on target 0.29 cm2. ~b! Raw voltage traces proportional to the io
density at Langmuir probe positions of 1, 3, and 5 cm. Laser energy 1
mJ. Laser spot size on target 0.29 cm2.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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exactly 2 cm. A density-weighted average is used to calcu
the axial position at which the probe may be considered
collect particles. If the density follows an inverse squa
relationship,9 then the density averaged axial collecting d
tance,^d&, is calculated using Eq.~1!:

^d&5

E
z

z1Dz 1

r 2
rdr

E
z

z1Dz 1

r 2 dr

. ~1!

As shown in Fig. 2,z andz1Dz are the axial distance
from the target surface. From the density averaged axial
lecting distance, the average distance that the plasma tra
to this collecting distance,̂a&, is calculated from:

^a&5
^d&

cosu
. ~2!

The angleu is calculated in terms of the offset of th
probe from the centerline of the target as shown in Fig.

u5tan21S 0.5 cm

^d& D . ~3!

Given the drift timeDt, the distance traveled to the co
lection point at the 1 cm Langmuir probe position^a1& and
the distance traveled to the collection point at the 3 cm La
muir probe position̂ a3&, the flow speed is calculated by

u5
^a3&2^a1&

Dt
. ~4!

The ion saturation current at the distance traveled to
collection point, ^a&, is the sum of those ions thermall
crossing the sheath with the Bohm velocity and those c
lected as a result of the directed plume flow, the convec
component. The local plume density,ni , at the density aver-
aged axial collection distance is calculated by

FIG. 2. Plasma collection geometry at Langmuir probe tip.
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, ~5!

whereTe is the electron temperature,Mi is the mass of the
carbon ion,u the flow speed, andi sat the ion saturation cur-
rent recorded by the probe. The probe surface areaA is 4
31026 m2. The second term in the denominator of Eq.~5! is
a flow correction.9 For supersonic flow, the area perpendic
lar to the flowA' , the angleu in Fig. 2, as well as values fo
^aj& and ^dj& as a function of Langmuir probe position a
included in Table I.

The plume ejected by pulsed laser ablation will n
propagate isotropically, rather, it will be directed away fro
the target with forward peaking quantified via the parame
m in Eq. ~6!:8

n~r ,u!5
C

r 2
cosm u. ~6!

Employing Eq. ~6!, data collected at three differen
Langmuir probe positions but constant laser energy and l
spot size is used to calculatem. Equation~5! is used to de-
termine the peak densityn at each Langmuir probe positionj.
When ln@(nj /C)r j

2# is plotted versus ln(cosuj) for the 1, 3,
and 5 cm Langmuir probe positions, a straight line fit b
tween these points will have a slope equal to the forw
peaking factorm. Note thatr j is the average distance trav
eled to the collection point,̂a&, and thatu is the angle
calculated by Eq.~3!. The constantC is merely a scaling
factor chosen to have a magnitude of the order of a typ
plume density, for convenience of illustration. A samp
ln@(nj /C)r j

2# vs ln(cosuj) graph is shown in Fig. 3.
Since the probe is displaced from the center of the s

by 0.5 cm, the ion density calculated at each Langmuir pr
position is not the centerline plume density. To correct
signal at each Langmuir probe positionj back to the center-
line, Eq. ~6! is employed so that

n~^dj&,0!5
nj~^aj&,u j !

cosm u j

. ~7!

Finally, a thin DLC film was deposited on a Si^100&
substrate of 100mm thickness. The film was deposited b
firing the laser with an energy density of 3.3 J/cm2, with a
spot size on target of 0.22 cm2 for 55 s at 10 Hz. The thin
~100 Å! DLC film is prepared for EELS through a chemic
polishing technique. Small disks are cut and dimpled with
ultrasonic cutter from the deposited sample. Acid resist
wax is placed on the DLC coated side and the disk is pla

TABLE I. Important probe geometry values.

Z
~cm!

u
~°!

(dj&
~cm!

^aj&
~cm!

A'

~ m2)

1 22.3452 1.2164 1.3151 9.431027

3 8.7803 3.2372 3.2756 3.831027

5 5.4485 5.2421 5.2659 2.531027
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



th
ol
m
th
ca
-

th
a

nd

a
in
o
ed
s
a

d
ar
e

a
a
a
e

hi
e

a

of

:

a is
he

he
the

t to
ex-
in-
rd
at

ies,
es

rd
ty at
laser
ces

e in

ar-
ne
sed

as a
At
sing
nts

en

r ergy
nds.

