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ABSTRACT

Thin films doped with rare-earth ions often suffer from poor crystallinity and low up-conversion quantum yield (UCQY), limiting
their use in photonic and energy-conversion devices. Nd** ions remain particularly underexplored when doped in thin-film, with
no established route for achieving efficient visible up-conversion (UC). Here, we develop an aerosol-assisted chemical vapor
deposition (AACVD) process operated at atmospheric pressure to fabricate Nd** ZnO thin films on Si(111). Systematic variation
of the deposition temperature (370-500°C), followed by post-annealing at 1000°C, reveals a direct correlation between Nd incor-
poration, ZnO crystallinity, and UCQY. Films deposited at 430°C incorporate 2.97 at.% Nd and exhibit optimal c-axis orientation
and a refractive index of ~2.03. Under 808 nm excitation, these films display strong visible UC emissions at 540, 618, and 680 nm,
achieving a total UCQY of 4.25 £ 0.1%. Mechanistic analysis indicates a two-photon process involving excited-state absorption
(ESA), energy transfer (ET), cooperative energy transfer (CET), and cross-relaxation (CR), with concentration quenching occur-
ring above ~3 at.% Nd. This study presents a temperature-dependent AACVD method that optimizes Nd incorporation and ZnO
microstructure for efficient visible UC. This provides a cost-effective and scalable pathway for high-performance Nd-activated
photonic thin films.

1 | Introduction

Up-conversion luminescence is a nonlinear optical process in
which two or more low-energy photons are sequentially absorbed
and re-emitted as a single higher-energy photon [1]. This behavior
originates from the shielded 4f orbitals of rare-earth ions, which
enable sharp optical transitions and long-lived excited states [2].

Neodymium (Nd**) was selected as the dopant because its 4f
electronic structure supports efficient two-photon up-conversion

© 2026 Wiley-VCH GmbH.

pathways, while its ionic radius (0.983 A CN=6)is sufficiently
close to that of Zn?* (0.74 A, CN = 4) to allow partial substitution
within the ZnO lattice. This radius compatibility enables Nd** to
occupy Zn** sites with moderate lattice distortion, promoting
defect-mediated absorption and enhancing up-conversion effi-
ciency without destabilizing the wurtzite structure. Because of
these properties, up-converting thin films are increasingly impor-
tant in photonic technologies, including spectral conversion for
photovoltaics [3, 4], optical data storage, and visible-light emit-
ters for integrated photonic devices. Among rare-earth ions, Er**
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and Yb®* have been the primary focus of high-efficiency up-
conversion systems, with benchmark performances demon-
strated in B-NaYF,:Yb**/Er** [5] and in optimized Er’*/Yb**
compositions reported by Boyer et al. [6]. These studies estab-
lished the importance of controlled energy-transfer pathways
for achieving high quantum yields. However, they also reveal
a critical gap: systematic investigations of other rare-earth ions,
particularly Nd>*, remain limited, especially in thin-film form.
Thin films typically exhibit lower up-conversion efficiency than
powders or bulk materials due to reduced crystallinity, higher
defect densities, and enhanced nonradiative quenching [7].
Several deposition routes have been explored for rare-earth-
doped thin films, but many face limitations in uniformity, adhe-
sion, or scalability. Wet-chemistry methods such as sol-gel and
spin-coating often yield nonuniform films with poor adhesion
[8, 9], while pulsed-laser deposition provides high-quality films
but remains complex and unsuitable for large-area production
[10]. In contrast, aerosol-assisted chemical vapor deposition
(AACVD) operates at atmospheric pressure and enables large-
area growth with high precursor flexibility and controlled stoichi-
ometry [11]. Its successful application to rare-earth-doped oxides
demonstrates the potential of AACVD for producing up-converting
thin films [12]. ZnO is a promising host for rare-earth activation
due to its wide bandgap, high refractive index, and compatibility
with AACVD processing [13]. However, undoped ZnO thin films
inherently contain oxygen vacancies, zinc interstitials, and other
native point defects that act as deep-level traps and nonradiative
recombination centers, limiting their optical efficiency. These
defect states broaden emission bands and reduce the likelihood
of multiphoton processes. Incorporating neodymium (Nd**)
modifies the defect landscape by partially substituting Zn>" sites,
suppressing vacancy-related recombination pathways, and intro-
ducing well-defined 4f energy levels that enhance up-conversion
efficiency.

Previous studies have shown that Er**/Yb**-doped ZnO films
can achieve efficient near-infrared-to-visible up-conversion
under 980 nm excitation [14], while Nd-based systems have pri-
marily focused on down-conversion or infrared emission [12].
However, no systematic study has established how deposition
temperature governs Nd incorporation, ZnO crystallinity,
densification, and visible up-conversion efficiency under
808 nm excitation. This gap is significant because Nd** exhibits
strong intra-4f transitions that can yield visible emissions at 540,
618, and 680 nm [15], and ZnO provides a suitable wide-bandgap
host for these transitions. In this work, we address this gap by
developing an atmospheric-pressure AACVD process that corre-
lates substrate temperature (370°C-500°C) with Nd incorpo-
ration, film densification, refractive index, and up-conversion
performance. We demonstrate visible up-conversion at 540,
618, and 680 nm from single-ion N d**:ZnO thin films, achieving
an optimized quantum yield of 4.25 =+ 0.1% at 430°C.
Mechanistic analysis indicates a two-photon process involving
excited-state absorption, energy transfer, cooperative energy
transfer, and cross-relaxation, with concentration quenching
above ~3at.% Nd. This process-structure-property mapping
establishes AACVD as a scalable and cost-effective route for
Nd-activated up-converting thin films for photonic and
energy-conversion applications.

2 | Experimental
2.1 | Materials

Zinc acetylacetonate hydrate (Zn(CsH,0,),, >99%, Sigma-
Aldrich) and neodymium (III) tris (2,2,6,6-tetramethyl-3,5-
heptadionate) (Nd (TMHD);, >99%, STREM Chemicals) were
used as the zinc precursor and the dopant source, respectively.
Analytical grade methanol and butanol (1:1 v/v, Merck) were used
as solvents to prepare a 0.05 M solution with 10 mol.% Nd/Zn. The
mixture was magnetically stirred for 1h at 80°C to ensure homo-
geneity. Silicon (111) wafers (n-type, thickness ~500 pm) were
used as substrates after ultrasonic cleaning using acetone, ethanol,
and deionized water, followed by nitrogen drying. All chemicals
were used as-received without further purification.

