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Abstract

The up-conversion emission of Nd**, Sm* and Er** has been studied in a new halogeno-
antimonite glass with the chemical composition 80 Sh,O3; - 10 ZnBr, - 10 KCI. Doping
concentration was 0.2 mol% of lanthanide (Ln) ions. Rare earths were introduced as fluorides
LnF; that were further converted into oxides. Main physical properties of base glass were
measured, including density, thermal expansion, characteristic temperatures, refractive index
and optical transmission. The amount of residual hydroxyls was calculated from the OH
absorption band around 3000 nm. The recorded up-conversion emission lines are Aem = 536
nm for Nd** pumped at 805 nm; Aem = 563 nm, 600 nm, 631 nm and 645 nm for Sm** pumped
at 945 nm; Aem = 531 nm for Er** pumped at 798 nm. Co-doped glass (0.1 Yb** + 0.1 Er*")
pumped at 980 nm has three emission lines at 524 nm, 545 nm and 650 nm. Corresponding
transitions have been identified and the mechanisms ruling the up-conversion process is
discussed. They include excited state absorption (ESA), energy transfer (ET) cooperative
energy transfer (CET), emission assisted by phonon (EAP), multiphonon relaxation (MR) and

cross- relaxation (CR).
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1. Introduction:

The conversion of infrared radiation into visible light has attracted much attention for the last
twenty five years, especially in lanthanide doped fluoride glasses [1-17]. It leads to a large
number of new laser lines, especially in fiber lasers [18]. Potential technological applications
include color display, sensors, optical data storage, biomedical diagnostics, and undersea
communications [19-22]. Physically the infrared to visible conversion may be described as an
anti-Stokes emission. While it was first discovered by N. Bloembergen [23], most important
contributions rose from the papers of F. Auzel [24]. This process is based on the absorption of
one or two photons from an already excited state absorption (ESA), called metastable
intermediate level. The emissive levels are populated either directly or with phonon assistance
[24]. Optical pumping occurs from the ground state, using broadband sources (e.g. xenon

lamp) or laser diodes. As a result, red, green or blue light can be emitted.

Trivalent lanthanides used for up-conversion are: Nd**, Sm**, Er¥*, Tm*, Tb*and Ho*"
Classically, Yb** is often added as a co-dopant to maximize energy transfer [1, 18, 24]. The
solid state matrix must have the low phonon energy and optimized lanthanide concentration to
have a good conversion efficiency. Major groups of up-conversion glasses include heavy
metal fluoride glasses, especially ZBLAN [25-27], chalcogenide glasses [28], and heavy
metal oxide glasses (HMOGSs) [29-32]. This latter family of glasses is characterized by a low
phonon energy (700 cm™ < E,< 800 cm™), a good chemical durability, especially in liquid
water and mechanical properties. Up-conversion has been studied in multicomponent glasses
based on the oxides of Te , Ge , Bi and Pb as major components stabilized by oxides of Zn ,
Ga, W and Nb [33-36].

Sh,03 contributes in the glass network with SbO3 structural units and it appears tetrahedra
with the oxygens to be found at three corners and the lone pair of electrons of antimony Sb**
at the fourth corner localized in the third equatorial direction of the Sb atom. There may be a
possibility of existence of antimony ions in the Sb°" state and participate in the glass network
forming with Sb>*O, structural units may enhance the nonlinear optical properties
[48].Antimonite glasses are based on Sh,03 as a glass former. They belong to the group of
HMOG and have been reported in a large number of vitreous systems [37-46]. They exhibit

large linear and non-linear refractive index. Some work was devoted to the study of the



infrared to visible conversion in antimonite based glassy matrices. Their phonon energy is
ruled by the vibration of the Sb - O bond, which is nearly 600 cm™ [46].

Our work is centered upon the study of the up-conversion emission in a new antimonite glass
with the chemical composition 80 Sh,0O3; — 10 ZnBr, — 10 KCI. It has been doped with Nd,
Sm, Er, and Yb/Er. We report the general physical properties of this glass. They include
density, characteristic temperatures, thermal expansion, optical transmission and refractive
index. Recorded emission spectra are discussed on the basis of the well-known energy

diagrams of trivalent lanthanides, and the mechanisms involved in the up-conversion process.

