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Abstract

The present review is emphasized on the recent achievements in the application of chalcogenide glasses (ChG) as membrane materials
chemical sensors, microsensors and multisensor systems. The questions concerning material synthesis, sensor designs and the concepts fo
potential-generating mechanisms have briefly discussed. Most of the chalcogenide glass-forming systems and compositions investigated
membrane active materials have been summarized, and their analytical characteristics have been considered. The efficiency of chalcogenic
based chemical sensors in the real system analyses, as well as the advantages and disadvantages in their analytical performance have |
evaluated and compared with the corresponding polycrystalline analogous.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a type sensor elements have been reported in the literature

[1-5]. ChG exhibit better chemical durability in acidic and
During the last three decades, considerable scientific in- redox medig6-9], and in many cases, possess better selec-
terest has been paid to the ion-selective electrodes (ISE) withtivity and reproducibility of the analytical characteristics, and
functional membranes based on chalcogenide glasses (ChG)onger time of life[10] as compared with the polycrystalline
Inthe period 1971-1974, some initial data on the creation andchalcogenides, which are broadly used as membrane mate-

the investigation of the electrochemical performance of such rials, e.g. insoluble pressed sulphides and seleridgs2].
These sensors are simple in construction, and special condi-

* Corresponding author. tions are not required; neither for their storage, nor for the
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to these advantages, ChG became preferred membrane maeal measuring cell can be schematically present as follow-
terials in ISEs for Ag-, C*-, PE?*- and C#*-ions deter-  ing:

mination[7,13]instead of their crystalline analogous. More-

over, chemical sensors based on ChG are recently widelylnner reference electrod®tandard solutiorion-selective

used for practical purposes, e.g. for waste, industrial and
sea water analyses, in doping control in ultrapure metal pro-
duction, in multisensor “electronic tongue” systejihé—16], reference electrode
etc.

membrané¢Analysed solutionExternal

In this cell, an electrolytic contact is realized between the
inner reference electrode and the membrane. For better relia-

2. Construction of chemical sensors with bility, the electrolytic contact is replaced by ohmic one which

chalcogenide glassy membranes is created by soldering of a metal wire (e.g. Cu, Ag) on the
inner membrane surface preliminary coated with metal film

2.1. ChG synthesis or attached directly with silver epoX21,23]. The obtained

contact is covered with insolating material and protected with
Generally, ChG are obtained from the starting pure com- epoxy resin against signal disturbances.

ponents (5N) by direct monotemperature synthesis in evac- ChG ISEsallow longtime of exploitation, and after contin-
uated (up to 0.10-0.01Pa) quartz ampoules. The thermaluous work they could be easily restored after membrane sur-
regimes are selected depending on the physicochemical peface polishing followed by conditioningin 18 to 10-2 mol/l
culiarities of the initial components, the intermediate com- solution of the corresponding potential-determining[@3.
pounds and the final products; they are determined in suchA drawback of these sensors is potential value diversion with
a way to ensure completed interaction between the starting3—4 mV/h which requires cell recalibration after each 60 min
components and constant vapour pressure under a critica[23].
value in order to prevent the quartz ampoule destruction. Composite type membranes are developed in order to
Therefore, during the heating process a few thermal hold- overcome the problems originating from the insufficient hard-
ings are performed at temperatures about 40&5@bove ness of the chalcogenide glasses. They consist of ChG pow-
the melting points of each initial, intermediate and final der homogeneously dispersed in an inert mgg2#. In the
component; the maximum temperature of the synthesis de-general case, the composite membranes possess worse ana-
pends on the glassy alloy composition and for ChG ma- lytical characteristics compared to the bulk analogous: longer
terials reaches values between 600 and 2TO0L7]. Fi- response time and lower slope of the electrode fun¢idh
nally, vibration stirring is applied to homogenise the melt; Better analytical performance is insured by the design of all-
then the latter is rapidly quenched to room temperature in solid-state electrodes, so called “coated wire” type electrodes.
air, ice water or in liquid nitrogen. The glassy state is ver- Bythem ahomogenous mixture of polymer and small amount
ified by X-ray and electron microscope analyses; the mate- of ChG powder (1%) is coated on the reference Ag/AgCI
rial homogeneity on the surface and in depth is controlled electrode$25].
by Auger electron spectroscopy, X-ray microprobe analysis  Recently, considerable interestis attracted by the chemical
and infrared spectroscopy. Of great importance is the pre-microsensors which is closely connected with the trends of
liminary study of ChG with respect to their basic physico- device miniaturization, ecology of the production and natural
chemical parameters such as density, microhardness, temraw materials econom26—28]. The thin films possess sig-
peratures of glass transition, crystallization and melting, nificantly lower potential compared to the corresponding bulk
as well as their thermomechanical properties (module of materials, which is required for glasses with low conductivity
elasticity, compactness and minimal volume of microvoids) (10~° to 10~/ S/cm) to be applied in the microsensors. This

