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Multichannel transition visible and near-infrared (NIR) fluorescences have been captured in

Dy3þ-doped fiber-adaptive Na2O–ZnO–PbO–GeO2–TeO2 glasses. The maximum stimulated

emission cross-sections rem-max were derived to be 0.33� 10�21, 3.66 � 10�21, and 0.67

� 10�21 cm2 for conventional visible emissions assigned to 4F9/2!6HJ (J¼ 15/2, 13/2, and 11/2)

transitions, respectively. Infrequent multi-peak NIR emissions were recorded in the spectral range

of 900–1500 nm, among which the values of rem-max were solved to be 1.05 � 10�22 and 1.56

� 10�22 cm2 for �1.02 and �1.18 lm emission bands. Internal quantum efficiency for the 4F9/2

level and external quantum yield for visible emissions of Dy3þ were determined to be 88.44% and

12.38%, severally. Effective multichannel radiative emissions reveal a potential in developing

fiber-lighting sources, tunable lasers, and NIR optical amplifiers. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4796185]

I. INTRODUCTION

Rare-earth (RE) ions used as activators in various glass

hosts have received much attention, due to potential applica-

tions in optical lasers and signal amplifiers springing from

multichannel transition emissions. Er3þ and Tm3þ used as lu-

minescence centers in these materials have been investigated

extensively in recent years.1–5 Simultaneously, study on RE

ions with a multi-level system like Pr3þ, Sm3þ, and Ho3þ,

which offer efficient visible and infrared emissions, has

become an active hot spot and attracted a considerable number

of researchers, demonstrating their tempting prospects in opti-

cal storage, color display, undersea communication, and opti-

cal amplification in near-infrared (NIR) low-loss windows.6–10

Among all RE ions, the Dy3þ ion has been found much attrac-

tive as it can alone give near-white fluorescence ascribing

to its predominant emissions in blue and yellow spectral

regions.11,12 Moreover, its 4F9/2 lasing state exhibits higher

quantum efficiency and shows multifarious radiative emission

channels.13 Inasmuch as NIR emissions often suffer from

obvious multiphonon relaxation (MPR), RE-doped optical

materials with low phonon energies therefore become particu-

larly relevant, and can basically present efficient fluorescence

of the interesting bands.

Several glass hosts such as borates, phosphates, tellur-

ites, fluorides, sulfides, and selenides have been broadly

studied to acquaint their effects on the luminescence proper-

ties of the RE ions.14–21 Of the oxide glasses, tellurite glasses

represent a compromise between the demand for proper me-

chanical strength and good chemical durability and the desire

for a low-phonon-energy host, which hold great promise for

the commercial use of special-band signal amplifiers tradi-

tionally taken up by non-oxide glasses.22 Meanwhile,

germanium-containing glasses show sufficient photosensitiv-

ity that can contribute to the precise control of refractive

index change, demonstrating the attractive application pros-

pect in gain-flatten amplifier by long-period grating UV-writ-

ing.23 With addition of lead oxide, the density and refractive

index increase almost linearly, therefore larger stimulated

emission cross-section, lower non-radiative decay rate and

higher radiative quantum efficiency in visible and NIR wave-

bands are expected.24

In present work, Dy3þ-doped heavy metal germanium

tellurite (NZPGT) glasses with medium-low phonon energy

were designed and prepared. Novel �1.29 and �1.40 lm

emission bands were clearly recorded at 77 K and 10 K,

besides infrequent NIR emissions centered at �1.02 and

�1.18 lm, accompanied by the traditional visible fluores-

cence bands peaking at 480.5, 573.5, 663.5, and 752.0 nm.

The analysis based on high spontaneous emission probabil-

ities and large emission cross-sections provides the possibil-

ity of efficient multichannel emissions of Dy3þ, in

consideration of the higher refractive index and the lower

phonon energy in NZPGT glass system. 88.44% internal

quantum efficiency and 12.38% external quantum yield of

Dy3þ-doped NZPGT glasses due to extended UV-to-visible

transmittance were exposed, providing a new possibility for

near-white light illumination. The optical evaluation of Dy3þ

in NZPGT glasses illustrates a potential application prospect

in developing visible and NIR optoelectronic devices.

