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Abstract

®

CrossMark

Enhanced bandwidth of MIR emission from Yb**/Er**/Dy>" triply doped low phonon oxide
glass system has been reported in this work. With considerable gain cross-section, the MIR
emission bandwidth can be stretched from ~2600 to 3100 nm (~500nm) which is practically
not possible to obtain from Er** or Dy*" ions singly doped systems. Co-doping of Dy** ions
not only quenches the unfavourable visible up-converted emissions from Er** ions but also
mitigates the prominent ~1.5 ym emission. A broad MIR emission on superimposition of Er**
~2.76 um and Dy3** ~2.95 um emissions was obtained owing to the efficient energy transfer
(ET) Yb*© — Er*™ — Dy upon ~980nm excitation. The present glasses can be fiberized to

develop compact and tunable MIR solid state fiber laser sources.

Keywords: broadband, Yb**, tellurite glass, MIR emission, Er’*, Dy**

(Some figures may appear in colour only in the online journal)

1. Introduction

Efficient, compact and broad band solid state laser sources
in the mid-infrared (MIR) region of wavelengths between
~2-5 pm are highly essential to trace low level air pollutants/
green-house gases or even the human breath for the purpose
of medical diagnostics. MIR lasers (~2.5-3 pm) also show
enormous applications in tissue engineering/surgery [1].
Currently available MIR laser sources based on optical non-
linear conversion techniques such as OPOs (optical paramet-
ric oscillator) and DFGs (difference frequency generation) are
very complex, expensive and also not compact [2]. Expensive
semiconductor based quantum cascade lasers (QCL) provide
a narrow tuning range (~140cm~') with low wall plug effi-
ciencies and adjacent cryo-cooling setup [1, 3] is again a cost
additive process. Although, transition metal ion-doped chal-
cogenide-based crystals lasing in the broad ~2-3 pm region
are available [1, 4, 5], thermal lensing is the main concern

1612-202X/17/035804+8$33.00

which limits high peak powers [6]. As such crystals have some
unavoidable limitations compared to glasses such as the costly
preparation techniques, non required size and shape etc. In
this scenario, trivalent lanthanides (Ln*") doped oxide glasses
lasing in the MIR region have distinct advantages including
their cost-effective preparation and no constraints on size and
shape compared to the above mentioned sources.

Ln** ions are familiar for their emission characteristics
starting from UV to MIR region are highly host material pho-
non energy dependent. However, Ln*" ions are known for
their narrow emission band widths of typically 100—-150cm !
but possess very high average peak powers. Ln** doped MIR
transparent fluoride [1, 7-12] and chalcogenide [1, 2, 13, 14]
based glasses are widely explored for their MIR emission
properties, nevertheless, these glasses are known for their
poor chemical, thermal and mechanical stability than oxide
glasses. In the current decade, much progress evolved on the
low phonon (~750cm™!) tellurium oxide based glasses and
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even fibers are commercially available which are transparent
up to ~5 pm [15]. Ln** ions such as Er** [14, 16-20], Ho**
[21-23], Dy** [24-26] doped tellurite glasses are rigorously
explored for the development of efficient MIR solid state
laser sources. To enhance the absorption pump power at the
excitation wavelength so as to increase the efficiency of MIR
emissions, co-doping of Ln** ions have been reported [10,
19, 20, 23, 27-31] in a variety of host materials and in fact
it showed better results compared to Ln** ions’ singly doped
systems. However, to the best of our knowledge, there are no
studies/reports on the bandwidth enhancement of MIR emis-
sion in combination of Ln** ions.

Herein, we explored the combination of rare earths such
as Er** ions (MIR emission maxima at ~2.76 pm) and Dy**
ions (MIR emission maxima at ~2.95 pm) in a low phonon
(~650cm™") fluoro-tellurite glass system to see the viability
on the bandwidth enhancement with considerable gain cross-
section. To enhance the absorption cross-section at the excita-
tion wavelength, ~980nm, Yb** ions were doped with Er**/
Dy** co-doped glass system. To understand the energy trans-
fer (ET) dynamics on the enhancement of emission intensity/
bandwidth; Er**, Dy3* singly doped, Er**/Yb**, Dy**/Yb**
co-doped fluoro-tellurite glass systems were also prepared and
studied in detail upon 976 nm laser diode excitation. A broad
~279nm MIR emission with considerable gain cross-section
has been recorded for the first time in an Yb**/Er**/Dy>* tri-
ply doped tellurite glass system to the best of our knowledge.

