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Impact of titanium content and postdeposition
annealing on the structural and sensing properties of
TbTi Oy sensing membranes

Tung-Ming Pan,** Chih-Wei Wang,” Wen-Hui Weng,” and See-Tong Pang"

This paper describes the impact of titanium content and postdeposition annealing on the
structural properties and sensing characteristics of TbTi,O, sensing membranes deposited on Si
substrates through reactive co-sputtering. X-ray diffraction, atomic force microscopy,
secondary ion mass spectrometry, and X-ray photoelectron spectroscopy were used to study the
structural, morphological and chemical features of these films as functions of the growth
conditions (Ti plasma powers of 80 W, 100 W, and 120 W; temperatures ranging from 700 to
900 °C). The observed structural properties were then correlated with the resulting pH sensing
performances. The TbTiO, electrolyte-insulator-semiconductor device prepared under a Ti
plasma condition of 100 W with subsequent annealing at 900 °C exhibited the best sensing
characteristics, including pH sensitivity, hysteresis and drift. We attribute this behaviour to the
optimal titanium content and annealing temperature in this oxide film forming a well-
crystallized Tb,Ti,O5 structure and a smoother surface.

electrolytic solution and a reference electrode. Compared with such
an ISFET device, the main advantage of an electrolyte-insulator-
semiconductor (EIS) sensor is its simple structure and fabrication

Medical industry, food quality evaluation and food monitoring are
responsible for the increasing research and development in the field
of biosensors.! In this field, ion sensitive field-effect transistors
(ISFETs) have been investigated since they have advantages such as
small size, robustness, rapid response, and low output impedance, in
addition to be compatible with metal-oxide-semiconductor (CMOS)
process. The concept of an ISFET device is based on the metal-
oxide-semiconductor field-effect transistor (MOSFET) operating
theory, where metal gate electrode is removed and replaced by an
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process. The investigation of an insulator material is one of the most
important parts of the process, because it has no the metal gate
electrode to directly immerse in a buffer solution. Consequently, the
insulator material will be responsible for the detection of the
biological and chemical specimens because the change in the pH and
electrolyte concentration induces the change in the electrolyte—
insulator surface potential, thereby causing alterations in the channel
conductance and current modulation.’
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Fig. 1 XRD patterns of TbTi,O, films prepared under Ti plasma power conditions of (a) 80 W, (b)
100 W, and (c) 120 W with subsequent annealing at various temperatures.
As a result of the reduction in gate leakage and the increase in gate
capacitance density, high-kx materials currently emerges as one of the 1.0
most promising candidates to be implemented in the gate dielectrics T g—n
of CMOS processes.” However, the oxygen vacancies of high-x 50 i .
dielectrics cause a relative high density of traps in the bulk and at the § ’
interface of dielectric stacks.* Besides, there is a problem of the £ )
formation of interfacial oxides, silicates and silicides at the oxide/Si g=°-ﬁ
interface arising from the film deposition or the subsequent rapid = °
thermal annealing (RTA).*> Various high-k gate dielectric materials, § 0.4 o—©® =80 W
such as ALO;, Ta,Os, ZrO,, and Gd,0,,%° can be employed for T 100 W
achieving a pH response in the ISFET or EIS device. The pH 9 0.2 120 W
sensitivity of ISFET or EIS devices depends mainly on the choice of
: . . - . : 700 800 900

the gate dielectric material. Recently, rare-earth (RE) oxide materials, RTA temperature (°C)