II. EXPERIMENTAL

Dy3þ-doped NZPGT glasses were prepared from high-

purity Na2CO3, ZnO, PbO, GeO2, and TeO2, according to the

molar compositions 14Na2O–10ZnO–7PbO–19GeO2–50TeO2

for core glasses and 14Na2O–11ZnO–6PbO–19GeO2–50TeO2

for cladding glasses, respectively. Additional 1.0 wt. % high

purity Dy2O3 was introduced into the core glasses based on the

a)Author to whom correspondence should be addressed. Electronic mail:

lhai8686@yahoo.com.
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host weight. The melting procedures were performed in plati-

num crucibles as described in Ref. 25.

For optical measurements, the annealed glass samples

were sliced into pieces and then polished with two parallel

sides. The densities of the core and cladding glasses were

measured to be 5.070 and 5.033 g�cm�3, respectively, thus

the number density of Dy3þ ions is 1.621� 1020 cm�3 for

the core one. Using a Metricon 2010 prism coupler, the re-

fractive indices of core and cladding glasses were measured

to be 1.9257 and 1.9226 at 632.8 nm, and 1.8818 and 1.8788

at 1536 nm, respectively. The refractive indices of the sam-

ple at all other wavelengths can be calculated by the

Cauchy’s equation26 n ¼ Aþ B=k2 with A¼ 1.8728 and

B¼ 21 173 nm2 for core, and A¼ 1.8698 and B¼ 21 124 nm2

for cladding glasses, severally. Differential thermal analysis

(DTA) scans of the core and cladding glasses were carried

out by a WCR-2D differential thermal analyzer from the

room temperature to 700 �C. Absorption spectrum of the

glass sample was recorded with a PerkinElmer UV/VIS/NIR

Lambda 19 double-beam spectrophotometer, and Fourier IR

transmittance spectrum was obtained by a Spectrum One-B

Fourier transform IR spectrometer. Visible and IR fluores-

cence spectra were determined by a Jobin Yvon Fluorolog-3

spectrophotometer equipped with an R928 and a NIR

photomultiplier tube (PMT) detector, respectively, adopting

a commercial CW Xe-lamp as the pumping source.

Meanwhile, Horib-Janis-CCS-100/202 liquid helium cryostat

system was employed to cool down the samples in low tem-

perature experiments. Fluorescence decay curves were

recorded under the same setup using the R928 PMT detector

and a flash Xe-lamp. The luminescence photographs were

taken using a Sony a 200 digital camera.

The spectral power distribution of Dy3þ-doped glass

samples was measured in an integrating sphere of 30-

centimeter diameter, which was connected to a CCD detector

(Ocean Optics, USB4000) with a 400 lm-core optical fiber.

The current of the exciting violet light-emitting diode (LED)

was fixed at 20 mA. A standard halogen lamp (EVERFINE,

D062) was used to calibrate this measurement system, and

its spectral power distribution was obtained through fitting

the factory data based on the blackbody radiation law. The

pumping source (violet LED) rounded by a black tape except

the emitting surface was mounted in the center of the inte-

grating sphere, so that the beam hits an area of the sphere

wall that was free of obstructions. The glass sample was put

on the violet LED, and it covered the topside completely.

For improving signal/noise ratio of the spectra, integrating

time for standard light source was set to 6 ms, and integrating

times for the sample and the LED were selected based on the

actual signal intensities.

III. RESULTS AND DISCUSSION

A. Multichannel transition emissions of Dy31

in NZPGT glasses

A warm yellowish-white color was observed under violet

light excitation, as shown in the inserted photo of Fig. 1. The

emission spectrum of Dy3þ-doped NZPGT glasses under

387.5 nm excitation is presented as curve 1 in Fig. 1, which

consists of four visible emission bands located at 480.5,

573.5, 663.5, and 752.0 nm corresponding to 4F9/2! 6HJ

(J¼ 15/2, 13/2, 11/2, 9/2) transitions, respectively,27–29 as

illustrated in right inset of Fig. 1. The 4F9/2!6H15/2 transition

is mainly magnetically allowed and hardly varies with the

crystal field strength around the Dy3þ ion. The 4F9/2!6H13/2

transition (DL¼ 2, DJ¼ 2) belongs to a hypersensitive one,

of which the oscillator strength is strongly sensitive to the

dielectric constant of the host, characterized by the refractive

index and the permittivity.30 The intensities of blue and

orangish-yellow emission peaks under 387.5 nm excitation

are of the same order of magnitude, compared with those of

the red ones which are one magnitude lower, resulting in a

warm yellowish-white color to the human eyes.

