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Abstract
Tunable photoluminescence (PL) from transparent inorganic glass matrices is
of interest for applications demanding a semitransparent photoconverter that
does not elastically scatter incoming light. For this purpose, bismuth (Bi)-doped
optical materials exhibit unique spectral characteristics in terms of bandwidth
and emission tunability. Here, we demonstrate a facile route for preparing such
converters from Bi-doped calcium-aluminate and calcium-aluminogermanate
glasses. These glasses offer tunable PL across the near violet and visible-to-near-
infrared (NIR) spectral range, with an emission lifetime in the range of 300 μs.
The addition of GeO2 exerts a decrease in optical basicity, which in turn enables
the stabilization of NIR-active low-valence Bi species for broadband NIR PL.
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1 INTRODUCTION

Materials that exhibit tunable and broadband photo-
luminescence (PL) are of great interest for customized
visible-to-infrared light sources and spectral converters, for
example, for highly sensitive temperature sensing, high-
density optical communication, photodynamic therapy,
or photochemical energy conversion.1–6 Such converter
materials rely on the combination of a robust matrix phase
with one or more suitable activator species. When glasses
are used for this purpose, the activator can be homoge-
neously incorporated into the material, which avoids light
scattering at particle–matrix interfaces. In addition, the
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full range of glass processing technology is—in principle—
available for generatingmaterials of the desired shapes and
sizes. Furthermore, glass matrices offer highest composi-
tional flexibility, from activator solubility to redox control
and the tailoring of secondary properties (e.g., mechanical,
chemical, or optical).7,8 Diverse light sources ranging from
ultraviolet (UV) to infrared PL have been achieved with
glasses, mostly using f–d or f–f electronic transitions in
rare-earth (RE) dopants.9–11 The 4f electrons of the various
RE species are fully shielded by the 5s2 and 5p6 electrons,
which results in limited tunability of the PL characteristics
of f–f transitions when exposed to variable glass chemical
environments (with only some of the degenerate states
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depending on ligand symmetry and orbital distortion).12
Therefore, alternative activator species are of interest
beyond the REs for achieving broadband PL.
Transition metal ions with their weakly bound d elec-

trons (such as V5+, Ti4+, Cu+, Mn2+, Cr4+, Co2+, Ni2+,
and Ag+),13–21 main group metal ions (such as Pb+,
Sn2+, Bi3+, Te4+, and Sb3+),22–28 quantum dots (such as
PbS29), and structural defects (such as oxygen vacancies30)
present such alternatives. Among these, bismuth (Bi)
ions are of particular interest due to their large vari-
ability in terms of the oxidation state that can be stabi-
lized in glass matrices.23 This has enabled Bi-activated
optical materials with PL ranging from the UV to the
near-infrared (NIR) andmid-infrared spectral region.6,31–35
In particular, Bi-doped glasses and fibers are consid-
ered active gain media with broadband and tunable NIR
emission.36–38
The PL characteristics of Bi embedded in glass are highly

sensitive to redox conditions, doping concentration, and
local environment. Although this is problematic when tar-
geting materials with well-defined, homogeneous proper-
ties, it simultaneously offers a multitude of opportunities
for tailoring the PL performance. These include variations
in melting time and temperature,39 melting atmosphere,38
post-processing,40,41 or interactions with external stim-
uli (such as laser or gamma-ray irradiation).42–44 Aside
these parameters, tailoring the chemical composition of
the matrix glass is the primary way of modulating bis-
muth speciation; a range of glass types have been studied
as host materials for optically active bismuth species.45–51
In particular, Bi-doped germanium-containing glasses and
fibers have been identified as candidate materials with
unique NIR emission behavior, especially in the impor-
tant C-band spectral region. The characteristic properties
of these glasses are presumably originating from interac-
tions of active Bi species with germanium-related oxygen
deficiency.52 Although some progress has recently been
made in the exploitation of such novel broadband light
sources, further insight on the optical behavior of Bi active
ions as a function of systematic variations in the chemistry
of these glasses and, in particular, their preparation in air
atmosphere is still lacking.
Efficient broadband visible emission was previously

observed from Bi-activated aluminate glasses, induced by
local network basicity.53 The emission spectrumwas found
to cover the whole visible range. Here, we now consider
the systematic introduction of GeO2 as a network-forming
species into calcium-aluminate glasses as a means to tailor
the mechanical and the PL characteristics of Bi-doped alu-
minate glasses. As an important feature, these glasses are
produced in air atmosphere so as to enable facile forming
or post-processing.

