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Abstract: TeO,-BaF;-Er,O3-Dy,0O3 laser glasses were prepared using the melt-quenching method.
The bound water that can capture the excited state energy was reduced by physical and chemical
methods. We did not observe a significant Er3* emission peak at 2.7 um in fluorescence spectra, which
may be due to the efficient energy transfer process (ET2). Meanwhile, we found a broadband gain
span of approximately 400 nm in fluorescence spectra at the 2.85 pm band, attributed to the ‘vector
summation’ of the energy level radiation transition and the change of the glass network. Subsequently,
we explored the structural properties of the glass. The results indicated that the Gaussian peak located
at 250 cm ! drifts toward 370 cm 1, which may be caused by the fracture or recombination of Te-O-Te
and a decrease in the bridge oxygen content with the increasing concentration of Er,O3. The topology
cage structure around the luminescence center of rare earth ions is changed and the stability of
the optically active center is enhanced, finally contributing to the enhancement of luminescence.
Meanwhile, the maximum Gep,; and gain coefficient of Dy®* reach up to 7.22 x 107! cm? and
7.37 cm™1, respectively. The comprehensive results show that the fluorotellurite glass designed in
this study is expected to be a gain medium for mid-infrared lasers in remote sensing monitoring,
military, and other fields.

Keywords: 2.85 pm; broadband emission; Erdt/ Dy3+ co-doped; fluorotellurite glass

1. Introduction

In recent years, fiber lasers in the mid-infrared band have become a hot topic due to
their potential applications in remote sensing monitoring, military, and other fields [1-9].
Usually, ~3 um emission originates from the radiative transition of Ho>*: °Ig—°I;, Er®*:
111043/, and Dy>*: ®Hy3,,—°Hjs /5 [2]. However, Ho** does not have an absorption
band that matches a commercial pumping source [10], so studies have focused more on
Er®* and Dy®*.

In 2017, Qi et al. successfully fabricated Dy>* /Nd** co-doped fluoride glass with hy-
droxyl absorption coefficients as low as 0.032 cm ™!, and the emission cross-section reached
up to 5.22 x 102! cm? [11]. In 2020, Wang et al. reported an Er3+ doped TeO,-Ga,03-R,0
glass with an emission cross-section of 7.2 x 107 cm, which obtained high-efficiency
fluorescence at the 2.7 pm band [12]. In 2022, Ye et al. found a significant enhancement
of luminescence in the 2.7 pm band with a maximum gain coefficient of 2.25 cm 1 in Erd*
doped TeO;-Ta,O5-Zn0O glass, which underwent considerable changes when platinum
crucibles were adopted to prepare the glass instead of alumina crucibles [13].

In addition, the selection of the host glass is also particularly important because it
tends to resonate with the radiation transition of the mid-infrared luminescence center and
suppress its output properties [14]. Fluoride glass does not have a universal application
due to its defects such as poor mechanical properties and harsh preparation process.
Meanwhile, the wide infrared transmission range, diversified structure, and the easy
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directional tailoring of the topological cage lattice structure of fluorotellurite glass make
the glass form a wider range of intervals and are widely investigated.

In 2020, Hou et al. prepared a Ho**/Yb3* co-doped tellurite-germanate glass with
lower phonon energy (779 cm 1) [15].

In 2021, Zhang et al. reported a Ho®* /Er®* co-doped glass and found that positive
gain could be obtained when p > 0.4, indicating that a low pumping threshold can achieve
2.7 um band mid-infrared laser operation [16].

In 2022, Zhang et al. investigated the mid-infrared band luminescence of Dy3+ /Er3* /Tm3*
tri-doped tellurite glasses, in which the maximum emission cross-section of Dy>* in the
2.84 um band reached 1.32 x 10720 ecm? [17].

