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Abstract

New method of using laser ablation for film deposition that can be called as concurrent
multi-beam multi-target  matrix-assisted pulsed laser  evaporation and pulsed laser
deposition (MBMT-MAPLE/PLD) is described. Practical MBMT-MAPLE/PLD system
built at Dillard University has three separate laser beams, three targets and the remotely
controlled plume overlapping mechanism that  provides even mixing of  the target
materials during their deposition on the substrate. The system accommodates MAPLE
targets  in the form of  polymer solutions frozen with flowing liquid nitrogen.  The
feasibility of the method was demonstrated when it was used for making polymer nano-
composite  films  with  two  inorganic  additives:  upconversion  fluorescent  phosphor
NaYF4:Yb3+, Er3+ and aluminum-doped ZnO (AZO). Three laser beams, an infrared 1064-
nm beam for the MAPLE and two 532-nm beams for the PLD targets, were concurrently
used in the process. The fabricated nano-composite films were characterized using X-
ray diffraction, scanning electron microscopy (SEM), optical fluorescent spectroscopy,
and the measurement of the quantum efficiency (QE) of the upconversion fluorescence.
The size of the inorganic nanoparticles varied in the range 10–200 nm. The AZO additive
increased QE by 1.6 times.  The conclusion was made on the feasibility of  MBMT-
MAPLE/PLD method for making multi-component nano-composite films for various
applications.

Keywords: laser ablation, pulsed laser deposition, matrix-assisted pulsed laser evapo-
ration, polymer nano-composite films
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1. Introduction

Pulsed laser deposition (PLD) is a popular application of laser ablation for making thin films.
The technology in its variation of the matrix-assisted pulsed laser evaporation (MAPLE) has
become a potent way of making polymer and other organic coatings. The chapter will describe
a new method of making nano-composite films based on concurrent ablation/evaporation of
more than one organic MAPLE and inorganic PLD targets with several laser beams. The
advantage is an independent and optimized control of the deposition conditions for each
target.  The discussion will  include the design of  the multi-beam multi-target  deposition
system, examples of the deposited nano-composite films and their properties, the encountered
problems/solutions, and the future trends.

For the last three decades, PLD technique has been intensively used for deposition of many
kinds of oxides, nitrides, carbides, and metals and for fabrication of thin films including those
composed of superconductors, electro-optic BaTi03, piezoelectric ZnO, electro-conductive
TiO2, rare earth (RE) doped phosphate glasses, etc [1–14]. Those thin films had many deficien-
cies that had to be addressed before making them suitable for commercial applications. The
technique was used by Smith and Turner [2] in 1965 for the preparation of semiconductor and
dielectric thin films. They demonstrated the stoichiometry transfer between the target and the
deposited film and high deposition rates of about 0.1 nm per pulse. The occurrence of the
droplets of the target material on the substrate surface has been observed in [3]. Despite some
encouraging results for single-component films, the conventional single-beam single-target
PLD technique remains to be poorly suitable for composite films made of the materials of
different nature: one of the reasons that a single laser beam cannot be always suitable for a
wide spectrum of materials. Further improvement is a new variant of PLD called the concur-
rent multi-beam multi-target PLD that deposits different materials simultaneously with
different laser beams producing overlapping plumes. In case of polymer nano-composite films
at least one of the laser beams and the target must be suitable for the process of deposition of
the polymer host, such as MAPLE.

In MAPLE, a frozen solution of a polymer in a volatile solvent becomes a laser target [15–54].
The solvent and concentration of the solution are chosen in such a way that first, the polymer
dissolves completely and forms a dilute solution free of particulate; second, the main portion
of the laser energy is absorbed by the solvent and not by the solute; and third, no photochemical
reaction occurs between the solvent and the solute. The interaction between the laser radiation
and matter in MAPLE is a photothermal process. The energy of the laser beam absorbed by
the solvent is converted to thermal energy that heats the polymer but causes the solvent to
vaporize. As the solvent molecules escape into the gas phase, the polymer molecules gain
sufficient kinetic energy via collisions with the evaporating solvent molecules and enter the
gas phase as well. Selection of the optimal MAPLE conditions (laser energy and wavelength,
pulse repetition rate, type of solvent, concentration of the polymer solution, temperature, and
background gas and its pressure) can result in the deposition process with no significant
degradation of the polymer. The MAPLE deposition is carried on layer-by-layer, while the
concentration of the polymer solution in the ablated target remains constant. When a substrate
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is positioned directly in the path of the plume, a film starts forming from the evaporated
polymer molecules on a substrate placed in the path of the plume. At the same time, the volatile
solvent molecules are taken away from the chamber by the vacuum pump. In case of fabrication
of polymer nano-composites, MAPLE targets are usually prepared as nano-colloids of the
additives of interest in the initial polymer solutions. Combining the components of different
nature, such as polymers and inorganic substances, in the same target and ablating them with
the same laser beam rarely results in nano-composite films of fair quality. The laser beam
energy and wavelength cannot fit all components in the mixture. Also, the proportion of the
components in the film is dictated by the target and cannot be altered in the process. The
improvements can be expected in the method of concurrent multi-beam and multi-target
deposition using MAPLE polymer targets and inorganic PLD targets, each being concurrently
ablated by laser beams of different wavelengths [55–64]. The method can be called as multi-
beam multi-target MAPLE and PLD or with acronym MBMT-MAPLE/PLD that is described
below.

