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We have developed a new laser ablation and plasma hybrid technique for depositing thin 
diamond-like carbon (DLC) films on Si(100) substrates at room temperature and at 11O'C 
with improved optical and mechanical properties. The technique involves coupling of laser 
energy (A = 0.308 pm, pulse duration = 40 ns, and power 125 MW /cm2

) to a graphite target 
and superimposing capacitiveiy stored energy (2-3 J at 3 kV) to the laser ablated spot. The 
laser- and plasma-deposited diamond-like carbon films were analyzed by spectroscopic 
ellipsometry and microhardness measurements. These films showed considerable 
improvements in both uniformity and homogeneity. Optical properties and hardness of the 
films deposited by this technique closely match the DLC films. We discuss possible causes of 
improvements in the above properties of these films. 

The laser ablation and deposition technique has been 
used to produce a variety of tUrns: high quality, high transi
tion temperature superconducting oxide films 1,2; hard, hy
drogen-free diamond-like carbon films3.4; amorphous Si 
films5

; and epitaxial TiN films from TiN targets/' Ge, Si02, 

GeOz, Au, Cu, etc. The primary advantage of the laser depo
sition technique lies i.n its simple implementation, near stoi
chiometric deposition from multicomponent targets on sub
strates at low temperatures, and control of microstructure, 
The laser deposition process manifests nonequilibrium fea
tures during deposition such as atomically and electronically 
excited (as well as ionized) species and fast quenching, 
which lead to the formation of films in metastable states with 
unique physical and mechanical properties. The physical 
evaporation of carbon atoms from a graphite target using 
nanosecond excimer laser irradiation has been shown to re
sult in the deposition of hard diamond-like films.4 In this 
letter, we report that further nonequilibrium features can be 
incorporated into laser ablated plasma by coupling capaci
tively stored energy to the laser ablated spot in synchronism 
with the laser pulse. Uniform depositions over a significantly 
large area are characteristic of this deposition method, and 
the amorphous hard carbon films deposited by this method 
show improved optical properties as well as increased hard
ness as compared to films deposited by the conventional la
ser ablation method. The technique is quite general and can 
be applied to a variety of materials. Properties of high Tc 
superconducting films, TiN and Tin" N v films, and Ge ox
ide films deposited by this ne,\' technique will be reported in 
the near future. However, it may be noted that recently Wa
gal et ai. have reported optical quality carbon film deposition 
by accelerating the ions produced in the laser produced plas
ma plume? and by flowing a plasma current in the laser 
plume. s 

The conventional setup for producing thin films of ma
terials by laser ablation is schematically shown in Fig. 1 (a). 

u, Materials Research Laboratory, Pennsylvani,l State University, Universi
ty Park, P A 16802. 

b) Metals and Ceramics Division, Oak Ridge Nationa! Laboratory, Oak 
Ridge. TN 37831-6118. 

The vacuum chamber ( < 10- 1 Torr) contains the substrate 
on a heated substrate holder separated from a graphite target 
by .~ 25 mm. The laser beam from a 40 ns full width at half 
maximum (FWHM) XeCl excimer laser is focused by a lens 
onto the target at a power density of ~ 1.25 X lOB W /cm2

, 

Under these conditions the visible extent of the plasma 
plume (without filters) is less than 5 mm. The films deposit
ed on Si and MgO substrates were found to be hard, highly 
adherent, and amorphous with diamond-like refractive in-
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FIG, 1. (a) Schematic diagram illustrating the conventional laser ablation 
technique. The tiny plasma plume ( < 5 mm) at the target surface is repre
sentative of a plume from a graphite target produced by an ablating laser 
energy density of ~5 J/cm'. (b) Schematic diagram illustrating the laser 
ablation and plasma hybrid technique. The capacitively stored energy is fed 
synchronously into the laser ablated spot producing a large area, iarge vol
ume plume at the same laser energy density as in (a). Notice the plume 
extending from the target to the substrate ( - 26 mm). 
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dex (for low-temperature deposition).3.4 A schematic dia
gram of the new laser ablation/plasma hybrid technique is 
schematically shown in Fig. 1(b). A 0.5 pF capacitor, 
placed outside the vacuum chamber is connected by feed
throughs between a 20-mm-diam graphite ring electrode 
(0.65 cm from the target) and the graphite target. The ca
pacitor is charged to 3 kV by a stabilized de source. Synch
ronously with the impingement of the laser pulse on the tar
get, the capacitor is automatically discharged and a large 
discharge plume which extends from the ablated spot to the 
ring and beyond upto the substrate is formed even at low 
chamber pressure. The inductance of the capacitor-ring-tar
get circuit was not very critical to discharge the capacitor, It 
may be mentioned that in this preliminary study neither the 
value of the capacitance nor the charging voltage ofthe ca
pacitor was optimized. 

In order to monitor the effect of such a plasma on the 
deposited film properties, samples A and B were deposited 
under otherwise identical conditions except that the thin 
film on sample B was deposited with the 0,5 !iF capacitor 
synchronously feeding its charge to the laser produced plas
ma. The films were deposited at an incident laser energy 
density of 5 ± 0.3 J/cmz, at substrate temperatures of 25°C 
( ~. 3000 pulses) and 110"C ( ~ 4800 pulses) with the vacu
um chamber pressure between 5 and 8 X 10- 7 Torr. The ca
pacitor discharge markedly alters the vapor plume by ex
tending it from the ablated spot to the substrate. Deposition 
on sample B was found to be more uniform and over a larger 
area as compared to that on sample A. Sample A film 
showed the "domed" profile in thickness as recently report
ed, R but sample B film was more uniform. The deposited film 
thicknesses of both films were in the range of ~ 150 nrn with 
sample B film ~40% thicker than sample A film (on the 
film deposited at 110 "C) as measured with a stylus type 
instrument. Deposited films were analyzed by spectroscopic 
ellipsometry and microhardness measurements. 