In 2023, Feng et al. prepared a series of Er>* /Pr’* co-doped fluorotellurite glasses and
the energy transfer mechanism of Er** and Pr®* ions was investigated using the Dexter
theory, where the energy transfer microscopic parameters Cp_a are 13.21 x 1074% cm®/s
and 0.89 x 107%° cm®/s for the ET1 and ET2 processes, respectively [18].

In the same year, Zhang et al. obtained 4.1 um fluorescence emission in Ho®* / Yb®*
co-doped tellurite glasses, and the full width at half maximum (FWHM) reached up to
343 nm [19].

At present, there is little research on mid-infrared luminescence in the 3 um band,
which can achieve both high-efficiency luminescence and long-span gain bandwidth si-
multaneously. We believe that it is an effective approach to solve the scientific problems
of high-efficiency luminescence and large-span gain bandwidth in the 3 um band and
can be achieved by using Er®*/Dy®* co-doping. The theoretical basis is that Er** has a
strong absorption peak at 980 nm, while the emission band of Er®*: 41,5, energy level is
close to the absorption band of Dy>*: ®Hy; /, energy level, and it is speculated that there
is an efficient energy transfer process between Er** and Dy>*. Concurrently, the emission
band of spectra between Er®*: 4111 ;4113 /5(2.7 pm) and Dy>*: ®Hy3,,—°Hjs/5 (2.9 um)
overlaps, resulting in an enhancement of luminescence efficiency and a broadening of the
gain bandwidth in the 3 pm band [20].

In 2017, Wang et al. obtained broadband mid-infrared emissions under different
excitation. It is reported that the 980 nm excitation is more efficient for Dy3* /Er3* co-doped
tellurite glass to realize the low threshold at broadband mid-infrared lasers [20].

In 2021, Zhang et al. reported a kind of Dy>* /Er3* co-doped tellurite glass with a full
width at half maximum of 358 nm and clarified the energy transfer process between Dy3*
and Er’* [21].

Based on the above reasons, this paper aims to address scientific problems such as
the low luminescence efficiency and limited tunable range of the gain bandwidth of mid-
infrared light sources. Er®*/Dy3" co-doped TeO,-BaF, glasses are prepared using the
melt-quenching method and the hydroxyl groups in the glasses were effectively removed
by physical and chemical methods. Combining the fluorescence spectra and Raman spectra
of the system, we try to use Er’* as a sensitizer and systematically analyze the mechanism
and technical method of gain bandwidth extension in the mid-infrared band from the
perspective of topological cage grid trimming. Meanwhile, the calculations based on the
Er®*/Dy®* microscopic energy transfer theory are corroborated again, and the broadband
mid-infrared emission with a central wavelength of 2.85 pm is finally obtained.

2. Experiment Procedures
2.1. Preparation

Er’*/ Dy3”r co-doped fluorotellurite glasses with 60TeO,-40BaF,-3Dy,O3-xEr,O3 (Where
x =1, 3,4.5, and 6, named TB1-TB4) were prepared using the melt-quenching method.
Adequate amounts (~20 g) of precursor materials that had been weighed accurately were
well mixed and then melted in an alumina crucible at 1050 °C for about 40 min with a dry
O, atmosphere to reduce the content of OH-. The glasses melted as clarified at 1070 °C for
10 min, followed by holding at 1000 °C for 10 min. Thereafter, the samples were formed
by casting in a copper mold and annealing for 8 h at 350 °C then furnace cooling to room
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temperature. Finally, the annealed glass samples were cut and polished to the size of
15 x 15 x 2 mm3 for measurements.

