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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 thes p®/sp? 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 techniqu2303©
American Institute of Physics[DOI: 10.1063/1.1555695

I. INTRODUCTION variables. These variables include laser wavelength; laser
spot size on the target; laser angle with respect to the target;
Diamond-like carboriDLC) films have many properties |aser pulse form; optical, mechanical and thermal properties
similar to pure diamond including high hardness, scratch repf the target; substrate temperature; particle densities; ion
sistance, smooth surface morphology, chemical inertnesg;netic energy; and forward peaking of the plufi&®Recent
good thermal conductivity, high electrical resistance, and opg, ok points to the kinetic energy of the ions as a key factor
tical transparency.® These diamond-like properties make in the creation of high quality DLC thin film&!216 1t was
DLC films attractive for a number of applications including shown that an optimum ion kinetic energy exists near 98 eV.
wear resistance in hip joinfsgisk drive coatings,flat panel However, similar work by Koivisaari finds an optimum ion
displayst and electron injection layers in organic light emit- Kinetic eryler f 450 eV On iol ; f discren-
ting diodes® Diamond-like carbon films may be doped with C energy o €v- LNne possibie source of discrep:
certain elements to create and control unique tribologicaf’mCy 'S In the tendency to as_soma_te the L‘?‘”ng'r probe ion
properties. saturatlo_n time valge data with a tlme_z-of-ﬂlght_ signal. _
The interpretation of the Langmuir probe ion saturation

Early work in diamond-like carbon films using chemical . ) ) ; )
vapor deposition implied that hydrogen was necessary tgurrent as a time-of-flight signal is not an obvious one. Col-

preservesp®/sp? bonding in the films. The pulsed laser Ii-sions. in the plumg destroy -the f:or.respondence betvygen ar-
deposition(PLD) technique demonstrated that the presencdival time and particle velocity distribution. Such collisions
of hydrogen is not necessary to obtain high quality DLCMust occur during plume expansion, as they are a cause of
films.2 Large sp?/sp? bonding fractions, some higher than the plume forward peaking, a phenomenon observed in the
80% have been reported in PLD filfié review and discus- Pulsed laser deposition proce$sAdditionally, a plume of
sion of preparation techniques for the production of pLcfinite initial dimension before expansion yields collisionless
films is found in the previous literature? velocity space mixing. Furthermore, since the probe size is
The details of the physical processes of target evapordypically of the order of the plume dimensions, a correction
tion, plume creation and ionization, plume propagation, andor variation in ion density with respect to position must be
the subsequent deposition of the DLC film itself are notapplied.
known in detail and depend on a large number of operating In our work, flow speeds are calculated by examining
leading edge arrival times at different probe positions. Flow
3Electronic mail: jdhaverk@eos.ncsu.edu speeds calculated by this method are nearly identical to those
bpresent address: BLP, Inc., Cranbury, NJ 08518. cited by Koivusaart? although the laser energy densities in
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that work were an order of magnitude higher than those in 10 .
this work. — 1cm
Understanding the role of plasma properties in the for- 8t - gim

mation and quality of DLC films necessitates a detailed
analysis of plasma and thin film properties as functions of
the operating variables. The Langmuir probe is useful for the
measurement of the properties of a variety of plasmas, in-
cluding those within the plasma plume created in the PLD
process?® This work presents a study of plasma properties
determined by Langmuir probe analysis of the plasma plume 0
created by the ablation of an amorphous carbon target by a 0 M’}‘J'
KrF laser. Electron temperature, ion flow speed, ion kinetic
energy, plume forward peaking parameter, and ion density 2 ,
are inferred from the Langmuir probe measurements. Laser 0 5
energy density at the target and the spot size of the laser are
varied independently. The Langmuir probe results are com-
pared against an adiabatic expansion moddiinally, the
sp®/sp? fraction of a thin DLC film, prepared with a special
sample preparation technique that does not introduce damage
to the film via ion milling?® is determined through electron
energy-loss spectroscopigELS).
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Il. EXPERIMENT

The pulsed laser deposition system used for these experi-
ments consists of an excimer laser, optical bench, a vacuum

