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Abstract

The control and arguably the tailoring aspect of technologies like pulsed laser deposition (PLD) rises from understanding
the chemistry hidden by the laser generated plasma. With the continuous transition towards thin films with complex struc-
tures and geometries, the comprehension of the fundamental processes during the film deposition becomes critical. During
the PLD of Mo and Eu-doped Lu,0O;, optical emission spectroscopy was implemented for in-situ plasma monitoring. The
spatial distribution of individual elements revealed the structuring of a stoichiometric plasma while the formation of LuO
molecule within the plasma plume is seen as being induced by the addition of a minimum 1 Pa of O,. The energy of the
ejected particles was controlled through doping and O, pressure. The effect of O, pressure over the plasma energy revealed
a transition from an atomic dominated region towards a molecular dominated one. The properties of the resulted films were
analyzed by XRD, AFM, and photoluminescence techniques and show a strong correlation between the dynamical regime

of the plasma and their structural properties.

1 Introduction

Plasma monitoring for real-time control of the pulsed laser
deposition (PLD) process has been the key for understand-
ing the complex phenomena of the deposition process.
Plasma acts like a medium which transports the material
from the target and allows the proper conditions for intri-
cate chemistry that encompasses the main characteristic of
PLD: multi-variable tailoring of the thin film properties [1].
There is a wide range of reports on diagnostic tools for laser
produced plasmas (LPP) that highlight: mass spectrometry
[2], optical emission spectroscopy (OES) [3], laser induced
absorption/fluorescence [4], or Langmuir probe [5]. Out of
all the monitoring techniques, OES is one of the most desir-
able as it can offer great flexibility given by the geometry
of the optical arrangement [6] and real-time response that
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could potentially create a feedback loop for controlling PLD
process. The main advantages of OES are the non-invasive
properties of the technique that can offer both quantitative
and qualitative information about the deposition process
without directly affecting the technological process. OES
was also used to highlight laser produced plasma multi-
structuring during expansion [7-9] and different dynamics
of plasma components based on particle mass [10], indi-
vidual melting point, ionization degree [11], etc. Although
historically this technique was established for steady plasma
discharges with a relatively simple composition (single ele-
ment plasmas), an adapted approach of this investigation
technique, suitable for LPP and its transient nature, is the
space- and time-resolved OES [12]. The flexibility of the
technique is the main argument to implement OES for real-
time monitoring of PLD deposition of complex films.
Several papers touch on this aspect with the group of
Th. Lippert reporting on both plasma flip-over and plasma
rebound in various conditions of complex multi-element
plasmas [13], also showcased, using space time-resolved
OES the volume distribution of light and heavy elements
during the deposition of LuMnOj; [14] while years before
these reports the group of D. Geohegan [15] reported on
the formation of complex carbon structures during PLD and
plasma stopping during the deposition of CN, which does
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not influence the production of complex thin films. The com-
mon thread of these reports is the presence of complex films.
Understanding the dynamics of multiple elements and the
plasma chemistry of such systems is not an easy task, espe-
cially with the rising interest in creating doped thin films,
where even the addition of a small concentration of a dif-
ferent material can drastically improve the properties of the
final product. The changes in the structure and composition
of the doped target will also be reflected by the properties of
the laser produced plasmas thus in situ analysis could offer
important insight into the deposition process.

Rare-earth (RE) doped Lu,0j; as a high-k widegap insula-
tors have been investigated for several applications in micro-
electronics [16] optoelectronics [17, 18] or scintillators [19].
Different techniques reportedly are used to grow such films,
e.g., sol—gel [20], hydrothermal [21] and PLD [16, 22, 23].
Laser ablation of Lu metal in O, ambient gas superimposed
by a supersonic jet of Ar was reported to create gaseous LuO
molecule, where Fourier-Transform microwave spectroscopy
was used to determine precisely its molecular constants and
structural parameters [24]. PLD provides several possi-
bilities controlling the optical and structural properties of
Lu,0O;:Eu films by varying substrate temperature and oxygen
pressure [25]. Recently, PLD was shown to fabricate rock-
salt structure LuO with unusual valence of Lu** previously
known as the gaseous phase of Lu,0; [25]. There is a lack
of data on the relation of the film properties and plasma at
PLD of Lu,0; based materials. This represents the motiva-
tion behind our work and is on in-situ characterization of
laser produced plasma during PLD process with the aim
of correlating the properties of the deposited film with the
measurable quantifiable data extracted from the plasma.