[18,19]. requirement is met by a wide range of chalcogenide glassy
alloys; in addition, their electrical properties can be adjusted
2.2. Types of ChG membranes by doping control.

A general microsensor scheme is showrfig. 1. The

The most common are so called “homogenous” ISE mem- sensitive thin film is deposited by standard microelectronics
branes which are disks either cut from the bulk ChG speci- techniques, e.g. thermal vacuum evaporation, laser ablation
mens, and subsequently, polisi@@,21] or prepared from  or cathode sputtering, onto different substrates (N&i
ChG powder with average grain size of about 50x68by Si/SiO,, Pyrex) covered with contact metal films (Cr, Ag,
pressing[22]. The disks are hermetically attached to the Cr/Au, Ti/Pt).
end of glassy, polyethylene or quartz tubes by the help of The mostimportant point in the microsensor construction
epoxy glue. The inner membrane side contacts with the stan-is to ensure a stable on the metal/functional film interface,
dard solution in which a reference electrode is immersed. which is connected with the coating adhesion. The density
This semielement together with an external reference elec-of the exchange current on the membrane/analyzed solution
trode contacts with the analysed solution. The electrochem-interface depends on the charge transport mechanism across
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Fig. 1. Thin film microsensor: (a) top-view; (b) cross-section, 1, Si wafer; 2, chalcogenide glassy film; 3, contact metal film; 4, insolating£jIBif($i{
5, chip carrier; 6, hermetic film; 7, metal film.

the glass. It is necessary, the ionic part of the conductance tosolved up to now at most of the suggested ChG ISEs, which
exceed significantly that of the electronic transport. provokes new glasses to be investigated as membrane mate-
rials. Ag(l)-ISEs[30,32]exhibit good selectivity in the pres-
ence of N&-, C&*-, Mn?*-, Mg?*-, CU#*-, Ni%*-, Hg?*- and
3. Cha|cogenide g|ass_forming systems as membrane Fe**-ions. Fé*- and Fé*-ions disturb the electrode function
active materials of the Cu(ll)-ISEs[20]. Pb(ll)-ISEs exceed the selectivity
of polycrystalline PbS and A ISEs with respect to Gt
The most spread chalcogenide and chalco-halide (with and Fé*-ions[46-48]. Number of membrane sensors with
chalcogenide as a glass-former) glass-forming systems in-ChG as active components behave simultaneously reversibil-
vestigated as membrane materials for chemical sensors, miity to a set of ions in mixed solutions. This wide-cross sen-
crosensors and multisensor systems have been summarizegitivity combined with good chemical durability make them

in Table 1. suitable components in multisensor systems, so called “elec-
Most of the investigated ChG ISEs are characterized with tronic tongue”. The selectivity of thin film membranes ob-
linear electrode functions in the concentration range®10 tained from AsS; and A3Se; glasses can be controlled