Raw Density Signal (V)
w

chamber, target holder, and various vacuum ports on the ol

vacuum chamber. Details of the experimental system are de- ROy e
scribed elsewhergThe laser is a Lambda Physik KrF exci- '10 5 10 15 20
mer laser capable of one-Joule laser pulses with a full pulse (b) time (ps)

length of 45 ns and operates at a wavelength of 248 nm. The _
optical bench consists of several mirfors and lenses that dF1o, T @ Raw volage aces proporiona o he electon temperatre 1
rect the laser into the vacuum chamber at an angle of 45° tgyot size on target 0.29 ém(b) Raw voltage traces proportional to the ion
the target surface. Laser spot size on the target is indepedensity at Langmuir probe positions of 1, 3, and 5 cm. Laser energy 1000
dently controlled by fine positioning of the last focusing lensmJ. Laser spot size on target 0.29%cm
on the optical bench with respect to the vacuum chamber.
The spots sizes on the target, estimated from burn patterns
for this experiment were 0.22, 0.26, and 0.2%°cm A Stanford Research Systems DG535 trigger generator is
The target holder assembly forms the top of the vacuunused to simultaneously trigger both the laser and data acqui-
chamber and permits the target to be rotated at approxsition system. Density and temperature data were taken with
mately six resolutions per minute to prevent pitting. Anthe Langmuir probe at axial positions of 1, 3, and 5 cm from
amorphous carbon disk wiita 1 in. diam supplied by Alfa the target, laser spot sizes on target of 0.22, 0.26, and 0.29
Aesar is used as the target for both the Langmuir probe andn?; and laser energies from 350 to 1000 mJ in steps of 50
deposition experiments. The graphite target was polished tmJ. Example signals proportional to electron temperature
prevent the occurrence of large particles within the plasmand density are shown in Figs(al and Xb).
plume that have a deleterious effect on film qudtty. Flow speeds at each laser energy and spot size are deter-
The Langmuir probe consists of three 5-mm-long tung-mined through the analysis of Langmuir probe signal arrival
sten tips connected to lead wire and fed through a vacuurtimes. The raw density traces at the one and three centimeter
tight Alumina tube. A Kepco power supply is used to bias theLangmuir probe positions for identical laser energy and spot
probe at—35 V such that one of the probe tips operates insize conditions are normalized to the maximum value in each
ion saturatior’. The Langmuir probe is inserted into the trace. The parallel components in the normalized raw density
vacuum chamber through a Wilson seal that allows the prob&aces represent self-similar portions of the expanding
to be moved toward and away from the target without breakplasma. The difference in the arrival times of the self-similar
ing vacuum. The probe tips are placed 0.5 cm from the cenportions of the plasma at the one and three centimeter Lang-
terline of the laser spot. A Hewlett Packard 1153A differen-muir probe positions is defined to be the drift tindg, Since
tial probe connected to a Hewlett Packard Infiniumthe probe is not translated along the centerline of the plume,
oscilloscope is used to acquire voltage signals from a speand since it cannot be assumed that the probe collects all
cially designed Langmuir probe circuit. The voltage signalsparticles at the tip of the probe, the plume travel distance
are proportional to electron temperature and electron densithaetween the 1 and 3 cm Langmuir probe positions is not
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whereT, is the electron temperatur¥; is the mass of the
carbon ion,u the flow speed, anil, the ion saturation cur-
rent recorded by the probe. The probe surface dés 4

X 10" ® m?. The second term in the denominator of E5).is

a flow correctior?. For supersonic flow, the area perpendicu-
FIG. 2. Plasma collection geometry at Langmuir probe tip. lar to the flowA  , the angledin Fig. 2, as well as values for
(a;) and(d;) as a function of Langmuir probe position are
included in Table I.

exactly 2 cm. A density-weighted average is used to calculate '€ Plume ejected by pulsed laser ablation will not

the axial position at which the probe may be considered tpropagate isotropically, rather, it will be directed away from

collect particles. If the density follows an inverse square;?eintaége&i‘;‘fgh forward peaking quantified via the parameter

relationship’ then the density averaged axial collecting dis-

Langmuir Probe Tip TABLE I. Important probe geometry values.
Target ]
' ' z 0 () (a)) A
: ' (cm) ©) (cm) (cm) (m?
! ' 1 22.3452 1.2164 1.3151 94107
05 ' 3 8.7803 3.2372 3.2756 38107
<2 Seme 5 5.4485 5.2421 5.2659 261077
'
1
1
1
0 <d> '
] .
1 I'sat
: ni= )
1
1
1
1
1
1
1
1
)
1

