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Near-infrared (NIR) emitting phosphors are currently receiving considerable attention owing to their
high demand in various applications, such as light detection and ranging (LiDAR), short-range
communications, security, biosensing and night vision lighting applications. The miniaturization of
photonic components demands the integration of thin films into exploitable devices. In this context, NIR
emitting ZnAlLbO4:Ce/Nd films of hundreds of nanometer thickness are synthesized using a scalable and
cost-efficient approach to screen printing. Cerium co-doping is responsible for the Nd emission in the
NIR through energy transfer by exciting the films under UV excitation at around 360 nm. Through the
proper design of ink, dense Nd/Ce doped ZnAl,O4 ceramic films were produced using polycrystalline
alumina. The use of polycrystalline alumina substrates opens up new opportunities because this ceramic
is a cheap and well-known substrate for optoelectronic packaging. During manufacturing, as a direct
effect of predominant crystal growth over the polycrystalline alumina substrate, an increase in emission
intensity is achieved. The results obtained by X-ray photoelectron (XPS) and X-ray absorption near edge
spectroscopy (XANES) serve to determine the oxidation state of Ce. The findings of this study indicate
that a higher concentration of Ce** promotes NIR emission. This study may contribute to a better
understanding of film production processes of films based on the ZnAlL,O, matrix and guide future
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Introduction

Near infrared (NIR) luminescent materials have emerged as
promising candidates in many applications nowadays owing to
their wide potential range in solar cells, photonic devices, light
sources, opto-electronics and bio-imaging' ™ To date, most NIR
luminescent materials have been produced in the form of
particles, ranging from micro to nano sizes. Recently, the
number of research works on nanoscale materials has signifi-
cantly increased because of their use as fluorescent probes for
biological imaging. However, there is also a strong demand for
NIR-emitting materials in the form of thin film.® NIR-emitting
particles can be embedded into a matrix of synthesized films;
however, this strategy usually implies a multi-step process and/

“ Department of Mechanical and Industrial Engineering, Tallinn University of
Technology, Ehitajate 5, 19180 Tallinn, Estonia. E-mail: rocio.rojas@taltech.ee

b Electroceramic Department, Instituto de Ceramica y Vidrio, CSIC, Kelsen 5, 28049,
Madrid, Spain

¢ Department of Material and Environmental Technology, Tallinn University of
Technology, Ehitajate 5, 19180 Tallinn, Estonia

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3¢cp02005c¢

This journal is © the Owner Societies 2023

or encapsulation techniques in which the scattering phenom-
enon and non-homogeneity reduce the luminescence response.
To solve the issues, magnetron sputtering, pulsed electron
deposition, pulsed laser deposition and atomic layer deposition
are used as the deposition techniques for producing lumines-
cent films.”® However, these strategies require expensive and
complex systems. Recently, an intensive research effort has
been directed towards the development of cost-efficient and
high-performance printed films through direct approaches.

Using aerosol-jet printing and inkjet printing, relatively high
accuracy can be achieved.'® However, if high scalability is the goal,
the films can be produced with cost-effective technology, such as
screen printing,"* which has already been employed in various
fields, such as clothing, product labels, printed electronics, and
solar cells,'* to prepare continuous films or patterns."* Moreover,
luminescence films can be deposited on both rigid and flexible
substrates, opening up new application fields.'*'* Usually, screen-
printing is implemented to produce films of micrometer thick-
ness; some studies have demonstrated the possibility of deposi-
tion of submicron films by tuning the printing pastes.'® However,
the study of an economical way to fabricate NIR luminescent films
by screen printing is far from complete.
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From a fundamental viewpoint, one of the possible effective
NIR emitters in the form of films is luminescent materials
based on aluminates, in particular zinc aluminate films doped
with Nd and Ce. Moreover, efforts have recently focused on
controlling the composition and growth of the spinel because
of the formation of secondary phases. Zinc aluminate films are
synthesized using a photochemical route by representing
ZnAl,0, as the main phase and ZnO as the secondary phase
after annealing at 1100 °C."” Annealed at 1100 °C, green-
emitting ZnAl,0,:Mn** phosphor thin films are deposited by
a sol-gel spin coating route. The procedure allows film thick-
ness modulation from 165 to 850 nm through the variation of
the number of coating layers; the achieved emission intensity
has demonstrated a strong dependency on the annealing
temperature and film thickness.'® Moreover, interconnected
microstructural ZnAl,O, films are also obtained by applying the
sol-gel method, where the topography of ZnAl,0O, films can be
varied by adjusting the heating rate."

