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Abstract

This paper describes the spatial and temporal investigation of laser ablated plasma plume of cerium oxide target using
Langmuir probe. Cerium oxide target was ablated using a KrF (A ~ 248 nm) gas laser. Experimental studies confirmed
that oxygen partial pressure of 2 x 10”2 mbar is sufficient enough to get good quality films of cerium oxide. At this
pressure, plume was diagnosed for their spatial and temporal behavior. Spatial distribution was investigated at a
distance of 15 mm, 30 mm, and up to a maximum distance of 45 mm from the target, whereas temporal behavior has
been recorded in the range of 0 to 50 uS with an interval of 0.5 uS. The average electron densities are found to be
maximum at 30 mm from the target position and the plasma current of the laser ablated ceria is found to be maximum

at 22 uS.
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INTRODUCTION

Pulsed laser deposition is the simplest physical vapor depo-
sition technique for the synthesis of complex-oxide hetero
structures, multilayers, and well-controlled interfaces in
thin films. The method offers excellent control on stoichio-
metric transfer of material from the target to substrate
and has good compatibility on working with background
pressures ranging from ultrahigh vacuum to 1 Torr (Eason,
2007). The pulsed laser deposition equipment is flexible as
the energy source creating the plume is separated from
the deposition system (Boyd, 1996; Baron et al., 1993;
Dogar et al., 2011). The laser produced plasmas are non-
equilibrium and non-thermal (Dogar et al., 2011; Chrisey
& Hubler, 1994), which have found important application
in various research fields such as material growth and proces-
sing which include deposition of thin films, synthesis of
nano-particles and elemental analysis of multi component
materials (Baron et al., 1993; Dogar et al., 2011). When na-
nosecond pulsed laser radiation is absorbed by a solid target,
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the electromagnetic energy is converted into electronic exci-
tation and it heats, melts, and vaporizes the target (Chrisey &
Hubler, 1994). These ablated species form a plasma plume
containing mixture of atoms, molecules, electrons, and ions
(Chrisey & Hubler, 1994; Doggett & Lunney, 2009; Lenk
et al., 1996; Merlino, 2007; Singh & Narayan, 1990;
Zheng et al., 1989; Wood & Giles, 1981; Caridi et al.,
2008). The plasma plume expands with supersonic velocity
(Singh & Narayan, 1989) and its parameters such as
plasma temperature, ion density, electron density, electron
temperature vary with laser parameters such as frequency,
energy irradiance as well as on the background pressure
(Inam et al., 1987; Neifeld et al., 1988). The laser produced
plasma is highly transient in nature and its parameters vary in
both space and time. The studies of spatio-temporal evolution
of plasma plays an important role during thin film synthesis
as it provides information about various processes occurring
during the formation and expansion of plasma. The plasma
characteristics have a direct bearing on the kinetics and qual-
ity of thin films. Langmuir probe is used as a diagnostic tool
to get insight on behavior of laser produced plasma. It is the
simplest electrical probe technique used to measure the
plasma parameters of low temperature laboratory plasma
and also applicable to transient plasma (Dogar et al., 2011;
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Kumari et al., 2012; Doggett & Lunney, 2009; Hong et al.,
2000; Toftmann et al., 2000). The probe tip is inserted
along the length of the plasma to collect the ions and elec-
trons effectively and tip chosen is very thin so that there is
no perturbation to the plasma plume. A variable voltage is
applied to the tip and the corresponding current (electrons
and ions) is collected (Neifeld et al., 1988). All the plasma
parameters were measured from the I-V characteristic of
the probe. Cerium oxide has been of great interest due to
high refractive index (2 at 500 nm), high melting point
(2873 K), large dielectric constant (~26) (Patsalas et al.,
2002), wide band gap (3.6 eV), high transparency in the
visible-near infrared regions, chemical stability, good
adhesion, high hardness, and thermal stability (Inoue et al.,
1991; Elidrissi et al., 2000; Kanakaraju et al., 1997). It can
be used as ultra violet blocking filters, single and multilayer
coatings for optical devices (Rao et al., 2003) and electro-
chromic windows due to wide band gap and good transpar-
ency in visible-near infrared regions. Ceria thin film is used
in random access memory, colossal magneto resistance, fer-
roelectrics, ultrathin gate oxide for complementary metal
oxide semiconductor technology, stable capacitor devices
for large scale integration (Luo et al., 1991), and corrosion
protection coatings of metals and alloys. Also, there are
few published reports in which synthesis of ceria thin films
have been carried out using pulsed laser deposition (Wang
et al., 1999; Sanchez et al., 1993; Hirschauer et al., 1999;
Li et al., 1998; Cossarutto et al., 1998; Balakrishnan et al.,
2009; Kuppusami et al., 2005). The hyper thermal species
(neutral cerium oxygen atoms and ions) generated by
pulsed laser deposition plays an important role in increasing
the adatom mobility and film quality because they have high
value of kinetic energy of the order of 5-100 eV. Hence, de-
tailed study of spatial variation of ion density and average
energy of ionized species under different pressure is impor-
tant for synthesis of good quality thin films with an under-
standing of the formation process. In the present work, we
have reported the effect of oxygen pressure on the ion density
and average energy of ionized species (cerium and oxygen
ions) to understand the plasma dynamics during film
synthesis.

