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ABSTRACT

In various fruit storage applications precise and continuous ethylene detection is needed. The aim of this work is the
development of a miniaturised mid-infrared filter spectrometer for ethylene detection at 10.6 um wavelength. For this
reason optical components and signal processing electronics were developed, tested and integrated in a compact
measurement system. The present article describes the optical components, the integration of the optical system,
electronics and results of gas measurements. Next to a Silicon-based macroporous IR-emitter, a miniaturised absorption
cell and a detector module for the simultaneous measurement at four channels for ethylene, two interfering gases and the
reference signal were integrated in the optical system. Optical filters were attached to fourfold thermopile-arrays by flip-
chip-technology. Silicon-based Fresnel multilenses were processed and attached to the cap of the detector housing.
Because of the high reflection losses at the silicon-air surface the Fresnel lenses were coated with Antireflection layers
made of Zinc sulphide. For the signal processing electronics a preamplification stage and a Lock-in-board has been
developed. First ethylene measurements with the optical system with miniaturised gas cell, Silicon-based IR-emitter, a
commercial thermopile detector and the self-developed system electronics showed a detection limit of smaller than
20ppm.
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1. INTRODUCTION

In today’s store-houses the ripening of fruits is controlled by the ethylene concentration in the ambient atmosphere. For
long-term storage an ultra low oxygen atmosphere is used and low levels of ethylene have to be early detected since
they are indicative of fruit ripening. Conversely, ethylene is actively added, when the ripeness of the fruit in storage is to
be promoted. In any case, precise and continuous ecthylene detection would be very advantageous in such an
application. However, up to now no suitable and compact ethylene-monitoring systems are available on the market.

For this reason a miniaturised filter spectrometer for ethylene monitoring in fruit applications has been developed. The
aim is a small and low cost optical system for the ethylene detection in the mid-infrared at the wavelength 10.6 pm. In
fruit storage applications other gases appear and can disturb the optical measurement of ethylene. Numerous
hydrocarbons in concentrations of ppb are negligible for the optical measurement, but ammonia, ethanol and
acetaldehyde can occur in concentration ranges of several ppm, and thus have to be considered for cross sensitivity of
the IR-measurement of ethylene. Whereas ethanol and acetaldehyde are the result of fruit stress, ammonia
contamination may be caused by leakage of the cooling system. Therefore the absorption not only at the spectral range
of 10.6um but also other wavelengths has to be determined, i.e. a multi-spectral measurement has to be performed. For



this application, a sensitivity of 20 ppm ethylene is needed. The principle set up of the measurement system is shown in
Figure 1. The modulated radiation of a thermal emitter is coupled into a long-path gas cell and is detected by a multi-
sensor array, preamplified and processed by Lock-in technique. To reach the required selectivity and sensitivity of
20ppm for ethylene next to an IR-emitter, a compact long path absorption cell, the detection module and system
electronics were developed and integrated in a compact system. In the subsequent sections the development of the
component prototypes, the system integration and gas measurements with a first system set up are presented.

Detector

Array

- I a1

Gas cell D D

optics filter Q IZL
MUX

Lock-In Wreampllﬁer
signal input
reference
output 49 DC a gas concentration

Figure 1: Schematic set up of the measurement system consisting of a microstructured IR-emitter, a miniaturised multi-reflection cell,
a thermopile-array with integrated optical filters and microstructured Fresnel lenses and signal processing electronics.

2. OPTICAL COMPONENTS

2.1. Micromachined IR-emitter

Since commercially available emitters have a moderate emission, compared with an ideal black body radiator a novel
type of micro machined thermal IR-emitter has been developed, see Figure 2. It is based on micro structured silicon
samples of Infineon Technologies. The main difference compared with common thermal micro emitters is the use of 3D
structured bulk silicon. The regular ordered macro pores of the emitter are obtained by electrochemical etching of
prepatterend silicon substrates [1, 2]. Typical pore diameters of the fabricated photonic-crystal-like structures are in the
range of 2.5 pum to 30 um. The macroporous silicon shows a black-body-like emission profile for a wide wavelength
range. The device is heated using a thin film Pt-heater structured onto the backside of the substrate.

Figure 2: SEM-picture of the IR-emitter structure based on regular ordered macropore arrays (left). Emitter mounted by Pt-micro-
welding in a TO8-housing (right).



