Available online at www.sciencedirect.com

science ([)oirecTe thin_ .
@ ﬁl%':g@ag

ELE Thin Solid Films 433(2003 50-56

www.elsevier.com/locate/tsf

Studies of pulsed high-current arcs used to prepare carbon films

S. MuhP*, F. May&, S. Rodil , E. Camps , M. Villagrdn , A. Garé€ia

8nstituto de Investigaciones en Materiales, UNAM, Mexico D.F. 04510, Mexico
PInstituto Nacional de Investigaciones Nucleares, Salazar, Mexico
CCentro de Instrumentos, UNAM, Mexico D.F. 04510, Mexico

Abstract

Electric arcs have been widely used for the preparation of carbon films. In particular, the filtered cathode arc technique is
known to be one of the best methods for the production of diamond-like carbon with high concentratiofis of sp -bonded carbon.
In 1999 the possibility of producing diamond micro-crystallifdature 402(1999 162] using a high-current arc pulse; 1000
A with a 60-ms duration, between two 0.5-mm-diameter graphite rods. For such high-density plasma systems, the relative density
of the deposit precursors, and their spatial variation, energy, degree of ionisation, etc. are very important, since these determine
the characteristics of the deposits produced. In this paper we report optical studies involving time-resolved emission spectroscopy
(identification of the emitted species at different delay tippesne-resolved photographftemporal and spatial evolution of the
arc) and shadowgraph{temporal and spatial evolution of the plasma and particle formatdm pulsed arc similar to that used
in the microcrystalline diamond work. In addition, we report preliminary results of the characteristics of carbon films deposited
on both a close substratas in the report in Natupeand on a variably biased substrate placed approximately 10 cm from the
arc.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction carbon (ta-O) [6,7]. However, if the bombardment is
excessive or the temperature is too high, then mainly
Carbon films can be prepared with a wide range of sp* bonding and in extreme conditions micro or nano-
properties, from highly insulating to conducting, opaque crystalline graphite may then be obtainfg]. Thermal
to transparent, hard or soft, etf2,3]. The variety is evaporation of graphite gives a-C, but if this is per-
possible because of the unique atomic bonding charac-formed under moderate helium pressure then fullerenes
teristics of carbon and the resultant multiplicity of can be obtained, and with a suitable catalyst, carbon
morphologies that this bonding permits. If carbon dep- nanotubes or nanowird8]. Arc evaporation of graphite
osition is carried out using hydrogen dilution and high can result in a-C, ta-C or fullerenes, depending on the
temperatures, or using high temperatures and high presion energy and gas pressure. Furthermore, a recent
sure in the presence of a suitable catalyst, then diamondpublication in Nature [1] indicated that high-current
films or diamond crystals can be prepairdds]. Plasma pulsed arc evaporation of 0.5-mm-diameter graphite rods
decomposition of a hydrocarbon gas can be used tocould be used to produce microcrystalline diamofids
produce hydrogenated amorphous carba+C:H) films Our work on pulsed arc evaporation has not resulted in
with a range of densities and propertigd. Sputtering  the formation of diamond under any conditions, but it
of graphite with little to no ion bombardment results in appears that both a-C and ta-C can be obtained. The
amorphous sp -bonded carbga-C) coatings[3], and present report details our characterisation of the arc used
if adequate bombardment is used then the deposit carto prepare such films.
have up to 85% sp -bonded carbon and is called either
diamond-like carbon(DLC) or tetrahedrally bonded 2. Experimental
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To carry out the shadowgraphy, the laser light was

OSCIILOSCOPE ] allowed to expand to a diameter of approximately 6 cm
LR using an optical path of~20 m. This beam was used
er SUBSTRATE to illuminate the graphite rods, creating a shadow on a
screen placed~80 cm behind them. A CCD camera
\ with a 120-mm-focal-length lens was used to record the
SUBSTRATE shadows during the arc. The light for the spectral
= O ARC —y e analysis was collected using a UV-Vis fibre bundle
— % § placed ~20 cm from the arc. Delay times from 10s
POWER =2 to 50 ms were used to follow the temporal evolution of
SUPPLY = 3 =g |_ POWER the emission. Different spectra! windows could be
[ ] 5@ ——— SUPPLY observed, depending on the grating us&d:=340 nm
7l when a 500-gmm grating was used, ani\=40 nm
A bACrions \ S | IMECHANICAL for 1200 ¢/mm. The photography and spectrophotome-
FLME try were performed at low pressure;1.3x10° 2 Pa,

whereas the shadowgraphy was mainly carried out at
atmospheric pressure.