10~ mol/l of the determined iofv,30,32,39]. Low detection  through compositional changes after light exposition of re-

limits are reached for Fe(Il)-ISEs after calibration in appro- Spective multilayer systenis9]. The doping of ChG films of

priate buffer solutions; the analytical useful linear range is AS2Ss/Ag, As;Sg(AszSes)/Ag + Cuand AsSes/PbS/Ag lay-

from 10725 to 10-1%mol/l Fé** with almost Nernstian slope ~ ered structures after light irradiation manage their sensitivity

of 26.3mV/dec[54]. The ChG sensors are chemically re- t0Ag*-, Ci?*- and PB*-ions, respectively. A set of such mi-

sistant in acidic solutions in contrast to their polycrystalline crosensors with controlled composition can be arranged in a

analogous, e.g. the Ag(l)-ISEs preserve stable work func- multisensor system.

tion in 6 mol/l HNO; [29], and the Cu(ll)-ISEs are 10-30 ChG sensors and multisensor systems based on arrays of

times more sensitive in strong acidic solutions than the poly- non-specific ChG sensors with the following processing of

crystalline CugSe and CuS + AgS membranef,39]. In the their complex signals using pattern recognition methods are

common case, such sensors are applicable at pH < 8 and alsguccessfully applied for determination of inorganic pollutants

in strong redox electrolytes, but ChG are not stable and dis- in river [62], ground[63], seg[50,71]and waste wate({$4],

solve in alkaline media. Fe(lll)-ISE&1] and Cr(VI)-ISEs for corrosion process monitoring of technological equipment

[61] possess excellent electrochemical performance at very[64], technological electrolyses process confgdl,65], bev-

low pH values (pH < 2). Generally, ChG sensors exhibit stable erageg66—69]and foodstuffs contrd68].

electrode function only after conditioning in the concentrated

solutions (102 mol/l) of the potential-determining iof38],

which is probably connected with the formation of an active 4. Potential generation mechanisms in the ChG

modified surface layer (MSL). The response time varies dras- chemical sensors

tically with the membrane composition from few seconds to

about a minute and it is determined by the diffusion coeffi- The potential generation concepts for the ChG ISEs are

cients of the potential-determining ions from the solution to developed according to the generally accepted theory, ac-

the active centers in the MSL. A stable potential at heteroge- cording to which, only the active groups localized on the

neous membranes is established much sl¢24r working membrane surface participate in the exchange pro-
As a rule, ChG ISEs are reversible to the metal ions cesse§r0]. The mechanisms of ionic sensitivity on the mem-

which are included in the composition of the glassy alloy brane/analyzed solution interface could be clarified to a great

(seeTable 1). The problem with the perfect selectivity is not extent by the investigation of: (i) the direct and alternative
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Table 1

ChG systems investigated as active membrane materials

Determined ion Glass composition, at.% (mol.%) Reference

Ag* Ag-As-S [29]
Ag—As-Se [30]
AQ1.550.5524.0-33.5€.3-1.9% AS [31]
Ag15AS42 55@12 5-xT€, X=0-40 [30,32]

Na* (GeSe)o_sdGagN2)s-_35(NaCly_zo+ GeS [76]
GeS-GaSz—NaCl [33]

zn?* (GeSe)72-54SheSes)36-16ZNSe) 0,20 [24]
(As2S&)90-6dSS&s)027/(ZNnSe} 10 [24]
(GeSe)es(ZnSe(ZnTe) [35]

Cuw* SesGexgShyo + 2% Fe [1]
Cuy(As2S3)100—x X=5-25 [5]
Cu(As2S€3)100—x X=0-25; Cus(AsS2S63)75 [36-38]
Cu-As-Se, [Cu]=40-90 [34]
Cu—As-Se-Te; Cd(As2(Sa5Ten 5)3)75 [36-38]
CukAg25-xAS37.5 X=0-25 [7,39,40]
CuAg2s_xAS37.5567.5 X=0-25 [7,39,40]
Clp3AgrAs37.55637.5 ClpaAg2SessAs17S0 [41]
CwSe-AsSg [37]
Se;0GexsShiz+20.8 % Cu [20]