3630 J. Appl. Phys., Vol. 93, No. 6, 15 March 2003 Haverkamp et al.
in an acid solution so that a small hole is created at
location of the dimple. When the wax is removed with s
vents, the disk is then ready for EELS analysis. This che
cal method has advantage over traditional ion milling me
ods by not introducing ion bombardment damage that
reduce thesp3/sp2 fraction of the deposited film. A trans
mission electron microscope~JEOL 2010F! with 200 kV ac-
celeration voltage and Schottky emitter was used for
EELS investigations. The Schottky emitter together with
attached GATAN image filter allows the discrimination a
quantification of thep* and s* peaks of the carbon
K-ionization edge in the EELS experiment.

An estimate of errors in the derived parameters is
tempted through standard error propagation. An uncerta
in distances of 0.5 mm, and uncertainties estimated fr
shot-to-shot variation are propagated through to flow spe
ion kinetic energies, forward peaking factors, and ion den
ties. In general, uncertainties in the plume parameters
found to be on the order of 10%.

III. RESULTS

A. Plume forward peaking parameter

Plume forward peaking parameters are calculated as
cussed in the Experimental section. The amount of forw
peaking is expected to increase with increasing spot siz
constant laser energy density.17,22 This effect is due to an
increased number of collision events within the plume
spot size increases. The number of these oscillations is
proximated as the ratio of the spot size to the mean free p
The adiabatic model19 also predicts that an increase in th
spot size will lead to a more forward peaked plume. T
model gives an expression for the expansion of the plum
Cartesian geometry after the cessation of the laser pulse

X~ t !
d2X

dt2
5Y~ t !

d2Y

dt2
5Z~ t !

d2Z

dt2

5
6kT0~ t !

M S X0Y0Z0

X~ t !Y~ t !Z~ t ! D
g21

. ~8!

FIG. 3. Plot of ln@(nj /C)r j
2# vs ln(cosuj) for the sample case with lase

energy of 1000 mJ, spot size on target of 0.26 cm2 for the evaluation ofm.
m is 15.209761.0324 in this case.
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In Eq. ~7!, X, Y, andZ represent the positions of the edge
the plume as functions of time;X0, Y0, andZ0 represent the
plume edge positions at the cessation of the laser pulseM
represents the mass of the particle in question;T0 represents
the plume temperature as a function of time, and gamm
the ratio of specific heats within the plume. At the time t
laser pulse ceases, Eq.~8! reduces to

ax5
6kT0

X0M
, ~9!

with similar expressions for theY andZ coordinates. Let the
Y andZ axes lie parallel to the target. The values ofZ0 and
Y0 are generally much larger thanX0. Examination of Eq.
~9! shows that the initial acceleration will be greatest in t
direction normal to the target. As spot size increases,
ratio of the acceleration of the plume normal to the targe
that parallel to the target increases. Therefore, the plume
pands in a forward peaked manner, the degree of which
creases with spot size. In Fig. 4, the variation in forwa
peaking factor with increasing spot size is not discernable
low laser energy densities. At higher laser energy densit
the effect of spot size on forward peaking factor becom
noticeable.

Also shown in Fig. 4, there is an increase in the forwa
peaking parameter with an increase in laser energy densi
constant spot size. At constant spot size, an increase in
energy leads to increased particle density that in turn redu
the mean free path and, thereby, results in an increas
forward peaking factor.

B. Leading edge ion flow speeds and kinetic energies

Plume flow speeds are determined by comparing the
rival time of the leading edge of the plasma plume at the o
and three centimeter Langmuir probe positions as discus
in the Experimental section. Figure 5 shows flow speeds
function of laser energy density at different spot sizes.
constant spot size, the flow speed increases with increa
laser energy density. Ion flow results from pressure gradie
present at the edge of the plume17 leading to the conversion
of thermal energy to expansion kinetic energy. It will be se

FIG. 4. Plume forward peaking parameters as a function of laser en
density and spot size. Linear fit lines to the data are drawn to show tre
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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in the density results~Fig. 8! that increasing the laser energ
density at constant spot size acts to increase the elec
density. Increased densities measured at the Langmuir p
corresponds to increased densities at the target surface
these higher densities correspond to higher density grad
at the plume edge. Therefore, higher flow speeds are
pected when laser energy density is increased at con
spot size. Furthermore, increasing the laser energy densit
the target at constant spot size represents an increase i
total amount of laser energy incident on the target, wh
increases the amount of energy available for conversion
kinetic energy through the adiabatic expansion process
shown in Fig. 7, i.e., increasedTe with energy on target.