including Pr,0;, Sm,0Os3;, Er,O;, and Lu,0;,'%!2 are attractive
candidates for alternative gate dielectrics based on thermodynamic
considerations, their moderately high dielectric constants, and their
high conduction band offsets. Kitai'? also reported that terbium
oxide (Tb405) thin film possesses desirable properties for use in
CMOS devices, including a high dielectric constant and a low
leakage current. Nevertheless, the technical problems of using an
RE oxide film as the sensing membrane are the oxygen vacancies
and moisture absorption,' which both affect the sensing
performance. These technical issues can be solve through the
incorporation of Ti or TiO, in the RE oxide film, leading to lower
reactivity toward water, thinner interfacial layers, higher capacitance,
and lower leakage currents characteristics'>'” that are valuable when
EIS sensing devices for the detection of ions or molecules in
aqueous solutions. In addition to the aforementioned RE oxide
materials, terbium oxide (TbOy) is another potential material for
fabricating the sensing membrane in an EIS device; it features an
appropriate lattice compatible with silicon, good thermal stability in
the presence of silicon, and large conduction and valence band
offsets.'” However, experimental data related to the effects of
titanium content in the TbTi,O, sensing membranes is rarely
investigated. In this study, we describe the effect of the Ti atom
content in the TbTi, O, films deposited on a Si substrate through
reactive co-sputtering and subsequent post-deposition annealing
(PDA) at various temperatures. We used X-ray diffraction (XRD),
atomic force microscopy (AFM), secondary ion mass spectrometry
(SIMS) and X-ray photoelectron spectroscopy (XPS) to examine the
structures, surface roughnesses, elemental depth profiles, and
compositions, respectively, of the TbTi,O, films annealed at various
temperatures. Furthermore, we correlated the observed structural and
surface properties of the TbTi,O, sensing membranes with their
resultant pH sensing performances, measured in terms of detection
sensitivity, hysteresis, and signal drifting.

2| J. Name., 2012, 00, 1-3

Fig. 2 Surface roughness of the TbTi, O, films plotted as a
function of the RTA temperature for each of the Ti plasma
power conditions.
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mental Fig. 3 SIMS profiles of (a) terbium and (b) titanium in TbT1,0,
films prepared under different Ti power conditions.
The EIS

sensor structure with TbTi, O, sensing membranes was fabricated on
a 4-in p-type (100) silicon wafer. Before deposition of these
membranes, the wafer was cleaned using a standard RCA process
and then they were treated with 1% HF. A film (~60 nm) of TbTi,O,
was deposited on the Si substrate through reactive co-sputtering
using Tb and Ti as targets in a diluted O, ambient. The co-sputtering
plasma power conditions were the Tb of 100 W and Ti of 80, 100,
and 120 W. The deposited time of the sputtering under Ti plasma
power of 80, 100, and 120 W was ~50, 45, and 40 min, respectively.
Subsequently, all of the samples were annealed in a lamp-based

This journal is © The Royal Society of Chemistry 2012



Page 3 of 8

RTA at different temperatures (700, 800, 900 °C) under ambient O,
conditions for 30 s. The backside contact (a 400-nm-thick Al film) of
the Si wafer was deposited using a thermal coater. The sensing zone
on the deposited TbTi O, films was then defined by a standard
photolithography process using SU8-2005 (MicroChem, USA) as a
photoresist, followed by assembly of the EIS structures on the
copper line of a custom-made printed circuit board (PCB), using a
silver gel to form the conductive line. A hand-made epoxy package
was used to encapsulate the EIS structure from the Cu line.

The film structure of the TbTiO, films annealed at different
temperatures (700, 800, 900 °C) was investigated through a Bruker-
AXS D5005 diffractometer (XRD). The surface morphology and
roughness of the films were studied by using an NT-MDT Solver
P47 (AFM). The elemental depth profiles of terbium and titanium in
TbTi O, films were analyzed using a Cameca IMS 4F SIMS
instrument. The composition and chemical bonding in each TbTi,O,
film were explored using a Physical Electronics Quantum 2000 XPS
instrument. The pH sensing performance of the TbTi,O, EIS sensors
was evaluated using standard buffer solutions having values of pH
ranging from 2 to 12. For a given experiment, each pH condition was
tested in triplicate. The capacitance—voltage (C—V) curves for the
EIS devices in the standard buffer solutions at different values of pH
were then measured through a commercial Ag/AgCl glass reference
electrode using a Hewlett-Packard (HP) 4284A LCR meter. To
avoid any interference caused by ambient light, all of the
experimental setups were kept in the dark and performed at room
temperature.

