Journal of Optoelectronics and Advanced Materials Vol. 7, No. 5, October 2005, p. 2281 - 2291

SULFIDE, SELENIDE AND TELLURIDE GLASSY SYSTEMS FOR
OPTOELECTRONIC APPLICATIONS

D. Lezd®, J. Zavadil®, M. Prochazka®

¥_aboratory of Inorganic Materials, Institute of Inorganic Chemistry AS CR, 250 68
Prague-Rez, Czech Republic

P|nstitute of Radio Engineering and Electronics AS CR, 182 51 Prague 8, Chaberska 57,
Czech Republic

“Rehabilitation Centre Jarov, Prague 3, Konevova 205, Czech Republic

Chalcogenide glasses form very wide family of non-oxide glasses which contain
chalcogenide elements in combination with selected elements from I11, 1V, V, VI group of
periodic system. These glasses opposite to SIO, ones exhibit transmission in middle and far
infrared region of spectra, higher values of refraction index and thus are very promising
materials for drawing active and passive optical fibers for use in medicine and sensing.
There are very important demands on preparation of base glasses in high chemica and
physical purity and on detailed diagnostic measurements of their properties. Physica
properties of these glassy systems are strongly influenced by the presence of structural units
and chemical bonds and by the presence of one or more glass forming region. The attention
in this paper is focused on the preparation of high purity base glasses, their doping with rare
earth elements, and on optical and fluorescence measurements, X-ray analysis and fiber
drawing.
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1. Introduction

Thereisagrowing interest in the family of special glasses namely chal cogeni de glasses and
heavy metal oxide glasses (HMO) due to their promising properties such as the transparency in
middle and far infrared regions of spectra, higher values of refraction indices and lower vaues of
phonon energy opposite to SiO, or fluoride glasses. These glasses and optical fibers can be used as
passive medium for laser power ddlivery. Generally speaking, these systems can contain one or more
chalcogen dements in combination with dements from Illith, 1Vth, Vth, VIth or VIith group of
periodic system. These glasses bdong to the group of glassy semiconductors having p-type
conductivity, are characterized by the value of forbidden band E; ~ 2 eV and therefore are
transparent in middle and far infrared regions of spectra. Their transparency region is defined by a
short wave ength absorption edge, related to the dectronic band gap, and by fundamenta vibrations
of chemical bonds at long wave engths. Between these two edges, due to intrinsic absorption, could
be observed various absorption bands that indicate the presence of i mpurities (extri nsic absorption).

There are differences between sulfide, sd enide and telluride glasses in glass forming region
(GFR) and glass forming ability (GFA). These are influenced by the presence of various structural
units and by the existence of chemical bonds which are built up in to base glassy skeeton.
Interesting changes were observed in systems having two or more GFR, for example Ge-As-Te
systems, that have two regions, onerichin [TeTey,] structura units and Te-Te bonds, the other rich
in [AsAsy3] units and Te-Te bonds.
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The survey of important properties of selected chalcogenide glasses is given in [1,2]. The
above mentioned differences between sulfide, sdenide and telluride glasses in GFA and GFR are
further supplemented by the differences in thermal stability and the position of the edges at short and
long wavdengths of the spectra. Generally, it is valid that sulfide and selenide glasses are more
stable than teluride ones, which have worse GFA, smaller GFR, lower transmission and higher
refraction index and a so they have higher tendency to crystallization and phase separation.

It should be noted that both the study and applications demand high chemical and physical
purity. To achieve values of suitable optical osses the concentration of hydrides (OH, H,), oxides
and hydrocarbonates must be in the range of 10°-10° mol% and the concentration of physical
defects in the range 10-10° cm®. For this reason new progressive purification and preparation
procedures were devel oped [3,4]. Tdluride and mix selenide-tdluride glasses are also attractive for
active devices due to ther low phonon energies and higher values of the refractive index. Thus,
doping of these glasses by rare earth (RE) dements and the luminescence efficiency of RE** ions are
being studied extensivdy [5,6]. The luminescence efficiency of inner shell 4f-4f radiative transitions
of RE* ions turns out to be strongly dependent on the solubility of RE ions in the host glass and on
the presence of OH groups. The presence of OH groups supports the rise of dusters and decreases
the luminescence efficiency.

In the paper we survey the preparation and properties of sdected sulfide, sdenide and
telluride glass systems both base and doped with RE € ements and some aspects of their appli cations
in optod ectronics.