2. Material and methods

Fluoro-Tellurite glass with the chemical composition
(mol%) 75TeO,—15BaF,-5AlF;-5LaF; has been considered
for the active rare earth ion doping in view of its good glass
forming ability, better thermal, chemical and mechanical
properties (not part of the present study). The active ions
such as Er’*, Yb3* and Dy>* were substituted partially for
La’*. The as-designed new glasses were prepared using the
melt quenching technique as described elsewhere [32]. The
glass samples have been labelled in accordance with the
active ion present in the chemical composition of glass as
given below:

Er: 75% TeOr—15% BaF,—5% AlF3-4% LaFs—1% ErF,

ErYb: 75% TeOy—15% BaF»—5% AlF3-3% LaF;—1% ErFs—
1% YbF;

ErDyYb: 75% TeO»-15% BaF»-5% AlF;-2.5% LaFs—1%
ErF3-1% YbF3-0.5% DyF;

Dy: 75% TeO»-15% BaF,-5% AlF3-4.5% LaF3-0.5% DyF;

DyYb: 75% TeO,-15% BaF»-5% AlF;-3.5% LaF3-0.5%
DyF;-1% YbF;

The concentration of individual dopant active ions (Er’*,
Yb**, Dy**) was fixed after careful analysis of luminescence
quenching properties when each single ion was doped with
increasing concentration (not shown in the present work).
Spectral measurements were preformed on optically polished
~2mm thick glass samples at room temperature (RT). The
experimental techniques to record the absorption, emission,

excitation spectra and fluorescence decay kinetics of the sam-
ples using appropriate filters both at excitation and emission
channels were described elaborately elsewhere [23]. The vis-
ible upconversion (Vis-UC) emission spectra of all the sam-
ples were recorded in a similar condition using 976 nm fiber
pigtailed laser diode (Model: BL-976 PAG900) supplied by
Thorlabs, USA.

3. Results and discussion

3.1. Absorption spectral analysis

The absorption spectra presented in figure 1, depicts distinct
absorption transitions [33] of Er**, Dy>* and Yb** ions in sin-
gly doped, co-doped and triply doped glass samples. Insets (a)
and (b) of figure 1 present the spectral overlap of absorption
bands corresponding to Yb**, Er¥*, Dy>* ions in the excita-
tion wavelength region ~980 nm and spectral overlap nature of
Er** and Dy*" ions in region of 1400-1900nm respectively.
Yb>* ions with high absorption cross-section at the excitation
wavelength (~980nm) as well as excellent spectral overlap
with activators Er**, Dy** ions have distinct advantages in
obtaining enhanced NIR (near infrared)/MIR emission prop-
erties. In the present glass with phonon energy ~650cm™!,
ET from Yb*" — Dy** or Er** — Dy** may hardly require
less than a phonon energy, which ensures an efficient ET from
Yb3* donor to Er** and Dy** acceptor ions which has been
discussed in the following sections.