Some experiments were carried out at reduced pres-
sure in a 6-in. six-way cross-vacuum chamber with
opposing glass windows to reduce the perturbation by
by a single-stage mechanical primary pump. The basethe bell jar wall of the shadow projection. The arc radius
pressure of the system was better thanx18~° Pa.  in air was measured as a function of the pressure at a
Graphite rods of 0.5 mm in diameter were machined fixed arc current, and atmospheric-pressure experiments
from 3.12-mm-diameter high-purity AERO graphite were carried out as a function of both the charging
from ESPI; the thin part of the rods was typically 5 mm voltage and the number of capacitors.
long. These rods were placed in a specially designed The films produced under vacuuf<10-5 Pa at
holder such that the two opposing rods remained alignedpoth substrate sites were characterised by X-ray diffrac-
during the arc evaporation. The copper rod holders weretjon, Raman spectroscopy and profilometry.
coupled to a bank of 15 capacitof83 000 p.F, maxi- Preliminary measurements of the carbon ion energy
mum of 100 V) connected in parallel to give a total and density were carried out using the temporal response
capacitance of 0.5 F. The arc was created by dischargingof the signal of a Faraday cup-type of ion detector
the capacitors, which had been previously charged toplaced at various distances from the arc, and by nor-
the required voltage, across the graphite rods. The arcmalising the temporal variation of the ion current meas-
current and its temporal form were measured by detect-yred to a cylindrical Langmuir probe biased 680 V.
ing the voltage drop across a low-inductance 0.98-m e followed the procedure outlined elsewhere to obtain
resistor in the circuit with a HP54522A digital oscillo- the average ion energyl0]. The electrical signal gen-
scope. The/-V curves were analysed to determine the erated by the~1200-A arc strongly interfered with
inductance in the circuit and the contact resistance these measurements and limited the use of the method.
between the carbon rods. This resistance value was then
used to estimate the arc energy. A schematic drawing of3, Results and discussion
the experimental arrangement is shown in Fig. 1.

Two silicon substrates were used for each experiment, The experiments were of three typéa) those carried
one placed 8 mm from the arc and the other on a water-out to duplicate, within the limits of the information
cooled copper block, 6 cm from the arc, which was provided, the conditions reported in the articleNarure
connected to a DC power supply to bias the substrate[1] and variations of these conditiondy) deposition of
relative to the graphite. In this way, it was possible to carbon, at a pressure ef10~° Pa, as a function of the
vary the energy of the carbon ions that were incident arc and the bias applied to the substrate mounted on the
on the substrate during deposition. copper block 6 cm from the graphite rods; afd)

Optical measurements of the arc consisted of rapid optical analysis of the arc, in air, mainly at atmospheric
photography of the arc, spectrophotometry of the arc pressure, but also as a function of the pressure.
emission and shadowgraphy. A high-resolution CCD Even though the conditions reported Nurure [1]
camera(Princeton Instruments, model 1024%as used  were duplicated, no evidence of the formation of dia-
throughout, together with an Acton Research Pro-500 mond crystals was observed. In fact, all deposits were
monochromator with a /8-in. quartz optical fibre bun-  found to be amorphous or small-grained graphite. How-
dle for spectrophotometry, and expanded (682.8 nm ever, the properties of the films grown on the biased
and green(543.5 nm He—Ne lasers for shadowgraphy. holder were found to be dependent on the bias used.

