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ABSTRACT -,,.).

Diamond-like carbon films were prepared by high intensity pulsed ion beam ablation of J
graphite targets. A 350 keV, 35 kA, 400 ns pulse width beam, consisting primarily of carbon ions
and protons, was Iocused onto a graphite target at a fluence of 15-45 J/cm 2. Films were
deposited onto substrates positioned in an angular array from normal to the target to 90° off
normal. Deposition rates up to 30 nm per pulse, corresponding to an instantaneous deposition
rate greater than 1 mm/sec, have been observed. Electrical resistivities between 1 and 1000
ohmocm were measured for these films. XRD scans showed that no crystalline structure
developed in the films. SEM revealed that the bulk of the films contain material with feature sizes
on the order of 100 nm, but micron size particles were deposited as well. Both Raman and
electron energy loss spectroscopy indicated significant amounts of sp3 bonded carbon present in
most of the films.

INTRODUCTION

Diamond-like carbon (DLC) is amorphous carbon with some properties similar to those of
crystalline diamond. Compared to graphite, DLC is harder, has _ higher electrical resistance, is
more transparent (with optical band gap between 0.5 and 2.0 eV), and more chemically resistant. 1
In DLC only a percentage of the carbon (C) atoms are sp3 bonded, the remainder being mostly sp2
bonded with some sp 1 possible. DLC with up to 85% sp3 bonded C has been reported. 2 The
physical properties of DLC vary according to the distribution of sp3 and sp2 bonding
configurations. 3 These properties make DLC an attractive candidate for wide variety of
applications, including high transmission optical coatings, hard coatings for cutting tools, and low
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friction films for aerospace components. 4 The wide optical band gap of these amorphous films T_..
can be employed as the active material for electroluminescent flat panel displays.5 DLC is also a t,.
useful field-emitter because of its thermal stability and low work function, making it a candidate
for field emissive displays (FEDs). 6 7_.

A variety of physical vapor deposition techniques have been used to deposit DLC films,
including cathodic arc, pulsed laser deposition (PLD), direct ion beam deposition, ion beam
sputtering, and magnetron sputtering. 2 All of these indicate that deposition of unhydrogenated
DLC requires the depositing species to be energetic. DLC films produced by PLD (at L=248 nm)
are obtained with laser power densities of-108 W/cm2 on graphite targets.2,7-9 The diamond like
character of these films not only depends on the kinetic energies of the incident carbon atoms and
ions, but also on the substrate thermal diffusivity and temperature. The highest sp3 fraction DLC --
films are obtained from an energetic flux of greater than 10 eV/atom, which is deposited onto cold
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. substrates (77K) to enhance the quench rate. 8 With conventional ion beam deposition, DLC has
been directly deposited at room temperature using 40 eV carbon ions.10 A practical limitation of

these PVD techniques is the low deposition rates. Typically, these rates are less than a few lam/hr
even on small (<10 cm 2) substrates.

Here, we report on high intensity pulsed ion beam deposition (HIPIBD) of DLC. This
technique has been previously investigated for deposition of polycrystalline films of other
materials. 11-12 The HIPIBD process is illustrated in Figure 1. A beam of energetic light ions is
deposited over an approximately micron thick ion range, heating the target surface enough to
evaporate and ionize material. The resulting energetic plume of ablated material is then condensed
as a film onto an adjacent substrate. HIPIBD is similiar to PLD and shares many of its
advantages, namely: (1) target material stoichiometry is preserved (i.e., the evaporation/deposition
is congruent); (2) relatively high-energy (>5 eV) evaporated species are produced; (3) crucibles
and filaments used in thermal evaporation are unnecessary; (4) sequencing with multiple targets is
possible; and (5) high instantaneous deposition rates reduce contamination problems.
Furthermore, HIPIBD offers several advantages over PLD. Typical ion beams are more energetic
and penetrate deeper than conventional laser beams, thereby allowing higher instantaneous
evaporation and deposition rates of up to 1 cm/sec.11 Ions also penetrate the surface plasma and
couple to the target more efficiently than laser light. Metallic targets, which generally reflect laser
light, readily absorb ion beams, allowing for the efficient evaporation of metallic and alloy
coatings. HIPIB accelerators have a greater wall-plug efficiency than lasers. All of these factors
indicate HIPIBD may be attractive for large scale energetic deposition of materials. Development
of a high intensity pulsed ion beam source that will operate at up to 120 Hz is currently
underway. 13

