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In this study, an easily implemented surface modification scheme is reported employing Ta,0s mem-
brane which covers IrO; electrode in response to H* and eliminating redox species interference. Evidence
shows that H can pass through Ta, Os films and react with IrO, /Pt electrodes due to proton—electron dou-
ble injection. A Ta;Os membrane, an ionic conductor with an insulating property, blocks the transport
of electrons generated from oxygen perturbation in the solution. The conduction of both electrons and

protons preserve the current continuity across the interface. Owing to proton-electron double injection,

Keywords:

IrO, will be reduced to Ir(OH)3 during pH detection. The [IrO; ]/[Ir(OH);] will remain constant and there-

10, fore the Nernstian electrode potential performs stably as a function of pH (-59.447 to —59.504 mV/pH,
Ta,0s 2<pH<13). In addition, the proposed pH microsensor displayed high ion selectivity with respect to K*,
pH sensor Na*, and Li*, with log Kiy values (~—12.4) and has a working lifetime over one week.

Proton-electron double injection
Solid-state sensor
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1. Introduction

Unlike bulky pieces of laboratory equipment used previously,
miniature microchips for pH detection offer a number of mer-
its such as compact chip size, rapid response time, and excellent
compatibility in a microsystem [1,2]. To provide an H*-sensitive
microsensor that can perform precisely with reactants for chem-
ical and biological applications is critical, as we have to incubate
cells with ultra-small volumes in an isolated and sterilized environ-
ment [2]. The solid ion-to-electron transducers have been utilized
in the conventional configuration by immobilizing conductive
copolyaniline nanoparticles in a vinyl resin matrix, improving upon
disadvantages of conventional PVC (poly(vinyl chloride)) mem-
branes [3-6]. Metal-oxides (MOy) behave as mixed electronic and
ionic conductors due to their oxygen defect stoichiometry and have
been considered as pH-sensor materials over past decades [7-9].
RuO,, Sn0; and IrO, are the most promising materials due to their
chemical stability and high conductivity [10-14]. Because of the
instability and relative freedom from interference, iridium oxides
(IrOx) have been employed in many researches [12-16]. How-
ever, the inherent drawbacks still exist in conventional IrO,-coated
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electrodes such as the incomplete oxidation film (IrO,_), which
will easily react to oxygen, thereby degrading the long-term stabil-
ity of the interface potential.

In this study, a stacked structure, different from conventional
structures of metal oxides, was used to detect the interfacial pH
levels of medium acidity. A sputtering IrO, film was used in con-
junction with patterned electrodes to produce a conductive pH
sensor. With inherent immunity to O, perturbation, an encapsula-
tion layer of Ta, 05 film was used to cover the IrO, /Pt microsensor
[17]. Taz05 film using an RF-sputtering method was stacked on
IrO, film to alleviate perturbations from experimental fluctuations
[18-20] and improved the microsensor performance significantly.
The proposed solid-state microsensor exhibited good stability and
repeatability in various pH environments ranging from pH =2.01 to
13.01.

2. Experimental

The microsensor, schematically described in Fig. 1(a), was fab-
ricated by sputtering of IrO, and Ta;0s5 films on Pt electrodes.
An n-type wafer (4-in. and 10-20 2-cm) was cleaned in piranha
solution (H;S04:H505=3:1) at 80°C for 20 min, and followed by
a deionized water rinse for 5min. A 5000A SiO, was deposited
by a wet-oxidation process on the Si substrate, followed by a
LPCVD-grown SizN4 (6000A). Next, 50 A of chromium followed
by Pt (1200A) layer was deposited on the Si3N,4 film by a dual
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Fig. 1. (a) Schematic shows the cross-sectional structure of our pH sensor. Left-top inset is the profile of the stacked structure scanned by a surface profilometer (Dektak 3030);
Middle-top inset displays top view of the pH-sensor captured by a microscopic micrograph; Right-top inset shows cross-sectional view of SEM (scan electron microscope)
image toward the stacked structure of our pH-sensor; The IrO, and Ta,Os thickness are 646.9 nm and 76.9 nm, respectively. (b) The X-ray diffraction (XRD) pattern of
polycrystalline IrO; film. (¢) The X-ray diffraction (XRD) pattern of amorphous Ta;0s film. (d) Sensor with the holder loaded into a glass-tube and sealed on two terminals
with the insulating epoxy (Inset: the holder made of Cu wire for the attachment of the pH-sensor and the electrical contact for individual Pt-electrode connected using Ag

epoxy).

