
This journal is © The Royal Society of Chemistry 2026 Mater. Horiz.

Cite this: DOI: 10.1039/d6mh00984k

Development of high-performance NIR-to-SWIR
down-shifting Li3Ba2Gd3(MoO4)8:Yb3+/Tm3+ and
Yb3+/Ho3+ for phosphor conversion LEDs
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High-performance short-wave infrared (SWIR) phosphors are of

increasing interest for phosphor-converted light-emitting diodes

(pc-LEDs) used in sensing, imaging, and analytical applications. In

this work, Li3Ba2Gd3(MoO4)8 (LBGMO) phosphors co-doped with

Yb3+/Tm3+ and Yb3+/Ho3+ were developed as efficient near-infrared

(NIR)-to-SWIR down-shifting (DS) materials. Phase purity and crys-

tal structure were confirmed by X-ray diffraction, demonstrating

successful incorporation of rare-earth ions into the LBGMO host

lattice. Under 940 nm excitation, efficient sensitization by Yb3+ ions

enables strong SWIR emission from both activator ions. The Yb3+/

Tm3+ system exhibits broadband emission centered at approxi-

mately 1800 nm, originating from the Tm3+: 3F4 - 3H6 transition,

whereas the Yb3+/Ho3+ system shows dominant emission near

2050 nm associated with the Ho3+: 5I7 - 5I8 transition. High

photoluminescence quantum yields (PLQY) of 63% and 69% were

achieved for the Yb3+/Tm3+ and Yb3+/Ho3+ phosphors, respectively,

accompanied by efficient energy transfer from Yb3+ to Tm3+ (95%)

and Ho3+ (96%). The moderate cut-off phonon energy of 930 cm�1

supports efficient population of the lower-energy SWIR-emitting

states, while the rate of non-radiative relaxation remains suffi-

ciently low to prevent effective competition with radiative transi-

tions. Phosphor-converted LED devices using 940 nm excitation

and fabricated with the developed phosphor conversion layers

exhibited maximum wall-plug efficiencies of 1.6% for Yb3+/Tm3+

and 3.6% for Yb3+/Ho3+. Demonstration of SWIR imaging through

visibly opaque materials and spectral overlap with water absorption

bands confirms the potential application of these materials.

1. Introduction

The classification of the spectral region between 780 and 3000 nm
is not universally standardized and varies across different research
fields. For example, in imaging spectroscopy and remote sensing,
short-wave infrared (SWIR) light is commonly defined as the 1000–
2500 nm spectral range, representing the long-wavelength portion
of the near-infrared (NIR) region.1,2 In contrast, the international
standard ISO 20473 classifies this wavelength range into IR-A (780–
1400 nm) and IR-B (1400–3000 nm).3 Furthermore, biomedical
imaging frequently employs a different nomenclature, distinguish-
ing NIR-I (700–900 nm), NIR-II (1000–1700 nm), and NIR-III (2080–
2340 nm) spectral windows.4 In the present work, the investigated
wavelength range is referred to as the SWIR region following the
convention widely adopted in imaging spectroscopy and remote-
sensing applications. SWIR offers reduced scattering, deeper pene-
tration through complex media (especially biological), improved
imaging contrast, and eye-safe operation compared to visible and
shorter NIR wavelengths,5–7 making it uniquely suited for advanced
imaging and sensing applications.8,9 Free-space optical commu-
nication systems prefer wavelengths near 1550 nm, allowing higher
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New concepts
Current phosphor-converted SWIR light sources are mainly limited by low
conversion efficiency, restricted spectral tunability, and poor compatibil-
ity with low-cost excitation sources. In this work, we introduce Li3Ba2Gd3(-
MoO4)8 co-doped with Yb3+/Tm3+ and Yb3+/Ho3+ as an efficient material
platform for NIR-to-SWIR down-shifting under technologically relevant
940 nm excitation. The developed phosphors exhibit broadband emission
in the 1700–2100 nm spectral range together with high photolumines-
cence quantum yields reaching 63% and 69%, enabled by highly efficient
Yb3+-sensitized energy transfer and favorable host-lattice phonon proper-
ties. In addition to spectroscopic investigation, practical phosphor-
converted SWIR LED devices were demonstrated with wall-plug efficien-
cies up to 3.6%. The work further demonstrates SWIR imaging through
visibly opaque materials and spectral overlap with water absorption
bands, highlighting application potential in sensing and analytical ima-
ging.
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pulse energies despite water vapor absorption due to low
attenuation, while lidar technologies use longer SWIR wave-
lengths to achieve extended detection range with minimal retinal
hazard.10–12 SWIR illumination enables optical sorting devices to
efficiently identify polymers in a waste stream via absorption in
the 1000–1600 nm range.13 SWIR light near 1400 or 1940 nm
allows non-contact, real-time monitoring of water content by
probing O–H vibration bands in food processing, medicines, and
industrial quality control.14,15 The SWIR region contains char-
acteristic absorption features of hydroxyl (O–H) and C–H groups,
enabling mineral identification, hyperspectral mapping, spectro-
scopy, and environmental monitoring, thereby driving demand
for compact SWIR light sources.16 These advantages have driven
intense interest in developing compact, efficient, and spectrally-
tunable SWIR light sources suitable for portable and integrated
devices.

Quartz–tungsten–halogen (QTH) lamps,17 gas-discharge
lamps,17 GaSb-laser diodes,17 Tm3+-fiber lasers,17 optical para-
metric oscillators,17 and superluminescent diodes (SLD)17 emit
broadband or high-power SWIR light but have low efficiency,
short life time, high thermal load, limited spectral coverage,
complex device architectures, strict operating requirements, or
high cost.17 Despite advances in semiconductor-based SWIR LEDs,
many products struggle to emit strongly in the 1500–2200 nm
region. The AlGaAs, InGaAsP, and InP family of III–V materials is
often used to achieve SWIR emission in this wavelength range.18

However, the major concerns, such as complex heterostructures,
bandgap engineering, formation of dislocations and crystalline
defects, and insertion of buffer layer, can potentially limit progress
toward powerful light sources for next-generation photonic
applications.19–21 Hence, it is necessary to find new SWIR-emitting
materials and new strategies, such as phosphor-conversion LEDs
(pc-LEDs).

In pc-LEDs, a primary LED stimulates phosphor material,
which re-emits at longer wavelengths. When built with appropriate
phosphors, pc-LEDs combine broadband emission, compact form

factor, mechanical resilience, and simple electrical driving
units.9,22–24 Compared with QTH lamps, SLDs and LEDs, SWIR
pc-LEDs (for instance Ni2+-based31) offer advantages including
low cost, high efficiency, durability, large bandwidth, high
contrast ratio, portability, and spectral tunability. These proper-
ties make SWIR pc-LEDs particularly promising for applications
requiring compact, robust, and spectrally-versatile illumination.
Comparative performance characteristics of the aforementioned
SWIR light sources are given in Table S1, whereas Fig. 1 displays
the relative spectral emission characteristics of common SWIR
light sources, illustrating trade-offs between bandwidth, emis-
sion range, and their approximate wall-plug efficiency (WPE).