In this paper, OES was implemented for implemented for
in situ monitoring of the laser induced plasmas for quantita-
tive and qualitative investigations for PLD process during
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generation of Lu,0j; thin films doped with various concen-
trations of Eu*. Post-deposition several surface analysis
techniques were implemented to characterize the properties
of the deposited film. The properties of the film are dis-
cussed in the framework of the plasma optical emission
spectroscopy study.

2 Materials and methods
2.1 Target manufacturing

The circular targets (1 inch in diameter) of Lu,05:Eu (3 and
5 mol. %) were prepared by mixing of Lu,0; and Eu,0,
powders (99,995%, Alchimica s.r.0.) in a mortar, and by
pressing the mixture in a pressing die. After that, the tar-
gets were sintered in an air atmosphere furnace first at tem-
perature of 1000 °C for 6 — 7 h then at 1200 °C for next
6 — 7 h. To confirm the structure and composition of the
targets, we performed XRD, XRF and Raman spectroscopy
investigations.

XRD measurements were performed with an Empyrean
diffractometer on the ceramic targets to confirmed their
structures. The analysis was performed on targets (Fig. 1a).
The powder profile was fitted using the JANA2006 soft-
ware [26] and the fundamental approach method [27]
to extract crystallite size parameters. The fundamental
approach parameter used were: Primary and secondary
radius =240 mm; receiving slit width 0.055 mm; the fixed
divergence Slit angle of 0.5°; source length of 12 mm; sam-
ple length of 10 mm; receiving slit length of 14 mm, and pri-
mary and secondary soller slit of 2.3° and a radiation profile
CuKa5 implement in Jana2006. The structure was refined
using a Lu,0; Cif [28] file from ICSD database [29]. One
atomic displacement parameter was refined for all atoms.
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Fig. 1 Diffraction pattern (a) and Raman scattering spectra (b) from Lu,05: Mo, Eu 5% doped target
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Figure 1(b) it is represented the Raman scattering of
the Lu,05: Mo, Eu5% doped from the ablated area. Raman
scattering spectroscopy carried out at room temperature
using a Renishaw InVia Raman spectrometer. Measure-
ments were performed under the following conditions:
laser excitation wavelength of 488 nm with laser power
of 0.3 mW on the surface of the samples, X 50 Olympus
objective, 65 pm slits, and grating of 2400 lines/mm. Lor-
entz and Gaussian functions were used to fit peaks from
the results. The results of the spectra are separated into
3 Raman shift areas: the first one is from 110 cm™' to
620 cm™', the second comes from 650 cm™! to 1150 cm™,
and the third area comes from 1160 cm™! to 3000 cm™!.
Raman peaks detected in the first area are mainly coming
from Lu,0; phonon modes and weakly from Eu,05 pho-
non modes [30]. A low concentration of MOXOy phases
with phonon modes corresponding to MoO, MoO; and
Mo,0,,, is detected mainly in the second part of the spec-
tra [31, 32]. Finally, the last spectra part, from 1160 cm™!
to 3000 cm™!, shows the line spectra emission of Eu [33].

2.2 Fabrication, structure and surface analyses
of films

Fabricated targets were ablated by means of Nd:YAG
laser operated at 266 nm wavelength at a repetition rate
of 10 Hz leading to a working laser fluence of 5 J/cm?.
The O, pressure was varied from high vacuum conditions
(1x 107 Pa) up to 5 Pa, while the substrate (fused silica)
was placed at 5 cm from the target. The substrate tempera-
ture was maintained at 300 K. For growth of each doped
Lu,0; films 6000 pulses were used, resulting in films with
thicknesses ranging from 120 to 400 nm depending on the
O, pressure. The thin film thickness was measured using
a KLA Tencor P6 profilometer.