2 EXPERIMENTAL SECTION

2.1 Sample preparation

Bulk glass samples with nominal compositions of
(100 − x)[0.63CaO–0.37Al2O3] − xGeO2–0.25Bi2O3 (x = 0,
10, 30, 40, 60, 80, 90, and 100 mol%) were prepared by
conventional melt-quenching in air. Batches (∼40 g) of
analytical grade reagents of GeO2, Al2O3, CaCO3, and
Bi2O3 (Sinopharm Chemical Reagent Co., Ltd.) were
weighted in powder form, mixed, and melted in alumina
crucibles at 1500◦C for 30 min in air. Then, the melt was
poured onto a preheated (∼200◦C) stainless-steel plate
and pressed with another plate to form bulk glass samples
(denoted as xGe, where x refers to the nominal GeO2
concentration in mol%). Quenched bulk samples were
cut and polished in coplanar geometry to optical grade
for further characterization, using a CeO2 suspension
as the polishing agent. The specimen size was about
2 × 10 × 15 mm3. Sample 100Ge was visually transparent,
but notably hygroscopic, which is why it was excluded
from the analyses in this study.

2.2 Glass characterization

X-ray diffraction (XRD) patterns were collected on a pow-
der diffractometer (Miniflex 600) over the angular range of
10◦ ≤ 2θ≤ 80◦ using Cu Kα radiation (step size: 0.01◦). The
glass transition temperature Tg, onset of crystallization Tx,
and peak temperature of crystallization Tp were obtained
by differential scanning calorimetries (DSC, Netzsch STA
449 F3 Jupiter) in a Pt crucible under flowing N2 at a
heating rate of 10 K/min. The glass density ρ was deter-
mined via Archimedes’ principle at 20◦C using ethanol as
the immersion liquid. Molar volumes Vm are obtained by
Vm =M/ρ.M denotes the average molar mass of the glass
that is calculated from themolarmasses of individual glass
components and the glass composition. Elastic properties
were calculated from transversal and longitudinal sound
velocities, vL and vT, respectively,54 as determined by
ultrasonic echography using piezoelectric transducers
operating at frequencies of 8–12 MHz (Echometer 1077,
Karl Deutsch). Raman spectra were collected with a
dispersive confocal Raman microscope (Renishaw inVia)
for wavenumbers ranging from 80 to 1000 cm−1 at step
widths of 1.5 cm−1, using the 514-nm excitation line of
an Ar-laser. Fourier transform infrared spectroscopy
(FTIR) spectra were collected in a Perkin Elmer FTIR
spectrometer in reflection mode (450–1050 cm−1) at step
widths of 2 cm−1. Each spectrum was averaged over 10
consecutive scans. The room temperature visible (Vis) and
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F IGURE 1 XRD patterns of the (100 − x) [0.63CaO–0.37Al2O3]
− xGeO2–0.25Bi2O3 glasses (denoted as xGe, with x = 0, 10, 30, 40,
60, 80, and 90 mol%). XRD, X-ray diffraction

NIR emission and excitation spectra were measured with
a high-resolution spectrofluorometer (Fluorolog-3, Horiba
JobinYvon) using a continuous wave 450-W Xe-lamp as a
pump source and a Hamamatsu R2658P (UV–Vis spectral
range) or H10330 PMT (NIR spectral range) photomul-
tiplier tube, respectively, as a detector. Photographs of
the samples under both sunlight and 365-nm LED irra-
diation were recorded with a digital camera (Canon EOS
850D). The decay curves were measured using an FLS920
spectrofluorometer (Edinburgh Instruments) equipped
with a microsecond flashlamp (μF900) as an excitation
source. Optical transmittance spectra were recorded on
a dual-beam spectrophotometer (Cary 5000, Agilent) in
the spectral range of 200–2000 nm at step widths of 2 nm.
Optical basicity was calculated according to references.55,56