Fig. 1. Schematic representation of the experimental arrangement
used.
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) than that necessary to drive®sp formation by subplan-
0.7 tation, and the use of a positive bias reduces the ion
l energy and may be expected to increase tBe sp fraction.
0.6 The emission of the carbon arc consists mainly of the
] .- Swan system, degraded to the violet, with band heads
0.5 - located at wavelengths of: 436&1-2), 468.5 (6-5),

] ol 516.5(0-0), 512.9(1-1), 563.5(0-1), 558.8(1-2) and

0.4 - 589.9 nm (6-8) (high-pressure bands of the Swan
; - System (Fig. 3). The emission spectra were observed
0.3 . with a strong continuum background from the carbon

i " " electrodes and the hot electrons emitted. The presence
0.2 . of neutral carbon species could not be observed, as their
1 .- emission lines coincide with those of the Swan system.
0.1 . No emission from C (x>1) molecular species was
(a) observed. The emission spectra were practically the
same no matter what conditions were used in the
experiment(i.e. the charge voltage or number of capac-
Bias voltage (Volts) itors); changes in the experimental conditions affected

only the intensity of the lines. Maximum emission was
observed at delay times of approximately 2 ms, which
is just before the maximum of the current peak of the
arc, as can be observed in Fig. 5a.
420 Simulation of the ard-V curves for a peak current
7 of 1200 A indicated that the total resistance of the
120 . circuit was 0.16(Q) with inductance of 1.%10 % H.

] . Using the resistivity measured for our graphite,
210 N 2.26x10°° Q m, we calculated a contact resistance
T AN between the graphite rods of 0.1X3. Therefore, the
00 total dissipated power in the arc was approximately 163

190 - e KW.
L In shadowgraphy, the scattered light intensity is pro-
180 = portional to the second derivative of the refractive index
. (b) of the medium, and as such the method can be used to
0 20 40 60 80 100  -120 140  -160 study variations in the refractive index brought about by
local changes in the gas pressure, temperature or density
[12]. This technique has been successfully used to study
Fig. 2. Results of the Raman analysis of samples described in the text.IOCaIised expl_OSionS by performing rapid photo_graphy
(a) The ratio of the intensities of the D and G Raman peaks;(ad  Of the expansion of the shock way&3,14. A typical
width of the G-peak vs. the applied bias. These experiments were shadow halo obtained from the arc can be observed in
performed at a pressure of 1® Pa using an arc current of 1200 A. Fig. 4. However, as evident in Fig. 5a, the expected
. expansion of the halo was not observed. In fact, the
The surface roughness decreased from 15 to 7 A as thaadius of the halo remained almost constant for the
negative bias was increased from 0+@0 V. Fig. 2a,b duration of the current pulse, and the halo only expanded
show the ratio of the intensities of the D and G Raman by a factor of two as the current decreased to zero.
peaks and width of the G-peak vs. the applied bias. Therefore, we have the somewhat peculiar situation that
Based on the description of the variation of these there is an explosion that does not expand. There are
variables provided by Ferrari and Robertson, our resultstwo possible explications of this result. The first is that
are typical of carbon films with a relatively low %p the dense arc-induced plasma allows the formation of a
content; moreover, as the bias changes from negative tasecondary plasma between the electrodes and it is the
positive values, the amount of 5p -bonded carbon prob-effective refractive index of this plasma that generates
ably increases to some exteftl]. The ion energy the halo. Alternatively, the carbon atoms emitted collide
measurements were very difficult because of the electri- with the surrounding gas molecules and form clusters,
cal interference from the current pulse; however, the which are then ejected outwards by thermal expansion
two studies indicated that the ion energy was betweenof the gas. Since this process continues to occur during
250 and 280 eV. This result is in agreement with the the lifetime of the arc, a volume of space is established
Raman analysis, since the initial ion energy is greater around the arc site with a radially varying density of
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Fig. 3. Typical optical emission spectrum of the pulsed DC arc, at a pressure 8 10 Pa and arc current of 1200 A.

