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A solid-state pH sensor was fabricated using a transparent conductive tin oxide film on a glass sub-
strate. The coating of the glass substrate was achieved by a novel simple chemical vapor deposition
(CVD) procedure. The response time of the pH sensor was substantially reduced when a thin graphite
film was deposited onto the tin oxide conductive film. The sensor slope was found to increase as the
temperature of the solution was increased. The performance of the sensor was investigated in the pH
range from 0.3 to 11.0. A straight-line calibration graph was achieved throughout the whole range
tested, especially when the solution temperature was 80 °C. The working pH range was found to
decrease on the expense of the lower range as the temperature was decreased. Results obtained by
the suggested sensor compares very well with conventional pH electrodes where the square of the

correlation coefficient was 0.999.
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Introduction

The area of ion-selective electrodes (ISE) contin-
ues to expand as the need for reliable sensors in-
creases. Many versions and configurations of ISEs
were suggested emphasizing better selectivites, lower
cost, ruggedness, simplicity and miniaturization pos-
sibility [1-12]. The requirement for low cost sensors
is of prime importance when measurements in harsh
conditions or in hostile environments are required. Dif-
ferent strategies and significant efforts were focused on
developing reliable pH sensors where tridodecylamine,
as well as other compounds, were used as the major
constituents of the sensing element in pH electrodes
[13-26]. Conductive polymers, like polyaniline, con-
taining alkyldibenzylamine were used in solid contact
pH electrodes [27]. Several reports on the application
of tin oxide thin films as pH sensing elements were also
reported in the literature [28, 29]. Yin et al. described
an enzyme field effect transistor sensor (ENFET) for
glucose [30] based on indirect pH sensing of tin oxide
films. Preparation of conductive oxide thin films is also
an important area of extensive research. Tin oxide thin
films, doped and undoped, were prepared by several
methods and precursors [31—36]. These methods are
usually troublesome and, in most cases, require well
controlled conditions and instrumentation.

In this work, we present a novel and simple method
for the preparation of transparent conductive tin oxide
films on a glass substrate. Diluted headspace tin tetra-
chloride vapors were focused on preheated glass sub-
strates. The formed solid-state conductive material is
used as a pH sensor. Experimental conditions and de-
tails of the sensor fabrication and the performance are
detailed.

Experimental Section

Undoped conductive tin oxide (SnO,) films were pre-
pared on cleaned soda-lime glass plates with the dimensions
100 mmx50 mmx2 mm. Glass plates were cleaned physi-
cally by wiping the solid surface with Ethanolamine wetted
cotton cloth. Moreover, the plates were chemically cleaned
by dipping in concentrated chromic acid for 15 minutes fol-
lowed by rinsing with distilled water. The glass substrates
were placed on a preheated custom-made hot plate. The hot
plate was fabricated out of black granite thick pieces with a
heating element rated at 1750 W, 220 volts. The plate’s tem-
perature was monitored with a Chromel Alumel thermocou-
ple and controlled electronically from 350 to 550 °C.

Fumes of concentrated tin chloride (99%, Riedel de Haén,
Seelze, Hannover), carried by 99.9% oxygen gas, were
forced to flow at a rate of 5 I/h through two rows of fine
pipettes (melting point capillary tubes). Each row consisted
of 50 tubes 10 cm long and 0.1 mm internal diameter.

0932-0776 / 04 / 0800-0877 $ 06.00 (©) 2004 Verlag der Zeitschrift fir Naturforschung, Tubingen - http://znaturforsch.com



878 T. M. El-Agez et al. - Development of A Novel Solid-State pH Sensor Based on Tin Oxide Thin Film
Glass nozzles 500
- Vi
—
Oxygen L A e 400
Flow Valve lass M
plate
meter 300
N
Tin chloride S Y4 VaV,AVaViVaVaN ,
container Heater £
i 100
Fig. 1. Experimental setup for preparation of the tin oxide 0
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The prepared tin oxide coated glass plates were cut into
small pieces (100 mmx3 mm) and the lower part (about -200
10 mm) was covered with a colloidal graphite suspension 0 50 100 150 200
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(Aquadag, Acheson, England). The formed graphite film was
annealed at 200 °C for 30 min. The resulting sensor was
washed with distilled water and stored in 0.4 M aqueous
KCI. The measurement of the pH of different solutions (ac-
etate, phosphate, and ammonia buffers as well as HCI and
NaOH solutions) was done by placing the sensor in the test
solution and connecting it to a saturated calomel electrode
(SCE). The potential developed was measured using a Hanna
pH/mV meter and the resulting potential was correlated to
pH using a calibration curve in the pH range from 0.3 to 11.

