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ABSTRACT

The detection of O, using optical techniques has now become very important and significant progress has been
made in this area over the past few years. The measurement of O concentration is a key parameter for diverse
applications such as in life sciences, environmental monitoring, industry and biological research, and
luminescence-based sensors are a valuable tool for measurements of this type. Often commercial sensors are
unable to respond within a short time frame and drift over time - this demonstrates the importance of developing
and validating a new technological approach. Given that need, a new sensor has been developed, with a
specially-formed tip design coated with a very thin Platinum(Il) 5,10,15,20-Tetrakis(2,3,4,5,6-pentafluoro-
phenyl)-porphyrin (PtTFPP)-containing a polystyrene layer. The performance and reproducibility of the sensor
design has been studied by comparing three identically fabricated sensor probes, showing that the new probe
design has extreme fast response times - of a maximum value, Atgomax~390ms for increasing and
Atgomax ~ 250 ms for decreasing O, concentrations. The sensors created had an accuracy of better than 4 0.03 %
Oy over the detection range investigated (between 0 % and 20 % O-) and showed a very stable performance over
many hours of use. Examining this in detail through extended continuous use, over 12h in a 0 % O solution, the
probe stability was confirmed, showing a very low drift of luminescence decay time of ~ 0.025 %/h (0.01 ps/h).
Furthermore, the temperature ‘cross-talk’ has been studied in the important region between 25 °C and 40 °C (so
that temperature corrections can be applied) and its mechanical stability, as well as allowing for compensation
for any effects seen, has been confirmed. Given the success of the design developed, this work offers both an
effective probe design and illustrates many important criteria for the selection of highly effective Og-sensitive
coating materials and thus their use as a measurement tool for different quality control (QC) applications in
industry.

1. Introduction

over sediment-water interfaces [7,8].
Conventionally, classical Clark electrodes [9] are well known and

The rapid and effective determination of the oxygen concentration
(0y) is very important in a large field of applications: in biomedical
research, environmental monitoring, life sciences and in industry glob-
ally [1]. For example, the measurement of Oy concentration in clinical
blood analysis[2]; for quality control in the food industry [3] or even for
seawater analysis [4,5] are of particular interest. McLeod et al. used Oy
sensors to analyze the effects of ocean warming and associated changes
in food supply for larval coral reef fish as part of a recent climate change
study [6]. To obtain the data relevant for eddy covariance correlation
technique, small, fast sensors are required to measure the O, changes

widely used for the measurement of O, concentration. However, these
sensors can be subject to interference from stray electromagnetic fields
and consume the analyte, which can be problematic for many applica-
tions [10]. As a result, fiber-optic O, sensors are in high demand for a
variety of commercial and industrial applications. Illustrative examples
of commercial products are available from PyroScience GmbH (www.
pyroscience.com), Ocean Insight Inc. (www.oceaninsight.com), World
Precision Instruments Inc. (www.wpiinc.com), PreSens Precision
Sensing GmbH (www.presens.de), Unisense (www.unisense.com), Ohio
Lumex (www.ohiolumex.com) — and many others could be mentioned.
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The most popular methods for detecting O5 concentration optically
are based on absorption/reflection or luminescence measurements (in-
tensity or decay time) using an indicator dye (often immobilized in a
polymer) [11] and attached stably to a sensor tip [12]. Important device
parameters, such as response time to the presence of O,, sensitivity, the
detection range and long-term stability of a sensing system, depend
primarily on three main components of the sensor system: (1) the
sensing element (including the choice of dye and supporting material),
(2) the optical platform tailored to the optical nature of the coating, and
(3) the measuring device itself (usually referred to as the instrumenta-
tion) [12,13]. Compared to a luminescence intensity measurement, the
measurement of luminescence decay time alone has the advantage that it
is relatively unaffected by photobleaching, stray light, or drift of elec-
tronic components, which may occur [14,15] with temperature or time,
for example.

One of the most popular (and easiest to use) methods to do attach the
sensitive material to the fiber tip are spin coating, dip coating or photo-
polymerization. Furthermore, the optical platform where the coating is
attached (in this example, the fiber tip) will have a major influence on
the response time, the sensitivity, the detection range, and the long-term
stability of the system [16]. Fiber tip optimization can be achieved by
reducing the tip size and/or the thickness of the indicator-based coating.
In addition, the type of optical fiber used is important, as its physical
properties significantly affect the sensor design, including the light
guidance in the selected optical fiber [17,18], and these factors strongly
influence the overall performance of the designed instrument.