The excitation spectrum measured for Dy3þ-doped

NZPGT glasses in the wavelength range 350–500 nm moni-

toring the orangish-yellow emission at 573.5 nm is presented

as curve 2 in Fig. 1. The spectrum consists of five excitation

bands peaking at 366.0, 387.5, 425.5, 452.5, and 472.5 nm,

which are assigned to transitions from the ground state 6H15/2

to the corresponding excited states 4I11/2, 4I13/2, 4G11/2, 4I15/2,

and 4F9/2 of 4f9 electronic configurations in Dy3þ ion.31 These

intense excitation bands confirm that Dy3þ ion can be effi-

ciently excited under the radiation of long-wavelength UV,

violet and blue optical laser, laser diodes (LDs), and LEDs.

Two emission bands located at �1.02 and �1.18 lm

were exposed at room temperature under 802 nm excitation,

as presented in Fig. 2(a). However, no fluorescence band

was exhibited in the NIR wavelength region 1250–1500 nm,

where �1.3 lm emission is usually recorded in chalcogenide

glasses springing from (6F11/2, 6H9/2)!6H15/2 transition,32

implying that extremely low phonon energy of the matrix

supports the efficient NIR emission in the latter owing to the

restrained MPR rate. Considering that the phonon energy is

intrinsic and the nonradiative relaxation processes caused by

thermal vibration were subject to restriction at extremely

low temperature, 77 K and 10 K environment were adopted

to detect the fluorescence spectra of Dy3þ-doped NZPGT

glasses in the range of 900–1500 nm, respectively. As exhib-

ited in Figs. 2(b) and 2(c), emission bands peaking at �1.29

and �1.40 lm emerged besides the �1.02 and �1.18 lm

ones as a distinguishable emission-line shape, ascribed to

FIG. 1. Emission (curve 1) and excitation spectra (curve 2) of Dy3þ-doped

NZPGT glasses. Inset: energy level diagram of Dy3þ ion in NZPGT glasses.

Inserted photo: fluorescence from glass sample under 365 nm excitation.
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(6F11/2, 6H9/2)!6H15/2 and 6F7/2!6H13/2 transitions, respec-

tively, just as those cases in low phonon energy halide and

chalcogenide glasses.24,33

To determine the origin of the two dominant �1.02 and

�1.18 lm emission transitions, the 473 nm pump source is

adopted. In this case, the 4F9/2 level of Dy3þ is directly

excited, and the detected emission bands as illustrated in

Fig. 2(d) are in fair agreement with those presented under

excitation of 802 nm. Therefore, the NIR emissions are con-

sidered to be upconversion process comprised of ground state

absorption (GSA) from the 6H15/2 ground state to the 6F5/2

state and excited state absorption (ESA) to the 4G11/2 excited

state, based on the contribution of two photons. And finally,

the excited energy that is stored in the 4G11/2 state relaxes

nonradiatively to the 4F9/2 fluorescent state. Thus, emission

bands located at �1.02 and �1.18 lm were assigned to opti-

cal transitions 4F9/2!6F7/2 and 4F9/2!6F5/2, respectively.

In optical communications, full width at half maximum

(FWHM) of the emission and stimulated emission cross-

section (rem) are important parameters for amplifier to esti-

mate the efficient amplifications.34–36 The FWHMs for 1.02

and 1.18 lm emissions were 64 and 67 nm at 293 K, 62 and

62 nm at 77 K, and 62 and 57 nm at 10 K, respectively, which

were evaluated from emission spectra derived by Gaussian

multi-peaks fitting as shown in Fig. 3. The lower temperature

mitigates the vibration of lattice, which in turn decreased the

interaction probability between the lattice and the ion, bring-

ing about the deduction in the emission bandwidth ultimately

along with the reduction in MPR. While the band narrowing

is a conspicuous temperature effect, there is a slightly wave-

length shift with temperature,37–39 i.e., red-shifts of 3 and

4 nm corresponding to these two emission bands were

observed with the reduction of temperature, respectively.