2.1.1 | Thin Film Deposition

Nd-doped ZnO thin films (3 inches x 3 inches) were deposited on
Si (111) substrates using a hot-walled AACVD reactor operated at
atmospheric pressure, following the procedure described in the
literature [16].

The influence of deposition temperature on film structure and
luminescence was investigated by varying it in the 370-500°C
range. This window was selected to activate Zn(acac), and
Nd(TMHD); while maintaining stable aerosol transport: temper-
atures below 370°C do not provide sufficient energy for precursor
decomposition or ZnO nucleation, whereas temperatures above
500°C cause rapid solvent flash-off and reduced droplet residence
time, hindering Nd incorporation and uniform growth. This
range is consistent with previous AACVD studies on ZnO
and rare-earth-doped ZnO thin films. Zn(CsH,0,), and
Nd(TMHD); were dissolved in a methanol-butanol mixture
(1:1 v/v) to prepare a 0.05M precursor solution with a fixed
Nd/Zn molar ratio of 10 mol.%. The solution was magnetically
stirred for 1 h at 80°C to ensure complete dissolution. Nd** dop-
ing occurred through substitutional incorporation, where Nd**
ions replace Zn>* sites in the ZnO lattice. The 10mol.% Nd/
Zn precursor ratio yielded approximately 2.9-3.0at.% Nd in
the deposited films. Nd** is a suitable dopant for ZnO because
its ionic radius (0.983 A) is sufficiently close to that of Zn**
(0.74 A) to allow partial substitution while inducing controlled
lattice distortion. Its lower electronegativity (1.14 vs. 1.65 for
Zn) promotes defect modulation, particularly oxygen-vacancy-
related states, and its 4f electronic structure provides the
intra-4f transitions required for efficient up-conversion. These
combined structural, electronic, and defect-level compatibilities
make Nd** an effective dopant for ZnO. During deposition, the
precursor solution was placed on an ultrasonic piezoelectric
transducer to generate monodisperse droplets (2-4 um). The
aerosol was delivered to the heated substrate at 2 cm?/min with
air flowing at 4 L/min as the carrier gas. Deposition was carried
out at substrate temperatures of 643-773 K (370-500°C), ensur-
ing precursor activation while avoiding premature aerosol
decomposition. The droplets underwent rapid thermal decompo-
sition upon impingement on the substrate, releasing Zn and Nd
species that nucleated and crystallized into the ZnO matrix. Post-
deposition annealing was performed in open air at 1000°C for 1 h.
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This temperature removes residual organics from AACVD pre-
cursors, promotes lattice relaxation, and enhances crystallinity
in Nd-doped ZnO, consistent with high-temperature treatments
reported for ZnO-based thin films. Thin-film ZnO can withstand
annealing above one-third of its bulk melting temperature due to
its low thickness and efficient heat dissipation through the Si
substrate. Each deposition was sustained for 30 min, producing
uniform and adherent thin films.

Aerosol flow, droplet size, and substrate heating were carefully
controlled to ensure reproducible morphology, dense coverage,
and effective incorporation of Nd** ions into the ZnO host lattice,
demonstrating the advantages of AACVD for large-area thin-film
fabrication with precise stoichiometric control.

2.2 | Characterization Methods

The atomic percentages of Nd incorporated into the ZnO films
and their densities were determined using electron probe micro-
analysis (EPMA) [17]. AFM (Veeco Metrology Group Di 3100
NanoScope IIIa) was used to resolve surface morphology and
roughness.

Fourier transform infrared spectroscopy (FTIR) detects residual
organics and hydroxyl groups, X-ray diffraction (XRD) evaluates
phase purity and c-axis crystallinity, ellipsometry extracts refrac-
tive index and optical density, and PL/UC measurements corre-
late structural evolution with Nd** up-conversion efficiency. The
influence of up-conversion quantum yield (UCQY) on excitation
power density was investigated using neutral density filters,
which maintained a consistent beam area throughout the tests.
The density values carry an experimental uncertainty of +2.5%,
calculated from three independent measurements, while the Nd
doping content determined by EDX exhibits an estimated quan-
tification error of +0.3 at.% (~+8%). To guarantee proper photon
balance, the integrating sphere was mounted on the fluorometer
with entry and output ports arranged at a 90° geometry in the
spectrometer plane. The presence of hydroxyl groups and organic
residues was investigated using Fourier transform infrared spec-
troscopy (FTIR, Bio-Rad FTS165), with spectra recorded in the
4000-250 cm™! range at a 4cm™ resolution under normal inci-
dence. The structural properties were analyzed using X-ray dif-
fraction (XRD, Siemens D8 Advance diffractometer) in a 6-20
geometry.

The refractive index and thickness were measured using an
ellipsometer (Gaertner L116B), with a 632.8 nm exciting wave-
length. The photoluminescence (PL) spectra of the Nd** ions
were collected under a 450 nm excitation (12 mW) using an argon
laser (Spectra Physics, Model 2017). The emission was analyzed
in the 500-750 nm range with a monochromator equipped with a
600 lines/mm grating and a CCD detector (Spectrum One, Jobin
Yvon), which provided a 1 nm spectral resolution. The UC spec-
tra were recorded under 808 nm excitation using a Ti:Sapphire
ring laser pumped using a CW argon ion laser, with a photomul-
tiplier (Hamamatsu R636) detecting the emission.

The UCQY value was measured using a spectrofluorometer
(Edinburgh Instruments FLS920), which was equipped with
an integrating sphere (Jobin Yvon) and a liquid-nitrogen-cooled

808 nm laser (Hamamatsu R5587). Circular film samples of
5mm diameter were positioned at the focal point of the excita-
tion beam.

The relative error in the UCQY measurements was estimated
at~5%. Undoped ZnO films were used as reference samples and
mounted in synthetic quartz dishes to suppress background lumi-
nescence and eliminate contributions from the ZnO host matrix.

3 | Results and Discussion

The temperature-dependent development behavior of AACVD-
derived ZnO:Nd thin films was determined by comprehensively
evaluating the structure-property connections influencing Nd
incorporation, crystallinity, morphology, optical density, and
UC performance. The following subsections provide a sequential
investigation of deposition temperature, dopant incorporation,
microstructural evolution, optical compactness, and visible
UCQY under 808 nm excitation. For each characterization, the
behavior of Nd**:ZnO thin films is explicitly compared with
undoped ZnO and with the corresponding annealed samples
to highlight dopant-induced structural and optical modifications.