Spectroscopic ellipsometry measurements were carried 
out on the deposited films using apparatus and methods de
scribed prevlously.'l-ll The n (real) and k (imaginary) com
ponents ofthe complex refractive index of the deposited film 
are found by matching the pseUdo-optical properties of the 
substrate-film composite to that generated by a computer for 
a substrate-film-ambient three-phase model. Using the 
known properties of the ambient and the substrate, the film 
properties of the model are adjusted until an exact match 
with the measured optical properties is obtained. Figures 
2 (a) and 2 (b) show the real (11) and imaginary (k) parts of 
the refractive index for the two samples, A and S, between 
1.5 eV (0,8267 ,urn) and 4,5 eV (0.2756 pm), respectively. 
Tauc 12 plots were drawn using the measured extinction coef
ficient versus photon energy curves, and the optical band gap 
was found by extrapolating the Tauc plots. The optical band 
gap of sample A was ,-0.47 eV and that for sample B was 
~ 1.27 eV for the 25°C deposition and -0.3 eV (sample A) 
and ~O.7 eV (sample B) for the HO°C deposition. This 
trend of decrease in optical band gap with substrate tempera
ture is similar to that reported earlier by the authors. 4 The 
capacitive discharge technique leads to the deposition of 
films with higher band gap although adhering to the same 
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FIG. 2.(a) Real part and (h) imaginary part of the complex refractive in
dex of film deposited at 25°C in vacuum ( - 10- 7 Torr) at an incident laser 
energy density of - 5 J/cm2 obtained by spectroscopic ellipsometry. 

trend with respect to substrate temperature. The real and 
imaginary parts of the complex refractive index of the film 
deposited by the capacitive discharge technique are similar 
to diamond-like values of the ion beam deposited films at the 
lowest power. 13 

Microhardness measurements were carried out on a 
Nanoindenter®i4 at the Oak Ridge National Laboratory. 
The diamond indenter tip of the NanoindenterC§) was slowly 
pushed into the surface of the specimen at a constant rate of 
less than 10 nm/s until the desired load was reached. The 
indenter tip was then retracted at the same rate. Load versus 
position was measured with a resolution of 1.8 mN in the 0-
120 mN load range and with a resolution of 004 nrn in posi
tion, The results of hardness measurements of the films de
posited under the two conditions pertinent to samples A and 
B at two different temperatures averaged over several in
denter locations across the sample surface are shown in Ta
ble I. Lower substrate temperatures are conducive to the 
deposition of harder films, The hardness of films deposited 
at 25°C without the capacitive discharge technique was sim
ilar to Si3N4 (~16 GPa) and that at 110"C without dis
charge was similar to 8i ( ~ 10 G Pa). This trend is similar to 
what has been reported earlier.s The hardness of films depos-
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TABLE L Hardness at 25 and 100 nm from surface ofDLC films deposited by the new technique as compared to the conventional laser ablation tt:chniquc. 

Hardness (GPa) 
Deposition 

temperature 
I'ressure 

during deposition 
With discharge 

Sample B 
Without discharge 

Sample A 

(,C) 

25 
!lO 

(Torr) 

10- 7 

10 7 

25nm 

lS.I±W% 
22.0± W% 

ited by the new technique produces films with greater hard
ness lying in the same range as those of SiC ( - 22 GPa) and 
Al10 1 (~24 GPa). These extremely hard films are simi.lar 
to ion beam deposited films at the lowest power level with 
~ 70% diamond-like component. Ll 

The other effects observed by the new deposition tech
nique were that thicker and more uniform films were pro
duced as compared to the conventional laser ablation tech
nique. The uniformity of the film was not measured, but 
compared to the more localized depositions (buH's eye or 
"domed") of the conventional technique, the films deposit
ed by the new technique were more uniform. This is due to 
the spreading of the plasma plume as shown schematically in 
Fig. l(b). 

Both space and time-resolved spectroscopic actinome
trie and mass spectroscopic studies will be needed to explain 
the properties of films obtained by the new technique. How
ever, we envisage that several other excited species are pro
duced in addition to the ones produced by the laser alone. 
Also, the energy distributions of particles are different from 
the ones produced by conventional laser ablation which are 
responsible for the altered properties. It is anticipated that 
by reducing the inductance of the capacitor-ring-target cir
cuit, further modifications may be obtained due to enhanced 
nonequilibrium processes and appearance of particle beam 
components [5 that accompany the rapid current rise. 

In summary, a new laser ablation and plasma hybrid 
deposition technique is described. Hard amorphous carbon 
films deposited by this technique were found to be superior 
to those produced by the conventional technique with regard 
to their optical properties, hardness, and uniformity. The 
substrate temperature remains close to ambient during de
position, thus paving the way for coatings on heat-sensitive 
substrates. The present technique is more versatile than the 
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IOOUJU 

J9±W% 
27.0 ± 5% 

25 nrn 

13.6 ± 20'Yo 
9.5 ± 10% 

lOOnm 

15.5 ± 10% 
10.6 ± 10% 

No. of 
Pulses 

3000 
4800 

conventional laser ablation technique for producing dia-
mond-like coatings on a variety of substrates. _ 
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