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Abstract: GesGaolers (GGT) glass shows good transparency between 2 5tomiron

wavelengths, good chemical and thermal stabilitheadrawn into fiber, which appears to be a
good candidate for developing far-IR fiber-optieviges, although there are strong absorption
peaks caused by impurities in the glass. With theedad decreasing the content of impurities and
micro-crystal particles in prepared GGT glass sas\ph rapid heating furnace and the fast
distillation method based on vapor evaporation maposition under vacuum condition was
adopted. Properties measurements including DiffedeScanning Calorimeter (DSC), Vis-NIR
and IR transmitting spectra were performed on thepgred glass samples. Dependence of
optical loss on the types of oxygenic getters d&dr tcontents and glass quenching temperature
was also studied. All these results show that tlezaaye optical losses of distilled glass samples
were greatly improved by the designated purificapoocesses. Besides, the quality of the glass
samples can be improved with the optimized quemckemperature. In all, the optical loss of

the glass can be reduced effectively. Minimum @pticsses of 0.042 dB/cm at 9 um and 0.037
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dB/cm at 12 um are obtained after a right purifaraiprocess, which are the lowest loss of the
GGT chalcogenide glass nowadays.
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1. Introduction

The Darwin mission performed by the European Spagency (ESA) aims at detecting life
signs in extra solar terrestrial planet [1,2]. Thission will scan the nearby universe in order to
get its accurate contents of €@Which is regarded as one of the most importanctsple
signatures of life. Remote optical detection of d@volves monitoring of its two vibrational
absorption bands at 4 um and 16 um[3,4]. In thissian, a nulling interferometer operating in
the IR is crucial for filtering useful IR light fro the planet, cutting off and occulting the blinglin
light coming from the central star. One of the kgyical elements of the interferometer will be a
single-mode (SM) IR optical fiber or planar wavetgioperating in the window of 3 to 20 um.
Therefore, a special glass is crucial for achieargatisfactory detection limit. Current materials
suitable for designing the SM fibers are the polgtalline silver halides[5,6] and the glassy
materials that belong to the broad family of thecatled chalcogenide glasses (ChGs)[7,8],
especially that of Tellurium (Te) enriched ChGs tlués heavier atomic mass. Consequently the
intrinsic multi-phonon absorption of Te-based CBGhifted to longer wavelength in comparison
with sulfur-based or selenium-based glasses.

Up to now, some advances of Te-based ChGs camjasome glass former such as
elements of Ge, Ga, | and As, have been reportB@l[9Among these glasses, &eaolerss
(GGT) glass is a very promising material for traitng far-IR radiation and developing IR
fiber-optics devices. Advantages of GGT glass ameitoxic ingredients (no As), low phonon

energy, good transparency between 2-25 um, goauichestability and good thermal stability



to be drawn into fiber[11]. However, there is atemsive absorption peak around 15-20 um band
in the spectrum, which is assigned to a kind of@>®ibration, and it is very hard to be purified
by common vacuum distilling method[12]. To decre#s® intensity of oxide absorption peak,
Zhang et al[13] prepared GGT glass mixed with oxiygetter Aluminum (Al) and obtained a
loss of 0.6 dB/cm at 10 um. However, the additibmetal getter would lead to an increase of
scattering loss by impurities of oxides. Additidgalt is well known that Te-based ChGs are
prone to devitrification as that Te has strong thetaharacter in comprison with S and Se, the
presence of crystals will also increases opticaltsc loss.

In this paper, a distilling method based on vap@peration plus deposition under vacuum
condition was advanced with the aim of producingTG@ass with low impurity and high
homogeneity. The results of purification, as wslloptical loss spectra, were also investigated by
using three different experimental conditions. Eh@sogresses appear as promising results in
view of manufacturing high purity ChG glass conitagnGa element. These glasses would also

make preparations for the fabrication of optichéfs and planar waveguides.

2. Theory of vacuum distillation

In order to synthesize a GGT glass with low imput#vel, it is necessary to remove
impurities from raw materials. Vacuum distillatitgchnique has attracted great attentions for its
low cost and less pollution to our environmentjtalrives high purity vapor flowing into target
room from a raw material surface under vacuum. d&esi the boiling point of metal will
decrease a lot under vacuum condition and thatsh&dpspeed up the distilling process.
Meanwhile, the efficiency of distillation is depead on the maximum admissible temperature of
container and the vapor pressure of raw material.