2. Experimental

Glass synthesis was made by the standard melt/quenching method, at around 650 °C in a
silica tube. Samples were annealed in the vicinity of the glass transition temperature Tg. The
chemicals used were: Sh,03 > 99% (Across), ZnBr; > 99% (Merck)), KCI = 99 % (Fluka),
LnF; =99.9 % (Alfa Aesar) {Ln=Nd ; Sm; Er; Yb}. Base glass composition was 80 Sb,03
— 10 ZnBr;, — 10 KCI. Doped glasses comply with the following compositions: 80 Sb,O3; — 9.8
ZnBr, — 10 KCI - 0.2 LnF; {Ln = Nd; Sm; Er}. The co-doped glass comprises: 80 Sh,03 —
9.8 ZnBr; — 10 KCI — 0.1 YbF; — 0.1 ErFs. Lanthanide fluorides were chosen as starting
materials because they lead to more homogeneous samples than those obtained with oxides.
However, it must be outlined that final samples do not contain anymore fluorine as silica is
used as material crucible. In the synthesis process, fluorine is replaced by oxygen according to

the chemical reaction:
41nF; + 3Si0O, — 2Ln,0O; + 3SiF,

Density was measured using helium pycnometer ACCUPYC 1330 (Micromeritics).
Differential Scanning Calorimetry was implemented between 20 °C and 500 °C, using a DSC
Q20 model from TA instruments, with a 10 K / min heating rate and a 0.1 K sensitivity. The
thermal expansion was measured at 4 K heating rate, using a thermo-mechanical analyzer
TMA 2940 from TA instruments. Optical transmission in the UV-visible range was recorded
between 350 and 800 nm by a Perkin Elmer spectrophotometer. Infrared absorption was
measured between 400 and 4000 cm™ using a TENSOR 37 FTIR infrared spectrophotometer.
The UV-Vis cut-off is taken at a threshold of 40 % of transmission, while the limit of IR
transparency Awvp corresponds to 0 % transmission. The refractive index was measured by

Olympus BX 60 type optical microscope according to the method known as " the apparent



depth " [37, 47]. The accuracy in the index value is 107 if both sides are parallel and carefully

polished. The thickness of the samples intended for the optical measurements is about 3 mm.

The emission spectra of doped glasses were made using a spectrofluorometer model
"Fluorolog FL3 -22 Jobin- Yvon - SPEX" at room temperature. Optical excitation is achieved
by a xenon arc lamp of 450 Watts, emitting a polychromatic radiation between 200 and 900
nm. The double excitation monochromator comprises two networks of 1200 lines per mm,
jaded at 250 nm. The emission one has the same number of strokes but they are jaded at 500
nm. This configuration allows the first double monochromator to have a great rejection of the
stray white light. The optimal sensitivity of the second one lies in the 300-850 nm range. The
samples are placed in vats inclined 22.5° with respect to the incident light to avoid

interference between the excitation light and up-conversion signal.

3. Results:

Our results fall into two categories: the first focuses on the physical characteristics of the new
glassy matrix (80 Sb,O3; — 10 ZnBr, — 10 KCI), and the second shows the up-conversion
emission of the matrix doped with trivalent lanthanides and the same spectrum of the Yb:Er

co-doped glass.
3.1. Physical properties of the80 Sb,03; —-10 ZnBr, -10 KCI glass

Figure 1 shows the DSC curve of the antimonite glass 80 Sb,0O3 — 10 ZnBr, — 10 KCI
where it clearly shows the glass transition and the crystallization peak (exothermic). Figure
(2.a, b) shows the curves of UV-visible and infrared optical transmission. From these we
determine transmission thresholds. Extrinsic absorption bands appear in the infrared curve
due to contamination of silica tube (1% overtone of the Si-O vibration), gaseous CO, in
spectrometer, and finally, moisture (OH band). The OH amount (in ppm) can be calculated
according to the procedure reported in the literature [46], Q=30.a (o absorption coefficient at
3323 cm™).

