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Based on site-binding model of the oxide/aqueous electrolyte interface and experimental data,
parameters of membrane pH-capacitive field effect-based sensors (Ba,Sr)TiO; were evaluated and
calculated. Particularly, when the flat-band voltage shifts to 0.6 V with pH sensitivity of 54-59mV/pH,
pH.c changes in the range of 3.3-3.5, the calculated intrinsic buffer capacity is
ﬂint =0.5-10", and the total number of available active surface sites Ns per unit area is
N, =0.7810" group/ cm?.

Figs. 1, references 13.

Introduction

As it was indicated in our previous works [1-5] due to the presence of oxygen
vacancies and ionic conductance, perovskite oxides had a high catalytic activity
towards oxygen reduction and oxidation, and thus were suitable for a large variety of
sensor applications: magnetic sensors, pyroelectric detectors, optical memories and
electro-optic modulators, microwave capacitors, solid-oxide fuel cells (SOFC),
capacitively coupled electrolyte-conductivity contactless sensors. They were also
used as sensing material in oxygen, carbon monoxide, hydrocarbon, nitrite oxide,
humidity, ethanol, hydrogen peroxide, etc. Barium strontium titanate (BST) belongs
to the most popular ferroelectric materials exhibiting unique ferroelectric,
pyroelectric, piezoelectric, microwave and electro-optic properties. Recently, BST
films of various compositions have been used as pH-sensitive material in
semiconductor field-effect-based pH sensors [1-2]. During last decade many pH-
sensitive materials, such as, SiO,, SizN4, Al,O3z; Ta,0s5, WO;3;, SnO,, PbTiO;,
Li,xCaps.xTa0s, GdTixOy, AIN, etc. [6-9] have been investigated.

In spite of numerous studies on SiO,, Ta,0s, SisNy4, Al,O3 insulators, as well as
on physico-chemical and material sensing parameters and characteristics of EIS
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systems based thereon, there are no data on the BSTelectrolyte-based EIS sensors so
far.

In this work, based on site-binding model [10] and Gouy-Chapman-Stern
theory[11] describing the sensitivity in terms of the intrinsic buffer capacity and the
differential capacitance, as well as using the experimental data obtained in [1-5],
parameters of (Ba,Sr)TiO; sensing pH-capacitive membrane based on field effect
were evaluated and calculated. Particularly, the pHp,c and intrinsic buffer capacity,
as well as available surface site concentration for the (Bag 2sSro 75 TiO3) — insulator
(SiO,)-pSi field effect based capacitive pH- sensors were calculated for the first
time.

Calculation procedure

As it was indicated in [1-3], for the electrolyte-ferroelectric (Bag 25Sro.75TiO3)-
insulator (SiO,)-pSi field effect-based capacitive pH-sensors experimentally proved
that BST exhibited high sensitivity (48-59mV/pH, and even more, Fig.1) with
hysteresis less than 2 mV(or 0.035 pH) in the pH range from 3 to 11. That is
comparable with values reported for SisN4 (54 mV/pH), Al,O3 (49-57 mV/pH) and
Ta,05 (55-59 mV/pH[3,6]) films, which have often been utilized as pH-sensitive
transducer material in ion-sensitive field-effect transistors or capacitive field-effect
sensors. According to site-binding theory [10], the presence of ion-specific binding
sites at the surface of the insulator exposed to the electrolyte is responsible for the
ion-dependent charge distribution on the insulator layer which in turn leads to
change of surface potential and shift of flat-band voltage in insulator-semiconductor
system.

On the other hand, based on experimental measurement data obtained for MIS
and E(BST)IS structures, it was established that in comparison with bare p-Si-SiO,
structure, the C-V curves and flat-band voltage of p-Si-SiO,-BST structure shifted
AV - 0.6V to more negative gate voltage. This is the first indication of the presence
of additional positive charges (conditioned not only by Ba®*, Si** or Ti**, but oxygen
vacancies too) in the BST/SiO, and electrolyte-BST interfaces. Using the method for
determination of pH,,. developed in [12] and results obtained in [1-3] for the BST-
based E(BST)IS structure with sensitivity of (54-59) mV/pH one can estimate the
pHp;c according to this procedure. We used the equation AVeg(pH) = B-y(pH),
where B=g, — g™ 19+ y,, @ = ((pr,H + EH) is reference electrode potential