2.2. Measurements

The Raman spectra in the range of 100 cm ™! to 1000 cm~! can be obtained via the Invia
Raman spectrometer from Renishaw (excitation wavelength of 488 nm). The infrared trans-
mittance was measured by a Spectrum Two FI-IR Spectrometer (PerkinElmer, Waltham,
MA, USA). Moreover, the absorbance spectra in the wavelength range of 400-2200 nm (step
with 2 nm) were detected by a PerkinElmer Lambda 900UV /VIS/NIR spectrophotometer.
The refractive index of the glass was measured using an ellipsometer (XLS-100, J.A. Woollam
Co., Inc., Lincoln, NE, USA). The fluorescence spectra were carried out by a computer-
controlled Triax 320 spectrometer (Jobin-Yvon Co., Edison, NJ, USA) under 980 nm LD
excitation with a liquid nitrogen-cooled PbS detector at the range of 1400-3700 nm. The
thermal parameters of the glass sample were measured using a 404 PC differential scanning
calorimeter (DSC, Poulsbo, WA, USA) with a heating rate of 15 °C/min and N; was used
as a protective gas. Note that the same experimental conditions should be guaranteed for
all samples to minimize measurement error as far as possible.

3. Results and Discussion
3.1. Physical Properties

The DSC-measured thermogram of the host glass (60TeO,-40BaF;), which can charac-
terize the thermodynamic properties for manufacturing fiberglass, is shown in Figure 1.
The glass transition temperature (Tg) is 397 °C, and the crystallization onset temperature
(Tx) of 514 °C can be obtained by observing the curves in Figure 1. In these, the value of Tg
is greater than other tellurite glass compositions, which are 80TeO,—-10BaO-5BaF,-5Lay O3
(359.2 °C) [22] and 74TeO,-15Gay03-11BaF, (366 °C) [23]. Meanwhile, it is also larger than
bismuthate glasses (352 °C) [24]. A larger Tg denotes a higher threshold of resistance of
glass to laser damage. Furthermore, the AT (=Tx — Tg) of the host glass is 117 °C. Therefore,
the host glass possesses good thermodynamic properties and crystallization resistance
stability, making it a potential laser glass material that can be used for the fabrication of
optical fibers.

o0
E
:
e T =397°C AT=117°C
Z : T,=514°C
2 ’,Li
Host glass
300 400 500 600

Temperature (°C)

Figure 1. DSC curves of host glass.
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3.2. Absorption Spectra and Refractive Index

The absorption spectra of Er®*/Dy>* co-doped fluorotellurite glasses at the range of
400-3300 nm are given in Figure 2a. There are eight absorption peaks observed at 524 nm,
656 nm, 756 nm, 808 nm, 904 nm, 980 nm, 1098 nm, 1280 nm, 1534 nm, 1700 nm, and
2808 nm corresponding to energy transition from *I;5 /2 to the excited states ‘Hy, /2 4F, /2
i O /2, and 445 /2 of Er?*, and energy transition from ®H;s /2 to the excited states ’F, /2
6H7/2 + 6F9/2, 6H9/2 + 6F11/2, 6H11/2, 6H11/2, 6H11/2, and 6H13/2 of Dy3+, respectively.
With the increase in Er®* concentration, the absorption intensity was enhanced, while there
was no marked change in the shape and position of the different absorption peaks located
at different energy levels, which means that the fabricated fluorotellurite glasses have a
great solubility for Er** and Dy>* [21,25,26]. It is worth noting that the absorption band
of Er®*, located at 1530 nm, is close to that of Dy3+, located at 1700 nm; thus, the effective
energy transfer can be performed to obtain the fluorescence of Dy3+: ®Hys /7_—>6H15 s at
2.9 pm.

Absorbance (arb. units)
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Figure 2. (a) Absorption spectra of TB1-TB4 glasses at the range of 400-3300 nm and (b) absorption
spectra of the host glass sample at the range of 2 pm-6.5 pm.

For the 3 um radiative transition, the energy difference between the energy levels of
Er** and Dy*" matches the hydroxyl group absorption. And the non-radiation transition
can be caused by the resonance between them or phonon-assisted energy transfer, which
leads to the OH- continuously ‘capturing’ the energy of the excited state. Therefore,
reducing the content of the hydroxyl group can indirectly enhance the efficiency of mid-
infrared luminescence.