B. Absorption and radiative transition properties
of Dy31 in NZPGT glasses

The room-temperature absorption spectrum of Dy3þ-

doped NZPGT glasses shows ten inhomogeneously

broadened bands peaking at 386.5, 426.0, 453.5, 472.5,

753.0, 802.5, 900.0, 1097.5, 1279.0, and 1682.5 nm, which

associate with the absorption transitions from the 6H15/2

ground state to the excited states, as labeled in Fig. 3. The

radiative transitions belonging to the 4f9 electronic configu-

rations can be analyzed by the Judd-Ofelt theory based on

the absorption of Dy3þ.28 Judd-Ofelt intensity parameters Xt

(t¼ 2, 4, 6) of Dy3þ in NZPGT glasses can be derived from

the electric-dipole contributions of the experimental oscilla-

tor strengths by a least-square fitting approach. The matrix

elements given in Ref. 40 are adopted in the calculation.

The measured and calculated oscillator strengths of Dy3þ

and the Xt parameters in various Dy3þ-doped matrixes are

presented in Tables I and II, respectively. The root-mean-

square deviation drms in this case is found to be 4.5� 10�7,

indicating the calculation process is reliable. The phenomeno-

logical Judd-Ofelt parameters for Dy3þ ions in germanium

tellurite glasses are found to be X2¼ 7.34 � 10�20 cm2,

X4¼ 2.75 � 10�20 cm2, and X6¼ 1.45 � 10�20 cm2. The

larger X2 value for Dy3þ in NZPGT glasses, compared

with those of tellurite41 and lead borate glasses,28 is the

direct consequence of a strong inversion asymmetry and

high covalent environment around Dy3þ ions, which is bene-

ficial to the intense orangish-yellow emission, due to the

electric dipole transition from the 4F9/2 level to the 6H13/2

level.44

FIG. 2. Emission spectra of Dy3þ-doped NZPGT glasses under different ex-

citation wavelengths and test temperature conditions. Dotted curves: multi-

peaks Gaussian fitting profiles for these emission bands. Inset of (a): simu-

lated emission cross-section profiles for �1.02 and �1.18 lm emission

bands of Dy3þ in the NZPGT glasses.

FIG. 3. Absorption spectrum of Dy3þ-doped NZPGT glasses. Inset: IR

transmittance spectrum of Dy3þ-doped NZPGT glasses (sample thickness is

4.40 mm).

TABLE I. Measured and calculated oscillator strengths of Dy3þ in NZPGT

glasses.

Absorption

Energy

(cm�1)

Pexp

(10�6)

Ped-cal

(10�6)

Pmd-cal

(10�6)

6H15/2!6H11/2 5944 0.981 1.248
6H15/2!6F11/2, 6H9/2 7819 9.529 9.466
6H15/2!6H7/2, 6F9/2 9112 2.886 3.031
6H15/2!6F7/2 11 111 2.357 1.957
6H15/2!6F5/2 12 461 1.373 0.783
6H15/2!6F3/2 13 280 0.233 0.148
6H15/2! 4G11/2, 4I15/2, 4F9/2 22 051 1.294 0.728 0.118

Root-mean-square deviation 4.5� 10�7

123507-3 Li et al. J. Appl. Phys. 113, 123507 (2013)



Using these intensity parameters, the spontaneous emis-

sion probability and branching ratio were calculated to be

1438.92 s�1 and 65.8% for the 4F9/2!6H13/2 transition, respec-

tively, while 294.72 s�1 and 13.5% for the 4F9/2!6H15/2 tran-

sition, as listed in Table III. Larger Arad values compared to

those in YSGG laser host29 are beneficial to the intense blue

and orangish-yellow emissions from the 4F9/2 level in Dy3þ-

doped NZPGT glasses.