The dependence of flow speed on spot size at cons
laser energy density is weak for the larger spot sizes. H
ever, the flow speeds for the smallest spot size, 0.22 cm2 are
uniformly lower than the flow speeds at the larger spot siz
0.26 and 0.29 cm2. This difference is due to the spot siz
effect on the adiabatic expansion of the plume. An incre
in the spot size leads to an increase in the forward peakin
the plume. In the adiabatic model, when forward peaking
increased, the amount of energy converted from thermal
ergy to directed plume expansion kinetic energy increa
Furthermore, electron density increases with increasing
size at constant laser energy density. As discussed previo
this increased electron density leads to increased pres
gradients at the plume edge, which leads to increased
speeds.

Ion kinetic energies are shown as a function of la
energy density on the target are shown in Fig. 6. The ra
of ion kinetic energies is observed in this experiment to
100 and 500 eV. These kinetic energies are larger than th
cited previously23 over a similar range of laser energy de
sities. However, spot size and hence total laser energy d
ered to the target are larger in this work accounting for
differences seen. Recent work by Koivusaariet al.12 shows a
nearly identical range of ion kinetic energies, yet his ene
densities are a factor of 10 higher.

FIG. 5. Leading edge ion flow speeds as a function of laser energy de
and spot size. Linear fit lines to the data are drawn to show trends.
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C. Electron temperature

Electron temperature data are recorded at the diffe
Langmuir probe positions, laser spot sizes, and laser e
gies. The dynamics of the plume can be investigated by
amining the electron temperature at fixed Langmuir pro
and lens positions. Figure 7 shows electron temperature
the 1 cm Langmuir probe position versus laser energy d
sity for different spot sizes. When laser energy density
held constant, the electron temperature decreases as the
size increases. The effect of decreasing temperature with
creasing spot size at constant laser energy density is a r
of the forward peaking of the plume. More energy is co
verted from thermal energy to kinetic energy as spot size
increased. A consequence of the increased conversio
thermal energy to kinetic energy as spot size increases is
the plume is more forward directed. Electron temperature
then lower away from the target as spot size is increased

Electron temperature also increases with increasing la
energy density at a constant spot size. The total amoun
laser energy incident on the target is increased indepen

ity
FIG. 6. Leading edge ion kinetic energies as a function of laser ene
density. Linear fit lines to the data are drawn to show trends.

FIG. 7. Electron temperature at 1 cm. Langmuir probe position as a func
of laser energy density and spot size. Linear fit lines to the data are draw
show trends.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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of spot size, so more electron heating is possible. The
sorption coefficient for the inverse bremsstrahlung proc
scales with the square of the ion density.17 Increases in ion
density will lead to an increasing amount of laser ene
absorbed by the electrons. In this case, the increase in
energy is more important than adiabatic expansion effe
that convert thermal energy to kinetic energy due to
creased forward peaking with laser energy density at c
stant spot size.

D. Ion densities

Ion densities at each Langmuir probe position are ca
lated from plume flow speeds and the electron temperat
employing Eq.~5!. The centerline plume densities are th
calculated from the local plume densities with the forwa
peaking values using Eq.~7!. Figure 8 shows centerline
plume densities as a function of laser energy density at th
cm Langmuir probe position for different spot sizes. If sing
ionization is assumed, the electron and ion densities are i
tical by charge neutrality. The increase in ion density w
increasing laser energy density at constant spot size, and
increasing spot size at constant laser energy density, is
plained in terms of collisional processes within the plas
plume.

The process of inverse bremsstrahlung heats electron
the plasma plume. These heated electrons proceed to
thermal energy by heating and ionizing neutral partic
present in the plume. The amount of power absorbed in
inverse bremsstrahlung process can be expressed as

PIB5P0~12e2apX! ~10!

whereap is the inverse bremsstrahlung coefficient,x is the
dimension of the plume, andP0 is the power delivered. In-
creasing the total amount of delivered power will also
crease the total amount of absorbed power, and therefore
temperature of the electrons increases. The rate at which
ization events occur is proportional to the electron-neu
collision frequency, which is proportional to the electro
thermal speed. An increase in electron temperature w

FIG. 8. Centerline ion densities at 1 cm Langmuir probe position a
function of laser energy density and spot size. Linear fit lines to the data
drawn to show trends.
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therefore, cause an increase in the volumetric ionization r
During the isothermal heating phase19 neutral densities are
near the solid density, therefore the electron-neutral collis
rates are high, implying that energy transfer is rapid from
electrons to the neutral particles. Ionization acts to cool
electron fluid, while any excess energy from the ionizati
process heats the newly formed ions. The processes of e
tron heating by inverse bremsstrahlung and cooling by co
sional ionization of the neutral particles compete for a
sorbed incident laser energy and result in a non-lin
increase in electron temperature with increasing laser ene
Thus, charged particle density increases linearly with
creasing laser energy density, even if the bulk electron te
perature increases in a non-linear fashion.