The atomic structure and crystalline quality of the films
were characterized with the help of X-Ray diffractometer
(EMPYREAN, Malvern Panalytical) by grazing incidence
(omega=0.85°) measurements at room temperature. X-ray
diffractometer with a Cu line-focus anode source, a para-
bolic X-ray mirror, and 2-bounce monochromator Ge
(220) x 2 producing monochromatic parallel beam (A(Cu
K. ) =1.540593 A, U=45kV, =30 mA) was used. The
X-ray diffraction patterns were measured from 20 =10°
till 20 = 120° with a step 0.1° and with time per step 5 s.

Atomic force microscopy (AFM Dimension ICON,
Bruker) was used to investigate the surface morphology
and roughness. The measurements were performed under
ambient conditions and images were obtained by the Peak
Force Tapping mode using ScanAsystAir tips with scan
areas of 1x 1 pm?2.

2.3 Optical properties analysis of films

Photoluminescence (PL) spectra were exited using a UV
lamp (the 254 nm line, 2 X 6 W) in combination with a 600-
nm shortpass filter (Thorlabs). The PL was excited from the
face of the sample and the signal was collected at a roughly
45-degree angle with a quartz fiber. Longpass filter (488 nm,
Semrock) was used in the collection. The signal was spec-
trally dispersed by an imaging monochromator (Shamrock
3031, 100 um slit width) using a 300 I/mm grating blazed at
500 nm, coupled with EMCCD camera Newton 971 (cooled
to —80 °C, 1600 pixels). The spectra were corrected for the
response of the whole collection/detection setup.

2.4 Plasma monitoring

The light emitted from plasma was transmitted through a
linear bundle of 10 channel optical fibers, which simultane-
ously record the optical emission from a 40 mm length strip
(parallel to the plasma expansion axis). Optical spectra were
collected by an iHR550 Imaging Spectrometer (Horiba)
using 1200/mm. Plasma image was recorded with a LN,
cooled Symphony CCD camera having 2048 X 512 pixels
(Horiba) in a wavelength range of 200 — 900 nm. During
the deposition process, the optical emission of the plasma
was recorded using a 10-linear bundle full-range optical
fiber connected to high resolution spectrometer. An optical
arrangement of two lenses was used to define 0.3 mm of
plasma. The fiber was positioned at various distances with
respect to the target (1-30 mm) to extract the spatial distri-
bution of the species within the plasma volume.

3 Results and discussions
3.1 Insitu plasma monitoring

In Fig. 2, we have plotted a representative spectrum recorded
at 1 mm from the target for depositions performed at 5 Pa of
O, pressure and the pressure effect on the individual species
emission. Using a specialized database emission lines for
atomic species of Lu (411 nm), Mo (605 nm), Eu (513 nm)
and corresponding ionic species and O (Lu II — 621 nm; Eu
II - 363 nm and O II — 383 nm), were identified [34]. With
the increase of the background pressure from 10 Pa to 5 Pa
we observe an all-round increase of approximately 50% in
line intensity Mo, Eu with only a slight increase in O ionic
lines and a decrease in the intensity of Lu atoms. In Fig. 2(a)
we observe two interesting features at 465 nm and 516 nm.
These two signatures are identified as molecular emission
from LuO molecule. At 465 nm the emission it corresponds
to the C2X* molecular state while at 516 nm it corresponds
to the emission from the A (*I1,,) state [24, 34].
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Fig.2 Discrete emission of a Lu,0;: Mo, Eu 5% laser ablation
plasma (a) recorded at 1 mm from the target (10 ps gate width),the
pressure impact on the line emission intensity for composing species,

At low pressures, the molecular signatures for LuO can-
not be seen indicating a complete breakdown of the target
lattice. With the addition of O, the intensity of both C*X*
and A (*T1,,,) LuO emission increases. The decrease of the
Lu atoms intensity is directly correlated with the increase
in molecular emission of LuO: C>X™ state. By increasing
the O, pressure, we enhance the reactions between Lu-O
through collisions leading to a recombination process at the
edge of the plume. The re-formation of the LuO molecule
at the edge of the plasma is a well-known mechanism and
it is based on the thermodynamical optimum conditions for
the chemical reaction to occur. This result is also supported
by the decrease in mean free math of about 3 orders of mag-
nitude with the variation of the background pressure from
107 Pa to 5 Pa and an increase in collision frequency with
a factor of 16.