Trivalent rare-earth (RE3+)-doped inorganic phosphors offer
significant advantages for pc-LEDs, including high chemical
stability, broadband yet tunable emission, high quantum yield,
and excellent compatibility with existing device architectures.33–35

In particular, excitation in the 940–980 nm range can be efficiently
achieved via ytterbium (Yb3+)-based sensitization. Yb3+ is widely
employed as a sensitizer due to its simple two-level energy scheme
(2F7/2 2

2F5/2) and strong absorption in the E900–1000 nm region.
Moreover, Yb3+ can efficiently transfer excitation energy to neigh-
boring RE activators such as: (i) erbium (Er3+), which typically
exhibits emission around B1500 nm36; (ii) Tm3+, which, depending
on the host lattice and dopant concentration, exhibits emission
centered at B1800 nm (3H4 - 3F6); and (iii) holmium (Ho3+) that
exhibits characteristic emission near B2100 nm (5I7 - 5I8).
Collectively, these three activators provide coverage across a broad
spectral range, spanning approximately 1500–2200 nm.

To date, co-doped phosphors containing Tm3+ and Ho3+

have been shown to exhibit 1500–2200 nm SWIR emission in
both glass37,38 and single-crystal hosts.39–42 However, reports
on micron-scale, RE co-doped powder phosphors operating in
the extended SWIR range (particularly 1500–2200 nm) remain
relatively scarce. Therefore, systematic studies to optimize RE3+

dopant concentrations, elucidate energy-transfer mechanisms,
and quantify photoluminescence quantum yields (PLQY) across

Fig. 1 Representative spectral output of common continuous SWIR light sources in the wavelength range of 1000–2200 nm. The figure highlights the
fundamentally different spectral characteristics of various SWIR-emitting sources and compares their wall-plug efficiency (WPE) – sometimes called
radiant efficiency – which describes the fraction of electrical power converted into optical output. Emission profiles are shown for of a QTH lamp (T =
3000 K, 1000–2200 nm) with WPE of 3%,25 xenon arc lamp (1000–2200 nm) with WPE of 0.5%,26,27 Ni2+ based pc-LED (1250–1650 nm) with WPE of
3.0 – 7.5%,28 SLD (1550–1630 nm) with WPE of 1%,29 InGaAs LED (B1800–2000 nm) with WPE of 2%,30 GaSb-based laser diodes (1870 nm, 1908 nm,
1940 nm, 1980 nm) with WPE of B10–25%,31 Tm3+-doped fiber laser (1900 nm, 1950 nm and 2000 nm) with WPE of B0.1%.32
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the 1500–2200 nm range are urgently needed to address this gap.
Ideal host materials for high-performance NIR phosphors should
exhibit a wide optical bandgap to suppress carrier excitation into
the conduction band, a high radiative recombination rate, and
suitable phonon energies to minimize multiphonon relaxation
while enabling phonon-assisted energy transfer, thereby enhan-
cing PLQY. In addition, chemical and thermal robustness is
required for device integration, along with crystallographic sites
that can accommodate multiple rare-earth ions while minimizing
clustering and concentration quenching. In this context, oxide-
based powder hosts offer excellent chemical and thermal stability,
compatibility with established solid-state synthesis routes, and
strong potential for scalable device integration.

Double molybdates, in particular, have emerged as promising
hosts. Their frameworks often combine moderate phonon ener-
gies with structural flexibility and multiple cation sites, which
facilitate energy migration among RE3+ ions.43 Moreover, in double
molybdates, the presence of RE3+ ions can promote energy-
migration networks that facilitate long-range energy transfer from
the sensitizer to the activator. A recent study reported that Yb3+/
Er3+-doped Li3Ba2Gd3(MoO4)8 (LBGMO) exhibits SWIR emission at
1540 nm with a PLQY of B70%.43 The structural tolerance of the
LBGMO lattice enables the incorporation of multiple RE3+ ions at
Gd3+ sites with comparable ionic radii, promoting a homogeneous
dopant distribution while suppressing excessive clustering and
concentration quenching. Moreover, the LBGMO framework pro-
vides a suitable environment for rare-earth dopants, facilitating
long-range sensitizer–activator energy transfer, as demonstrated
for Yb3+/Er3+-doped systems. Collectively, these attributes establish
LBGMO as a promising platform for exploring Yb3+-sensitized
Tm3+ and Ho3+ emission in the extended SWIR region.

In this work, the synthesis, structural characterization, and
comprehensive spectroscopic investigation of LBGMO doped with
Yb3+ and co-doped with either Tm3+ or Ho3+ is reported. The site
occupancy and phase purity are systematically examined, along
with steady-state and time-resolved photoluminescence (PL), exci-
tation pathways, and energy-transfer dynamics. By directly com-
paring Yb3+ - Tm3+ and Yb3+ - Ho3+ sensitization within the
same LGBMO host, it is elucidated how the choice of activator
governs emission bandwidth, peak position, optimal PLQY, and
thermal quenching behaviour. These findings establish key design
principles for high-performance Yb3+-sensitized NIR phosphors
and demonstrate the potential of LBGMO as a versatile platform
for broadband SWIR pc-LED and sensing applications.

2. Experimental section
2.1 Solid-state synthesis of LBGMO:Yb3+/Tm3+ and Yb3+/Ho3+

phosphors

Li3Ba2Gd(3�x�y)YbxTmy(MoO4)8 (LBGMO:Yb3+/Tm3+) or Li3Ba2-
Gd(3�x�y)YbxHoy(MoO4)8 (LBGMO:Yb3+/Ho3+) phosphors were
synthesized via a conventional high-temperature solid-state reac-
tion. Analytical-grade Li2CO3, BaCO3, Gd2O3, MoO3, Yb2O3, and
Tm2O3 (or Ho2O3) powders (Z99.9%, chemPUR) were used as
starting precursors without any further purification. Stoichiometric

amounts of the precursors, corresponding to the nominal compo-
sitions of x = 0.2–2.7 and y = 0.1–0.4 were accurately weighed and
homogenized by thorough grinding in an agate mortar for 30 min.
The homogeneous mixtures were transferred into covered alumina
crucibles and annealed in air. The heating profile consisted of
direct annealing to 900 1C at 5 1C min�1 and 3 h of annealing in a
programmable furnace (KLS-05/1, Thermconcept). After natural
cooling to room temperature, the products were crushed and
reground to obtain micron-sized phosphor powders for subse-
quent characterization.

Luminescent down-shifting (LDS) spectra and PLQY were
investigated for systematic variation in dopant concentration.
First, the Tm3+ (or Ho3+) content was fixed at y = 0.1, while the
Yb3+ concentration was varied (x = 0.2 to 2.7). In a complemen-
tary series, Yb3+ was fixed after the first optimization, and the
concentration of activator ions (Tm3+ or Ho3+) was varied (y =
0.2 to 0.4). The obtained powders were stored in sealed plastic
cuvettes under dry conditions prior to structural and spectro-
scopic characterization.