Generally, the vapor pressure varies among differextal or metal-oxide (such as impurity),



therefore we can refine a certain metal accordinté difference of vapor pressures between the
metal and its impurities. The relationship betwdba vapor pressure of the metal and the
temperature can be expressed by Clausius-Clapegation[14,15]:

92— L
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Wherep is the vapor pressure of the mefals the temperature of the methlis the vaporizing
latent heat of the metal; andV, represent the molar volume of gaseous metal goddlimetal,
respectively. The value oW(-V,) is approximately of the molar volume of gaseowtah(V,)
becausev; is far larger than/,. Under low vapor pressure, Gas obeys ideal gasVawRT/p,
whereR is a gaseous constant and equal to 4.575. Therdfus equation can be rewritten as

following equation:
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The vaporizing latent heat) relates to the temperature of the metak +aT+bT?+cT>+ ---, so

the equation (2) can be approximately expressédeaforms of egs. (3)-(4):
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WhereA, B, C andD are four constants varying with different metafg[I'he vapor pressures of
Ge, Ga, Te, Si and Fe at different temperaturescal®ilated based on equation (4) and are
shown in Figure 1. Herethe criticalP means the value of vapor pressure when distittista
the critical T means the lowest requirements of the temperatorgsach the criticaP, as it
decided by the thermodynamic data of the metalsetal-oxides. As shown in Figure 1, it is

clear that a high temperature of 14@0(1673K) is needed to vaporize and distill Ge Gadat a



vacuum of 10 Pa in theory. In fact, a component containing Gé @e will appear and the
vapor pressure of Ge-containing compound will iaseeenormously so that Ge can be easily
purified by distillation at a temperature of 1080(1323K)[2], which is not the case for the Ga-
containing glasses. As is known to all, quartz glesntainer can be used stably under 1050
°C(1323K), and the short-term maximum temperature lma up to 1450C (1723K). So it is
needed to find a new way to fast vaporize metatskaep the stability of the quartz container at
an ultimate temperature, meanwhile leave the oxakesesidual (metallic oxides are usually
more stable than the metaisich as AlO; (boiling temperature is 3250 K), and Gg(melting

point is 2,173° C).

3. Glasspreparation and purification

Appropriate amounts of high purity Ge (99.999%),(98.999%) and Ga (99.999%) were
used as starting raw materials for glass synth@sisee different experimental conditions (3
series) were adopted to prepare GGT glasses ipalpisr, as shown ifeble | and the details are
illustrated in the followings:

Series A: the raw elements of 10 grams were loaded intolwgped quartz tubes (Figure.
2). Different oxygenic getters were introduced ithhese two tubes: one (marked as GO) was
doped with 500 ppm of Mg and another (marked as v@dt) 500 ppm of Al. Both two tubes
were sealed at position 1 after being evacuatechdovabout 2x18 Pa. Next, a rapid heating
furnace 2 (>1000C/min) was used to heat the mixtures in section A400°C and held for 10
minutes to guarantee that all the raw materialsevdestilled into section B, then the tubes were
sealed at position 3. The oxide impurities (e.gQ3] MgO) remained in section A because of
their low vapor pressures. At last, the mixturesenmelted at 906C using a rocking furnace

and held for 18 hours before being lowered to “G@or quenching.



Series B: Two tubes (marked as G2, G3) both containing d® igw materials and 500 ppm
Al were prepared as series A before the tempemaifréhe furnaces were subsequently lowered
to 600°C (G2) and 900C (G3).

Sries C: the raw elements of 10 grams were loaded into Hvtyped quartz tubes.
Different contents of Al were introduced into thdse® tubes: one (marked as G4) was doped
with 250 ppm of Al and another (marked as G5) wi@i® ppm of Al. And the glass preparation
process was the same as series A. Additional G&§sdmarked as G6) that hadn’t been distilled
was also prepared and its glass melting progrebe isame as series A.