2. Methods and materials

2.1. Multi-beam multi-target MAPLE/PLD system

The design of the MBMT-MAPLE/PLD system (it is a three-beam and three-target variant) is
schematically presented in Figure 1. Three laser beams of different wavelength evaporate/
ablate concurrently three targets made of different materials (organic or inorganic). The laser
beams are forced to scan over the targets with oscillating (in X and Y directions) reflectors in
order to eliminate pre-mature target erosion and cracking due to laser-induced target ablation
in a single spot. The photograph of the 24″ vacuum chamber of the system at Dillard University
and one of three laser beam guides is presented in Figure 2.

Figure 1. The schematic of the MBMT-MAPLE/PLD system [60].
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Figure 2. View of the 24″ vacuum chamber of the three-beam MBMT-MAPLE/PLD system at Dillard University (a).
The side view of one of the laser beam guides including the holder for the laser beam scanner attached to the optical
window of the chamber (b) [60].

Figure 3. Schematic of the target tilting sub-system of the MBMT-MAPLE/PLD system with remote control of the direc-
tions of the plumes. Shown are two targets out of three. θ is the optimal angle between the plums at which they over-
lap in point A on the surface of the substrate.
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The MBMT-MAPLE/PLD system has a sub-system of the plume direction control schematically
presented (for two targets for the sake of simplicity) in Figure 3. Remotely controlled vacuum
compatible linear actuators tilt the targets in order to achieve an optimal angle θ between the
plumes (which are perpendicular to the target surfaces) at which the plumes overlap on the
surface of the substrate. This secures the uniform mixing of the materials from the targets in
the resulting composite film during the deposition process. The photographs of the tilt control
sub-system for three targets are presented in Figure 4. One important feature of this sub-system
is that the target holders are tilted around the axes in the horizontal plane instead of vertical
plane, which reduces chances of dropping or spilling the target material.

Figure 4. View of the three-target holder with remotely controlled tilt of each target (to achieve overlapping of the
plumes on the substrate) (a) and the view of the three-target holder installed inside the vacuum chamber (b).

The target holders of the triple-target sub-system are designed to accommodate MAPLE tar-
gets cooled with flowing liquid nitrogen (LN) as presented in Figure 5. A copper container
for a polymer solution (MAPLE target) is mounted on a copper container for LN (the cooler)
that cools the polymer solution (the target) and keeps it frozen. The MAPLE target assembly
is connected to the LN feeding and collecting lines (copper tubing) drawn through a flange
to be attached to the vacuum chamber. The feeding line is connected to the LN feeding ves-
sel external to the vacuum chamber. The collecting LN line is connected to another external
vessel where the LN flows in after passing through the cooler. The MAPLE target assembly
is mounted on the top of one of the tilting target holders (Figure 4) installed inside the vac-
uum chamber. Horizontal orientation of the MAPLE target in this design makes possible to
conveniently install the empty copper cup in the chamber and fill it later with the liquid pol-
ymer solution without the risk of spilling it out before freezing.
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Figure 5. View of the MAPLE target assembly removed from the vacuum chamber. The target is cooled with liquid
nitrogen (LN).

2.2. Target materials

The MBPT-MAPLE/PLD method was used to deposit thin films of a polymer nano-composite
film with two inorganic additives: upconversion phosphor and the electro-optic enhancer of
the upconversion emission.

2.2.1. MAPLE target

The MAPLE target material was the solution of poly(methyl methacrylate) known as PMMA
in chlorobenzene at a proportion of 1.0 g solids per 10 mL. The solution was filtered through
a 0.2-micron filter.