The Fourier IR transmittance spectrum of Dy3þ-doped

NZPGT glasses is shown in the inset of Fig. 3. The IR trans-

mission side band (R, wavenumber at 10% transmittance)

reflects the maximum-phonon-energy of the glass sample to

some extent, which was estimated to be 806 cm�1 in Dy3þ-

doped NZPGT glasses by the empirical formula E ¼ 92:9
þ0:4257R, where R was identified to be 1675 cm�1 in pres-

ent case. The medium-low phonon energy can help in the

reduction of the nonradiative decay rate significantly, which

in turn contribute to the achievement of efficient multichan-

nel transition emissions of Dy3þ, and provide an opportunity

for the development of more efficient lasers and fiber ampli-

fiers at NIR region than other glasses, such as borates

(1400 cm�1), phosphates (1200 cm�1), silicates (1100 cm�1),

and germanates (700–900 cm�1).

As mentioned above, the stimulated emission cross-

section acts as an important parameter to evaluate the energy

extraction efficiency for optical material, which can be

determined by scaling the emission spectrum through

F€uchtbauer–Ladenburg equation

rem ¼
Aij

8pcn2
� k5IðkÞð

kIðkÞdk
; (1)

where Aij, I(k), c, and n are effective radiative probability,

fluorescence intensity, vacuum light velocity, and refractive

index, respectively. For the efficient 1.02 and 1.18 lm NIR

fluorescence bands, the peak values of rem profiles were

derived to be 1.05 � 10�22 and 1.56 � 10�22 cm2, respec-

tively, as illustrated in the inset of Fig. 2(a).

Luminescence decay curve of the 4F9/2 level of Dy3þ-

doped NZPGT glasses excited at 387.5 nm and monitoring at

574.0 nm is approximately single-exponential as presented in

the inset of Fig. 4, implying that the interactions of Dy3þ

ions remain somewhat inconspicuous in this medium-

concentration doping case. The quantum efficiency (gq) for a

luminescence level can be obtained by

gq ¼ sexp=srad; (2)

where sexp is the experimental lifetime, which is derived to

be 404.7 ls by fitting the fluorescence decay curve, and srad

is the radiative lifetime. The quantum efficiency for the 4F9/2

level of Dy3þ in this case is obtained to be 88.44% arising

from the wide transparency of NZPGT glasses in the visible

region. As shown in Fig. 4, the maximum emission cross-

sections rem-max are derived to be 0.33� 10�21,

3.66� 10�21, and 0.67� 10�21 cm2 at 480.5, 574.0, and

663.5 nm, respectively. The rem-max value at 574.0 nm in this

case is similar to that of 3.7 � 10�21 cm2 in fluoroborate

glasses,42 less than that of 7.8 � 10�21 cm2 in Dy3þ:LiNbO3

crystals,45 and larger than that of 2.86 � 10�21 cm2 in lead

telluroborate glasses.46 Long radiative lifetime and relatively

large emission cross-section enable the potential Dy3þ-doped

NZPGT glass fiber to be applied in low-threshold and high-

gain laser devices.

C. Spectral power distribution, total radiant flux,
and total luminous flux

As is known, high internal quantum efficiency will guar-

antee efficient photon generation, but unless these photons

escape into free space useful light will not be produced.47

TABLE II. Intensity parameters, Xt (10�20 cm2), of Dy3þ in NZPGT and

other various matrixes.

Glasses and crystals

X2

(10�20cm2)

X4

(10�20cm2)

X6

(10�20cm2) Refs.

Phosphate 5.50 1.31 1.88 24

Zn:LiNbO3-0.1 wt. % Dy2O3 4.22 1.52 2.39 27

Lead borate 4.90 0.94 2.07 28

NaZnBS-1 mol. % Dy2(SO4)3 16.82 9.45 6.50 40

ZnTeO 4.30 1.32 2.53 41

LiFB-1 mol. % Dy2O3 9.01 2.56 3.52 42

GeGaS 11.90 3.58 2.17 43

NZPGT-1 wt. % Dy2O3 7.34 2.75 1.45 This

work

TABLE III. Predicted spontaneous emission probabilities, branching ratios and radiative lifetime of Dy3þ in NZPGT glasses.