The formation of ZnO/ZnAl,0, nanocomposite thin films is
evaluated by Ultrasonic Spray Pyrolysis on Glass and Si(111)
substrates, demonstrating that Zn/Al molar ratios affect the
final composition through the formation of various poly-
morphs within the Zn,Si0,~Zn0O-ZnAl,0, system.?® In addi-
tion, DC/RF magnetron sputtering technique is used to deposit
ZnAl,O, films by applying the power of 80 watts up to 140 watts
(step size 20 watts) to the aluminum (Al) source and tuning the
formation of ZnAl,0,.>" The catalytic activity is revealed and
attributed to the presence of the spinel ZnAl,0, phase when the
ALD deposition of ZnO on y-Al,O; is addressed.**

In this study, Ce and Nd are chosen as dopants to produce
luminescent films based on zinc aluminate because Ce and
Nd are considered promising candidates to promote emission
by adding cerium. Specifically, as a potential sensitizer, cerium
is incorporated into different hosts.*® Other strategies, such
as the introduction of alkali metal ions, can also considerably
promote luminescence performance.”® Our recent study
demonstrates that the ZnAl,O, is a suitable matrix for both
dopants.”® However, the host ZnAl,O,, which is known as a
catalytic material, is transparent conductive oxide and sintering
additive.?*° Visible emission is observed for the undoped
material;*** recently, deep-ultraviolet emission has been
reported for Rare-Earth-Free ZnAl,0, nanofibers,> which
indicates the potential of this host matrix.

By employing a squeegee, a paste and a screen, a film is
prepared on a flat substrate using the screen printing method.
The formulation of the paste is crucial, together with the
drying and annealing processes, to densify the film. The
removal of organics during the drying process can result in a
high porosity of the film, which hinders the necking and
growth of the grains. The ink, also called a paste, mainly
comprises 4 components: ceramic loading, solvent, binder
and dispersant. The ratio between components affects the ink
rheology and, consequently, the quality of the end product.
Previously, we demonstrated the fabrication of films based on
SrAl,04:Eu”*,Dy*" using a screen printing method assisted by a
molten salt flux.*® In this study, the eutectic molten salt

15830 | Phys. Chem. Chem. Phys., 2023, 25, 15829-15838

View Article Online

PCCP

mixture (NaCl-KCl) is employed to develop ZnAl,0, sub-
micrometer films over polycrystalline alumina. The densifica-
tion, homogeneity and phase formation are enhanced by the
molten salt added, which acts as a liquid phase boosting the
rearrangement and dissolution of inorganic loading and
the solubility of the substrate, which is exploited as a raw
material to form the phase based on zinc aluminate. The
molten salt volatilizes after the sintering process, accomplish-
ing the objective of incorporation.

The aim of this study is threefold: (i) to optimize the ink
formulation in the presence or absence of molten salt flux and
to estimate different ratios of Zn in promoting the formation of
the ZnAl,0, phase; (ii) to elaborate a procedure for the deposi-
tion of inks onto polycrystalline alumina-based substrates, and
(iii) to evaluate the effect of dopants (Ce and Nd) on the
luminescence response of the film.

In our previous paper,’® we demonstrated that luminescent
(hko)-textured ZnAl,0,:Nd,Ce sub-micron films over sapphire
substrates can be successfully obtained. To further exploit the
potential of the proposed screen-printing technique and obtain
better properties using more versatile substrates, polycrystal-
line alumina substrates are employed. Considering that the
proposed route should be applied to substrates with different
reactivities, different ink formulations were detailed, and the
effect of the Ce oxidation state on the luminescent response of
the film has been thoroughly studied.

The results indicate that an adequate compositional engi-
neering strategy plays a fundamental role in the fabrication of
homogeneous ZnAl,O,-based films with high optical perfor-
mance. Precise control of the phase crystallinity of the films is a
mandatory requirement for obtaining a highly efficient end
product.