electron-beam evaporator and then patterned using a lift-off tech-
nique. The Pt-electrodes, separated by a distance of 400 xm, were
typically 600 wm wide and 1400 m long (excluding the lead por-
tion with a diameter of 400 wm) as utilized as before [21,22].
The chip surface was cleaned in sequence with deionized water,
trichloroethane, acetone, and deionized water in an ultrasonic
cleaner. Then, the chip was purged with a dry N, jet, followed
by a dehydration bake at 120°C for 30 min. The IrO, film (6500 A)
was fabricated using sputtering of an iridium target (99.95% and
21.8g/cm3) at a total pressure of 90 mTorr (50% O, in Ar) as
similar as described earlier [22]. Sputtering of the Ta,Os tar-
get (99.95% and 4.77 g/cm3) was carried out (50% O, in Ar) at a
total pressure of 60 mTorr. The X-ray diffraction (XRD) patterns
of the sputtered IrO, and Ta,Os5 films are shown in Fig. 1(b) and
(c), respectively (Fig. S1 in Supporting Information). The elec-
trical contacts for individual Pt-electrodes were made using Ag
epoxy (FA-705, Fujikura Kasei), which were later encapsulated
using an insulating epoxy for preventing short circuits, as shown in
Fig. 1(d).

The potential-difference characteristics of the microsensor were
measured by a Keithley Programmable Electrometer (Model 617).
All potentials of our pH-sensor were measured relative to SCE
(Saturated Calomel Electrode, Z11311-5, Aldrich) and the com-
mercial pH-meter (Mettler-Delta 350) was used as a benchmark
in the experiments (Fig. S2 in Supporting Information). A GPIB
(General Purpose Interface Bus) interface and a LabView-based
program were employed for recording all of the experimental
results. To maintain the constant temperature in the experi-
ment, a water-circulating system was connected to the inlet
and outlet of the beer-cooler container. A thermal-couple meter
(Fluke-714) was used for monitoring the operation temperature.
Before measurements were commenced, a two-point calibration
using pH-calibration buffers (pH=4, 7, and 10) was required. The
pH-levels of sample solutions were prepared using different con-
centrations of Britton-Robinson buffer solution consisted of 0.04 M
H3BO3, 0.04 M H3PO4 and 0.04 M CH3COOH mixture; twelve sam-
ples were titrated to the desired pH-value (from pH=2 to 13) with
0.2 M KOH pseudo-randomly dropping.
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Fig. 2. (a) The IrO,/Pt-electrode sensor with/without Ta;05 film and measured at
pH=4.01 and 19°C: plot of potential difference versus time under the abundant O,
situation. (Inset illustrates schematically the pH-response mechanism for the trans-
port of carriers across the encapsulation interface.) (b) The IrO, /Pt-electrode sensor
with/without Ta;Os film and measured at pH=4.01 and 19 °C. Plot of potential dif-
ference versus time under supplying abundant N, gas continuously at the beginning
of the experiment.

3. Results and discussion

In Fig. 1(b), the XRD pattern indicates that the IrO, grains are
made of well-developed crystals and the grains are more oriented
in the (301) direction. The diffraction angle of the XRD is 69.1°
and the grain size of IrO; film is 107.16 nm, which is derived using
Scherrer’s equation [23]. The XRD analysis of Fig. 1(c) shows that
the amorphous film of Ta, 05 encapsulation layer providing larger
reaction surface area of the microsensor was covered on the IrO,
sensor and offers the selective membrane function of H* ions during
the measurement.