Main physical properties of this glass are gathered at tables 1a and 1b.They are close to those

reported for other antimonite glasses [37-46].
3.2. Up- conversion emission:

Figures 3, 4, 5 and 6 show the emission spectra of doped and co-doped glasses. The Nd®* ions

emit green light at 536 nm under 805 nm infrared excitation, which corresponds to the ‘Gz,



— “lgp; transition (fig.3). In the case of Sm*, four upconversion emission lines are observed,
corresponding to the *Gsp, — °Hj (3=5/2; 7/2; 9/2; 11/2) transitions. The corresponding
wavelengths are respectively: 536 nm, 600 nm, 631 nm, 645 nm and excitation wavelength is
949 nm (Fig.4).

The Er®* doped glass emits green light at 531 nm under 798 nm excitation. It corresponds to
the Sz, — 11552 transition (fig.5). The (Yb®*, Er**) co-doped glass has two green emission
lines at 524 nm and 545 nm, and also a red emission line at 650 nm. Infrared excitation is

implemented at 980 nm and the active transitions are:
2 4 .4 4 .4 4
Hi12 — "lis2 ; "Sarz — “lisiz 5 "Forz — “lusp .

The Yb*'/ Er** co-doping results in the population of two additional levels *Hyy, and “Fgp
and two additional emission lines, by comparison to the glass doped only with Er**. It also
further increases the population of the “Ss;, level, which is exemplified by the respective
intensities: 6916 CPS vs 9257 CPS for co- doped sample (Fig. 5 and 6).

The up-conversion emissions, thus harvested are close to those of the KBS antimonite glass
doped with Nd**, Sm®" and Er** cations [46].

4. Discussion:

The up- conversion process of Nd** in this glass is described in the energy diagram of figure
7. In a first step an electron of the ground state *lo;, is promoted to the excited state *Fsy
(GSA) by a photon at 805 nm. Then a non- radiative relaxation occurs between the two levels

4 4
F5/2 and F3/2.

In a second step, the 805 nm pump move an electron from the excited metastable level *Fs, to
the higher excited state “Ds;,. This process corresponds to excited state absorption (ESA)

which may be described as follows:
oz — *Fsi2 (GSA) — “Fa2 (NR) — “Dsp (ESA).

It is followed by a multiphonon relaxation between the upper level Ds;; and the emission
level “Gy, . This gives rises to a green emission at 536 nm corresponding to the transition
between the emissive level “Gy,; and the ground state g/, . The two-photon excitation mode

described above, is dominant in at low Nd*" concentration.

Increasing Nd** concentration reduces the distance between rare earth ions. This enhances

energy exchange between neighboring Nd**. This exchange is of two types:



The first one is called “energy transfer” (ET). It occurs between two Nd** neighbors and led
to populate the emission level “Gy,. In this case two excited Nd** ions at intermediary state
exchange excitation according to the following resonant scheme: (*Fa , *Fan) — (Yl |
*G710). As a result, one Nd** reaches to the excited state “Gywhile the other one relaxes to the
ground state. Another (ET) possibility is (*Fa2 , “Far2) — (liz , °Ger) [35] : (*Far2 , *Far) —
(“l112 , ®Gep) ; 50, after transfer, a Nd** ion jumps to the higher excited state °Gg), while the
other one returns to ground state *lg,. This type of energy transfer increases the population of

the emission level ‘G, . It is efficient in low phonon energy matrices such as antimonites.

A second type of energy exchange between Nd* ions is likely to occur. It depopulates
emissive level *Gyy, (or Gy since this level is in thermal equilibrium with *Gsp). This

process is called cross-relaxation (CR) where the possible resonant channels are:
4 4 4 4 2 4 4 4
("Grr2, "lo2) = (Fai2, “lasp) and (°Gri2, "lor2) = ("Farz , “lisp).