3.1 | Nd*' Incorporation and Film Density

The Nd content exhibited a clear temperature-dependent minimum
at 430°C (2.97 at.%). The film density followed the same trend,
reaching 5.87 g/cm? at 430°C before increasing again at higher tem-
peratures, as shown in Figure 1 and summarized in Table 1.

At elevated temperatures (450-500°C), the decrease in
refractive-index-derived density together with the increase in
AFM roughness indicates a transition toward less efficient sur-
face growth.

These trends, consistent with AACVD thermal-fluid behavior,
arise from rapid solvent flash-off and shortened droplet residence
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FIGURE 1 | Nd atomic percentages and film densities at different

deposition temperatures for the ZnO:Nd thin films deposited at atmo-
spheric pressure using AACVD.
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TABLE 1 |
different deposition temperatures.

Zn, O, and Nd atomic percentages and film density at

Temperature Zn (0] Nd Density
(°C) (at.%) (at.%) (at.%) (g/cm?)
370 48.24 49.71 4.36 6.09
400 48.67 49.84 3.58 5.91
430 48.89 49.96 2.97 5.87
450 48.72 49.64 3.21 591
500 47.63 47.25 4.11 6.03

times that promote re-evaporation or secondary nucleation
[11, 18]. Figure 1 shows the temperature-dependent evolution,
while Table 1 provides the corresponding numerical values
and uncertainties. Compared to undoped ZnO, Nd**:ZnO films
exhibit a stronger density sensitivity to deposition temperature,
confirming that Nd incorporation modifies packing efficiency
and defect-mediated densification. After annealing, both
undoped and Nd-doped films densify, but the Nd**:ZnO samples
show a more pronounced recovery due to lattice relaxation
around substituted Nd** sites. The co-variation of Nd content
and density reveals a balance point at 430°C, where precursor
atomization, droplet decomposition, and incorporation kinetics
maximize crystalline packing while minimizing defect-mediated
Nd trapping. This interpretation is supported by AFM,
XRD, refractive-index-derived density, and EDX trends
(Sections 3.2, 3.3), all of which identify 430°C as the temperature
that optimizes densification and controlled Nd incorporation.
Below 400°C, incomplete precursor decomposition increases
apparent Nd content but reduces densification. At 450°C-
500°C, rapid solvent flash-off creates “limited growth zones” that
shorten droplet residence time, increasing Nd incorporation but
lowering packing efficiency relative to 430°C. The 430°C incor-
poration window provides the structural basis for the highest
UCQY (Section 3.7), where optimized densification and
Nd-Nd spacing suppress nonradiative quenching.

In contrast to earlier AACVD studies on Er/Yb-co-doped ZnO
that optimized 980 nm up-conversion without mapping single-
ion incorporation [12], and ZnO:Nd nanodisks where growth rate
dominated optical behavior [19], this work introduces a dual-axis
mapping approach. For the first time in Nd:ZnO thin films, a
reproducible correlation between deposition temperature,

Nd incorporation, and film density is established under
atmospheric-pressure AACVD. As shown in Table 1, Zn and
O atomic percentages remain close to stoichiometric ZnO but
exhibit systematic temperature-dependent deviations that reflect
the underlying deposition regime. At 370°C-400°C, a slight Zn/O
imbalance indicates incomplete decomposition and hydroxyl-
rich intermediates, producing flat, featureless morphologies typ-
ical of a surface-reaction-limited regime [20, 21]. At 430°C, Zn
and O approach near-ideal stoichiometry, marking the transition
to a fully activated decomposition regime with compact, crystal-
line, adherent films [21]. At 450°C-500°C, reduced O content and
slight Zn deficiency signal oxygen-poor growth caused by rapid
solvent flash-off, promoting vacancy-assisted Nd incorporation
but reducing crystallographic ordering [22, 23]. These stoichio-
metric trends confirm 430°C as the optimal balance between pre-
cursor activation, ZnO lattice formation, and controlled Nd
substitution. Mechanistically, the minimum Nd at.% and maximum
densification at 430°C correspond to (i) stable 2-4um droplet
atomization, (ii) solvent evaporation matched to surface reaction
rate, and (iii) substitutional Nd** incorporation without phase
separation. This regime is essential for suppressing concentration
quenching in a single-dopant Nd** system while sustaining
ESA/CET pathways responsible for two-photon UC. The identi-
fied temperature window enhances scalability and photonic
applicability beyond previous reports. Sections 3.9, 3.10 further
correlate Nd concentration with structural and optical properties
and detail the underlying physical mechanisms.

3.2 | Surface Morphology Evolution With
Deposition Temperature

The deposited layers are confirmed to be in the thin-film domain
by the film thickness, which is in the 200-320 nm range based on
AFM step-height and ellipsometry modeling. The surface mor-
phology of the ZnO:Nd thin films deposited using AACVD
was then examined as a function of substrate temperature
(370-500°C) using AFM. The AFM micrographs for the films
deposited at 370, 430, and 500°C reveal a clear transition in sur-
face topography (Figure 2).

As shown in Figure 2a, the film appeared flat and featureless at
370°C, indicating incomplete decomposition of the Zn and Nd
precursors. A similar morphology was observed at 400°C, sug-
gesting early-stage nucleation with poorly defined nanograins.

FIGURE 2 |

AFM micrographs of the ZnO: Nd thin films deposited at (a) 370, (b) 430, and (c) 500°C using AACVD at atmospheric pressure.
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At 430°C, the surface exhibited well-defined nanocrystals with lat-
eral dimensions of 60-70 nm and heights of 160-190 nm, which
corresponded to a roughness of ~60 nm (Figure 2b). This temper-
ature marked the onset of complete precursor decomposition,
which was facilitated by the low dissociation enthalpy of the
Zn and Nd complexes and enabled rapid droplet breakdown
and uniform grain formation. The grain size increased slightly
(from 60-70nm to 65-75nm) as the temperature increased to
500°C. (Figure 2b), but the surface became more densely packed
and crystallographically ordered. These qualitative AFM observa-
tions are quantitatively supported by the grain-size and roughness
values summarized in Table 2, which clearly reflect the tempera-
ture-dependent evolution of nucleation, grain coalescence, and
surface development in AACVD-grown ZnO:Nd films.