Transition Energy (cm�1) [U(2)]2 [U(4)]2 [U(6)]2 Aed (s�1) Amd (s�1) b srad (ls)

4F9/2!6F1/2 7514 0 0.0004 0 0.22 0 0 457.6
4F9/2!6F3/2 7884 0 0 0.0003 0.10 0 0
4F9/2!6F5/2 8703 0.0065 0.0008 0.0004 15.67 0 0.007
4F9/2!6F7/2 10 053 0.0002 0.0043 0.0032 8.68 9.64 0.008
4F9/2!6H5/2 11 024 0 0.0037 0.0012 7.67 0 0.004
4F9/2!6H7/2 12 052 0.0009 0.0082 0.0072 33.59 5.73 0.018
4F9/2!6F9/2 12 150 0.0008 0.0057 0.0005 19.38 10.20 0.014
4F9/2!6F11/2 13 345 0.0035 0.0034 0.0027 45.43 90.92 0.062
4F9/2!6H9/2 13 497 0.0023 0.0024 0.0034 34.34 5.39 0.018
4F9/2!6H11/2 15 220 0.0097 0.0019 0.0035 144.00 20.95 0.076
4F9/2!6H13/2 17 647 0.0512 0.0172 0.0573 1438.92 0 0.658
4F9/2!6H15/2 21 112 0 0.0049 0.0303 294.72 0 0.135
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Therefore, integrating sphere coupled with a CCD detector

measurement was applied for absolute spectral parameter

characterization, which provided external quantum yield to

assess luminescence and laser materials. A near-white fluo-

rescence was observed in Dy3þ-doped NZPGT glass samples

under the excitation of violet LED in an integrating sphere,

as shown in Fig. 5(a). The spectral power distribution P(k) is

shown as curve 1 in Fig. 5(b), which consists of four emis-

sion bands located at 482, 576, 662, and 751 nm assigned to
4F9/2!6HJ (J¼ 15/2, 13/2, 11/2, 9/2) transitions, respec-

tively. To obtain the absorption extent of the pumping

energy, P(k) of the violet LED is also derived when the glass

sample is located on the side of the LED (curve 2 in

Fig. 5(b)). When dealing with human eyes, it is customary to

introduce a new physical quantity, the radiant flux UE, to

evaluate its capacity to evoke the sensation of brightness,

which is calculated by

UE ¼
ð780nm

360nm

PðkÞdk: (3)

Here, UE of the Dy3þ-doped NZPGT glass under the excita-

tion of a 393 nm violet LED was obtained to be 1172 lW. In

the spectral region of 460–770 nm for four emission bands, it

was solved to be 86 lW and occupied 7.34% of the whole.

Luminous flux is a quantity derived from radiant flux by

evaluating the radiation according to its action upon the

standard photometric observer.48 In the visible spectral

region, the total luminous flux (UV) of the luminescence is

expressed by

UV ¼ Km

ð780nm

380nm

VðkÞPðkÞdk; (4)

where V(k) is the relative eye sensitivity and Km is the maxi-

mum luminous efficacy at 555 nm (683 lm/W). In the visible

spectral region, UV was integrated to be 0.034 lm.

D. Photon distribution and quantum yield

The photon distribution provides the fundamental infor-

mation in optical field and relevant applications, ranging

from quantum mechanics to quantum information and quan-

tum metrology.49 The photon distribution Nð�vÞ is calculated

based on PðkÞ

Nð�vÞ ¼ k3

hc
PðkÞ; (5)

where k, �v, h, and c represents wavelength, wavenumber,

Planck’s constant, and vacuum light velocity, respectively.

FIG. 4. Simulated emission cross-section profiles for the emission bands of

Dy3þ in visible wavelength region. Inset: fluorescence decay curve of the
4F9/2 level for Dy3þ-doped NZPGT glasses.

FIG. 5. (a) Fluorescence photograph in

an integrating sphere of the Dy3þ-doped

NZPGT glasses under the excitation of a

violet LED (sample dimension: 9.1 mm

� 7.0 mm� 4.2 mm), (b) spectral power

distribution of luminescence with the

Dy3þ-doped NZPGT glass sample on

(curve 1) and beside (curve 2) the LED,

(c) photon distribution of luminescence

with the Dy3þ-doped NZPGT glass sam-

ple on (curve 1) and beside (curve 2) the

LED, (d) net emission and absorption

photon distribution in the Dy3þ-doped

NZPGT glasses under the excitation of a

violet LED. Inset of (b): detail of spectral

power distribution in the spectral region

of 430–780 nm, of (c) detail of photon

distribution in the spectral region of

13 000–24 000 cm�1, and of (d) detail of

net emission photon distribution in the

spectral region of 13 000–22 000 cm�1.
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The quantum yield (QY) of a luminescence material is