IrO,-reductions to insulating Ir(OH)3 occurred at more positive
electrochemical potentials in acidic media between pH=2 and 13.
(Reaction (1))

IrO; - xH,0 (conductor) + H* + e~ « Ir(OH); (insulator) (1)

The concentration ratio of IrO,-H, O (oxidized form) versus Ir(OH)3
(reduced form) will be affected as they are redox by other materials.
The redox transformations arise due to the insertion of ionic species
migrating from the surface into the interior of IrO, and can pro-
duce large conductance changes. According to Nernstian response,
the pH-potential sensitivity will be —59.05 mV/pH and the redox
potential is determined by Eq. (2).

RT | [IrOy][H*]

_ O _
E=E = F " Iiom,]

= E% — 0.05905pH (2)

=E%-2.303 ng

where R=8.3147 ]/K-mol; T=298 K; F=Faraday constant; E° repre-
sents the standard potential of IrO,.
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Fig. 3. Reversibility characteristic according to the fitting-slope plots with error
bars at room temperature (a) pH=2.01-13.01; 10 points from the 10 forward mea-
surements; the fitting slope of the forward measurement is —59.504 mV/pH and the
intercept value at pH =0 indicates E° is 740.673 mV. (b) pH=13.01 to 2.01; 10 points
from 10 backward measurements. The fitting slope of the backward measurement
is —59.447 mV/pH and the intercept value is 740.128 mV.

N, gas was supplied into the solution buffer to replace O,, which
may contribute voltage fluctuations on the sensor surface [17]. The
comparison plots of potential difference versus time are shown
in Fig. 2(a) and (b). Significant improvements, a stable potential-
difference versus SCE of 496 mV in an acid solution (pH=4.01) over
16 h, were produced by the microsensor with the additional Ta; 05
film, as shown in Fig. 2(a). In Fig. 2(b), under supplying abun-
dant nitrogen gas in the solution, the potential difference of the
microsensor without the Ta;Os5 encapsulation layer shows stable
potential difference after 24 h. The potential deviations may be
caused by some factors such as the oxidation states from incom-
plete oxidation (IrO,_y) and the surface ion-exchanges in iridium
oxides [9]. These non-ideal effects will produce surface charge vari-
ations with time and generate a new equilibrium after each reaction
[24]. The time (to) for the transport of H* passing through Ta, Os film
will be longer according to ty =L2/6D [25] when the thicker Ta; 05
film is deposited. (D is diffusivity and L is the membrane thickness)
Additionally, a thicker Helmholtz layer generated at the interface of
the encapsulation layer will cause longer transient-response time
[26]. In our experiments, the potential difference versus SCE is kept
at zero for over 6 h with the deposited Ta;Os5 film of 600 nm. The
response and recovery time are defined as 10-90% of the rising and
falling edge in the transient response. The maximum ramp-up and
recovery time are within 15s as we change the sample solutions
(from pH=2 to 13 and from pH=13 to 2).
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Table 1

The performance comparison of our microsensor and other pH sensors.

Sensitivity (mV/pH) Operation range (pH) Calibration needed Sensor size (mm?) Long-term stability (mV/h) Ref

ISFET-based sensor 55-58 2-12 No <1 <15 [29,30]
Thick-film sensor ~47 4-10 Yes <2.5 <0.5 [31]
Conventional glass electrode ~59 0-14 Yes >100 <0.1 [32]
IrO2-based electrode 72.5-75 2-11 No <32 <0.5 [7]
This work ~59.5 2-13 No <0.8 <0.1 N/A

