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Temporal and spatial evolution of Si atoms in plasmas produced by a nanosecond laser
ablating silicon carbide crystals
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Optical emission spectroscopy (OES) was used to study the evolution behavior of the neutral Si atoms in the
plasma produced by nanosecond pulsed-laser beam irradiating on SiC crystal targets. The OES measurements
indicated that the electron temperature and density in the plasma had maximum values around a region about
2mm from the target surface. Based on the temporal and spatial evolution of the spectral line at 633.19 nm
originating from excited Si atoms, it was found that these Si atoms have short decay times and long range
spatial distribution in vacuum. At the initial growth stage of SiC thin films using pulsed-laser deposition (PLD)
technique, these Si atoms were found possibly to arrive at the Si substrate to form defects near the SiC/Si
interface. By comparing the OES result measured in vacuum and that measured in ambient air, it was deduced
that by properly adjusting the background gas species and pressure, the quality of the films prepared by PLD

technique may be improved.
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I. INTRODUCTION

Pulsed-laser ablation of solids has long been used as a
unique technique to deposit high-quality films [1-3] for va-
riety of applications, such as production of circuit compo-
nents with superconducting or insulating properties, wearing
resistance films, and biocompatible devices for medical ap-
plication [2-8]. Among various films prepared using pulsed-
laser deposition (PLD) method, silicon carbide (SiC) thin
films have great advantage for applications in electronic de-
vices working at high-power level, biocompatible material or
devices, and microelectromechanical systems due to their
large electronic band gaps, superior mechanical strength and
durability, and radiation-resistant property [9—11]. However,
higher density of defects such as droplets, stacking faults,
and dislocations are frequently observed in the SiC films
prepared on Si substrates by using PLD method, in compari-
son with those prepared by using chemical vapor deposition
(CVD) or supersonic jet epitaxy (SJE) [12-15]. At early
deposition stage, Si atoms have higher probability to recrys-
tallize epitaxially on Si substrate than carbon atoms. This
makes it difficult to transfer adequate amounts of silicon at-
oms and carbon atoms in accordance with the chemical sto-
ichiometry of SiC [14,15]. Due to this recrystallization pro-
cess, the defects produced at the SiC/Si interface and in the
SiC film will greatly degrade the performance of the opto-
electronics devices made from PLD films [16]. Therefore, it
is absolutely necessary to study the basic physical process
involved in deposition of thin films using PLD method to
improve the quality of the films prepared.

Basic interactions involved in the plasma produced by
laser ablation of SiC material, which is essential for determi-
nation of the experimental parameters such as the intensity of
the laser beam, the pressure of the background gas, and the
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spatial position of the substrate relative to the target, to be
used in preparation of PLD SiC films. In order to provide
information on these processes, the plasma parameters (tem-
perature, density) and relevant physical processes such as the
transferring of Si atoms and ions from the target to the sub-
strate, and the interactions between these particles in the
plasma and the ambient atmosphere are investigated in this
work. It is well known that the plasma emission spectros-
copy (PES) is one of the most important techniques to char-
acterize laser-ablated plasma, which contains a wealth of in-
formation about the inner plasma condition [1-6]. In this
paper, we use this method to study the spatial and temporal
evolutions of Si atoms and ions as plasma expanding in
background gas media (one atmosphere) and in low-vacuum
environment. The aim of this work is to get an insight into
the behavior of Si atoms in the laser-ablated SiC plasma.

II. EXPERIMENTAL SETUP

The plasma was produced in vacuum (2.7 Pa) and in air
(10° Pa), respectively, by ablating a SiC target with the laser
pulses from a Nd:YAG (Yttrium Aluminum Garnet) laser
(Quanta Ray, Spectra Physics) operating at wavelengths of
1064 nm, with pulse width of 10 ns. The laser beam was
focused on the target by a quartz lens (L1) with a 65 mm
focal length, and another 50mm quartz lens was used to im-
age the laser-induced plasma 1:1 onto the 15-um-wide en-
trance slit of a spectrometer (spectrapro2300i, Actron Re-
search) system. The visible emission image of the plasma
plume, as shown in Fig. 1(a), was recorded by a digital cam-
era in vacuum condition. A 1200/mm grating blazed at 500
nm was employed to disperse the plasma. The temporal spec-
tra were detected by using a time-gated intensified charge-
coupled device (ICCD) chip (1024 X 1024 pixels) at various
time delays with respect to the ablating laser pulse. The spa-
tial emission lines were measured by another charged-
coupled device (CCD) chip (700 X 1340 pixels) at different
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FIG. 1. (Color online) (a) The spatial profile of the visible emis-
sion recorded by a digital camera from the plasma produced by
nanosecond (10ns) pulsed-laser irradiation on a SiC target; (b) The
scanning electron microscopy (SEM) image of a crater formed by
100 laser pulses at 30mJ from a Q-switched YAG laser irradiating
on a SiC crystal target. The image size of Fig. 1(a) is 5 cmX 10 cm.