For the as-deposited samples, the grain size increases from 40-
50nm at 400°C to 60-70nm at 430-450°C and further to
65-75nm at 500°C, while the roughness stabilizes around ~60
nm. This result confirms the switch from a poorly nucleated,
reaction-limited environment at low temperatures to a fully
established columnar growth regime once precursor breakdown
is completed at 430°C [24-26]. At >450°C, the roughness
remains nearly constant despite increasing grain size, indicating
a diffusion-limited regime in which rapid solvent flash-off sup-
presses vertical growth and favors lateral grain coalescence.
Annealing at 1000°C results in obvious grain coarsening
(75-85nm for the 430°C film) and increased roughness (up to
~80 nm), indicating thermally induced grain development and
improved crystallite connectivity. The film deposited at 430°C
has the highest post-annealing grain size and roughness, indicat-
ing excellent initial crystallinity and densification. This response
confirms that the microstructure created at 430°C provides the
best template for subsequent thermal refinement, allowing for
more efficient grain boundary migration and lattice ordering
during annealing. Table 2 shows a strong correlation between
deposition temperature, as-deposited morphology, and annealing-
induced grain evolution, confirming 430°C as the best growth
temperature for Nd**:ZnO thin films. Compared to undoped
ZnO, Nd-doped films show more pronounced grain development
and roughness sensitivity, indicating that Nd incorporation
enhances nucleation kinetics and modifies surface-energy-driven
growth. At higher temperatures, the formation of ‘limited growth
zones’ slightly increases roughness (68-72 nm), consistent with
restricted droplet dissociation and surface saturation under
AACVD conditions [18]. This temperature-dependent morpho-
logical evolution confirms the transition from reaction-limited
to diffusion-limited growth, in agreement with the AACVD
growth regimes described by Hou and Choy [11]. Although

TABLE 2 |

temperature-induced densification in ZnO:Er films was previ-
ously reported [18], systematic mapping of roughness evolution
and its correlation with UC-active dopant incorporation was not
addressed. The present work establishes, for the first time, a
direct correlation between deposition temperature, surface mor-
phology, and Nd** incorporation in AACVD-grown ZnO thin
films. The emergence of well-defined grains at 430°C coincides
with optimal densification and controlled Nd incorporation, pro-
viding the structural basis for the enhanced UCQY observed. This
dual optimization of morphology and dopant distribution distin-
guishes the present approach from earlier studies on Er/Yb-co-
doped ZnO [12] and Nd:Y,O5 coatings [27], which lacked systematic
mapping of surface states.

3.3 | Structural and Chemical Integrity of Nd**:
ZnO Thin Films

The structural evolution of the ZnO:Nd thin films deposited
using AACVD was investigated via XRD and FTIR spectroscopy.
The XRD patterns of the films deposited at 370°C-500°C and the
one annealed at 1000°C are presented in Figure 3. All samples
exhibited diffraction peaks corresponding to the hexagonal wurt-
zite ZnO phase, with dominant reflections indexed to the (002),
(101), (102), (103), and (112) planes. The absence of secondary
phases, such as Nd,Os3, confirmed the successful incorporation
of the Nd** ions into the ZnO lattice without phase segregation,
which was consistent with the prior reports on Nd-doped ZnO
systems [28]. The film deposited at 430°C had the most intense
and sharp (002) peak, indicating optimal crystallinity and a pre-
ferred c-axis orientation. Furthermore, this orientation reflected
vertical columnar growth along the lowest surface energy plane
of the ZnO hexagonal structure, which was typical of the
AACVD-grown films [17, 18]. The enhanced -crystallinity
observed at 430°C correlated directly with the optimum densifi-
cation and Nd incorporation, providing a robust structural basis
for improved UCQY.

The film deposited at 430°C had the most intense and sharp (002)
peak, indicating optimal crystallinity and a preferred c-axis orien-
tation. Furthermore, this orientation reflected vertical columnar
growth along the lowest surface energy plane of the ZnO hexago-
nal structure, which was typical of the AACVD-grown films
[17, 18]. The enhanced crystallinity observed at 430°C correlated
directly with the optimum densification and Nd incorporation,
providing a robust structural basis for improved UCQY. The sub-
sequent annealing at 1000°C further sharpened the diffraction
peaks, which indicated grain growth and improved lattice

Grain size (nm) and roughness (nm) of the deposited and annealed ZnO:Nd films at 1000°C.

Deposited films

Annealed films at 1000°C

Deposition temperature (°C) Grain size (nm)

Roughness (nm)

Grain size (nm) Roughness (nm)

370 —

400 40-50
430 60-70
450 60-70
500 65-75

— 30-40 30
40 45-55 50
60 75-85 80
60 65-75 70
60 65-75 70
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FIGURE 3 | XRD patterns of the ZnO:Nd thin films deposited using
AACVD at atmospheric pressure at (a) 370°C, (b) 400°C, (c) 430°C,
(d) 450°C, (e) 500°C, and (f) annealed at 1000°C.

ordering. Importantly, the absence of the secondary phases con-
firmed the thermal stability of the Nd**-substituted ZnO matrix.
This behavior was in contrast with the Nd:Y,O5 coatings, where
annealing frequently induced phase separation or Nd clustering
[12]. Table 3 summarizes the temperature-dependent evolution
of the (002) peak position, d spacing, and crystallite size, demon-
strating Nd incorporation into the ZnO lattice.

The ICDD reference (01-089-0510) identifies the bulk ZnO (002)
peak at 34.44° (d = 2.603 A). In Nd-doped films, the peak shifts to
lower angles as Nd content increases, for example, 34.21° at
4.36 at.% Nd (370°C) and 34.18° at 4.11 at.% Nd (500°C), repre-
senting c-axis expansion induced by substitution of the bigger
Nd** ion (0.98 A) for Zn®* (0.74 A) [29-31]. At 430°C, when
Nd incorporation is lowest (2.97 at.%), the (002) peak shifts closer
to the bulk value (34.26°, d = 2.614 A), showing minimum lattice
distortion and regulated substitution. These patterns suggest that
Nd incorporation is the principal source of lattice strain, and that
430°C gives the most coherent and least-distorted Nd:ZnO lattice,
corresponding with the improved UCQY at this temperature.

Compared to undoped ZnO, Nd**:ZnO films exhibit a consistent
(002) shift to lower angles, indicating substitutional Nd incorpo-
ration. After annealing at 1000°C, both undoped and Nd-doped
films show sharper peaks. However, the Nd-doped films had a
bigger c-axis expansion, indicating stable Nd incorporation with-
out phase segregation. The FTIR spectra of the same films are
shown in Figure 4. The characteristic Zn-O stretching vibration
at ~410 cm™ confirmed the presence of the wurtzite ZnO phase.

