Laser-triggered hollow-cathode plasma process for film growth
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A method of generating a pulsed plasma plume of metallic species using a hollow-cathode arc
discharge arrangement is presented. Electrical energy from a pulse-forming netfeik
generates the transient plasma that evaporates material from the anode that is placed inside a hollow
cathode. The discharge is triggered by thermionic electrons produced by, 4a€4D pulse that
impinges on one of the electrodes. This plasma process has been used to deposit carbon films in a
low-pressure argon or nitrogen ambient. Current pulses of 4—10 ms in duration with peak currents
of 350 A have been produced by the PFN. Characteristics of the produced plasma have been studied
by optical emission spectroscopy. The amount of energy imparted to the argon plasma is more
than that for a nitrogen plasma. Comparison of on-axis intensity for the 426.9 nm liné fofr C

the two plasmas shows that the density of carbon ions generated in the nitrogen plasma is
higher than that in the argon plasma. Films deposited by this method have fairly uniform thickness
profiles that are of the form c®$ 4 for the argon plasma and ¢osf for the nitrogen plasma. This
indicates that the nitrogen plasma is more forward directed than the argon plasma. Deposition rates
of about 10-16 A/pulse have been obtained for carbon filns2004 American Vacuum
Society. [DOI: 10.1116/1.1784828

I. INTRODUCTION typically incorporated to filter out the undesirable particu-

o ) lates. Plumes produced by single laser ablation contain
The advantages offered by the collisions of energetic spesignly excited neutrals, while the percentage of ionization

c?es QUring film growth are well understood. Depositing Spean pe as low as 89%2.0n the other hand, the percentage of
cies in the energy range of 3—50 eV has been known 10 alt§pnization in dual-laser ablated plumes can be over 79%.
the ~crystallographic and physical properties such ayhile dual-laser ablation enhances plume ionization and si-
substrate-film adhesion, d.erjf'ty’ surface roughness, filtgyjtaneously affects the possibility of large-area, uniform
stress, and growth orientatidfi In addition, high flux of g deposition, it causes a reduction in the deposition rate
energetic collisions at the substrate can potentially increasgympared to conventional single laser ablation. In this article
the density of nucle_ation s_ites on the substrate Iee_lding Qe report on a hollow-cathode plasma system that has the
smaller, even nanosize grain growth. Hardness of films, agapapjility to produce highly ionized plumes of metallic spe-
described by the Hall-Petch relatlfbrrg expected to be en- ;jes that enable the growth of uniform large-area films at
hanced by the presence of nanograins. Therefore, a sourggyh growth rates. We have used this technique with carbon

that is capable of producing a high flux of energetic speciegactrodes to study the growth of carbon films.
will play an important role in the fabrication of hard coat-

ings. Also, ionic plumes can be easily manipulated by exter-
nal electric and magnetic fields. For this reason, depositioH- EXPERIMENT
of material from ionic plasma plumes offers the advanta- Arc plasma sources can be operated in either continuous
geous capability of guidance into narrow microtrenches obr pulsed mode. Pulsed plasma sources have the advantage
vias. Most neutrals, on the other hand, enter trenches ansf generating low thermal loads and peak currents as high as
vias at large angles leading to sidewall growth of the1 kA. High current, which increases the power density, also
structures. leads to plasmas that are more than 90% iontZ&din typi-

Energetic species have been exploited in several filngal pulsed plasmas the arc is ignited and extinguished using
growth processes. These techniques include ion beam as-high-voltage electronic trigger puls®However, in high
sisted depositioBAD),” filtered vacuum arc depositidt,  voltage operation of the arc the material is removed from the
and laser ablatio** In the IBAD process, the neutral at- electrodes by microdischarges that produce high density of
oms of the depositing species are generated by an evaporgarticulates.” In this article we report on a pulsed G@ser
tion process while the substrate is simultaneously bombardegiggering technique that enables the operation of distributed
with a directed gaseous ion source. Vacuum arcs are mostlyulsed plasma at a low discharge voltage. Unlike the plasmas
operated under microdischarge conditions and thus producsperated in the microdischarge mode, the distributed dis-
microparticles. Elaborate magnetic field guiding systems argharges suppress particulate ejectli%n.