distance to the target surface. The grating (minimum gate
width of 2ns) ICCD chip and the time integrated CCD chip
provide sensitive detection of the plasma spectra in a wave-
length range from 200 to 900 nm. The energy of the laser
pulses at the target surface was set at a fixed value of 130 mJ,
which was monitored by an energy meter (Molectron,
EPM1000) in front of the focusing lens L1. The average spot
size of the laser beam at the surface of the target was mea-
sured to be Imm in diameter. The incident power density
was approximately 1.64 GW/cm?, which was determined
from the energy of the incident laser pulse, the width of the
laser pulse and the spot size. To keep a fresh pitting on the
target surface, after each laser pulse the target was properly
rotated around an axis parallel to the laser beam.

III. RESULTS AND DISCUSSION

The typical surface profile of a crater on the surface of the
silicon carbide sample produced by 100 laser pulses was
characterized by scanning electron microscopy (SEM) (Phil-
ips XL 30 FEG) and is shown in Fig. 1(b). From the SEM
image, it is evident that the crater produced by the laser
ablation has a circular and periodic wave-like pattern with
rather smooth surface in the center of the crater, as shown in
Fig. 1(b). This pattern is similar to those observed for the
craters created by laser ablation [6]. Energy dispersive x-ray
(EDX) spectrum (not shown here) confirms that the elemen-
tal ratio of Si to C in the crater is about 16.23%, which
essentially deviates from the stoichiometry of SiC. This re-
sult suggests that the number of Si species (Si atoms and Si
ions) in the plasma is much larger than that of C species.
This feature will have important effect on the subsequent
deposition of the film.

Figure 2(a) shows three well-isolated lines, emitted by the
plasma in vacuum, from Si atoms (at 633.19 nm) and single-
charged Si ions (at 634.71 and 637.13 nm), respectively,
which were detected at different distance from the target by
using time integrated CCD chip. The spectral lines of multi-
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FIG. 2. (Color online) (a) The spatial distribution of the spectra
emitted from Si atoms and ions in the plasma measured in a region
spanning from the target surface to the edge of the plume; (b) and
(c) the images of the emission from Si atoms and ions taken at
distance 2 and 8 mm from the target surface, respectively.

charged Si ions, such as emissions from double-charged Si
ions at 254.18 nm and from triple-charged Si ions at 433.85
and 434.14 nm were also observed in our experiment. How-
ever, the intensities of these spectral lines are much lower
than that emitted from the neutral Si atoms or single-charged
Si ions under the same experimental condition and some of
these spectral lines are likely interfered by lines from other
species. So in this paper, we only use the representative spec-
tral lines of Si atoms and single-charged Si ions. Along the
direction perpendicular to the target surface, it is clearly that
the spatial intensity distribution of the line from Si atoms at
633.19 nm nearly extends over the whole spanning distance
from the target surface to the edge of the plume (16 mm).
The spatial images of the emission from Si atoms and ions at
distance 2 and 8 mm from the target surface are clearly
shown in Figs. 2(b) and 2(c), respectively. The spectral line
from Si atoms at 633.19 nm with long-range spatial distribu-
tion indicates that neutral Si atoms ablated from the target
can arrive at the substrate and recrystallize on the Si sub-
strate, and thus significantly degrade adhesive strength of the
SiC film deposited by PLD method. In addition, some micro-
scopic droplets may also be formed in the film. Before fur-
ther discussing the characterization of the PES line of neutral
Si atoms at 633.19 nm, the plasma parameters, electronic
temperature, and density are studied to find out the best spa-
tial location where the electron density and temperature are
more suitable for studying the temporal evolution of the
spectrum.