TABLE3 |
according to the deposition temperatures.

Shifting angle of (002) c-axis, d spacing, and crystallite size

Deposition Nd 20 (} Crystallite
temperature (°C) (at.%) (°) (@A) size (nm)
370 436 34,21 2622 20.927
400 3.58 34,23 2617 18.886
430 2.97 34,26 2614 17.356
450 3.21 34,24 2615 18.112
500 4.11 34,18 2,62 20.108

N

iy

g

=

8

=

0 500 1000 1500 2000 2500 3000 4500
Wavenumber (cmﬁl)

FIGURE 4 | FTIR spectra of the ZnO: Nd thin films deposited using

AACVD at atmospheric pressure at (a) 370°C, (b) 400°C, (c) 430°C,
(d) 450°C, (e) 500°C, and (f) annealed at 1000°C.

The organic residue bands between 1300 and 1700 cm™ were
attributed to the residual carbonyl and alkene groups (v[C=C],
v[C=0], and yCHj3), which originated from the incomplete pre-
cursor decomposition [32]. The bands at 1556-1571 cm™ corre-
sponded to the C=C or C=O stretching vibrations, while the
broad absorptions in the 3500-4000 cm™ range were assigned
to the ~OH stretching modes, indicating surface hydroxylation
and adsorbed moisture [18]. Post-annealing spectra showed
reduced intensity of the organic bands and sharper Zn-O fea-
tures, confirming thermal removal of the residual organics
and enhanced lattice purity [33].

The presence of residual hydroxyl and weak carbonate/moisture-
related bands indicates that the films are not fully dehydroxy-
lated, reflecting incomplete precursor decomposition and
post-deposition surface hydroxylation typical of AACVD-grown
oxide films. The combined XRD-FTIR technique used in this
investigation gave a more thorough image of phase purity and
chemical integrity than prior AACVD studies for the ZnO:Er
and ZnO:Yb systems, which lacked detailed FTIR analysis [34].
This dual validation supported the claim that Nd** ions were
substituted into ZnO without creating secondary phases. The
430°C deposition temperature resulted in structurally and chemi-
cally optimized films for up/down conversion applications.
Undoped ZnO has stronger OH- and carbon-related absorption
bands, whereas Nd**:ZnO films exhibit significantly lower inten-
sities, especially after annealing. Annealed Nd-doped films have
the most distinct Zn-O vibrational mode, indicating effective elim-
ination of organic residues and enhanced lattice ordering.
Compared to undoped ZnO, Nd** After annealing, ZnO films show
much decreased hydroxyl-related absorbance, indicating dopant-
assisted densification and efficient removal of residual organics.

3.4 | Thermal Annealing Effects on Phase Purity
and Crystallinity

The use of B-di-ketonate precursors in the liquid AACVD process
often results in ZnO:Nd films containing residual hydroxyl groups
and organic contaminants, which are known to introduce nonra-
diative recombination pathways to quench RE luminescence [16].

6 of 13

Advanced Engineering Materials, 2026



Consequently, to mitigate these residual defects, thermal anneal-
ing in air at 1000°C was applied to the film deposited at 430°C,
which was the optimal condition identified for Nd** incorporation
and densification. The XRD patterns before and after annealing
are shown in Figure 3. The annealed film exhibited sharper and
more intense diffraction peaks, particularly along the (002) and
(101) planes, which indicated improved crystallinity and grain
growth [35, 36]. Importantly, the absence of the Nd,O5 secondary
phase confirmed that the Nd** ions remained substitutionally
incorporated within the ZnO lattice even after a high-temperature
treatment [37, 38]. This thermal stability was in contrast with the
Nd:Y,0; coatings, where annealing often induced phase segrega-
tion [12]. Additionally, this validated the robustness of the
AACVD-grown ZnO:Nd matrix of this study. The FTIR analysis
further supported the enhancement in crystallinity. Figure 4
shows the FTIR spectrum of an annealed film. The absence of
the wide ~OH and organic bands (1300-1700cm™ and 3500~
4000cm™) indicates the elimination of remaining ligands and
adsorbed moisture [25].

Two distinct bands at 912 and 1077 cm™ were attributed to Si—O
stretching vibrations, indicating the creation of a thin interfacial
SiO, layer between the ZnO film and the Si substrate during
annealing. This behavior has previously been described in Nd-
doped ZnO systems. Annealing at 1000°C results in partial oxi-
dation of the Si substrate, indicating high-temperature Si—O
interfacial interactions [28]. Moreover, the increased intensity
of the Zn-O vibration at 410cm™ reflected improved lattice
ordering and stronger Zn—O bonding, which was consistent with
the sharper XRD peaks. This structural refinement directly sup-
ported the enhanced UCQY observed after annealing since the
reduced defect density and the formation of cleaner interfaces
minimized the nonradiative losses. In contrast to the previous
AACVD studies on ZnO:Er and ZnO:Yb films, which lacked
post-deposition purification strategies, the approach of this study
demonstrated that annealing improved crystallinity and chemi-
cally purified the film to enable efficient Nd** luminescence
[12, 18]. This dual structural and chemical optimization reinfor-
ces the novelty of the process developed in this study and its suit-
ability for scalable photonic applications. A mechanistic
interpretation of these temperature- and doping-dependent
changes is provided in Section 3.10.

3.5 | Refractive Index and Porosity

The refractive index and porosity of the ZnO:Nd thin films
annealed at 1000°C were extracted using spectroscopic ellipsom-
etry and plotted in Figure 5.

The porosity of the films was described using the Lorentz-Lorenz
law and was determined using the following relation

(n*-1)
(n?-1)

where n, (=2.008) and n refer to the refractive index of the
annealed ZnO:Nd film, respectively.

