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ABSTRACT

Stratospheric ozone is normally measured using stationary equipments, such as a Dobson spectrometer and filter ozo-
nometer, which have the disadvantages of large size, high price and high cost for operation and maintenance. In this
work, a balloon-borne photostimulated ozone sensor based on indium oxide nanoparticles has been developed to meas-
ure stratospheric ozone. Using the remote compact energy-saving room-temperature ozone sensor, a vertical distribu-
tion of ozone concentration with a high resolution was obtained, and the ozone concentration at ~ 27 km over sea level
between Lake Constance, Germany and Lake Zurich, Switzerland was determined to be ~ 5.6 ppm.
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1. Introduction

It is of great importance to measure the stratospheric
ozone, located between ~ 15 and 50 km above sea level,
because the stratospheric ozone absorbs strongly ultra-
violet (UV) radiation, in particular protecting organism
from photodamage of the UV-B radiation (280 - 320 nm)
[1]. The ozone concentration in the stratosphere is nor-
mally monitored by two stationary methods: Dobson
spectrometer, measures the total thickness of the ozone
layer, and filter ozonometer, measures the ozone concen-
tration in dependence of the altitude [2]. The Dobson
spectrometer, located on the ground, detects a wave-
length-dependent absorption of light, which is caused by
a strong or weak absorption by ozone at different wave-
lengths. The filter ozonometer employs a pair of UV
filters or spectral bandpasses, and measures the different
absorption at two wavelengths close to the point at which
light is mostly absorbed by ozone [3]. These two instru-
ments are very large in size, heavy, and cost-intensive for
operation and maintenance. Furthermore, these two
methods can hardly be used for space-resolved monitor-
ing with a high vertical resolution in order to understand
the vertical distribution of ozone, which acts as an indi-
cator and driver of climate change [4]. For this purpose,
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balloon-borne ozone sensors are of great interest. How-
ever, the harsh environmental conditions in the upper
troposphere, such as a temperature lower than —40°C and
a pressure lower than 20 mbar, limit the usage of com-
mercial ozone sensors used normally on the ground. One
up-to-date way is to apply balloon-borne ozonesonde
based on an electrochemical concentration cell (ECC).
The ECC senses 0zone via a reaction with the electrolyte
(a dilute solution of potassium iodide) in the ECC, yield-
ing a current proportional to ozone concentration. How-
ever, the ECC ozonesonde produces a high background
current, which is not a constant as a function of time or
ozone concentration, reducing the sensor accuracy, and
leading to extremely low measured ozone concentrations
[4]. Furthermore, the ECC ozonesonde has disadvantages,
such as the requirement of frequent maintenance, risk of
electrolyte desiccation, and unknown long-term stability.
These shortcomings reduce the popularity of the ECC
ozonesonder. In contrast, other commercial ozone sen-
sors used on earth, such as ozone photometers and metal
oxide based ozone sensors, are not able to fulfil the re-
quirements for an instrument to monitor the stratospheric
ozone, such as small-size, portability, low energy-con-
sumption, and low calibration complexity [5]. The ozone
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photometer is large in size and cost-intensive. The semi-
conducting metal oxide based ozone sensors, which have
been already developed for decades, are very compact
and robust, possessing, however, an obvious disadvan-
tage, i.e. high energy consumption due to the high-tem-
perature operation. If this drawback can be overcome,
this type of ozone sensor can be very suitable for moni-
toring stratospheric ozone.

Recently, we have demonstrated an alternative concept,
which employed a sensor reactivation with the help of
UV illumination instead of heating [6]. This type of sen-
sor operated at room temperature is compact and energy-
saving, and is very sensitive to ozone with the help of
oxide nanoparticles. In this work, we demonstrate space-
resolved ozone monitoring using the new type of ba-
lloon-borne photostimulated ozone sensor based on in-
dium oxide nanoparticles.

2. Materials and Methods

An optical microscopy image of the photostimulated
ozone sensor is shown in Figure 1(a). The ozone sensor
consists of an integrated Pt heater, In,O3 nanoparicles on
the surface acting as the sensing layer, and a GalnN
quantum well (QW) based light emitting diode (LED) on
the back side for photon reactivation (Figure 1(a)). The
Pt heater evaporated on the surface of the sensing layers
is applied to hold the sensor operation temperature at ~
20°C in the troposphere, where the temperature can be
below -50°C at an altitude of above 10 km. This stabi-
lizes the operation and prevents condensation and freez-
ing of water vapor on the active sensor area. The In,O3
nanoparicles with a mean diameter of ~ 7 nm were de-
posited in a horizontal metal organic chemical vapor
deposition (MOCVD) reactor (AIXTRON 200) at 200°C
on sapphire (0001) substrate by supplying trimethylin-
dium and water vapor as the metal and oxygen precur-
sors, respectively. In the transmission electron micro-
graph, the lattice planes of the cubic crystal structure
such as (321), (420), and (411) can be identified within
the nanoparticles (Figure 1(b)). The GalnN QW based
LED having a wavelength of ~ 400 nm was deposited on
the back side the sapphire wafer in a further horizontal
MOCVD system (AIXTRON 200). An image of the
LED emitting violet light is shown in Figure 1(c). The
integration and the structural characterization of In,O3
nanoparticles and LED have been reported elsewhere
[6-8]. Figure 1(d) exhibits a typical 0zone measurement
in synthesized air with an ozone concentration of ~20
ppb. The photostimulated sensor chip operates in modu-
lation mode, i.e. the GalnN QW LED was regularly
switched on and off every 2 min, leading to a resistance
decrease and increase the In,O3 layer, respectively [9].
On the right Y-axis, the O3 response, which is defined as
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the ratio between the resistance after LED-OFF and the
one after LED-ON. This measuring principle was also
used for measurements of the stratospheric ozone.