2. Experimental
2.1. Preparation of chalcogenide glasses

Glasses were prepared by direct synthesis from mixture of pure starting dements. For
purification of starting d ements sublimation, distillation and gettering processes were used. Sd ected
glass systems were doped by RE e ements (Pr, Er), with concentrations in the range 500 — 1500 wt.
ppm. Details of technologica procedure and of specia technologica setups are given in deall
dsewhere[3,4].

2.2. Structure of glasses

The glass forming region (GFR) and glass forming ability (GFA) of sdected glass systems
will be discussed in more detail. GFR includes al possible combinations of concentrations of
dements of a given system that can enter into the glassy state by cooling mdts. Areas of GFR vary
and depend on glass composition, structura units and chemical bonds. Some systems have one, two
or more GFR, for example Ge-As-Te glasses. Generally, is valid that GFR decreases with higher
atomic number of chalcogenide dements, from sulfide to teluride glasses. More stable glasses can
be found in the middle of GFR and around eutectic alloys. GFA is closdy connected with glass
forming region the larger the GFR, the better GFA. Structural skdets of prepared glasses are built up
from structural units which can be planar [SS,;], trigonal [AsX 3] or tetragonal [GeX,,], where X
stands for S, Se, or Te. Chal cogenide glasses can be stoichiometric as As;Xg0, Where their valency
dectrons are fully saturated and only one kind of chemical bonds exists. For example As;Seo
structural units have only three As-S bonds and in GessSes; System, va ency requirements lead to the
formation of fully saturated [GeSey 2] units with four Ge-Se bonds. When the concentration of Ge or
Seis higher than in fully saturated composition, i.e. in GeSen.x then besides [GeSey;] structural
units there exist also [SeSey;] or [GeGey,] ones with Se-Se or Ge-Ge bonds. The concentration of
structural unitsis given by the rdation c[AB,]=d/M where d is density of glass and M molar weight
of structural units. The number of covalent bonds v in glasses can be calculated according to the
relation v=zxc[AB,], where zis the number of covalent bondsin the structural unit and c[AB,] isthe
concentration of structural units. The survey of structural units and number of covaent bonds is
givenin[1,7].
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For Ge-As-Te glasses there exist two GFR, the Te- rich and As- rich ones. For this study
three compositions were chosen: systems with Terich as well as As-rich composition and fully
saturated one. In Te—ich glasses, e.g. GepAsxT ey the following bonds can be found: Te-Te from
[TeTey,] structural units and Ge-Te bonds from [GeTey;] ones. Similar structure is valid for non-
saturated glasses rich in sd enides or telurides components. In the fully saturated compasition, such
as GepAsTes, only Ge-Te and As-Te bonds exist from [GeTe4/2] and [AsTey ;] units which are
connected by weak Van der Waals forces. This structurd skdeton influences GFA too. GFA of
these systems is not as good as that for systems prepared with sulfur or sdenium. The poorest GFA
was observed at fully saturated glass composition where only [AsTey,] and [GeTey;] structural units
exist.

For confirmation of these conclusions sdected samples were heated to crystalization
temperature and results of X-ray analysis measurements were compared with the measurement of
unhested glasses.

3. Diagnostic measurements

The composition has been monitored via quantitative Electron Diffraction X-ray (EDX)
anaysis, the homogeneity of prepared glasses was investigate by microprobe Kevex and oxygen
concentration by LECO316 eguipment. These measurements show that the difference between
theoreti cal and real values in compasition of prepared glasses was less than 6% on average.

Infrared absorption spectra were measured in the visible range on Specord M400 and in NIR
by Matson Galaxy 300 (with the spectrd range up to 20 um). The attention was focused on the
measurement of absorption edges and on the determination of intrinsic and extrinsic absorption
bands.

Structural X-ray analysis was carried out on Siemens D 5005 (Bruker — AXC). By this
methods the crystallization phase, structural units and chemical bonds was investigated and it
enabled to determine non-crystaline and crystalline phases after temperature anneding at the
crystalization temperature.

Differential thermal analysis has been performed by using equipment Netzsch 429 with the
heating rate 5 °C /min in nitrogen amosphere.

Photoluminescence (PL) spectra were taken at various temperatures and various levels of
excitation by He-Ne and Ar ion lasersin an optical He dosed cycle cryostat enabling measurements
in the temperature range 3.5 — 300 K. The 1 m focd length monochromator with the cooled
Edinburgh I nstruments Ge detection system or cooled GaAs photo-multiplier enables sensitive and
high resolution measurement in the spectral range 400-1700 nm by using the lock-in technique and
the computer controlled data coll ection.