Experimental section
Film preparation

ZnAl,0, films were prepared using a screen printing technique
assisted by a molten salt flux. Prior to deposition, ultrasonic
cleaning of the substrate surface in ethanol (polycrystalline
Al,03, 10 x 25 x 1 mm) and substrate drying in a stream of air
were carried out. The screen printing ink was prepared by
mixing 60 wt% of the inorganic vehicle of precursors with
particles from 1 pm to 7 pm and 40 wt% of the organic vehicle
composed of a-terpineol solvent, 2-(2-butoxyethoxy) ethyl acet-
ate plasticizer and DuPont™ 8250 thinner according to pre-
viously reported procedure.*

To homogenize the ink, both organic and inorganic compo-
nents were loaded into 250 mL zirconia jars with zirconia balls
and homogenized by a planetary ball milling (Model YKM-1).
The milling process was performed at a rotation speed of
250 rpm for 8 hours. The chloride salt mixture composed of
NaCl and KCl was homogenized before, including all the other
inorganic components, such as ZnO (Symrise GmbH), CeO,
(Evonik Degussa) and Nd,O; (Metall Rare Earth Limited,
99.5%). The mol ratio of Nd was fixed to x = 0.02, and the Ce
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was varied between 0.02 < x < 0. 06. Owing to the initial high
viscosity of the ink, a suitable processing method is required to
sufficiently disperse the agglomerates and aggregates into the
primary particles. Therefore, three-roll milling was used for the
dispersion, exploiting the internal shear and impact forces
generated from the movement of the three rollers (employing
a roller’s gap of 15 um and a rotation speed of 20 rpm) to break
down agglomerates and aggregates.

Thereafter, the ink was deposited by screen-printing (DEK 65
screen-printing machine with a polyester 325 mesh) with a
snap-off distance of 0.5 mm. The deposited ink layer was dried
in an oven using a multi-step process at 150, 195, 270, 386 and
425 °C to remove the organic carrier, maintaining a slow
heating rate of 0.5 °C min~". Subsequently, the thermal treat-
ment was conducted at 1200 °C in the air for 2 h. This
temperature was selected to ensure the complete removal of
the eutectic salt used as flux according to the previous proce-
dure developed by the authors.?”

Structural and microstructural characterization

X-ray diffraction analysis was carried out using a Cu-Ka radia-
tion source at 40 kV in (6/20) Bragg-Brentano geometry (Rigaku
SmartLab SE). Scanning electron microscopy (SEM) character-
ization was performed by employing an FE-SEM Zeiss ULTRA-
55, Germany. The surfaces of the films and their profiles were
analyzed to determine the thickness. A 3D optical profilometer
Bruker ContourGT-K0+ was employed to determine the rough-
ness of the alumina substrates and ZnAl,O, films. Crystallite
sizes were calculated using the Scherrer equation as follows:

K2
D= Feoso @)
where D is the crystallite size (nm), k is a constant, in our case
0.9, / is the wavelength of the X-ray radiation, B is the full width
at half maximum of the diffraction peak and 6 is the Bragg’s or
diffraction angle.

X-ray absorption near-edge structure spectroscopy (XANES)
measurements were performed at the ALBA synchrotron facility
in the CLAESS beamline. The data collection of the Ce L;-edge
was done in fluorescence mode at room temperature, in
which the signal was acquired with a 6-channel silicon drift
detector (SDD) Xspress3 from a Quantum Detector. Multiple
spectra were acquired for each film, and the average for each
of them was obtained by employing the Athena software.*® X-
ray photoelectron spectroscopy (XPS) analysis was performed
using a Kratos Analytical Axis Ultra DLD spectrometer.
The device has the following monochromatic X-ray sources: Al
Ko and an achromatic Mg Ka/Al Ko dual anode. The films were
placed on a stainless-steel sample bar, and the XPS spectra
were acquired at a take-off angle of 90° from the surface.
Kratos Vision 2.2.10 software was employed to determine
the relative atomic concentrations of the elements using
Shirley background subtraction to calculate the relative atomic
concentrations.
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Optical characterization

Photoluminescence measurements in the visible range were
carried out at room temperature using a Fluorolog-3, HORIBA
Jobin Yvon system equipped with a xenon lamp, where the
samples were excited at 359 and 740 nm. The excitation
spectrum was acquired by fixing the emission at 1060 nm.