As reported in the literature [1], a large number of synthetic indi-
cator dyes are available today, with emission and excitation maxima in
the UV to NIR range, and lifetimes of the excited-states ranging from
nanoseconds to milliseconds, as well as ranging up to seconds for dyes
emitting phosphorescence [10,11,13-16,19,20]. When selecting an in-
dicator dye, criteria such as absorption and emission spectra, luminescence
brightness, luminescence decay time, chemical stability, and photostability
are critically important must be considered carefully. When monitoring
05 in cells or in tissues, for example, the potential for interference from
auto-fluorescence generated by biological substances must be taken into
account. To minimize the effects of scattering and absorption of the
excitation light, as well as interference with emission light in such sit-
uations, it is preferable to choose indicators with absorption bands be-
tween 590 and 650 nm and emission in the range of 730-900 nm
[21,22]. In addition, when measuring very fast Oz changes, for example
in breath monitoring applications [23], sensors with very fast response
times are needed — which can be achieved by employing very thin
coatings and thus the need is for indicators possessing exceptional
brightness. For example, Pt(II) complexes, like PtTFPP [24,25] and
PtOEP [26,27], as well as Ru complexes (e.g. [Ru(bpy)g]2+ [28]and [Ru
(dpp)3]2+) [29-31] represent an excellent choice for such applications.

Finally, organic polymers usually are preferred and widely used as
host materials for O indicator dyes [10,14,16,19,20] because of their
relative stability and they are easy to source. In general, three main
parameters can be used to characterize the polymers that influence the
response of an optical sensor and thus of the design process in the work,
in terms of sensitivity to Oy: permeability (P), diffusion coefficient (D) and
solubility (S) [20]. Examples of commonly used materials are polystyrene
[25,32,33], poly(methylmethacrylate) [34-36] and cellulose derivatives
(e.g. ethyl cellulose [37]). In addition, numerous additives have been
developed and applied in different ways in the sensor design — these can
include: (1) plasticizers to tune the sensitivity; (2) optical isolations to
reduce the interference with straylight as well as (3) scattering particles to
improve the excitation and emission light distribution, as discussed
more extensively in the literature [16,38].

Currently-reported luminescence-based sensors typically have
response times to Oy changes (Atgg) over a very wide range, from 3.7 s to
100s [39-43]. Often and in many measurement applications shorter
response times are required. To achieve this, the fiber-optic Oy sensor
developed and reported in this work has been based on a new design,

which has allowed the creation of a specially formed tip to give a faster
response [7]. The tip design developed is based on the indicator PtTFPP
(Platinum(II) 5,10,15,20-Tetrakis(2,3,4,5,6-pentafluorophenyl)-porphy
rin) physically entrapped in a polymer (polystyrene), this being
selected to be suitable for the physiologically important O, range of 0 %
to 20 %. Furthermore, O, indicators based on Pt(II) and Pd(II) complexes
meso-tetra(pentafluorophenyl)porphyrin (TFPP) are highly photostable
and widely used - several have been evaluated as indicators for optical
O, sensors (reported in many publications e.g. [39,43-46]) as well as
have been shown to be ideal for commercial sensor designs [1]. With an
absorbance maximum at 508 nm, PtTFPP can be excited with green light
and shows a convenient emission spectrum in the red region (between
600 nm and 700 nm) with a large Stokes-Shift (100 — 170 nm) [39].
PtTFPP shows a relative long luminescence lifetime (~60ps) which
makes it ideal for a single luminescence lifetime sensing scheme, a
scheme which is preferable for ease of detection. This dye is soluble in all
organic solvents (e.g. toluene and chloroform) and it can be embedded
in many polymeric matrices (e.g. polystyrene which has been selected in
this work) [38].

Potential applications are in the biological and medical field where
comparable coatings have already been shown to be particularly
promising. For example, such a sensor based on PtTFPP immobilized in
polystyrene has been successfully used for continuous analysis of Oz
concentration in subcutaneous adipose tissue by microdialysis [33]. The
results have shown that the flow rate through the capillary sensor con-
struction and the sample solution itself have a negligible influence on
the sensor response. A comparable O»-sensitve coating has been suc-
cessfully used in an opto-chemical sensor systems for a continuous
monitoring of blood gases in vital organs [47]. Such a sensor design (not
affected by humidity), can be used to measure dissolved O, in seawater
[48].

Looking closely on cross-sensitivities appearing in such applications,
the effect of temperature changes is one of the largest sources of error in
such an optical O, sensor, since the luminescence emission (here the
measured decay time change) of Pt(II) complexes is responsive to O and
temperature (a ratio of the thermally activated delayed fluorescence
(TADF) to phosphorescence) [49-51]. Thus, the effects of temperature
on the sensor probes as well as mechanical stability were mainly
investigated in this work in order to analyze any temperature and me-
chanical cross-sensitivities that may occur in the measurement
scenarios.

2. Summary theoretical background of O, quenching and widely
used models

The photoluminescence, which underpins the operation of the sensor
probe, is a well-known process that describes the emission of photons
when a molecule is excited with light that is suitably absorbed and
produces emission at specific wavelengths [1,52]. In summary, the
photoluminescence can be influenced by numerous processes — changes
which are termed quenching — and represent a loss mechanism in the
sensor scheme to be avoided. For Os-sensitive indicator dyes the pres-
ence of molecular O reduces the luminescence intensity and the lifetime
due to dynamic collision quenching of Oy molecules in the excited
electronic state S; (see Fig. 1); and when returning back to ground state
(Sp) no emission of a photon occurs. The process does not alter the
molecules and is fully reversible [16,52].