The hollow-cathode system consists of a cylindrical car-

Author to whom correspondence should be addressed; electronic maiPON tube about 1 cm in diameter and 2 cm in length as the
switanac@cas.usf.edu cathode, and a 3—5 mm diam long solid carbon rod as the
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CO; Laser the PFN. A calibrated inductively coupled pick-up coil is
used to record the current pulse on a fast oscilloscope. The
PFN is charged up to a voltage of 70 V and the plasma is
triggered at the rate of 1 Hz using the pulsed.Q&ser. The
voltage of the capacitor before and after the discharge is used
to compute the total energy imparted to the plasma in a cur-
rent pulse. In this computation it is assumed that all the en-
ergy discharged from the capacitor is directed to the plasma.
However, in practice some percentage of the energy may
dissipate through other mechanisms. These experiments were
carried out for different pressures of argon and nitrogen, and
for different values of storage capacitances to determine their
effect on the plasma characteristics.

Vacuum System When the electrical energy coupled into the plasma in-
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Gas creases, the added energy can either be channeled into the
Fic. 1. Schematic diagram of the laser-triggered hollow-cathode plasmgas resulting in the mcre_ased ionization of 0”'3_/ the gas at-
deposition system. oms, or the energy can increase the evaporation of carbon

that would lead to increased growth rate. To determine the
density of carbon ions present in the plasma under different

. onditions a species-resolved detection technique is required.
anode. The carbon tube and the rod are placed concentncalf P q q

through a quartz tube that allowed gas flow through the holw azuirn\?zgt?“ant]sgtts) tr;emliosgli((:)r(]:znt:;trg;ége gi?f;ii?:};ﬁi”;?
low cathode. A pulse-forming netwo(PFN) that consists of 9 y P by-

" . . . ion densities from the emission lines requires careful calibra-
capacitive and inductive elements is connected across th8 . ) . . q_ .
n of the peaks in conjunction with ion mass analysis.

anode and the grounded cathode. The PFN is operated at}l? line intensit f 1 ¢ ding t
low voltage of 50—70 V and can impart 1-20 J of energy Owever, liné intensities of two spectra corrésponding 1o

into the plasma. A schematic of the hollow-cathode system igpecific ioni_c states can be (_:ompared to qua!itatively_gauge
shown in Fig. 1. Triggering of the discharge at this low volt- the change in the plasma ionic content. An optical multichan-

age requires preionization of the ambient gas near the ele@€! @nalyzer(OMA) equipped with a fiber optic cable for
trodes. A ring electrode of about 6 cm in diameter that isllght input was used to obtain the.emlssmn spectrum of the
positively biasedat 200—600 V is placed around the cath- Plasma. The plasma plume was imaged onto a focal plane
ode tube to generate an auxiliary glow discharge of an inef/nere the optical fiber was placed to collect emission from a
gas or a reactive gasuch as nitrogen The thermionic elec- POint on the axis of the plume at a distance of 4 cm from the
trons that are generated when a O@ser pulse of 40—80 mJ eflectrod_es. Emission lines corr_espondmg _to singly and mul-
energy and 200 ns pulse duration is incident on the outeliply |(_)n|zed carbon were monitored for d.|fferent pressures
surface of the carbon cathode tube initiate the glow discharg@nd different values of the storage capacitors for argon and
and trigger the PFN in turn. The glow discharge voltage ighitrogen.
synchronized such that the glow is pulsed between laser The expansion of the plasma subsequent to the discharge
pulses. The high impedance power supply used for the gloks mainly pressure driven. The high density of the plasma
discharge maintained the peak current below 10 mA. Disinside the cathode tube gives rise to a relatively higher pres-
charge of the PFN generates a highly ionized plasma thature inside compared to that outside. Due to significantly
causes the cathode tube to erode through ion bombardmefigh gas collisions, the expansion profile is not expected to
The anode is also heated by electron bombardment. Howle highly forward directed. Formation of the carbon plasma
ever, the temperature rise is not sufficient to evaporate cawas observed by imaging the plume emission on to a time-
bon from the carbon anode. Evaporated atoms within th@ated charge coupled devicECD) camera. The initial de-
hollow cathode are further ionized by electron impact ioniza-velopment of the plasma was recorded with time delays in
tion during the current pulse. Due to the high pressure of théhe millisecond time scale with a 4s gate width. Imaging
plasma generated within the cathode tube the plasma plunibe plasma with a 3 nm band pass interference filter centered
expands rapidly out of the hollow cathode. at 426 nm enabled us to observe the dynamics of the carbon
In this study we have investigated the plasma characterigon emission at 426.73 nm without interference due to the
tics and carbon film growth in argon and nitrogen as ambienemission from argon. The closest high intensity argon (ate
gases. The amount of energy imparted to the plasma from th#34.8 nm is outside the range of the band pass filter. To
PFN is primarily dependant on the storage capacitor and théetermine the thickness profiles of the carbon films produced
change in the output voltage during the discharge. In addiby this process, films were deposited on 3 in. silicon wafers
tion, the energy delivered to the hollow-cathode plasma alsplaced 5 cm from the plasma source. Amorphous carbon
depended on the type of gas as well as the gas pressure. films were deposited at room temperature in both argon and
our experiments, the discharge characteristics of the plasndtrogen at a 3 mT pressure with the same PFN capacitor of
are determined by measuring the current pulses produced 34 mF at 70 V.
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Fic. 2. Inductively measured current pulses produced by the PFN discharge Time [ms]
for argon and nitrogen carrier gases at 2 mTorr background pressure.
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Ill. RESULTS AND DISCUSSION — N
< 1