EXPERIMENTAL SETUP

Cerium oxide powder of 99.99% purity (Alpha Aesar) was
fine ground and compacted to a pellet of 20 mm diameter
and 3 mm thickness by applying a pressure of 10 MPa.
The pellet was sintered at 1693 K for 4 hr and the sintered
density was calculated and found to be about 90%. The
pellet was characterized by an INEL XRG-3000 X-ray dif-
fractometer attached with a curved position sensitive detector
using Cu Kol (0.15406 nm) radiation. The ceria pellet was
cleaned with acetone and mounted onto the target holder lo-
cated inside a vacuum chamber using silver paste. The
chamber was evacuated to 10~> mbar by Alcatal rotary and
turbo molecular pumps. The oxygen partial pressure inside

https://doi.org/10.1017/50263034614000330 Published online by Cambridge University Press

Arun Kumar Panda et al.

the chamber was controlled by a MKS make mass flow con-
troller. The oxygen partial pressure was varied from 1072 to
10~> mbar. The plasma parameters were diagnosed by an
automated Langmuir probe (ALP; IMPEDANS, Ireland) in
both space and time resolved mode. The probe consists of
a tungsten tip of diameter of 0.39 mm mounted in a ceramic
coated probe shaft made up of alumina so that it can sustain
heat loads from the plasma. Spatial plasma measurement was
carried out by an ALD. The ALD facilitates the movement of
probe tip from target position to the substrate position using a
stepper motor via the RS 232 system. The laser produced
plasma is time dependent and the temporal variation was in-
vestigated by suitably choosing the time duration of 0 to
50 ps with an interval of 0.5 us in Langmuir probe software.
The time resolved mode in the Langmuir probe works in an
advanced boxcar mode. The rising edge of the synchronized
signal of the pulsed laser triggers the data acquisition. The
clock (12.5 ns sample time) of the detection circuit ensures
that each time step is recorded accurately. The advanced
boxcar mode gives the advantages of a level triggered gate
mode while retaining the highest level of time accuracy.
Typical experimental set-up is shown in Figure 1. A KrF ex-
cimer laser (Lambda Physik, Compex-205) of 248 nm wave-
length was used as the energy source with energy of 300 mJ/
pulse, repetition rate of 10 Hz, and pulse duration of 25 ns for
ablating the cerium oxide. The laser light was focused onto
the target using a cylindrical lens of focal length 50 cm.
The base pressure was varied from 107> to 10™2 mbar by
flowing the oxygen gas in the background. The optimized
oxygen partial pressure of 2x 1072 mbar (Balakrishnan
et al., 2009; 2011) to get high quality thin films for CeO,
was used in most of the experiments in the present work.
The experimental conditions used for the deposition of
ceria have already been reported (Balakrishnan et al., 2009;
2011). The temporal variation of plasma was investigated
by placing the ALP at a position of about 30 mm from the
target normal to the target-substrate distance. The plasma
current was collected for 50 us with a time step of 0. 5 us.
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Fig. 1. (Color online) Schematic Experimental Set up of Pulsed Laser Depo-
sition unit fitted with automated Langmuir probe.
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The spatial variation of plasma parameters were studied at
the oxygen partial pressure of 107> mbar as a function of
probe distance from the target. This was carried out by pla-
cing the probe tip at 0, 15, 30, and 45 mm from the target.
The probe voltage was varied from —20 to +35V and the
corresponding plasma current was collected by the Langmuir
probe. The plasma parameters such as plasma temperature,
ion density, electron density, and electron temperature were
calculated from the I versus V plot using ALP software.