2.2.2. Inorganic PLD targets

2.2.2.1. Upconversion phosphor

The first inorganic PLD target was made by compressing a powder of efficient upconversion
phosphor NaYF4:Yb3+, Er3+ with a 25-ton hydraulic press. Upconversion phosphor is a material
that absorbs low-energy photons, such as infrared (IR) ones, and re-emits high-energy photons
of visible or ultra-violet light. The compounds of the rare earth (RE) elements are particularly
attractive as upconversion phosphors with high efficiency of converting IR radiation to
upconversion emission. The efficiency depends significantly on the host material for the RE
ions. There is a group of efficient upconversion phosphors based on the hexagonal crystalline
fluoride NaYF4 (β-NaYF4) as a host. This is due to the low phonon energy of its crystalline
lattice that keeps at minimum the rate of the non-radiative multi-phonon relaxation of the
excited RE dopant ions. The powder of phosphor NaYF4:Yb3+, Er3+ with the doping rates of
Yb3+ and Er3+ 10 and 2%, respectively (10 ytterbium ions and 2 erbium ions per 100 ions of
sodium), was synthesized using the wet method [55] and baked for 1 h at 400°C in open air to
convert host NaYF4 to its hexagonal crystalline β-phase and maximize the upconversion
efficiency. Figure 6 presents the energy diagram of the phosphor and Figure 7 its absorption/
fluorescence spectra [60]. The energy of the laser photons is mostly absorbed by the ions of
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Yb3+ acting as synthesizers and then transferred via the energy transfer process to the ions of
Er3+, which generated the upconversion, higher energy photons due to the two‐photon
mechanism. The phosphor powder produced intense visible upconversion emission with two
green spectral peaks at 515 and 535 nm and one red spectral peak at 653 nm being pumped
with infrared (980 nm) radiation from a laser diode as presented in Figure 7. Figure 8 presents
the X‐ray diffraction spectrum of the phosphor powder taken with Bruker D2 Phaser X‐ray
diffractometer. All the observed diffraction peaks can be attributed to β‐NaYF4, thus indicating
that this is the dominating crystalline phase of the powder.

Figure 6. Energy diagram of upconversion phosphor NaYF4: Yb3+, Er3+ [60].

Figure 7. Spectra of optical absorbance (dash‐dotted line) and upconversion fluorescence (solid line) of phosphor
NaYF4: Yb3+, Er3+ [60].
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Figure 8. XRD spectrum of the upconversion phosphor powder baked for 1 h at 400°C with the diffraction peaks
attributed to the hexagonal β-phase of NaYF4.

2.2.2.2. Electro-optic AZO compound

Aluminum-doped ZnO (AZO) compound is an optically transparent electric conductor with
the surface plasmon resonance (SPR) enhancement of local optical field similar to the noble
metals, but without significant optical losses attributed to them [65–68]. It can thus be expected
that adding AZO nanoparticles to the upconversion phosphor in a polymer nano-composite
film will bring the local enhancement of the pumping IR optical field in the vicinity of the
phosphor nanoparticles and consequently increase the intensity of the upconversion emission.
PLD target was a pellet of Zn0.98Al 0.02O where the aluminum fraction was 2% of the total by
weight as compared with zinc, not counting the oxygen. The AZO pellet had 20 mm in diameter
and 3 mm in thickness. The pellet was prepared by spark plasma sintering (SPS), also referred
to as pulsed electric current sintering (PECS). In SPS pulsed DC current passed through a
graphite die, as well as the AZO powder compact. Joule heating is the key mechanism in the
densification of the powder compact. The densification resulted in near theoretical density at
a lower sintering temperature than in conventional sintering. The heat is produced internally.
This differs from the regular hot pressing with the heat generated by external source. Due to
high heating/cooling rate (up to 1000 K/min) sintering was very fast (within few minutes). High
speed of the process ensured it densified the powder without coarsening, which accompanied
standard densification routes. While the term “spark plasma sintering” is commonly used, a
literal interpretation of the term may be misleading since neither a spark nor a plasma is present
in the process. Figure 9 presents the X-ray diffraction spectrum of the AZO target taken with
Bruker D2 Phaser X-ray diffractometer. All the observed diffraction peaks can be attributed
to ZnO.
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Figure 9. XRD spectrum of the prepared AZO PLD target with the diffraction peaks attributed to ZnO.