3 RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of melt-quenched sam-
ples with a nominal composition of (100 − x)[0.63CaO–
0.37Al2O3] − xGeO2–0.25Bi2O3 (x = 0, 10, 20, 30, 40, 60,
80, and 90, denoted as 0Ge, 10Ge, 30Ge, 40Ge, 60Ge,
80Ge, and 90Ge, respectively). All samples exhibit a broad
diffraction maximum with no visible sign for crystallinity
across the whole range of GeO2 substitution.
DSC up-scans of the xGe glasses are presented in

Figure 2A. The values of Tg, Tx, and Tp are listed in Table 1.
For clarity, the DSC curve of the 90GeO2 sample is pro-
vided individually in Figure 2B. The addition of increas-
ing amounts of GeO2 to the calcium-aluminate-based glass
causes a significant drop in Tg, that is, from ∼838 (0Ge)
to ∼604◦C (90Ge), whereas Tx is decreasing less strongly,
from∼904 (0Ge) to∼829◦C (90Ge). In turn, this results in a
gradual expansion of the supercooling range as a function
of the GeO2 concentration, from ∼70◦C (0Ge) to ∼225◦C
(90Ge).
With the addition of GeO2 (with a higher molecular

weight of 104.64 g/mol, relative toAl2O3 [101.96 g/mol] and
CaO [56.08 g/mol]), the mass density of the glasses gradu-
ally increases from ∼2.91 g/cm3 for the GeO2-free glass to
∼3.63 g/cm3 for 40 mol% GeO2; for higher degrees of sub-
stitution, only minor changes inmass density are observed
(Figure 3A). The opposite trends are seen for the sound
wave velocities and elastic properties. Both the values of vL
and vT are decreasing monotonically with the progressive
increase in the GeO2 concentration (Figure 3B). Likewise,
the shear modulusG, bulk modulus K, and Young’s modu-
lus E are decreasing (Figure 3C). This decrease in mechan-
ical performance is supposed to be a direct consequence of
the gradual decrease in the bond energy density (expressed
as the dissociation energy per unit volume Gi), when

F IGURE 2 (A) DSC curves of the (100 − x)[0.63CaO–0.37Al2O3] − xGeO2–0.25Bi2O3 glasses (denoted as xGe, with x = 0, 10, 30, 40, 60,
80, and 90 mol%). Characteristic temperatures, including the glass transition temperature Tg, onset of crystallization Tx, and peak temperature
of crystallization Tp, are indicated by the labels. (B) Individual DSC curve of the 90Ge sample. DSC, differential scanning calorimetry



CAO et al. 5679

TABLE 1 Mechanical and optical properties of xGe glasses: Transition temperature (Tg), onset crystallization temperature (Tx), peak
crystallization temperature (Tp), mass density (ρ), optical basicity (Λ), molar volume (Vm), longitudinal modulus (L), shear modulus (G), bulk
modulus (K), Young’s modulus (E), and Poisson’s ratio (ν)

Thermal properties
Tg Tx Tp △T Ρ (g/cm3) Λ Vm (cm3/mol) L (GPa) G (GPa) K (GPa) E (GPa) ν

0Ge 834 904 934 70 2.91 0.745 25.47 139.7 41.8 83.9 107.6 0.286
10Ge 840 925 950 85 3.04 0.730 25.43 133.6 40.2 80.1 103.3 0.285
30Ge 729 848 875 119 3.52 0.700 23.76 111.3 33.7 66.5 86.4 0.283
40Ge 716 815 830 99 3.63 0.686 23.90 105.5 32.0 62.8 82.2 0.282
60Ge 673 818 839 145 3.67 0.659 25.39 93.5 29.7 53.9 75.3 0.267
80Ge 647 848 875 201 3.67 0.634 27.10 80.0 26.6 44.5 66.6 0.251
90Ge 604 829 865 225 3.65 0.621 28.12 62.3 21.8 33.2 53.7 0.230
100Ge ∼55058 – – – 3.6359 0.610 29.15 48.059 18.159 23.959 43.359 0.197