The formation of complex molecules in laser produced
plasma can reportedly, have two origins. A certain amount
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lines in the graphs are a guide to the eye (b) and comparative repre-
sentation of LuO molecular emission for each investigated pressure

(0

of molecular density can be ablated directly from the target
by means of thermal mechanism as it was shown in [35] for
MgO molecules or by the lattice breaking after the Coulomb
explosion mechanisms, as it is the case for graphite in cer-
tain laser fluence ranges [36]. Higher fluences with respect
to the ablation threshold can induce a complete breakdown
of the lattice structure and the molecular bonds. This aspect
can be seen in Fig. 2c where no molecular signatures were
recorded in high vacuum conditions. In Fig. 3a the space
resolved measurements reinforces these results as LuO emis-
sion is not seen at all throughout the plasma volume. For the
investigated samples at a 4.6 eV per each photon interact-
ing with the lattice at a fluence of 5 J/cm? we are above the
reported ablation threshold of 1.5 J/cm?. These particular
irradiation conditions mean that per pulse a photon flux of
8¢10'" W/cm? will hit the target leading to molecule bond-
ing breaking as LuO requires only 7 eV and Eu-O 5 eV.
The electrostatic ablation mechanism is here secondary as
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Fig.3 Spatial distribution of LuO (456 nm) emission intensity for 10~ Pa (a), 1 Pa O, (b), 2.5 Pa O, (¢) and 5 Pa O, (d) from plasma generated

on Lu,05: Mo, Eu 5%

the photon energy is below the Lu,0; band gap of 5.5 eV,
therefore, the main ablation mechanisms will be of ther-
mal nature (melting, explosive boiling, evaporation, etc.).
Extreme cases of melting and explosive boiling process can
lead to the formation and the expulsion of clusters. However,
the addition of Mo is aimed towards inhibiting the extreme
thermal ablation process and reduce the quantity of ejected
clusters. Mo has higher melting and boiling temperatures 1.5
times higher than the respective values of Lu and 2.6 times
higher than characteristic temperatures of Eu, therefore will
act as an inhibitor for the kinetic explosion of material from
the target. Both oxide bonds (MoO and LuO) existent in the
target have similar dissociation energy 5.2 eV for MoO and
6.86 for LuO which means that the laser beam energy will be
equally used to eject Mo, and Lu from the target reducing the
change for cluster formation. The LuO molecule can reform
throughout the plasma volume as we can see in Fig. 3b—d
where we have presented the mapping of the C?X* LuO
spectral region intensity for relatively high O, pressures. For
1 Pa and 2.5 Pa the emission stretches out until 2.5 cm while

at 5 Pa the emission is enhanced and limited to 1 cm spatial
expansion. Due to the proportional increase in LuO emis-
sion with the increase of the O, pressure, we can conclude
that the main molecular density comes from recombination
with the background gas. The spatial distribution of LuO
(Fig. 3b-d) reveals a non-monotonic decrease of molecu-
lar emission from the target towards the substrate. Several
peaks in LuO emission are seen and might reveal complex
self-organization of the LPP during the deposition process.

To further investigate the self-structuring scenario sug-
gested by the previous results, we have represented the dis-
tribution of O, Lu, Mo, and Eu atoms (Fig. 4). The spatial
distribution reveals the presence of multiple maxima for
all investigated species. This implies that the structuring
of the plasma is a general attribute of the whole plasma
plume and it is not induced by individual particle segre-
gation as it was reported by Schou’s group [14] where
they showcase that within the spatial distribution of ele-
ment lighter elements have higher velocities and they are
placed towards the edge of the plume while the heavier

@ Springer
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Fig.4 Spatial distribution of Eu (a), Lu (b), O (¢) and Mo (d) species at 1 Pa of O, in a Lu,0;:Mo, Eu 5% plasma

are forming the core result also confirmed by theoretical
modeling of multi-element metallic alloy LPP [37]. Differ-
ential particle evaporation or acceleration in the transient
double layer formed at the front of the plume are often
suggested in the literature as the main driving mechanism
in multi-element — multi-structured plasmas. Implement-
ing the same principles for LuO:Eu, Mo plasma and con-
sidering the particularities of our data, one can estimate an
average expansion velocity (over 10 ps) for each recorded
maxima emission. For all the investigated elements we can
distinguish three maxima that can be attributed to three
plasma structure expanding with different velocities (1st
— 2 km/s, 2nd — 0.7 km/s and 3rd — 0.1 km/s). The val-
ues determined for the expansion velocities are relatively
lower than those reported for other configurations. Lower
velocities can reflect a higher threshold value induced by
the Mo addition and also, they need to be understood as
average values over the integration time. The symmetry
in the spatial distribution for all species is also seen as a
signature for a stoichiometric composition of the ablated

@ Springer

cloud during the PLD process and subsequent stoichiomet-
ric transfer on the thin films.