2.2. Miniaturised White cell

Since there is a minimum required optical path length for the detection of ethylene in appearing concentrations in fruit
applications a long optical path has to be incorporated in a small measurement system. To reach this goal a miniaturised
White cell has been developed. The principle of the White cell is based on multiple reflections between three spherical
concave mirrors, which have all the same radius of curvature [3]. The optical set-up features a high light transmission
where radiation losses are caused only by absorption and scattering on the reflecting surfaces. The optical path, i.e. the
number of reflections is dependent on the adjustment of the mirrors, but limited by the diameter of the active area of the
source. The miniaturised White cell with front and rear field mirrors is shown in Figure 3. Here an optical path length of
1.6 m is implemented in a volume of 11 x 5 x 6 cm’. The body of the cell is machined in aluminium. The mirrors, gold-
coated convex glass lenses are glued into the White cell.

Figure 3: Miniaturised White cell with 1.6m optical path length.

2.3. Detector module

For multi-spectral measurements a thermopile-detector-array with integrated optical filters and microstructured Si-
Fresnel lenses has been developed. The general architecture of the detection module is shown in Figure 4 left. It consists
of a substrate chip with an array of 2x2 thermopile-elements based on Silicon-technology that is attached to the base of
the package. For selection of the wavelengths the appropriate optical filters are flip-chipped onto the thermopile
elements. Attached on the top of the package are Fresnel multilens, intended to divide the total IR radiation transmitted
by the absorption cell into four parts and focus each one of the parts into the corresponding absorber zone of the
thermopiles.

For this bulk micromachined fourfold thermopile-array has been fabricated. A detailed description of the processing of
the thermopiles can be found in [4,5]. The optical characterisation of the thermopiles was already shown in [6]. In
Figure 4 right the thermopile-array with attached optical filters is shown. The parameters of the optical filters were
estimated from the absorption spectra of the relevant gases, i.e. ethylene, ammonia, ethanol and acetaldehyde [7]. The
gases show interfering absorptions at 10.6 um, i.e. they can cause cross sensitivities during the IR-measurement of
ethylene. Filter wavelengths for ethylene at 10.6pm, ethanol at 3.46pm, ammonia at 9.7um and a reference channel at
3.95um have been chosen for the 4-element thermopile-array.
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Figure 4: Schematic view of the detection module consisting of an array of 2x2 bulk micro machined thermopiles with different
optical filters and Fresnel multilens in cap of the housing (left), wire bonded TOS5- thermopile with attached optical filters (right).

2.4. Silicon-based Fresnel multilenses

To increase the irradiance on the thermopile elements Silicon-based diffractive lenses, so called Fresnel lenses, are used
as focusing unit, see Figure 5 left. Here the Silicon bulk material is removed, and the surface is a set of grooves with
curved surfaces that correspond to the original surface. The advantages of diffractive lenses are less absorption and the
possibility to fabricate micro lenses with microelectronic technology. In the first steps single binary and 8-level lenses at
different sizes and focal length for 4pm and 10um wavelength, have been fabricated and optically characterised. Made
by planar silicon technology the Fresnel lenses are staircase approximations to the curved original Fresnel profile.
Optical calculations showed that an 8-level staircase profile was a sufficient approximation to get good transmission
values and individual lenses for each wavelength showed sharp focussing properties. A detailed description of
fabrication and characterisation of these lenses can be found in [8].

Figure 5: SEM-picture of a micromachined silicon Fresnel lens (left) and photo of a Fresnel multilens with four sublenses (right).

Subsequent Fresnel multilenses, as shown in Figure 5 right, were designed consisting of four (fragmented) sublenses in
a single chip, the topography of each sublens was adapted to the different target wavelengths for gas detection, i.e.
3.5um, 3.9um, 9.7um and 10.6pum. Some of the lens design parameters - namely ring diameter and groove depth -
depend not only on the distance of the object and the image planes (focal length, centre position etc.) but also on the
wavelength they are designed for. Here a different set of etch depths for each of the wavelengths requires more than 12
masks and 12 dedicated etching steps if an 8 level (3 binary mask combination) approach is to be used for each sublens.
To minimize the number of process steps the chosen approach has been the use of a combination with 4 binary masks
leading to up to a 16 level topography. The four corresponding silicon etches have been optimized for the longer



wavelength sublens, and as many as possible of those fixed levels have been used as the best approximation for the rest
of sublenses. This will secure at least 6 or 8 appropriated levels for the sublenses of the shorter wavelength featuring
transmissions efficiencies over 85%. A more detailed description of design and fabrication of the Fresnel multilenses are
given in [9].