F IGURE 3 Compositional dependence of (A) density ρ and molar volume Vm, (B) longitudinal vL and transversal vT sound wave
velocities, (C) shear modulus G, bulk modulus K, and Young’s modulus E, and (D) Poisson’s ratio ν of (100 − x) [0.63CaO–0.37Al2O3]
− xGeO2–0.25Bi2O3 glasses on the GeO2 content. Available literature data for pure vitreous GeO2 (100Ge) is added for comparison (open
diamond in panels (A)–(D))58,59

Al–O (Gi= 119.2 kJ/cm3) is replaced by increasing amounts
of Ge–O (Gi = 49.5 kJ/cm3).57 Interestingly, Poisson’s ratio
ν (Figure 3D) remains almost invariant at around 0.28 for
moderate amounts of up to 40 mol% GeO2 (ν = 0.286 for
0Ge, as compared to ν= 0.282 for 40Ge) but then suddenly
decreases down to 0.230 (90Ge). The molar volume VM
tends to decrease first but then increases with the further
addition of GeO2. Table 1 summarizes the experimentally

determined thermal, mechanical, and optical parameters
of the studied xGe glasses.
Raman (Figure 4A,B) and FTIR (Figure 4C) spec-

tra were recorded to monitor the structural variations
induced by the addition of increasing amounts of GeO2
to the calcium-aluminate glasses. For clarity, two selected
Raman spectra (0Ge and 90Ge) are highlighted individ-
ually in Figure 4B. The Raman spectrum for GeO2-free
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F IGURE 4 (A) Raman scattering spectra of the (100 − x)[0.63CaO–0.37Al2O3] − xGeO2–0.25Bi2O3 glasses (denoted as xGe, with x = 0,
10, 30, 40, 60, 80, and 90 mol%). (B) Raman spectra of the 0Ge and 90Ge glasses with the respective band assignments. (C) FTIR reflection
spectra. FTIR, Fourier transform infrared spectroscopy

calcium-aluminate glasses (0Ge) exhibits two main vibra-
tion bands located at 545 and 770 cm−1. Without aiming to
go into details at this point, the band at 545 cm−1 is related
to motions of bridging oxygen ions within the Al–O–Al
linkages, whereas the high-frequency band at 770 cm−1

is due to aluminum–oxygen stretching vibrations of the
fully polymerized tetrahedral aluminate groups.60–62 The
Raman spectrum of the GeO2-rich glass (90Ge) exhibits
a strong peak located at 426 cm−1 with three shoulders
at ∼347, ∼540, and ∼580 cm−1. The 347 cm−1 vibration
results from Ge deformation modes within the glass net-
work, and the 426 cm−1 vibration is attributed to the
symmetric stretching of Ge–O–Ge in GeO4 six-membered
rings.63 The 540 cm−1 feature is assigned to the symmet-
ric breathing mode of Ge–O–Ge in smaller GeO4 rings,
or AlO4 breathing modes. The shoulder at 580 cm−1 may
originate from the stretching vibrations of Ge–O–Ge in
GeO6 units.64 Besides the dominant band located at
426 cm−1, two weaker bands were detected at 820 and
900 cm−1. We assign these to the transverse and longi-
tudinal split components, respectively, of the asymmetric
stretching of Ge–O–Ge bonds.65 Compared to Bi-doped
aluminate glasses, with an increase in GeO2 content, new
peaks located at 500, 820, and 900 cm−1 emerged, indicat-
ing the formation of Ge–O–Ge in small GeO4 rings. With
increasing GeO2 content, the band at 500 cm−1 shifts to
lower frequency, indicating the formation of larger rings.
At the same time, the bands located at 820 and 900 cm−1

shift to higher frequency, which indicates a reduction of
the fraction of non-bridging oxygen ions.66 The FTIR spec-
tra exhibit a broadband envelope spanning the spectral
range between 500 and 1000 cm−1. These bands cannot
be assigned accurately to either Ge–O–Ge of GeO4 or Al–
O of AlO4 or AlO6, due to strong overlap between all
modes. The 570–600 cm−1 and the 720–815 cm−1 regions
are ascribed to the Ge–O stretching vibrations of GeO4