4. Results and discussion
4.1 Samplepreparation

Glass rod 9-10 mm in diameter and 100 mm in length have been obtained. Glasses were
prepared in specia technologica setups described in [1,3,4]. The concentration of OH and oxide
impurities was calculated from the intensity of the absorption bands at 2.97 um (OH), 6.35 um
(H20), 4.01 pm (H.S), 4.58 pum (H;Se) and 6-12 um (oxides). The average concentrations of
impurities were about of 10 mol% [1,8]. The difference between theoretical and real weight is
about 2%.

4.2 Structure of glasses— GFR and GFA
Glasses on the base of sulfide and sdenide compounds exhibit wide GFR and very good

tendency to form glass solids. They have only one GFR, trigona and tetragonal structural units,
which are connected mostly by chal cogenide bridges. As it was stated above the Ge-As-Te system
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has two GFR-Terich region and As—rich one. The GFR for this system according to Nieson [9] and
Tanaka[10] are shown in Fig. 1aand 1b, respectively.

Ge 80 60 0 20 As
(b)

_— glass forming region
------- region of partial crystallization
Fig. 1. The glass forming region of the system Ge-As-Te according to Nielson [9] and
according to Tanaka[10] aregiven in parts(a) and (b), respectively. The full line encloses
the glass forming region while the dashed line the region of partia crystallization.

In order to confirm the proposed structural mode on the base of given structural units and
chemical bonds, all compositions of studied glasses were heated to their crystallization temperature
and afterwards X-ray analysis was carried out. Results are shown in Fig. 2; 3 and 4. On Fig. 2 there
is an angle resolved spectrum of non-crystalline glassy solid and as it can be seen no crystallization
peaks were observed.
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Fig. 2. X-ray diffraction pattern of GejgAspTey glass system is shown. The system does not
show any crystalline phase.
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Fig. 3. X-ray diffraction pattern spectrum of GejpAs,Tes glass systemis shown. The
presence of crystalline phase is indicated by arrows and described in the inset.

In As-rich glasses, such as the one shown in Fig. 3, the crystallization peaks of [ASASy s3],
[GeTey,] and [AsTey,] structural units are present. On the other hand in Te rich glasses
crystalization peaks of [AsTes 7], [GeTey ], [TET ey 2] Structural units are observed. X-ray analysis of
fully saturated composition, shown in Fig. 4, gives smilar results as Te- rich composition. The
x-ray diffraction pattern of binary systems AsyTes and GeysTegs, after heating to the crystallization
temperature and with well resolved crystallizati on pesksis shownin Fig. 5.

- 1- AszGeTe4
300 2-As,Te,
— 3-Te
250 4 2,3 4 - AsTe
- 4,13 1
200 3,1 2 2
—_ \ 4,1
; : :
— 150 3,1 x 1,2
] , A /
100 — / 5
\
50
0_
T T T T T T T T T T T T T T T T T T T T 1

0 10 20 30 40 50 60 70 8 90 100 110
or]
1-As,GeTe, rhombohedral (a=4.0725 A), 2-AsTe cubical (a=5.7780 A), 3-Te hexagonal (a=4.4579 A, ¢ =5.9270 A)

Fig. 4. X-ray diffraction pattern of Ge,gAsx;Tes, glass system is shown. The presence of
crystaline phaseisindicated by arrows and described in the inset.



2286

D. Lezd, J. Zavadil, M. Prochazka

intenzity (a.u.)

GeTe
Fsem
2
3

70 50 40 30‘__—‘2

2

Fig. 5. X-ray diffraction patterns of AsyTeso (the upper curve) and Ges T egs (the lower
curve) systems, is shown.

4.3 Optical properties

Infrared absorption spectroscopy was used for the detection of intrinsic and extrinsic

absorption bands, the transmission range and refraction index.
1. Sulfide glasses — transparency region is 0.5 — 6 pm, transmission is about 80%, refraction

index of about 2.35 and the scattering losses very low. Glass rod was used as a preform for
fiber drawing, 250 — 700 um in a diameter and 150 m in length. These opticd fibers are
suitable as transport medium of laser power ddivery (Er:YAG laser radiation for use in
dentistry). Main impurities causing extrinsi c absorption are OH and H,S.

Sd enide glasses — transparency region is 0.8 — 11 um, transmission 70%, refractiveindex of
about 2.72. Optical fibers 450 um in diameter were prepared and could be used as transport
medium of power energy of Er:YAG, CO and CO, lasers. Main sources of extrinsic
absorption are OH, H,Se, H,0 and C-H impurities.