The increase in ion density with increasing spot size
constant laser energy density is also consistent with the
crease in plume forward peaking. The heavy particle den
~including both neutrals and ions! spatial profile can be ex
pressed as9

n~r ,u!5
m11

4pD
N

cosm u

r 2
, ~11!

wherem is the forward peaking factor,N is the total number
of particles released per pulse,r is the radial distance from
the target,u is the polar angle from normal to the targ
surface, andD is the plume extent given as 0.05 m.9 Thus, as
the plume forward peaking increases, the heavy particle d
sity is expected to increase along the centerline.

E. DLC thin film analysis

A 100 Å DLC film was deposited and prepared for ele
tron energy-loss spectroscopy as described in the Experim
tal section. Figure 9 shows theK shell electron energy los
spectrum from the deposited 100 Å DLC thin film. Thep*
and thes* antibonding peaks are readily visible. Followin
the method described by Kulik,24 thesp2/sp3 fraction in this
film is found by dividing the integral intensity of thep*
peak by the integral intensity of thep* ands* antibonding
peaks summed together. The result from this calculation
normalized to the identical comparison from a graphite r
erence material that is completelysp2 bonded.24,25 One mi-
nus this result is thesp3/sp2 fraction. The calculation is
performed on the plot shown and results in the fraction
sp3/sp2 bonded carbon atoms in the thin DLC film to b
72.2%.

Confirmation that a high quality DLC film has been pr
duced is derived from examination of the plasmon peak. T
position of this low energy loss peak varies with the prese
of diamond, DLC, or graphite.24,25 Figure 10 shows the low
energy plasmon loss peak for the deposited DLC film. T
plasmon peak for diamond is at 33.8 eV, while the plasm
peak for this film is roughly 29 eV. The DLC plasmon pea
cited in Ref. 25 occurs at 30.2 eV. Thus, we have create
high quality DLC film using our experimental conditions.

a
re
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IV. CONCLUSIONS

Langmuir probe analysis on the plasma plume crea
during pulsed laser deposition of DLC was performed. La
energy density on target, spot size, and Langmuir probe
sition were varied as independent variables. Ion flow spe
ion kinetic energies, plume forward peaking values, and c
terline densities were determined from raw temperature
density data. Finally, a high quality DLC film was deposit
and found to have ansp3/sp2 bonding ratio of 72.2% with
EELS in the TEM.

Plume forward peaking values~m! were determined us
ing a logarithmic best-fit method. Peaking values were fou
to be between 8 and 15, indicating a highly forward peak
plume. The plume forward peaking value increased a
function of laser energy density and spot size. The caus
this effect is increased collisionality in the developing stag
of the plume. The results are consistent with theoretical m
els describing forward peaking.

From raw density data, flow speeds were calculat
Flow speeds increased with laser energy density, due to
creased density gradients and an increasing amount of en
transferred from thermal to kinetic energies. Leading ed

FIG. 9. Electron energy-loss spectrum for thin DLC film.

FIG. 10. Plasmon peak for thin DLC film from electron energy loss sp
trum. The peak is magnified 103 to show detail.
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d
r
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d
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d
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rgy
e

ion kinetic energy is immediately calculated from flo
speeds. These energies were found to be between 100
500 eV.

Electron temperatures decreased with increasing s
size at constant laser energy density, and increased with
creasing laser energy density at constant spot size. This,
was found to be consistent with the adiabatic expans
model. Centerline densities of electrons are calculated fr
electron temperature, flow speed, and forward peaking va
Density increased both with spot size and laser energy d
sity. An increasing electron-neutral collision rate was used
explain increases in electron density with laser energy d
sity at constant spot size. Increase in electron density w
increasing spot size at constant laser energy density is
plained in terms of plume forward peaking.

Finally, a thin DLC film was deposited on Si~100!. A
chemical polishing technique devised by one of the auth
was used to prepared the film for EELS avoiding ion impla
tation that introduces damage in the ion beam thinn
process.20 Using this technique, it is possible to determin
sp3/sp2 bonding fraction without introducing the artifacts o
ion beam thinning. It was determined through the elect
energy loss spectroscopy technique that the deposited
was 72.2 percentsp3/sp2 bonded. Examination of the plas
mon peak indicates that the deposited film is indeed a h
quality DLC film.
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