Results and discussion
Effect of zinc oxide content on ink formulation

To manufacture homogeneous ZnAl,0,-based films, it is neces-
sary to understand the reaction mechanisms of raw materials
with the substrate. To achieve this aim, three concentrations of
ZnO in the ink were evaluated to ensure an adequate reaction to
form the ZnAl,0, phase. Fig. 1 displays the XRD patterns of
films heat treated at 1200 °C, which were taken from three inks
containing different amounts of zinc oxide, designated as
1Zn:1Al, 0.5Zn:1Al and 0.25Zn:1Al. The PDF standard pat-
terns of ZnO, ZnAl,0, and Al,O; provided by the Joint Com-
mittee on Powder Diffraction Standards (Powder Diffraction
File (PDF)) corresponding to the cards PDF: 04-003-2106, PDF:
00-010-0173 and PDF: 01-074-1138 are shown in the bottom of
Fig. 1. The XRD reflections are marked with a black circle
symbol “O”, red square symbol “C0” and blue diamond
symbol “0”, corresponding to the allowed Bragg reflections

20 25 30 35 40 45 50 55 60 65 70

o 0.25Zn : 1Al
a [m]
o 0 |
|
B 2N S P Lo of AT
a 0.5Zn: 1Al o
) o
=
c o o o o
(o) a
> Lod 6905 <0 oF0 o
-(EU o o 1Zn : 1Al
> K o OD
BT 0 e 6% T & on?77
c
[0}
—
£

ZnO -PDF:04-003-2106

T ZnAl,0,-PDF:01-074-1038
T o o ? ? ? &

Q ? 9

L

55 60 65 70

(\QO

AlL,O,-PDF:00-010-0173

I I T

T T T ? T H T T
20 25 30 35 40 45 50

20

Fig. 1 Effect of zinc oxide content on the ink formulation: XRD of films

synthesized at 1200 °C by including three contents of zinc oxide, such as

1Zn: 1AL, 0.5Zn: 1Aland 0.25Zn: 1Al. Red, blue and black symbols indicated

the presence of diffraction peaks for Al,Oz, ZnAl,O4 and ZnO, respectively.

Each standard pattern of the raw materials, ZnO (PDF: 04-003-2106), the

Alb,Os (PDF: 00-010-0173) and the ZnAl,O, (PDF: 01-074-1138) are

included below the XRD of the films.
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for ZnO, and Al,O; and ZnAl,0,, respectively. It is noteworthy
that the diffraction patterns are free from the components of
the molten salt used, indicating the effective thermal removal
of the flux. A rich formulation of zinc oxide (1Zn:1Al) mainly
yields the formation of ZnO with the insignificant formation of
ZnAl,0,. ZnO is still present in the formulation with a reduced
content of zinc oxide (0.5Zn:1Al). Further reduction of ZnO
(0.25Zn: 1Al) resulted in the development of only ZnAl,O, as
the main phase. For all three diffraction patterns presented, the
contribution of the substrate is revealed. The experimental
values of ZnAl,O, unit-cell parameters for the films were
calculated to be a = 8.0905 (25) A and Vol = 528.89 A%, a =
8.0902 (13) A and Vol = 529.59 A® and a = 8.0902 (25) A and Vol =
529.52 A® for the films designated, such as 0.25Zn: 1Al, 0.5Zn:
1Al and 1Zn: 1Al, respectively. The lattice parameter a and the
volume V were unaffected by the incorporation of excess ZnO.
Therefore, a Zn:Al ratio of 0.25Zn:Al in the ink may be
considered optimal, allowing the production of ZnAl,0, as a
single phase with cubic symmetry. To gain deeper insights into
the extent of spinel inversion, we conducted Rietveld refine-
ment, as depicted in Fig. S1 (ESIt). Through meticulous refine-
ment of site occupation fractions, we determined a remarkably
low spinel inversion degree of 0.082 for the ZnAl,O, film
synthesized with a Zn:Al ratio of 0.25. This finding attests to
the exceptional crystalline structure of the film, which exhibits
minimal perturbations in the occupation of crystallographic
sites. The molten salt system provides a fast process for the
dissolution-precipitation of Zn>* cations. However, the diffu-
sion of such cations through the Al,O; crystal lattice is the
kinetic limiting factor for the formation of the zinc aluminate
structure. Thus, unreacted ZnO remains in films with ratios of
1Zn:1Al and 0.5Zn: 1Al