CU?* microsensors Cu-Ag-As-Se-Te [26,42]
CuAgy(AS2S3)100—(x+y) X=15-30,y=10-20 [43]
CuxAgy(AsS2S€3)100— (x+yy X=15-30,y=10-20 [43]

Cc?* (GexoTe30S80)100-XCdS), x< 0.5 [37]
CdS-AgS-AsS;s; Cdlb—AgS-AsSs [9]

Cc?* microsensors (CdS)(Agl-S»S3)1—x, X=0-5 [44]

PR (AgAsS)e0(Pbk) 4o [45]
Phzo(As2Ses)s0; Pbso(As2Ses)70 [36]
PhbyoCus(As;Ses)7s [36]
PbS-AgS—-A$S3; Pbb—Ag:S-AsSs [8,10,46-48]
Ag-As-S [26]

PE?* microsensors Pb-Ag-1-As-S [49]

Hg?* GexoTesoSeso-HgS (37
The composition is not given [31,50]
AgBr-Ag,S-A$Sz—Hgl, [71,72]

Hg?* microsensors Asy;S3—AgLS—-AgBr [51,52]

Fe* Ge-Se-Sbh+Fe; kESe0GesShi2)gg—x, Xx=1-10 [1,3,22,53,54]
SepASs10S5F65 [21]
(GeSe)x(FeSe)y(AgoSe), x=76-85,y=9-14,z=5-15 [24]

Crb* As-based ChG, the composition is not given [27,31,55]

Br- (AgBr)s5-65Ag2S)5-30(AS2S3)10-30 [56,57]

Multisensor systems Ag-As-S [42]
(AgNx(SSz)1-x, =30, 40, 50, 60 58]
doped AsS;z and AsSe; films [59]
Pb—Ag-As—I-S, Cd-Ag-As—I-S, Cu-Ag-As-Se [60]

conductivity of the membrane material; (i) the diffusion co- Some authorg50] have considered that the potential-

efficients of the ions with the help of radioactive traces; (iii) generating mechanism in Cu(ll)-, Fe(lll)- and Hg(l)-ISEs
the changesinthe valence ofthe elements composingthe ChGs due to redox processes taking place on the mem-
applying electronic paramagnetic resonance aigdddauer  brane/analyzed solution interface, e.g. according to reaction
spectroscopy; (iv) the rearrangements in the near and mid-(1):

dle range order in the structural network by X-ray diffraction

and EXAFS; (v) the compositional changes on the membrane Hg§$uti0n+ Hgﬁnembrane“’ ngnfembrane

surface by Auger electron, secondary ion mass and X-ray oy

photoelectron spectroscopy (XPS), etc. +H93 solution @)
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Fig. 2. Modified surface layer (MSL) formation at: (a) solid-state ISE; 1, region of surface ionic exchange; 2, region of bulk membrane transport; 3, region of
ionic and electronic exchange equilibrium; (b) ISE with liquid inner connecfiommembrane thicknesd; d’, effective MSL thickness on the interfaces with
analyzed and inner solutions, respectivély;andE; potential differences across the two MSL.

Detailed surface study of Hg(ll)-ISEs with AgBr—A8— the potential-determining exchange is expressed by the reac-
As;S3—Hgl, membranes by X-ray photoelectron spec- tion:

troscopy, secondary ion mass spectrometry, electrochem- 2 B 0
ical impedance spectroscopy and synchrotron radiation- U +26° — C (2)

sors response is stipulated by surface electron transfer aicy(|1)-ISEs working mechanism, according to which stipu-

2+ ; : -~ . .
low Hg?"-ions concentrations, whereas at elevated'Hg  |ating is the direct C&"-ion exchange between the analyzed
levels, redox/oxidation reactions become more favorable gq|ytion and the MSL, i.e.