2.2 Structural and morphological characterization

The crystal structure of the as-prepared LBGMO:Yb3+/Tm3+ and
LBGMO:Yb3+/Ho3+ powders was examined by X-ray diffraction
(XRD) using a diffractometer (D2 Phaser, Bruker) over a 2y
range of 10–701. Rietveld refinements of the powder XRD
patterns were performed using the TOPAS software package.
Particle morphology and size distribution were investigated
using a scanning electron microscope (SEM) equipped with
an SE-II detector (SUPRA 60VP, Zeiss). To improve imaging
contrast, the samples were coated with a thin silver layer prior
to analysis. A laser particle size analyzer (Analysette 22 NeXT
Nano, Fritsch) was used to determine the particle size distribu-
tion (measurement range 0.01 to 3800 mm). Q3 (cumulative)
and dQ3 (differential) correspond to particle size distribution,
denoting the cumulative % of particles (by volume) and differ-
ential % of particles within a small size interval (by volume),
respectively.

2.3 Optical characterization

Diffuse reflectance spectra (DRS) in the NIR range were recorded
using a spectrophotometer (Cary 7000, Agilent) equipped with an
integrating sphere in the reflectance mode. The PLQY and LDS
spectra were measured in a custom-built optical system.44 The
sample was placed in an integrating sphere (+ 600, 3P-LPM-060-
SL, Labsphere) and excited with a laser diode operating at
976 nm (RLT980-200GS, Roithner). The excitation source was
mounted on a temperature-controlled mount (TCLDM9, Thor-
labs) and driven by a diode laser controller (ITC4001, Thorlabs).
The emission was detected using a SWIR spectrometer (PGS NIR
2.2, Zeiss). To eliminate the scattered excitation radiation, a
980 nm long-pass filter (LP02-980RE-25, Semrock) was placed
between the integrating sphere output and the collecting fiber
(BFY200MS02, Thorlabs). The entire system is automated and
controlled using custom software developed using the LabVIEW
environment. The PLQY was calculated using the 3M approach.45

Laser power and beam profiling were carefully monitored.
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A quartz wedge reflected a portion of the excitation beam onto a
calibrated silicon photodiode (S121C, Thorlabs) connected to a
power meter (PM320E, Thorlabs). Beam dimensions were deter-
mined with a beam profiler (BP209-IR/M, Thorlabs) using the
2s criterion. For the 976 nm laser, the beam area was 57.4 �
10�3 cm2, yielding the excitation power density of 0.67 W cm�2.
Low power density mode was chosen to minimize the heating as
well as any upconversion emission from the sample. A 3–5%
uncertainty in PLQY was assumed for all measurements, based on
earlier work that thoroughly evaluated the repeatability of the
measurements.46 We used an in-house optical system with an
infrared single-photon detector (ID Quantique, ID220) connected
to a multi-channel scale card (TimeHarp 260, Picoquant) to
measure the LDS decay time. The temperature-dependent lumi-
nescence properties were investigated utilizing a custom-built
setup equipped with a high-performance temperature control
stage (Microptik BV, MTDC600). The sample was exposed to
irradiation with a 940 nm laser (Thorlabs, M9-940-0200) and was
heated at a rate of 0.5 K s�1, and its luminescence was measured
using an NIR spectrometer (Ocean Insight, NIRQuest). Upconver-
sion (UC) spectra and UCPLQY were measured using a custom-
built optical setup based around an integrating sphere (Labsphere,
+15 cm, 3P-LPM-060-SL) and a CCD spectrometer (Avantes,
AvaSpec-ULS2048 � 64TEC). The setup was calibrated using a
calibration lamp (Ocean Optics, HL-3plus-INT-CAL-EXT). The sam-
ples were excited using a 980 nm continuous-wave (CW) laser
diode (Thorlabs, L980P200).

2.4 Coating, device fabrication and operation

The phosphors LBGMO:Yb3+/Tm3+ or LBGMO:Yb3+/Ho3+ were
mixed (70 wt% phosphor powder) with a two-part addition-cure
silicone resin (RTV615, Momentive Performance Materials) for
device fabrication. For a total batch mass of 2.0 g, 0.40 g of
phosphor was mixed with 1.60 g of silicone (Part A : Part B =
10 : 1 by weight). The phosphor was first homogenized in Part A,
followed by the addition of Part B and thorough mixing. The
resulting mixture was degassed in a vacuum oven (Thermo-
Scientific, VT 6060 M, Thermo Electron LED GmbH) and
directly deposited onto a 940 nm LED chip (ILH-IS01-94SN-
SC201-WIR200, RS Photonics), resulting in LED940@Tm and
LED940@Ho chips. Alternatively, a 980 nm InGaAs LED chip
(SMB1N-980D, Roithner) was also coated with a similar silicon
resin layer, resulting in LED980@Tm and LED980@Ho chips.
However, the concentration of phosphors in the silicon resin
was reduced to 20 wt% in the case of 980 nm chip. The coated
chip was subsequently degassed again under vacuum to remove
residual air bubbles and cured at 60 1C for 3 h to yield a
uniform conversion layer. The device was then mounted on an
aluminum heat sink. The LED chips were operated under
forward-bias conditions using a regulated DC power supply in
constant-current mode. The driving current was varied from 50
to 300 mA for the 940 nm chip and from 50 to 600 mA for the
980 nm chip to evaluate device performance, while the forward
voltage and input power were monitored simultaneously. The
emission intensity of the SWIR pc-LEDs was estimated by
placing an LED at the port of an integrating sphere (Labsphere,

6 in. +, 3 P-LPM-060-SL) and obtaining spectra using a
calibrated SWIR spectrometer (Zeiss PGS NIR 2.2). This pro-
vided the number of photons per cm2 of area and per nm of the
spectral range at various drive currents. The spectra were
integrated within the 900–1200 nm range for the LED without
a spectral conversion layer, the 1500–2200 nm range for the
LED with a Yb3+/Tm3+ conversion layer, and the 1500–2400 nm
range for the LED with a Yb3+/Ho3+ conversion layer, eventually
yielding the optical emission power. The wall-plug efficiency
was calculated as the ratio of the optical emission power to the
diode’s electric power. This was estimated as the product of the
applied voltage and current. The images in the visible spectral
range were taken with a phone camera (Apple iPhone 13).
Thermal images of the LEDs were taken with a thermal camera
(FLIR ONE PRO, Teledyne FLIR LLC).

Hyperspectral imaging of sunflower seeds was performed as
follows: all images were acquired using a SWIR hyperspectral
camera (FX17, Specim). The samples were placed on a Specim
LabScanner scanner 30 cm away from the camera optics and
illuminated using an LED with a SWIR conversion layer. The
samples were scanned at a rate of 4 mm s�1 with an integration
time of 50 ms. The acquired data were processed using custom
software. In the case of the LED with a Yb3+/Tm3+ conversion
layer, the quasi-RGB image was built as follows: the spectra in
each pixel were integrated into the 1100–1300 nm, 1500–
2200 nm and 2300–2500 nm ranges, providing the intensities
in the ‘‘blue, green and red’’ channels, respectively. In the case
of the LED with Yb3+/Ho3+ conversion layer, the quasi-RGB
image was built using the integrated intensities in the 1100–
1300 nm, 1500–1980 nm and 1981–2400 nm as ‘‘blue, green
and red’’ channels respectively. The SWIR images shown in
color (Fig. 6 and 8) are false-color renderings generated by the
hyperspectral SWIR camera to visualize the detected SWIR
intensity, as SWIR radiation is not visible to the human eye.