A. Discharge characteristics z 2001 kS

. . g . *\. 34mF

Operation of the electrodes at low voltage facilitated the 3
formation of a distributed discharge within the hollow cath- 100 R
. . . - ~,

ode. The distributed discharge condition helps to reduce par- \\
ticulate ejection that is common in microdischard&®vhen 0 . . S~
microdischarges take place, most of the energy in the capaci- 0 1 2 3 4 5
tor is discharged in a few microseconds causing explosive Time [ms}

evaporation of the electrodes. The probability of such dis- , _

charges increases with increasing PEN voltjzfgéigure 2 Fl_G. 4. Inductively measure_d current p_ulses for 6.8 and 34 mF capacitors
. . with 2mTorr of argon and nitrogen carrier gases.

shows the transient current pulses produced in 2 mT pressure

of argon and nitrogen. Such broad current pulses indicate
distributed discharge conditions. The area under the curvggngitions. Figure 4 shows the behavior of the current pulse

represents the total charge drawn from the capacitor duringhen the capacitance was changed from 6.8 to 34 mF. The
the current pulse. The energy imparted to the plasma is prgsrgadening of the current pulse with increasing capacitance
portional to the square of this charge for a given PFN capaciy expected as a result of the higher discharge time constant.

tor. Based on the curves in Fig. 2, the energy transferred §p¢ effect of increasing capacitance on the amount of energy
the argon plasma is more than four times that transferred tQgqjivered to the plasma is shown in Fig. 5.

the nitrogen plasma. The energy transferred to the plasma

can also be computed based on the difference between the L :

initial voltage of the PFN storage capacitor and the voltagég' Multiply ionized carbon in the plasma

after the discharge. Figure 3 shows the increase of the energy The previous experiments show that the energy input to
input to the plasma with increasing gas pressure. Clearljthe plasma increases with increasing gas pressure and the
more energy is delivered to the argon plasma than the nitrceapacitance of the PFN. It is desirable for this energy to be
gen plasma. For example, at a pressure of 4 mTorr the tranghanneled for the evaporation of carbon from the electrodes
ferred energy increased from 10 to 25 J for argon compareghther than increasing the ionization of the gas. Emission
to nitrogen. Increasing the PFN capacitance can also increaspectroscopy of the plasma helped to gauge the density of
plasma energy while maintaining the distributed dischargearbon in the plasma. Emission spectrum of the plasma was
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Fic. 3. Total energy transferred to the plasma at different pressures of argofic. 5. Total energy transferred to the plasma at different capacitors at
and nitrogen for a 34 mF capacitance. 2 mTorr background pressure of argon and nitrogen.
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Fic. 7. Emission intensity of the Qine at 426.7 nm for argon and nitrogen

S L . . . . at: (a) different pressures angh) different capacitances.
rich in ionic carbon emissions. Change in the signal intensity

corresponding to ionic transitions of *Cat 392.069 and
426.7 nm, € at 465.147 nm, and T at 419.52 nm were the x andy direction of the films deposited on silicon sub-

monitored for argon and nitrogen ambient at different presxyrates in 3 mT pressure of argon and nitrogen are shown in
sures. Representative emission spectra of the plasma in Ntigs, 9 and 10, respectively. The spatial thickness for the film
trogen and argon background are shown in Fig. 6. The emiggeposited in argon exhibited a profile of the form &bg in

sion lines of carbon ions for the argon plasma were dwarfegyoth xandy directions, while that for the films deposited in
by the strong emissions from argon. Intensity of the Carborhitrogen was of the form c8€ 6. Clearly, the films grown in

ion lines were observed to increase with increasing gas Prégirgon have shown greater uniformity than the films grown in
sure and increasing capacitance. Pressure and capacitarpﬁﬁfogen_ A comparative value of the amount of carbon
dependence of the ionic content of the plasma can be seen Jﬂ/aporated in each gas type can be obtained by integrating
Fig. 7. _These results demonstratg that the increase in thfe area under the two dimensional profile of the films.
energy imparted to the plasma mainly goes to evaporate angased on this computation, the ratio of the total material

ionize more carbon from the electrodes while some of thgyaporated in argoiM o0 to nitrogen (Mpiogen iS 1.4.
energy is spent in increasing the gas ionization.