EXPERIMENTAL PROCEDURE

Experiments have been performed on the Los Alamos Anaconda device, a high-intensity
pulsed ion beam (HIPIB) accelerator. 12,14-16 The accelerator consists of a 10-stage Marx
generator that can deliver a maximum output pulse of 300 kJ at 1.2 MV. The HIPIB is generated
by a magnetically-insulated ion diode attached to the output of the Marx generator. Magnetically-
insulated ion diodes are intrinsically high-power-density devices, capable of operating with ion
current density enhancement factors orders of magnitude above the Child-Langmuir space-charge
limit.14 The diode used in these experiments consists of an applied-radial magnetic field (Br)
extraction geometry configured for ballistic focusing of the beam as shown in Figure 1. _An
acrylic dielectric attached to the anode electrode was used as the ion source. The diode was
operated at 350 kV, and a maximum ion current of about 35 kA was extracted over the 400 ns
pulse. The beam was focused to a 75-mm-diameter "spot", located approximately 300 mm
downstream from the diode. Thompson parabola spectrometer measurements revealed a beam t-'to
primarily composed of carbon ions and protons with particle energies of up to 400 keV. 15 For
these experiments, a 203 x 152 x 2.5 mm poco graphite (Union 76 AXF-5Q) target was g:t,.
positioned near the beam focus 25 degrees from the horizontal axis. o

The ablated carbon was deposited onto glass substrates that were not preconditioned. The 2..
deposition configuration is shown in Figure 1. Two different target/substrate separations were
used, 150 and 225 mm. An aluminum substrate holder allowed for deposition of the ablated
species onto substrates that were positioned normal to the target and at angles up to 90° off normal
to the target (normal position is shown in Fig. 1). Experiments were performed at a base pressure
of -lx 10-6 torr. A base pressure rise up to 200 mtorr from vaporization of the dieletric anode
during each pulse was observed, so the deposition chamber required pumping to the base pressure
between pulses. The substrates were removed for analysis after approximately 20 pulses.

Film thicknesses were determined by stylus profilometry on substrates which had been
masked prior to deposition. Most resistance measurements were carried out using a two point /_
probe, and confirmed with four point measurements. Further film characterization included x-ray
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.Figure 1. HIPIBD process showing the applied-Brextraction
geometry for ballistic focussing.

diffraction (XRD), scanning electron microscopy (SEM), parallel electron energy loss
spectroscopy (PEELS), and Raman spectroscopy. SEM was carried out using a 20 keV
accelerating voltage. Films were Pt coated by Ar ion sputtering, to prevent charging during
analysis. For PEELS, an analytical transmission electron microscope (TEM) was equipped with a
magnetic prism spectrometer, which had a parallel detector and was placed below the final
viewing screen of the TEM. An accelerating voltage of 200 kV and a spot size of 120 nm were
employed. Samples for PEELS were prepared by using 400 mesh copper TEM grids as
substrates. These grids were positioned normal to and 225 mm from the target. Deposition was
carried out for only two ion beam pulses, producing a thin enough film to minimize multiple
inelastic electron scattering events during PEELS. Raman spectrometry was performed using an
argon ion laser at 457.9 nm, focused to a -2 mm x 100 mm line and analyzed using a triple
spectrograph/CCD system.

t

RESULTS AND DISCUSSION

The bulk of the films that were deposited are uniform, light brown, translucent, and dense
with some particles in the micron size range. The electrical resistivities are orders of magnitude _.
greater than that of graphite. Significant amounts of sp3 bonded C was detected by PEELS and 7_..Ca

Raman spectroscopy.
Each ion beam pulse removed approximately 10 mg of graphite, based on weight Z.

measurements before and after 20 shots. This mass removal rate corresponds well to the 7 mg per
pulse calculated by an ion beam ablation model. This is a simple thermal model based on the heat
conduction equation with mass removal by vaporization only (i.e. no allowance for micron sized
particle ejection). 16 Film deposition rates were 25+5 nm per shot onto substrates that were
positioned 150 mm from and normal to the target. This rate dropped to about 12 nm per shot at
40" off normal, and at 80° off normal, less than 2 nm per shot was deposited. For the larger target
to substrate separation (225 mm), 15+3 nm per shot was deposited normal to the target. This

dropped to less than 5 nm/shot at 40° off normal. Based on a 3 gsec primary ablation pulse as ¢_
observed by framing photography, 16instantaneous rates greater than 1 mm/sec were achieved.
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' ' The films displayed amorphous XRD spectra. Cross sectional SEM micrographs show
that the carbon films are uniform with feature sizes of- 100 nm, but large sized particles in the
micron size range are present also. Plan views show that the particles range in size from 0.3 to
1.2 l.tm There is about ten micron-sized particles per 100 gm 2.

The electrical reslstivities of these films varied from 1 to 1000 ohmocm, depending on
substrate position relative to the target. The resistivity increased as the target to substrate
separation increased. Normal to the target at the shorter target to substrate separation (150 mm),
resistivities of the films are -1 ohmocm. However, normal to the target, but 225 mm from the
target, the resistivites of the carbon films ranged from 100 to 300 ohm°cm. As angular offset
from the normal increased, resistivities increased to as high as 213 ohmocm for the 150 mm target
to substrate separation. For the substrates positioned 225 mm from the target, the resistivities
rapidly increased to --1000 ohm°cm as angular offset from the normal increased to 15° and
beyond. These resistivities are all orders of magnitude larger than the resistivity of the target,
lxl0 -3 ohm°cm at 25°C, 17and much less than that of pure diamond lxl012 ohmocm. 18

