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Broadband near-infrared (NIR)-emitting materials are crucial components of the next generation of smart NIR
light sources based on blue light-emitting diodes (LEDs). Here, we report a Te cluster-doped borate glass, which
exhibits ultra-broadband emission around 980 nm with a full-width at half-maximum (FWHM) of 306 nm under
blue light excitation. We propose adjustments of glass chemistry and processing condition as a means for topo-
chemical tailoring of the NIR photoemission characteristics in such materials. Through implementing strongly
reducing conditions during glass melting, Te clusters with broad NIR photoluminescence can be generated and
stabilized once the melt is vitrified to the glassy state. Tunability of the NIR emission peak over the wavelength
range of 904 to 1026 nm is possible in this way, allowing for fine adjustments of spectral properties relative to the
stretching vibrations of common chemical bonds, for example, in water, proteins, and fats. This potentially en-
ables high sensitivity in NIR spectroscopy. We further demonstrate potential application of glass-converted LEDs
in night vision. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.446416

1. INTRODUCTION

Near-infrared (NIR) light with the ability to penetrate deep
into organic tissue holds great promise for applications in the
medical industry, bio-sensing, food processing, and night-
vision technologies [1–3]. Smart NIR light sources could be
combined with smart phones to enable convenient devices for
NIR sensing and imaging [4,5]. Contrary to traditional NIR
light sources such as tungsten halogen lamps and laser diodes,
NIR light-emitting diodes (LEds) feature high efficiency and
long lifetime, owing to their solid state and compact size, and
thus may be used in smart NIR devices. However, the problem
is that only a narrow emission bandwidth has been attained in
NIR LEDs so far [6,7]. This limits their applications in bio-
sensing and food analysis since the spectral characteristics of
relevant organic molecules in foodstuffs or, e.g., biological tis-
sues, cover a wide wavelength range [8,9]. Instead, a tunable
broadband NIR light source is required. In this regard, NIR
phosphors or glasses with tunable broadband emission com-
bined with highly efficient and commercially available blue
LED chips were found to be promising components for

realizing a compact and low-cost broadband NIR light source
[10,11].

The realization of such NIR light sources relies greatly on
materials doped with rare-earth (Pr3�, Nd3�, Tm3�, and
Er3�) or transition-metal ions (Cr3�, Ni2�, and Mn4�)
[12–17]. However, f -f transitions of rare-earth ions, which
are relatively independent of crystal field strength and glass
composition, lead to narrow absorption and emission band-
width. Although transition-metal-ion-doped materials exhibit
a broader emission band around the NIR region, success on
these alternative materials has been limited. For example,
Cr3� ion-doped materials, which exhibit broadband emission
(∼650−1000 nm), have recently been recognized as an ideal
NIR luminescent center for obtaining broadband near-infrared
emission [11,18,19]. However, it is still difficult to tune the
emission peak of Cr3� beyond 900 nm. The NIR spectral re-
gion of 900–1100 nm is covered only by the tail of the broad-
band NIR emission spectrum with very low emission efficiency.
Tuning of the emission peaks in this spectral region is critically
important for improving the accuracy and breadth of analytical
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technology. This is because the primary chemical bonds linked
to the vibrational modes in the NIR region are C–H, O–H,
and N–H bonds, which are present in protein, water, and fats.
Specifically, these bonds exhibit their third stretching overtones
at a wavelength of around 920 nm, the second overtone at
around 980 nm, and the second overtone at 1086 nm, respec-
tively [8,10]. While these vibrational modes provide access to
the constituents of food or biological tissue, it is essential to
extend the emission region of the light source toward wave-
lengths of 1100 nm or above [10].