P=1- x 100 (1)

These parameters reflected the optical density and microstructural
compactness of the film, both of which were critical for the UC
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FIGURE 5 | The refractive index and porosity at different deposition
temperatures for the ZnO:Nd films annealed at 1000°C.

efficiency and the RE ion activation. For the as-deposited ZnO:
Nd films, the refractive index (n) lies in the 1.81-1.83 range and
increases upon annealing to reach ~1.99 at 1000°C. As shown in
Figure 5, n rises with deposition temperature and peaks at
430°C (n ~ 1.99), while the porosity simultaneously reaches a mini-
mum of 2.37%. The refractive-index value (1 ~ 2) corresponds to the
ZnO:Nd layer extracted from thin-film optical modeling, in which
the Si substrate (n ~ 3.4) is treated as a fixed optical boundary and
does not influence the fitted film index. Nd**:ZnO films exhibit a
stronger refractive-index sensitivity to temperature than undoped
ZnO, reflecting dopant-induced modifications in packing density
and microstructure. Annealing increases the refractive index in
both undoped and Nd-doped films, but the enhancement is more
pronounced in the Nd-doped samples due to improved lattice order-
ing around Nd** sites. The inverse relationship between n and
porosity confirms densification and a reduced void fraction, consis-
tent with AFM-observed grain coalescence, XRD-revealed crystal-
linity enhancement, and FTIR-verified removal of organic residues.
The refractive-index maximum at 430°C aligns with the optimum
Nd incorporation and film density, indicating that post-annealing
interfacial rearrangements may slightly shift the optical peak. The
porosity minimum reflects improved packing and fewer scattering
centers, directly contributing to the enhanced UCQY. The optical
compactness achieved here surpasses previous AACVD reports on
ZnO:Er and ZnO:Yb films, which typically showed n < 1.95 due to
incomplete densification [12, 18]. Likewise, the porosity control
exceeds that of Nd:Y,0; coatings, which often suffer from phase
separation and poor packing [12]. The refractive-index values
obtained are comparable to those of high-quality ZnO:Nd films pro-
duced by PLD and sol-gel methods [28], but with the added advan-
tage of atmospheric-pressure AACVD scalability.

This confirms that the annealing strategy used in this work
chemically purifies the films and enhances their optical and
structural integrity, reinforcing the multifunctional optimization
achieved across compositional, morphological, and crystallo-
graphic parameters.

3.6 | Room-Temperature PL Emission

The room-temperature PL spectra of the ZnO:Nd thin films
annealed at 1000°C under a 450 nm excitation are presented
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FIGURE 6 | Room-temperature PL emission spectra under 450 nm

excitation for the ZnO:Nd films annealed at 1000°C and deposited at
(a) 370, (b) 400, (c) 430, (d) 450, and (e) 500°C.

in Figure 6. Additionally, the three distinct emission bands
observed at 540, 618, and 680 nm corresponded to the following
intra-4f transitions of the Nd** ions:

« At 540nm: the weak green emission attributed to the
4G7/2 - 419/2 transition.

« At 618 nm: the dominant red emission from the overlapping
4Gz = *Iis and *Gsj, — “Iy), transitions.

« At 680nm: the weak deep-red emission from the
4G7/2 - 4113/2 and 4G5/2 - 4111/2 transitions.

The strongest red emission at 618 nm was observed for the film
deposited at 430°C and subsequently annealed at 1000°C, which
corresponded to a 2.97at.% Nd concentration. This emission
peak coincided with the optimum densification and crystallinity

conditions, where Nd** ions were uniformly incorporated into
the ZnO lattice without phase segregation, and the organic
quenching centers were effectively removed, as evidenced by
the XRD and FTIR analysis, respectively.

The PL intensity trend across the deposition temperatures con-
firmed that the film deposited at 430°C offered the most efficient
Nd** activation. This was attributed to optimal Nd-Nd spacing
and reduced defect density, which suppressed the nonradiative
CR and enhanced the radiative recombination. The correlation
between PL intensity and refractive index further supported this
observation, with the highest refractive index at 430°C reflecting
maximal optical density and minimal porosity, both of which
favored photon confinement and emission enhancement. This
study demonstrated a single-ion optimization strategy for Nd**
in ZnO compared to the previous studies on the Nd:Y,O;3 and
ZnO:Er/Yb systems, which lacked PL mapping across tempera-
ture or relied on cooperative sensitization [12, 27]. The ability to
tune PL intensity via deposition temperature and annealing,
without requiring co-dopants, represented a novel approach in
the AACVD-grown UC materials.

In summary, the intense 618 nm emission validated the
structural and chemical optimization achieved at 430°C, and
confirms that the Nd** ions were incorporated and optically
active. This emission band served as a spectral fingerprint of
the successful doping, enhanced crystallinity, and effective defect
suppression to reinforce the multifunctional control achieved
across the compositional, morphological, structural, and optical
parameters.

3.7 | Room-Temperature UC Emission and
Mechanistic Pathways

The room-temperature UC spectrum of the ZnO: Nd thin films
annealed at 1000°C and excited at 808 nm is presented in
Figure 7a.
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FIGURE7 |

(a) Room-temperature UC emissions of the ZnO:Nd thin films (2.97 at.%) annealed at 1000°C under 808 nm excitation. (b) Energy level

diagram of Nd** ions in ZnO showing UC pathways under 808 nm excitation.
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The three prominent emission bands centered at 540, 618, and
680 nm corresponded to the following intra-4f radiative transi-
tions of Nd** ions: *G;/, = *Iy), at 540 nm, *G,,, — “I;1/, and
4G5/2 - 419/2 at 618 nm, and 4G7/2 — 4113/2 and 4G5/2 - 4111/2
at 680 nm. The film containing 2.97 at.% of Nd showed the most
intense emission at 618 nm, confirming that this doping level
yielded optimal Nd** activation. This correlated directly with
the densification and crystallinity of the peak at 430°C, the refrac-
tive index maximum, and the enhanced PL intensity, which
highlighted the convergence of the structural, optical, and emis-
sion properties at this deposition condition. As shown in
Figure 7b, the energy level diagram of the Nd** ions in ZnO high-
lights the mechanistic pathways responsible for the UC emission
under 808 nm excitation. The UC process involved the following
four key mechanisms:

+ Ground State Absorption (GSA): Excitation from the *Iy/,
state to the metastable “Fs,.

+ ESA: Sequential absorption promoting electrons from *Fs,
to higher levels like *Ds)s.

+ ET: Between two Nd** ions in *F,/,, enabling transitions
such as (‘Fa/, *Fs2) = (Lizja, *Grpa).

« CET and CR: Resonant interactions between ions in excited
states, which populate higher levels like 4G11/2 and *Gyj, and
enhance red emission.