View Article Online
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The relationships between microstructure and the Zn:Al
ratio in the films were studied by FE-SEM, as shown in Fig. 2a-j.
Fig. 2a and b presents low and high magnification SEM images
of the surface-view microstructure of the polycrystalline alu-
mina substrate. The substrate surface was polished to mean
surface roughness (R,) of 0.043 um. SEM micrographs of film
surfaces of different ZnO ratios are shown in Fig. 2c, d and g-i.

The top surfaces of the films with 1Zn:1Al (Fig. 2c) and
0.5Zn: 1Al (Fig. 2d) ratios exhibit an inhomogeneous layer with
small particles loosely arranged on the substrate. Two areas are
distinguished in the top-surface view of both films, and areas
marked with numbers 1 and 3 appear to be more homogeneous
without unreacted particles on the top. However, the areas
marked as 2 and 4 on panels ¢ and d depicted in Fig. 2 mainly
comprise particles that do not react with the substrate. From
the EDS analysis (Fig. 2e and f) of both areas, it is confirmed
that the EDS spectrum in the point of interest 1 and 3 detects
Zn, Al and O related to ZnAl,O, formation. However, the EDS
spectra in points of interest 2 and 4 show mainly Zn and O;
these results are correlated with the XRD, which confirmed the
formation of ZnO. The top-surface and cross-section view of the
film with the optimized ratio of ZnO (0.25Zn: 1Al) that yields
the ZnAl,O, film formation is shown in Fig. 2h-i. The higher
magnification SEM micrograph shows a sufficient degree of
recrystallization as the solubility limit is surpassed. When
equilibrium is reached, the initial faceting of the surface is
detected. Consequently, certain faceted shapes are visible on
the surface. The surface roughness increases compared with
the roughness of the alumina substrate to R, = 0.13 um. This
value can represent a smooth surface considering that an
unpolished alumina substrate has a mean roughness of 0.75-
0.9 um.*® Surface texturing can likely be achieved by controlling

1B

2

34 s 0 2 3
Energy (keV)

distance (um)

Fig. 2 Microstructure characterization of the films, including three contents of zinc oxide: (a and b) surface-view obtained by FE-SEM of the
polycrystalline Al,O3 substrate polished. Scale bars, 10 um and 2 pm, respectively. (c and d), FE-SEM images of the surface of the films deposited
with various concentrations of ZnO, 1Zn: 1Al (panel ¢) and 0.5Zn : 1Al (panel d). Scale bars, 20 um, respectively. (d—f) EDS analysis of the surface views in c
and e. (g and h), FE-SEM images of the surface of the film deposited with a concentration of ZnO corresponding to 0.25Zn: 1Al. Scale bars, 20 um and
1 um, respectively. (i) Cross-sections of the film based on zinc aluminate obtained using the 0.25Zn: 1Al ink formulation. Scale bar: 1 micron. (j) EDS

line-scan analysis of the cross-section in i.
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crystallization and the diffusion-dissolution mechanism of
ZnAl,0, formation. The homogeneous and free of cracks sur-
face is a consequence of both the optimized screen printing
process and the molten salt-assisted reactive sintering. Ade-
quate rheology of the ink is responsible for the production of
the crack free green films under controlled drying up to 425 °C
for the elimination of organic components. The SEM micro-
graph (Fig. 2i) of the cross-section depicts a uniform and dense
thin film with ~600 nm in thickness. The EDS line (Fig. 2j)
scan profile detects zinc oxide at depths up to 600 nms from the
surface; at a larger depth, the EDS detector distinguishes only
Al and O related to the Al,O; substrate. Thus, for the 0.25Zn:
1Al ratio, the proposed methodology results in homogeneous
films with suitable control over the chemical composition,
providing information about the formation of a ZnAl,0, phase.
The molten salt contributes to the reactive sintering mecha-
nism by dissolving the Zn>" cations and diffusing them into the
alumina substrate. The surface tension of the eutectic liquid
results in the development of a continuous film during melting
that allows for the spinel reaction on all substrate surfaces. This
process begins when the heating temperature exceeds the
eutectic temperature of the molten salt. With an increase in
the heating temperature, the components of the salt melt
evaporate; at the selected temperature of 1200 °C, the flux is

