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ION-SELECTIVE MEMBRANESBASED ON CHALCOGENIDE GLASSES
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lon-selective membranes on the basis of thin evaporated layers of pure and doped
chal cogenide glasses have been devel oped. The membranes showed high sensitivity towards
Ag" and Cu** ions —down to 10° mol/L, short response time and good selectivity to
interfering ions. The eectrochemical sensors for Pb® ions however are not at the same level.
The reasons for this difference have been established by examining the physical properties,
AES depth-profile and dectrochemica behavior of the three types of membranes. In spite of
the promising results and good eectrochemical performance, the long-term stability of
chalcogenide-based thin film sensors is still a problem. It was established that the plasma
deposited polymer film of (PHMDSO) and vacuum deposited polyimide (PI) on the top of
chalcogenide glass membrane improve the electrochemical characteristics - increases the
sensitivity and long-term stability and keeps the response time. The results obtained are
promising for the development of low-cost, highly reliable nanosensors on the basis of

chalcogenide glasses.
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1. Introduction

Sensor technol ogy is becoming one of the most important technologies of the future with a
growing number and variety of applications especialy in the fidds of medicine and environment
protection, as well as chemical process control, etc. Electrochemical sensors based upon selective
vitreous membranes were extensivdy studied in the last years with an increasing interest for
miniaturised devices [1]. Chal cogenide glasses with their flexible structure, enormous variations of
properties and almost unlimited ability for doping and aloying were proven to be very promising
materials for chemical sensors for andysis of industrial agueous solutions and the environment
monitoring of pollutant gases [2]. Chemical microsensors based on thin sensitive films produced by
sputtering, spin-coating, ion-beam assisted pulsed laser deposition and related methods compatible
with planar silicon technology are essential primary devices for integrated analytical microsystems
capabl e of continuous in situ measurements [3].

We are deve oping ion-sel ective membranes on the basis of thin evaporated layers of pure
and doped chalcogenide glasses [4-9]. We establish the excellent properties of these membranes
with respect to Ag" and Cu** ions — sensitivity down to 10°® mol/L, short response time and good
sdlectivity to interfering ions. As far as Pb”* ions are concerned, the membranes demonstrate lower
detection limit, longer response time and poor reproducibility. We attempt to clarify the reasons for
different properties of the membranes with respect to various heavy metds by examining the
physical properties, AES depth-profile and eectrochemical behavior of the three types of
membranes. In spite of the promising results and good dectrochemica performance, the long-term
stability of chalcogenide-based thin film sensors is still a problem. Some attempts were done to
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increase the long term stability of the membranes with protective layers of plasma deposited
polymer film of (PHMDSO) and vacuum deposited polyimide (PI).

2. Experimental

Samples were prepared by vacuum deposition of Cr layer on glass, Si or Si/SiO,/Si3Ny
substrates, followed by simultaneous or layer by layer eveporation of As,S; or As,Se; and suitable
dopants — Ag, Cu, Pb. The content of the samples in atomic percent was determined by measuring
the deposition rate with quartz microbal ance technique. The thickness of the deposited ion-sd ective
membranes varied from 100 to 250 nm. The evaporated layers were exposed with metal-hal ogen
lamp or annealed at 150 °C in order to facilitate the uniform distribution of metals across the depth
of the layers. The membranes were observed by scanning d ectron microscopy Philips 515 in order
to contral the film morphol ogy, surface defects, etc.

Electrochemical investigations of evaporated membranes were made potentiostaticaly (with
stirring) in the following e ectrochemical cdl:

Ag, AgCl | KCI:KNO;: solution | membrane

The potential was measured by using a digital €ectrometer or pH-meter, recorder and a commercial
Ag/AQCl dectrode Metrom (E°=0.2224 V) as reference. The test solutions were prepared with
constant ionic strength and pH (Y=0.3, pH=2.1) through seria dilution of 0.1 M AgNO; Cu(NOs),
or Pb(NO3),with a HNO; immediately before measurements.

Riber’s microprobe ASC 2000 and ion gun Cl 40 modules from the surface anayses
combine LAS 3000 were used to study the depth distribution of the dopants in chal cogenide
membranes. A 3 keV Ar ion beam bombarding the sample a 70° of normal was used for sputter
depth profiling. The primary e-beam energy was 3 keV and current - about 7.102 pA. Auger eectron
peaks at energies 152 eV, 272 eV, 510 eV, 529 eV, 920 eV, 1228 eV, 94 eV and the doublet 351-
356 eV [10] were chosen for the dements S, C, O, Cr, Cu, As, Pb and Ag respectively. The peaks
were scanned in the differentiated mode at a modulation voltage 4V pesk-to-pesk. A semi-
guantitative eval uation is made with the d ementa sensitivity factors[11], determined according [12]
to our own data (method based on reference profil es).