The up-conversion mechanism of Sm®* in antimonite glass is shown in figure 8. The first
absorption of the pump at 949 nm corresponds to the °Hs;, — °F11, transition (GSA) while the
absorption of the second photon follows different paths: either ESA according to ®Fiy, —
11> or, after non radiative transitions ®F11, — °Fe» (NR) or ®F11, — °F7» (NR), the second

photon is absorbed as follows:

®Hsjy —°F112 (GSA) — °Fgp (NR) — *Gj2 (ESA) or ®Hs, —°F110 (GSA) — ®F7 (NR) —
*F3 (ESA).

In all cases, multiphonon relaxation from the final levels of the higher excited state (ESA)

leads to populating the emissive level “Gs,. Finally the emission of four colors occurs:
*Gsj, — °Hy (3 = 11/2; 9/2; 712 ; 5/2)
Energy transfer is likely to populate the emissive level according to following schemes:

(°F112, ®F1110) = {(CHs2, "1112); CHaza , Mla); CHarz , *Fai); CH1s2 , “Gsp)}-

On the another side the red emission towards 631 nm can be improved by cooperative transfer
of energy (CET), involving two Sm** excited at levels * 1 ¢, and ® F 7/, by one resonant cross
relaxation (RCR) of type “lo;, — “Gsy et °F7, —°F1u52; this also contributes to populating the
*Gs/» emissive level. This type of transfer is favorable if the shift between the two gaps of the

1

preceding transitions is about 100 cm . As previously mentioned this category of transition

takes place only if the distance between Sm®" cations is satisfactory.

Note that cross relaxation depopulates the * Gsy, level according to: (*Gssz , *Hsi) — 2 ®Fop.



Infrared to visible conversion observed in the Er** doped antimonite glass is explained in the
energy diagram of figure 9 that denotes a green emission (Aem= 531 nm). Pump wavelength

was close to 798 nm. The following sequence of transitions leads to this emission:
Excitation: “lys;, — *lors (GSA) — {*l112 (NR) — “Fai (ESA) or “l13, (NR) — *Fyp2 (ESA)} ;

Nonradiative transition: “Fa2 (ESA) — “Ss (NR) and  *Fr2 (ESA) — *Sa (NR), knowing

that *Ss;, and 2Hayy, are in thermal equilibrium.
Emission: *Ss;; — *lis (U.C).

. (4 4 4 4 4 4 4 4
The energy transfers are: (“luz, “li1z) — (lisz, "Fr2) (ET) et (Cluz, “loz) — Clisz , “Fsi2)
(ET)
Cross relaxations are done by: (*F7s, *lis2) — (2 “l112) (CR) et (*Saz, “lisi) = (Clopa,*l13p)
(CR).

In the case of the (Yb*"; Er*") co-doped glass, pump wavelength is 980 nm and the
corresponding energy diagram accounting for up-conversion is represented in figure 10.
Ytterbium acts as sensitizer and Erbium as activator. The 980 nm excitation leads to the

transition:

Yb**: 2F 7 — *Fspp.

The first stage corresponds to energy transfer from Yb** to Er** according to:
2Fera (YD) + *lisp (Er*) — *liasp (Er®) + F7p (YD™).

A second photon could be absorbed by Er** starting from the metastable level *li1;, (Er**) ;
where the exchange between Yb**/Er®* is summarized as follows: ?Fs; (Yb**) + *l11 (Er*)
— o (YD) + *Fop (Er* : ESA).

The energy shift is limited between the higher excited level * F7, (Er **) and levels *Hiy
(Er*") and *Sg; (Er*"). Then, following the multiphonon relaxation the Er** ion emits two
green lines at 524 nm and 545 nm. These two emissions are the result of an up-conversion

process that may be expressed by:
Er¥": *F7, — 2Hize (NR) — *l1s5 (UC): 524 nm.
Er¥: *F7;, — S, (NR) — 13572 (UC): 545 nm.

The second line is very close to the primary green selected by CIE as reference (546.1 nm). It

corresponds to the mercury emission.