3.2. MIR luminescence and ET dynamics

MIR luminescent measurements are very critical since the
higher order harmonics of the excitation wavelength falls
exactly at the MIR luminescence region of active ions. For
example, if the excitation is at 800 nm then a fourth order har-
monic peak appears at ~3200nm and if ~980nm is the excita-
tion wavelength then a third order harmonic peak appears at
~2940 nm which are very close to the MIR emission transitions
of Ho** (~2.85 um), Er** (~2.76 pm), Dy** (~2.95 im) ions.
There are such erroneous reports in low phonon oxide based
glasses with considerable OH™ content in the glass [26, 34, 35].
In this study, the MIR emission spectrum was recorded at RT
with utmost care using proper low and high pass filters at the
excitation and emission channels respectively as described
elsewhere [23]. Figure 2(a) presents the MIR emission spec-
trum corresponding to the Er3™:*T,,» — “I13 transition in
Er** singly doped (Er) and Er**/Yb** co-doped (ErYb) sam-
ples. Figure 2(b) presents the MIR emission spectrum of Er**/
Dy**/Yb** (ErDyYb) triply doped glass along with Dy** ions
singly doped (Dy) and Dy>*/Yb** co-doped (DyYb) samples
for comparison of the relative emission intensities. The MIR
emission transition in the ErDyYb sample corresponds to both
Er (“Ljip — *Lizp) and Dy** (°Hysp — ®Hysp) emission
transitions. The MIR emission spectrum was authenticated by
the excitation spectrum which was recorded by monitoring the
respective MIR emission transition corresponding to the rare
earth ions (Er**, Dy>*) and has been presented in figures 2(a)
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Figure 1. Absorption spectra of Er**, Dy** and Yb** ions in doped/co-doped glass systems. Inset (a): spectral overlap nature in the
excitation wavelength region (~980nm); inset (b): spectral overlap of Er** and Dy** ions around ~1550 nm.
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Figure 2. (a) and (b) MIR emission and excitation spectra (c) emission cross-section spectra derived using the FL method.

and (b) itself. The emission cross-section spectra calculated
using the Fuchtbauer and Ladenburg (FL) method and the
corresponding full width at half maximum (FWHM) values
for ErYb and ErDyYDb samples are presented in figure 2(c).
Er’t/Yb** ions co-doped systems are familiar for their
efficient NIR ~1.5 um emission as well as Vis-UC emission

properties [36-38]. These emission properties are highly
dependent on the Er’" ion concentration as well as on the
excitation (980nm) laser intensity. A detailed study on the
influence of Er** ion concentration (0.5-3 mol% with fixed
1 mol% of Yb** ions) and 980 nm laser excitation pump power
on the Vis-UC emission properties in the present studied glass
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host indicates the upconversion favourable energy transfer
upconversion (ETU) process from 11152 as well as *I,3, levels
enhanced to a great extent at higher concentrations and even at
low concentrations provided at higher pump powers. Quench-
ing of MIR emission intensity for Er** ion concentration >1
mol% has been observed in the present host glass. Hence the
ErYb sample co-doped with 1 mol% of Er’* and Yb** ions
has been considered for MIR emission spectral analysis. In
the case of Er**/Yb** co-doped systems, the energy transfer
(ET) and back transfer (EBT) among resonant Yb*:2Fs)y
Er’":1, ), excited states are vital, as already said ErYb (1 mol
%) is the optimised sample for efficient ~2.7 ;sm emission; but,
this concentration also shows enhanced Vis-UC emissions and
prominent ~1.5 ym emission compared to the Er sample. To
mitigate the Vis-UC as well as prominent ~1.5 pm emission
from Er’* ions, attempts were made by co-doping with Pr**,
Nd**, Ho?* and Tm** ions in the number of glasses/crystals
(having low phonon energy) to enhance the ~2.7 pm emis-
sion from “I;;,, state [19, 20, 27, 31, 39]. Since, the lifetime
of Er¥*:*1 3, level (~1.5 pm) is in the order of few ‘ms’, fast
depopulation of this level is highly essential to enhance the
population density and rate at *I;;, state so as to increase the
efficiency of Er** ~2.7 um emission. Co-doping with Ho®*
[31], Tm** [27] ions may restrict the Er**: ~1.5 ;zm emission
to some extent. However, the energy level structure of Ho®*
and Tm3* ions would promote the Vis-UC emission proper-
ties not only from Er** ions but also from Ho’* and Tm?*
ions alongside the enhancement of NIR emissions from Ho**
(~2 pm) and Tm** (~1.8 pm) ions. Again in the pres-
ence of Yb’' ions these effects would be at higher side
as Yb’* — Ho’" and Yb*" — Tm?* ET shows enhanced
Vis-UC/NIR emission properties in the number of tellurite
glass systems. On the other hand, Pr** ions co-doped [20, 39]
systems have been reported with reduced Vis-UC as well as
~1.5 um emission characteristics from Er’* ions. But, there
are no reports on Dy** ions co-doping effects on MIR emis-
sion properties other than enhancement of green UC emis-
sion upon 800nm excitation [40] in Er**/Dy** co-doped
LiNbO; crystal. Dy** ions possess a broad MIR emission
[7], nevertheless, the predominant multi phonon non-radiative
relaxations (MPR) from closely packed (which are separated
apart few 100cm~') multiple excited states greatly quenches
the MIR emission from Dy** ions in low phonon oxide based
glass systems. Taking advantage of the broadness from Dy?*
ions and peak intensity from Er** ions, we attempted to study
the MIR emission properties assuming a broad and intense
MIR emission from Er**/Dy** ions upon 980 nm excitation of
Yb?* ions (advantage of Yb** ions co-doping were discussed
elsewhere [23]). Moreover, there are no reports on the band-
width enhancement of MIR emission neither from Pr’* nor
from Ho®*, Tm3* co-doped systems.