7HAzZ

tance,(d), is calculated using Eq1): C
poaz1 n(r,0)= r2coén 0. (6)
—Zrdr ) _
z r Employing Eq. (6), data collected at three different
(d)= z+Az]1 @) Langmuir probe positions but constant laser energy and laser
L r—zdf spot size is used to calculate Equation(5) is used to de-

termine the peak densityat each Langmuir probe positign

As shown in Fig. 2z andz+ Az are the axial distances When Irj(n; /C)rjz] is plotted versus In(cog) for the 1, 3,
from the target surface. From the density averaged axial coland 5 cm Langmuir probe positions, a straight line fit be-
lecting distance, the average distance that the plasma travelseen these points will have a slope equal to the forward

to this collecting distanc€a), is calculated from: peaking factorm. Note thatr; is the average distance trav-
(d) eled to the collection point(a), and thaté is the angle
(a)=——. (2)  calculated by Eq(3). The constanC is merely a scaling
cosé factor chosen to have a magnitude of the order of a typical

The angled is calculated in terms of the offset of the plume density, for convenience of illustration. A sample

probe from the centerline of the target as shown in Fig. 2: In[(n;/C)r{] vs In(coss) graph is shown in Fig. 3.
05 c Since the probe is displaced from the center of the spot

_ 3) by 0.5 cm, the ion density calculated at each Langmuir probe
(d) position is not the centerline plume density. To correct the
signal at each Langmuir probe positipback to the center-
line, Eq.(6) is employed so that

1

f=tan

Given the drift timeAt, the distance traveled to the col-
lection point at the 1 cm Langmuir probe positi¢a,) and

the distance traveled to the collection point at the 3 cm Lang- ni((a;),6;)
muir probe position(a), the flow speed is calculated by n((d;),0) = — gjng ! 7)
cos" 6;
_ (ag)—(as) . . : , .
U—T. (4) Finally, a thin DLC film was deposited on a($00

substrate of 10Qum thickness. The film was deposited by
The ion saturation current at the distance traveled to théiring the laser with an energy density of 3.3 Jfcrwith a
collection point,(a), is the sum of those ions thermally spot size on target of 0.22 énfior 55 s at 10 Hz. The thin
crossing the sheath with the Bohm velocity and those col{100 A) DLC film is prepared for EELS through a chemical
lected as a result of the directed plume flow, the convectivgolishing technique. Small disks are cut and dimpled with an
component. The local plume density,, at the density aver- ultrasonic cutter from the deposited sample. Acid resistant
aged axial collection distance is calculated by wax is placed on the DLC coated side and the disk is placed
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FIG. 3. Plot of Ir(n; /C)rjz] vs In(cost) for the sample case with laser FIG. 4. Plume forward peaking parameters as a function of laser energy
energy of 1000 mJ, spot size on target of 0.26 ¢an the evaluation ofm. density and spot size. Linear fit lines to the data are drawn to show trends.
mis 15.20971.0324 in this case.

In Eq. (7), X, Y, andZ represent the positions of the edge of
in an acid solution so that a small hole is created at thehe plume as functions of timé&,, Y,, andZ, represent the
location of the dimple. When the wax is removed with sol-plume edge positions at the cessation of the laser ptse:
vents, the disk is then ready for EELS anaIyS|s. This Chemlrepresents the mass of the partic|e in quesﬂfv’]ﬂepresents
cal method has advantage over traditional ion milling meththe plume temperature as a function of time, and gamma is
ods by not introducing ion bombardment damage that caghe ratio of specific heats within the plume. At the time the
reduce thSpS/sz fraction of the deposited film. A trans- |aser pulse ceases, E@) reduces to
mission electron microscoddEOL 2010F with 200 kV ac- K
celeration voltage and Schottky emitter was used for the aX=6 To (9)
EELS investigations. The Schottky emitter together with an XoM
attached GATAN image filter allows the discrimination and yjth similar expressions for th¥ andZ coordinates. Let the

qu_ant.ificr?\tion of 'Fhe 7* and o* pgaks of the carbon v andz axes lie parallel to the target. The valuesZgfand
K-ionization edge in the EELS experiment. ~Yg are generally much larger thay,. Examination of Eq.