Results and Discussion

A. Structural properties of TbTi,O, films

Journal of Materials Chemistry C

In this study, we explored the structures, surface roughnesses,
and compositions of TbTi,O, sensing membranes fabricated
various Ti power conditions and then annealed at 700, 800, and
900 °C. We used XRD to analyse the crystalline structures of
the TbTi, O, sensing membranes prepared under the various Ti
plasma powers and then annealed at different temperatures. Fig.
1 reveals that the intensities and orientations of the diffraction
peaks of the studied TbTiO, films as a function of the PDA
temperature for each of the three Ti power conditions. For the
sample annealed at 700 °C, no diffraction peak (or relatively
weak peak) was observed in the XRD patterns, indicating an
amorphous structure. The intensity of diffraction peak increases
with increasing the PDA temperature. After annealing at 900
°C, only one weak Tb,0; (400) diffraction peak appeared for
the sample prepared at a Ti plasma condition of 80 W, as
shown in Fig. 1(a). This result may be attributed to an
amorphous TbTi,O, structure with a low Ti content. Moreover,
Fig. 1(b) depicts that the Tb,Ti,O; (222) peak became stronger
than the Tb,03; (400) peak in the spectrum of the sample
prepared under the 100 W condition, suggesting a well-
crystallized Tb,Ti,07 film. The crystal structure of Tb,Ti,O; film
is face-centered cubic. The sample prepared under the 120 W
condition and then annealed at 900 °C exhibited Tb,O; (004)
and Tb,Ti,0; (222) peaks, as shown in Fig. 1(c).

In addition to this structural investigation, we also used
AFM to explore the impact of the titanium content and thermal
annealing temperature on the surface roughnesses of the
TbTi,O, sensing membranes. Fig. 2 depicts the surface
roughness of the TbTi,O, films as a function of the RTA
temperature for each of the three Ti power conditions. The film
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Fig. 4 Tb 4ds,, XPS spectra of TbTi,O, films prepared under Ti plasma power conditions of (a) 80
W, (b) 100 W, and (c) 120 W with subsequent annealing at various temperatures.
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Fig. 5 Ti 2p XPS spectra of TbTi,O, films prepared under Ti plasma power conditions of (a) 80 W,
(b) 100 W, and (c) 120 W with subsequent annealing at various temperatures.
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prepared under the 80 W condition exhibited a larger surface
roughness than other conditions. The larger surface roughness
may be attributed to the moisture absorption of Tb,O; due to
the presence of a low Ti content in the TbTi,O, film producing
more Tb,O; components, leading to the nonuniform volume
expansion of the film."> In contrast, the TbTi O, film prepared
at a Ti plasma condition of 100 W exhibits the lowest surface
roughness among these plasma conditions. This result may be
due to the optimal titanium content in the film forming a well-
crystallized Tb,Ti,0 structure, thus suppressing the moisture
absorption. In addition, the surface roughness clearly increased
with increasing the RTA temperature. We suggest that this
behaviour is due to an increased number of Ti and Tb atoms in
the film increasing the clustering of grains, thereby increasing
the surface roughness of the TbTi,O, film.

SIMS depth profiles of the Tb and Ti atoms for TbTi,O,
films annealed at 900 °C as a function of the Ti plasma
condition are shown in Fig. 3(a) and (b), respectively. The
samples prepared under three Ti plasma powers had the same
level of terbium. In addition, we found that the film at the
interface between the oxide and Si substrate exhibited the
highest level of terbium. This result may be attributed to the
formation of a nonstoichiometric silicate layer during high-
temperature annealing.'” In contrast, the level of titanium
clearly increased with increasing the Ti plasma power. For the
sample prepared under the 100 W condition, the level of
titanium in the bulk was almost the same as that of terbium.

als Chemistry C

temperature. In contrast, under both the 100 and 120 W
conditions, the Tb 4ds, signal of the sample annealed at 700 °C
also had three peaks: one peak at 151.2 eV (TbTiO,), another
peak at 148.6 eV (TbO,), and the other peak at 146.5 eV, while
the sample after RTA at 800 and 900 °C comprised of three
peaks: one peak for Tb,Ti,O; at 151.4 eV, another peak for
Tb,0; at 148.8 eV'8, and the other peak for Tb(OH), at 146.5
eV. The Tb 4ds, peak position at 151.4 eV for the Tb,Ti,0;
film had shifted by about 0.2 eV relative to that of the TbTi,O,
film. We attribute this behaviour to the reactions of the Ti with
Tb and O atoms to form a Tb,Ti,0; structure. The intensity of
the Tb 4ds,, peak corresponding to Tb,O3 and Tb(OH), for the
film annealed at 900 °C is lower than that at 800 °C, whereas
that corresponding to Tb,Ti,0, for the sample annealed at 900
°C is higher compared to 800 °C, as shown in Fig. 4(b) and (c).
These results suggest that a higher reaction degree of the
titanium with terbium and oxygen atoms resulting in the
formation of a well-crystallized Tb,Ti,O film.