The dominant red emission at 618 nm was attributed to the direct
transitions from *G,, and to the overlapping emissions from the
thermally populated Gy, and >Gy/, levels. These were fed via
CET and ET processes, as supported by the matched energy gaps
and resonant transfer channels [19, 27]. Beyond 2.907 at. %Nd,
the UC intensity decreased due to concentration quenching,
which was primarily driven by the CR processes. These involved
energy loss through the likes of the following nonradiative
channels:

(4G7/2, 419/2) - (4F7/2, 4I15/2)
(2G7/2, 419/2) - (4F3/2, 4115/2)

Additional CR channels: (°Gyi, “Lojz) — (*Fopn, “Lisp),
(2G9/2, 419/2) e (2H11/2, 4115/2), and (2P1/2, 419/2) - (2x 41'73/2)7

The up-conversion pathways identified here mirror those
reported in Ho*"-doped glasses [27], where CR-induced lattice
vibrations suppress UC efficiency. In contrast, the present work
establishes a single-ion-optimized UC strategy for Nd**:ZnO,
outperforming earlier Nd:Y,O; and ZnO:Er/Yb systems that
relied on cooperative sensitization or lacked mechanistic map-
ping [19, 27]. The controlled Nd-Nd spacing, high phase purity,
and precise refractive-index tuning achieved through AACVD
enable reproducible and intense visible up-conversion without
the need for co-dopants or external sensitizers. Undoped ZnO
exhibits only defect-related PL, whereas Nd**:ZnO films
uniquely display strong UC emission at 540, 618, and 680 nm
under 808 nm excitation. Annealing enhances PL intensity in
both undoped and Nd-doped films; however, only the Nd**:
ZnO samples show a significant UCQY improvement, driven
by optimized Nd-Nd spacing, reduced nonradiative quenching,

and improved lattice coherence. This confirms that the structural
and optical optimization achieved at 430°C directly governs the
efficiency of the two-photon ESA/ET/CET-assisted UC process.

3.8 | UCQY and Power Dependence

The UCQY of the NIR-to-visible process was measured under
808 nm excitation to evaluate the UC efficiency of the ZnO:Nd
thin films. The UCQY value was calculated using the standard
comparative method, where the integrated visible emission
(Eemission) Was normalized against the absorbed excitation energy
that was determined from the difference between the laser peak
of the sample (Esampie) and that of an undoped ZnO reference
(Erer)- Theoretically, the UCQY value for a two-photon process
is limited to 50% since two absorbed photons are required per
emitted photon. The variation in UCQY with the excitation
power density for the ZnO:Nd films annealed at 1000°C is pre-
sented in Figure 8a.

The as-deposited films exhibited low UCQY values (~0.9%-1.1%),
while the annealed films had significantly enhanced yields in the
2.37%—4.25% range, which confirmed the critical role of the ther-
mal treatment in activating Nd** ions and removing quenching
centers (Sections 3.3 and 3.4). The UC emission intensity showed
the saturation threshold at 19.7 = 0.2 W/cm?, which was slightly
lower than that reported for the p-NaYF,:Er, Yb nanoparticles
(20 £ 0.3 W/cm?), which indicated a more efficient photon utili-
zation in the ZnO:Nd system of this study [17]. The film depos-
ited at 430°C and annealed at 1000°C achieved the highest UCQY
of 4.25+0.2%, correlating with the optimal -crystallinity
(Section 3.3), densification (Section 3.2), and refractive index
peak (Section 3.5).

This value surpassed the UCQY values of the colloidal -NaYF,:
Er, Yb nanoparticles (0.3 = 0.3%) and bulk p-NaYF, (3.0 + 0.1%)
under similar excitation conditions to position the films of this
study as promising candidates for photonic applications, such
as bioimaging, photovoltaics, and optical sensing [17].
Additionally, the UCQY values showed a strong dependence
on Nd** concentration, as summarized in Table 4. The maximum
total UCQY of 4.25 £ 0.01% was obtained at 2.97 at.% Nd, with
individual contributions of 1.21% (540 nm), 1.78% (618 nm), and
1.26% (680 nm). UCQY decreased beyond this concentration due
to concentration quenching, which was consistent with the CR
pathways that dominated at higher Nd** loadings.

The double logarithmic plot of UC emission intensity (I) versus
excitation power (P) for the 2.97at.% Nd film is shown in
Figure 8b. The slopes (n-values) were 1.92 + 0.3 (540 nm),
2.08 = 0.2 (618 nm), and 1.94 + 0.2 (680 nm), which confirmed
that a two-photon absorption mechanism governed the UC pro-
cess [27]. These values were consistent across all annealed films,
reinforcing the reproducibility of the UC behavior. The satura-
tion behavior of the UC intensity with increasing pump power,
particularly for the red and deep-red emissions, is further illus-
trated in Figure 8c. This saturation indicated population bottle-
necks and supported the need for optimized doping and
excitation regimes. The findings of this study agreed with the pre-
vious reports on the Er, Yb co-doped ZnO thin films, where
high-temperature annealing was shown to eliminate defect states
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FIGURES8 | (a)The UCQY variation (in %) for different excitation power densities, (b) log-log plot of UC intensity for excitation powers, and (c) the
saturation behavior of the UC intensity for the ZnO:Nd (2.97 at.%) thin film.

TABLE 4 | UCQY values for the ZnO:Nd thin films at different Nd concentrations.
Nd (at.%) 540 nm 618 nm 680 nm Total UCQY (%)
4.36 0.73 £ 0.01% 0.98 £ 0.01% 0.66 + 0.02% 2.37 = 0.01%
3.58 0.96 * 0.02% 1.11 + 0.02% 0.88 + 0.02% 2.95 + 0.01%
2.97 1.21 + 0.01% 1.78 * 0.02% 1.26 * 0.02% 4.25 £ 0.01%
3.21 1.11 + 0.02% 1.64 = 0.01% 0.99 + 0.01% 3.74 = 0.01%
4.11 1.05 * 0.02% 1.58 *+ 0.01% 0.82 + 0.02% 345 *+ 0.02%

and enhance UC efficiency. Yb**/Er** co-doped p-NaYF, [18]
and phosphate glasses [39] have shown similar trends, but with-
out the single-ion optimization demonstrated in this study. In
summary, the ZnO: Nd thin films exhibited robust UCQY perfor-
mance, which could be tuned through the deposition tempera-
ture, annealing, and Nd** concentration.

Therefore, the combination of a high UCQY, low saturation
threshold, and reproducible two-photon behavior established a
novel and scalable platform for RE ion-based UC materials.

3.9 | Impact of Nd** Doping on Structural,
Morphological, and Optical Properties

Although the deposition temperature affects the breakdown
regime and densification behavior, the Nd** concentration has

a critical impact on the structural and optical responses of the
films. The Nd concentration ranges from 2.97 to 4.36 at.%
between 370 and 500°C, and this variation has a direct impact
on grain coalescence, defect density, and optical compactness.