All seven tubes were quenched in water and anneslélde temperature of 16C for 5
hours before being cooled to room temperature sloWhe glass rods were then obtained by
taking them out of the tubes. Glass rods werelfiralt into disks and polished to a thickness of

about 1 mm.
4. GGT glassand itsoptical loss

4.1 GGT glass characterizations

The thermal characteristics of the samples were sared by differential scanning
calorimetry (DSC) in the temperature range of 50-35 at a heating rate of 1%C/min. The
glass transition temperaturgy, the onset crystallization temperatufg and the differences
AT=T,-Tyfor three glasses are reported in TablefTl.values of GGT glass samples are all over
100 °C, indicating that the GGT glass is stable agatmgstallization. A small improvement in
the distilled glass samples is achieved compaonpe T, value of non-distilled GGT glass G6.
However, the purification process does not charge value ofTg and 4T as much as the
variation of glass composition.

The Vis-NIR transmision spectra of samples wer@ndad in the range of 1600-2500 nm



by using a PerkinElmer Lambda 950 UV-Vis-NIR spephrotometer. The results are displayed
in Figure 3, showing that the maximum transmittanfeeach glass sample varies with its
thickness. However, the band-width of the transimisspectra of the seven glass samples are
kept nearly the same, and there is no apparentr@hso peak in this range because the
absorption bands in ChGs caused by impurities @menwonly located in the region of 2.5-20 um.
Small variation in the cut off edge may be ascritzethe thickness variation of the glass samples
in a certain extent.

Quantitative analysis was carried out by an En@gpersive Spectrometer (Tescan VEGA
3 SBH, Czech)Table Ill lists the compositions of the final glasses, thecision of the analysis,
as well as the contents of the impurities in stddjlass samples. It can be seen that the change
of their compositions were not very noticeableadidition, only two main impurities exist in the
glasses. High carbon content dropped down obwausthe purified glasses. The contents of
oxygen decreased from 0.91 wt. % to O followeditiveeasing of the added Al in series C. Here,

the contents of the other impurities, such as Nan8 so on, were too low to be detected.

4.2 Optical loss of GGT glass

The IR absorption spectra of glass samples weaded in the range of 4000-400 ¢ray
using a Nicolet 380 Fourier Infrared spectrophottemeTo evaluate the optical loss, the
absorbance of a same GGT glass rod with diffet@nkmess of about 4 mm was also measured
and the optical loss was calculated by followingagpn:

In10

a :mx(ODl _ODZ) (5)

Wherea is values of the optical los®D; andOD; are the absorbance of the GGT glass with a

thickness of_; andL,, respectivelyl(; > L,).



Figure 4 gives the optical losses of GGT glasssislldd with different oxygenic getters and
non-distilled GGT glass (G6). Obviously, there ibraad absorption peak in 15-20 um region
caused by the impurities involving with Ga when the elements were not purified. The optical
losses of distilled glasses are significantly lowean the glass without any treatment. Whereas,
500 ppm Mg is not enough for eliminating the oxiaigurities as there is still strong absorption
in 15-20 um. While the oxide impurities were effeely removed after the same Al content
being added, as that can be explained as the nuofberducing valent state is 3 of Al,
comparing 2 of Mg, just shown as equation 6.

A+30% L NO,, +3e
2

(6)
Mg+0O* - MgO+2e

The relationship between optical losses and quagdeimperature is illustrated in Figure 5.
It can be seen that the optical loss decreasesthgtlincrease of quenching temperature firstly,
just as the comparison of G1 (78D) to G2 (60C°C). It can be explained that lower quenching
temperature decreases the cooling rate which sesulhe formation of micro-crystals. Hence,
the increase of quenching temperature reducesntioeiret of micro-crystals which is one of the
sources for the scattering loss. Meanwhile, Higipgenching temperature than 750 can also
increase the loss, just as the comparison of G8 1@)to G1 (75¢°C). It can be sourced from
the inhomogeneity of the glass, as the quenchitegafouter part is quite different from that of
inner part.

As shown in Figure 6, four glass samples distil@th different amounts of Al were
prepared (the quenching temperatures of all glasgpkes are 756C). At least, 400 ppm Al

rather than 250 ppm Al is essential to thoroughipieate the oxide impurities in the range of

15-20 um. The lowest optical losses were very close042 dB/cm at 9 um and 0.037 dB/cm at



12 pm.