Fig. 5(a)-(c) show the variation in the Ti 2p split peaks as
functions of both the Ti plasma conditions and the annealing
temperatures. The split peaks for the Ti 2p;, and 2p;, energy
levels at 464.3 and 458.7 eV, respectively, were assigned to
TiO,.'® Under each of the three Ti plasma conditions, the shift
of the Ti split peak positions toward higher binding energy
occurred upon increasing the annealing temperature, indicating
the formation of Tb—O-Ti bonds. When annealing was
performed at 900 °C, the Ti 2p split peaks shifted to higher
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Fig. 6 O 1s XPS spectra of TbTi,O, films prepared under Ti plasma power conditions of (a) 80 W,

(b) 100 W, and (c) 120 W with subsequent annealing

We used XPS to examine the structural and compositional
changes in the TbTi,O, films as functions of both the Ti plasma
power conditions and the annealing temperatures. A multipeak
Lorentzian-Gaussian deconvolution procedure was used to
extract the exact line positions and intensities. When peak
fitting was necessary to locate peak position or integrate area,
Lorentzian-Gaussian functions were produced by minimizing
the misfit error. Fig. 4 (a)-(c) show the Tb 4ds;, energy level
region in the XPS spectra of the samples after PDA at different
temperatures, with their appropriate peak curve-fitting lines
corresponding to chemical states. Under the 80 W condition,
the Tb 4ds,, signal comprised of three peaks at 151.2, 148.6,
and 146.5 eV, as shown in Fig. 4(a), which we assign to
TbTiO,, TbO,, and Tb(OH),, respectively. The chemical
structure of Tb-O in Tb,Ti,0; is similar to Tb,O; (148.8 ¢V)'®
with trivalent Tb ions (Tb>") rather than TbO, (149.2 ¢V)'® with
tetravalent Tb ions (Tb*"). The peak intensities of TbO, and
Tb(OH), decreased upon increasing the RTA temperature,
whereas that of TbTi,O, increased upon increasing the RTA

4| J. Name., 2012, 00, 1-3

at various temperatures.

binding energy by about 0.3-0.5 eV relative to the TiO,
position. This change in the Ti bonding status reflected the
formation of a better Tb,Ti,0; structure.

Fig. 6(a)-(c) display the O atom binding energy region of
the XPS spectra, with their appropriate peak curve-fitting lines,
of the TbTi,O, films prepared under the three Ti plasma
conditions and then annealed at different temperatures. The
film performed under the 80 W condition, the O 1s peak at
531.9 eV represents the Tb—(OH), bond, whereas the O 1s peak
at 529.8 eV is assigned to the Tb—O-Ti (TbTi,Oy) bond. The O
1s peak intensity corresponding to Tb(OH), decreased upon
increasing the RTA temperature, as shown in Fig. 6(a). This
outcome may be attributed to higher-temperature annealing
increased the film condensation and reduced the oxygen
vacancies in the film, thus resulting in the formation of a
thinner Tb(OH), layer. The O 1s spectra in Fig. 6(b) can be
deconvoluted to two chemical states: the high binding energy
state at 531.5 eV can be related to O atoms in Tb(OH), and the
low binding energy state at 530.1 eV (530 eV for sample

This journal is © The Royal Society of Chemistry 2012
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annealed at 700 °C) to O atoms in the Tb,Ti,0; (TbTiO,). The
intensity of the O 1s peak corresponding to Tb(OH), decreased
upon increasing the RTA temperature, whereas that
corresponding to Tb,Ti,0; increased, accordingly. The strong
resistance to the moisture of TbTi,O, film may be due to the
formation of a better Tb,Ti,O; structure during high-
temperature annealing. Under the 120 W condition, the fitted O
Is peaks at 529.9, 530, and 530.2 eV represent the TbTi,O,, as
shown in Fig. 6(c). Furthermore, the shift of the O 1s peak to a
higher binding energy increases upon increasing the RTA
temperature, suggesting a high Ti content in the TbTi,O, film.