C. Film growth profiles

The images of the expanding carbon plasma, recorded by
the CCD using the 426 nm filter for transmission of the car-
bon 426 nm ion line at time delays of 2 and 6 ms with re-
spect to the CQlaser are shown in Fig. 8. The plasma was
generated with a PFN capacitance of 34 mF with argon as
the carrier gas. According to the observed current pulse un-
der these conditionfFig. 4(a)], 45% of the energy is im-
parted to the plasma in 2 ms, whereas 95% of the energy is
imparted in 6 ms. A significant increase in the carbon ionic
content of the plasma within this time period is clear from
these CCD images. The measured thickness of the films
grown in nitrogen and argon under the same conditions for @) (b

300 pulses were 0.58 and 0.3n, respectively. This corre- Fic. 8. (Color) CCD images through a 3 nm band pass filter centered at

qunds to an on-axis gro_vvth rate in nitmg?n of 19 A/plvlls_e426.7 nm emission line of Cat: (a) 2 ms and(b) 6 ms delays. The CCD
while the rate for argon is 12 A/pulse. Thickness scans irwas triggered by the onset of the current pulse.
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1.05 higher. This is consistent with the emission spectroscopy re-
@ 1 ] x_scarga) sults. presented in Fig. 7, where on-axis emission is higher
g //""\ for nitrogen than argon.
2 095{ = -
% IV. CONCLUSION
% 09 In this article, we have presented a technique to produce a
g 0.85 highly ionized transient plasma plume of metallic species.
z The hollow-cathode plasma process described in this article
0.8 . . offers several advantages for film growth which include high
-4 -2 0 2 4 growth rate, relatively small film thickness variation across
Distance [cm] the substrate, ion-assisted growth leading to enhanced adhe-
1.05 sion, and high reac_tivity. In addition, the transient nature _of
) (b) the growth may be important in processes where modulation
§ 14 y-scan of the substrate during or in between the growth cycles is
< m required.
g 0.95 The results demonstrate the use of carbon electrodes to
o deposit films at a high growth rate in both nitrogen and argon
N 091 gas ambient. Analysis of the current pulses generated by the
E 0.85 4 PFN shows that more energy is imparted to the argon plasma
2 than the nitrogen plasma under similar deposition and ambi-
0.8 - \ ent pressure conditions. Optical diagnostics of the plasma
-4 -2 0 2 4 detected multiply ionized carbon emissions indicating highly
Distance {cm)] ionized plasma. Comparison of the emission intensity of on-

axis carbon ions for the two gases shows that the density of
Fic. 9. Normalized thickness profiles of the carbon films deposited on ; ; Cavia i ; i
substrate placed 6 cm from the electrode with argon as the carriefagyas: the evaporated species propagating on-axis is hlgher f(.)r ni
scan andb) y scan. On-axis film thickness is 0.36m. The fits for both are trogen._ However, ar_gon pmduced _mUCh m_ore uniform films
curves that show a c6$4 form. than nitrogen, leading to broad film profiles of the form

cog# 9. Computation of the total material evaporated with

nitrogen and argon shows that, under similar conditions, ar-

higher for the argon plasma, the narrower expansion profiléesult is consistent with more energy being imparted to the

of the nitrogen plasma makes the on-axis density of materig?lasma when argon is the carrier gas, as shown in Fig. 3.
Furthermore, the expansion profiles produced by the nitrogen

plasma are more forward-directed, and therefore the density

12 of material on-axis is higher than that for the argon plasma.
2 scan @ This result is also consis_tent V\{ith_ the_emiss_ion spectroscopy
g J results where the on-axis emission intensity of the carbon
L 08 /JL\\'\ ions for nitrogen is higher than that for arg@fig. 7). If the
% 0.6 | efficiency of the hollow cathode plasma process is to be
3 041 compared to another pulse growth process, such as laser ab-
E 02 ] lation, the amount of material evaporated per pulse for the
z " plasma process is more than 200 times greater than the ma-
0 T T terial evaporated per laser pulse. Typically, the energy per
4 3% 2 4 0 1 2 3 4 pulse in laser ablation is about 300 mJ, whereas the energy
Distance [cm] per pulse in the plasma is about 20 J. This analysis shows
1.2 ® that the amount of material evaporated per Joule in the
o 11 . y-scan plasma process is more thgp three tir_nes grer_;mter than that for
. /‘K\ the laser ablation. In addition, the film profiles are much
E ' more uniform compared to greater than ag profiles ob-
= 061 served for laser ablated films.
E 0.4
[v]
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