F IGURE 5 UV–Vis–NIR optical transmittance spectra of
Bi-doped glass with different GeO2 concentrations (for a specimen
thickness of 2 mm). The inset shows sample photographs, with
GeO2 content increasing from left to right. NIR, near-infrared; UV,
ultraviolet; Vis, visible

tetrahedral units.66 Ge–O vibrations in GeO6 structural
units occur around 690 cm−1.67 The peak near 880 cm−1

may reflect the asymmetric stretching vibration of Ge–O–
Ge bridges shifting to higher frequency with increasing in
GeO2 content. The latter indicates a coordination change
from GeO4 to GeO6.68
UV–Vis–NIR transmittance spectra of the Bi-doped glass

samples are shown inFigure 5. The pureBi-doped calcium-
aluminate glass (0Ge) is highly transparent from the near
UV to the NIR spectral region and does not exhibit any
pronounced absorption band over the full visible spectral
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F IGURE 6 (A) Visible photoluminescence spectra of the (100 − x)[0.63CaO–0.37Al2O3] − xGeO2–0.25Bi2O3 glasses (denoted as xGe,
with x = 0, 10, 30, 40, 60, 80, and 90 mol%) excited by the corresponding maximum excitation wavelength for each sample. The inset depicts
the visible photoluminescence intensity integrated over the spectral range of 300–790 nm as a function of the GeO2 content. (B)
Photoexcitation spectra obtained by monitoring the emission bands in (A). (C) Normalized photoluminescence spectra of the studied glasses
excited by UV light. (D) Normalized photoexcitation spectra corresponding to panel (B). UV, ultraviolet

range. This significantly changes upon the introduction of
GeO2. For low contents of GeO2 (10Ge), glasses are still
highly transparent (up to 80% transmittance at 550 nm) and
the spectra remain mostly flat in the Vis–NIR region. With
further increase in GeO2 content (from 30Ge to 90Ge), a
notable red-shift of the absorption edge occurs, and var-
ious characteristic absorption bands emerge in the spec-
tral range of 300–1200 nm. As a result, the samples grad-
ually change from colorless to pink and, eventually, dark
red (inset of Figure 5). The absorption bands are character-
istic for bismuth doped into glass matrices; however, their
specific assignment remains ambiguous; bismuth specia-
tion and the origin of Bi-relatedNIR emission in glasses are
still under debate.23,33 Noteworthy, the absorption bands
(located at 450, 710, and 1000 nm) do not shift as a func-
tion of GeO2 content.
The changes in the spectral transmission are well

reflected in the PL characteristics of the glasses with
increasing GeO2 content. Under UV excitation, as pre-
sented in Figure 6A, a broad PL band centered at ∼500 nm
was observed in samples 0Ge and 10Ge. This band cov-
ers the near violet and Vis–NIR region. As demonstrated

in a previous work, Bi2+ presents red-to-NIR emission in
polycrystals with different emission and excitation fea-
tures compared to Bi3+ and Bi+.69 It is possible that Bi2+
also exists in these glasses, but we did not observe the
characteristic optical properties of that species. Thus, Bi2+
may exist as nonluminescent centers in the glasses dis-
cussed in this study. In addition, the lifetime of Bi3+ in
crystals is normally in the range of 10−5–10−8 s. In our
previous report, we observed a lifetime of ∼1 μs in Bi-
doped aluminate glasses, which is in the same order of
magnitude as the luminescence lifetime of bismuth in ger-
manate glasses and phosphors, especially for aluminate
phosphors.70–72 Thus, we tend to attribute this emission
to the 3P1 → 1S0 transition in Bi3+.73 With the introduc-
tion of higher amounts of GeO2, the emission intensity
of this band continuously decreases, which is accompa-
nied by a blue-shift from about 490 to 410 nm, as seen in
Figure 6C. The integrated emission intensity is decreased
by∼50 times for 90Ge as compared to that of 0Ge (the inset
of Figure 6A). Analogous to the PL spectra, a broad excita-
tion band was detected for 1S0 → 3P1 of Bi3+,74 shown in
Figure 6B. With increasing GeO2 content, this band, too,
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F IGURE 7 (A) Emission spectra (λex = 500 nm) of the (100 − x)[0.63CaO–0.37Al2O3] − xGeO2–0.25Bi2O3 glasses (denoted as xGe, with
x = 0, 10, 30, 40, 60, 80, and 90 mol%). (B) Excitation spectra for emission from the studied glasses at 1178 nm