a =
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removed, and reaction sintering is completed. The presence of
ZnO in films with higher concentrations, such as 1Zn: 1Al and
0.5Zn:1Al, indicates that there is a limited amount of Zn*
cations diffusing into the alumina substrate owing to its crystal
lattice packaging. It is worth mentioning here that, for the first
time, dense ZnAl,0, submicrometric films are obtained by
applying the cost-efficient screen-printing process proposed
in this study. Consequently, the optimized ratio of Zn:Al
employed in the ink is fixed at 0.25Zn:1Al for the rest of
this study.

Development of ZnAl,O, films doped and co-doped with Ce and
Nd

To highlight the versatility of this technique, ink was added
by the rare earths, Nd and Ce pair to understand the viability
of their inclusion in the gahnite host. By engineering doping
with Ce and Nd, the ZnAl,0, matrix was modified to acquire a
luminescence functional response. The phase composition and
crystallinity of the films doped with Ce and Nd and annealed at
1200 °C for 2 hours in air were studied by XRD, and the
diffractograms are shown in Fig. 3a. The formulations are
designed by fixing the Nd content and co-doped with different
Ce concentrations, such as ZnAl,0,:xNd,yCe (x = 0.02, and y =
0.02, 0.04 and 0.06 mol ratio). The diffraction peaks confirm the
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Fig. 3 ZnAl,O4 films doped and co-doped with Ce and Nd: (a) XRD of the films synthesized at 1200 °C by including a fixed content of Nd and three Ce
concentrations: ZnAl,O4:xNd,yCe (x = 0.02, and y = 0.02, 0.04 and 0.06 mol ratio). The XRD of the alumina substrate (red line) is shown at the bottom of
figure a. The blue vertical marks at the bottom of the figure represent the reflection positions of zinc aluminates. (b—d) Cross-sectional views of the films

synthesized in a.
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polycrystalline nature of the ZnAl,O, films. All peaks are in good
agreement with the diffraction standard PDF: 01-074-1138. The
inset illustrated in Fig. 3a reveals the two main diffraction
reflections of the ZnAl,O, cubic polymorph located at 31.29°
and 36.86° 20, corresponding to planes (220) and (311), respec-
tively. The contribution of the alumina substrate is detected and
marked with the red square symbol “[1”. The crystallite size of
the zinc aluminate films is 140 + 7, 138 + 7 and 136 + 4 nm for
the samples co-doped with 0.02Nd/0.02Ce, 0.02Nd/0.04Ce and
0.02Nd/0.06Ce, respectively. These crystallite sizes are large
enough to provide enhanced luminescence properties because
of the low grain boundary density.*° The lattice parameter (a) and
the volume of the unit cell (Vol) were calculated for the undoped
film and the films co-doped with 0.02Nd/0.02Ce, 0.02Nd/0.04Ce
and 0.02Nd/0.06Ce. The values obtained are a = 8.0905 (25) A
and Vol = 528.89 A% a = 8.0917 (12) A and Vol = 529.51 A?,
a= 8.0926 (25) A and Vol = 529.99 A* and a = 8.0928 (17) A and
Vol = 529.86 A® for the films undoped and co-doped with
0.02Nd/0.02Ce, 0.02Nd/0.04Ce and 0.02Nd/0.06Ce, respectively.
The lattice parameter, a, and the volume of the unit cell, Vol,
slightly increase as a function of Ce concentration, which
indicates the effective doping of the structure. As shown in the
cross-sectional SEM micrographs (Fig. 3b-d), the film thickness
can be modulated to c.a. 600 nm for all co-doped formulations.

The viscosity () of the inks with different concentrations
of dopants was measured in the shear rate range between 1 and
2000 s~ ' (ESIf, S2). The flow curves show that all inks exhibit a
shear thinning behavior. The degree of shear thinning is quite
similar for all inks. Therefore, it is expected that the viscosity will
decrease for the effective transfer of the ink onto the substrate
surface. During the screen printing process, viscosity changes as a
function of the shear rate and time. Usually, a shear rate value
around 1000 s~ is adopted when the ink penetrates the opened
screen mesh.*' The viscosity at a low shear rate serves only as a
reference if there is any change in the ink properties. However, the
measured viscosity as a function of the shear rate is almost similar
for all inks prepared, demonstrating the reproducibility of the
paste formulation and fabrication process, including homogeni-
zation and dispersion steps.