B. Sensing characteristics of TbTi,O, EIS devices

The operation mechanism of an ISFET or EIS device is
explained using the site-binding model.”® When the gate oxide
is immersed to the tested solution, the surface potential (y,) in
the silicon channel is changed by the binding of H" ions onto
the surface of gate oxide. The pH sensitivity is generally
determined by the number of binding sites that exist on the
surface of the gate oxide. Based on this model, the existence of
ions in the solution react with positively or negatively charged
active sites at the oxide surface creating hydrogen-active site
pairs, and thereby changing the total value of the active site
charge at the oxide surface. This, in turn, changes the channel
current of such an ISFET device through the variation of the
threshold voltage. According to the Gouy—Chapman—Stern
theory,”' the gradient of ion concentration is created in the
electrolyte due to the binding of the ions with the active sites.
Consequently, the double layer is established at the electrolyte—
oxide border. The double layer is composed of the Helmholtz
layer and the diffuse layer. Generally, the Helmholtz layer
consists of adsorbed water species (H" and OH’) at the surface
of the semiconductor, followed by a layer of solvated
electrolyte ions. The water species form the so-called inner
Helmholtz layer, whereas the solvated ions form the external
Helmbholtz layer. The two Helmholtz layers can be considered
to form a planar capacitor.”’ Using the Gouy—Chapman—Stern
model, we can derive the surface potential®*as:
2k, T sinh™l( G, )- G,

q J8e,k,7C," C

stern

(D

[

where kg is the Boltzmann constant, T is the absolute
temperature, q is the elementary charge, o4 is the charge density
in the diffuse layer, ey is the dielectric constant of water, C, is
the solution concentration, and Cg.,, is the Stern capacitance.
The condition of charge neutrality for the structure of an EIS
device gives:
2
where oy is the charge density of the surface sites and o is the
charge density in the silicon substrate and the gate oxide. The
gate oxide charges can be divided into the interface trapped
charge, fixed oxide charge, oxide trapped charge, and mobile
ionic charge. By using the site-binding model,”® we can write
the charge density as:
+ 2
Gy = gN. (+[H Is) - KGZKb — _4[B]
K [H ,+(H ]y +K,K,
where Nj is the total number of available surface binding sites,
K, and K, are the acid and base dissociation constants for the
chemical reactions at the oxide interface, respectively, [B] is
the number of charged groups, and [H']g is the surface
concentration of the H' ions, which is related to the bulk value
([H']) by Boltzmann statistics:
avo

[H']s =[H"ze bl

O, +0y+0y,=0

3)

“
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The relationship between y, and o, can be expressed as:
0y =Cp¥y =—0p, ®
where Cpy is the capacitance of the double layer and op is the
charge density of the double layer. As a result of a small change
in the surface potential, the ability of the electrolyte solution to
adjust the amount of stored charge is the double layer
capacitance:*

Jo, :_aam -C
DL

oy, o,

(6)

The surface charge density of oxide can be modulated by
the variation in the H' ion concentration at the interface:
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where Bi, is the capability to buffer small changes in the

surface pH (pHs), but not in the pH solution (pHg).

Combination of (6) and (7) results in an expression for the

sensitivity of the surface potential towards the change in pHg:

Oy _ 0y, 00, __4Pu (®)

OpH; 0o, OpH; Co

The static behaviour of an EIS device is derived by taking

into account the potential differences among the interfaces. In

this way the following expression for the flatband voltage (Vgp)

is obtained:**

Vg :Eref _Wo"'lwl _%_%i

©)

where E,; is the potential of the reference electrode (Ag/AgCl
Fig. 7 (a) C-V curves response for TbTi,O, EIS devices
prepared under Ti plasma power conditions of (a) 80 W, (b)
100 W, and (c) 120 W and then annealed at 900 °C, when
inserted into solution with pH 7. (d) Reference voltage plotted
as a function of pH for TbTi,O, EIS devices fabricated different
Ti power conditions, measured at room temperature.

here considered), ¥, is the electrolyte-insulator surface dipole
potential, ®g; is the silicon workfunction, Qg is the fixed
surface-state charge density at the insulator-semiconductor
interface, and C,, is the gate oxide capacitance. In this
equation, all terms are constant except for o, W, can control the
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dissociation of the oxide surface groups, causing the variation
in the electrolyte pH of an EIS device.
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Fig. 9 Drift phenomena as a function of pH for TbTi,O, EIS
devices prepared under Ti plasma power conditions of (a) 80
W, (b) 100 W, and (c) 120 W and then annealed at different
temperatures.