relative to vacuum, Ey is the normalized hydrogen electrode potential, ¢, is
reference electrode potential relative to the normalized hydrogen electrode,
w( pH) is the potential at the insulator-electrolyte interface, ¢" /q is the metal
work function, y, is the surface dipole potential on the solvent, AVgg is the
difference of flat-band voltages of E(BST)IS and MIS structures.
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Fig. Typical set of C-V curves (a) and calibration curve (b) calculated from the linear region of
the C-V curves at ~60% of the maximum capacitance of an EFIS sensor with a 100 nm thick
Bap 25Sr 075 Ti O3 layer measured in Titrisol buffer solutions with different pH values from pH 11
to pH 3[1-2].

According to experimental studies of the pH response of E(BST)IS structure,
the dependence of surface potential on the BST membrane is sufficiently linear. The
linear relationship between ¢ and pHy,. can be expressed as [12],

w =ApH xS,

where ApH=pH-pH,c and S is the pH sensitivity.

Using the values Ey=4.715+0.015V, ¢y =0.2+0.003V for Ag/AgCl reference
electrode at 25°C, y,=0.03V, and ®“/q=4.15V (for Al), we obtain B=
0.796+0.018V[12]. Based on these data for the sensitivity of S = (55+59 mv/pH) we
obtain pHpy@esn ~ 3.5+3.3.
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Assuming that pH,,. for BST is about 3.3, we can calculate the surface potential
via

w(pH)=S(pH,, — pH).

A change in the pH will change the oxide surface potential. At pH >pH,. the
oxide surface is charged negatively and at pH < pH,,. positively. The resulting pH-
dependent electrical surface charge of the gate insulator will lead to a modulation of
the capacitance of the E(BST)IS structure. For calculation of the intrinsic buffer
capacity ,Bim, aH+ and the total number of available surface sites N, as the key
parameters determining the pH-sensitivity, let’s assume that pHp,gsmy=3.3 and take
for k, and Kk, values for the BST as in Ta,Os, that is pk, =4, pk, =2, where k, and
k, are respectively, the intrinsic dissociation constants, for the surface

a
reactions[10,11,13].
_ v, _a.
MOH <> MO™ +H [ , =t

VMoH

a+
MOH <> MOH +HF | = v
2 S v
MOH;

a . L . B _qy .
where HE 1 surface activity of H " gnd a,. =a, exp( T | aHg is the

activity of H ™ in bulk solution, v; is the surface activity of species i (the number

of sites per unit area).
Taking into account that based on site-dissociation model and the Gouy-
Chapman-Stern theory, the general expression for the pH sensitivity S of the EIS

system, derived in [10,11,13] is:

oy kT . 1
g = 0 __ 232 4 with o = , )
5, Hg q (Z.BKT Cai )
e |+1
Q" Bin

where [, is the intrinsic buffer capacity which characterizes the ability of the
oxide surface to deliver or take up protons,

2 2
NSaH; +4k, a,. +k, kg

(kok, +koa,,. +a2. f

ﬂint = 2'3aHS* ) (2)
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a = Ko Cait '//"‘\/(kbcdif '//)2 +4kakb(q2N52 _Cdzifl//z)
Al Z(qNs K, _Cdif‘//) .

C,i is the differential double-layer capacitance, which is mainly determined

3)

by the ion concentration of the bulk solution via the corresponding Debye length, K

is the Boltzmann constant and T is the absolute temperature,
1 X 1

C,. ¢¢& " 2 242 0 \M2
dif 0 £&7°0° N cosh Zqp,
KT 2kT

where & is the permittivity of the free space, € is the relative permittivity, N is
concentration of each ion in the bulk, X is the diffusion layer distance from the

surface. @, is the potential at X, Z is the valency of ions, { is the elementary

charge.

This expression shows that the differential capacitance is made up of two
components. The former part of this expression describes the contribution of the
Stern layer the letter part describes the diffuse layer contribution. A high buffer
capacity can be achieved when the amount of surface sites is high, as follows
directly from expression of S, A lower number of surface sites or a higher value

for the Stern layer capacitance will reduce the sensitivity. Thus, it can be concluded
that the intrinsic buffer capacity is the major parameter influencing the sensitivity.
Maximum Nernstian sensitivity (59.2 mv/pH at 25°C) can be obtained only in the
case that o =>1. Condition o=1 is reached for oxides with a large value of the
surface-buffer capacity, Bin: (high density of surface-active sizes) and a low value of
the C,; (low electrolyte concentration).