We used an oxygen atmosphere in the melting process to physically reduce the hy-
droxyl group absorption. In addition, we introduced F~ into the host glass in the form of
BaF,, to react with OH™ to generate HF gas that escapes from the glass melt, which is more
electronegative than O?~ [27]. Ultimately, physical and chemical methods were used to
reduce the OH ™~ content in the glass, enhancing the luminescence efficiency of Er**/Dy>*
co-doped glass near the 2.85 um band. Figure 2b presents the absorption spectra of the host
glass from 2.5 pm to 6.5 pm with a maximum transmittance of 83%. Generally, the OH-
groups must be removed from the glass because the residual OH- will resonate with the
rare-earth ions and quench their luminescence. Based on the absorption spectra and FT-IR
absorption curves in Figure 2, the hydroxyl absorption coefficients can be expressed as [5]:

1. T,
%W:Em% 1)



Photonics 2023, 10, 1261

50f 14

where L is the thickness of the glass, T is the maximum transmittance of the host glass,
and T is the measured transmittance intensity. The calculated a ;- of the host glass at
3050 nm is 0.02 cm~!, which is lower than the previously reported values for Dy>* /Nd**
co-doped fluoride glass (0.032 cm™1) [11].

The absorption spectra and the Judd—Ofelt theory were combined to analyze the
bonding of rare-earth ions with surrounding anions and cations to further determine
their spectral properties. The calculated Judd-Ofelt parameters O (t = 2, 4, 6) of Dy>*
in TB1—4 and other glasses are listed in Table 1. Note that the (), of TB1—4 glasses (from
8.04 x 10720 cm? t0 9.40 x 10720 cm?) are larger than AYB (1.29 x 10729 cm?) [11] and
ZBLAY (3.16 x 10729 cm?) [28] glasses. In general, ), is extremely sensitive to changes in
the composition of glass, which is closely related to the network structure and the symmetry
of the ligand field in the host glass. A relatively large ), value suggests higher covalency
and symmetry. Nevertheless, contrary to previous papers, (), in the current work does not
decrease as the Er,O3 concentration increases [4]. With the increase in ()¢, the crystal field
action on Dy®* is weakened, and the Stark fission of energy level is also weakened, thus
obtaining wider fluorescence emission spectra [3]. The comprehensive results show that
the TB3 glass system is a good gain medium for the mid-infrared band.

Table 1. Judd-Ofelt parameters (Q; x 102%cm?, t = 2, 4, 6) of various Dy>* doped glasses.

Judd-Ofelt Parameters

Glass 0, oy 0 Reference
TB1 8.70524 2.07387 1.85788 Current work
TB2 8.03817 3.04638 1.31024 Current work
TB3 9.40348 1.7615 2.96142 Current work
TB4 8.0936 2.42271 1.50231 Current work
Al,O3-YF;-BaF, 1.29 1.38 1.0 [11]
ZrF4-BaF,-LaF3-AlF;-YF; 3.16 1.67 245 [28]

Based on the Judd—Ofelt intensity parameters, the radiative transition probabilities
(Araq) and radiation lifetime (T,,q) of Dy>* in TB3 glass were further calculated, as shown
in Table 2. Relatively high A4 provides a greater possibility for obtaining efficient fluores-
cence emission. Note, the A,q of Dy**: ®Hy3 ,—%H;5,, in TB3 glass is 98.90 s~! larger than
ZBYLY (45.92 s~ 1) [28] and germanate glass (63.94 s 1) [29]. The larger the probability of
radiation transition, the higher the possibility of achieving efficient fluorescence emission.
In conclusion, it can be inferred that the prepared TB3 glass might be a promising candidate
for mid-infrared amplifiers and lasers.

Table 2. Radiative properties of Dy>*: ®Hy3,,—°H;s,, in TB1-4 glasses.