RESULTS AND DISCUSSION

X-ray diffraction measurement was carried for CeO, pellet to
confirm the phase purity as it will be used as a pulsed laser
deposition target for plasma diagnostics. Figure 2 shows
the X-ray diffraction pattern which indicates all the reflec-
tions from ceria (JCPDS-340394) belonging to face centered
cubic structure and there was no impurity present in the
target. The temporal variation of plasma current at different
probe voltages of 5, 10, and 15 V at the substrate position
of 30 mm at the oxygen partial pressure of 10~% mbar was
measured using the ALP and is shown in Figure 3. The
plasma current is found to be maximum at 22 us and the
plasma tends to die out inside the chamber after 22 us. A
typical probe current (I) versus probe voltage (V) at 22 us
is shown in Figure 4, which is a screen shot of the ALP
system. The floating potential and plasma potential are
found to be —0.45 V and 6.20 V, respectively. The plasma
parameters were calculated from the I — V plot which are
shown in Table 1. At large negative bias voltage (<5 V),
the electrons are repelled because of Coulomb repulsion
and negative voltage is high enough to prevent the electrons
with the highest thermal energy in the plasma from reaching
the probe so that the probe is saturated with ions giving rise to
ion saturation current region represented as “A” in the
Figure 4. As the probe is made slightly negative at
—0.45 V, floating potential V¢ is reached, where electron
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Fig. 2. XRD Pattern of CeO, pellet sintered at 1693 K, 4 hr.
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Fig. 3. (Color online) Temporal Variation of plasma current of CeO, plasma
plume as a function of probe voltage at the substrate position of 30 mm at the
oxygen partial pressure of 10”2 mbar.

and ion currents are equal in magnitude. With increase in
the probe voltage beyond Vi, there is a transition region
where probe with positive voltage collects more electrons
than ions up to plasma potential, V, of 6.20 V. In this
regime, the potential barrier between the probe and plasma
decreased and became 0 at V},. This region is known as elec-
tron retardation region as shown as “B” in Figure 4. To the
right of V,, the positive probe potential attracts electrons
and there is a region of electron saturation which is rep-
resented as the region “C” (electron saturation region) in
the figure above. The electron saturation region with error
bars was calculated by ALP software taking care of sheath
expansion incorporating Laframboise and Druyvesteyn
theory (Laframboise, 1966; Druyvesteyn, 1930). The inset
of Figure 4 shows a semi-logarithmic plot of the I-V curve
for the probe distance of 30 mm from the target. Probe bias
voltage data points were fitted linearly to confirm the electron
saturation and their intersection gives the value of plasma
potential of 6.20 V. The pressure was varied from 10~ to
107> mbar by flushing oxygen gas into the chamber. The
plasma parameters like electron temperature (Chen, 1974;
Klagge & Tichy, 1985), electron flux, ion flux, ion density
(Talbot et al., 1966; Zakrzewski & Kopiczynski, 1974;
Rousseau et al., 2005), average electron density, average
energy (Allen et al., 1957; Hopkins, 1995; Boyd &
Twiddy, 1959; Druyvesteyn, 1930; Allen, 1992), and average
electron temperature (Hopkins, 1995; Laframboise, 1966)
were measured from the I-V plot using the ALP software.
All plasma parameters are measured by Langmuir probe as-
suming cerium and oxygen ions are single ionized (Doggett
& Lunney, 2009; Toftmann et al., 2000). The variation of ion
density with pressure is shown in Figure 5. From Figure 5, it
is clear that the ion density of cerium and oxygen decreased
with increase in pressure which was found to have a maxi-
mum value of 2.25 x 10'’m ™ at 10~ mbar and a minimum


https://doi.org/10.1017/S0263034614000330

432

0.01

In(l) (uA)

I R N R
Probe Voltage(V)

=
=
=
n

Probe Current (A)

Plasma Potential (Vp)

Arun Kumar Panda et al.

“
-0.005
20 0 20 40
Probe Voltage (V)

A -lIon Saturation Region
B -Electron Retardation
C-Electron Saturation

Fig. 4. (Color online) Typical probe current Vs voltage at a time of 22 us.

Table 1. Plasma parameters of the ceria plume at a distance of
30 mm from the target

Plasma Potential, Vp (V) 6.20 £ 0.0576

Floating Potential, Vi (V) —0.45 = 0.0054

Electron Temperature, kT, (eV) 12.9 +0.2322

Electron Flux, J. (A/m?) 453 +9.966

Electron Density, N, (m>) 5.05% 10" +9.595 x 103
Ton Flux, J, (A/m?) 16.8 £ 0.3528

7.05%x 10" +1.6215%x 10'*
1.26x10'® +3.27x 10
9.91 + 0.2576

6.61 = 0.0793

Ion Density, N; (m_3)

Average Electron Density N, (m~>)
Average Energy, E (eV)

Average Electron Temperature, kT, (eV)

of 7.05 x 1015/m_3 at 10~ 2 mbar. The decrease in the ion
density with increasing oxygen partial pressure is attributed
to the enhanced recombination of neutral oxygen atoms in
forming oxygen molecules. As the oxygen partial pressure
is increased, the plasma gets confined which enhances the
elastic and inelastic collisions of cerium and oxygen ions
with neutral oxygen molecules leading to recombination.
As a result of which, the density of cerium and oxygen
ions decreased with the increase in the oxygen partial
pressure. The variation of average energy of ionized species
of cerium and oxygen as a function of oxygen partial
pressure is shown in Figure 6, which indicates that the aver-
age energy increases with increase in pressure. The average
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Fig. 5. Variation of ion density with oxygen partial pressure during pulsed
laser deposition of ceria.