The up-conversion emission of the average red (Aem= 650 nm), results from the transition
Er¥": *Fg;, — “lisp (UC). As outlined above, the exchange between Yb**/Er®* populates the

1112 level of Er** according to: *Fsi, (YD) + *l1sin (Er*") — *luap (Er¥) + 2o (YB*).
The 650 nm up-conversion emission is explained through the following sequence:
Er¥*: *l11 (GSA) — 1132 (NR) — “For2 (ESA) — 11512 (UC).

Two channels of cross relaxation are probable:

Er**: (g, “lur) — Clise, “Fi) (CR)

Er*: (*hae, *lue) — Clise, *Far) (CR)

These two channels depopulate the two emissive levels “*F7, and *Fap..

The halogenated compounds, namely zinc bromide ZnBr,, reduce the phonon energy. In this
respect, the phonon energy must take an intermediate value between the purely oxides glasses
and the purely halogenated glasses [49]. In some cases the incorporation of a halide makes it
possible to control the density of phonons. The up-conversion efficiency depends on intrinsic
and extrinsic parameters. The weak phonon energy (= 600 Cm™) of the 80 Sh, O3 — 10 ZnBr,
— 10 KCI vitreous matrix decreases notably the nonradiative transitions and enhances up-
conversion emission. This feature is almost non-existent in classical glasses (borates,
phosphates and silicates). In the same way the high value of the refraction index (1.97)
increases the probability of the radiative transitions. Finally the broad transparency range that
extends from 0.41 um to 7.85 um allows the antimonite matrix to transmit a wide range of

colors.

The capacity of these antimonite glasses to accommodate trivalent lanthanides is limited, by
comparison to other glasses such as phosphates and ZBLAN. Beyond 0.3 % molar of
lanthanides, antimonite glasses free of classical formers (B,Os3; P,Os) reach the solubility limit

of trivalent lanthanides and start devitrifying.

Impurities, and namely and OH" groups often act as quenchers. They are extrinsic elements of
the glass. Hydoxyle OH™ exhibits a high vibration energy (= 3000 Cm ™), which can bridge
the energy gap between the “Fgp and “lg, levels of the Er®* ion. In the same way, two
vibrational quanta of ion OH" can bridge the gap between * I3, and * I35, of the ion Er¥*. A

smaller quenching effect could arise from silicate traces.



While silica contamination may be avoided using convenient crucibles, hydroxyl
concentration may be drastically reduced using optimized processing. This includes
purification of starting materials, dry working atmosphere and incorporation of halides in the
batch. In glass melt the following chemical reaction is expected to occur:

F +OH — HF 2 + 0%,

5. Conclusion:

A new antimonite glass with the chemical composition 80 Sb,O3; — 10 ZnBr, — 10 KCI has

been investigated. It belong to the HMOG groups and has the following characteristics:
A good thermal stability (Tx — T¢ =109 °C)

A low phonon energy (E, =~ 600 cm™)

A high refraction index (n = 1.97)

A broad field of transparency (0.41 pm - 7.85 pm)

These features are favourable to Up-conversion emission after doping by various trivalent
lanthanides (Nd*"; Sm*; Er**; Yb* / Er*"). We have recorded several up-conversion

emissions at ambient temperature with a content of 0.2 mol % of lanthanides according to:
- Nd*: Gy — *lgp With  Aem= 536 Nm under 805 nm excitation;

- Sm**: “Gsj, —°H; (3= 5/2; 7/2; 9/2; 11/2) where the wavelengths are respectively: 563
nm; 600 nm; 631 nm and 645 nm. Pump wavelength 949 nm.

- Er*: %Sz — *lisp with  Aem= 531 nm under 798 nm excitation.

- YDYEr : 2Hus — “lisp ; *Sarp — *lisp et *For, — *lisi, correspondents respectively
with the wavelengths 524 nm ; 545 nm et 650 nm. The excitation was made under
980 nm.

