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The possible adsorption mechanisms of H" (OH) in (Ba, Sr)TiOs-based field effect capacitive
EIS sensors are discussed. To explain pH-sensing mechanisms in these structures, it is suggested
to regard some new factors, namely: I) the fact of the presence of oxygen vacancies; Il) the
crystallographic orientation of sensing plane; ) the initial polarization of BST film.

Figs. 4, references 28.

Introduction

Measurement of analytes in aqueous solution is very important for
environmental and industrial monitoring, bio-agricultural and medical processes,
military applications, etc. One of the most informative parameter of the electrolyte
solutions is the pH. Exploring new materials with high sensitivity and efficiency for
the immobilization and detection of biosignals and conversion of biochemical signal
into quantifiable electronic signal is of importance in biosensor research. Among the
variety of proposed concepts and different types of biochemical sensors for
measuring pH of electrolyte solutions, the integration of chemically or biologically
active materials with semiconductor field-effect devices based on an EIS
(electrolyte-insulator-semiconductor) system is one of the most attractive
approaches [1,2]. The concept of EIS device is based on the theory of metal-
insulator-semiconductor field-effect capacitance where metal gate is substituted by
the electrolyte and a reference electrode. Change of pH in electrolyte leads to
corresponding change of surface potential and thus leads to change of flat-band
voltage (i.e. insulator-semiconductor interface depletion layer capacitance) of EIS
device. On the other hand, it is well known that due to the presence of oxygen
vacancies and ionic conductance, perovskite oxides have a high catalytic activity
towards oxygen reduction and oxidation, and thus suitable for a large variety of
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sensor applications: magnetic sensors, pyroelectric detectors, optical memories and
electro-optic modulators, microwave capacitors, solid-oxide fuel cells (SOFC), as a
sensing material in oxygen, carbon monoxide, hydrocarbon, nitrite oxide, humidity,
ethanol, hydrogen peroxide, and other sensors [1,2].

In recent years, various high-k dielectric materials (e.g. HfO,, ZrO,,Ta,Os, AIN,
Al,O3, SizNy PZT)[1,2] have been used as pH sensitive membranes in EIS devices
because of their good sensing performance. Particularly in [3-5], the barium-
strontium titanate (Ba,Sr;.xTi03) is used as pH sensitive membrane for the first time,
showing very high sensitivity 48...59mV/pH (even 60mV/pH for certain samples),
from which it can be concluded that BST films are promising alternative gate
material for capacitive field-effect pH sensor system.

While the BST ferroelectric, pyroelectric, piezoelectric, microwave and electro-
optic properties have been well studied [6-8], to our knowledge, very little is known
so far about the interaction of electrolyte solutions with ferroelectric oxide surfaces
and therefore about pH-sensing mechanisms of BST thin films.

In this context the aim of the present paper is to study the sensing mechanisms
and physico-chemical processes which take place in electrolyte-BST interface.

Theoretical model

There are two general approaches in colloid chemistry to describe the titration
data of oxides. The one is the porous gel model [9], according to which H*, OH" and
counter ions can penetrate into porous layers on the surface of the oxide. In this way
quite large amounts of charge could be developed, but there is no independent
evidence for porous layers on most oxide surfaces, except for silica.

The second approach describes the charging mechanism of oxides by surface
reactions which are based on the so-called site-binding (site-dissociation) model
together with the double-layer theory [10-13], which is widely used up to now. The
principal features of these theories are:

- Interactions take place at specific sites;

— Interactions can be described via mass law equations;

- Surface charge results from these interactions;

- The effect of surface charge on the interaction can be taken into account by

applying the double layer theory.

The theory, which describes the interaction between an inorganic insulator and
an adjacent electrolyte, is based on the assumption that the surface contains a
discrete number of surface sites which can dissociate. The surfaces of these oxides
contain hydroxyl groups, which act as discrete sites for chemical reactions of the
surface when it is brought into contact with an electrolyte solution. According to the
site-binding model, the surface of any metal oxide always contains only one type of
neutral amphoteric hydroxyl groups, MOH, where M represents metal ion. The
surface charging mechanism for oxides is the adsorption of proton or hydroxyl ions
by surface hydroxyl groups to form positive or negative sites respectively.
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Depending on the pH value of the solution, the neutral surface hydroxyl sites of
oxides are either able to bind (MOH,") or release (MO ) a proton according to the
following reactions [10-13]: in acidic medium

v a.,,
MOH <—>MO_+HJBF, k, =—=> "
V Mo
and in alkaline medium
Vion &
MOH;<—>MOH+HE k, = s 1)
! VMOH;

where v; is the surface activity of species i, k, k, are chemical equilibrium constants
and He* represents the protons in the bulk of the solution.
B

Returning to Ba,Sr,TiOs, we think that for understanding and explanation of
its pH-sensing mechanisms, a few features that BST films possess should be taken
into account. First, the chemistry of the transition metal oxides (TMO) can strongly
influence the adsorption mechanism. On the other hand, it is well known that the
properties of BST and its surface directly depend on the fabrication process and the
methods of surface treatment, which can change the total number sites of surface
and the ratio of positively/negatively charged sites. Based on the results obtained in
[14-15] where diluted NaCl is used as a typical univalent supporting electrolyte, it is
found that both types of surface sites (MOH," and MO ) are more sensitive towards
H" than to such ions as Na*, K*, CI, etc. Thus, the effect of ion-containing solutions
on the process of H" ion dissociation/association on the BST surface may be
neglected to a first approximation.

