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a b s t r a c t

The work was to investigate polymer nano-composite films with two inorganic additives: upconversion
fluorescent phosphor NaYF4:Yb3þ, Er3þ and aluminum doped ZnO (AZO). The films were deposited using
a new method of concurrent evaporation of the frozen solution of polymer poly(methyl methacrylate)
(PMMA) using the matrix assisted pulsed laser evaporation (MAPLE) and the ablation of the phosphor
and AZO targets using the pulsed laser deposition (PLD). 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. A new
target holder with remote control of the target tilt was designed to provide overlapping of the plumes
from the three targets and uniform mixing of the additives in the polymer film. The fabricated nano-
composite films were characterized using X-ray diffraction, scanning electron microscopy (SEM), and
the measurement of the quantum efficiency (QE) of the upconversion fluorescence. The films retained
the crystalline structure of the inorganic additives. The size of the nano-particles varied in the range 10
e200 nm. Upconversion QE of the films was an order of magnitude less than that of the bulk phosphor,
which can be explained by lesser number of the rare-earth ions in the nano-particles in the polymer film
than in the micro-grains of the bulk phosphor. The AZO additive increased QE by 1.6 times to
(0.072 ± 0.022) % more likely due to the plasmonic enhancement of the local optical infra-red pump
(980 nm) field. The proposed triple-beam triple-target MAPLE/PLD method can be potentially used for
making a wide variety of nano-composite films.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

There has been an explosive interest in the technique of laser
assisted deposition of polymer nano-composite films exploiting the
matrix assisted pulsed laser evaporation (MAPLE) with regard to
the polymer host as can be judged form the numerous recent
publications [1e40]. In MAPLE, a frozen solution of a polymer in a
wish).
relatively volatile solvent is used as a laser target. The solvent and
concentration are selected so that first, the polymer of interest can
dissolve to form a dilute, particulate free solution, second, the
majority of the laser energy is initially absorbed by the solvent
molecules and not by the solute molecules, and third, there is no
photochemical reaction between the solvent and the solute. The
light-material interaction in MAPLE can be described as a photo-
thermal process. The photon energy absorbed by the solvent is
converted to thermal energy that causes the polymer to be heated
but the solvent to vaporize. As the surface solvent molecules are
evaporated into the gas phase, polymer molecules are exposed at

mailto:adarwish@bellsouth.net
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2016.10.053&domain=pdf
www.sciencedirect.com/science/journal/13598368
www.elsevier.com/locate/compositesb
http://dx.doi.org/10.1016/j.compositesb.2016.10.053
http://dx.doi.org/10.1016/j.compositesb.2016.10.053
http://dx.doi.org/10.1016/j.compositesb.2016.10.053


Laser Beam 1

Laser Beam 2

Target 1
Target 2

Target Holder 1 Target Holder 2

Hinge 
3

Plume 1
Plume 2

Substrate

θ

A

LinkLinear 
Actuator 2

Base

Hinge 2

Controller

Wall of Vacuum
Chamber

Hinge 1

Linear 
Actuator 1

Fig. 1. Schematic of the target tilting sub-system of the new multi-beam multi-target
PLD/MAPLE systemwith remote control of the directions of the plumes. Shown are two
targets out of three. Q is the optimal angle between the plums when they overlap in
point A on the surface of the substrate.
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the gas-target matrix interface. The polymer molecules attain suf-
ficient kinetic energy through collective collisions with the evap-
orating solvent molecules, to be transferred into the gas phase. By
careful optimization of the MAPLE deposition conditions (laser
wavelength, repetition rate, solvent type, concentration, tempera-
ture, and background gas and gas pressure), this process can occur
without any significant polymer decomposition. The MAPLE pro-
cess proceeds layer-by-layer, depleting the target of solvent and
polymer in the same concentration as the starting matrix. When a
substrate is positioned directly in the path of the plume, a coating
starts to form from the evaporated polymer molecules, while the
volatile solvent molecules are evacuated by the pump from the
deposition chamber. 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.