We note that Te-doped glasses with broadband lumines-
cence have been developed in various types of glasses
[20–22]. Unlike the above-mentioned single active ion-doped
glasses, the broadband luminescence of Te-doped glasses arises
from Te clusters (e.g., Te−2, Te4, and Te2�4 ) [23–25]. The ar-
chetype photoluminescent (PL) active cluster compound com-
prises an emissive core and a surrounding ligand arrangement
[26,27]. A key role of the ligands is their interaction with the
core, which enables tuning the luminescence performance of
the Te cluster by controlling its topo-chemical environment
[26]. Moreover, Te possesses various types of species (from dis-
crete ions to ions in the cluster) and different valence states
(from positive to negative), and they can be easily converted
into each other [28–30]. Diverse strategies were proposed to
tune the optical performance of the Te NIR centers, such as
modifying doping content, modulating chemical composition,
and employing high-energy radiation. However, it is still a chal-
lenge to extend the emission peak maximum to 900–1100 nm
due to the difficulty in stabilizing NIR emitting Te cluster spe-
cies, as well as in large peak shifts originating from Te4 or
Te−2 [23,25].

Recently, the topological cage concept has been proposed,
by which NIR luminescent Te clusters in the silicate glass ma-
trix can be stabilized, leading to ultra-broadband near-infrared
emission in the spectral range of 700–1300 nm with an emis-
sion peak maximum at 900 nm [31]. If the size and configu-
ration of the topological cage can be controlled, then new Te
clusters will enable tunable NIR emission because those
clusters selectively enter the topological cages with specific
geometry, size, network modifier type, and network connectiv-
ity. Accordingly, topological cages of the germanate glass net-
work can be adjusted by varying the Al2O3 content and
changing the type of modifying ions so that the cluster configu-
ration can be tailored and thereby a tunable luminescence over
a wide range of wavelengths from 600 to 1500 nm can be
achieved [32]. However, such Te-doped materials cannot be
excited by blue LEDs due to the lack of blue light absorption
of the sample. Consequently, developing the Te-activated NIR
materials for blue light-pumped LEDs is critical and is also a
challenging task.

In this work, we demonstrate that Te-doped borate glass
provides the required excitation performance under blue light
illumination and exhibits broadband photoemission in the NIR
spectral region from 700 to 1500 nm with a peak at 980 nm.
We propose a strategy to tune cluster speciation and optimize
the spectroscopic properties of Te cluster-doped glass by
adjusting glass chemistry, processing conditions, and topologi-
cal features of the glass matrix. By implementing a reducing

atmosphere during glass melting, Te clusters can be stabilized
in such materials, giving rise to the broadband photolumines-
cence. In this way, a tunable emission peak is obtained.
Materials produced in this way can be used in glass-con-
verted-LED devices, for example, for night-vision or NIR spec-
troscopy.

2. EXPERIMENT

A. Sample Preparation
All glasses samples were prepared by melt-quenching from ana-
lytical grade reagents B2O3, Al2O3, K2CO3, high purity TeO2

(99.99%), and carbon (C) (99.95%). We selected two series of
borate glasses for Te doping, i.e., 49B2O3-25Al2O3-25K2O-
1TeO2-xC (x represents mole percentage, x � 0, 0.05, 0.1,
0.5, 1, 3, and 5), �79 − y�B2O3-20Al2O3-yK2O-1TeO2-3C
(y represents mole percentage, y � 20, 25, 30, 35, and 40).
In the following, these are denoted as B–xC and B–yK, respec-
tively. Appropriate powder batches were prepared from the
above-mentioned raw materials and weighted to yield ∼30 g
of glass, ground and filled into alumina crucibles. Melting
was then conducted at 1400°C for 0.5 h in air. Glass samples
were finally obtained by pouring the melts onto a cold plate of
stainless steel and pressing with another steel plate in order to
increase the cooling rate. The obtained glass slabs were cut
into pieces of about 1 cm × 1 cm × 0.2 cm and polished to
optical grade.