F IGURE 8 Contour plots of the NIR emission intensity (color code) as a function of excitation and emission wavelength for the (A)
10Ge sample and (B) 90Ge sample. NIR, near-infrared

decreases in intensity and shifts to shorterwavelength, that
is, from 320 to 280 nm (Figure 6D).
Corresponding to the emerging absorption bands in

Figure 5, the addition of GeO2 leads to strong changes
in the NIR emission spectra. Notable broadband NIR PL
from Bi NIR active centers33 is detected from sample 30Ge
onward, with amaximum excitation efficiency at∼500 nm
and an emission band maximum at ∼1178 nm with a full
width at half maximum (FWHM) of ∼200 nm.
Obviously, the addition of GeO2 leads to a reduction of

Bi3+ in favor of NIR-active Bi centers. Amaximum in emis-
sion intensity is observed for the 80Ge glass. Assumedly,
concentration quenching and self-absorption are set at
higher GeO2 content, for which samples become increas-
ingly absorbing in the spectral range of excitation as well
as emission (Figure 6). The FWHM of the NIR emis-

TABLE 2 CIE color coordinates of sample 10Ge with different
excitation wavelength

285
nm

300
nm

315
nm

330
nm

345
nm

360
nm

375
nm

CIE x 0.27 0.27 0.28 0.30 0.31 0.32 0.33
CIE y 0.31 0.32 0.33 0.35 0.37 0.39 0.40

Abbreviation: Commission Internationale de L’clairage.

sion spectra increases from 190 nm (30Ge) to 220 nm
(90Ge); for 80Ge and 90Ge samples, emission at the longer
wavelengths becomes increasingly important (∼1450 nm),
indicating the coexistence of multiple Bi NIR centers,
such as Bi+ and Bi0.75 It is worth mentioning that, over
the last decades, various arguments and models have
been proposed, approaching the subject from three main
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F IGURE 9 CIE chromaticity diagram for photoluminescence
from xGe samples with gradually increasing GeO2 content, and the
10Ge sample while varying the excitation wavelength from 270 to
385 nm. The inset shows sample images of xGe glasses under UV
365 nm excitation. CIE, Commission Internationale de L’clairage;
UV, ultraviolet

directions: (i) bismuth in higher valency, that is, Bi5+ and
related molecules76,77; (ii) bismuth in lower valency, that
is, BiO, Bi+, Bi0, cluster ions78–80; and (iii) point defects
of oxygen.52 Here, we tend to discuss the results based on
(ii). This is alsomotivated by previous observations in rela-
tion to preparation conditions, glass composition, and sur-
rounding environment.81,82
Monitoring the 1178-nm emission line (Figure 7B), no

excitation signal was detected in the 0Ge and 10Ge sam-

ples, in which only Bi3+ ions are optically active. With
increasing GeO2 content, a broadband excitation feature
emerges, with main contributions at about 340, 500, and
720 nm. In good accordancewith the emission spectra, also
the excitation spectrum reaches its maximum intensity for
the 80Ge glass. Furthermore, for 80Ge and 90Ge, a fourth
excitation band is detected at ∼580 nm. This latter obser-
vation confirms that multiple Bi NIR active centers coexist
in glasses with higher GeO2 concentrations.
Making use of the coexistence of multiple Bi active cen-