Mixing the components of different nature, organic polymers
and inorganic dopants, in the same target at a certain proportion
and exposing them to the same laser beam not necessarily brings
good quality nano-composite films. The laser pulse energy and
wavelength cannot be optimized for each component individually.
Also, the mixing proportion in the composite film is dictated by the
initial proportion of the target and thus cannot be changed in the
process. These limitations were removed in the recently proposed
method of multi-beam and multi-target deposition (in its double-
beam/dual-target variation) using a MAPLE polymer target and
one inorganic target, each being concurrently exposed to laser
beams of different wavelengths [41e50]. Using the method, nano-
composite films of polymer poly(methyl methacrylate) known as
PMMA doped with a rare earth (RE) inorganic upconversion
phosphor compounds were prepared. Also, a nano-composite film
of thermoelectric film of inorganic aluminum-doped ZnO known as
AZO was impregnated with PMMA nano-fillers with the purpose of
improving electrical conductivity and thermoelectric performance
[46,50]. The polymer target was a frozen (to a temperature of liquid
nitrogen) PMMA solution in chlorobenzene exposed to a 1064-nm
laser beam from a Q-switched Nd:YAG pulsed laser. The inorganic
targets were the pellets made of the compressed micro-powders of
highly efficient RE-doped NaYF4 or the sintered powder of AZO
concurrently ablated with the conventional pulsed laser deposition
(PLD) process using the 532-nm frequency doubled beam from the
same laser. The major result was that both, the polymer and the
inorganic components could be transferred on a substrate during
the combinedMAPLE/PLD process in the form of a uniformly mixed
nano-composite film preserving the chemical/crystalline structure
of the components and with the desired new functional properties
(highly efficient upconversion emission or the improved thermo-
electric energy harvesting). The early work was limited to two laser
beams and two targets (polymer MAPLE and inorganic PLD). Also,
the target tilt (in order to provide overlapping of the plumes from
both targets on the substrate) was adjusted manually inside the
open vacuum chamber before the deposition process. Any correc-
tion of the plume directions in order to optimize the overlapping
required time consuming operations of opening the chamber fol-
lowed by degassing and reaching high vacuum. This paper presents
the results of the further improvements of the proposed method.
The number of the laser beams and the targets is increased to three:
one polymer MAPLE and two inorganic PLD targets. The MAPLE
target is the frozen solution of PMMA. The inorganic targets are
made of an upconversion phosphor and aluminum doped oxide
ZnO known as AZO. The targets are tilted remotely without opening
the chamber in such a way that the plum overlapping can be
optimized during the deposition process. The focus is on preserving
the chemical and crystalline structure of the components in the
resulting polymer nano-composite films with two inorganic addi-
tives and gaining the functionalities attributed to the additives and
their interaction with the polymer host and with each other.
2. Methods and materials

2.1. Triple-beam triple-target MAPLE/PLD system with remotely
controlled target tilting

The design of the proposed triple-beam triple-target deposition
system (for the sake of simplicity presented for two beams and two
targets) is shown in Fig. 1. Remotely controlled vacuum compatible
linear actuators tilt the targets in order to achieve an optimal angle
q between the plumes (which are perpendicular to the target sur-
faces) at which the plumes overlap on the surface of the substrate.
This secures the uniformmixing of thematerials form the targets in
the composite film during the deposition process. The images of the
tilt control sub-system for three targets are presented in Figs. 2 and
3. One important advantage of this sub-system as compared to the
previous double-beam PLD system [41e50] is that the target
holders are tilted around the axes in the horizontal plane instead of
vertical plane, which prevents from dropping or spilling the target
material.

One of the target holders of the above-mentioned triple-target
sub-system is designed to accommodate a MAPLE target cooled
with flowing liquid nitrogen (LN) as presented in Figs. 4 and 5. A
copper container (cup) for a polymer solution is mounted on a
copper container for LN (the cooler) that will be cooling the poly-
mer solution (the target) and keeping it frozen. The MAPLE target
assembly is connected to the LN feeding and collecting lines (cop-
per tubing) drawn through a flange to be attached to the vacuum
chamber. The feeding line is connected to the LN feeding vessel
external to the vacuum chamber. The collecting LN line is



Fig. 2. Photographs of the three-target tilt control sub-system: (a) top view; (b) bot-
tom view; (c) side view of the sub-system installed in the vacuum chamber.