In summary, the absence of secondary phases in the doped
films is a remarkable result, suggesting that the ZnAl,0O, matrix
and both dopants form a suitable and stable solid solution. It is
important to note that optimization of the ink formulation leads
to the formation of ZnAl,0, without secondary phases. The cross-
sectional SEM images show homogeneous and dense films with-
out cracks, which is a significant achievement because ceramic
materials are usually difficult to sinter into crack-free films. Using
our approach, the mismatch between the sintering shrinkage of
the film and the substrate is minimized. The knowledge acquired
in this study is useful for designing inks that can be applied to
other systems based on aluminates.

Luminescence properties of the ZnAl,0, films co-doped with
Ce and Nd and their structural correlations

There are different ways to modulate the emission in a mate-
rial. In this study, the enhancement of the NIR emission of
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ZnAl,0, films by energy transfer from Ce to Nd is considered. It
is known that the direct excitation of Nd in the UV is hindered
owing to the low absorption cross-section in this wavelength
range. Therefore, three cerium concentrations were studied;
the films were excited under 357 nm excitation at RT, as shown
in Fig. 4a. The films doped only with Nd and doped only with
Ce were compared with the co-doped samples. In all samples,
three emissions are observed and are characteristics of Nd**.
The emission peaks positioned at 850 to 950 nm correspond to
the “F;,, — "Iy, transition. The main emission located at 1000
to 1175 nm is assigned to the “Fs;, — *I;;, transition, and
other emissions appear at 1300 to 1400 nm corresponding to
the *F;, — “Ij3, transition. To add the proof for energy
transfer from Ce to Nd, the Nd single-doped materials are also
excited by 357nm as a reference. It can be observed that the
emission of Nd is almost not observable, as might be expected.
The emission spectra under 740 nm are presented in Fig. 4b,
and the excitation spectra b fixing the emission at 1060nm is
demonstrated in Fig. 4c. Under 740 nm excitation, there is the
presence of an emission band located at 1060 nm assigned to
the direct excitation of Nd. The emission intensity under
740 nm excitation varies insignificantly as a function of the
Ce concentration. This result is expected because Nd is excited
directly and not through the cerium co-dopant. Nd** cation can
also be excited by various wavelengths, as shown in the excita-
tion spectra. In particular, the most intense band is located at
740 nm in the near infrared range. The intensity of the excita-
tion band located at 357 nm slightly increases with Ce concen-
tration from 0.02 to 0.06. However, for the material only doped
with Nd, this excitation band is not present, indicating that the
excitation band located at 357 nm is attributed to Ce. Here, the
co-dopant allows for the absorption of excitation light in the
UV, enhancing NIR emission. It has already been demonstrated
that Ce co-dopant can enhance the NIR emission in the
ZnAl,0,>° system, as well as in other matrices, such as yttrium
aluminium garnet (YAG), Y;Al;0;, doped with Nd and Ce,***?
K,CeO;* and Li,CeO;.*”> Thus, we can identify that efficient
energy transfer from Ce to Nd exists in this system. The
schematic energy levels with transition, which may be involved
in the energy transfer process, are demonstrated in Fig. S3 (see
ESIt). Nd** has several energy levels, and some of them are in
the UV region, having good overlap with Ce absorption. Thus,
there are several channels for energy transfer from Ce to Nd. *P;
levels of Nd might be populated by energy transfer from Ce and
Nd can then relax to a *F3, state by emitting phonons in several
steps. Consequently, the NIR emission is obtained by transi-
tions from “Fy, to lower lying “I; levels. Another possibility is
that from 5D states, Nd can de-excite to “Fs, level by cross
relaxation, taking a nearby Nd cation to the excited state.
However, further analyses are needed to establish the exact
mechanism. However, the excitation band at 740 nm remains
unchanged, as expected, because the Nd concentration is fixed
at 002.