The Stern-Volmer equation is a well-known approach to describe this
photophysical effect caused by collision quenching of Oj:

=7 = 1 + Ksv [0,] 1)

where 1 is the decay time and Iy the luminescence intensity in absence
of Os. 1 is the decay time and I the luminescence intensity in presence of
0. Kgy is the Stern Volmer constant and [O5] the concentration of O,.
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Fig. 1. Modified Jablonski Diagram illustrating the process of collision
quenching [52].

However, recognizing that the Stern-Volmer equation only describes
an ideal quenching system, many luminescent indicator dyes show non-
linear behaviors. Thus two other popular models, Lehrer and Demas, are
ideal to describe the effect of a quenchable and a non-quenchable site
[1]:

Iy To f 1
Lehrer: > = 22— — 1+ (1—-¢ 2
ehret 1 T <1 + Ksv[02] * )> @
I f 1-f) \'
Demas : — = To_ < T ( 5 ) ) 3
I T 1+st[02] 1+st[02}

where f and (1 — f) represent the relative contribution of each site to the
total luminescence emission, K§, and K3, are the Stern-Volmer con-
stants for the two sites while in the Lehrer model, the constant K2, of the
second site is assumed to be zero. A wider discussion of the theoretical
background to this work can be seen in the literature [1].

3. Material and methods to optimize sensor design
3.1. Preparation and fabrication of the fiber-optic Oz sensor probes

The chemicals used to prepare the O sensitive coating were PtTFPP
(Frontier Scientific, Inc), PS (average M,, 2.500, Merck KGaA), chloro-
form (Merck KGaA) as well as toluene (Merck KGaA) and these were of
analytical grade and thus, no further purification was needed. Further,
three (nominally) identical probes, designated Probe A1, Probe A2 and
Probe A3, have been fabricated to allow cross-comparison, as described
below.

A commercially available silica fiber 400/430 um (core/cladding)
was purchased from Polymicro Technologies and been used as the basis
of the sensor probes. However, to create the high speed sensor design
planned, the tip of each fiber was thermally treated to decrease the
diameter of the fiber tip (<50 pm). In comparison to a ‘standard’ cleaved
optical fiber end-face (a flat tip design), use of the taper-form increases
the power fraction of the evanescent wave in the cladding of the optical
fiber and thus the sensitivity to optical changes of the O,-sensitive layer
attached [53]. Following that, the tips thus prepared were chemically
treated with the goal to remove remaining parts of the cladding — in that
way to further increase the effective area (and thus the sensitivity of the
fiber tip) over which the coating could be applied, and as well to opti-
mize the light emission.

As a next step, the Oy-sensitve coating has been prepared by adding
140 L PtTFPP/toluene solution (0.029 mol/L) to a 100 pL polystyrene/
solution (9.62 mol/L), using a procedure comparable to that described
in the literature [25].

To form the required thin PtTFPP-containing PS layers on the fiber-
optic tips, a simple and fast dip-coating process was needed. Each pre-
pared fiber tip was first dipped into the O,-sensitive coating composition
and then quickly removed (see Fig. 2 A&B) achieving the thin and
reproducible coating required.

Fig. 2. Schematic illustration of the dip-coating process exemplified for a
tapered sensor tip. A: Fiber tip moved into coating mixture (red); B: Adhesion of
coating material (red) when fiber tip moved out of the solution.

The amount of the coating material that was left on the fiber tip
(effectively the coating thickness) was found mainly to depend on the
viscosity and tip withdrawal velocity (when removing the probe tip from
the solution [54]). However, first experiments were undertaken and the
viscosity of the coating mixture optimized, to allow repeatable coating
thicknesses to be produced, with this simple dip-coating approach (in
these experiments by hand), but capable of being scaled up to be auto-
mated, as has been done in previous coated fiber-optic sensors (for hu-
midity monitoring) [55,56]. Thus, a complex motorized and velocity-
controlled setup was not needed at this stage, having simplified and
speeded up the production process at this experimental stage. When
coated, each of the probes created was carefully dried at room temper-
ature and under constant humidity for 24 h, to remove any residual
solvent. After that process had been completed, the PtTFPP was physi-
cally entrapped in the PS matrix and the sensors were ready for a careful
and systematic evaluation of their performance. In addition, a further
characterization of the thickness of the coating left on the sensor tip was
obtained and analyzed using a laser scanning microscope (VK-X200,
KEYENCE GmbH): repeatable layer thicknesses of<0.76 um were
measured across the entire coating area.

3.2. Instrumentation used for the characterization of the Oz probes

The requirement here has been designed for an accurate measure-
ment of the fluorescence decay time, the parameter which encodes the
O, data - as stated the approach used was based on direct luminescence
decay time measurements of a single indicator dye. Furthermore, the
required instrument must be optimized for fiber-optic sensors coated
with O-sensitive layers as well as offering temperature compensation,
at this stage with a thermistor (but an all-fiber approach to include
temperature measurement could be used) [57]. Given that a commer-
cially available device that met the requirements of the measurement of
the fluorescence decay time needed was available (neoFox from Ocean
Insight Inc.), this was used to characterize the Oy probes developed here.
The neoFox device chosen uses the time-domain method as the key
analytical parameter to determine the decay time (and thus the Og
concentrations [1]). This method is well known and a widely applied
technique to measure the Oj-dependent luminescence decay time
changes.