Fig. 3. Photographs of the three-target sub-system: side close-up view of the sub-
system installed in the vacuum chamber (a); side view of the plumes emanating
from two targets (out of three) during the PLD process.
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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 (Figs. 2e3) installed
inside the vacuum chamber. Again, horizontal orientation of the
MAPLE target in the new design made possible to conveniently
install the empty copper cup in the chamber and fill it later with the
liquid polymer solution without the risk of spilling it out before
freezing.
Fig. 4. Photographs of the MAPLE cooling sub-system: (a) liquid nitrogen chamber
(left) and the polymer solution MAPLE cup (right); (b) the polymer solution MAPLE cup
sits on the top of the cooling liquid nitrogen chamber (bottom).
2.2. Upconversion phosphor target

The first inorganic PLD target was made by compressing a
powder of efficient upconversion phosphor NaYF4:Yb3þ, Er3þ with
a 25-ton hydraulic press. Detailed description of the synthesis of
the phosphor and its properties was provided in the previous
publications of the authors [41e49]. Frequency upconversion, or
just upconversion, phosphor is a material that absorbs low-
frequency (low photon energy) optical radiation, such as infra-red
(IR) and re-emits high frequency (high photon energy) radiation,
such as visible. The compounds containing the ions of the rare
earth (RE) elements, such as erbium, are particularly interesting
as upconversion phosphors, since they have demonstrated good
quantum efficiency (up to 5%). The upconversion efficiency
greatly depends on the host for the RE ions. Popular modern
highly efficient upconversion phosphors use hexagonal beta-phase
crystalline fluoride NaYF4 (b-NaYF4) as the host material due to the



Fig. 5. Photographs of the MAPLE cooling sub-system: (a) top/side view of the liquid
nitrogen cooled MAPLE target with accessories; (b) side view; (c) top-side view.
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Fig. 6. XRD spectra of the upconversion powder baked for one hour at 400 �C with the
diffraction peaks attributed to the hexagonal b-phase of NaYF4.
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low phonon energy of the crystal lattice that minimizes the non-
radiative multi-phonon relaxation process of the excited RE dop-
ants. The powder of phosphor NaYF4:Yb3þ, Er3þ with the doping
rates of Yb3þ and Er3þ 10% and 2% respectively (ten ytterbium ions
and two erbium ions per 100 ions of sodium), was synthesized
using thewetmethod [41] and baked for one hour at 400 �C in open
air to convert host NaYF4 in its hexagonal crystalline b-phase and
maximize the upconversion efficiency. The phosphor powder pro-
duced 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 infra-red (980 nm) radiation from a
laser diode [41,43]. Fig. 6 presents the X-ray diffraction spectrum of
the phosphor powder taken with Bruker D2 Phaser X-ray diffrac-
tometer. All the observed diffraction peaks can be attributed to b-
NaYF4 thus indicating that this is the dominating crystalline phase
of the powder.
2.3. AZO target

AZO compound has recently attracted attention as 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 [51e54]. It
can thus be expected that adding AZO nano-particles 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 nano-particles and consequently the in-
crease of the intensity of the upconversion emission. PLD target was
a pellet of Zn0.98Al 0.02Owhere the Aluminum fractionwas 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 played a dominant role in the densification
of the powder compact, which resulted in achieving near theoret-
ical density at a lower sintering temperature compared to con-
ventional sintering techniques. The heat generation is internal, in
contrast to the conventional hot pressing, where the heat is pro-
vided by external heating elements. This facilitated a very high
heating or cooling rate (up to 1000 K/min), hence the sintering
process was very fast (within a few minutes). The general 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 termmay be misleading since neither a spark nor a plasma is
present in the process. Fig. 7 presents the X-ray diffraction spec-
trum of the AZO target taken with Bruker D2 Phaser X-ray
diffractometer. All the observed diffraction peaks can be attributed
to ZnO.
2.4. Deposition procedure