Further analysis over the laser-plasma plume’s inner
energy requires the implementation of spectral analysis
methods like Boltzmann Plot [38] and Stark widening [39]
techniques. For the determination of electron excitation tem-
perature, Boltzmann plot method was implemented by plot-
ting the data from all the observed emission lines, which will
offer a global dimension of the resulted values. The values
obtained for the LuO roto-vibrational temperature, calcu-
lated for C2X* signature and the electron excitation tempera-
ture are presented in Fig. 5(a). We report here on a steady
increase in molecular temperature, reaching a maximum of
1 eV at 5 Pa while the excitation temperature increases with
the initial addition of O, reaching a maximum of 2.6 eV at
1 Pa followed by a decrease. We can identify two regions:
below 2.5 Pa the atomic interactions are dominant with low
molecular emission and a maximum excitation tempera-
ture and density and a second one above 2.5 Pa where the
molecular energy is maximum and the electron excitation
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temperature slightly decreases. The simultaneous increase
of the background gas leads to the decrease of the mean
free path of about 4 orders of magnitude and subsequently
the increase in the number of collision and neutralization
of ions and plasma thermalization. A strong increase in the
thermal plasma energy coupled with a proximity to the local
thermodynamical equilibrium (from a Boltzmann plot and
McWhirter perspectives) increases the probability of a stoi-
chiometric deposition process [1].

3.2 Thin film analysis

For thin film deposition of Lu,0O5:Eu at low substrate tem-
perature an amorphous structure is expected, according to
reports from literature[40]. In Fig. 6a, we have represented
the diffraction patterns for various growth conditions. In
our case all films have two wide peaks at 20=31.2° and

LugO3:Mo, Eu5%

(a) 10000
g 1PaO
3 a
8000 g o2
3 |2
& 6000+ <
2
‘»
c
2 4000
£
5 Pa
2000+
bare fused silica
O T T T T T
10 20 30 40 50 60

20 (degree)

260 =53.5°, which correspond to amorphous phase of
Lu,0; films. The O, pressure significantly influence on the
crystallinity of the films. Thus, the degree of crystallinity
decreases with increasing oxygen pressure. The films are
amorphous-polycrystalline and have only one cubic crys-
talline phase (space group I 21 3) with a lattice parame-
ter a=(1.039 £0.002) nm. The wide peak at 20=21°is a
reflection from the fused silica substrate. Due to shielding
effect induced by the deposited films we see a decrease in
the peak intensity with the increase in film thickness. With
the increase in the O, pressure we observe a decrease in
crystallite size and transitions towards complete amorphous
structures. This evolution is due to the decrease in particle
energy and a clearer presence of molecular species in plasma
which will inhibit the kinetic energy of the atomic species
thus reducing their arrival energy on the surface limiting
their movement. When analyzing he morphology of the

Height Sensor 200.0 nm

Fig.6 Diffraction patterns for various growth conditions (a) and a selective AFM image for the 1 Pa O, deposition conditions (b)
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film, we observe that all the deposited films were amorphous
with embedded nanoparticles. A representative AFM image
of Lu,05:Mo, Eu 5% film deposited at room temperature
in 1 Pa of O, is presented in Fig. 6(b). We note the pres-
ence of nanoparticles having on average 40 nm in diameter
embedded in the amorphous matrix. Since the XRD data
revealed diffraction peaks characterizing the cubic phase of
the Lu,O5:Eu it results that the peaks are given by the poly-
crystalline nanoparticles immersed in the amorphous matrix.