Fig. 4. Typical shadowgraphs of the arc in air at atmospheric pressure illuminated wi2@dm and green(543.5 nm HeNe lasers; exposure
time 10 s and delay time 5 ms. The arc current wag000 A.
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Fig. 5. Variation of the radius of the halo, obtained in air at atmospheric pressure, as a functiantwfie; (b) full width at half-maximum of
the current pulse{c) maximum arc current; antt) the reciprocal of the gas pressuf@) also shows the temporal variation of the arc current.
The data for(b—d) were taken at the maximum of the current pulse, i.e. at a time of 5 ms.

carbon clusters. The effective refractive index of this the halo radius increases almost linearly with the recip-
volume filled with gas and carbon clusters could gen- rocal of the gas pressurer the mean free path for
erate the halo observed by Mie scattering of the lasercollisions in gases The experiments showed that no
light [15]. halo was formed at pressure 6f4x10* Pa; if the
Fig. 5b,c show the variation of the radius of the plasma model were the correct explanation, then a
shadowgraph halo as a function of the half-width at full critical pressure significantly lower than this value would
maximum of the current pulsé&he number of capaci- be expected, since it is well known that plasma can
tors) and the maximum arc currefithe capacitor charge easily be maintained at 133 Pa.
voltage. The number of capacitors determines the width  Fig. 6 shows the intensity of the shadowgraph,
of the current pulse, but does not change the maximumobtained using the red and green lasers, along the area
current. The corresponding figure shows that the halo indicated in the photographs shown in Fig. 4 of the arc
radius only changes by a factor of less than two as theusing 16 capacitors and a charging voltage of 40 V. The
pulse width increases more than four-fold. The charge background intensity of the laser illumination was sub-
voltage determines the maximum arc current, and there-tracted to allow comparison of the two cases; the insert
fore the number of carbon atoms emitted, and from the shows the temporal variation of the arc current, as well
figure it can be observed that the increase in the haloas the time at which the photograph was taken. Fig. 7
radius is superlinear to this current. Fig. 5d shows that shows the second integral of the intensity of the shad-



S. Muhl et al. / Thin Solid Films 433 (2003) 50-56 55

owgraph intensity data, and is therefore the effective
refractive index of the volume around the arc. The
boundary conditions for these data have been taken as
2.45, the value for graphite, near the rod and 1.0, the
value for air, at the greatest distance. If the scattering
process were of the Raleigh type, then it would be
expected that the intensity of the scattered light should
be proportional to\~%. However, the ratio of the gre¢n

red intensity is 1.13 and 1.16 for the maximum and
minimum, respectively. These values are close to the
ratio of the inverse of the wavelengths, 1.16, and not to
the fourth power of the ratio, 1.84.

The effective refractive index data were analysed
using the ideas of Mie scattering of the laser light by
spherical particles of graphite, and this indicated that ;
the particle diameter was approximately 250 nm. Fig. 8 08 ————— T — T T
shows a micrograph of the carbon deposit produced in ) )
air using 16 capacitors and a charging voltage of 30 V. Distance from the graphite rods (cm)
It can be observed that the deposit is in the form of
carbon clusters of quite uniform size 6f100 nm. The
difference in the two diameters can be accounted for by
the uncertainty of the theoretical work and the small
dissimilarity in the experimental conditions.

Green Laser
Red Laser

Effective Refractive Index

Fig. 7. Second derivative of the data shown in Fig. 6 vs. the distance
from the graphite rods; thus, this is the variation of the effective
refractive index of the medium around the arc.

filter, or biasing, to improve the quality of the films.
Emission spectroscopy showed that the carbon is emitted
4. Conclusion as atoms and not as multi-atom clusters. The unexpected
results from the shadowgraphy experiments in air can
The pulsed high-current arc evaporation of carbon be explained by considering the formation of carbon
resulted in amorphous deposits mainly of sp -bonded clusters very close to the arc site, followed by the
carbon. The as-emitted ion energy may be too large for expansion of this cluster cloud radially from the arc.
the formation of high-quality diamond-like carbon, and Data analysis using the ideas of Mie scattering proposed
further work is required using some type of ion energy the formation of clusters of approximately 250 nm, and
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Fig. 6. The red and green light intensity, normalised to the undisturbed background level, vs. the distance from the graphite rods. The insert show:
the temporal variation of the arc current.
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Fig. 8. Micrograph of the carbon deposit produced in air at a distance®8 cm using 16 capacitors and a charging voltage of 30 V.
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