In the present paper, using the above mentioned and well-established site-
binding theory and results as a basic concept [10-13], we suggest that the following
factors can also affect sensing processes of BST. Particularly, for the BST to account
for the fact that both signs of charge were experimentally observed [3-5], the site
considered should be also amphoteric, which means it can act as a proton donor or
acceptor. This means that each surface site can be neutral, act as a proton donor
(acid reactions) or as a proton acceptor (alkaline reactions). We therefore assume
that the oxide surface contains sites in three possible forms: negative (MQO"), neutral
(MOH), and positive (MOH?*). This surface property is schematically represented in
Fig.1[1].

M | O pH>pszc
proton donor

M |+ OH pH=pH .. Fig. 1. Electrolyte-oxide interface.

neutral site Depending on the electrolyte pH, the

. surface groups can be neutral (MOH),

M - OH, pPH<pH,.. negative (MO’ or positive (MOH?* );

proton acceptor pHpzc: pH value at the point of zero
charge.

Si oxide | electrolyte solution
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Second, as BST has a cubic structure [6-8], these sites amount should also
depend on crystallographic (h, k, I) directions and surfaces (Fig.2).

[PE——

(0) Sr Sr St
(b) O—Ti—O0—Ti—0
(c) 0 o}

[110]

Sr Ti Sr

Fig. 2. Atomic arrangements for the <100>, <110> and <111> axial directions in SrTiO3.

The unit cells of cubic SrTiOj; lattice sectioned by three different planes, (100),
(110) and (111), are shown in Fig. 3a-c. For example, for any given planar direction
(h, k, 1) of a perovskite structure, there are always two distinct types of alternating
equally spaced atomic planes having different areal densities of three constituent
elements; in this case, Sr(Ba), Ti and O. For instance, the (100) SrTiO; surface can
exhibit two different types of atomic alternating planes. One is formed by a TiO,
plane and the other by a SrO plane (Fig.3.) [16]. The SrTiO3 primitive unit cell
contains five atoms which is also the case for other ABO; perovskites. Oxygen ions
in a cubic unit cell of SrTiO3; form a perfect octahedron, thus internal titanium ion in
its center is closer to O atoms (RTi—O=ay/2) than strontium ions outside oxygen
octahedron (RSr—O = a ¢/v2). Therefore, chemical bonding along Ti—O bonds could
be stronger than for Sr—O bonds.

Strontiurm

)
Fig. 3.The structural units of cubic SrTiO3 crystal cross-sectioned by three different planes:
a)the (100) surface containing O»- and Sr?* ions, b)the (110) surface containingTi**,0?- and
Sr®* ¢) the (001) surface containing Ti*" and O,- ions. ay is the lattice constant.
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Moreover, it is found that the SrO(BaO)-terminated perovskite oxide SrTiO;
favors dissociative adsorption, whereas on the TiO,-terminated surface molecular
adsorption is more stable [17].

Third, we assume that oxygen vacancies, which are inevitably presented in
perovskite oxides, can play two important roles in the pH sensing processes of
examined sensors. As it is well established [18] by the experimental studies on the
SrTiO; (100) surface that no evidence for water dissociation on clear surfaces is
found, there is strong suggestion that water molecules dissociate at defect sites. The
water generally preferentially dissociates on defect sites of oxide surfaces i.e. point
defects are the active sites for water dissociation [19-20]. In a wet atmosphere
(especially in electrolyte solutions) oxygen ion vacancies V," will be readily filled
with an oxygen ion and interstitial protons, H;* being introduced into the crystal. It
is expected to be as:

H,0+ V,"™ = 0, + 2 H*,

where O," is the oxygen ion at the oxygen site [21]. The initial physisorption of
molecular water is enhanced by a high oxygen vacancy surface concentration,
creating a more positively charged surface. The reaction of proton exchange depends
on the diffusion of hydrogen ions and hydroxyl groups through the insulator (BST).
At the same time the water can dissociate at an oxygen vacancy into two hydroxyl
species, which are about 0.4 to 0.5 eV lower in energy [22,23], that is,

H,O/BTO + V,"" = 20H /BTO + 0.5 eV.

Since H,0 prefers to dissociate at oxygen vacancy site, more vacancies result in
more OH and H" on the (STO) BTO surface.

It is also reasonable to assume that there are OH  species already present both
on the surface and in the film before water adsorption. Therefore, the film shows
evidence of hydroxyl uptake before the adsorption experiment. This agrees with the
observations of [22,23], where the difficulty in obtaining, for example, a pristine
TiO, surface without OH species, even under very clean UHV has been pointed
out.