ters, the emission of sample 90Ge and sample 10Ge can be
widely tuned so as to cover the whole visible andNIR spec-
tral region. Contour plots of the excitation–emission char-
acteristics of 10Ge and 90Ge are provided in Figure 8A,B,
respectively. As shown in Figure 8A, the peak for visible
emission shifts from blue to green under different exci-
tation conditions; it exhibits a large degree of tunability.
The visible emission can be excited by light from deep
UV to NIR; it can be accessed by commercial UV LEDs,
for example, operating at 365 nm. Correspondingly, the
emission spectra cover the whole visible range, offering
great potential for broadband illumination tasks. The NIR
emission band position in Figure 8B varies from 1100 to
1400 nm under variable excitation wavelength. The emis-
sion distribution further highlights the coexistence of mul-
tiple Bi NIR active ion species. As the excitation wave-
length increases, PL of the 10Ge occurs predominantly at
∼480 nm. For the 90Ge sample, there are two spectral
regions (∼1200 and ∼1400 nm, respectively) in the emis-
sion spectra, indicating that at least two Bi NIR active cen-
ters are created as results of GeO2 addition.
Accordingly, the emission color changes from green

(under 270 nm) to yellow (under 385 nm) when gradually
adjusting the excitation wavelength, as shown in Figure 9.
The color coordinates of Commission Internationale de
L’clairage of the 10Ge sample under different excitations

F IGURE 10 (A) NIR photoluminescence decay behavior of Bi NIR active center in the (100 − x) [0.63CaO–0.37Al2O3]
− xGeO2–0.25Bi2O3 glasses (denoted as xGe, with x = 30, 40, 60, 80, and 90 mol%) for 1200-nm emission excited at 500 nm. (B) The
composition-dependent lifetime for xGe samples. NIR, near-infrared
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are listed in Table 2. In the inset of Figure 9, we further pro-
vide sample photographs for xGe under 365 nm UV light
irradiation. Besides, with increasing GeO2 content from
10 to 90 mol%, the emission intensity increases first and
then decreases gradually, and the color changes from yel-
low to red. Noteworthy, 80Ge and 90Ge with high content
of GeO2 present almost no visible PL.
The PL decay data corroborate our previous argu-

ments (Figure 10). Monitoring the 1200-nm emission
(Figure 10A) for 30Ge, 40Ge, 60Ge, 80Ge, and 90Ge (e.g.,
0Ge and 10Ge,we refrain frommeasuring decay curves due
to the very low NIR emission intensity), we find that the
emission lifetime first increases and then decrease, attain-
ing a peak for sample 40Ge (Figure 10B). This is due to
the conversion of Bi ions from high to low valence, induc-
ing the concentration quenching of Bi NIR centers. For
all decay data, there is a clear deviation from a single-
exponential kinetic function: There are multiple Bi NIR
active centers or multiple energy relaxation paths respon-
sible for the observed PL characteristics.
WhenusingBi2O3 as a rawmaterial in the preparation of

Bi-doped glasses, Bi2O3 tends to decompose into Bi atoms
and oxygen.83 In Bi-doped aluminate glasses, the high opti-
cal basicity hinders this reaction and preserves Bi3+ ions
with broadband visible PL.84 With the addition of GeO2,
the optical basicity is lowered (Table 1), which favors Bi-
active species with lower valence. Their interaction with
oxygen defects in germanate glasses results in the NIR
emission located at 1400 nm.85

4 CONCLUSIONS

In summary, we demonstrated a facile way to modu-
late Bi visible and NIR emission PL characteristics in
multicomponent glasses through adjustments in glass
chemistry. Calcium-aluminum-germanate glass matrices
enable highly tunable Vis to NIR PL from Bi active centers
through adapting the GeO2 content. Moderate amounts
of GeO2 cause a blue-shift of the visible emission as
well as of the excitation bands. At high GeO2 content,
Bi-visible emission is reduced in favor of broadband NIR
emission located at 1178 and 1400 nm, due to the reduction
of the Bi-active species. Besides, the addition of GeO2
to the aluminate-based glass leads to a decrease in glass
transition temperature and elastic constants.
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