5. Discussion

The GGT glasses with low content of oxygen wereeadd by use of a combination of
chemical and distillation methods. When raw maler@ element were melted without any
treatment of purification, there would be a broadaption band in the range of 15-20 um and
the average optical loss was much higher thanlldtGGT glasses. The low optical losses of
distilled GGT glasses are due to the absence oérvaatd oxide impurities as well as silica
impurities in form of inclusions. At present, lowexptical losses of 0.042 dB/cm at 9 um and
0.037 dB/cm at 12 um are obtained, which are tivedtd loss to the telluride chalcogenide glass
nowadays.

750°C is the optimized quenching temperature to pregdow loss GGT glass. Higher or
lower quenching temperature could result in theaase of optical loss. 400 ppm wt. of Al is the
minimum amount of oxygen getter to remove oxygemfthe raw materials in our case.

The increase of optical losses in the short wagtterange is due to electronic transition.
The increase of optical losses in the long wavdleng due to intrinsic multi-phonon
absorption[17]. These intrinsic absorptions camdateiced by modifying the glass composition.

As shown in equation (5), the optical losses of gliss samples depend on tested
absorbance which would be influenced by the patighéevel and glass optical homogeneity. In
order to precisely estimate the optical losseshefihvestigated glasses, the dependence of the
absorption coefficient on absorband®D) and the glass thicknesk)(was expressed by the
following equation:

ODI[In(10) =-2In(1-R) +aL (7)

Where R is the reflectivity of investigated glass. value was the slope of the curve



determined by plotting OIM(10) as a function of glass thickneks Figure 7 shows the
relationship between QIN(10) andL of glass G4 at two different wavelengths, @lvalues
obtained from the curves are listedTiable V. It can be seen that the values of [[10) and
thicknesd. have a linear relationship. The minimal opticaldes were 0.059 dB/cm at 9 um and
0.053 dB/cm at 12 um for the GO sample. Additionaile presume that two reflections always

exist in equation (7), so the OD does not tenceto avhen the glass thickness is 0.

6. Conclusions

A rapid heating furnace was adopted and the fadilldtion method based on vapor
evaporation plus deposition under vacuum condipaoved to be effective in preparing high
purified GGT glass samples. Then, the dependenaeptifal loss on the type of oxygenic
getters and their contents and quenching temperatere investigated. The best result of optical
loss of 0.037 dB/cm at 12 um was obtained. Theaaeepptical losses of distilled glasses were
far lower than the glass without purification preseHigher or lower quenching temperature
could also result in optical loss. Reducing methlw&s much more functional to decrease the
oxide content in the GGT glasses. Only with 400 ppimof Al and vacuum fast distillation, it
would be good enough to remove all oxide absorptiands, to expand the transmission
spectrum and to flat the spectra without any obwialisorption peak in all the range of 8-20 pum.
In all, the results show that it is potential faveloping a low-loss far-infrared fiber with the-Ga
containing Te-based chalcogenide glasses, if e is much more improvement of glass

purification.
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FIGURE CAPTIONS

Fig. 1. The vapor pressures of Ge, Ga, Te, Si anat Hifferent temperatures

Fig. 2. Glass distillation and preparation flow th&) Vacuum evacuating process, (b) Vacuum
distilling process, (c) Glass synthesizing procetse, 1: sealing point after evacuated, 2:
high temperature region, 3: sealing point aftetilth§on, A: raw materials containing
tube, B: glass synthesizing tube.

Fig. 3. The Vis-NIR transmission spectra of thesglaamples.

Fig. 4. Optical losses of glass samples, GO: G@$gistilled with 500 ppm Mg, G1: GGT
glass distilled with 500 ppm Al, G6: non-distill&5T glass.

Fig. 5. Optical losses of glasses with differengémgehing temperatures (all glass samples were
distilled with 500 ppm Al)

Fig. 6. Optical losses of glass samples distilléth wifferent content of Al.