[71,72].

Vlasov[13] has proposed a model to explain the sensitiv- Cuﬁéﬁution < CUﬁSL )
|ty_mechan|sm of ISES with ChG membranes at_:ceptlng the The response from the MSL to the bulk of the membrane
existence of a modified surface layer (MSL), which appears : )
on the membrane surface after the contact with the analyzedt ransmits by the process:
electrolyte. MSL results from the interaction taking place CU1%/|+5|_ PN Cl’%jlk"" ht (4)
between the solution of the potential-determining ion and ) )
the partially destroyed glassy network, which is accompa- The authors have established that in the ChG alloy the copper
nied by the creation of active exchange centers. In this case,0NS are one-valence, while two-valence ions are generated
the direct ionic exchange between the electrolyte and the in-in the MSL in two ways: diffusion of Cf-ions from the
duced centers on the chalcogenide glassy membrane surfacgolution into MSL or interactions by the scheme:

is most probably the main generating proc&sg. 2presents 2CU" - C2+ 4+ CP 5)
schematically the MSL formation in ISEs with electrolytic
and ohmic contacts. followed by oxidation of the metallic copper. The first process

It has been established that the atomic density of the MSL is most probable for ChG with low copper content.
is more than twice lower than that in the ChG bulk due to Great number of ChG ISEs exhibit superNernstian re-
vacancies, which appear as a result of structural network dis-sponse, which has been explained by Puiig8}as a mem-
tortion. Consequently, the lower density of the surface layer ory effect or as a superposition of two or more potential-
ensures higher diffusion coefficients of the exchanged ions. generating processes. It is also considered that the superN-
The concepts for the MSL generation and the ion exchangeernstian behavior could be a consequence of insufficient cur-
process between the analyzed solution and the active structent density through the MSL because of low diffusion of the
tural defect centres on the ChG membrane surface are appotential-determining ions or low content of the active com-
plicable in the interpretation of the sensitivity mechanism of ponent in the membrane compositi®]. In the last cases,
many chalcogenide glassy electro@é4]. a non-equilibrium potential is measured.

A number of investigations have been devoted to the Inallthe Refs[13,53,74]concerning the Fe(lll)-ISEs, the
potential-generating mechanism at Cu(ll)-ISEs with ChG development a superNernstian slope-(8 mV/dec) in the
membranes because of the unclarities, originating from the electrode function is reported, i.e. the potential-generating
variable valence of the copper ions. Jasinski, Trachtenbergprocess is not a direct exchange off@®ns between the
[5] and Owen[36] have explained the sensitivity of GhG investigated solution and the chalcogenide membrane, which
ISEs against Cif-ions by multistage absorption performing  corresponds to Nernstian slope of about 19 mV/dec. The first
after membrane conditioning in concentrated solutions of the suggestions are for a redox potential-generating mechanism
potential-generating ions, which is accompanied by surfacein the Fe(lll)-ISEs[1]. According to Vlasov and Bychkov
oxidation. According to Tohge and Tand&x], Cu(ll)-ISEs [74], the electrode response is due to the selective exchange
based on As—Se—Cu glasses behave as redox electrodes ard electrons between the deep localized dondt Fenters in
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Fig. 3. Structure of the negative charged defect centers in the ChG membranes from the systemSkSe—ZnSe: a, before conditioning; b, after
conditioning and in working regime; ¢, next measurement.