To further investigate the quality of the deposited films
we performed fluorescence spectroscopy measurements.
The emission spectra were excited at A =254 nm via the
charge transfer band from interaction between O*~ — Eu’*
[41-43). In Fig. 7 we presented the Eu>* emission spectra
for the Dy — "F, , , transition range for different deposi-
tion conditions. The magnetic dipole *D,— ’F, transition
is originating from Eu** in the C, (noncentrosymmetric)
and Sy (centrosymmetric) sites, while hypersensitive electric
dipole transition 5D0 —'F, is arising from Eu*" exclusively
in the C, site [42, 44].We can observe the most intense peak
at 611 nm characteristic for the cubic phase [44] attributed to
the °D,— 'F, transition. With the increase of the O, pressure
we notice an increase in the overall intensity and with more
peaks becoming dominant in the 605 — 640 nm range. To
highlight each contribution to the photoluminescence (PL)
spectra we performed a deconvolution of the 605 — 635 nm
range (Fig. 7b). We observed supplementary emission
peaks at 615 nm and 625 nm which could be attributed as
the contribution of Eu®* located in the B and C site of the
monoclinic phase as was presented in [40]. However, in our
present work, we do not find any evidence from monoclinic
phase by means of XRD analyses. Due to this fact, the shoul-
der at 615 nm and broad line at 625 nm are a consequence of
the luminescence of Eu** ion located on the surface of the
nanocrystals, which occupy the positions with lower symme-
try compare to the ions located in the center of cubic Lu203

(a) O9 pressure
LugO3:Eu 5%

°D,~'F, ——5Pa
——2.5Pa

—1Pa

1.0

0.8

0.6

Intensity (a.u.)

0.4+

0.2

OO T T T T T 1
580 590 600 610 620 630 640
Emission wavelength (nm)

nanocrystals as was demonstrated for similar Eu:Y,05[40].
Based on the results of optical emission spectroscopy we can
conclude that the transition from nanocrystalline films to a
complete amorphous thin film is aided by a high electron
density regime with enhanced molecular contributions and
a lower electron temperature. For the generation of cubic
structure nanoparticle, the plasma regime is dominated
by atomic emission with high electron temperatures and
reduced contribution from the molecular species.

4 Conclusion

The PLD process of Lu,05:Mo, Eu (1%, 3%, 5%) was inves-
tigated by in-situ optical emission spectroscopy. The inves-
tigations revealed the formation of a quasi-stoichiometric
cloud of particles containing elements from the irradi-
ated target. The spatial distribution of individual elements
revealed the plasma structuring in three substructures trave-
ling with different expansion velocities. The kinetic and the
thermal energy of the plasma were controlled by the Mo
doping of the target by increasing the ablation threshold and
by adding O, as a working gas. The role of O, was twofold:
for the reformation of the Lu,O; structure at the substrate
and to thermalize the plasma.

The formation of LuO molecule within the plasma plume
was seen through the spectral signatures of C*L* and A
(’1,,) with the addition of a minim1 Pa of O,, when the O,
medium becomes favorable for molecular structure forma-
tion during plasma expansion. The energy of the ejected par-
ticles was controlled through doping and O, pressure. The
effect of O, pressure over the plasma energy revealed a tran-
sition from an atomic dominated region towards a molecular
dominated one. The deposited films contain nanocrystalline
films with an amorphous matrix. The decrease in plasma
energy reduces the volume of nanocrystalline and results in

(b) —— LugO3:Eu 5% in 2.5 Pa Oy
1.0
5D0-7F2 transition
S 0.8 15t peak: 611 nm
E 15t peak: 615 nm
’é 0.6+ - qst peak: 624 nm
g 15t peak: 632 nm
= 044 AN Cumulativefit
0.2

605 610 615 620 625 630 635
Emission wavelength (nm)

Fig. 7 5D0—>7F0’1,2 emission spectra for Lu203:Eu 5% films generated for different O, pressures (a) and a peak deconvolution highlight for

Lu203:Mo, Eu 5% in 2.5 Pa of O, (b)
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amorphous films. The low level codoping with Mo does not
affect the outcome of the deposition with little to no changes
to the thin film in terms of structure or the luminescence
properties of the thin film. The change in the dynamical
regime of the plasma directly affects the morphology of the
films with the addition of O, the films becoming predomi-
nantly amorphous.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00340-021-07689-4.
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