Fig. 7. The relationship between @t10) and thickness L of glass G4 at two different
wavelengths

TABLE | Sample details of the GGT glasses preparsder different experimental conditions.
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TABLE Il The thermal characterictics of studied ggasamples.
TABLE Ill Impurities content of the glass samples.

TABLE IV Optical lossa of investigated glasses at two different

Temperature (°C)
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FIG. 1. The vapor pressures of Ge, Ga, Te, Si anat Eifferent temperatures
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FIG. 2. Glass distillation and preparation flow théa) Vacuum evacuating process, (b) Vacuumltimgfiprocess:

the mixtures in section A are heated to 1400and hold for ten minutes to guarantee that allrtw materials are
distilled into section B, then the tube is sealegasition 3, (c) Glass synthesizing process. Hereealing point
after evacuated, 2: high temperature region, 3irgppoint after distillation, A: raw materials c@aming tube, B:

glass synthesizing tube.
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FIG. 3. The Vis-NIR transmission spectra of thesglaamples.
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FIG. 4. Optical losses of glass samples, GO: G@gtlistilled with 500 ppm Mg, G1: GGT glass destilwith 500
ppm Al, G6: non-distilled GGT glass.
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FIG. 5. Optical losses of glasses with differergérehing temperatures (all glass samples wereldisivith 500
ppm Al, and the quenching temperature of G2 is®Q051 is 750C, G3 is 900C).
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FIG. 6. Optical losses of glass samples distilléth different content of Al
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FIG. 7. The relationship between @i{10) and thickness L of glass G4 at two differeatvelengths
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TABLE | Sample details of the GGT glasses preparter different experimentaonditions.

Reducing Content Quenching Thickness
Compositions metal [ppm] Temperature [mm]

[°’C]
Series A
G6 None 0 750 1.1
GO Mg 500 750 1.1
Gl Al 500 750 1
Series B
G2 Al 500 600 1
Gl Al 500 750 1
G3 Al 500 900 1
Series C
G6 None 0 750 1.1
G4 Al 250 750 1.2
G5 Al 400 750 1
Gl Al 500 750 1
TABLE Il The thermal characterictics of studied ggasamples.
Compositions 7 Tx
AT
GO 175.2 285.1 109.9
Gl 176.2 285.6 109.4
G2 176.5 285.6 109.1
G3 176.4 285.6 109.2
G4 175.6 285.2 109.6
G5 175.6 285.5 109.9
G6 175.5 285 109.5

TABLE Il Impurities content of the glass samplesidhe precision of EDS measurement.

Ge Ga Te C

O

Atom Error Atom Error Atom Error norm Error norm  Error

[at.%] [wt.%] [at%] [wt%] [at.%] [wt.%] [wt.%] [wt.%] [wt.%]

Series A
G6 8.67 0.32 5.7 0.22 4408 2.21 6.28 1.03
GO 10.33 0.32 6.52 0.21 5391 2.27 3.43 0.65
Gl 1161 0.34 6.08 0.22 58.47 2.78 3.14 0.76
Series B
G2 9.45 0.32 6.26 0.22 49.14 241 4.64 0.84
Gl 1161 0.34 6.08 0.22 58.47 2.78 3.14 0.76
G3 1256 0.33 8.39 0.19 64.35 2.43 1.76 0.41
Series C

[wt.%]
0.91 0.23
0.63 0.18
0.76 0.21
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G6 8.67 0.32 5.7 0.22 4408 221 6.28 1.03 0.91 0.23
G4 1174 032 7./5 020 6146 2.36 2.41 0.51 0.35 0.13
G5 1144 0.33 756 019 60.07 242 2.41 0.52 - -
Gl 1161 034 6.08 0.22 5847 2.78 3.14 0.76 - -

Table IV Optical loss of investigated glasses at two different wavelbagt

Compositions o dB/cm ¢=9 pm) o dB/cm Q=12 pum)

GO 0.059+0.002 0.053+0.002
Gl 0.063+0.005 0.060+0.006
G2 0.072+0.006 0.067+0.005
G3 0.125+0.025 0.125+0.024
G4 0.062+0.004 0.056+0.004
G5 0.067+0.012 0.063+0.012
G6 0.183+0.019 0.178+0.018
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