Thin layers of PHMDSO were obtained in glow discharge of low-temperature plasma from
hexamethyl disiloxane monomer. The glow discharge ac voltage was about 400 V, 50 Hz frequency
and current density 0.6 mA/cnv’, substrate temperature — 65 °C [13]. Polyimide layers (Pl) were
obtained by vacuum co-deposition of the precursor monomers pyromelitic dianhydride and 4,4'-
oxydianiline following a thermal treatment — 6 hours at 170 °C [14].

3. Results and discussion

The optima concentrations of chal cogenide membranes sensitive to Ag*, Cu?* and Pb** ions
are established: AgiAs,S; layers with Ag>30 at.% for ion-selective membrane for Ag” ions [5];
As;S; and As,Se;, doped with 8-12 at.% Ag and 20-30 at.% Cu -for Cu?* ions [4]; As,S; doped with
15-50 at. % PbS and 10-20 at.% Ag - for Pb ions [7]. The calibration cures of the membranes for
Ag’, Cu* and Pb* ions with optimal concentrations were presented on Fig. 1. The sensitivity
characteristics of thin-film sensors and the sd ectivity coefficents of interfering ions, determined by
mixed interference method are presented in Table 1 and Table 2.

We attempt to dlarify the reasons for different properties of the membranes with respect to
various heavy metals studying the surface morphology and AES depth profile of as-deposited, light-
exposed or annealed and d ectrochemically treated membranes sensitive to Ag", Cu?* and Pb*" ions
[8,9].
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3. 1. lon-sdlective membr anes sensitiveto Ag'ions

SEM micrographs of deposited layer by layer As,S;/Ag membranes as-deposited, light-
exposed and dectrochemically treated are presented on Fig. 2 (a, b, c). The surface of the thin films
is amorphous and homogeneous without defects and cracks even after eectrochemical trestment,
which is aprerequisite for good € ectrochemical response.
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Fig. 1. Calibration cure of the membranes for Ag', Cu** and Pb* ions.

Table 1. Summary of the sensitivity characteristics of thin film sensors.

Ag-AsS | Cu-Ag-AsS | CFAg-As-Se | Pb-Ag-AsS | PbS-Ag-As-S
lon Ag' cu™ Cu* Pb”™* Pb”*
Sensitivity mV/pX 50-56 23-29 23-29 ~30 ~ 26
Response time <1 <1 <1 ~5 ~5
(min)
pH range 2-8 2-8
Detection limit 1.10° 1.10° 1.10° 1.10" 1.10°
mol/L

Table 2 . Selectivity coefficients KP” aq vie fOr AgseA S35, and CuzsAds(As,Sa)ss in the
presence of interfering ions.

Interfering. ions | -Log K™ agme(in 107) | -Log K™ cume(in 107) | -Log KP* gyme(in 107)
Na" 2.05 2.45 2.79
Pb** 2.6 1.6 1.96
n° 3.9 1.89 2.04
= 2.67 1.67 2.05
crt - 1.05 1.45
cu’ 1.67 - -
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Fig. 2. SEM micrographs of As,S;/Agmembranes. (a) as-deposited, (b) -light exposed and
(c) dectrochemically treated.

AES depth-profiling reveals that Ag is homogeneoudy distributed in the chal cogenide
matrix of light-exposed or anneded membranes (Fig. 3, solid symbols) and remains nearly
undisturbed after dectrochemica treatment (empty symbals) [8]. This is the reason for very good
e ectrochemical behaviour of ion-sdl ective membranesto Ag™ ions.
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Fig. 3. AES depth-profile of As,Sy/Ag membrane light exposed (solid symbols) and
electrochemically treated (empty symbols).

3. 2. lon-selective membranes sensitive to Cu ions

SEM micrographs of the as-deposited, light exposed, and dectrochemicaly treated
As;Ss/Ag/Cu membranes (Fig. 4 a, b, ¢) are very similar to that of A$,S;/Ag membranes. The
surface of the membranes is homogeneous without cracks even after dectrochemical treatment that
is the necessary conditions for good d ectrochemica behaviour of the membranes.

Fig. 4. SEM micrographs of As;S;/Ag/Cu (a) as-deposited, (b) light-exposed and
(c) dectrochemically treated.
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According to the literature membranes with Cu and Ag up to 38-41 a% still have
homogeneous structure [15]. AES depth profiles of membranes doped with 10-15 at.% Ag and 20-32
at.% Cu in dependence on the preparation method and dectrochemica treatment are studied [9].
Some of the membranes are in the solubility range of the doping metals in chal cogenide matrix,
others are out of this range.