Fig. 8 Hysteresis characteristics as a function of pH for
TbTi,O, EIS devices prepared under Ti plasma power
conditions of (a, b) 80 W, (c, d) 100 W, and (e, f) 120 W and
then annealed at different temperatures, during the loops of pH
7—4—7—10—7 and pH 7—10—7—>4—7, respectively.

The pH sensitivity of such an EIS device is generally
determined by the change in the flatband voltage per pH change
in the tested solution. The pH sensitivity of the TbTi,O, sensing
membranes can be described using the combination of the site-
binding model and the double layer theory of Gouy—Chapman—
Stern model to explain the ionic absorption processes at the
electrolyte/oxide interface. The surface of an oxide film
contains a large amount of unsatisfied bonds. In the absence of
specific adsorption, the only ions capable of making bonds with
these sites are the hydrogen and hydroxyl ions. According to
the equation (8) and (9), the change of H" ion concentration
(pHs) induces the variation in the y, and thus modulates the
Bint- This Biy value is related to mainly the surface reactivity
(i.e. surface site density). Based on the above equations, it can
be supposed that the higher Ny (or the higher B;,) accordingly
contributes to a higher sensitivity and also the more linear
response of pH detection. To evaluate the pH sensing
performance of the TbTi,O, EIS sensors, we examined their
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behaviour toward standard buffer solutions having values of pH
ranging from 2 to 12. Fig. 7(a)-(c) depict the C—V curves of the
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TbTi,O, EIS sensors prepared under three Ti plasma conditions
and then annealed at 900 °C. The EIS sensor under both 100
and 120 W conditions provided distorted C—V curves, as has
been reported in the literature, presumably due to the presence
of interfacial traps in the oxide. In EIS pH sensing, a change in
pH normally causes a flatband voltage shift of the C—V curves,
mainly due to ionization of the surface OH groups by H' or
OH™ ions,” in turn modifying the surface potential through
dipole formation on the sensing membrane. Moreover, Fig. 7(d)
presents the Vggr of the TbTi,O, EIS sensors prepared under
three plasma power conditions as a function of pH. Here, the
reference voltages were determined from the obtained C—V
curves at a normalized capacitance of 0.5.** This EIS-based pH
sensor exhibited a linear response upon increasing the pH from
2 to 12. It is found that the TbTi,O, EIS sensor prepared under
the 100 W condition exhibited a better sensitivity of 64.77
mV/pH than those of the devices. This result could be attributed
to the higher N in the TbTi,O, film. To determine the pH
detection sensitivities of the TbTi,O, sensing membranes that
had been subjected to various annealing temperatures, we
recorded their C—V curves and then evaluated them based on
the approach described above. The TbTi,O, EIS device
annealed at 900 °C exhibited the best pH detection sensitivity
than other temperatures (700 and 800 °C), presumably because
this annealing temperature led to the formation of a well-
crystallized Tb,Ti,O; structure, consistent with the results in
figure 1. As a whole, the TbTi,O, films explored in this study
demonstrated pH detection sensitivity superior to those of
materials commonly used for ISFET- and EIS-based sensing,
namely ALO; (54-56 mV/pH)®, Ta,Os (56-58 mV/pH)>,

ZnO, (58 mV/pH)*, ZrO, (58.7 mV/pH)}, Lu,0; (56
mV/pH)?”’, Nd,TiOs (57 mV/pH)*®, and Sm,TiOs (61
mV/pH)*.