In the practical configuration designed and employed, the instru-
ment was equipped with a fiber-bundle, BIFBORO-1000-2, to guide the
excitation light with a peak wavelength of Aex, &~ 460 nm (see Fig. 3) to
the tip of a fiber-optic sensor and then a portion of the luminescence
emission back to a detector, using the other branch of the bifurcated
fiber-bundle. This optical setup has the advantage of allowing the use
fiber-optic Oy probes with different diameters (e.g. from 100 um to
1 mm), and thus different sensor sizes, while achieving a highly efficient
light coupling. The excitation light source was modulated with a ‘square
wave’ approach and a modulation frequency of 4.85 kHz, chosen to suit
the decay time of the dye. Thus the determination of Oy was achieved by
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Fig. 3. Spectrum of the excitation light source of the neoFox instrument
generated with a blue LED and longer wavelengths blocked with a short-
pass filter.

measuring the characteristics of the decay time curve of the emission
light generated from the coating on the probe.

3.3. Experimental set-up and methods used

Fig. 4 illustrates the use of the test chamber, specially designed to
characterize the fiber-optic O3 sensors, in this evaluation under constant
environmental conditions. This consists of a temperature-controlled and
regulated chamber, in which the O, concentrations used (achieving
levels between 0 % and 100 % O) could be adjusted accurately with the
use of two high accuracy and fast thermal mass flow meters/controllers
(EL-FLOW Prestige, Bronkhorst LLC USA — with a maximum volume
flow of 500 ml/min). These enable regulation and measurement of the
gas volume flows of O, (purity > 99,999 %) and Ny (purity > 99,999 %).
In this system, the input ports of the flow meters/controllers were
connected to the gas bottles used and the output ports to a gas mixer
(using PTFE tubing to avoid contamination) — thus to generate well-
defined O, concentrations. An electronically controlled valve was used
to allow an automatically opening and closing of the O, gas mix flow
into the test chamber. This valve is important to ensure a fast gas ex-
change inside the test chamber, especially necessary for the rapid
response time analyses of the developed O, sensor probes which were
carried out. For that set of tests, the valve used was connected close to
the input port of the chamber, via a short piece of PTFE tubing. A second
electronic valve was used to open and close (automatically) the gas
outlet from the chamber. In combination with the first valve, this
function then allowed the entire gas flow to be closed to maintain a
constant O concentration in the test chamber — creating a stable envi-
ronment, ideal for long-term measurements under known conditions.
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Fig. 4. Illustration of the temperature regulated (20 °C to 80 °C) test chamber
to generate stable O, concentrations for a range of 0 % Oy — 100 % O,. It allows
the integration of O, sensors in a syringe housing and sensors without housing
using the O, sensor holder. The valves connected to the input and output ports
are not shown here.

The whole body of the test chamber was constructed of aluminum
components. In order to generate and regulate different temperatures
(20 °C to 80 °C) inside the chamber, three heating elements were placed
in the aluminum body (as well as a Pt100 used to monitor the temper-
ature changes in this case). Furthermore, the test chamber had been
designed to allow the integration of different types of fiber-optic Oz sensor
designs in the tests: these included O, sensors in a syringe housing and
fiber-optic O, sensors (evaluating up to five simultaneously) without a
housing, using an O, probe holder. In addition, an external temperature
sensor could readily be connected for temperature compensated Os
measurements using the neoFox device. Table 1 summarizes the speci-
fications of the test setup specifically developed for use in this work.

To undertake a calibration and thus determine the response curves of
the Oy sensor probes, a very commonly used method [43,58,59] is to
insert a sensor into a sealed chamber filled with gas of different Oq
concentrations (typically ratios of Oz and nitrogen gas). However, this
approach was not expected to be sufficiently precise, as calibrations are
required for very accurate measurements of O,. As a result, in this work
a multi-point calibration, carried out under carefully controlled labo-
ratory conditions (ensuring temperature was stabilized and well cali-
brated), was necessary. To undertake this, each probe that was
calibrated was placed in the temperature-regulated chamber and con-
nected to the neoFox device. Using software to control the two gas flow
regulators (for O, and Nj) as well as the temperature, very precise Oz
concentrations from 0 % O, to 20 %05, (changed in steps of 4 % O5),
were determined for the chamber. In addition, the temperature was
precisely controlled (at 25°C), to provide repeatable calibration data
not affected by temperature changes. With the gas mixture being passed
through the chamber, the luminescence intensity and decay time were
measured with the neoFox device, simultaneously. To obtain the data
which then were fitted to the Lehrer model (see Eq. (2)), average values
for the luminescence decay time were determined, over a duration of
50 s, for each O concentration considered. In this case, the Lehrer model
requires the estimation of 3 key parameters (1o, Kgy and f), to fit the
calibration data, representing the luminescence response versus the Og
concentration.