PEELS data of a film deposited normal to the target at a distance of 225 mm are shown in
Figure 2. The parallel detector used in this experiment allowed all 1024 channels of the spectrum
to be detected at once, greatly reducing the acquisition time. This is important, because electron
bombardment of DLC reduces the fraction of sp3 carbon. 19 It has been shown that the electron
energy loss corresponding to the K shell ionization is sensitive to the local bonding environment
of the carbon atoms. 9 Two peaks are observed in the C(1s) K absorption edge with maxima at
loss energies of about 283 and 291 eV. These features represent transitions from the C(1 s)

ground state to the rt* and the cy*conduction bands respectively. 2° Assuming the same scattering

cross section for the two transitions, the rdcrratio is quantitatively obtained from the integrated
intensities of each peak after background subtraction. Background subtraction was done
according to Williams. 21 For the first peak (283 eV) the pre-edge background, due to the
multiply-scattered electrons, was subtracted. For the second peak the pre-edge background,
which was subtracted, was due to both the multiply-scattered electrons and the tail of the first

peak. Based on this analysis we estimate the rdcr ratio is 1/4. This ratio is 1/3 for sp2 bonded

carbon while sp3 bonded carbon contains no rt bonding. For this film we calculate that 20% of
the carbon atoms are sp3 bonded.

Raman spectra of some of the carbon films are shown in Figure 3. Figure 3(A) and 3(B)
are for films deposited at 150 mm from the target. The film of Figure 3(A) was deposited normal
to the target and shows Raman bands at 1365 cm-1 and 1587 cm -1, that are indicative of glassy
carbon (i.e. only sp2 bonded carbon present). Figure 3(B), deposited 50° off normal, shows
these bands as well as an intense batad at 1535 cm -1. This band indicates that a significant fraction
of the carbon film is diamond like carbon (i.e. an amorphous mixture sp3 and sp2 bonded
carbon). Figure 3(C) shows data from a film that was deposited 225 rnm from and normal to the
target. There is only a single band present at 1540 cm-1; this is the DLC band, but it has been
shifted to higher energy. Although Raman Spectroscopy of DLC is not quantitative with regard to c"l

sp3/sp2 ratio, as the sp2 bonded carbon fraction increases in the DLC, the Raman shift of the DLC
band increases. 22 There is no evidence of crystalline diamond, which displays a narrow Raman
band at 1330 cm -1, present in any of the spectra, o

The lack of DLC in the film deposited normal to and 150 mm from the target, may relate to
substrate heating by the depositing species. From framing photography the vaporized plasma
(ablation) front expanded at 2 cm/gsec in an extremely forward directed fashion (normal to the
target), analogous to PLD. 16 This velocity corresponds to kinetic energies of 24 eV for atomic
carbon. The kinetic energy along with the heat of condensation (7 eV) was released into the
substrate upon deposition. At this substrate position about 25 nm of film was deposited per
pulse, which corresponds to fluences approaching 1.5 J/cm2, depending on the duration of the
deposition pulse and the kinetic energy of the depositing species. The extent of substrate heating "_
by the depositing species is currently under investigation. Based on the preliminary results, a
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Figure 2. PEELS of DLC Film deposited on a TEM grid for 2 ion beam pulses.
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Figure 3. (A) Ramanspectraof film depositedata substrate/targetseparationof 150mm

and normal to the target. (B) Raman spectra of film deposited at a substrateAarget CAIseparation of 150 mm and 50° off normal. (C) Raman spectra of film deposited at a
substrateAarget separation of 225 mm and normal to the target.
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, . , glass substrate, at this position reaches a temperature of approximately 800°C, which is sufficient

heating for rearrangement to the thermodynamically stable sp 2 bonded carbon.

CONCLUSION

DLC films have been deposited by HIPIBD. Substantial amounts of sp 3 bonded carbon
were detected by both Raman Spectroscopy and PEELS (up to 20% by PEELS). A highly
forward directed ablation plume was observed analogous to PLD. Preliminary evidence indicates

that substrate heating by the energetic ablation plume during deposition may reduce the sp 3 content
of the film. A study of the degree of this substrate heating is underway. Additional studies will
probe the effect of substrate pre treatment (etching, both chemical and ion), substrate biasing, and
substrate cooling.
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DISCLAIMER C"

This report waspreparedas an accountof worksponsoredby an agencyof the UnitedStates
Government. Neither the United States Governmentnor any agencythereof,nor any of their
employees,makesany warranty,expressor implied,or assumesany legalliabilityor responsi-
bility for the accuracy,completeness,or usefulnessof any information,apparatus,product,or
processdisclosed,or representsthat its use wouldnot infringe privatelyownedrights. Refer-
ence hereinto any specificcommercialproduct,process,or serviceby trade name,trademark,
manufacturer,or otherwisedoes not necessarilyconstituteor imply its endorsement,recom-
mendation,or favoring by the United States Governmentor any agencythereof. The views
and opinionsof authors expressedherein do not necessarilystate or reflect those of the
UnitedStates Governmentor any agencythereof.
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