An estimate of errors in the derived parameters is at{g) shows that the initial acceleration will be greatest in the
tempted through standard error propagation. An uncertaintyirection normal to the target. As spot size increases, the
in distances of 0.5 mm, and uncertainties estimated fromatig of the acceleration of the plume normal to the target to
shot-to-shot variation are propagated through to flow speedgyat parallel to the target increases. Therefore, the plume ex-
ion kinetic energies, forward peaking factors, and ion de”Sipands in a forward peaked manner, the degree of which in-
ties. In general, uncertainties in the plume parameters argeases with spot size. In Fig. 4, the variation in forward

found to be on the order of 10%. peaking factor with increasing spot size is not discernable at

low laser energy densities. At higher laser energy densities,
Il RESULTS the effect of spot size on forward peaking factor becomes
A. Plume forward peaking parameter noticeable.

] ) Also shown in Fig. 4, there is an increase in the forward
Plume forward peaking parameters are calculated as digse aking parameter with an increase in laser energy density at
cussed in the Experimental section. The amount of forward ,nstant spot size. At constant spot size, an increase in laser

peaking is expected to incg?sg with increasing spot size &nergy leads to increased particle density that in turn reduces
constant laser energy dens Y This effect is due to an e mean free path and, thereby, results in an increase in
increased number of collision events within the plume as,yard peaking factor.

spot size increases. The number of these oscillations is ap-
proximated as the ratio of the spot size to the mean free pat
The adiabatic mod&l also predicts that an increase in the
spot size will lead to a more forward peaked plume. This  Plume flow speeds are determined by comparing the ar-
model gives an expression for the expansion of the plume ifival time of the leading edge of the plasma plume at the one

Cartesian geometry after the cessation of the laser pulse agnd three centimeter Langmuir probe positions as discussed
in the Experimental section. Figure 5 shows flow speeds as a

%. Leading edge ion flow speeds and kinetic energies

X(t)£=Y(t)dz—Y=Z(t)£ function of laser energy density at different spot sizes. At
dt? dt2 dt? constant spot size, the flow speed increases with increasing
laser energy density. lon flow results from pressure gradients
_ BKTo(t)[  XoYoZo |71 present at the edge of the plubhéeading to the conversion

8

M \X(t)Y(t)Z(t) of thermal energy to expansion kinetic energy. It will be seen
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FIG. 5. Leading edge ion flow speeds as a function of laser energy densi

and spot size. Linear fit lines to the data are drawn to show trends. %G' 6. Leading edge ion kinetic energies as a function of laser energy

density. Linear fit lines to the data are drawn to show trends.

C. Electron temperature

in the density result§Fig. 8) that increasing the laser energy  Electron temperature data are recorded at the different
density at constant spot size acts to increase the electratangmuir probe positions, laser spot sizes, and laser ener-
density. Increased densities measured at the Langmuir prokges. The dynamics of the plume can be investigated by ex-
corresponds to increased densities at the target surface, aaghining the electron temperature at fixed Langmuir probe
these higher densities correspond to higher density gradienghd lens positions. Figure 7 shows electron temperatures at
at the plume edge. Therefore, higher flow speeds are exhe 1 cm Langmuir probe position versus laser energy den-
pected when laser energy density is increased at constasity for different spot sizes. When laser energy density is
spot size. Furthermore, increasing the laser energy density dreld constant, the electron temperature decreases as the spot
the target at constant spot size represents an increase in thige increases. The effect of decreasing temperature with in-
total amount of laser energy incident on the target, whichcreasing spot size at constant laser energy density is a result
increases the amount of energy available for conversion intof the forward peaking of the plume. More energy is con-
kinetic energy through the adiabatic expansion process, agrted from thermal energy to kinetic energy as spot size is
shown in Fig. 7, i.e., increaset, with energy on target. increased. A consequence of the increased conversion of
The dependence of flow speed on spot size at constatfiermal energy to kinetic energy as spot size increases is that
laser energy density is weak for the |arger Spot sizes. Ho\NThe plume is more forward directed. Electron temperature is
ever, the flow speeds for the smallest spot size, 0.22amm then lower away from the target as spot size is increased.
uniformly lower than the flow speeds at the larger spot sizes, Electron temperature also increases with increasing laser
0.26 and 0.29 ck This difference is due to the spot size energy density at a constant spot size. The total amount of
effect on the adiabatic expansion of the plume. An increastSer energy incident on the target is increased independent
in the spot size leads to an increase in the forward peaking of
the plume. In the adiabatic model, when forward peaking is