defined as the ratio of the emitted photo number to the

absorbed photon number. The abscissa of distribution spec-

trum is converted to wavenumber (cm�1) for accurate decon-

volution of spectrum. The Nð�vÞ spectrum consists of

transmitted violet light from excitation LED and fluores-

cence from the sample as shown in Fig. 5(c). The photon dis-

tribution of Dy3þ-doped NZPGT glasses under the excitation

of a 393 nm violet LED is shown as curve 1. To expose the

absorption extent of the pumping energy, the photon distri-

bution of the violet LED is also presented as curve 2. By sub-

tracting the violet LED N2ð�vÞ from the violet component of

LED composite N1ð�vÞ as shown in Fig. 5(d), the absorbed

and emitted photon number can be estimated by integrating

the distribution with the wavenumber. Hence, the quantum

yield is defined by

QY ¼ emitted photons=absorbed photons

¼ ðEon � EsideÞ=ðLside � LonÞ; (6)

where (Eon, Eside) and (Lon, Lside) are the emitted photon

numbers from the sample and violet LED, respectively,

when the sample located on the top and the side of violet

LED.50 QY is served as a key external parameter for evaluat-

ing luminous characters of material for potential applications

in solid-state lighting devices. Given the variety of lumines-

cence materials being studied, the comparison of absolute

fluorescence parameter of QY provides crucial feedback in

the development of new synthesis techniques.51

By the formula (6), the total QY of Dy3þ-doped NZPGT

glasses under the excitation of 393 nm violet LED was calcu-

lated to be 12.38%. All the QY for different emission peaks

are listed in Table IV. The achieved QY of around 12% is

quite high for 4f–4f transitions of RE ions, which is 4%–8%

in generally, such as 4.36% and 4.07% reported in Eu3þ and

Sm3þ single doped LKBBT glasses, respectively.50,52 High

external quantum yield could be explained in terms of the

extended UV-to-visible transmission range from 300 to

800 nm in NZPGT glasses, which are of primary importance

for photons to escape into free space. From the aspect of

practicality, one of the potential uses for the intense warm

yellowish-white light with adequate intensity and good di-

rectivity in Dy3þ-doped optical fiber is to provide favorable

surroundings in improving the operative quality in minimally

invasive surgery. Last but not the least, the absolute results

of Dy3þ-doped NZPGT glasses obtained under the pumping

of violet LED provide the original referenced data for com-

paring various Dy3þ-doped luminescence materials.

E. Thermodynamic property and fiber-adaptive
evaluation on Dy31-doped NZPGT glasses

The control of viscosity and crystal nucleation is abso-

lutely crucial to the prevention of extrinsic scattering loss

during glass preform and fiber fabrication, and prior knowl-

edge of crystallization behavior and temperature dependence

of viscosity is a necessity.53 Thus, DTA curves were pre-

sented in Fig. 6 to exhibit the thermodynamic properties of

the core and cladding glasses. The transition temperature and

crystallization onset temperature of the core glasses were

derived to be Tg1¼ 290 �C and Tx1¼ 387 �C by marking

the intersection of two tangents, respectively, and the corre-

sponding values of cladding glasses were derived to be

Tg2¼ 290 �C and Tx2¼ 391 �C. Typically, the temperature

difference value (DT¼ Tx � Tg) of the glasses can be

employed as an indicator for optical fiber drawing. The big-

ger the outcome, the better the fiber-drawing performance.

The DT of the core and cladding glasses are calculated to be

97 and 101 �C, respectively, indicating that the NZPGT

glasses exhibit good stability against crystallization. The

crystallization temperatures of the core and the cladding

glasses are Tc1¼ 406 �C and Tc2¼ 400 �C by marking the

peak values, severally.

Here, another two critical thermal parameters allowing

stability evaluation are introduced. The thermal stability pa-

rameter (H) is identified by

H ¼ DT

Tg
: (7)

The Saad-Poulain criterion (S) is expressed as

S ¼ DTðTc� TxÞ
Tg

: (8)

In general, the magnitude of glass stability parameter H
conveys the tendency of resistance against devitrification,

which were calculated and compared in Table V for a range

of oxide glass compositions. However, these judgment

TABLE IV. Quantum yields of Dy3þ-doped NZPGT glasses under the

excitation of violet LED.