Besides the sensitivity detection, hysteresis and drift
phenomena are two other critical performance features affecting
the success of a sensing device. The slow response and
hysteresis behaviour can be interpreted in terms of a surface-
site model,” in which a portion of the surface sites reacts very
slowly. Hysteresis characteristics can occur due to defects in a
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sensing membrane, leading to the formation of porous
structures.”*® The interior sites of these porous defects can react
with ions present in the solution, thus causing a hysteresis
response. Another possible cause is the interaction of the ions
in the solution with the responding sites along the boundaries of
grains on the sensing membrane.”* In this study, we evaluated
the hysteresis behaviour of TbTi,O, EIS sensor devices
prepared under three Ti plasma powers and then annealed at
different temperatures, as shown in Fig. 8(a)-(f), directly
immersed in each pH standard solution for up to 1500 s in two
set cycles of pH 7-54—7—10—7 and pH 7—>10—>7—>4->7.
The hysteresis voltage is defined herein as the difference
between the initial and terminal reference voltages measured in
this cycle. We found that the TbTi,O, EIS sensor fabricated
under 100 W condition and annealed at 900 °C had the lowest
hysteresis voltage (~3 and 5 mV) for pH loops of
7—->4—7—-510—7 and 7—>10—>7—>4—7 among the systems
studied herein, presumably suggesting the formation of a
smoother surface and a well-crystallized Tb,Ti,O; structure,
causing a lower number of crystal defects in the sensing
membrane. In contrast, the sample annealed at 700 °C exhibited
the highest hysteresis voltage (15~44 mV) during pH loops of
7—-4—7—->10—7 and 7—510—»7—>4—7, indicating a higher
density of crystal defects in its TbTi,O, sensing membrane.

Furthermore, we also evaluated the drift rate of the pH
sensing by measuring the change in the reference voltage after
submerging the EIS device in a standard buffer solution at pH 7
for up to 12 h. The drift of an EIS sensor can be explained by a
hopping and/or trap-limited transport mechanism®'** to
determine the rate of hydration of the gate oxide. The change in
the reference voltage can be described as AVgy=Vged(t)—
Vie(0). The drift phenomenon of an ISFET or EIS pH sensor is
related to the penetration of ions from the electrolytes into the
sensing membrane.*> Charged electrolytes can penetrate the
hydrated layer of a sensing membrane to cause a decrease in the
effective gate oxide thickness.” The change in gate capacitance
induces non-ideal effects during ISFET or EIS pH sensing.
Figure 9(a)-(c) demonstrate the drift characteristics of TbTiO,
EIS sensors prepared under different plasma power conditions
and then annealed at various temperatures; here, the slope of
the reference voltage deviation reflects the stability of the EIS
sensor. The TbTi,O, EIS device fabricated under the 100 W
condition and annealed at 900 °C exhibited the greatest long-
term stability (slope = 0.252 mV/h) in comparison with the
other studied systems. The lower drift rate for the film annealed
at the highest temperature might be due to its lower level of
crystal defects and smoother surface, leading to lower ionic
mobility. The hysteresis voltage and drift rate of TbTiO,
sensing membrane are comparable to other sensing membranes
such as ALO; (3 mV and < 0.1 mV/h)*, WO; (7.2 mV and
15.7 mV/h)*, RuO, (2.2 mV and 0.38 mV/h)*%, Lu,0; (2.2 mV
and 1.32 mV/h)?’, Nd,TiOs (2.3 mV and 1.8 mV/h)*, and
Sm,TiOs (2.7 mV and 1.11 mV/h)*.

Conclusions

In this study, we fabricated TbTi,O, sensing membranes
deposited on Si substrates through reactive cosputtering under
three Ti plasma power conditions and subsequent annealing at
various temperatures. The effect of titanium content and PDA
on the structural and surface properties of the TbTi,O, sensing
membrane as well as on the pH sensing performance of the
corresponding EIS sensors was investigated. The TbTiO, EIS
sensor fabricated under the 100 W condition with subsequent
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annealing at 900 °C exhibited a high pH sensitivity of 64.77
mV/pH, a small hysteresis voltage of ~3 mV and a low drift
rate of 0.252 mV/h. We attribute this high performance to the
formation of a well-crystallized Tb,Ti,O; structure and a
smoother surface at this condition. The EIS device
incorporating a TbTi,O, sensing membrane appears to be a very
promising sensing membrane for use in the field of
electrochemical sensors and bioelectronic devices.
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