A sample of the solution of poly(methyl methacrylate) known as
PMMA in chlorobenzene at a proportion of 1.0 g solids per 10 mL
liquids was poured in a copper cup of the MAPLE target assembly



Fig. 7. XRD spectra of the prepared AZO PLD target with the diffraction peaks attrib-
uted to ZnO.
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(Fig. 4) and frozen in liquid nitrogen. The second (PLD) target was
the pellet of the upconversion phosphor. The third (PLD) target was
the AZO pellet. Two pulsed laser sources were used. The first source
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
at the 1064-nm fundamental wavelength. and 400-mJ energy per
pulse at the 532-nm second harmonic. The second laser source
(synchronized with the first source) 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 at the 1064-nm fundamental
wavelength and 450-mJ energy per pulse at the 532-nm second
harmonic. The first (MAPLE) target was evaporated with the 1064-
nm laser beam from the first source and exposed to the fluence
ranging from 0.84 to 2.4 J/cm2 per pulse. The second (PLD) target
was concurrently ablated with the 532-nm frequency doubled
Nd:YAG beam from the same source. The fluence was tuned up
Fig. 8. XRD spectrum of the two-component composite film made of PMMA and the nanop
phase of NaYF4.
between 0.8 and 1.0 J/cm2 to keep the proportion of the upcon-
version material in the polymer film at approximately 5% by
weight. The third (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
approximately 5% by weight. The polymer films were deposited on
preoxidized Si (100) substracts (until the second target) with a SiO2
layer thickness of 2.0 mm. The deposition time was ~3.0 min (until
the second target) 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.
3. Results and discussion

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

In order to conduct X-ray diffraction spectroscopy, the films
were removed from the substrates and placed in the 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 Fig. 8. The spectrum has all the signatures of
the hexagonal b-phase NaYF4 that was initially present in the sec-
ond (PLD) target made of the upconversion phosphor. Since poly-
mer PMMA is an amorphous material, it did not produce any sharp,
high intensity X-ray diffraction peaks [55]. Accordingly, its contri-
bution to the X-ray diffraction pattern of the polymer nano-
composite could be neglected. Fig. 9 shows the X-ray diffraction
spectrum of the polymer-nanocomposite film including nano-
particles of both inorganic additives: the upconversion phosphor
and AZO. The observed spectral peaks include those that can be
attributed to both b-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.
articles of NaYF4: Yb3þ, Er3þ with the diffraction peaks attributed to the hexagonal b-



Fig. 9. XRD spectrum of the three-component composite film made of PMMA and the nanoparticles of NaYF4: Yb3þ, Er3þ and AZO.

Fig. 10. Scanning electron microscopy (SEM) image of the three-component composite
film made of PMMA and the nanoparticles of NaYF4: Yb3þ, Er3þ and AZO with
magnification �40000. White arrows point to exemplary nanoparticles of various sizes
embedded in the polymer matrix.

Fig. 11. Scanning electron microscopy (SEM) image of the three-component composite
film made of PMMA and the nanoparticles of NaYF4: Yb3þ, Er3þ and AZO with
magnification �60000. White arrows point to exemplary nanoparticles of various sizes
(from ~10 to 200 nm) embedded in the polymer matrix.
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3.2. Nano-composite structure

Figs. 10 and 11 present the photographs of the high-resolution
scanning electron images of the produced nano-composite film
with amagnification of�40K and�60K respectively. 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 between 10 and 200 nm. The nearly uniform distribution
of the nanoparticles in the polymer filmwas occasionally disrupted
by nano-particulate clusters of 500e1000 nm in size.
3.3. Fluorescence

The deposited nano-composite films demonstrated visible
upconversion fluorescence being pumped with a 980-nm IR radi-
ation. The spectrum of the upconversion emission resembled the
spectrum of the bulk upconversion phosphor with two green
spectral peaks at 515 and 535 nm and one red spectral peak at
653 nm in the agreement with the results reported earlier [41,43].
The upconversion fluorescence of the films was quantitatively
characterized by quantum efficiency (QE) h defined as the ratio of
the number of the photons of the short-wavelength upconversion
radiation generated per unit of time nup to the number of the
photons of the infra-red pump radiation npump [56]

h ¼ nup
npump

100% (1)

Fig. 12 presents the schematic of the experimental setup used to
estimate QE. The film specimen was illuminated with a collimated
beam from a fiber terminated 980-nm laser diode. The beam was
normal to the specimen. The total power of the pump beam Ppump tot
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upconversion emission from the prepared polymer nano-composite films containing
phosphor NaYF4: Yb3þ, Er3þ.