B. Material Characterization
Optical transmittance spectra were recorded on a Perkin Elmer
Lambda-900 UV-Vis-NIR spectrophotometer over the spectral
range of 200 to 3200 nm. Photoluminescence spectroscopy
measurements (static excitation and emission spectra) were
conducted on an Edinburgh FLS920 spectrofluorometer
equipped with a static 450 W Xe lamp as excitation sources.
Transmission electron microscopy (TEM) and high-resolution
transmission microscopy (HRTEM) images were collected with
a JEOL JEM-2100F microscope. Vibrational spectroscopic
measurements were performed on a Renishaw InVia Raman
spectrometer excited with a 532 nm laser at an output power
of ∼5 mW. The magic angle spinning nuclear magnetic reso-
nance (MAS NMR) spectra were collected on a Bruker spec-
trometer (AVANCE III HD 400) at a magnetic field strength
of 9.4 T with a 4 mmMAS probe. 11BMASNMR spectra were
recorded at a frequency of 128.38 MHz with a 4.5 μs pulse
using 15 s recycle delays to prevent saturation. Finally, electron
paramagnetic resonance (EPR) spectra were collected with an
X-band spectrometer (ELEXSYS, Bruker A300) using a micro-
wave power of 1 mW and modulation amplitude of 3 G. The
electroluminescence spectra and performances of glass-con-
verted NIR-LEDs were examined using a photoelectric meas-
uring system (HAAS 2000, 350–1100 nm, EVERFINE). The
drive-current for the NIR LED was within 100–800 mA.
Photographs for the application of the NIR LED device were
taken with an NIR camera (DinoCapture 2.0).

3. RESULTS AND DISCUSSION

Borate glasses possess a broad variety of superstructural units
such as boroxol, borate or diborate rings, metaborate rings or
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chains, and pyro- or orthoborate groups [33,34]. The fractions
of these units can be adjusted by not only varying the type and
fraction of network modifiers but also changing the melting
condition and thermal history [34,35]. This provides an oppor-
tunity to control the topological environment of Te cluster spe-
cies for tunable luminescence when these species are
incorporated into the borate matrix. However, Te-related pho-
toluminescence such as in silicate or phosphate matrices was
not yet reported in this group of materials [36]. In the present
work, the carbon-induced melt-reduction results in broad pho-
toluminescence at 904 nm in the quenched glass [full-width at
half-maximum (FWHM) of ∼240 nm, 435 nm excitation, see
Fig. 1(a)]. The extent of melt reduction, which depends on the
amount of added carbon, determines the variation in this emis-
sion band, in particular, in band intensity. There appears to be
an optimum amount of C of about 3% (mole fraction), i.e., the
optimum reduction extent, which generates the Te cluster spe-
cies with the most efficient broadband NIR emission. The same
phenomenon was also observed when using the secondary ex-
citation bands at 645 nm [see Figs. 1(b) and 1(c)]. The quan-
titative effects of the added C strongly depend on the individual
melting conditions, e.g., the ambient atmosphere, humidity,
ventilation, and raw material chemistry. If the reduction con-
dition is too strong, then metallic Te could form, which is not
PL active.

TEM analysis on the glass B-3C indicates the presence of
both the spherical Te particles with a diameter of ∼1 to
3 nm [light spots in Fig. 1(d)] and the larger, metallic particles
[Fig. 1(e)]. A transmission electron microscopy-energy disper-
sive spectrometer (TEM-EDS) scan across the light spots
[Fig. 1(f )] implies higher Te concentration and oxygen

depletion in this region, confirming that these spots are indeed
Te particles.