A complete sensing system includes the sensor chip
and an electronic unit. In the sensing system, additional
miniaturized temperature and humidity sensors have also
been implemented in order to determine the ambient
conditions around the ozone sensor. The electronic unit
controls the LED operation, measures the resistance
change of the In,O; layer, and calculates correspondingly
the ozone response. The whole sensor system has a size
of 6 x 4 x 2 cm® and a low energy consumption, and a
low power consumption of less than 50 mW. The heating
element for maintaining the sensor temperature at ~ 20°C
requires a maximum energy of ~ 200 mW in the tropo-
sphere. Thus, the required energy for the complete sens-
ing system can be supplied just by several batteries dur-
ing the balloon flight, which usually lasts 3 - 4 hours.

The compact energy-saving sensor system was carried
with a balloon to measure the stratospheric ozone within
an European balloon project initiated by radio amateurs.
First, the photostimultaed ozone sensor was calibrated in
synthesized air in the laboratory on earth. Then, the sen-
sor was launched in the city of Friedrichshafen, Germany
on June 28"M 2010 by a helium-driven balloon, which
was equipped with GPS systems and live telemetry
transmission on amateur bands. The measured ozone
response was received from the control station and sev-
eral mobile monitoring stations on the ground.

3. Results

Figure 2(a) shows the ozone sensor response measured
by the photostimulated ozone sensor during the whole
flight. The ozone concentration was determined from
these data considering humidity and pressure. Initially,
the O3 response decreases, reaching a lowest point at an
altitude of ~ 12 km. This is caused by a reduction of both
humidity and ozone concentration in air. The corre-
sponding minimum concentration is estimated to be
lower than 20 ppb. This is consistent with the reported
concentration values, such as lower than 5 ppb in the
upper troposphere ([10]) or between 13 and 28 ppb at 5
km over sea level between Solomon Islands and Christ-
mas Island [4]. Then, the ozone sensor response in-
creased as the balloon ascended through the troposphere,
indicating that the ozone concentration increases with the
increasing altitude. As the balloon ascended to an alti-
tude of ~ 27 km at a GPS-location of (47.296302 N,
8.589812 W) over Lake Zurich, Switzerland, the ozone
response reached a peak of ~ 2.16 at an ambient tem-
perature of ~ 0°C, followed by a sharp decrease after
balloon burst. It is worth mentioning that the maximum
altitude arrived was ~ 28 km before balloon burst. How
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Figure 1. (a) An optical microscopy image of the photostimulated ozone sensor; (b) In,O3; nanoparticles deposited by
MOCVD acting as the ozone sensing material; and (c) LED based on GalnN QW illuminating violet light; (d) resistance
change by switching on and off the integrated LED for the 0zone measurement.
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Figure 2. (a) O3 sensor response and (b) calculated O3 concentration in dependence of the altitude.
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ever, because the photostimulated sensor detected ozone
every 4 min, there were no ozone concentration measur-
edsured for an altitude above ~ 27 km.

The high temperature of ~ 0°C at an altitude of ~ 27
km in the stratospheric layer is caused by absorption of
UV radiation from the sun. The maximum ozone re-
sponse of ~ 2.16 corresponds to ~ 130 ppb calibrated in
synthesized air on earth (0% humidity, 20°C and 1 bar).
Considering that the ambient conditions in the strato-
spheric layer (~ 0% humidity, ~ 0°C, and ~ 20 mbar at ~
27 km altitude) differ largely with those on earth, the
ozone concentration should accordingly be converted.
With respect to the definition of gas concentration in ppb,
the ozone concentration can be approximately recalcu-
lated with the help of the ideal gas law, which describes
the state of an amount of gas: pV =nRT , where p is the
pressure of the gas, V the volume, n the amount of gas, R
the gas constant, and T the absolute temperature. Thus,
the ozone concentration in the stratosphere can be recal-
culated by:

C-p, _C,-p,

s

S a

where C,, T, Ps and C,, T,, P, are the ozone concentra-
tion, temperature and pressure in stratosphere and on
earth, respectively. The results are shown in Figure 2(b).
The two parts corresponds to the calculated concentra-
tion values during ascending (left part) and descending
(right part) of the balloon. The concentration values are
in consistent with each other. In the decreasing direction,
there are less measuring points, because the balloon de-
scended faster. Since no reference data are available, the
measured results are compared with typical data pub-
lished in the literature. The experimental values lie with-
in the range determined by the dotted and dashed lines
(Figure 2(b)) as minimum and maximum values from
references [4,11], respectively. A good agreement was
observed over the whole altitude range with the data re-
ported by Krueger et al. for the 1976 U. S. Standard At-
mosphere, as shown by the dashed line in Figure 2(b)
[11]. The ozone concentration at ~ 27 km altitude is de-
termined to be ~ 5.6 ppm (5600 ppb), which is well con-
sistent with the reported values between 2 and 8 ppm in
the lower portion of the stratosphere [4,12].

4. Conclusions

In summary, we have demonstrated altitude-resolved ozone
detection based on the photostimulated ozone sensor
consisting of 1n,05; nanoparticles and GalnN QW based
LED. The remote compact energy-saving ozone sensor
was used to measure stratospheric ozone at ~ 27 km over
sea level between Lake Constance, Germany and Lake
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Zurich, Switzerland, which was determined to be ~ 5.6
ppm.
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