Several mechanisms rule these emissions namely: excited state absorption (ESA), energy

transfer of (ET), cooperative transfer of energy (CET), multiphonon relaxation (MPR) and

cross relaxation (CR).

The emission at 545 nm in the Yb**/Er** co-doped case is very close to the primary green
to the mercury emission (546.1 nm). The latter is retained by the international commission

of lighting (CIE) as reference.
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Figure 1: DSC curve of the 80 Sb , O 3— 10 ZnBr ,— 10 KCI glass. It shows the vitreous transition and
the crystallization peak. Heating rate 10 K/min.

Figure 2.a: UV-visible transmission curve of glass 80 Sb, O; — 10 ZnBr, — 10 KCI. The cut off
wavelength for a 3 mm thick sample is Acut.orr = 417 Nm.

Figure 2.b: Infrared transmission of an 80 Sh, O;— 10 ZnBr,— 10 KCI glass sample, 3 mm in
thickness. The transmission limit due to multiphonon absorption is Ayp = 7.85 pm.



Figure 3: Up-conversion emission at room temperature of 80 Sh, O3 — 9.8 ZnBr,— 10 KCI — 0.2 NdF;
glass doped with Nd**. Green light emission (536 nm): “G7, — *lg;, under 805 nm excitation.

Figure 4: Up-conversion emission at room temperature of 80 Sb,03;— 9.8 ZnBr,— 10 KCI — 0.2 SmF;
glass doped with Sm**. Visible emission lines: green (536 nm); orange (600 nm) and red (631 nm and
645 nm) corresponding to the transitions: “Gs, — °H, (J=5/2; 7/2; 9/2; 11/2). Infrared excitation at
949 nm.

Figure 5: Up-conversion emission of the 80 Sh, O;— 9.8 ZnBr,— 10 KCI — 0.2 ErF; glass. Measured at
room temperature. Green light emission (531 nm): “*Ss,— “l1s, under 798 nm infrared excitation.

Figure 6: Up-conversion emission of 80 Sh, O; — 9.8 ZnBr, — 10 KCI — 0.1 Yb*" — 0.1 ErF; glass.
(Yb3+/ Er3 co-doping). Room temperature measurements. Green emission at 524 nm (ZHM,Z — 4I15,2)
and red emission at 543 nm (“Sz;, — “l15,,) and 650 nm: (*Fe, —*1155,) under IR excitation at 980 nm.

Figure 7: Energy diagram describing the up-conversion process of Nd** in 80 Sb, 03— 9.8 ZnBr,— 10
KCI - 0.2 NdF; glass.

Figure 8: Energy diagram explaining the up-conversion process of Sm** in the 80 Sh, 03— 9.8 ZnBr,—
10 KCI - 0.2 SmF; glass.

Figure 9: Energy diagram explaining the up-conversion process of Er®**in the 80 Sh,0; — 9.8 ZnBr, —
10 KCI - 0.2 ErF;3 glass.

Figure 10: Energy diagram accounting for the up-conversion process in the Yb**/Er** co-doped glass:
80 Sh,03 - 9.8 ZnBr, — 10 KCI - 0.1 YbF; — 0.1 ErFs.
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Tables

Density (g/cm’) Characteristic temperatures (°C) CTE (K)
p%0.005 Ty +2 T, %2 T, 1 (a+0.2)X10°
5.0831 275 384 407 19.5

Table la: The physical characteristics of the 80Sh,0;-10ZnBr,—10KCI glass: density, characteristic
temperatures (T4 for glass transition; Ty for onset of crystallization;T, for exotherm maximum) and
Coefficient of Thermal Expansion (CTE).

Transmission Threshold Zero Transmission limit Refractive Quantity
UV-visible (nm) Infra-red (um) Index OH (ppm)
)\CUT—OFF +1 }\MP +0.025 n+0.01 Q
417 7.85 1.97 164

Table 1b: Optical characteristics of the 80 Sh,03;-10 ZnBr, —10 KCI glass: transmission thresholds in
the UV-visible (Acut.orr) and infra-red spectrum (Ayp); refractive index; (OH) concentration.