Based on our previous experimental results obtained for E(BST)IS sensors with
the sensitivity of S~56mV/pH[1-3] and assuming that C = 0,8F/m” [10-11,13],

from the Eq.(1-2) we can evaluate & and S, .
$~55-10°V/pH=-59.3-10% &, @ ~0.944 and f3,,~0.5:10".

Then, having the value of the S, using the above obtained and assumed

parameters, for the case of y =~ 0.18V (which corresponds to pHg; =1 (0.1M
solution), from Eq.(2-3) for N one can obtain:

N, =0.7810" group/ cm” =0.7810" group/ cm? .

The higher the total number N of available surface sites per unit area, the
higher pH-sensitivity can be obtained.
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Conclusions

Using the measured values of the flat band voltages of MIS and EIS structures,
measured value of sensitivity as well as calculated material parameters B, based on
analytical expressions describing the sensitivity of field effect capacitive EIS pH-
sensors (based on the combination of the Gouy-Chapman-Stern theory with the site-
dissociation model) in terms of the intrinsic buffer capacity of the surface and the
differential capacitance, it is possible to determine and calculate the main important
parameters of E(BST)IS pH-sensors.

IMAPAMETPBI DJIEKTPOJIUT-CETHETOJJIEKTPUK-IUIJIEKTPUK-
NOJYIIPOBOAHUKOBOI'O (EFIS) PH-JATYUUKA

B. B. BYHUATSIH, A. J1. MAHYKSH, A. M. XAJIMWJIH u JI. A. CYKHACSH

[MapameTrpnsl MeMOpaHHBIX pH-eMKocTHBIX AaTumkoB (Ba,Sr)TiO3, ocHo-
BaHHBIE Ha 3(P(eKTe MOAS, OIeHUBAIOTCSI W PACCUUTHIBAIOTCSI Ha OCHOBE MO-
AEAV MECTHOM CBSI3U B IIPUIOBEPXHOCTHOM CAO€ OKCHA/IAEKTPOAUT U IKIIEe-
PUMEHTaAbHBIX AQHHBIX. B 4aCTHOCTH, IPU CMEIeHUN HAIPSIPKEHUS IMAOCKUX
30H OKOAO 0.6 V u pH uyBcTBUTEeABHOCTH 54-59mMV/pH moayueno, uro pHp,.
u3MeHsieTcsa B Auana3doHe 3.3-3.5, pacueTHas BHYTpeHHsIs OydepHas eMKOCTb

S =0.5:1015, a obmiee YHUCAO BO3MOKHBIX AKTUBHBIX TTOBEPXHOCTHBIX

cocrosiumit Ng Ha epunmIry maomaau coctaBaser N, =0.78 10* group/ cm?.

ELEUS/NLPS-UGA-LESNELGUS P Y- HPELEUS P U-Uh U TN TN )b
(EFIS) PH-UGLUNALP NULUTUGSLELL

€4 AOFLPUGE-BUTL, WL L UTLAFGE3UTL, W. UL loULPLP U L. U. UNFRPUU3UL

4luﬁulblnl[ qgu[n;/bﬂil[mpnu‘un Euffwdulbplingfduyps  yhpinncd inbguyfite Guybpf
lrnl}bl[l I l[ln[t&iuu[lluil lﬂl[/ullill?[l[l L[[uu, ttfuu4uuru[nL1f I CLUlel.u[tllllnLlf 127 (Ba, Sr)TiOg
dhdppwting quynuypl bpling [ fpw Shdifind pH-niimluyfie abiunpf wpopudbopbpp:
[zill}nLilblnl[ Quip[d gquunfpubpp bgdwl jpupnidp dnnwfnpunyg by 0.67, PH-gguylind [dynip
54-59 mV/pH, lll!llllgl[rlLlr £, np pH,_.,~p1 l{lnl[ni[lu[nLLf £ 33-35—[1 umCwalilbanlf,

* ~ 15

Quipfwplhuyfii Ubpphtt pnedbpuypl ndulnd[dyncip lBintN 0,510, [fulp Suwpufnp
sl Fuy s wrlynf] ffpSuslilpp pusinys ~ N = 0.7810™ group/ cm? -
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