While the initial NIR photoluminescence spectra reveal
only one single emission center, the transmission spectra of
glasses with different amounts of added C point to the presence
of multiple absorbing species [Fig. 1(g)]. The glass without C
exhibits no notable absorption in the considered spectral range
but does exhibit the occurrence of four absorption bands be-
cause of melt reduction. Notably, no peak can be observed in
the C-containing glass without Te doping, indicating that these
absorption bands are attributed to Te centers. It is seen in the
inset of Fig. 1(g) that the appearance of the glass gradually
changes from colorless to brownish with the increasing C con-
tent. The absorption bands at 350 and 980 nm originate from
exciton transition and Te4, respectively [36,37]. The bands at
440 and 640 nm were previously attributed to Te2 and Te−2,
respectively, and these chemical states were also considered to
be the source of Te-related NIR emission [23,38]. However, for
the present materials, we did not find paramagnetic Te−2 by
room-temperature electron paramagnetic resonance (EPR)
spectroscopy [Fig. 1(h)]. Based on previous density functional
theory (DFT) calculations, the Te2 clusters exhibit ultraviolet
and visible emission outside the NIR spectral region [32]. The
emission at 904 nm indicates the presence of D2h−Te4 with
space group Pmmm as the responsible emission centers
[31,32]. The absorption bands at 440 and 640 nm correspond
to the higher-lying excitation bands of the 904 nm emission,
suggesting that these bands also originate from theD2h−Te4. In
strong contrast, no luminescence under 980 nm laser diode
(LD) excitation can be observed, indicating that the chemical
state of Te4 is non-luminous (NL−Te4).

Fig. 1. Occurrence and identification of Te clusters. Emission spectra upon (a) 435 nm and (b) 645 nm excitation. (c) The excitation spectra
monitored at 904 nm of glass samples B–xC (x � 0, 0.05, 0.1, 0.5, 1, 3, and 5). (d) and (e) The TEMmicrograph of sample B-3C. (f ) The EDS line
scan along the path indicated in (e) for Te and O elements. (g) The optical transmission of glass samples B–xC (x � 0, 0.05, 0.1, 0.5, 1, 3, and 5)
compared with sample B-3C without Te doping. (h) The EPR spectra of glass samples B–xC (x � 0, 0.05, 0.1, 0.5, 1, 3, and 5).
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By introducing network modifiers that possess less localized
bonds with predominantly ionic bonds, compared to network
formers, we can control the degree of network connectivity in
oxide glasses. Alkali ions, particularly K2O, are typical network-
modifying species in borate glasses [4,39,40]. By varying the
content of the network modifiers, we can tailor the Te-related
spectroscopic properties in such borate matrices. When the
K2O content increases from 25% to 30% (mole fraction),
the excitation bands at 435, 500, and 645 nm emerge with
shifting positions toward shorter wavelengths [Fig. 2(a)].
The excitation bands at 435 and 645 nm correspond to the
absorption at 440 and 640 nm, respectively, originating from
D2h−Te4. With a further increase of K2O, the excitation band
at 645 nm decreases in intensity, while the blue excitation band
at 435 nm increases, broadens, and red shifts to 500 nm.
Furthermore, a new band is observed at about 330 nm for
K2O > 30%. This variation in the excitation bands reflects
changes in the characteristics (e.g., size and valence state) of
the Te species.

The characteristics of the NIR emission can be tuned by
tuning the Te speciation, as shown in Figs. 2(b) and 2(c).
Upon 500 nm excitation, the emission intensity increases with
K2O content, and the FWHM is extended from 253 to
306 nm. In addition, we can observe a pronounced red shift

from 904 nm for sample B-25K to 1026 nm for B-40K
[Fig. 2(b)]. Upon excitation at 435 or 645 nm, the intensity
of the photoemission increases with the K2O content, reaching
a maximum in B-30K, and then decreases with the further
increasing K2O [Fig. 2(c)]. The emission peaks monotonically
shift to longer wavelengths and become broader, in particular,
from sample B-35K to B-40K. Upon excitation at 330 nm, the
K2O content dependence of the luminescence intensity is con-
sistent with that of the excitation intensity.