As shown in figure 2(b), a less intense MIR emission
band from Dy** ions singly doped glass upon 916 nm exci-
tation having FWHM of ~320nm has been recorded which
is broader than TZN (TeO,—ZnO-Na,O)/TZNF (TeO,—~ZnO-
Na,O—ZnF;) (~290nm) tellurium oxide based glasses [25]
and probably the highest value reported so far if not com-
pared/considered with a super broad (~650nm) MIR emission

from Dy3+ ions [26] from TZN (tellurite) and GPNG (GeO,—
PbO-Na,0-Ga,03) (germanate) oxide based glasses as the
results are seems to be speculative. In the presence of Yb**
ions, a considerable effect on the enhancement of MIR emis-
sion intensity from ErYb and DyYb samples compared to
Er’** and Dy>* singly doped glasses have been observed (fig-
ures 2(a) and (b)). Nevertheless Er**/Dy**/Yb3* triply doped
glass (ErDyYb) shows decreased emission intensity compared
to the ErYb sample; the broadness (FWHM) of the band has
been increased from 204 to 279 nm. Also, compared to Dy and
DyYb samples, a ~4 fold enhancement in the MIR emission
intensity has been noticed in the ErDyYb sample. The emis-
sion cross-section values in the order of 107! cm? are com-
parable to other reported host materials [9, 16, 18, 19, 29, 41]
but, the FWHM values are better than any other host material.
The observed broadness can be attributed to two reasons: first,
the presence of different structural units in the tellurite glass
will lead to inhomogeneous broadening of the emission band
is well known and articulated in the literature [42—44] and the
second reason is due to the excellent MIR emission spectral
overlap (inset (b) of figure 1) of Er** and Dy** ions with effi-
cient Er** — Dy’ ET process in the present glass as depicted
through an energy level diagram in figure 3.

The excellent spectral overlap nature of Yb** with Er** and
Dy3* ions in the present case as shown in figure 1, may hardly
require less than a phonon energy of the host material in the
case of Yb3+12F5/2 — Dy3+26F9/2 and Yb3+12F5/2 — El‘3+24111/2
is in good resonance to ensure an efficient ET from Yb>* ions
upon 980 nm excitation as described below.

ErYb: Yb*" (*Fsp) — Er'" (YLiup) = EX 0 n — Tisp
(2.76 ym)

DyYb: Yb*" (*Fsp) — Dy*™ (“H7p) + MPR (°Fop, + Fyy)
+ ®Hii;2 + “Hizp) = Dy*":®Hiz, — ®Hysp (2.95 pum)

ErDyYb:

(1) ErYb (2.76 pum) + Er** (*1;15) — Dy** (°Hy2) + MPR
= Dy*":®Hy3» — ®Hysp (2.95 pim)

(2) ErYb (2.76 um) + Er** (*I;32) — Dy** (°Hyy2) + MPR
= Dy*":®Hy3 — ®Hysp (2.95 pm).