Teluride glasses — the higher attention was pad to these systems. The thickness of
measured samples was from 2 up to 40 mm, transmission is about of 58%, refraction index
about of 3.40 .The position of the short waveength absorption edge is shifted towards
longer wavelengths due to the presence Te (substitution of S or Se with Te), for the
substitution of 30 at.% the position of the absorption edgeis 1.25 pum and for 50 at.% Te the
position of absorption edge is 1.47 um. The shift of the absorption shoulder of intrinsic 3
and 4 phonon processes can aso be observed. This intrinsic absorption is caused primarily
by fundamental and overtone bands of Ge-Se bonds. Further, by replacement of Se by Te
atoms new structural units arise and because Te atoms are heavier than Se ones, the shift of
intrinsic absorption is observed to longer wavelengths. Typica absorption spectra of
GexSes and GexpSes «Te glasses are shown in Fig. 6 and 7 for VIS and NIR ranges. It
could be seen that the short-wavelength absorption edge is being shifted towards longer
wavd ength due to the replacement of Seby Te. The absorption band at 4.5 umis dueto Se-
H groups. The pronounced absorption band at 12.5 um observed on two samples (x=8,
x=10), and superimposed on absorption band due to Ge-Se bonds, is caused by Ge-O bonds.
This absorption band could be diminished or removed when baking of Ge, together with
gettering is performed under vacuum prior to the start of the synthesis. At some samples
with higher Te concentration the transmission decreases also due to partia crystalization
and phase separation. In these cases scattering losses increase. The infrared absorption
spectrum of GepAsyTesp glasses are shown on Fig. 8. Onthisfigureit is possible to observe
extrinsic absorption and the positions of extrinsic absorption bands on not purified samples,
these absorption bands disappear after purification.

4. The main absorption bands of extrinsic absorption and its positions are givenin Table 1.
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Fig. 6. The comparison of short wavelength edge of GeySey and GeSesoxTe glass
samples. The values of x=5,7,8,10, are indicated in thefigure. The thickness of messured
sampleswas 0.2 cm.
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Fig. 7. NIR transmission spectra up to the long wavel ength absorption edge are shown for
GeySeyy and GeSegox 16 glassy samples. The va ues of x=5,7,8,10, are indicated in the
figure.

Table 1. Absorption bands of extrinsic impurities built in skeleton of As-S, As-Ge-Se and

Ge-Se chd cogenide glass systems.
Impurities Wavd engths (um)
As-S As-Ge-Se Ge-Se
Fundamental 2.91 2.92 2,94
OH Overtone 1.44 1.45 1.43
Combi nation 2.29,1.92 2.32,1.92 2.25,1.88
Fundamental 4.03 457 4.00
SH Overtone 2.05 2.32 2.02
SeH  Combination 3.69 2.32 6.32
H,O 6.32. 2.77 6.32, 2.76 6.32, 2.76
C 4.94 4.94 4.94
Oxides 7.0-9.0
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4.4, Differential thermal analysis

The differential thermal andysis (DTA) of GejsTess and AsyoT ey systemsis shownin Fig. 9
by the upper and lower curve, respectively. The temperatures of glass transition (Tg), that of
crystallization (Ty) and of glass mdting (Ty,) are given for sdected systems in Table 2. DTA
measurements show that T4 and T, temperatures decrease and exothermic peak at Ty increases with
growing Te concentration.

Table 2. The temperatures of glass transition (Ty), that of crystallization (T) and of glass
melting (T, are shown for selected systems.

Composition T, (°C) T« (°C) Tn(°C)
GexSexnT eso 224 336 450
GexTepn 155 228 360
AsaoT 50 147 273 378

wavelenght A [xm 1

9 10 12 15 20 2!

transmission (%)

not purified d=2.29mm
GemAszeso P

T rified d=11.4mm
Geml\sl'0 50 purifi

1200 ’ 1000 8;]0 * B;]O ' 400
T energy (el
Fig. 8. Theinfrared part of the transmission spectrum of Ge;pAsyoTesp is shown asafunction
of energy. Asit is indicated in the inset, the upper and the lower curves give the spectra of
non-purified and purified samples, respectively.
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Fig. 9. Thedifferentia thermal andysis of samples GeysTegs and AsyTey is shown by the
upper and lower curve, respectively.

4.5 L ow-temper ature photoluminescence

PL spectra of multi-component alloys GeSesoxT€ With various amounts of Te have been
measured at different temperatures. The influence of substitution of Te for Se on the dominant
luminescence band, at about half the band gap energy [11], is demonstrated in Fig. 10, where low
temperature PL spectra are shown for x=0, 5, 8 and 10.

10 T T T T T T T
Ge, Se, . Te,
8t 632.8 nm excitation line |
T=3.5K

PL intensity [arb. u.]