2.3. Deposition procedure

The PMMA solution in chlorobenzene was poured in a copper cup of the MAPLE target
assembly (Figure 5) and frozen with liquid nitrogen. The first PLD target was the pellet of the
upconversion phosphor. The AZO pellet was the second PLD target. Two pulsed laser sources
were used. The first was a Spectra Physics Quanta Ray Nd:YAG Q-switched Pro-250-50 laser
with a pulse repetition rate of 50 Hz, 750-mJ energy per pulse (1064-nm wavelength) and 400-
mJ energy per pulse at the 532-nm second harmonic. The second laser source (synchronized
with the first laser) was a Spectra Physics Quanta Ray Nd:YAG Q-switched Lab-170-10 laser
with a pulse repetition rate of 10 Hz, 850-mJ energy per pulse (1064-nm wavelength) and 450-
mJ energy per pulse at the 532-nm second harmonic. The MAPLE target was evaporated with
the 1064-nm beam from the first laser source and exposed to the fluence ranging from 0.84 to
2.4 J/cm2 per pulse. The first PLD target was concurrently ablated with the 532-nm frequency
doubled Nd:YAG beam from the same source. The fluence was tuned up between 0.8 and 1.0
J/cm2 to keep the proportion of the upconversion material in the polymer film at approximately
5% by weight. The second PLD target was concurrently ablated with the 532-nm frequency
doubled Nd:YAG beam from the second source. The fluence was tuned up between 1.0 and
2.2 J/cm2 to keep the proportion of the upconversion material in the polymer film at approxi-
mately 5% by weight. The polymer films were deposited on preoxidized Si (100) substrates
with a SiO2 layer thickness of 2.0 μm. The deposition time was ∼3.0 min (until PLD targets
started showing the signs of erosion). The thickness of the deposited films was between 180
and 200 nm as measured with an atomic force microscope.
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3. Properties of the deposited films

3.1. Crystalline structure of the inorganic additives in the polymer nano-composite film

In order to conduct X-ray diffraction spectroscopy, the deposited films were separated from
the substrates and placed in a Bruker D2 Phaser X-ray diffractometer. A reference sample of
the PMMA nano-composite film containing only one upconversion phosphor additive was
also made. The X-ray diffraction spectrum of this sample is presented in Figure 10. The
spectrum has all the signatures of the hexagonal β-phase NaYF4 that was initially present in
the first PLD target made of the upconversion phosphor. Figure 11 shows the X-ray diffraction
spectrum of the polymer nano-composite film including nanoparticles of both inorganic
additives: the upconversion phosphor and AZO. The observed spectral peaks include those
that can be attributed to both β-phase NaYF4 and AZO. It thus can be concluded that the two
inorganic additives have been transferred to the polymer film without modification of their
crystalline structure during the PLD process.

Figure 10. XRD spectrum of the two-component composite film made of PMMA and the nanoparticles of NaYF4: Yb3+,
Er3+ with the diffraction peaks attributed to the hexagonal β-phase of NaYF4.

Figure 11. XRD spectrum of the three-component composite film made of PMMA and the nanoparticles of NaYF4: Yb3+,
Er3+and AZO.
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3.2. Morphology

Figure 12 presents the high-resolution scanning electron microscope (SEM) image of the
produced nano-composite film with a magnification of ×60 K. For the sake of convenience, the
images of some exemplary nanoparticles are marked with arrows. The size of the nanoparticles
varied widely in the range of the order of 10–200 nm. The nearly uniform distribution of the
nanoparticles in the polymer film was occasionally disrupted by much larger particles or
clusters (limited resolution of SEM prohibited distinguishing between large particles and the
clusters of nanoparticles) of the order of 500–1000 nm.

Figure 12. Scanning electron microscopy (SEM) image of the three-component composite film made of PMMA and the
nanoparticles of NaYF4: Yb3+, Er3+and AZO taken with magnification ×60,000. White arrows point to exemplary nano-
particles of various sizes (from ∼10 to 200 nm) embedded in the polymer matrix.

3.3. Fluorescence

The deposited nano-composite films demonstrated visible upconversion fluorescence being
pumped with a 980-nm IR radiation from a laser diode (PL980P330J from Thorlabs; 330-mW
maximum power; quantum well laser chip, pigtailed with a wavelength stabilizing fiber Bragg
grating). The spectrum of the upconversion emission was measured with a Princeton Instru-
ments 500-mm focal-length Spectra Pro (SP–2500i) imaging spectrometer/monochromator
equipped with 1200 gr/mm (blazed at 500 nm) holographic diffraction grating. The spectrum
presented in Figure 13 had peaks at 522, 540, and 656 nm and resembled the spectrum of the
bulk phosphor target (Figure 7).