Roughness: Higher Nd loadings (>4 at.%) are associated with
increased surface disorder and failed grain fusion, while 2.97
at. The % regime at 430°C produces the most homogeneous nano-
crystals with minimal defect-mediated roughness.

Crystallinity: The strongest (002) orientation corresponds to the
lowest Nd concentration, suggesting that excessive Nd** breaks
ZnO lattice ordering, whereas moderate substitution stabilizes
c-axis growth.

Porosity and Refractive Index: At 2.97 at.% Nd, there is a min-
imum porosity (2.37%) and a maximum refractive index
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(n=1.99), indicating that optimal doping increases packing den-
sity and decreases scattering centers.

Optical Performance: At the same Nd concentration, the
UCQY maximum (4.25 = 0.1%) is obtained, highlighting the
importance of regulated Nd-Nd spacing in preventing concentra-
tion quenching and maintaining efficient ESA/ET/CET
pathways.

This integrated analysis confirms that Nd** doping is not only a
compositional variable but a fundamental predictor of morphol-
ogy, crystallinity, optical density, and UC efficiency. Its effect is
maximal inside the thermally chosen incorporation window at
430°C.

3.10 | Physical Mechanisms for Doping and
Temperature-Induced Variations

Variations in structural and optical characteristics result
from the interaction of Nd** incorporation, precursor decompo-
sition kinetics, and thermally driven defect evolution. At low
temperatures (370-400°C), inadequate breakdown of Zn and
Nd p-di-ketonates results in hydroxyl-rich, defect-dominated
films with limited grain development, leading to greater rough-
ness, porosity, and lower refractive index. At 430°C, the decom-
position rate is fully surface reaction-limited, allowing for
uniform nucleation, regulated Nd substitution at Zn>* sites,
and reduced defect density. This approach improves crystallinity,
refractive index, and UCQY simultaneously by minimizing Nd-
Nd clustering, stabilizing c-axis growth, and increasing packing
density.

At higher temperatures (450-500°C), fast solvent flash-off
and short droplet residence time form limited-growth zones,
resulting in secondary nucleation, surface disorder, and partial
re-evaporation of Nd species. These impacts increase roughness
and porosity while marginally decreasing crystallographic order.

Annealing at 1000°C alters physical properties by eliminating
hydroxyl groups and organic residues, enhancing grain coales-
cence, and healing oxygen-related flaws. Thermal purification
improves refractive index, lowers porosity, and enhances Nd3*
radiative efficiency by preventing nonradiative recombination
pathways. These mechanisms explain why the 2.97 at.% Nd film
deposited at 430°C achieves the best balance of structural com-
pactness, crystallinity, and UC performance.

3.11 | Benchmarking Against State-of-the-Art Up-
Conversion Thin Films

To evaluate the performance of the Nd**:ZnO thin films created
in this study, it is necessary to compare their UCQY, excitation
wavelength, and manufacturing technique to the most relevant
RE-doped oxide thin films and nanostructures described in the
literature. Although Er’*/Yb**-sensitized ZnO systems have pro-
duced reasonably high UCQY values under 980 nm excitation, no
earlier work has demonstrated visible UC from single-ion Nd**:
ZnO thin films under 808 nm excitation. Table 5 presents key
performance data for representative systems and illustrates the
benefits of the temperature-controlled AACVD technique pre-
sented in this work.

The Nd**:ZnO thin films generated in this work achieve one of
the greatest UCQY values known for single-ion RE-doped oxide
thin films under 808 nm excitation, while concurrently benefit-
ing from the scalability and atmospheric-pressure operation of
AACVD. Unlike Er**/Yb®* systems that rely on sensitizer-
activator coupling, the present films achieve visible UC by a
single-dopant ESA/ET/CET/CR mechanism facilitated by con-
trolled Nd inclusion and tailored microstructures. This bench-
marking underlines the significance of the temperature-
dependent process-structure-property mapping established in
this study. It also emphasizes the technological relevance of
Nd-activated ZnO films for photonic and energy conversion
applications.

TABLE 5 | Comparison of UCQY, excitation wavelength, and deposition method for representative RE-doped UC thin films and nanostructures.
Excitation Deposition
System UCQY (%) (nm) method Notes/limitations
This work: Nd**: 425 + 0.1 808 AACVD First visible UC from Nd**:ZnO films; temperature-
ZnO thin films (atmospheric controlled incorporation; scalable large-area deposition
pressure)
ZnO:Er, Yb thin 5.6 980 AACVD Requires sensitizer—activator pair; not single-ion UC;
films (AACVD) different mechanism (CET-dominated)
[14]
Nd:Y,03 thin films ~1-2 808 AACVD Down-conversion dominant; weak visible UC; higher
(AACVD) [12] porosity; limited densification
Nd:ZnO nanodisks N/A (UC 808 CVD Only IR emission (920, 1060 nm); no visible UC;
(CVD) [40-42] not morphology-dependent light trapping
reported)
B-NaYF,:Yb, Er -12 980 Solid-state/ Benchmark UC materials but not thin films; not
(bulk) [5, 6] hydrothermal compatible with Si substrates; not scalable for coatings
ZnO:Er thin films N/A 980 PLD High quality but expensive; limited area; low UCQY in

(PLD) [10, 43]

thin-film form
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4 | Conclusion

AACVD was used to produce Nd**-doped ZnO thin films. The
best deposition temperature was 430°C, resulting in dense, highly
crystalline, and c-axis-oriented films. Post-annealing at 1000°C
enhances phase purity and lattice ordering. The optimized film
(2.97 at.% Nd) demonstrated robust visible up-conversion at 540,
618, and 680nm, driven by a two-photon ESA/ET/CET/CR
mechanism. It attained a UCQY of 4.25 + 0.01%, surpassing var-
ious benchmark UC materials. Nd concentration affects crystal-
linity, porosity, refractive index, and UC efficiency, with 2.97 at.%
resulting in the best equilibrium. This investigation shows that
atmospheric-pressure AACVD can produce cost-effective Nd-
activated up-conversion thin films with practical applications
in photovoltaics, optical sensors, and photonic devices. These
findings demonstrate that Nd** doping is an effective strategy
for engineering ZnO thin films with enhanced densification,
reduced nonradiative defects, and optimized optical pathways,
ultimately enabling a measurable increase in up-conversion
quantum yield. This study establishes a temperature-dependent
AACVD mapping framework that links rare-earth incorporation,
crystallinity, and densification to UC performance in oxide thin
films, supporting both scientific progress and commercially via-
ble large-area manufacturing.
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