In the case of the LED with Yb3+/Ho3+ conversion layer,
identification of the dry and wet samples was performed as
follows: in each pixel, the spectra were integrated into two
ranges: 1500–1980 nm and 1981–2400 nm. Then, the ratio of
these two intensities was estimated. Pixels with a ratio higher
than the threshold value of 0.5 were identified as dry, and pixels
with a ratio lower than the threshold value were identified as
wet. Pixels where the integrated intensity of both ranges was
lower than a set value were designated as dark. The represen-
tative spectra are taken from the pixels with the highest and
lowest intensity ratio values.

3. Results and discussion
3.1 Structural and morphological characterization

Powder XRD patterns of the synthesized LBGMO:Yb3+/Tm3+

and LBGMO:Yb3+/Ho3+ phosphors were collected to verify
phase purity and examine the influence of RE3+ substitution
on the crystal structure. Fig. 2a and Fig. 2b demonstrate the
XRD patterns of LBGMO co-doped with Yb3+/Tm3+ and Yb3+/
Ho3+ ions, respectively. Within this series of samples, the

Communication Materials Horizons



This journal is © The Royal Society of Chemistry 2026 Mater. Horiz.

concentrations of Tm3+ or Ho3+ are fixed (y = 0.1), while the
Yb3+ concentration was varied (x = 0.2 to 1.9 for the series
Yb3+/Tm3+ and x = 0.2 to 2.7 for the series Yb3+/Ho3+). All the
reflections can be indexed as corresponding to the monoclinic
C2/c phase typical of the LBGMO family (ICSD-39580), confirm-
ing that the host lattice is retained upon co-doping with Yb3+/
Tm3+ and Yb3+/Ho3+. This result indicates complete incorporation of
the dopant ions into the Gd3+ sublattice. Rietveld refinement results
for representative compositions are presented in Fig. S1(a–c), to
check the crystalline phase purity and successful incorporation
of the dopant ions into the host lattice. The refined lattice
parameters obtained from the Rietveld refinement are summar-
ized in Table S2. A weak reflections at 2y E 21.211 and 43.471
appears in all undoped and doped LBGMO samples (Fig. S1a)
whose position and intensity remain unchanged with varying

Yb3+/Tm3+ and Yb3+/Ho3+ concentrations (Fig. S1b and c). These
minor impurity peaks are attributed to a trace secondary phase
formed during synthesis. With increasing Yb3+ concentration
another, a weak reflection is observed at 2y E 24.891, (Fig. S1c)
due to local structural distortions associated with the higher
Yb3+ doping content (x = 2.7) suggesting the possible formation
of a minute secondary phase. In addition, the all strongest
diffraction peak in the range of 2y: 24–381 shift gradually toward
higher 2y values with increasing x (Fig. S2 and S3), reflecting a
contraction of the unit cell due to the smaller ionic radius of
Yb3+ (0.985 Å, CN = 8), Tm3+ (0.994 Å, CN = 8) and Ho3+ (1.015 Å,
CN = 8) compared to Gd3+ (1.053 Å).47 The unit-cell volume
decreases from 1285.96 Å3 for undoped LBGMO to 1273.15 Å3

for LBGMO:0.80Yb3+/0.10Tm3+ and further to 1247.60 Å3 for
LBGMO:2.7Yb3+/0.10Ho3+ (Table S2). Such behavior is consistent

Fig. 2 (a) Powder XRD patterns of LBGMO doped with various Yb3+(x) doping concentrations (x = 0.2, 0.4, 0.8, 1.2, 1.45, 1.9) while maintaining fixed
concentration of (a) y = 0.1 Tm3+, (b) 0.1 Ho3+. (c) and (d) Particle size distribution histogram images of representative LBGMO phosphors co-doped with
Yb3+/Tm3+ (x = 0.8; y = 0.1), Yb3+/Ho3+ (x = 2.7; y = 0.1), respectively. The corresponding SEM images are presented in (e) and (f).
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with analogous peak shifts reported for Yb3+/Er3+ substitution in
LBGMO,43 confirming that the observed trend serves as a sensitive
indicator of successful incorporation at the rare-earth sites.

When the Yb3+ concentration was fixed at its optimized
value, the activator ion concentrations (Tm3+ or Ho3+) were
systematically varied within the range y = 0.1–0.4. No considerable
changes were observed in the XRD patterns after increasing the
activator concentrations, confirming that all doped specimens
retain the single-phase monoclinic structure of the LBGMO host.
The corresponding XRD profiles for the concentration series are
provided in Fig. S4 and S5.

This structural stability is expected to support a homoge-
neous dopant distribution and well-defined interionic dis-
tances, thereby sustaining efficient energy-transfer pathways
between Yb3+ and the activator ions (Tm3+ or Ho3+) under
optical excitation. As described above, the crystal framework
consists of isolated MoO4

2� tetrahedra interconnected via Ba2+

and Li+ cations, while RE3+ ions occupy two nonequivalent
coordination sites within the monoclinic lattice. The ability of
this host to accommodate high concentrations of RE3+ ions
without a change in symmetry arises from its flexible poly-
anionic network and the tolerance of the Ln–O polyhedra to
local distortion.48

In addition to the XRD results, the particle size distribution
obtained using static light scattering (Fig. 2(c and d)) reveals a
bimodal profile, indicating the presence of two distinct particle
populations with an average size of B50 mm and an overall size
range spanning 1–100 mm. SEM analysis (Fig. 2(e and f)) further
confirms the presence of agglomerated microcrystalline clus-
ters with polygonal morphology and a broad size distribution.
Notably, the particle size and morphology remain largely unaf-
fected by Yb3+/Tm3+ and Yb3+/Ho3+ doping.

3.2 Optical properties of LBGMO:Yb3+/Tm3+

Fig. 3a displays the DRS (green line), featuring several well-defined
absorption bands in the NIR region that are attributed to char-
acteristic 4f–4f transitions of Yb3+ and Tm3+ ions. Owing to its wide
bandgap (Eg � 3.65) eV,48 the LBGMO host remains optically
transparent across the NIR/SWIR range. This suppresses host-

related absorption and ensures that excitation and emission pro-
cesses are primarily localized on the RE3+ ions. The broad absorp-
tion band in the range of 920–1020 nm (centered at B975–985 nm)
corresponds to the Yb3+: 2F7/2 - 2F5/2 transition, confirming
efficient spectral overlap with the 940 nm or 980 nm excitation of
the LED chips. Additional absorption bands observed near B1200
and B1700 nm are assigned to Tm3+: 3H6 -

3H5 and Tm3+: 3H6 -
3F4 transitions. Notably, Tm3+ does not exhibit significant absorp-
tion at 980 nm, indicating that efficient Yb3+ - Tm3+ energy
transfer is essential to achieve strong SWIR emission.