Under the assumption of local thermodynamic equilib-
rium (LTE), the intensities of a set of isolated lines from the
ionization states of the same element are used to evaluate the
electron temperatures, which is well-known Boltzmann plot
method [17,18].
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FIG. 3. (Color online) (a) and (b) The temporal evolution of electron temperature and density of the expanding plasma measured at six
different distances to the target surface; (b) and (d) show the spatial distribution of the electron temperature and density measured at different

delay times with respect to the ablating laser pulse.

In(IN/Ag,,) = - E, /KT, + B, (1)

where I, \, and A refer to the relative integrated intensity, the
wavelength and the spontaneous emission rate, respectively,
gm 1s the statistical weight factor for the excited state, E,, is
the energy of the excited state, k is the Boltzmann constant,
and B is a constant parameter for all ion lines considered. In
this work, the selected emission lines are those at 637.13,
634.71, 413.09, and 412.81 nm, emitted from Si ions. The
spectroscopic constants of these spectral lines, such as the
central wavelength of emission from individual species, the
energy level of the upper states, the absorption oscillator
strengths, and the statistical weights of the levels can be
found in Ref. [19].

Additionally, the electron density N, in the plasma can be
calculated directly from the measured AN;, [20], the full
width at half maximum (FWHM) of Stark broadening of the
spectral line, [17,18,21,22]

AN
N,= (J> X 10'® em™3, (2)

where W is an electron impact half width, which is weakly
related to temperature. For the evaluation of N,, in the
present work, the Stark broadened FWHM of Si ions at

634.71Inm was used. We used W=0.0982 nm for the tem-
perature in a range of 40000-80000 K[22].

To demonstrate the temporal evolution of the electron
temperature in vacuum, we measured the spectral images
with a constant gate width (t=10 ns) but different delay
times (10-600 ns) with respect to the laser pulse. In the early
stage, continuum emission dominates the emission spectra
with the emission lines overlapping the continuum [1].
Therefore the electron temperature, 7,, were calculated based
on the measurements at 50 ns after the ignition of the
plasma. Figure 3(a) shows the experimentally measured elec-
tron temperature as a function of the delay time at different
distance from the target along the propagating direction of
the plasma. The curves of electron temperature 7, versus
delay time show a very similar behavior for all the detection
distances from the target surface. The electron temperature,
T,, decreases substantially with delay time for delay time
less than 125 ns. However, for the delay time longer than
125ns, T, decreases very slowly with increasing of time for
the later stage of plasma expansion process (up to 425 ns).
Under the same experimental condition, the electron density
N, as a function of the delay time is exhibited in Fig. 3(c).
The density decreases in short delay time region (150 ns) and
gradually tends to constant density for the later stage of
plasma expanding. The measured electron temperature and
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density in this paper are in consistent with a recent calculated
result (for 10ns laser pulse) [20] using gas-dynamic method
to study the laser plasma expansion. The steady behavior of
T, and N, at the late stage of plasma expansion can be inter-
preted in accordance with the mechanism of energy release
caused by recombinations and bresstrahlung radiation within
the plasma, which was proposed by Beilis, Saji, and Harilal
[4,5,20]. As shown by Figs. 3(b) and 3(d), the electron tem-
perature and density change substantially as the distance
changing from 1 to 6mm for the delay time varying from to
350ns. It is noteworthy that the electron temperature and
density first increases up to a maximum at a distance of 2
mm from the target surface, and then cools down slowly for
further increase in the distance. The dependence of 7, and N,
on the distance from the target surface within 350 ns clearly
indicates that the maximal value of 7, locates at the region
about 2 mm from the target surface. As shown in Fig. 2(a),
the spatial distribution of the spectral line at 634.71 nm emit-
ted from Si ions in the plasma has relatively large radiation
intensity at distance larger than Smm. However, in contrast
to the sharper and higher line distributions at distance larger
than 5mm, the line distributions are broader around distance
of 2mm from the target surface, where the electron density
and temperature are higher than other regions. Our results of
the spatial profiles of T, and N, as a function of the distance
are in consistent with that of a recent study on laser ablation
of aluminum targets [21], although the laser intensity used in
Ref. [21] was lower than that used in our experiment, their
measured T, was lower than ours and the maximal values of
T, and N, were approximately located at 1 mm from the
target surface.

From the results given above, it suggests that the region
around 2 mm from the target surface is the best location for
studying the temporal evolution of the spectrum of Si atoms
during the plasma expanding process since around where the
electron density and temperature are higher than other
places.