The reversibility and reproducibility measurements were car-
ried out by placing our pH microsensor in the sample solutions
(twelve pH-levels). The microsensor was first immersed into the
pH =2 solution and then successively processed in the solution from
pH=3.01t013.01andreversed back frompH=13.01t02.01.Amag-
netic stir bar on the bottom of the beaker was used to minimize
the effect from surface-junction potentials [27]. The experiments
of the forward and backward pH measurements were processed
repeatedly for 10 loops at room temperature. From the forward
(pH=2.01— 13.01) and backward (pH=13.01 — 2.01) measure-
ments, the RMS (root mean square) value of each pH level was
calculated using the obtained 10 points from 10 loop-cycle scans.
The measurement results with error bars are illustrated statis-
tically in Fig. 3(a) and (b). The slope discrepancy (~57 wV/pH)
between the forward and backward measurements may be due
to manual-operation errors and dynamic processes of ion neutral-
ization called the effect of liquid junction potential [22,26]. The
long-term performance during the five days of experiments were
processed (pH=4.01 for 12h and then followed by pH=7.01 for
12h). In Fig. 4, the experiment was processed in sequence from
pH=2.10to 13.01 and each duration of one pH-level measurement
was lasted for 30s. Similarly, the results of pH=13.01 to 2.01 were
also captured accordingly. Potential differences (RMS) versus SCE
are 494.6-498.1 mV at pH=4.01 and 314.3-320.6 mV at pH=7.01
(Table S1in Supporting Information). At pH =4.01, the fitting slopes
of potential difference versus temperature from 20 to 17°Cand 17
to 50°C are —2.48 mV/°C and 2.18 mV/°C, respectively. The theo-
retical value is —0.796 mV/°C (pH=4.01) derived from Eq. (2).

The cation interferences of the microsensor selectivity were
conducted with the fixed interference method (FIM) in pH mea-
surements. According to the Nikolsky-Eisenman equation [28], the
interference effects from different ions (Na*, K*, and Li*) were cal-
culated with the potentiometric selective coefficients by Eq. (3).
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Fig. 4. Plot of time-dependent pH response steps for the pH detection from pH=2
to 13 and from pH=13 to 2.

where E denotes the measured electromotive force; Cis a constant;
ap, ag and ac are the concentrations of the primary ion A, interfering
ion B and C, respectively; z5, zg and z¢ are the charge numbers
of the principal ion A, interfering ion B and C; R=8.3147J/K-mol;
T=298K; F=Faraday constant.

The cations were used to compare the interference effects in
potentiometric measurements of the selectivity coefficient. The
interference cation agents (0.1 M of NacCl, 0.1 M of KCl, and 0.1 M
of LiCl) were added separately into sample solutions at different
pH levels of a test buffer solution. The sensitivity was measured
before and after the interference agent was added at room temper-
ature. The presence of the cations (Li*, Na*, and K*) changed slightly
the sensitivity slopes from —59.5mV/pH to —59.23, —59.02, and
—59.62 mV/pH, respectively. The selectivity coefficients for lithium,
sodium, and potassium cations were 2.63 x 10713,4.67 x 10-13 and
3.47 x 10713 (Table S2 in Supporting Information).

Table 1 tabulates a comparison of this work with respect to
other conventional pH sensors. The points of merit for the proposed
microsensor performance are characterized in terms of sensitivity,
operation range, sensor size, and long-term stability. The microsen-
sor exhibits compatible long-term stability compared with the
performance of the conventional glass electrode. Additionally, the
microsensor offers a number of merits such as compact chip size,
rapid response time, and ease of fabrication.

4. Conclusions

In this study, a new solid-state pH sensor made of sputter-
ing IrO, and Ta,Os films in response to the presence of H* has
been reported. With inherently robust immunity to O, perturba-
tion, the encapsulation layer of Ta, Os film fully covered the IrO, /Pt
electrodes and prevented [IrO,]/[Ir(OH)3] from being increased in
Nernstian response. Mimicking a bipolar ion-exchange membrane,
the IrO, film covering a Pt-electrode acted as a mixed electronic
and ionic conductor. By reacting with H* passing through Ta;0s5
film, the bending of the Fermi-level of the IrO, film will pro-
duce a space charge layer. The conductivity will be controlled
according to proton-electron double injection. Apart from its lin-
ear temperature-dependent characteristic and good reliability, its
sensitivity shows only slight and negligible discrepancy compared
with theoretical Nernstian response. This solid-state microsensor
exhibits the good stability and repeatability in various pH envi-
ronments (from 2.01 to 13.01) at room and higher temperature.
This pH-sensitive microsensor will be useful as a basis for the
construction of durable microsensors for tracing the acidity in envi-
ronmental and biological applications.
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