To undertake the calibration and determine the response time, each
sensor was placed in the temperature regulated chamber (Tonst. = 25 °C)
and connected to the neoFox device. To do so, first, pure nitrogen (0 %
0O,) was passed through the chamber for about 15 s following which the
gas mix was changed to 20 % Oa. After a further 50s, the gas mix was
changed rapidly to an O concentration of 0 % O, again. Using the data
collected, the rise and fall times representing the sensor response was
then determined at Atgy (90 % of saturation).

To analyze the long-term drift (from the ‘photo-bleaching rate’) of
the O, sensor probes, a solution containing 0 % Oy was prepared by
adding 1 g sodium sulfite (NazSO3) to 10 ml distilled water and stirred
for 5min in an ultrasonic cleaner until the Na;SO3 was completely
dissolved. This solution is ideal for long-term measurements and has a
very long stability and shelf life, of approximately 96 h. In addition,
measuring the signal drift at 0 % O, was seen as preferable, since the
PtTFPP material used has its maximum luminescence emission intensity
at this concentration and thus the highest overall potential bleaching
rate. The set up used was as shown in Fig. 5, where after the solution was
prepared, the bottle was closed with a silicone seal and the fiber-optic

Table 1
Specifications of the developed test setup used to characterize the O, sensors.

Parameter Value / Range

volume flow range 0 - 1000 ml/min

response time gas regulation (at 1000 ml/min) < 300 ms
0O, concentration range 0-100 %
average O accuracy < 0.01 % O,
temperature range 20°C-80°C
temperature accuracy < 0.03°C
response time temperature regulation (25 °C to 80 °C) < 4.5min
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Fig. 5. Illustration of the experimental setup to evaluate the long-term stability of the fiber-optic Oy sensors. The sensor was connected with the neoFox and
maintained for 12h in a closed bottle containing a 0 % O, solution. The optical fiber is protected in a retractable syringe housing.

sensor (in a syringe housing) inserted and then maintained for 12h in
the solution. To monitor the luminescence decay time and intensity as
well as the temperature of the solution over time, the fiber-optic sensor
and a thermistor were connected with the neoFox and the sensor tip of
the O, probe was continuously irradiated with light pulses, (at a fre-
quency of 4.85kHz).

To evaluate the mechanical stability of the sensor tip and coating
adhesion under strong vibrations, the tip of the fiber-optic sensors were
placed in an ultrasonic cleaning bath filled with pure H2O, in which the
sensor was left for 15 min and excited with green light from the neoFox
instrument. To examine whether any damage to the tip occurs (e.g. a
detachment of the coating), each sensor was individually calibrated
before and after the experiment was carried out.

Finally, the effect of temperature on the fiber-optic Oy sensors was
investigated (emphasizing the physiological important range between
25°C and 40°). To do so, each sensor was placed in the temperature
regulated chamber and connected to the neoFox device after which the
temperature was set to 25 °C and concentrations of 0 %, 4 %, 8 %, 12 %,
16 % and 20 % O3 were passed through the chamber for 30s in each
case. This procedure was systematically repeated when increasing the
temperatures, in steps of 5 °C, until the maximum value (of 40 °C) was
reached and for each temperature and Oy concentration, the lumines-
cence decay time (obtained from the sensor tip) was determined by
averaging the signals over a time interval of 10s.

4. Experimental results and discussion

The following sections concentrate on the results obtained from the
three similarly-fabricated fiber-optic O, probes (designated Probe Al,
Probe A2 and Probe A3) using the experimental setups described above.
These results are discussed and compared, emphasizing the effect of the
repeatability of the manufacturing process used.

4.1. Optical and spectral properties of Oz probes

Fig. 6 shows the typical sensor response: an O,-dependent emission
spectra of a specially tapered sensor tip when excited with light from a
470 nm LED and measured for O, concentrations between 0 % and 20 %
Oy, in steps of 4 % Oy, using a USB2000 spectrometer (Ocean Insight
Inc.). The PtTFPP-containing polystyrene coating shows a luminescence
emission between 600 nm and 750 nm (with a maximum at 650 nm) and
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Fig. 6. Op-dependent emission spectra of a specially tapered tip when excited
with light from a 470 nm LED and measured for O, concentrations between 0 %
and 20 % O, in steps of 4 % Os.

is comparable in shape to that shown in the literature [39]. The intensity
recorded changes with O concentration, most significantly between 0 %
and 4 % O, showing that the coating has the highest sensitivity for low
O, concentrations. In addition, the special tip design (enabling the use of
thinner coatings) still emits a bright luminescence emission that can
easily be recorded - a positive feature of the sensor performance,
allowing fast response times to be achieved without compromising the
signal-to-noise ratio (SNR).

4.2. Calibration and repeatability of O2 probes

To evaluate the repeatability of the probe with the specially tapered
tip design, Probe A1, Probe A2 and Probe A3 were investigated, having
been fabricated and coated based on the procedures described above and
to cross-compare them, each probe has been calibrated individually.