Transitions

Wavenumber

(cm�1)

Quantum

yield (%)

Total quantum

yield (%)

4F9/2!6H15/2 20 765 2.15 12.38
4F9/2!6H13/2 17 352 8.60
4F9/2!6H11/2 15 097 0.77
4F9/2!6F11/2, 6H9/2 13 239 0.86 FIG. 6. DTA curves of the NZPGT core (solid curve) and cladding (dotted

curve) glasses.
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indices of thermal stability are not absolute parameters

allowing for the diversity of glass system and the complexity

of glass transition. S takes Tc and Tx into account further,

which are related to crystallization peak width. A broader

peak corresponds to a larger crystallization time and conse-

quently to a smaller crystallization rate. Therefore, from the

point of view of crystallization control, the adoption of S as

an indicator of glass stability is advantageous to H.

The S values of the NZPGT core and cladding glasses

are derived to be 6.36 and 3.13, respectively, comparable to

those in TeO2–ZnO and TeO2–B2O3–ZnO–Er2O3 glasses,53

demonstrating a favorable stability against devitrification.

Especially for the NZPGT core glasses, the value of S
reaches �6, larger than those of several tellurite glasses as

listed in Table V, which owes much to the addition of GeO2

into the tellurite host that acts as a key factor in drawing

high quality fibers, benefiting the RE oxides solubility and

improving thermal stability and glass forming ability. In

addition, the transition temperatures of the core and the clad-

ding glasses are similar, implying that they have a high

matching degree under the identical condition of temperature

in the fiber-drawing process.

As an active gain medium for potential fiber amplifier,

the relative refractive index ðDnÞ of the NZPGT core

and cladding glasses was figured out to be 0.159% by Dn
¼ 2 � ðncore � ncladdingÞ=ðncore þ ncladdingÞ � 100% with ncore

¼ 1.8881 and ncladding¼ 1.8851 at 1176 nm respectively,

and 0.164% with ncore¼ 1.8935 and ncladding¼ 1.8904 at

1013 nm. The numerical apertures (NA) of them were

obtained to be 0.106 and 0.108 by NA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

core � n2
cladding

q
,

severally. The critical diameter (d) can be obtained by nor-

malized frequency V derived by the following relationship

d ¼ Vk

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

core � n2
cladding

q ¼ Vk
pNA

; (9)

where, the V is a constant Vc1 ¼ 2:405. Hence, the d values

are 8.493 and 7.180 lm for potential Dy3þ-doped NZPGT

glass fiber at 1176 and 1013 nm wavelength, respectively.

This suggests that standard Dy3þ-doped NZPGT glass fiber

supports single-mode NIR signal transmission with a core

diameter no more than 7.0 lm, and multi-mode signal trans-

mission employing core diameter larger than 8.5 lm. As

for the visible region, the NA value was obtained to be

0.110 adopting n values at 573.5 nm. Thus, the value of d is

calculated to be 3.991 lm, indicating that standard Dy3þ-

doped NZPGT glass fiber supports multi-mode visible signal

transmission of normal fiber drawing size 6–10 lm for core

diameter.

IV. CONCLUSION

Conventional visible and novel NIR emissions of Dy3þ

have been exposed in fiber-adaptive heavy metal germanium

tellurite (NZPGT) glasses. The maximum stimulated emis-

sion cross-sections rem-max were obtained to be 0.33

� 10�21, 3.66 � 10�21, and 0.67 � 10�21 cm2 for the visible

fluorescence bands located at 480.5, 573.5, and 663.5 nm,

respectively. Multi-peak NIR emissions were recorded in the

spectral range of 900–1500 nm, among which the values

of rem-max were derived to be 1.05 � 10�22 and 1.56

� 10�22 cm2 for �1.02 and �1.18 lm emission bands.

Internal quantum efficiency for the 4F9/2 level and external

quantum yield for visible emissions of Dy3þ were deter-

mined to be 88.44% and 12.38%, severally. Effective multi-

channel transition emissions of Dy3þ in fiber-optic NZPGT

glasses exhibit a potential applied foreground in fiber-

lighting sources, tunable lasers, and NIR optical amplifiers.
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