the ChG and the Pé-acceptors in the analyzed solution. This  tion of positive and negative charged defect centers in the

exchange is reversible when p-carriers also take part in theglassy network as a result of heterolytical distortions. At the

current transport, which is determined by the energetic statebeginning of the measurements,?Z+ions from the negative

of the redox couple Fé/Fe** with respect to the Fermi-level ~ charged defect centers, e.g. [Se(GgfaR.)] ™ for the ISEs

in the bang gap of the ChG semiconducti®8). with GeSe-ShSe;—ZnSe membranes anthRsSe/2Se”
Koenig and Grabnel23] have supported the concept for for those based on ASe;—SkySe;-ZnSe ChG, participate

the MSL formation on the Fe(l11)-ISE membrane surfaces af- in the Zniguia®" < Zngasé™ exchange, e.g. following the

scheme:
—Se—Zn—Se\ . fSe_(‘\l_Se
As—Se:! N+zpdt =——= PSR
—Se/ \,/l Niiguid ‘Se/AS Se,(\z‘n/l-i-ZnS:ss
ter conditioning and selective exchange ofF®ns on the Probably for this reason, the initial electrode function has

MSL/analyzed solution interface. The active centers placed & Slope typical for univalent anion (~59 mV/dec). After con-

in the MSL inject p-carriers in the band gap of the bulk glass tinuous measurements, the defects might be extracted from
and cause displacement of the Fermi-level in the p-type semi-the basic glassy matrix and diffuse in its volume. Mean-
conductors. Each Bé&ion crossed into the MSL from the  While, they can interact with each other or with fragments
solution injects only one p-carrier in the glass volume. Si- from the destructed positive charged defects, creating new
multaneously, slow oxidizing corrosion takes place on the defect centers, which take part in the further ion exchange.
membrane surface caused by the strong oxidizing ability of The structural changes of the negative charged defect centers
the Fé*-ions. The superposition of these two processes gen-0f AS2S&-ShSes—ZnSe ISEs in working regime are illus-
erates a mixed potential, corresponding to superNernstian re{rated inFig. 3.

sponse. The simultaneous presence étFand Fé*-ionsis ~ Before conditioning, two free positions (1) and (22) ex-
proved by cyclic voltamperometry, and the enhanced ferrous st in the defect center (Fig. 3a). After conditioning,Zn
content in the surface membrane layer by XPS. ions coming from the solution occupy position (2), which

The mixed potential-generation is also confirmed for iS accompanied by bond breaking between the two bridged
Fe 5(Ses0GesShio)ers, membranes by electrochemical Se atoms (Fig. 3b). This results in the creation of two new
impedance spectroscopy and XpB3]. bonds. During the measurement cycle, thé*Zions occupy

Hadijinikolova et al[22] have studied the B&-ion sen-  Positions (1), while ZA*-ions in position (2) pass into the
sitivity of GeSe—FeSe—Ag,Se membranes, and have sup- Solution (Fig. 3c). Again, two free bonds are formed. This
posed that the ion exchange between the induced centers ifonsecutive process of occupation and delivery of the active

the MSL and the solution, i.e.: positions (1) and (2) in the defect center repeats continuously,
ensuring a permanent working regime of the ISE.
F@;ﬁution + (Fff,fg S F‘%E L+ (Feggutio (6) In the literature, data on the study of chemical sensors

based on chalco-halide glasses are also publigh&8,58].
is affected by the inclusion of Age in the membrane com-  The introduction of halogen atoms in the chalcogenide glass-
position above 5 mol.%. Agactive centers are also apparent former network enhances the defectiveness and flexibil-
inthe MSL at relatively high AgSe contents, and they partic- ity of the structure[75], which facilitates the ion mobil-
ipate in the ion exchange. Agon mobility is considerably ity and the exchange between the membrane surface layer
higher compared with Fé-ions and the selective function of ~and the investigated solution. The sensitivity mechanism of
the Fe(ll)-ISEs is disturbed. Agl-ShS3; membranes against heavy metal ions is con-
Boycheva et al[24,25,35]have proposed a model to ex- nected with the formation of insoluble sulfides at the sur-
plain the potential-generation and the changes in the analyti-face active centerfs8]. The selectivity of ISEs based on
cal characteristics of the Zn(ll)-sensors based on the forma-the Agl-SbkSz and other sulfide glasses is closely connected
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