Results and Discussion
Preparation of tin oxide thin film

The preparation of the conductive film was executed
using a rather simple procedure and equipment. The
headspace vapor of fuming tin chloride was driven
throughout a set of glass capillary tubes made in two
rows using 99.9% oxygen gas. The outgoing gaseous
mixture was allowed to hit a preheated glass plate for
few minutes. Fig. 1 show a schematic of the experi-
mental setup that was used for the preparation of the
conductive glass plates. The resistance of the formed
tin oxide film was measured between the ends of the
coated surface using a Fluke 87 digital multimeter. A
substantial decrease in the resistance to few kilo ohms
was achieved in just few minutes. Details of this pro-
cess as well as the different parameters affecting the
outcome will be the focus of a separate study. However,
unlike the too many procedures described in the liter-
ature for the preparation of tin oxide transparent coat-
ings, our method seems to have obvious advantages in
terms of simplicity and cost.

The response time of the sensor

Regardless of the conductivity of the oxide film, the
response of the pH sensor was found to be very long

Fig. 2. Response time of the pH sensor at different pH values.
Upper curve at pH=0.3 and lower one for pH=11.0.
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Fig. 3. Effect of temperature on slope of the pH sensor at
15 °C (4), 60 °C (M), and 80 °C (a).
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(up to 30 min) and was dependent on the pH of the so-
lution. The steady sate response was difficult to achieve
in a reasonable time even after preconditioning the sen-
sor in an acid, a base or a fluoride solution of differ-
ent concentrations and exposure time. This drawback
was surprisingly overcome by depositing a thin layer
of colloidal graphite on the top of the conductive ox-
ide layer. Response time, in the range of few seconds
was achieved, which rendered the sensor highly prac-
tical. Fig. 2 shows some of the response time curves
obtained using the graphite-coated sensor.

Effect of temperature on the response characteristics

The sensor response was evaluated at different tem-
peratures as shown in Fig. 3. At lower tempera-
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Fig. 4. Correlation between the conventional glass pH elec-
trode and the solid-state pH sensor.

tures, like 15 °C, the slope of the sensor was about
35.9 mV/decade and the sensor would be used for
pH measurements in the range from 2-11. However,
when the test solutions were adjusted to 60 °C, the
slope significantly increased to 51.3 mV/ decade and
the usable pH range was extended to 0.3—11. When
the temperature was increased to 80 °C, the slope in-
creased to 58.3 mV/decade and the usable pH range
was also extended throughout the whole range tested.
When the slopes of the calibration graphs were com-
pared to the Nernstian response at the temperatures
used, it was observed that the slope of the sensor ap-
proaches Nernstian response at higher temperatures.

This would suggest a potential application of the sen-
sor for pH measurements of hot solutions for which the
conventional sensors are completely incompatible.

The square of the correlation coefficient for pH
measurements using the solid-state sensor, at differ-
ent temperatures, as compared to pH values obtained
by a conventional pH electrode (Hanna Instruments
HI 1131 pH combination electrode) was found to in-
crease as the temperature was increased where r2 val-
ues for measurements at 15 °C, 60 °C, and 80 °Cwere
0.996, 0.998, and 0.999, respectively. This also indi-
cates that better results could be obtained at higher
temperatures. Overall, it can be easily recognized that
excellent correlation between the results obtained by
the solid-sate pH sensor and the conventional glass pH
electrode could be achieved (Fig. 4).

To check the dependence of the sensor response on
the history of the sensor, the potential was measured
after equilibration of the solid-state sensor in 0.1 M
HCI followed by washing with distilled water and re-
measuring the potential in a 0.4 M aqueous KCI. The
same procedure was repeated for a 0.1 M NaOH so-
lution, followed by washing and measuring the poten-
tial in the KCI solution. The potential difference of the
solid state sensor after this cycle was always within
2 mV. This indicates that the sensor does not show
what is called a memory effect, which implies excel-
lent performance and potential applications.
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