energy of ionized ceria is found to be 6.06 eV at 107>
mbar and 9.91 eV at 107> mbar with the intermediate
values of 6.07 eV and 6.34 eV at 107" and 10~> mbar,
respectively. The increase in average energy with pressure
is due to the gain of energy from recombination and the fre-
quent collision of cerium ions with neutral oxygen mol-
ecules. The higher value of average energy of 9.91 eV of
ionized species at 1072 mbar could enhance the adatom
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Fig. 6. Variation of average energy with oxygen partial pressure.

mobility for synthesis of good quality ceria thin films com-
pared to average energy of ionized species at lower pressure.
This result is consistent with earlier report given by our group
(Balakrishnan et al., 2009; 2011). The current results also
confirm on the structural correlation between the average
energy of ionized species with adatom mobility for synthesis
of good quality thin films at the oxygen partial pressure of
10~2 mbar.

SPATIAL VARIATION OF PLASMA PARAMETERS
AT AN OXYGEN PARTIAL PRESSURE OF 102
mbar

The spatial variation of plasma parameters were measured at
0, 15, 30, and 45 mm from the target by moving the probe tip
from the target position to a distance of 45 mm with a step of
15 mm at the oxygen partial pressure of 10~> mbar. The
spatial variation of ion density of ceria at 1072 mbar is
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Fig. 7. Spatial variation of ion density at the oxygen partial pressure of 10>
mbar.
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Fig. 8. Spatial variation of average electron density at the oxygen partial of
1072 mbar.

shown in Figure 7. The ion density (3.25x 10'® m™?) was
found to be maximum at the target location and then it de-
creased to 1.36x 10> m™> at 15 mm but the ion density
was slightly more (7.05x 10" m™>) at a distance of
30 mm from the target. As the plume becomes less dense,
the ion density decreased to a value of 2.7x 10" m™> at a
distance of 45 mm. The average electron density of cerium
and oxygen at 10 ~* mbar was found to be maximum at
30 mm and minimum at 45 mm from the target and it was re-
ported as 1.26 x 10"m ~2 and 7.53 x 10"°m 2, respectively.
The decrease in both average electron density and ion density
at a distance of 45 mm indicates that the plasma plume is
more transparent due to increased recombination. It is also
noticed from Figures 7 and 8 that the average ion density is
higher only close to the target, while the electron density is
maximum at a distance of 30 mm. The observation of
higher electron density at a longer distance from the target
indicates the increased mobility of the electrons compared
to ions of cerium and oxygen at this oxygen pressure.
From the spatial ion density and average electron density pro-
file, it is clear that plume is transparent beyond the distance of
30 mm because of the dominance of recombination which
results the formation of more neutral species. It is clear that
distance of 30 mm can be taken as an onset position for the
recombination in the present investigation and substrate can
be placed at a distance of 30—45 mm from the target which
will improve the film quality during the deposition. The
measurement of spatial and temporal variation of plasma
parameters could lead the better understanding of the
plasma formation and expansion of the laser ablated plume
of ceria.

CONCLUSIONS

Effect of oxygen partial pressure on plasma parameters have
been extensively studied by Langmuir pobe in both spatial
and time resolved mode during the pulsed laser deposition
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of ceria. The plasma parameters like electron temperature,
ion density, average electron density, average energy, and
average electron temperature were measured from the -V
plot using the ALP software in the pressure range 10~ to
107 mbar of oxygen partial pressure. The following are
the important conclusions:

e The ion density of cerium and oxygen decreased with
increase in the oxygen partial pressure which was
found to have a maximum value of 2.25 x 10""m ™ at
107> mbar and a minimum of 7.05 x 10"°m™ at 1072
mbar.

e The average energy of the ionized ceria is found to be
9.91 eV at 10~ mbar and 6.06 eV at 10> mbar with
the intermediate values of 6.34 eV and 6.07 eV at
1072 and 10™* mbar, respectively. The increase in the
average energy with oxygen partial pressure is attributed
to the gain of energy from recombination. The high
value of average energy of ionized species increases
the adatom mobility for synthesis of good quality of
thin films.

e The spatial variation of plasma parameters were
measured at different locations between the target and
the substrate holder at an oxygen partial pressure of
1072 mbar. The average ion density is higher only
close to the target, while the electron density is maxi-
mum at a distance of 30 mm. The observation of
higher electron density at a longer distance from the
target indicates the increased mobilities of the electrons
compared to those ions of cerium and oxygen at this
oxygen pressure
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