It was established that in the membranes doped with metals up to the sol ubility range both
metals Cu and Ag are distributed in the whole depth of the membranes independently on the order of
thermad evaporation — (A$,S;)Ag/Cu and Ag/Cu(As;S3). Cu depth profile of as-deposited and light
exposed membranes is the same and does not depend on the sequence of evaporation and on
exposure. As far as concerned to Ag depth profile, some dependence on the sequence of evaporation
and on exposure is observed. AES profile of Cu in membranes out of the solubility rangeis similar
to those of the membranes in the solubility range - does not depend on the sequence of evaporation
and on exposure. Quite different is Ag depth profile in membranes with concentration of Cu+Ag
higher than the solubility maximum (41 %). Cu diffuses predominantly, thus hindering the Ag
diffusion. The excess Ag stays undissolved under or above As,S; depending on the sequence of
deposition. It was established that the interaction rate of As,S; with Ag is about 4 orders of
magnitude lower than that with Cu [16]. That's why one can expect most probably only the diffusion
intermixing at As,Sz/Ag system, while at As,S,/Cu fast exothermic exchange reaction should take
place during the evaporation, producing Cu,S and Cu,,S.
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Fig. 5. AES depth profiles of membrane Ag;3Cu,e(AS,S3)s; With thermal deposited Cu before
(solid symbols) and after (empty symbals) electrochemical treatment.
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Fig. 6. AES depth profiles of membrane AgisCuso(AS,;Ss)ss with e-beam deposited Cu before
(solid symbols) and after (empty symbols) eectrochemical treatment.
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Electrochemical investigations (40 calibration cyclesin solutions at pH=1.4 during 2 weeks)
of membranes obtained by therma and e-beam deposition of Cu showed good reproducibility of
dectrode potential of both dectrode. However, the "response time' of dectrode with thermal
deposited Cu increases 2x - up to 4 minutes in solutions with 1.10° Cu*?, while the change of the
response time of € ectrode with e-beam deposited Cu is insignificant.

Electrochemical treatment lowers the depth concentration of therma deposited Cu in
A013CU6(AS,S3)s; membrane while Ag depth concentration is redtively higher (Fig. 5). The surface
concentration of Cu decreases, while the surface concentration of Ag remains the same (Fig. 5).
Obviously some part of Cu dissolves in the analyte during the exchange reaction, decreasing the
density of subsurface layer. This change in the structure could be the reason for the faster
deterioration of the properties of the membranes, increasing its "response time'.

AES profiles of AgisCus(A$Ss)ss dectrode obtained with e-beam deposited Cu was
presented on Fig. 6. The results show that excess Ag stays predominantly on the surface of the
membranes (Fig. 6), while Cu is distributed in the whole depth. The changes in the depth
distribution of both AES profiles for Cu and Ag after eectrochemical treatment are smaller
compared to d ectrode obtained with therma deposition of Cu (Fig. 5) which could be the reason for
more stabl e  ectrochemical behaviour of the membrane obtained with e-beam evaporation of Cu.

3. 2. lon-selective membr anes sensitive to Pb? ions

SEM micrographs of |ayer-by-layer As,Ss/Ag/Pb membranes show that during the annealing
fast recrystalization and oxidation takes place. The surface of the membranes becomes granular
with nanocrystallites (Fig. 78). During the dectrochemical treatment some parts of the
nanocrystallites dissolve in the analyte (Fig. 7b). SEM micrographs of the membranes prepared by
simultaneous evaporation of As,S; and Pb, followed by evaporation of Ag show that the
crystallization and oxidation of Pb occur probably during the annealing (Fig. 7c) and some part of
the forming Pb nanocrystallites dissolves in the and yte (Fig. 7d).

Fig. 7. SEM micrographs of As,SJ/Ag/Pb (layer by layer) membranes. (a) annealed and (b)
electrochemically trested and As,Sy/Pb/Ag simultaneous deposited: (c) annealed and (d)
electrochemically treated.

AES depth profiles of layer-by-layer As,S:;/Ag/Pb membranes (Fig. 8 @ revea that Ag and
Pb stay on the surface of As,S; even after exposure (or annealing) and only a small part diffusesin
the chalcogenide matrix. The quantity of Sin Fig. 8 is calculated as atomic percent of As;S; in
(As;S5)/Ag,/Pb, membrane. Electrochemical trestment nearly completely dissolves Ag and Pb
(Fig. 8a). This fact explains the low sensitivity and instability of the deposited layer-by-layer
As,S:/Ag/Pb membranes towards Pb®* ions.