The upconversion fluorescence of the films was quantitatively characterized by the quantum
efficiency (QE) η. QE is the ratio of the number of the photons of the upconversion radiation
generated per unit of time nup to the number of the photons of the infrared pump radiation
η = (nup/npump) × 100% [69]. The quantum efficiencies of green (at 522- and 540-nm spectral
peaks combined) upconversion emission of the deposited three-component films (PMMA-
phosphor-AZO), two-component films (PMMA-phosphor), and the bulk phosphor target
were measured to be of 0.072, 0.045, and 0.56% respectively. QE of the bulk phosphor PLD
target compared well against the highest 3% quantum efficiency reported for similar
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upconversion phosphor NaYF4: Yb3+, Er3+ in the literature [69]. QE of the polymer nano-
composite film containing only the nanoparticles of the upconversion phosphor was ∼12
times less than that of the bulk phosphor. On the other side, the nano-composite film
deposited under similar conditions, but also containing AZO nanoparticles, had QE ∼1.6
times greater. This could be attributed to the plasmonic enhancement effect of the AZO
nanoparticles on the local optical pump IR field. Since the upconversion emission is a two-
photon process, QE could be increased proportional to approximately square of the pump
power. In this experiment, the maximum pump power was limited to 150 mW, less than the
damage threshold of the nano-composite film.

Figure 13. Spectrum of upconversion emission of the PMMA nano-composite film with NaYF4: Yb3+, Er3+ and AZO ad-
ditives excited with a 980-nm laser diode.

The reason for the nano-composite film having an order of magnitude weaker upconversion
fluorescence than that of the bulk phosphor powder, besides a limited concentration of the
phosphor nanoparticles in the polymer host, could be related to the size effect. Based on the
doping rate of the RE ions in the phosphor (see Sub-Section 2.2.2.1) and the computational
approach in [70], the average number of the Er3+ and Yb3+ ions in the particles of an average
diameter of 10 nm could be estimated as 128 and 628, respectively. The particles of 100-nm and
1-μm diameter would contain 103 and 106 times more RE ions. The upconversion emission
involved two types of RE ions with the Yb3+ ion acting as a captor of the pump IR photons that
later excited the Er3+ ion through the energy transfer process involving two IR photons, but
not one. The more the RE ions contained in a phosphor particle, the stronger the upconversion
emission would be. Accordingly, the nano-composite film including the nanoparticles of the
upconversion phosphor of the size not exceeding ∼200 nm should expectedly have upcon-
version QE less than that of the bulk powder with significant presence of 1-μm and greater
particles. Adding the nanoparticles of AZO compound to the polymer nano-composite film
helped to partially compensate the drop of upconversion QE due to the plasmon enhancement
of the local pump IR optical field. As an illustration of possible applications for upconversion
fiber illuminators, Figure 14 presents the photograph of the tip of a single-mode fiber coated
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using the above-described MAPLE/PLD method with a nano-composite film of PMMA +
NaYF4: Yb3+, Er3+ + AZO pumped with a 980-nm laser diode (125-mW power). The tip of the
fiber illuminated the white back side of a business card with visible upconversion light. The
picture was taken with an iPhone 6 digital camera at dimmed room light.

Figure 14. Photograph of the tip of a single-mode fiber coated with a nano-composite film of PMMA + NaYF4: Yb3+, Er3+

+ AZO pumped with a 980-nm laser diode (125-mW power) illuminating white back side of a business card.

4. Conclusions

The multi-beam multi-target MAPLE/PLD method as a new variation of the film deposition
via laser ablation makes possible to transfer concurrently several inorganic additives, such as
an efficient upconversion RE inorganic phosphor and AZO compound, in nano-composite
polymer films preserving crystalline structure of the additives and the upconversion emission
properties. This is due to much better control of the deposition process of the materials of
different nature from separate targets with different laser beams. The basic components of the
new triple-beam triple-target MAPLE/PLD apparatus and the major process steps have been
designed, built, and tested. The preliminary results indicated that adding AZO nanoparticles
improved by a factor of 1.6 the upconversion quantum efficiency of the upconversion emission
from the films possibly due to the plasmon enhancement of the local optical pump IR field in
the vicinity of AZO nano-particles. The MBMT-MAPLE/PLD technique can find its applica-
tions in fabrication of multi-component polymer-inorganic composites with functionalities
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spanning emitting light, sensing bio- and chemical agents, energy harvesting, and other
applications.
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