To understand the above interpreted ET paths and its effi-
ciency, NIR emission properties of Er** ions were investigated
in the presence of Yb** and Dy** ions. Figure 4 presents the NIR
emission spectra of Er** ions and its influence in the presence
of Yb** and Dy** ions at RT. We have not observed any Dy**
related NIR emission bands at ~1.15 ym, ~1.3 gm and ~1.7 pm
[13] due to the dominance of MPR rate which is totally related
to the maximum phonon energy of the host material. Insets (a)
and (b) of figure 4 represent the decay profiles of 1006 nm corre-
sponding to both Yb**:2Fs;, — 2Fyppas well as Er¥:41, 1 — HT;5p
transition and 1570nm corresponding to Er**:*1;3, — *I;5p
emission transition respectively for the samples.

The advantage of Yb>* ions is clearly witnessed with the
enhanced NIR emission and decay times of Er’*:*I;;, as
well as *I;3), states over Er’* ions singly doped glass. In the
ErDyYb sample, as evidenced from figure 4, the emission
intensity of Yb** ions (1006 nm: ~10 folds) as well as Er**
ions (1570 nm: ~60 folds) drastically quenched compared to
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Figure 3. Energy level diagram depicting the MIR emission transition from Er3* and Dy* ions upon Yb** ion excitation.
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Figure 4. NIR emission of Er** ions in presence of Yb** and Dy>* ions. Inset (a): decay profiles of 1006 nm emission fitted to double
exponential function; inset (b): decay profiles of 1570 nm emission fitted to single exponential function.

ErYb sample indicating the ET path (2) of ErDyYDb is domi-
nant over path (1). The decay times of Yb*" and Er** ions
in the presence of Dy>* ions were presented in table 1 along
with the estimated ET efficiencies (ngr %). As depicted in the
inset (a) of figure 4, the double exponential nature of decay
profiles of 1006 nm is indicating the distribution of Yb>* ions
within or apart from the interaction sphere of Er’*/Dy** ions.
Considering, the faster (7;) and slower (7;) decay times, the
average lifetime (7,y,) also calculated [45, 46] and presented
in table 1. The Er** ~1.57 um emission decay time also
greatly quenched in the triply doped sample as shown in the

inset (b) of figure 4 which is well fitted to a single exponential
function similar to the Er and ErYb samples.

Although Pr** ions effectively mitigate the Vis-UC and
~1.5 pm from Er** ions, Dy>* ions not only act as an efficient
quencher but also contribute to the bandwidth enhancement
of MIR emission. In the present study, a ~60 fold reduction
in the Er’* ~1.57 um emission in the triply doped ErDyYb
sample not only enhanced the MIR emission from Dy** ions
(because of enhanced population at Dy>*:H,;, via efficient
ET from Er**:*1;3, — Dy*":%H, ), state with an efficiency
of ~78%) but also increased the bandwidth of MIR emission
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Table 1. ET efficiency (ner %) calculated from measured lifetimes.

1006 nm lifetime (ys) ner (%) et (%)
1570nm lifetime L0 B DY
Sample T Ty Tave (ms) T Tave Er*t — Dy3*
Yb 673.4 £ 3.1 — — — — — _
Er 179.7 £ 2.7 — — 3.062 + 0.051 — — —
ErYb 69.3 £3.8 2549 4+ 3.1 2154 +32 3.646 + 0.034 89.7 68 —
DyYb 435+ 13 1824+ 1.6 1554+ 14 — 93.5 76.9 —
ErDyYb 287+ 1.6 108.2 + 1.1 915+ 1.3 0.798 + 0.023 95.7 86.5 78.1
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Figure 5. Vis-UC spectra of the samples upon 500 mW 976 nm laser diode excitation. Inset (a): relative ratio of red to green UC emission
with variable pump intensity; inset (b): relative emission intensities of Vis-UC emissions of Er** ions in Er, ErYb and ErDyYb samples.

with high average peak intensity due to superimposition of
Er** and Dy** MIR emission bands. Moreover, if we con-
sider a reasonable average peak intensity (~0.5 x 107! cm?),
the bandwidth can be stretched from ~2600nm to ~3100nm
(~500nm) which is highly beneficial to trace a small amount
of environmental pollutants [1] which is a difficult task using
conventional spectroscopic techniques. Again the ease of
fiber drawing from these glass materials would be highly cost
effective to develop compact solid state tunable MIR laser
sources [2, 6].