Sample Apng 71 Traq (M)
TB1 92.30 11.20
TB2 95.60 10.80
TB3 98.80 10.12
TB4 96.25 9.82

The refractive index of TB1—4 glasses is fitted by the second-order Sellmeier equation,
as shown in the Figure 3 inset. The Sellmeier equation can be expressed as:

n—1=Ao+), T2 )
n
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where A is the wavelength and Ay, A,, and a;, are the Sellmeier coefficients. It can be
derived that the refractive indices of TB1—4 glasses at 2850 nm were 1.8520, 1.8660, 1.8766,
and 1.8871, respectively, from the fitting curves.

2.00
2.00
. — TBI

b =195 — 1R2
$1.95 = 1B
a=in z TB4
E £
@ I
é El.‘)ﬂ
&
=
=
L
m L 1 1 1

1'90 B e 500 1000 1500 2000 2500 3000 3500

Wavelength (nm)
e Measured TB3
------ Sellmeier fitting
1.85 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500
Wavelength (nm)

Figure 3. Refractive index of glass samples.

3.3. Mid-Infrared Luminescence Behavior and Lifetime

Figure 4 shows the mid-infrared fluorescence spectra of Er** /Dy>* co-doped TB1-4
glasses under the excitation of 980 nmLD. The fluorescence bandwidth of the Er>* /Dy3*
co-doped system is quite broad, extending from 2400 nm to 3700 nm, which is quite sig-
nificant for the research development of a tunable laser light source at the 3 um band. A
strong emission peak with a central wavelength at 2.85 pm can be observed in Figure 4a;
according to previous reports, it should originate from the radiation transition of Er®*:
4 /2—>4113 /2 (central wavelength located at 2.7 um) and Dy3+: ®Hys /2—>6H15 /2 (central
wavelength located at 2.9 um). The emission intensity at ~2.85 um is highest when the dop-
ing concentration of Er,Oj3 is 4.5 mol%. Then further increasing its doping concentration,
the fluorescence intensity at ~2.85 pm was found to decrease instead, which may be due to
the shortening distance between ions and predominating resonance processes.

Thereafter, the full width at half maximum (FWHM) of mid-infrared spectra of TB1-
TB4 glasses was calculated, as shown in Figure 4b. It found that the FWHM observed in TB3
glass (396.7 nm) is much larger than that reported in Er**/Dy>* co-doped fluoroaluminate
glass (270 nm) [30] and tellurite glass (209 nm) [20]. Meanwhile, the fluorescence curve is
smooth in the range of 2600-2800 nm, without the obvious emission peak at 2.7 um which is
supposed to be caused by the Erd*: 41, /2 —445 /2 radiation transition. The relatively broad
FWHM is attributed to the ‘“vector summation’ of the energy level radiation transition by
Er?’*: 4111/2%4113/2 and Dy3+2 6H13/2—>6H15/2.

To investigate the energy transfer process between Er®* and Dy?*, the fluorescence
spectra at the 1550 nm band were measured, as shown in Figure 5. The result shows that the
luminescence of 1.55 pum is effectively inhibited by modifying the energy level population
of sensitized Er3* ions. With the increment of the Er,O3 concentration, the fluorescence
intensity of the 3 um band was enhanced and the bandwidth was broadened, indicating
the existence of an effective energy transfer process between Er3*: 413 /2 and Dy>*: °Hy; /2
energy levels. Concurrently, a high concentration of Er,O3 doping can effectively prevent
the self-terminating ‘bottleneck’ effect in the 1.55 um band [31,32].
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Figure 4. (a) Mid-infrared fluorescence spectra of TB1-4 glass samples with different concentrations
of Er,Os at the range of 2400-3700 nm. (b) The full width at half maximum (FWHM) of the TB1-4
glass samples.

Intensity (a.u.)

= 1 1
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Wavelength (nm)
Figure 5. Fluorescence spectra of Er®*/Dy>* co-doped TB1-4 glass samples at 1550 nm.