Fig. 7 illustrates the luminescence decay times measured over a
period of 550 s with the neoFox device, showing these for Probe A1 (red
curve), Probe A2 (blue curve) as well as Probe A3 (green curve) when
stepping over the Oy concentration range from 0 % to 20 % O». For each
probe very ‘clean’ steps are formed as the O, concentration changes as
the experiment progresses. The results obtained clearly show that the
fiber-optic sensors based on this new tip design show a closely similar
luminescence decay time response to O, changes, with a maximum
deviation of 0.59 us (determined at 0 % O3) and showing that the probes
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Fig. 7. Measured luminescence decay times of three fabricated O, probes with
specially tapered tip (red: Probe Al; blue: Probe A2; green: Probe A3) when
stepping over the range of 0 % to 20 % Oa. All results were obtained using the
neoFox device.

can be manufactured with a high level of repeatability in their
performance.

Furthermore, the extremely low sensor-to-sensor variation is also
reflected in the calibration results shown in Fig. 8. Here, each data point
has been determined in the steady state and by averaging the lumines-
cence decay times over a time interval of 50s (using 100 sampling
points). The dashed lines represent the fitted Lehrer model by applying
Eq. (2) and it can be clearly seen that this relationship describes the
experimental results with a very high level of precision (max.
R?=0.9999; min. R?=0.9998). In addition, Table 2 shows the esti-
mated parameters (1o, Ksy and f) derived from the Lehrer model used
and thus determined for the three fabricated Oy probes. With a
maximum dynamic range between 0 % and 4 % O, the sensors repre-
sents the highest sensitivity for low Oy concentrations, but still a very
good response for the overall measurement range shown has been ach-
ieved — all this makes this probe design very suitable for many appli-
cations, especially in the biological or medical field.

4.3. Performance and response time of O, probes

Figs. 9 to 11 give more details of the performance, showing the
changes in the measured Oy concentration for the three calibrated
probes, when stepping across the range of oxygen concentrations from
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Fig. 8. Calibration curves of three fabricated O, probes (red: Probe AI; blue:
Probe A2; green: Probe A3). The data points for each O, concentration have been
determined at steady state and over the range of 50s (100 sampling points).
The dashed curves represent the fitted Lehrer model applying Eq. (2).

Table 2
Estimated parameters (1o, Ksy and f) of the fitted Lehrer model and correlation
coefficient R? determined for the three fabricated O, probes.

Sensor To [ps] Ksv f K (=Ksy*f) R?
Probe Al 42.55 0.1313 0.8678 0.1139 0.9999
Probe A2 42.32 0.1319 0.8671 0.1144 0.9999
Probe A3 42.22 0.1273 0.8668 0.1103 0.9998
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Fig. 9. Measured O, changes of Probe A1 in gaseous O, after calibration when
stepping over the range 0 % to 20 % O, and at a constant temperature of 25 °C.
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Fig. 10. Measured O, changes of Probe A2 in gaseous O, after calibration when
stepping over the range 0 % to 20 % O and at a constant temperature of 25 °C.
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Fig. 11. Measured O, changes of Probe A3 in gaseous O after calibration when
stepping over the range 0 % to 20 % O, and at a constant temperature of 25 °C.



0 % to 20 % Os. All three sensors several of the key desired features — a
highly repeatable set of measurements for increasing and decreasing Oz
concentrations, a fast response, as well with an average signal variation
of ~ 0.1 % O3 due to the really very good signal-to-noise ratios seen.
Further, the evaluation undertaken shows an average sensor accuracy in
the detection of oxygen concentration of better than & 0.03 % O across
the overall detection range — calibrating by using the measured volume
flows of the thermal mass flow meters/controllers for Ny and O, as
reference (and not adding any error from this reference).

The rapid response time of the newly developed O, sensor design is
an important feature and this has been studied in some detail and over
the whole detection range from 0 % to 20 % O3, (and back to 0 % O2
again), using the three fabricated probes, as shown in Figs. 12to 14. This
innovative sensor design show very fast response times of
Atgomin ~ 230 ms and Atggmax = 390 ms for increasing O, concentrations,
and an even faster response time of Atgomin~190ms and
Atgomax ~ 250 ms for decreasing Oy concentrations — determined from
the sensor set prepared. The response time is influenced positively by the
narrow profile tip design, which allows very thin coatings, yet still the
detection of luminescence signals over a large effective area of the tip,
allowing a much faster diffusion of O,. Further tests carried out show
that the probes have a comparable, and rapid response to Oz changes for
the overall studied O, range. Such a very fast response time is an
important features and advantage of the probe design, giving a perfor-
mance that compares well to the data published on other optical sensor
designs with comparable PtTFPP- or PtOEP-containing coatings, as such
sensor designs typically show response times between 3.7 s and 100 s
[39-43], which are longer than for the probe reported.