Upon 980 nm excitation, the LDS spectrum (black line)
presented in Fig. 3a displays two prominent emission bands
centered at approximately B1020 nm and B1800 nm. The
emission near 1020 nm arises from the Yb3+: 2F5/2 - 2F7/2

transition, representing direct radiative relaxation of the sensi-
tizer. The broad and intense band spanning 1650–1950 nm is
attributed to the Tm3+: 3F4 -

3H6 transition, which constitutes
the principal LDS emission channel. The observation of Tm3+

NIR emission under 980 nm excitation indicates the occurrence
of non-radiative energy transfer from Yb3+ sensitizers to Tm3+

activators. This transfer is mediated by a phonon-assisted
mechanism within the Förster framework,49 which was mod-
eled so far only by using Dexter’s phonon-assisted energy
transfer (PAET) formalism.50 It should be clarified that this
process is not refered to a phonon-assisted upconversion back
energy transfer energy-transfer process (Yb3+ - Tm3+/Ho3+),
which can occur at elevated temperatures and typically requires
the absorption of multiple phonons.51 Instead, we referred to
the downshifting energy-transfer process from Yb3+ to Tm3+/
Ho3+ ions following excitation of the Yb3+: 2F7/2 - 2F5/2 transi-
tion at 980 nm. The energy level diagram in Fig. 3b summarizes
the relevant ground- and excited-state transitions of Yb3+ and
Tm3+ ions (including possible UC phenomena Fig. S6). Under
980 nm excitation, sensitization of Tm3+ emission proceeds via
Yb3+ absorption, where a photon excites Yb3+ to the 2F5/2 excited
state. Subsequent phonon-assisted energy transfer populates
the 3H5 level of Tm3+. This level rapidly relaxes non-radiatively
to the lower-lying 3F4 state via multiphonon processes. Finally,
radiative relaxation from the 3F4 level to the 3H6 ground state

Fig. 3 (a) Representative DRS and LDS spectrum upon 980 nm excitation of the LBGMO:Yb3+/Tm3+ phosphor (x = 0.8; y = 0.1); (b) energy level diagram
of the Tm3+ and Yb3+ ions, solid and dashed lines display radiative and non-radiative processes, respectively.
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gives rise to emission centered at B1800 nm. The full-width at
half-maximum (FWHM) of the 1800 nm emission exceeds
160 nm, indicating a broad emission suitable for broadband
NIR sources in spectroscopy and imaging. Such broadband emis-
sion arises from the crystal-field splitting of the 3F4 and 3H6 states
of Tm3+ in the low-symmetry Gd3+ sites of the LBGMO lattice.52

The high intensity and broad bandwidth together demonstrate
that this material can act as an efficient Yb3+-sensitized Tm3+

emitter for NIR photonic applications.
To further investigate the luminescence in the LBGMO:Yb3+,Tm3+

phosphors, two series of samples were examined. The first one
had the Tm3+ doping fixed at y = 0.1 and Yb3+ doping varied from

x = 0.2 to 2.5 (Fig. 4a). All samples exhibit the same characteristic
emission bands. The emission intensity increases as the dopant
concentration is raised from 0.2 to 0.8 mol%, reaching a max-
imum in the LBGMO:0.8Yb3+,0.1Tm3+ sample. A further increase
in dopant concentration leads to a decrease in the emission
intensity.

In the second series of samples, the Yb3+ concentration was
fixed at x = 0.8, while the Tm3+ concentration was varied in the
range y = 0.02–0.45. The emission spectra under 980 nm
excitation are shown in Fig. 4b. Overall, the emission intensity
decreases with increasing Tm3+ concentration. The highest
intensity is observed for the sample LBGMO:0.8Yb3+,0.1Tm3+.

Fig. 4 (a) LDS spectra of the LBGMO:xYb3+,0.1Tm3+ series of samples under 980 nm excitation; (b) LDS spectra of the LBGMO:0.8Yb3+,yTm3+ series of
samples under 980 nm; (c) LDS decay for the transition 2F5/2 - 2F7/2, (at 1027 nm) in LBGMO:0.8Yb3+,yTm3+ series of samples under 940 nm excitation;
(d) efficiency of energy transfer as function of Tm3+ concentration in LBGMO:0.8Yb3+,yTm3+ series of samples; PLQY of the Tm3+: 3F4 - 3H6 transition
under 980 nm excitation in the (e) LBGMO:xYb3+,0.1Tm3+ and (f) LBGMO:0.8Yb3+,yTm3+ series of samples.
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A rapid decrease in intensity occurs upon increasing the Tm3+

concentration to y = 0.2, while further increases result in only
minor changes in emission intensity. This behavior is primarily
attributed to concentration quenching of Tm3+ emission, which
is known to become significant for the Tm3+: 3F4 - 3H6

transition even at relatively low Tm3+ concentrations in glass
samples.53,54

With the same concentration series, increasing Tm3+ con-
tent results in a progressive decrease in Yb3+ emission intensity,
which is attributed to enhanced PAET from Yb3+ to Tm3+ ions.
As the number of Tm3+ acceptors increases, the probability of
Yb3+ - Tm3+ energy transfer rises, leading to depletion of the
Yb3+ excited state population and consequently reduced Yb3+

emission. Fig. 4c demonstrates LDS decays for of LBGMO:0.8Y-
b3+,yTm3+ series of samples. All decays demonstrate complex
behaviour which can be described by double exponential
fitting. In this case, the average lifetimes were calculated
according to the model:

IðtÞ ¼ A1 exp �
t

t1

� �
þ A2 exp �

t

t2

� �
(1)

and the average lifetime was calculated using the amplitude-
weighted method:55

th i ¼ A1t21 þ A2t22
A1t1 þ A2t2

(2)

To quantitatively evaluate the efficiency of Yb3+ - Tm3+

energy transfer, the transfer efficiency (ZET) was estimated
based on the variation of the Yb3+ lifetime using the relation:55

ZET ¼ 1�
tYb;Tm

� �
tYbh i (3)

The LDS decay measurement of the Yb3+/Tm3+ samples were
recorded by monitoring the Yb3+ emission at 1027 nm (2F5/2 -
2F7/2), shown in Fig. 4c and the results of the fitting are summar-
ized in Table S3. The estimated ZET rises from 83% (at y = 0.02)
and saturates at 94–95% at concentrations y 4 0.3 (Fig. 4d). Such
a high ZET can be attributed to the strong PAET Yb3+ - Tm3+, as
the spectal overlap between Yb3+:2F5/2 and Tm3+:3H5 is insufficient

to support the resonance ET process (Fig. 3a). Additionally,
efficient Yb3+–Yb3+ energy migration can provide the suitable
spatial proximity between Yb3+ and Tm3+ ions within the LBGMO
lattice at a high Yb3+ concentration (x = 0.8).