Furthermore, the fluorescence decay lifetimes are the other experimental evidence for
the energy transfer between Er** and Dy3*. Figure 6 shows the fluorescence decay lifetime
curves of the glass samples TB1-4 monitored at 2850 nm. It can be seen that the fluorescence
lifetimes of the glass samples gradually decreased from 5.56 ms to 0.89 ms with increasing
Er®* doping concentrations. The three processes, radiative decay, non-radiative decay by
multi-phonon relaxation, and non-radiative transition decay by energy transfer, jointly
determine the fluorescence decay lifetime. The increased probability of the non-radiative
transition between Er** /Dy>* leads to a rapid decrease in the fluorescence lifetime, further
confirming the energy transfer of Er** to Dy>*.
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Figure 6. Fluorescence decay lifetimes of Dy®* at around 2.85 um in TB1-4 glass samples and fitting
results.

3.4. Optical Radiation and Gain Characteristic

To quantitatively analyze the energy transfer process between Er’* and Dy?*, the
absorption and emission cross-sections of Dy3+: ®Hy, /2 —0H;5 /2 in TB3 glass are calculated,
shown in Figure 7. The absorption cross-section (0,ps) is estimated by [16]:

s = 2900 o

where N is the Dy®* concentration of TB3, OD(A) represents the optical density derived from
the absorption spectrum, and d is the thickness of TB3 glass. The emission cross-section
(0 emi) is approximated as [33]:

_ /\4Amd « AI(A)
~ 8men? T [AI(A)dA

Uemi(A) (4)

where A,,; is the radiative transition probability and I(A) represents the emission intensity.
The maximum ¢, and ,,,; reach up to 7.73 x 10~2! cm? at 2814 nm and 7.22 x 10~2! cm?
at 2826 nm, respectively. Note that the maximum ¢,,; of TB3 glass is larger than Nd** /Dy>*
co-doped fluoride glass (5.22 x 102! em?) [11]. The relatively larger emission cross-section
is beneficial to obtain laser output, which also means TB3 glass possesses great laser gain
properties. The results indicate that TB3 glass is a potential gain material for application in
mid-infrared band optical fiber devices.

The gain coefficient is an essential index to measure the gain property of laser material.
If the ®Hys5/, and ®Hy3,, energy levels are only considered, the gain coefficient of TB3 is
estimated by the calculated absorption and emission cross-sections of Dy?’+ [34]:

G(A) = N[Poe(A) — (1 — P)aa(A) ®)

where, N and P are Dy>* doping concentration and population of inversion, respectively.
Figure 8 gives the gain coefficient of the Dy>*: ®Hy3/, — ®Hjs, transition in TB3 glass with
different wavelengths in steps of 0.2. It can be noticed that the gain coefficient gradually
increases with increasing p-value and the maximum gain coefficient of TB3 is 7.37 cm !
(at 2826 nm), and the positive gain in the 3 um band occurs when the p-value is greater
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than 0.2, which reveals that the TB3 laser material can obtain a 2.85 um laser under a low

pumping threshold.
0.9
——— Absorption
Emission
3+ 6 6
g 0.6 Dy™:"H;, — H,

Cross sections (x107"em?)

0.0 f 1 ! 1
2300 2500 2700 2900 3100 3300

Wavelength (nm)

Figure 7. The absorption and emission cross-sections of Dy>* in TB3 at the 3 ym band.

10

h

Gain coefficient (cm™)
(]

5| P=0
Step with 0.2
-10 1 1 L
2500 2700 2900 3100 3300

Wavelength (nm)
Figure 8. The gain curve in TB3 corresponds to the 6Hy5 /2—>6H15 /2 transition of Dy3+.