increased, the amount of energy converted from thermal en- 18 ' ' '

ergy to directed plume expansion kinetic energy increases. + ‘4"':1’

Furthermore, electron density increases with increasing spot —

size at constant laser energy density. As discussed previously, % ‘I‘ //’5+ -

this increased electron density leads to increased pressure 2 + + -7 /CS/O/

gradients at the plume edge, which leads to increased flow g_ 10 /./" 2}5’ i ]

speeds. 5 ¥ oS O 029 cm?
lon kinetic energies are shown as a function of laser ‘'z /QLQ O O 026 em?

energy density on the target are shown in Fig. 6. The range % a o + 022 cm?

of ion kinetic energies is observed in this experiment to be 2 —— 0.28 cm? fit

100 and 500 eV. These kinetic energies are larger than those —— 0.26 cm? fit

cited previouslg® over a similar range of laser energy den- —-— 0.22 cm? fit

sities. However, spot size and hence total laser energy deliv- 51 2 3 4 5

ered to the target are larger in this work accounting for the Laser Energy Density (Jfcm?)

differences seen. Recent work by Koivusagtral 12 shows a . » .
FIG. 7. Electron temperature at 1 cm. Langmuir probe position as a function

nearlly. identical range of ion Klnetlc energies, yet his ENergy |aser energy density and spot size. Linear fit lines to the data are drawn to
densities are a factor of 10 higher. show trends.
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18 therefore, cause an increase in the volumetric ionization rate.
— During the isothermal heating pha8aeutral densities are
o 167 m {; near the solid density, therefore the electron-neutral collision
o 1l e rates are high, implying that energy transfer is rapid from the
§ Q/O’/ A electrons to the neutral particles. lonization acts to cool the
> 12} @4_.:!‘ electron fluid, while any excess energy from the ionization
@ e process heats the newly formed ions. The processes of elec-
8 1o} C%y g 029 sz tron heating by inverse bremsstrahlung and cooling by colli-
s O 026 om sional ionization of the neutral particles compete for ab-
é 3t + 022 °m2 sorbed incident laser energy and result in a non-linear
£ — 029 °m2 fit increase in electron temperature with increasing laser energy.
3 61 __: g'gg °mz 2: Thus, charged particle density increases linearly with in-
4 . . — . S creasing laser energy density, even if the bulk electron tem-
1 2 3 4, 5 perature increases in a non-linear fashion.
Laser Eneray Density (J/cm®) The increase in ion density with increasing spot size at

FIG. 8. Centerline ion densities at 1 cm Langmuir probe position as a&cOnstant laser energy density is also consistent with the in-

function of laser energy density and spot size. Linear fit lines to the data arerease in plume forward peaking. The heavy particle density

drawn to show trends. (including both neutrals and ionspatial profile can be ex-
pressed ds

of spot size, so more electron heating is possible. The ab-
sorption coefficient for the inverse bremsstrahlung process _m+1 cosg
. : . . n(r,0)= ——N——, (17
scales with the square of the ion densftyncreases in ion 4A r2
density will lead to an increasing amount of laser energy

absorbe.d by the.electrons. In this case, the incregse in lasgherem is the forward peaking factoN is the total number

energy is more important than adiabatic expansion effectg yarticles released per pulseis the radial distance from

that convert thermal energy to kinetic energy due to in-he target,d is the polar angle from normal to the target

creased foryvard peaking with laser energy density at CONsyrface, and is the plume extent given as 0.05%hus, as

stant spot size. the plume forward peaking increases, the heavy particle den-
sity is expected to increase along the centerline.