The PLQY of both sample series was evaluated under 980 nm
excitation (Fig. 4e and f). In the first series, where the Yb3+

concentration is varied while Tm3+ is kept constant, the PLQY
shows an increasing trend with increasing Yb3+ content in the
range of x = 0.2–0.8 (with the highest PLQY of 63% is obtained
for the sample LBGMO:0.8Yb3+,0.05Tm3+). This is followed by a
decrease of PLQY at higher Yb3+ concentrations. In the second
series, where the Tm3+ concentration is systematically varied at a
fixed Yb3+ content, the PLQY exhibits increase from 56% to 63%
at low Tm3+ concentration (y = 0.02 and 0.05, respectively) and
further monotonic decrease with increasing Tm3+ concentration.
The PLQY drops from approximately 63% to 42% at the highest
concentration (y = 0.45), reflecting the detrimental effect of
concentration quenching and enhanced non-radiative processes
at higher Ho3+ loadings.

Altogether, the high efficiency of energy transfer and high
PLQY of Tm3+ SWIR LDS indicate LBGMO host (with cut-off
phonon energy of 930 cm�1 (ref. 43)) offer good framework
for energy transfer from Yb3+:2F5/2 to the Tm3+:3H5 levels,
while multiphonon relaxation and upconversion processes are
comparatively weak.

3.3 Optical properties of LBGMO:Yb3+/Ho3+

The optical response of LBGMO co-doped with Yb3+ and Ho3+

was investigated to elucidate the role of this sensitizer–activator
pair in the SWIR range under 980 nm excitation. The DRS
(Fig. 5a, green line) exhibits a pronounced absorption band in
the 920–1020 nm region, characteristic of the Yb3+: 2F7/2 -

2F5/2

transition, confirming that Yb3+ ions act as the primary absor-
bers of the excitation radiation. Superimposed on this feature,
weaker absorption bands are observed at B1150 nm and
B1900 nm, corresponding to the Ho3+: 5I8 - 5I6 and Ho3+:
5I8 - 5I7 transitions, respectively. It can be assumed that the
partial spectral overlap between Yb3+ emission and Ho3+ absorp-
tion enables resonant energy transfer from Yb3+ to Ho3+.

Fig. 5 (a) Representative DRS and LDS spectrum upon 980 nm excitation of the LBGMO:Yb3+/Ho3+ phosphor (x = 2.7; y = 0.1); (b) energy level diagram
of the Ho3+ and Yb3+ ions, solid and dashed lines display radiative and non-radiative processes, respectively.
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Under 980 nm excitation, the LDS spectra (Fig. 5a, black
line) exhibit three bands assigned to Yb3+: 2F5/2 - 2F7/2, Ho3+:
5I6 - 5I8 and Ho3+: 5I7 - 5I8 transitions. Fig. 5b summarizes
the energy level diagram (in addition including possible UC
phenomena observed under 980 nm excitation (Fig. S6)) for the
Yb3+/Ho3+ pair. Notably, Ho3+ does not exhibit direct absorption
at 980 nm, indicating that efficient Yb3+ - Ho3+ energy transfer
is required to achieve the strong SWIR emission. In this
process, Yb3+ ions absorb 980 nm photons and are excited to
the Yb3+:2F5/2 state, followed by non-radiative energy transfer to
Ho3+, populating the Ho3+:5I6 level. Subsequent relaxation
occurs via two pathways: (i) radiative decay from 5I6 to 5I8,

producing emission near B1200 nm, and (ii) non-radiative
relaxation to the 5I7 level, followed by radiative decay to the
ground state, yielding emission around B2000 nm.56 The
observed broad emission band of Ho3+ centered near
2000 nm, with FWHM of B150 nm, indicates substantial
crystal-field splitting of the Ho3+ 4f levels, which can be
attributed to the low site symmetry of the LBGMO host.

To further investigate the LDS in the LBGMO:Yb3+,Ho3+

phosphors, two series of samples were examined. The first
one had the Ho3+ doping fixed at y = 0.1 and Yb3+ doping
varied in the x = 0.2 to 2.7 range. The emission spectra are
presented in Fig. 6a. All spectra exhibit similar emission

Fig. 6 (a) LDS spectra of the LBGMO:xYb3+,0.1Ho3+ series of samples under 980 nm excitation; (b) LDS spectra of the LBGMO:2.7Yb3+,yHo3+ series of
samples under 980 nm; (c) LDS decay (Yb3+: 2F5/2 -

2F7/2 at 1027 nm) of LBGMO:2.7Yb3+,yHo3+ series of samples under 940 nm excitation; (d) efficiency
of energy transfer as function of Ho3+ concentration in LBGMO:2.7Yb3+,yHo3+ series of samples; PLQY of the Ho3+: 5I7 - 5I8 transition under 980 nm
excitation in the (e) LBGMO:xYb3+,0.1Ho3+ and (f) LBGMO:2.7Yb3+,yHo3+ series of samples.
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features. The emission intensity of the Ho3+: 5I7 - 5I8 transi-
tion increases gradually with increasing Yb3+ concentration,
reaching a maximum at the highest Yb3+ doping level (x = 2.7).
The second series of samples had the Yb3+ doping fixed at x =
2.7 and the Ho3+ doping varied over the y = 0.02 to 0.3 range.
The emission spectra under 980 nm excitation are presented in
Fig. 6b, indicating that the maximum intensity of the Ho3+:
5I7 - 5I8 emission band is achieved at a Ho3+ co-doping
concentration of y = 0.05. Further increasing the Ho3+ concen-
tration leads to a steep decrease in the LDS intensity.

To quantitatively evaluate the efficiency of Yb3+ - Ho3+

energy transfer, the transfer efficiency (ZET) was estimated
based on eqn (3). The LDS decay curves of the Yb3+/Ho3+

samples were recorded by monitoring the Yb3+ emission at
1027 nm (2F5/2 - 2F7/2), shown in Fig. 6c and results of the
fitting are summarized in Table S4. The estimated ZET rises
from 83% (at y = 0.02) and saturates at 95–96% at concentra-
tions y 4 0.18 (Fig. 6d). Such a high ZET can be again attributed
to the strong phonon-assisted energy transfer Yb3+ - Ho3+

(although the spectral overlap between Yb3+:2F5/2 and Ho3+:5I6

is minimal, as can be observed in Fig. 5a) and efficient Yb3+–
Yb3+ energy migration so that the suitable spatial proximity
between Yb3+ and Tm3+ ions in the LBGMO lattice at high Yb3+

concentration (x = 2.7). To further support the proposed
Yb3+ - Tm3+ and Yb3+ - Ho3+ energy-transfer, additional
PLE measurements were performed. The SWIR emission was
monitored in the ranges 1700–1900 nm for Tm3+-co-doped
samples and 1900–2100 nm for Ho3+-co-doped samples, while
the excitation wavelength was scanned across the Yb3+ absorp-
tion band (900–990 nm). The resulting PLE spectra, included as
Fig. S7, closely reproduce the Yb3+ absorption, providing addi-
tional evidence that the observed SWIR emission originates
from Yb3+-sensitized excitation followed by energy transfer to
Tm3+ or Ho3+ ions.

The next step is to examine the PLQY of both compositional
series under 980 nm excitation. In the first series, where the
Yb3+ concentration is varied while Ho3+ is kept constant, the
PLQY shows an overall increasing trend with increasing Yb3+

content. A pronounced enhancement is observed at low Yb3+

concentrations, where the PLQY rises rapidly from approxi-
mately 42% to 58% as x increases from 0.2 to 0.4. With further
Yb3+ incorporation, the increase becomes more gradual, reach-
ing a maximum of 68% at x = 2.7 (Fig. 6e), indicating a
progressive improvement in sensitization efficiency, followed
by a tendency toward saturation.