3.5. Energy Transfer Mechanism

Figure 9 displays the simplified energy level diagram of Er**/Dy>*. Under 980 nm LD
excitation, Er* in 415 /2 level are excited to 41 /2 level by ground state absorption (GSA).
Since the energy gap between the Er**: 4I;;, energy level and the Dy**: ®Hs, energy
level is quite small, energy transfer can be performed through phonon assistance (ET1).
Subsequently, some ions on the Er**: #I;; /, energy level decay to the lower energy level
4113/, via radiation transition, producing 2.7 um emission. A part of the ion on the Er®*:
41137 energy level transfers its energy to the adjacent Dy>*: ®Hy; /, energy level by the
ET2 process, and the residual ions radiate to the ground state to achieve 1.55 um emission.
The ions on the Dy**: ®Hy , energy level reach the lower °Hy3,, energy level through
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multi-phonon relaxation (MPR). Once the ®Hys /2 energy level is populated, the ions on it
will radiate to the °Hj5,, ground state, resulting in 2.9 um emission. The energy transfer
process between Er®* and Dy3* can be summarized as:

4 6
I]l/z H5/2
6
972
6
. 912
I
1372 6
H,,
= 6
= H,,
g}
o -
= =
=
o
4 . 6
o
Ls, | J H,,
3+ 3+
Er Dy

Figure 9. Energy level transition process diagram between Er®* and Dy3*.

Er’*: 415554111 /2 (GSA) Er®*: #1y /,—+Dy>*: ©Hs /5 (ET1)

Er3*: 4111/2%4113/2 (2.7 um) Er*: 4113/2—>Dy3+2 6H11/2(ET2)

Er**: 413/, —415,5 (1.55 um) Dy®*: ®Hy3/,—%Hjs,5 (2.9 pm)

To clarify the mechanism of ~3 pm emission, it is essential to quantitatively analyze the
transfer process from Er?*: #1335 to Dy3*: ®Hy; /5. The microscopic parameters of energy
transfer in the ET2 process in TB3 glass are quantitatively investigated by the phonon
sideband theory.

The microscopic energy transfer probability between donor (D) and acceptor (A) ions
can be described as:

2r
Woa = (37 ) IHoa RS ©)

where |Hp 4| denotes the matrix element of the perturbation Hamilton between initial and
final states, SN , denotes the overlap integral between the m-phonon emission sideband
of the donor and the k-phonon absorption sideband of the acceptor, and N denotes the
total phonons involved in the energy transfer process. The m-phonon emission sideband
oD .(m — phonons) and k-phonon absorption sideband ¢} (k — phonons) can be deter-

mined by [3]:

Shte—s0
quqi(m - pl’lOTlOTlS) = o—eeni()\i) ~ Om! (7’1 + 1)mUeDrni(expt)(E - mﬁwO) (7)
A Dy o 6T kA
Uﬂbs(k - phonons) = ﬂbS(Ak ) ~ T(n) Uabs(gxpt) (E + kﬁwo) (8)

where A, = 1/ (% — mﬁwo) and A, = 1/ (% + kﬁwo) denote the wavelength of m-

haw,
phonon emission and k-phonon absorption sideband, 7 = 1/ (eTT0 — 1) represents the
average occupancy of the phonon mode at temperature T, Sy is the Huang-Rhys factor (0.31
in the current work [35]), and fiwy denotes the maximum phonon energy of the host glass
(770 cm™1).
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Moreover, if only the m-phonon emission process is considered (N=m, k = 0) and the
k-phonon absorption process is ignored, the energy transfer coefficient between Er®* and
Dy>* can be expressed as [36]:

Co = B3~ tvn S g [0 oA )
D—A .0 o emi\"'m )Y abs
(2m)"n*g;), 0

The absorption and emission cross-sections and multi-phonon emission sideband
of the donor (Er®*) and acceptor (Dy3+) in ET2 under the N-phonon-assisted emission
sideband (N = 1, 2) of the Er** /Dy®* co-doped system is shown in Figure 10. It is found
that the energy transfer coefficient Cp_ 4 in the ET2 process is 2.70 x 1074 ¢m®/s, in which
the contribution ratio of one-phonon assistance is 63.09%. Synchronously, the resonance
energy transfer accounts for 36.91%, identifying the existence of an effective energy transfer
process between Er** and Dy>*.