The alkaline character of a hydroxyl group depends strongly on the covalence
of the O-H bonds and then on the oxygen coordination. Therefore, the hydroxyl
groups present on the oxide surface may be more or less alkaline depending on the
oxygen coordination. When water first adsorbs and thereafter decomposes on the
surface, OH-groups, produced from the water decomposition, will link to metal
cations of the surface (M= Ti, Ba, Sr) and oxygen vacancies (V, ') present on the
surface and the remaining H groups can link to O atoms, adjacent to the M cations of
the surface. In the bulk of BST each oxygen atom is coordinated to several ions: two
titanium ions and maximum 4 Ba(Sr) ions (may be less, when Ba®, Sr” ions or a
vacancy is present). The oxygen atoms present on the surface are less coordinated
than the ones present in the bulk but it can be assumed that they have more than one
link to the cations. Therefore, they have an alkaline nature. H groups can then link to
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these atoms. Thus, depending on the coordination of the oxygen atoms, different
hydroxyl groups can be formed on the oxide surface with different alkaline
character. For instance, the oxygen atoms of the hydroxyl groups linked to metal
cations (Ti, Ba, Sr) are di-coordinated (can show more alkaline character) and the O
atoms of the hydroxyl groups belonging to BST lattice are multi-coordinated (can
show less alkaline character).

So, we assume that the oxygen vacancies V,'* “showing” positively charged
donor properties [24] and having higher concentration on the surface than in the
interior, can act as binding sites for OH hydroxyl ions (Fig. 4). Moreover, as it has
been shown experimentally [25], the proton exists in the neighborhood of the
oxygen ion and appears preferentially in the site near the oxygen ion with a
relatively large trapping energy. It is found that water molecules are attracted more
strongly to the surfaces, where oxygen vacancies exist near the surfaces because the
energy for the proton on the surface is lower than that for the proton in the interior
[26], which means that proton prefers to remain on the surface rather than penetrate
into the inside near the clean surface. These results indicate that the presence of
surface vacancies is important for the proton absorption.

Thus, we prove that there are two dissociative adsorption sites, oxygen
vacancies and on-top surface Ti. The Ti on top site is the dominant site for OH"
chemisorptions.

Fig. 4. Schematic diagram of two adsorpion processes leading to chemoserbed OH™ at the
surface of TiO, — terminated BST (at a vacant lattice oxygen site or on top a surface Ti).

At last, as the BaTiO3 thin films have a P* polarization, the polar nature of
water means that it can interact strongly with the ferroelectric polarization changing
the electrical boundary conditions, i.e. the initial physisorption of molecular water is
enhanced by high oxygen vacancy surface concentration, creating a more positively
charged surface. In [26] it is shown that on the (001) surface of BaTiO; (BTO) with
in-plane polarization, there are competing molecular and dissociative adsorption
mechanisms. The static charge on the surface changes the depth of the physisorption
well [26,27], which determines the average residence time of the precursor on the
surface leading to a greater chance of finding a chemisorption defect site. Typical
molecular and dissociative adsorption energies are ~0.1 to 0.2 eV and ~1.0 eV,
respectively [28].
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Conclusions

Based on the above described theories and analyses, we can conclude that:

(i) for the accurate and precise evaluation of pH sensitivity mechanisms of the
BST thin films it is necessary to combine the structural, chemical and energetic
information;

(if) the hydrophilic character of the BST film and the existence of a negatively
charged surface can be ascribed to the presence of hydroxyl groups on the
oxide surface;

(iii) depending on crystallographic direction (plane) there can exist different
competing sites for dissociative adsorption (°**, on-top Ti and (Ba,Sr) lattice
atoms. For example, for (100) of SrTiOs3, the on-top surface Ti is the dominant
O™ chemisorption site; and the concentration of °** favors initial
physisorption;

(iv) the pH sensitivity is dependent on crystallographic and coordination condition
of BST surface components, mainly on coordination of oxygen atoms.
Sensitivity of some samples, which is higher than that of Nernstian, can be
explained by twofold roles of V,";

(V) the polarization effects of BTO surfaces should be taken into account.

To reveal the role of each of these factors regarding pH-sensitivity of BST
films, more additional quantitative and comparative measurements are required.

O YYBCTBUTEJBHOCTHU 3JIEKTPOJIUT- CETHETOJJIEKTPUK-
AUDJIEKTPUK(EFIS) PH-CEHCOPOB

B. B. BYHUATSIH, A. JI. MAHYKSH, A. M. XAJIWJIN n JI. A. CYKHACSIH

OG6cyskaar0Tcs BO3MOKHBIE MeXaHu3Mbl afacopounn H'(OHY) B (Ba,Sr)TiO; pH-em-
KocTHbIX EIS maTumkoB, ocHoBaHHbIe Ha d(dekre most. [ 0ObsICHEHHS MEXaHU3MOB
pH-4yBCTBUTENBHOCTH B 3THX CTPYKTypax MPEIJIaraeTcsi yUUThIBATh HECKOJIBKO HOBBIX
(akTOpoB, a WMEHHO, HaJWYHE KHCIOPOAHBIX BaKaHCHI, KpUCTALIOrpaduiecKyro
OPHMEHTAIMIO YyBCTBUTEIBHON IJIOCKOCTH, HaYaIbHYI0 nossipu3auio BST meHky.
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