Table 1
Quantum efficiency of different upconversion emitters (at 515 and 535 nm com-
bined) used in the experiment.

No Specimen QE (%)

1 NaYF4: Yb3þ, Er3þ target 0.56 ± 0.12
2 PMMA þ NaYF4: Yb3þ, Er3þ nano-composite film 0.045 ± 0.013
3 PMMA þ NaYF4: Yb3þ, Er3þ þ AZO nano-composite film 0.072 ± 0.022
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was fixed at 150 mW. Upon striking the specimen the beam initi-
ated an upconversion emission. A Si power meter with the sensor
aperture diameter d ¼ 8 mm was placed at distance L ¼ 68 mm
from the specimen at angle q ~45� with respect to the normal. Both
the pump and the upconversion radiationwere scattered out by the
specimen within the hemisphere above its surface. Assuming that
the specimenwas a Lambertian emitter, one could determine what
fraction F of the total scattered radiation was propagating towards
the sensor of the power meter:

F ¼ Pscatt pump

Pscatt pump tot
¼ Pup

Pup tot
¼ DU cos q

p
¼ cos q

4

�
d
L

�2

� 1
4

ffiffiffi
2

p
�
d
L

�2

¼ 2:45� 10�3 (2)

where Pscatt pump tot is the power of the total pump radiation scat-
tered out in the hemisphere; Pscatt pump is the power of the scattered
pump IR radiation propagating towards the sensor aperture; Pup tot

is the total power of the upconversion radiation scattered in the
hemisphere; Pup is the power of the upconversion radiation prop-
agating towards the sensor aperture;DU¼¼(d/L)2 is the solid angle
formed by the sensor aperture within which the radiation (IR and
upconversion) scattered from the specimen propagated towards
the sensor. Since the power of the scattered pump radiation Pscatt
pump was many orders of magnitude greater than Pup, the power
meter measured mainly Pscatt pump and the contribution from Pup
could be neglected. In order to measure Pup a green color filter
(bandpass, 540 ± 20 nm) was placed in front of the sensing element
of the power meter to block the pump IR radiation. The trans-
mittance of the color filter for the pump radiation was
Tpump ¼ 3.8 � 10�4; transmittance for the upconversion radiation
(at 535 nm) was Tup ¼ 0.106. Power of the scattered pump radiation
Pscatt pump filter passing through the filter in the sensor could thus be
estimated as

Pscatt pump filter ¼ Pscatt pump Tpump (3)

Power of the combined pump and upconversion radiation
measured by the power meter with the color filter in front of its
sensor PPM flter was thus

PPM filter ¼ PupTup þ Pscatt pump filter (4)
Using Eq. (2) through (4) the total power of the upconversion
radiation Pup tot was estimated as

Pup tot ¼ PPM filter � Pscatt pump Tpump

FTup
(5)

Using Eq. (2) the pump power consumed for the generation of
upconversion radiation was estimated as

Ppump ¼ Ppump tot � Pscatt pump

F
(6)

The number of photons per unit of time n was related to the
power of radiation P as

n ¼ Pl
hc

(7)

where l was the wavelength; h was the Planck's constant; and c
was the speed of light in vacuum (3 � 108 m/s). Accordingly, the
number of pump and upconversion photons per unit of time related
to the respective powers could be expressed as

nup ¼ Pup totlup
hc

(8)

and

npump ¼ Ppumplpump

hc
(9)

Based on Eqs. (1), (8) and (9) QE was computed as

h ¼ Pup totlup
Ppump lpump

100% (10)