1.2
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Figure 10. Absorption and emission cross-sections of the donor (Er**) and acceptor (Dy3+) in the ET2
process with N-phonon-assisted emission sidebands (N =1, 2).

3.6. Structure Behavior Properties

The Raman spectra of TB1-4 glasses are measured and analyzed to clarify the vibratory
structural units. Figure 11 displays the Raman spectra of TB1-4 glasses in the range of
100-1000 cm~!. The Raman feature near 660 cm ! is assigned to the asymmetric stretching
vibration of the Te-O-Te bond in [TeO,] trigonal bipyramid. The 770 cm~! high-frequency
band corresponds to the symmetric stretching vibration of Te=O and Te-O~ in [TeOs]
and [TeOs,1] triangular units [21]. Note that, compared with fluorotellurite glass without
Er,O3, the peaks between 600 and 800 cm~! are varied. The intensity ratio of Iy7y/Ige0
is clearly enhanced, and the Gaussian peak located at 276 cm ™! red-shifts to 366 cm ™.
This phenomenon may be attributed to the increase in Er,O3 concentration, causing [TeO4]
units to transform into [TeO3] units, urging the interruption and recombination of Te-O-Te
linkage to reduce the bridging oxygen content in the system, changing the topology cage
structure around the luminescence center of rare earth ions, enhancing the stability of
the optically active center, and finally contributing to the enhancement of luminescence.
Compared with traditional oxide glasses such as silicate glass (1080 cm~!) [37] and bismuth
germanate glass (820 cm~!) [38], the TB1-4 glasses possess a relatively low maximum
phonon energy (770 cm~!). As mentioned above, the fluorotellurite glass designed is
promising to be a gain material for mid-infrared laser.
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Figure 11. (a) Raman spectra of the TB glass samples. (b) The intensity ratio between the 770 cm !
and 660 cm ™! with different concentrations of EryOs.

4. Conclusions

Er3*/Dy®* co-doped fluorotellurite glasses were prepared using the melt-quenching
method. The hydroxyl group absorption coefficient was reduced to 0.02 cm ™! by physical
and chemical methods. The fluorescence spectra of TB1-4 glasses under 980 nm LD pumps
were investigated, and the results showed that the coverage extended from 2400 nm to
3700 nm. Meanwhile, the FWHM in TB3 almost reached up to 400 nm and this rather broad
tunable emission band was attributed to spectral overlap between the 2.7 um fluorescence
of the Er**: 41;; ,—%113/, and the 2.9 um fluorescence of the Dy>*: ®Hy3 ,—%H;5,, energy
level transition. However, the fluorescence peak at 2.7 um was not observed clearly, due to
the effective energy transfer process between Er>* and Dy>*. Concurrently, a high concen-
tration of ErpO3 doping could effectively prevent the self-terminating ‘bottleneck’ effect in
the 1.55 pm band, leading to the broadening of the emission band whose center peak value
was located at 2.85 um. The Raman spectra indicated that the maximum phonon energy of
the prepared glass was only 770 cm~!; the relatively low phonon energy is beneficial to
obtain 2.85 um band luminescence. On account of the fairly high doping concentration of
Er;O3, [TeO4] units evolved to [TeOs] units, urging the fracture and recombination of the
Te-O-Te bond to reduce the bridging oxygen content in the system, changing the topology
cage structure around the luminescence center of rare earth ions, enhancing the stability of
the optically active center, and finally contributing to the enhancement of luminescence.
Moreover, the gain property of 2.85 um emission peak was analyzed, and the maximum
Oemi and gain coefficient reached up to 7.22 x 1072! cm? and 7.3665 cm ™!, respectively,
indicating that high concentration Er®* /Dy3* co-doped fluorotellurite glass is a gain mate-
rial which is able to obtain a tunable broadband 2.85 um mid-infrared fiber laser with low
pumping threshold conditions.
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