The calculation of the electron temperature was carried
out under the assumption that the plasma was in LTE
[17,21,22]. A necessary condition for LTE to be satisfied is
[22]

N, = 1.4 X 104TV3(AE,,,)? cm™, (3)

where N,, T, are the electron density and temperature, re-
spectively. AE,,, is the energy difference between the upper
and the lower energy level in eV. In the present work, the
energy level difference for Si ions at 412.807 nm is AE,,,
=3.01 eV and the highest electron temperature is 3.32 eV.
The lowest limit for N, can therefore be evaluated using Eq.
(3), which is ~6.9x 10" cm™. In this study, the average
value of electron density changing from 1.35X 107 ¢cm™ to
2.59x10'7 c¢m™. The N, values calculated from our experi-
mental measurement are much higher than the lowest value
deduced using Eq. (3). This means that LTE holds true under
our experimental condition, and thus the 7, values given in
this work are reliable.

To provide crucial information for optimizing the experi-
mental parameters for growing SiC thin film using PLD tech-
nique, we also studied the time evolution of the neutral Si
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atoms in the plasma. Figure 4 shows the emission spectra
and the plume images of Si atoms and ions at different delay
time (gate width of 5 ns) measured at 2 mm from the target
surface in vacuum and air, respectively. It is interesting to
see that in vacuum, the time scales (~175 ns) of the line at
633.19 nm from Si atoms are much shorter than those (
~430 ns) for Si ions at 634.71 and 637.13 nm [Fig. 4(a)].
Figure 4(b) shows the spectra measured in air obtained using
similar laser irradiation condition as that used in vacuum. In
order to get clearly comparison, the same delay time regions
were selected in Figs. 4(a) and 4(b), although the spectral
lines of Si ions in air have be detected at 14280 ns delay
time. In this case the emission intensity of spectral lines
around 633.19 nm are too weak to be detected any more in
air [Fig. 4(b)]. The temporal images of the emission from Si
atoms and ions are also recorded at delay time of 80 ns, with
respect to the ablating laser pulse, in vacuum [Fig. 4(c)] and
in air [Fig. 4(d)], respectively. These results clearly reveal
that in the plasma ignited by nanosecond pulsed-laser on SiC
target, the Si atoms with high density only exist in very early
stage of the plasma evolution. Since the spectral line of Si
atoms at 633.19 nm disappears only in air environment but
not in vacuum, the depopulation of excited Si atoms is due to
significant collisions with other particulates in the plasma
and with the species relevant to ambient medium, rather than
spontaneous emission. Moreover, it is reasonable to deduce
that more population of other ions or atoms can be produced
due to the energy transfer involved in these intense colli-
sions, which occur in early stage of the plasma expansion. As
expected, the signal intensity of spectral line at 637.13 nm
originating from Si ions in air medium is almost a factor of 5
larger than that measured in vacuum, as shown in Figs. 4(a)
and 4(b). Furthermore, the collisions between Si atoms and
ions are enhanced due to the pressure of laser supported de-
notation (LSD) wave in the ambient medium, and thus the
lifetimes of Si ions are largely extended to thousands ns (
~1.428 X 10* ns) in air medium, which is about 33.2 times
longer than that in vacuum (~430 ns). The pressure deliv-
ered to a surface for laser ablation in the atmosphere can be
represented by the LSD wave and a combustion wave just
above the plasma ignition threshold [23-25]. Once the LSD
wave was initiated, almost all of the incident laser energy
was absorbed by the LSD wave and the evaporating was
soon extricated, although the evaporation wave might exert a
very high pressure on the surface at the early stage of the
laser pulse. Therefore the pressure and the laser energy de-
livered to the surface during the plasma expanding process
are dominated by the LSD wave. Based on isentropic flow
relationships and hydrodynamic shock description of the
LSD wave, the pressure, Pp, at the surface induced by the
LSD wave can be derived [23-25]:

_ 1/3
v, {WP_UI} | @
0

2y/y-1 2
PD=|:(7+1):| vy pOVD (5)

2y y+1’

where y and p, are the ratio of specific heats of the air
behind the detonation wave and the initial mass density of
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FIG. 4. (Color online) The intensity of the emission spectra from Si atoms and ions versus delay time (gate width of 5 ns), measured at
2 mm from the target surface, (a) measured in vacuum, and (b) measured in air. The images of the emission from Si atoms and ions at delay

time of 80 ns recorded (c) in vacuum, and (d) in air, respectively.