The values of the estimated quantum efficiencies of green (at
515 and 535-nm spectral peaks combined) upconversion of the
deposited polymer nano-composite films (with the phosphor only
and with the phosphor and the AZO additive) together with the
phosphor PLD target (as a reference) are presented in Table 1. The
measured QE of the bulk phosphor powder compressed in the PLD
target compared well against the highest 3% quantum yield re-
ported for similar upconversion phosphor NaYF4: Yb3þ, Er3þ in the
literature [56]. The QE of the polymer nano-composite film con-
taining only the nano-particles of the upconversion phosphor was
~12 times less than that of the reference. On the other side, the
nano-composite film deposited under similar conditions, but also
containing the AZO nano-particles, 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 upcon-
version emission is a two-photon process, QE could be increased
proportional to approximately the 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.

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



Fig. 13. Photograph of the tip of a single-mode fiber coated with a nano-composite
film of PMMA þ NaYF4: Yb3þ, Er3þ þ AZO pumped with a 980-nm laser diode (125-
mW power) illuminating white back side of a business card.
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nano-particles in the polymer host, could be related to the size
effect explained below. The molar mass of phosphor NaYF4: Yb3þ,
Er3þ was M ¼ 187.9 g/Mole. The mass density was rm ¼ 4.2 g/cm3

[57]. The molar density rM could be calculated as

rM ¼ rm
M

¼ 0:022
Mole
cm3 (11)

Sodium concentration NNa in the phosphor would be

NNa ¼ NArM ¼ 1:2� 1022
ion
cm3 (12)

where NA ¼ 6.02 � 1023 Mole�1 is the Avogadro number. Since the
doping rates of Ytterbium and Erbiumwere 10% and 2% respectively
(see above), their concentrations in the phosphor would be
NYb ¼ 0.1 rNa ¼ 1.2 � 1021 ion/cm3 and NEr ¼ 0.02 rNa ¼ 2.4 � 1020

ion/cm3. Assuming spherical shape of the nano-particles of the
upconversion phosphor (with volume V ¼ 1.33p(D/2)3, where D is
the diameter of the nano-particle), Table 2 presents the computed
number of the RE ions in the nanoparticles of different sizes. One
can see that the number of Ytterbium as well as Erbium ions in the
nano-particles of 1-nm diameter is less than one in average and
does not exceed several hundred in 10-nm nanoparticles. The
upconversion emission involved two types of RE ions with the Yb3þ

ion acting as a captor of the pump IR photons that later excited the
Er3þ ion through the energy transfer process involving two IR
photons, but not one. The upconversion emission thus relied on a
significant number of the RE ions involved e no less than thou-
sands. Accordingly, the nano-composite film including the nano-
particles of the upconversion phosphor of the size not exceeding
~200 nm should expectedly have upconversion QE less than that of
the bulk powder with significant presence of 1-mm and greater
particles. As Table 1 indicates, adding the nano-particles of AZO 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 appli-
cations for upconversion fiber illuminators, Fig. 13 presents the
photograph of the tip of a single-mode fiber coated using the
above-described MAPLE/PLD method with a nano-composite film
of PMMA þ NaYF4: Yb3þ, Er3þ þ 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 takenwith an iPhone 6 digital camera at dimmed room
light.

4. Conclusions

It has been demonstrated for the first time that the proposed
new triple-beam triple-target MAPLE/PLD deposition method
made possible to transfer an efficient upconversion RE inorganic
phosphor concurrently with AZO compound in nano-composite
polymer films preserving crystalline structure of the additives
and the upconversion emission properties. This is due to much
Table 2
Computed number of RE ions in the spherical nano-particles of the upconversion
phosphor of different diameter.

No Diameter of the spherical
nano-particle of the upconversion
phosphor in nm

Number of the rare earth
ions in the nano-particle

Yb3þ Er3þ

1 1 0.628 0.128
2 10 628 128
3 100 6.28 � 105 1.28 � 105

4 1000 6.28 � 108 1.28 � 108
better control of the deposition process of the materials of different
nature of three separate targets with three 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
nano-particles 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 the of AZO nano-particles. The proposed
method can be potentially used for fabrication of a wide variety of
nano-composite polymer-inorganic films for light emitters, chem-
ical sensors, and other applications.
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