However, there is still an open question related to the
presence of Ce*" and Ce*" ions and their role in the enhance-
ment of NIR emission. Only a few studies have discussed the
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Fig. 4 Luminescence characterization of the ZnAl,O4 films doped and co-doped with Ce and Nd: (a) emission spectra under 357 nm at RT of the films
synthesized at 1200 °C by including a fixed content of Nd and three Ce concentrations, ZnAl,O4:xNd,yCe (x = 0.02, and y = 0.02, 0.04 and 0.06 mol
ratio), the film only doped with Nd and the film doped with a concentration of Ce0.02. (b) Emission spectra under 740 nm. (c) Excitation spectra fixing the

emission at 1060 nm.

presence of trivalent and tetravalent cerium in the lumines-
cence process of Ce doped scintillators.’® Bearing in mind
assumptions that Ce*" has an absorption band wider than
Ce®","” a higher absorption due to the charge transfer band of
Ce*" is expected. To establish the oxidation state of the films,
XANES at Ce Lj-edge (5723 eV)*® and XPS experiments were
carried out. The normalized XANES spectra of the ZnAl,0,:xNd,
yCe (x = 0.02, and y = 0.02, 0.04 and 0.06 mol ratio) samples
with the reference spectra of CeO, and Ce(NOj;); 6H,O are
shown in Fig. 5a. The CeO, and Ce(NO3); 6H,0 standards were
used to perform the linear combination fitting (LC) to deter-
mine the Ce*" and Ce*" ratio.>® Ce(NO;); 6H,0 reference shows

This journal is © the Owner Societies 2023

a sharp edge feature, while CeO, and ZnAl,O, films doped with
different Ce concentrations display a doublet.*’ The incorpora-
tion of higher concentrations of Ce up to 0.06 mol ratio comes
with the stabilization of Ce** and turns into a higher intensity
for the emission bands located at 1069 and 1077 nm, as shown
in Fig. 5b. To further determine the oxidation state on the
surface, XPS was acquired. Both trivalent Ce®" and tetravalent
Ce*" are detected (Fig. 5¢). The XPS spectra for the films are
composed of two multiples attributed to 3d;/, core holes and
3ds), spin-orbit split. Six of the peaks corresponding to final
sates of Ce*" and four to Ce*" are detected. The six peaks
located at 915.45, 905.45, 899.9, 897.3, 887, and 881.4 eV belong
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of the Ce 3d3/,,5/» lines.

to the Ce(v) states; the peak located at 915.45 eV is the
fingerprint of Ce®". The distinct line shapes located at
901.6, 898.1, 883.1 and 879.8 eV are assigned to Ce®" states.
All of the emission peaks are in good agreement with previous
studies.>>>"

Therefore, doping engineering with the Ce and Nd of
ZnAl,0, films leads to the stabilization of Ce, promoting
NIR emission. Moreover, increased Ce content enhances NIR
emission, leading to a gradual increase in the presence of Ce*",
which is associated with local structural homogeneity.

Conclusions

To expand the scope of the screen printing technique applied to
the synthesis of NIR-emitting submicron films, herein, poly-
crystalline alumina is used for the growth of the ZnAl,0O, spinel
material. The ink formulation and scalable fabrication proce-
dures were thoroughly evaluated. We revealed a molten salt-
driven growth mechanism and designed a growth strategy, thus
achieving crystallites with an average size of 140 nm, much
larger than in previous reports. These crystallite sizes are large
enough to enhance luminescence properties owing to a low
grain boundary density. The substrate precursor in situ partici-
pates in the reaction; by employing the eutectic molten salt
mixture (NaCl-KCl), which promotes the surface reaction, con-
trollable nucleation is achieved. Based on the XANES and XPS
results, the cerium in the films exhibits a predominant tetra-
valent state. Our proposed method improves the emission
centered at 1069 and 1077 nm by applying high concentrations
of cerium and by doping engineering with Ce and Nd. An
adequate compositional engineering strategy plays a funda-
mental role in the production of homogeneous films based
on ZnAl,0, with high optical performance. Our findings offer
novel insights into controllable synthesis for thin films based
on ZnAl,0O, and pave the way for the development of efficient

15836 | Phys. Chem. Chem. Phys., 2023, 25, 15829-15838

NIR emitters based on aluminate systems in next-generation
functional devices.
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