4.4. Long-term stability of Oz probes

Fig. 15 shows the results of a series of longer-term measurements
made in a stable 0 % O solution, for an extended period of 12 h, sub-
jecting the probes to continuous irradiation with light pulses
(fpuise = 4.85kHz) at the same time, to investigate any drift of lumi-
nescence decay time (Fig. 15A) and intensity (Fig. 15B), generated by
photobleaching of the indicator. Each measurement was taken in an
almost temperature-stable environment (to ensure this, the temperature

was monitored and has been found to be very stable (ATyax ~ 0,46 °C)
over the entire measurement time (Fig. 15C)). It was pleasing to note
that the three fabricated sensors (data in Fig. 15 are shown as follows —
Probe Al: red, Probe A2: blue, Probe A3: green) were extremely stable
and have a maximum drift of luminescence decay time of Aty,x ~ 0.025
%/h (0.01 us/h). Highlighting Probe A3, the drift with Atyax a3~ 0.007
%/h was the lowest and showed the highest stability of all three sensors.
Furthermore, the results clearly show that a measurement of lumines-
cence decay time is significantly less affected by either photobleaching
or instability (drift) of the light sources, as well as the sensitivity of the
photodetectors — this time domain approach comparing favorably with a
scheme using a measurement of luminescence intensity (Alpax = 1 %/h).
However, even for this extreme situation of continuous irradiation with
light pulses and a sampling rate of 0.5 s, the sensors show an exceptional
long-term stability with the advantage to reduce the frequency of re-
calibration of the probe. For many applications where a measurement
error of ~ 0.5 % Oy (for Oy concentrations < 20 % O3) is allowed, a
sensor would then need a re-calibration after 144,000 data points or
20 h of a continuous measurement with a sampling rate of 0.5 s — which
is much longer than is needed for many biomedical applications. A
further important feature of the probe design is the higher sensitivity of
the sensor at very low Oy concentrations (<4 %0). Thus here a re-
calibration after a longer period of 890,000 data points (or a measure-
ment duration of 124 h) would be needed for measurements in this O,
region.

4.5. Mechanical stability of O, probes

Fig. 16 shows the average calibration values obtained from the three
probes before and after exposure to vibration. Here the sensors were left
for 15min in a commercial ultrasonic cleaner filled with H5O, to
investigate whether any mechanical damage to the tip during exposure
or a signal change due to detachment of the O,-sensitive coating occurs.
Excellent performance is seen in that the PtTFPP-containing PS coating
shows a strong adhesion to the fiber tip surface and no mechanical
damage could be observed when the tip was examined under a micro-
scope. Fig. 17 shows the images of Probe A1 before and after the sensor
was held in an ultrasonic cleaner. Comparing the calibration curves
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Fig. 12. Measured response time of Probe A1 due to a rapid change from 0 % to 20 % O- and back to 0 % O, again (A). (B) shows the rise time (increasing O,
concentrations) of the probe (Atgg ~ 230 ms) and (C) the fall time (decreasing O, concentrations) of the probe (Atgg~ 190 ms).



47
42 +—
37 -
32 -
27 -
22 -
17 A
12

etgo <390 ms

decay time [ps]

.7 149 151 153 155
time [sec.]

1
1
]
1
1
1
1
1
1
1
1
i
4

145 1

47 Aty <250 ms
2 {B I

decay time [ps]

1 2 T I\ T T

425 427 429 4311 433 435
time [sec.]
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Fig. 14. Measured response time of Probe A3 due to a rapid change from 0 % to 20 % O and back to 0 % O again. (A) shows the rise time (increasing Oz con-
centrations) of the probe (Atgg~ 270 ms) and (B) the fall time (decreasing O concentrations) of the (Atgy ~ 240 ms).

during these tests, no significant signal changes have been measured and
this indicates that no detachment of the coating occurred during the
experiment. Importantly, the results show that the sensor could be used
in harsh environments where it is mechanically stressed without the
need of a re-calibration. Furthermore, the probe is not influenced to any
other physical effects that occur during the ultrasonic irradiation (used
here to create the vibration).

4.6. Effect of temperature on Oz probes

Since the change in calibration due to any temperature drift is likely
to be the biggest source of error in optical luminescence-based sensors,
the effect of temperature has been studied over temperature range be-
tween 25 °C and 40 °C and in steps of 5 °C using the setup and procedure
described above. Fig. 18 exemplary shows the calibration curve ob-
tained of Probe A1 illustrating the temperature ‘cross-talk’. Repeating
the experiment, Probe A2 and Probe A3 showed a comparable behavior
to temperature changes.

The results show the expected effect on the luminescence lifetime, as
it shortens the luminescence lifetimes of PtTFPP for increasing tem-
perature values (and indeed this approach has been used very effectively
in stand-alone temperature sensors [60]). The calibration curves ob-
tained show an overall shift to lower decay times for increasing
temperatures.

Investigating the relationship between the luminescence decay time
and the temperature changes in more detail, Fig. 19 shows the
normalized luminescence decay times with temperature for the three
fabricated probes, over the Oy range used. The temperature-induced
signal drift shows a linear behavior over the O range shown (between
0 % and 20 % O,). Comparing the performance of all three probes, for O,
concentrations > 8 % O the sensor design shows an almost similar
relative signal drift of AtTmpingy~0.41 %/°C (Probe A1) and
ATmax,8% ~ 0.56 %/°C (Probe A3). For O3 concentrations of < 4 % Oo,
the relative drift of luminescence decay time is slightly lower and
measured to be ATnin o0~ 0.10 %/°C (Probe A1) and ATmax, 0%~ 0.21

%/°C (Probe A3) determined at 0 % Oo, as well as ATyin, 49 ~ 0.30 %/°C
(Probe A1) and ATmax 4%~ 0.41 %/°C (Probe A3) at 4 %0,. However,
this effect is due to the nonlinear response of the coating material to O,
changes, so that temperature changes at higher O, concentrations have a
greater effect on the measured luminescence decay time.