In the second series, where the Ho3+ concentration is
systematically varied at a fixed Yb3+ content, the PLQY exhibits
an increase from 63% to 69% at low Ho3+ concentration (y =
0.02 and 0.05, respectively) and clear further monotonic
decrease with increasing Ho3+ concentration (Fig. 6f). The
PLQY drops from approximately 69% at the lowest Ho3+ level
to 52% at the highest concentration (y = 0.3), reflecting the
detrimental effect of concentration quenching and enhanced
non-radiative processes at higher Ho3+ loadings. The highest
PLQY is achieved at low Ho3+ concentration (y = 0.05) in
combination with x = 2.7 of Yb3+, where efficient Yb3+ - Ho3+

energy transfer and minimized cross-relaxation collectively result
in an impressive maximum PLQY of 69%.

These spectral characteristics indicate that energy transfer
from Yb3+:2F5/2 to the Ho3+ excited states (particularly 5I6) is
highly efficient. These results also suggest that the combination
of high emission intensity and broad spectral bandwidth high-
lights the potential of Yb3+/Ho3+ co-doped LBGMO as an
efficient solid-state SWIR emitter for pc-LED applications oper-
ating within the SWIR range.

3.4 Performance of LBGMO:Yb3+/Tm3+ and LBGMO:Yb3+/Ho3+

fabricated pc-LED device

The performance of the phosphor conversion layers was eval-
uated quantitatively in terms of WPE, defined as the ratio of the
emitted optical power (measured in Watts using an integrating
sphere) to the electrical power supplied to the LED device. As
these materials are intended for use in spectral conversion for
SWIR pc-LEDs, their performance was assessed under device-
relevant operating conditions to ensure practical relevance. To
mimic real device architectures, compositions with the highest
PLQYs – LBGMO:0.8Yb3+,0.1Tm3+ and LBGMO:2.7Yb3+,0.1Ho3+ –
were dispersed homogeneously in a silicone resin matrix and then
deposited onto 940 nm LED chips to form integrated spectral
conversion layers (Fig. S8).

Prior to the WPE evaluation, the temperature-dependent
LDS properties of the LBGMO:0.8Yb3+,0.1Tm3+ and LBGMO:
2.7Yb3+,0.1Ho3+ phosphors were investigated over the tempera-
ture range of 293–478 K (20–200 1C). As shown in Fig. 7a,b and
8a,b, both phosphors exhibit good thermal stability. At 478 K,
the integrated LDS intensity remained at 89% and 90% of its
initial value at 293 K for the Tm3+- and Ho3+-doped phosphors,
respectively.

The resulting NIR emission characteristics were investigated
by measuring the emitted SWIR optical power as a function of
the applied driving current. In particular, emissions centered at
approximately 1800 nm (corresponding to Tm3+ transitions, see
Fig. 7c) and at approximately 2050 nm (arising from Ho3+

emission, see Fig. 8c) were monitored. The corresponding
WPE values were extracted from these measurements and
plotted as a function of current density (Fig. 7d and 8d),
enabling a direct assessment of device-level performance and
efficiency under realistic operating conditions.

For the device incorporating the LBGMO:0.80Yb3+,0.1Tm3+

conversion layer (LED940@Tm), a maximum WPE of 1.6% was
achieved at a driving current of 50 mA. Upon increasing the
current to 300 mA, the WPE gradually decreased to approxi-
mately 1.1%, indicating a current-dependent efficiency roll-off.
For comparison, the uncoated 940 nm LED exhibits a WPE of
B40% (Fig. S9) under similar operating conditions, indicating
that the overall device efficiency is predominantly limited by
optical losses. The reduction in WPE after phosphor integration
can be attributed to non-radiative losses associated with
PLQY o 100%. Furthermore, thermal effects at higher drive
currents contribute to the observed efficiency roll-off (see
insert in Fig. 7d), which demonstrates an increase of chip
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temperature from 31.8 1C (at current of 50 mA) up to 62.8 1C (at
current of 300 mW).

Under identical fabrication and measurement conditions,
the device based on the LBGMO:2.7Yb3+,0.05Ho3+ layer
(LED940@Ho) exhibited a markedly higher WPE of 3.6% at
50 mA. With increasing drive current up to 300 mA, the WPE
decreased to approximately 2.6%, while remaining substan-
tially higher than that of the Tm3+-based system across the
entire current range. The thermal effects at higher drive cur-
rents again contribute to the observed efficiency roll-off (see
insert in Fig. 8d), which demonstrates an increase of chip
temperature from 35.2 1C (at current of 50 mA) up to 113.2 1C
(at current of 300 mW).

The used 940 nm AlGaAs/GaAs surface-emitting chip repre-
sents one of the most cost-efficient LED platforms (along with
the 850 nm AlGaAs/GaAs chip).57 However, it is also worthwhile

to explore the less common 980 nm LED chip (Fig. S10), which
is typically based on an InGaAs/AlGaAs or InGaAs/GaAs archi-
tecture and emits in the spectral range corresponding to the
maximum absorption of Yb3+ ions. The performance of the
light-conversion layer based on the 980 nm chip is presented in
Fig. S11. Overall, these devices demonstrate a slightly higher
WPE at the same driving current (for instance, 1.7% and 5.1%
at 50 mA for LED980@Tm and LED980@Ho, respectively). This
improvement is likely attributed to the stronger absorption of
980 nm radiation compared with 940 nm radiation.

Furthermore, the LED940@Tm and LED940@Ho devices
were used in SWIR imaging applications. Fig. 7e and f demon-
strate imaging of seeds under visible light illumination using a
halogen lamp and a 940 nm LED source (LED940@Tm),
respectively. The two images exhibit comparable contrast and
spatial features. In contrast, Fig. 7g and h highlight the

Fig. 7 (a) Temperature-dependent LDS spectra of the LBGMO:0.8Yb3+,0.1Tm3+ phosphor under 940 nm excitation; (b) normalized integrated LDS
intensity of the LBGMO:0.8Yb3+,0.1Tm3+ phosphor in the 1600–2200 nm spectral range as a function of temperature; (c) emission spectrum of 940 nm
LED chip coated with with LBGMO:0.8Yb3+,0.1Tm3+ phosphor (LED940@Tm) (the insert demonstrates the LED940@Tm chip); (d) SWIR power output
and WPE of LED940@Tm chip (inserts demonstrate chip temperature at current of 50 and 300 mA); (e) photograph of sunflower seeds illuminated by a
halogen lamp and captured using an iPhone 16 camera; (f) false-color SWIR image of the same seeds acquired using a hyperspectral SWIR camera under
illumination from the LED940@Tm chip; (g) photograph of sunflower seeds covered with a polyethylene film opaque to visible light, captured using an
iPhone 16 camera under halogen lamp illumination; (h) false-color SWIR image of the same seeds covered with the polyethylene film and acquired using
a hyperspectral SWIR camera under illumination from the LED940@Tm chip.
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capability of SWIR-sensitive imaging to penetrate a polymer
film that is completely opaque in the visible spectral range. In
Fig. 7g, the halogen-illuminated scene captured with a standard
visible-range camera shows only a strong specular reflection
from the polymer surface, with no information from the seeds
beneath the film. However, Fig. 7h, acquired using SWIR
illumination from the LED940@Tm chip and detected by a
hyperspectral SWIR camera, clearly reveals the spatial positions
and shapes of the seeds through the polymer barrier.