D. lon densities

lon densities at each Langmuir probe position are calcu-
lated from plume flow speeds and the electron temperatures
employing Eq.(5). The centerline plume densities are then
calculated from the local plume densities with the forward
peaking values using Ed7). Figure 8 shows centerline A 100 A DLC film was deposited and prepared for elec-
plume densities as a function of laser energy density at the tron energy-loss spectroscopy as described in the Experimen-
cm Langmuir probe position for different spot sizes. If singletal section. Figure 9 shows the shell electron energy loss
ionization is assumed, the electron and ion densities are idespectrum from the deposited 100 A DLC thin film. Theé
tical by charge neutrality. The increase in ion density withand thec* antibonding peaks are readily visible. Following
increasing laser energy density at constant spot size, and withe method described by Kuli the sp?/sp® fraction in this
increasing spot size at constant laser energy density, is efim is found by dividing the integral intensity of the™
plained in terms of collisional processes within the plasmgpeak by the integral intensity of the* and o™ antibonding
plume. peaks summed together. The result from this calculation is

The process of inverse bremsstrahlung heats electrons itormalized to the identical comparison from a graphite ref-
the plasma plume. These heated electrons proceed to logeence material that is completedy? bonded?*?® One mi-
thermal energy by heating and ionizing neutral particlesius this result is thesp®/sp® fraction. The calculation is
present in the plume. The amount of power absorbed in thperformed on the plot shown and results in the fraction of
inverse bremsstrahlung process can be expressed as sp’/sp? bonded carbon atoms in the thin DLC film to be

N 72.2%.

Pig=Po(1—e" ") (10 Confirmation that a high quality DLC film has been pro-
where «, is the inverse bremsstrahlung coefficiextis the  duced is derived from examination of the plasmon peak. The
dimension of the plume, anB is the power delivered. In- position of this low energy loss peak varies with the presence
creasing the total amount of delivered power will also in-of diamond, DLC, or graphit&*?° Figure 10 shows the low
crease the total amount of absorbed power, and therefore tlemergy plasmon loss peak for the deposited DLC film. The
temperature of the electrons increases. The rate at which ioplasmon peak for diamond is at 33.8 eV, while the plasmon
ization events occur is proportional to the electron-neutrapeak for this film is roughly 29 eV. The DLC plasmon peak
collision frequency, which is proportional to the electron cited in Ref. 25 occurs at 30.2 eV. Thus, we have created a
thermal speed. An increase in electron temperature willhigh quality DLC film using our experimental conditions.

E. DLC thin film analysis
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3 : - - ion kinetic energy is immediately calculated from flow
6 poak —» speeds. These energies were found to be between 100 and
251 1 500 eV.
N ol ] Electron temperatures decreased with increasing spot
< size at constant laser energy density, and increased with in-
-'“E*' 151 | creasing laser energy density at constant spot size. This, too,
= was found to be consistent with the adiabatic expansion
E 11 : model. Centerline densities of electrons are calculated from
2 " poak—w electron temperature, flow speed, and forward peaking value.
& 05¢ 1 Density increased both with spot size and laser energy den-
£ . sity. An increasing electron-neutral collision rate was used to
of 1 explain increases in electron density with laser energy den-
05 . ,' ) ) ) sity at constant spot size. Increase in electron density with
240 260 280 300 320 340 360 increasing spot size at constant laser energy density is ex-
Electron energy loss (oV) plained in terms of plume forward peaking.

Finally, a thin DLC film was deposited on (3D0. A
chemical polishing technique devised by one of the authors
was used to prepared the film for EELS avoiding ion implan-
IV. CONCLUSIONS tation that introduces damage in the ion beam thinning

process? Using this technique, it is possible to determine

Langmuir probe analysis on the plasma plume created ,3/s? honding fraction without introducing the artifacts of
during pulsed laser deposition of DLC was performed. Lasefon peam thinning. It was determined through the electron
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