The results obtained show a high temperature stability of the sensor
probes themselves. Looking closely, while Probe A1 shows the lowest
‘cross-talk’ to temperature changes, Probe A3 illustrates the maximum
decrease in luminescence decay time for increasing temperature values,
over the Oy range analyzed. However, the results assume that small
variations seen during sensor fabrication, such as the amount of Oa-
sensitive material attached to the fiber tip or inhomogeneity in the layer
thickness also affect the sensor response to temperature. These changes
are not significant, but must be taken into account when larger number
of Oy probes are to be fabricated (for example in commercial exploita-
tion), to achieve the highest level of accuracy in the probe. It is easy to
include temperature compensation by incorporating a further temper-
ature sensing element in the probe (e.g. a small length of rare-earth
doped fiber whose decay time will also change with temperature, but
is unaffected by Oy concentration changes [61], or to include a Fiber
Bragg Grating or a Long Period Grating temperature sensor [62]).

5. Conclusions

The paper has focused on reporting the comprehensive results of a
design and performance optimization, including key fabrication issues,
of a new fast fiber optic based probe design. Several new designs of fiber
optic-based O, sensor probes have been developed and evaluated. In so
doing, three identical sensors (Probe A1 to A3) were fabricated and their
performance characteristics examined in light of the literature and key
performance criteria and the results cross-compared. The results of this
extensive study of key parameters are very promising and show that the
new probe design significantly improves the sensor performance when
compared to conventional sensor designs. The key feature of the probe
design is that the sensors show an extremely fast response time of
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Fig. 16. Average calibration values of the three probes in gaseous O before
(black) and after (red) the sensors were hold in an ultrasonic cleaner for 15 min.
The dashed curves represent the fitted Lehrer model applying Eq. (2).

Atgomax ~ 390 ms (increasing O2) and Atgomin =~ 190 ms (decreasing O5).
The performance achieved was found to depend on the unique charac-
teristics seen, resulting from the increased effective area of what was still
a very compact sensor tip, allowing an optimization of the light emission
from the probe and permitting the use of thinner coatings on the fiber tip
itself without compromising the signal-to-noise ratio. Given the sensor
performance reported, highly accurate measurements (to better
than + 0.03 % O in the range of 0 % O to 20 % O2) were shown to be
possible. Because of the design characteristic that used small optical
fibers and small fiber tip diameters, the sensors are well suited to the
measurement of very small gas volumes — making them potentially very

Fig. 17. Images of Probe A1 (A) before and (B) after the sensor was held in an
ultrasonic cleaner for 15 min, showing the red emission light of the PtTFPP-
containing polystyrene coating when excited with light from a UV LED.
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Fig. 18. Influence of temperature on the calibration curve of Probe Al for a
temperature range between 25 °C and 40 °C. Each data point has been deter-
mined by averaging the measured signals over a time frame of 10s at
steady state.

attractive in biomedical applications. A further positive feature of these
sensors is that they are usable with commercially available (decay time
monitoring) devices and thus in combination with the commercial signal
processing unit used, have been shown to be very stable in studies car-
ried out over a long period of time. For example, during measurements
for 12h in a stable 0 % O, solution and with continuous irradiation of
light (pulsed at f = 4.85kHz), a very low signal drift of the decay time
and a negligible influence of stray light (from the source) were observed.
However, even for this extreme situation the sensors show an excep-
tional long-term stability — thereby reducing the need for re-calibration.
Due to the very low sensor-to-sensor variation and the exceptional long-
term stability, a potential user only would need to re-calibrate the sen-
sors after a long period of time — ideal for commercial uses of such
Sensors.

Furthermore, the important temperature ‘cross-talk’ that can be a
problem in many such sensor designs was investigated in the physio-
logically relevant temperature range between 25 °C and 40 °C. The re-
sults obtained show a really good temperature stability of the sensor
design itself and, most importantly, a linear relationship between tem-
perature and decay time. When highly accurate measurements of O,
concentration between 25°C and 40°C are required, this allows a
relative simple temperature compensation by incorporating a further
fiber optic based temperature sensor in the probe, building on previous
work by some of the authors.

A very positive conclusion of this study is that it has been clearly
demonstrated that the new probe design has the potential to expand the
range of applications for fiber optic O, sensors by taking full advantage
of the fast response times of this design. A further benefit of this design is
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that sensors can be manufactured with a high level of repeatability using
a simple and fast dip-coating process and thus ‘scale-up’ to volume
production, at low cost, is feasible. The range of characterization ex-
periments carried out provide the basis of a quality control (QC) regime
for a manufacturer.
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