The Raman spectra of the K2O series are shown in Fig. 2(d).
Their features are in good agreement with those reported in
previous studies of the well-known alkali alumino borate
glasses [33,39]. In general, K2O addition leads to a band shift
to lower energy, reflecting the decreasing network connectivity.
Furthermore, some changes occur in borate coordination and
between metaborate chains and rings, favoring lower cross-
linking with increasing K2O content [34,41]. Considering the
Te speciation, a weak band emerges at 214 cm−1, arising from
the Te2 in sample B-25K. Its intensity increases in B-30K with
increasing K2O content but subsequently decreases in B-40K.
In parallel, the band at 178 cm−1 resulting from D3h–Te6 ap-
pears in B-30K and then decreases [28,42]. This indicates that
smaller Te-clusters (Te2 and, potentially, Te4) grow into Te6
and transform into later semi-metallic Te or are dissolved as

Fig. 2. Tunable luminescence behavior of Te clusters and manipulation of Te speciation through network modifiers. (a) The excitation spectra
monitored at 904 nm. The emission spectra upon (b) 500 and (c) 435 nm excitation. (d) The Raman spectra and (e) the 11BMAS NMR spectra of
samples B–yK (y � 20, 25, 30, 35, and 40). (f ) The occurrence of BO3 and BO4 approximated from NMR band integration. (g) The schematic for
the evolution of Te clusters with the increasing K2O content.
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TeO2 in the glass matrix. This process leads to a new band at
620 cm−1, which corresponds to the axial symmetric stretching
mode of the �Teax−O� in the TeO4 tetrahedra [22,43]. Based
on previous DFT calculations, the Te6 clusters exhibit visible
emission (at 457 nm), indicating that the Te6 clusters do not
contribute to the NIR emission [32].

Boron speciation is quantified using 11BNMR to determine
the fractions of the BO4 tetrahedra and the BO3 trigonal
groups [Figs. 2(e) and 2(f )] [44]. Tetrahedral BO4 is the dom-
inant species in all samples. However, a local maximum (mini-
mum in BO3) occurs for the intermediate K2O content in
sample B-30K, corroborating the Raman observations and pre-
vious studies of similar alumino borate glasses.

Based on the structure characterizations of the studied
glasses, a mechanism for the evolution of the Te clusters is de-
scribed in Fig. 2(g). This mechanism involves three aspects:
1) network topology related to rings and chains, 2) negatively
charged environment due to the presence of non-bridged oxy-
gen species (NBOs), and 3) local cation acidity due to varia-
tions in the presence of potassium. Increasing the fraction of
network modifiers causes an increase in the number of
NBOs, and thereby creates the negatively charged local envi-
ronment. Thus, more positive charges are required for charge
balance, leading to an increase in the valence state of Te. Then,
the Te may be incorporated into the glass network in the form
of TeO2, forming a classical boro-tellurite matrix. As a result,
the Te-related NIR photoemission excited at 435 and 645 nm
(D2h−Te4) disappears. On the other hand, as long as TeO2

does not form (i.e., oxidation to Te4� does not occur), the ox-
idizing effect favors the formation of Te clusters with higher
valence, thereby enhances the blue light excitation band and
causes an increase in the intensity of the Te NIR emission ex-
cited at 500 nm. We attribute these latter excitation bands to
species such as D2h−Te

�
4 or Te3�4 , which have previously been

demonstrated for excitation at 508 nm based on the time-de-
pendent density functional theory (TDDFT) calculation [24].
The observed increase of NIR activity from Te clusters is attrib-
uted to the fact that the metaborate chains are converted into
rings, and hence create favorable spatial conditions for limiting
Te aggregation to prevent the formation of semi-metallic Te
particles. Considering the boron anomaly, borate groups trans-
form from BO3 into BO4, leading to higher network connec-
tivity and, assumedly, stabilizing Te clusters. In this way, the

occurrence of Te4 species is tailored, leading to a tunable
NIR emission and the enhancement of NIR emission under
blue light excitation.