1000 1200 1400 1600
Wavelength [nm]

Fig. 10. Low temperature PL spectra of GexSesoxTex are shown for x=0, 5, 8 and 10. The
substitution of Te for Se significantly shifts the luminescence band to longer wavel engths.
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A shift of dominant luminescence band from 1150 nm (GexSeso) to 1550 nm (GexSernnT 1)
could be seen. The structure at about 1350 nm is due to absorption of emitted luminescence radiation
on water vapours in the air. It is seen because there is a strong signa within the water vapours
absorption range. Both position and line width of the luminescence band are not strongly
temperature dependent up to 200 K. The asymmetry of the spectral shape for higher Te content is
due to cut off of Ge detection system beyond 1700 nm. Low temperature base glass luminescence
together with sharp transitions due to Er or Pr doping are shown in Fig. 11. PL spectra of
GexSes T €, for x=0 and 7, doped with Er and Pr together with the spectrum of GexAs;5Se;s doped
with Pr are shown by curves (@), (b) and (c), respectively. The peculiar peak at 1590 nm is due to Pr
doping but does not correspond to reported 4f-4f inner shell transitions of Pr** ion in glassy material.
We suggest that it corresponds to the the 'D,—'G, transition that becomes effective in studied glass
system. We have observed identical Pr¥* transitions also in the GeAsS doped with 1500 wt. ppm of
Pr. Only one 4f-4f transition of Er** was clearly seen on al measured samples as shown in curve (a),
namely the one corresponding to dominant Er®* transition at 1539 nm.

35 T T T T

T=35K P
30 | 632.8 nm line b

25 - B

20 - B

(@)
15+ 4
Pr related
10} | |
(©

PL intensity [arb. u.]

(b)

1000 1200 1400 1600
Wavelength [nm]

Fig. 11. Low-temperature PL spectra of GeSeTe and GeAsSe glasses are shown. The curves

(8, (b) and (c) correspond to GeySego:Er, GexSersTer:Pr and GexAsisSess:Pr, respectively.

The sharp *ly5, — “l1s trangition of Er**ionat 1539 is seen together with much weaker
peculiar peak at 1590 nm due to Pr doping.

4.6 Fiber drawing

In the case of As,S; and As,Se; and their derived components optical fibers were drawn by
using rod-tube methods [1,12] or from crucible. The diameter of core of fibers was 300 -550 um,
cladding was from glass or plastic and the numeric aperture 0.2 —O.6.

Telluride optical fibers were drawn from crucible in nitrogen atmosphere with numeric
aperture 0.23 —0.5[13,14]

Optical fibers are being used in sensing and medical applications. For example in surgery
for laser power deivery (Nd:YAG, Er:YAG, CO and CO; lasers), for measurements of the tissue
temperature or in aform of bundles for infrared i maging.

5. Conclusions

Specia technology has been deve oped for the preparation of pure glasses with considerably
reduced concentrations of chemical impurities and physical defects. From among the discussed
systems sdlenide-teluride glasses show |ess thermal stability and phase separation can be observed
a higher Te concentrations. The rise of clusters depends on OH group and RE concentration.
Optimum RE concentration fdls in the range 500 — 1500 wt.ppm and that of OH group beow
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5x10° mol %.

Glass forming regions of seected systems have been discussed in terms of structural units
and chemical bonds. Angleresolved rtg analysis of glass systems measured at room temperature and
that elevated to the crystallization one has been used to demonstrate the role of structura units.
Measurements of transmission spectra enable a quick assessment of basic properties and
composition of glass systems. Short wave ength absorption edge shifts towards longer wavd ength as
aresult of Te — Sesubstitution.

The dominant feature of luminescence spectra of studied glass systems is a broad band
centred at about haf the band-gap energy. Both peak position and the line width increase with the
band-gap energy. Particularly, the substitution of Te for Se results in the shift of low-temperature
luminescence band to lower energy reflecting the lower band gap of GeSeTe system. All systems
doped with Er exhibit a strong luminescence due to *l1a, - “l15, transition of Er**ion at 1539 nm.
However, we did not observe the 'G, - *Hs transition of Pr®* ion. Instead we observed, on al Pr
doped samples, a reatively weak luminescence peak a 1590 nm, which we tentatively assign to
distorted 'D, — *G, transition of Pr**ion.

Prepared glasses and corresponding optical fibers [15] could be used as biosensors and in
medicine as transmission medium for power lasers, for autofl uorescence spectroscopy of cancerous
tissue or for measurements of tissue temperature.
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