AES profiles reveal the presence of Ag and Pb in the depth of simultaneously deposited and
annealed membranes (Fig. 8b). Besides that, the eectrochemical treatment strongly decreases the
concentration of Pb in subsurface region (Fig. 8b). The dectrochemical behaviour of these
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membranes is better than that obtained by layer-by-layer, but still the reproducibility is poor.
Promising results are obta ned with deposited layer-by-layer As,Ss/Ag/PbS membranes|[7].

The membranes As,Si/Ag, As,Sy/Ag/Cu sensitive to Ag" and CU?* ions exhibit very good
dectrochemica characteristics. Our method of preparation — layer-by-layer or simultaneous vacuum
deposition of components followed by further exposure to light or annealing relies on the well
known phenomena — photodoping, photodiffuson, photodissolution, photo-reaction [15]. This is a
simple, reproducible and very flexible method of obtaining sensors with various contents without
requiring the complicated preparation of atarget for sputtering or PLD.
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Fig. 8. AES depth-profile of (a) As,Sy/Ag/Pb (layer by layer) membrane light exposed (solid
symbols) and electrochemicaly trested (empty symbols) and (b) AsSJ/Ag/Pb
(simultaneously deposited) (&) annedled (solid symbals) and (b) electrochemically trested

(empty symbols).

The results obtai ned showed that this method is very promising for systems with high rate of
photodoping — for ex. A$;S:/Ag, As,S/AQ/Cu. As far as the As;Ss/Ag/Pb system is concerned, we
establish that photodoping of Pb in chal cogenide matrix does not occur and that’ s why these sensors
have poor dectrochemical performance

Aiming to improve the dectrochemical performance of chalcogenide membranes the
influence of polyhexamethyldisiloxane (PHMDSO) [17] and polyimide (Pl) was investigated. It
could be stressed that both polymer layers were deposited by dry methods. PHMDSO was obtai ned
in glow discharge of low-temperature plasma [13] and Pl - by vacuum co-deposition of monomers
[14]. Fig. 9 presents the calibration curves of chal cogenide membranes covered with 80 nm polymer
layers. The dectrochemical characteristics of both polymer coated membranes are better compared
to the pure chal cogenide membranes. Nernstian dependence of the sensitivity to pCu* ions up to
1 x 10° for PHMDSO coated and 1 x 10 for Pl coated membranes, 30% shorter response time, very
good reproducibility and longer lifetime were established. It could be stressed that even after
6 months aging the membranes As,SyAg/Cu covered with pol yimide still working very well.
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Fig. 9. Cdibration curves of As,S;/Ag/Cu, As,Sy/Ag/Cu+PHMDSO and As,S;/Ag/Cu+Pl
membranes.
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4. Conclusion

The ion-sd ective membranes devel oped on the basis of thin evaporated layers of As;Ss/Ag,
and As;Ss(As;Se;)/Ag/Cu showed high sensitivity towards Ag" and Cu?* ions, respectively down to
the concentration range of 10° mol/L, short response time and good sdlectivity to interfering ions.

It was established on the basis of AES investigations that the concentration of metals
distributed in As,S; matrix determines the e ectrochemical properties of the membranes. The metal
distribution depends in some cases on the way of evaporation and the light exposure.
Electrochemica treatment influences strongly the Cu concentration in the subsurface region of the
membranes with thermally deposited Cu, which could be the reason for the rise in response time
with the ageing of the membranes.

E-beam evaporation of Cu enhances the stability of ion-sdective membranes due to the
more stable metd distribution.

It was found that Pb does not photodoped in As,S; matrix. Electrochemicd treatment
dissolves the Pb from surface, which explains the unstable dectrochemical response of the
membranes. Further study of the dectrochemica characteristics of As,Ss/PbS/Ag sensors by co-
evaporation of As,S;and PbS isin progress.

The obtaining of the membranes by simultaneous or layer by layer vacuum deposition of
components is very promising especialy for systems where photodoping occurs. Vacuum
technology is compatible with silicon planar technology and represents a simple, reproducible and
very flexible way for obtaining thin film sensors for different ions. Moreover, their incorporation
into multi-sensor array is easier than in the case of bulk materials and will allow the simultaneous
detection and determination of a multitude of substances in aqueous anal ytes.

We establish that the plasma deposited polymer film of polyhexamethyldisiloxane
(PHMDSO) and vacuum deposited polyimide (Pl) on top of cha cogenide glass membrane improve
their eectrochemical characteristics - increase the sensitivity, improve the detection limits and long-
term stability while maintaining a stable response time and very good reproducibility. The results
obtai ned are promising for the devel opment of low-cost, highly reliabl e sensors.
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