An NIR LED with a broadband NIR light source was fab-
ricated by covering a commercial 460 nm LED chip with the
Te-doped borate glass B-40K. When the NIR LED is lit,
images of the NIR LED were obtained using an NIR camera
with and without an 800 nm filter, respectively [inset of
Fig. 3(a)]. The electroluminescence spectrum of the NIR LED
under different driving currents shows a super broadband NIR
emission peaking at 980 nm [Fig. 3(a)]. The NIR emission out-
put power increases with increasing current and reaches
22.25 mW in the NIR region at 700−1100 nm under a current
of 800 mA [Fig. 3(b)]. The conversion efficiency decreases
from 21.2% to 15.9% as the current increases from 100 to
800 mA. To be competitive with other types of NIR light
sources, the performance of the NIR LED should be further op-
timized. A blue LED chip with higher photoelectric efficiency
can be used to improve the output power of the NIR LED since
the photoelectric efficiency of the employed blue LED chip is
not very high (e.g., only 11.4% at 800 mA). On the other hand,
only 70.5% of the NIR emission was obtained because of
the limitation of the measurement range (up to 1100 nm)
[Fig. 3(c)]. If the 29.5% unmeasured part is considered, the ac-
tual NIR output power should be 31.56 mW at 800 mA.

An NIR LED device was assembled by covering a long
wave-pass filter (800 nm) on the NIR LED, as illustrated in
Fig. 4(a). Figure 4(b) shows photographs of a flower, of a to-
mato, and of a succulent plant, which were taken under natural
light and the NIR LED device light, implying a potential ap-
plication of the Te cluster-doped borate glass in night-vision
technology. Compared with other kinds of NIR light sources,
the NIR emission peak at 980 nm has a higher relative inten-
sity, and its position is much closer to those of the absorption
peaks of common chemical bonds. This holds the promise of
less noise and interference for higher detection sensitivity. For
demonstration, we used raw slices of pork tissue [Fig. 4(c)]. For
this, the NIR LED device was covered by a slice of the tissue.
The thickness of the slice was varied between tests so that the
net NIR emission intensity was recorded as a function of cover
thickness. Figure 4(d) shows that the luminescence is partly
absorbed in the raw pork tissue. The emission intensity de-
creases to 40% when the pork thickness increases from 0 to

Fig. 3. Electroluminescence performance of Te cluster-doped glass converted-LED device. (a) The electroluminescence spectra of the
as-fabricated NIR LED based on B-40K under different driven currents. Inset: photograph of the fabricated NIR LED under natural light
and the NIR light (with an 800 nm filter). (b) The driven current dependence of output powers and conversion efficiencies. (c) The electrolu-
minescence spectrum fitted by the Gaussian formula.
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1 mm and decreases further to 2% for the 30 mm slice [Inset of
Fig. 4(d)], indicating the degree of tissue penetration.
Transmission spectra of the NIR LED light after passing
through the different layers of tissue slices are shown in the
upper panel of Fig. 4(e). The shape of the calculated transmis-
sion spectra is different from that of the water measured by the
UV-Vis-NIR spectrometer [middle panel in Fig. 4(e)], espe-
cially for the intensity ratio of the absorption band at
980 nm band to that at 1180 nm for the 1 mm pork slice with
lower water content. Assumedly, even a weak absorption at
980 nm measured by the UV-Vis-NIR spectrometer could
be detected [lower panel of Fig. 4(e)], since the Te cluster-
doped glass exhibits strong emission intensity around
980 nm, which contributes to the high detection sensitivity.

4. CONCLUSIONS

A series of luminescent, tunable NIR-emitting Te cluster-
doped borate glasses with a super-broad excitation band from
250 to 850 nm were designed and synthesized. Upon blue light
excitation, the Te cluster-doped glass was used to generate an
ultra-broadband emission centered at 980 nm with a large
FWHM of 306 nm. By manipulating glass chemistry, process-
ing, and topological features of the glass matrix, we were able to
tailor active Te cluster centers, and thereby achieved the

tunable NIR emission peak with a center position varying from
904 to 1026 nm. The spectral region of this peak matches the
location of the stretching vibrations of the common chemical
bonds in water, protein, and fats.
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