Further, Er*:*1;,, and “I;3 levels acting as reservoir
states for MIR as well as ETU based Vis-UC emissions, the
close spectral overlap of Er3*:*T,,» with Dy3+:6H7/2 state and
Er**:*1;3,, with Dy**:H;;, may have a considerable effect
on the MIR as well as Vis-UC emissions. To ascertain that,
Vis-UC spectra have been recorded for Er, ErYb, ErDyYb and
DyYb samples upon 976 nm diode laser with variable pump
powers as shown in figure 5. Although there are reports on
Vis-UC from Dy** doped systems [40, 47] which are mainly
observed upon ~800 nm excitation. We have not observed any
Vis-UC emission signature from Dy>* ions neither in the Dy
sample nor in the DyYb sample upon 976 nm excitation. On
the other hand, the Vis-UC emission intensity of the ErYb

sample has increased many folds compared to the Er sam-
ple because of excellent resonance between Yb3+:2Fs;, and
Er’*:*,,,, excited sates. However, in the presence of Dy3+
ions in the ErDyYb sample, a drastic ~23 fold reduction (at
500 mW power of laser diode) in the Er**: Vis-UC emission
intensity has been observed (inset (a) of figure 5) due to the
ET mechanism as stated for the ErDyYb sample.

The most prominent ETU process for Vis-UC emissions
in Er/ErYb doped systems upon 980nm excitation are given
below [36-38]:

344 980:ETU NRR , 535 nm
Green: Er°t: 71}, —— "F7p— “Hyjp=—= "Ii5p2

5 NRR 4 549 nm
+ “Hitp— "Ssp = "Lisp.

34 4, 9BDETU 4, NRR 5 . 4 G6lom
Red: (1) Er'":"lj1p ——— "F7p— “Hiip + "Ssp + "Fop=—= "Lisp
980:ETU ,  661nm ,

() Er?*: *Lizp —— *Fop==> "Lisp.

However, at higher pump powers/concentrations the ET path
especially Yb** — Er** (upon 980nm excitation) follows
many other channels [48] that depend on the population den-
sity at different Er** ion excited states (contributing for ETU
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process) which again strongly rely on the rare earth ion concen-
tration, excitation wavelength, and source intensity. The relative
ratio of red to green Vis-UC emission will give the depopula-
tion rate at Er**:*I;3, state for different excitation pump powers
as shown in inset (b) of figure 5. For Er and ErYb samples,
the relative ratio increases with an increase in the pump power
indicating the ETU i.e. path (2) for red UC is increasing. On the
other hand, the ErDyYb sample shows the gradually decreas-
ing tendency of the ratio compared to Er and ErYb samples
as depicted in the inset of inset (b) of figure 5 further confirm-
ing the depopulation or quenching of ~1.5 ym emission via
Er**:*I3, — Dy>*:H;,,, ET mechanism on account of Dy>*:
~2.95 pim emission enhancement which in turn helps to obtain
abroad MIR emission on a combination of Er** and Dy>* ions.

4. Conclusions

In this work, a broad (279nm) MIR emission from an Yb>*/
Er**/Dy** triply doped fluoro tellurite glass system (TBLAF)
has been reported. Although Dy** ions singly doped and
Dy**-Yb** co-doped samples show a high bandwidth of
~320nm which is broader than any Dy*" ion-doped system
so far, the emission intensity is not considerably high com-
pared to fluoride/chalcogenide based glasses due to the domi-
nant MPR from closely packed excited state of Dy>* ions.
However, in the triply doped glass system with considerable
gain cross-section in the order of 107! cm?, the MIR emis-
sion bandwidth can be stretched from ~2600nm to 3100 nm
(~500nm) which is practically not possible to obtain from
Er** or Dy’* singly doped systems. Dy** ions co-doping not
only mitigates the Vis-UC emissions as well as prominent
~1.5 pm emission from Er’* ions but also contributes for the
MIR emission bandwidth enhancement to a great extent.
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