the ambient air, respectively, and [, is the laser irradiance.
Using the values of y=1.21, py=1.27X 107 g cm™ for am-
bient at 1 atmosphere, and the laser intensity I,
=1.64 GW/cm? used in our experiment, from Eqgs. (4) and
(5) we estimated the pressure delivered to the surface by the
LSD wave, which is ~1.06 X 10® Pa in ambient air. How-
ever, under the vacuum condition (2.7 Pa in our experiment),
the mass density of the residual air decreases to ~3.42
X 1078 g cm™. In contrast to the significant drop of mass
density at this low-residual pressure, the ratio of the specific
heats vy is only slightly changed (in the range of 1.21-1.4),
and thus its effect can be neglected. The pressure resulting
from the LSD wave under the low-vacuum condition is esti-
mated to be in the order of 3 X 10° Pa. Therefore under the
atmospheric background pressure, the pressure exerted on
the surface by the LSD wave is almost a factor of 35 higher
than that in vacuum condition. The total time, 7, in which
the LSD wave has momentum transfer to the surface can be
estimated.

. PypTap
For the case of atmospheric background, 7= I
0

(6)

where P, is the pressure after the LSD wave evolves to a
two-dimensional cylindrical wave, 7, is the time needed to

make the LSD wave become this two-dimensional wave, and
Py is the pressure of 1 atmosphere,

r \23
P2D:pD<i> ’ ™)
)
where T is the width of the laser pulse, and
2 312 312
Top= 3/2 1/2 [DS - (VDTp)\ ]+ Tp’ (8)
3Vp 7,

where D is the diameter of the laser spot. From Egs. (4)—(8),
it is obvious that the lifetime of the LSD wave, 7, depends
on the ambient density p,, i.e., depends on the pressure of the
ambient background. For instance, under the experimental
condition that we used, 7, is obtained to be 1.9 X 10* ns for
ambient pressure of one atmosphere. But for the case of am-
bient pressure at 2.7 Pa, 7, is about 443 ns. These lifetime
values of the LSD wave are in the same orders of the life-
times of the Si ions in the plasma measured in this work for
ablation at atmospheric pressure and at 2.7 Pa, respectively.
This indicates that the lifetime of Si ions in the plasma is
closely correlated with the lifetime of the LSD wave. The
higher pressure and density environment provided by the
LSD wave for the case of laser ablation in atmospheric back-
ground makes the collisions in the plasma be substantially
enhanced. The enhanced collisions and the long lifetime of
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the LSD wave in atmosphere lead to the higher emission
intensity of the Si ions and the longer lifetime of the emis-
sion spectrum, as observed in the experiment.

Since the neutral Si atoms in the plasma have long spatial
distribution in vacuum, they can arrive at the surface of the
substrate in the early stage (short delay time). This should be
partly responsible for the complicated composition fre-
quently observed near the surface of the films prepared by
PLD. If one could properly adjust the ambient gas species
and the background pressure in the chamber during the depo-
sition of SiC thin films, these incoming Si atoms flux might
be controlled effectively. This subject is a challenge and wor-
thy of further studies.

IV. CONCLUSION

We have investigated the temporal and spatial character-
istics of Si atoms in the plasma produced by nanosecond
pulsed laser ablated SiC crystal. In vacuum, the spatial pro-
file of the well-isolated line at 633.19 nm emitted from Si
atoms in the plasma extends from the target surface to a
distance near the edge of the plume (16 mm). Although
higher intensity and narrower distribution for the chosen
spectral lines are observed at distance larger than Smm, the
electron temperature and density have maximum values

PHYSICAL REVIEW E 80, 016405 (2009)

around the distance of 2mm from the target surface. It is
interesting that the spectral line of Si atoms at 633.19nm
exists only in the early stage of the plasma evolution in
vacuum. However, the signal at 633.19nm emitted from the
Si atoms disappears in air environment due to the gas phase
collision effects in air background. Moreover, the lifetime of
Si ions (at 637.13 nm) increases from 430 ns in a low
vacuum (2.7 Pa) to 1.428 X 10* ns in ambient air. This phe-
nomenon is closely related to the pressure resulting from the
LSD wave. Due to the short decay time and the long spatial
distribution for the excited Si atoms in the plasma, the neu-
tral Si atoms can arrive at the surface of the substrate in the
early stage of the plasma expansion, resulting in Si agglom-
erate or particulate near the interface between the substrate
and the film grown. This may have detrimental effect on the
quality of the films prepared using PLD technique.
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