The emission characteristics of the LED940@Ho illumination
source demonstrate overlap with a strong absorption band of
water centered around B1900 nm, indicating that even small
differences in moisture content produce measurable changes in
reflected intensity. As a result, the optical system becomes inher-
ently sensitive to the presence of water inside biological samples
such as seeds. In Fig. 9a and b, the physical appearance of seeds
and their corresponding SWIR reflectance images are shown,
respectively. In the visible-range photograph (Fig. 9a), wet and
dry seeds appear largely similar, making reliable visual discrimina-
tion difficult or impossible. However, once the same seeds are
illuminated under the LED940@Ho-based SWIR imaging configu-
ration (Fig. 9b), clear contrast emerges between individual seeds.
This contrast is not based on surface color or morphology, but on
differences in internal water absorption affecting the reflected
SWIR signal. Wet seeds generally appear darker or exhibit altered
intensity patterns compared to dry seeds due to stronger

absorption of radiation in water-sensitive wavelengths. This beha-
vior is quantitatively confirmed in the spectral profiles presented
in Fig. 9c. The hyperspectral SWIR camera records reflectance
spectra from each seed, revealing divergence between wet and dry
samples. Wet seeds show reduced reflectance (or stronger absorp-
tion features) in the 1900 nm region. The separation between the
two spectral curves provides a robust optical signature of moisture
content. Based on this spectral separation, a simplified classifica-
tion rule can be defined, as illustrated in Fig. 9d. Instead of
performing full spectral analysis, a decision-making criterion can
be reduced to a threshold-based or ratio-based metric derived from
selected wavelength bands, particularly those sensitive to water
absorption. This enables rapid differentiation between wet and dry
seeds using hyperspectral data.

Importantly, Fig. 9e–h further demonstrate the robustness
of this method, showing that the same wet-versus-dry discrimi-
nation can be successfully performed even when the seeds are
covered by a non-transparent film in the visible spectral range.
Although the coating obscures all visual information in stan-
dard imaging (Fig. 9e), SWIR-based measurement remains
effective because SWIR radiation can partially penetrate
through the polymer film. The corresponding spectral signa-
tures (Fig. 9g) still demonstrates the difference between wet
and dry seeds, and the classification map (Fig. 9h) indicates
that accurate segmentation is possible despite optical occlusion
in the visible spectrum.

Fig. 8 (a) Temperature-dependent LDS spectra of the LBGMO:2.7Yb3+,0.1Ho3+ phosphor under 940 nm excitation; (b) normalized integrated LDS
intensity of the LBGMO:2.7Yb3+,0.1Ho3+ phosphor in the 1600–2200 nm spectral range as a function of temperature; (c) emission spectrum of 940 nm
LED chip coated with with LBGMO:2.7Yb3+,0.1Ho3+ phosphor (LED940@Ho) (the insert demonstrates the LED940@Ho chip); (d) SWIR power output and
WPE of LED940@Ho chip (inserts demonstrate chip temperature at current of 50 and 300 mA).
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4. Conclusions

The obtained results demonstrate that the well-defined spec-
tral positions, broad emission bands, and high PLQYs of
the LBGMO host doped with Yb3+/Tm3+ and Yb3+/Ho3+ ion
pairs make these phosphors suitable for use as spectral
conversion layers in SWIR-emitting pc-LEDs. Under 940 nm
excitation, Tm3+ ions are efficiently populated at the 3F4 level,
resulting in broadband emission centered at approximately
1800 nm. In the Yb3+/Ho3+ system, efficient population of the
5I7 state leads to dominant emission near 2050 nm. The strong
SWIR emission is accompanied by high PLQY values of 63%
for the Tm3+-doped sample and 69% for the Ho3+-doped
sample. These results are associated with efficient energy
transfer from Yb3+ to Tm3+ (95%) and from Yb3+ to Ho3+

(96%), together with the moderate cut-off phonon energy of
930 cm�1, which supports efficient population of the lower-
energy SWIR-emitting states.

These findings identify LBGMO as a structurally stable and
electronically suitable host lattice for efficient long-wavelength
NIR emission in the 1600–2200 nm spectral range under
940 nm excitation. In addition, pc-LED devices incorporating
Yb3+/Tm3+ and Yb3+/Ho3+ conversion layers achieve maximum
wall-plug efficiencies of 1.6% and 3.6%, respectively, demon-
strating their practical potential. As an example, the LED device
containing the Yb3+/Tm3+ conversion layer was successfully
used for SWIR imaging through a film opaque in the visible
spectral range. The emission of this device also overlaps with a
strong water absorption band, indicating potential applicability
for water detection.

Overall, the results demonstrate that LBGMO-based Yb3+-
sensitized phosphors represent a promising material platform
for efficient SWIR pc-LEDs, combining high LDS performance
with device-level functionality.
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Fig. 9 (a) image of seeds illuminated with a halogen lamp, captured with an iPhone 16 camera; (b) false-color SWIR image of the same seeds illuminated
with the coated LED chip (LED940@Ho), captured with the hyperspectral SWIR camera; (c) spectra of the wet and dry seeds obtained with the
hyperspectral SWIR camera; (d) false-colour interpretation for decision-making to differentiate between wet and dry seeds. White stars demonstrate
pixels corresponding to spectra in (c); (e) image of the seeds covered with a polyethylene film opaque to visible light, captured with an iPhone 16 camera
under halogen lamp illumination; (f) false-color SWIR image of the same seeds covered with a polyethylene film opaque to visible light, captured with a
hyperspectral SWIR camera under illumination from the LED940@Ho chip; (g) spectra of the wet and dry seeds with a polyethylene film opaque to visible
light, obtained with the hyperspectral SWIR camera; (h) false-colour interpretation for decision-making to differentiate between wet and dry seeds
covered with a polyethylene film opaque to visible light. White stars demonstrate pixels corresponding to spectra in (g).
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Construction of an Fe–Ni energy bridge for NIR-II lumines-
cence enhancement and anti-thermal quenching via
microwave-induced defect engineering, Mater. Horiz.,
2025, 12(14), 5277–5286.

10 G. Benjamin and L. Peter, Review on short-wavelength
infrared laser gated-viewing at Fraunhofer IOSB, Opt. Eng.,
2016, 56(3), 031203.

11 T. Siegel and S.-P. Chen, Investigations of Free Space Optical
Communications Under Real-World Atmospheric Condi-
tions, Wirel. Pers. Commun., 2021, 116(1), 475–490.

12 N. Lopac, I. Jurdana, A. Brnelić and T. Krljan, Application of
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