For the optical characterisation of the Fresnel multilenses their focal length has been measured with the set-up shown in
Figure 6. An IR-emitter with an Imm pinhole in front has been mapped by the Fresnel lens on a liquid nitrogen cooled
IR-detector (MCT-detector) with 1x1mm? sensitive area. In front of the pinhole the corresponding optical filters for the
target wavelengths 3.46pum, 3.95um, 9.7um and 10.6um have been used. All quadrants of the multilens - corresponding
to the four wavelengths - have been measured by covering the other three lens quadrants with an aperture. In the set-up
the object distance D, between IR-emitter (with pinhole) and the Fresnel lens was fixed. After adjusting the Fresnel lens
in x- and y-direction and the image distance D, to maximum signal, the focal length f was calculated from the measured
object distance D; and the image distance D,. Figure 7 shows the results for focal length and transmitted signals of two
multilenses. Compared to the simulated focal length of 6.7mm smaller focal lengths have been measured. The difference
in focal length between the wavelengths is smaller than 0.2mm, i.e. the fabricated multilenses are suitable for the
proposed detector module.
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Figure 6: Schematic set-up for optical characterisation of Fresnel multilenses.
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Figure 7: Measurement of focal length for Fresnel multilenses at the four target wavelengths (triangle, rhomb) and calculated target
focal length (circle) on the right. Measured signal at focal length for uncoated Fresnel multilenses on the left.



2.5. Antireflection coating of Fresnel multilenses

The high index of refraction of silicon of n=3.42 at 10um wavelength implies a significant loss of radiation by
reflection. This can be estimated from the Fresnel formula of a silicon component (two interfaces) in air at 10um
wavelength at about 51%. For this reason antireflection-coating (AR-coating) have been used to reach a higher
transmission of the Fresnel lenses.

For the development of the AR-layer simulations with the software TFCalc 3.5 have been performed calculating single
layer AR-coatings based on a A/4-layer. The geometrical thickness of the layer can be calculated by formula (a) where
n, is the refractive index of the material in front of the A/4-layer, n, the refractive index of the material behind the A/4-
layer and n, 4 the refractive index of the quarter-wave-layer. For complete AR behaviour it is additional necessary, that
the interfering waves have nearly the same amplitudes. This can be achieved by ny 4 as calculated by the formula (b).

A 1
(a) d4/4 :Z' ORI =4/N N,

Al4
For the interface air/silicon as well as for silicon/air the optimal refractive index of the A/4-layer n, 4 is about 1.85. For
this reason zinc sulphide (ZnS) with the refractive index 2.2 closest to the optimal refractive index has been chosen. Due
to the high transmission of the used materials at the regarded wavelengths and the thin layers, the amount of absorption
was neglected for the calculations. The AR-coating has been simulated for interfaces silicon (n=3.42) / air (n=1). The
simulated transmissions are for a silicon sample with an AR-coating on the front side and on the backside. Thus, the
system has the form Air [AR]Si [AR]Air. For the deposition of just one AR-coating that is suitable for all the four target
wavelengths different AR-layers were simulated. In Figure 8 (right) the reflection losses of a silicon layer — uncoated,
with ZnS-AR-coating of thickness 1193nm on one side and on both sides are shown. With the AR-coating just on one
side of the Fresnel lenses a value of reflectance of about 32-35% can be reached, with the simulated ZnS-layer on both
sides the reflection loss is decreased from 49% to 10% for all target wavelengths.
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Figure 8: Simulated reflection loss of silicon in air (two surfaces, grey) with ZnS-AR-coating on one (dot) and on both sides (dash) of
the silicon (left), reflection measurement of Fresnel multilens at the wavelengths 10.6um after AR-coating (right).

After tests with Si-samples and single Fresnel lenses the multilenses described previously have been coated with ZnS-
AR-layers on both surfaces. The results for the focal lengths and transmitted signals of one Fresnel multilens for the
four target wavelengths are shown in Figure 9. There are small shifts between the focal lengths of uncoated and AR-
coated multilenses. The difference in the focal lengths for the four wavelengths is about 0.25mm. The transmitted
signals could be increased for all target wavelengths by the ZnS-AR-coating. The corresponding enhancement factors of
transmitted signals are given in Table 1.

Furthermore reflection measurements for the four quadrants of the multilens have been measured at a reflection angle of
30°. The measured and simulated reflectivity of the AR-coated surfaces for 10.6pum wavelength is plotted in Figure 8
right. Despite the influence of the backside of the lens the measured minima of the reflectivity fit well to the simulated



minima for 30° reflection angle. Therefore it can be assumed that the minima in reflectivity at reflection angle 0° fit well
to the simulation at 0° and with this to the target wavelengths (vertical bars).
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Figure 9: Measurement of focal length for a Fresnel multilens at the four target wavelengths before and after AR-coating (left),
measurement signal at focal length for a Fresnel multilens at the four target wavelengths before and after AR-coating (right).

Table 1: Enhancement factors of transmitted signal after ZnS-AR-coating of the Fresnel multilens

Target wavelength|Signal  |Signal AR- |Improvement
/um uncoated |coated / mV/|Factor
I mV
3,46 4,84 6,56 1,36
3,9 3,23 6,42 1,99
97 2,71 4,60 1,70
10,6 2,07 3,75 1,82

3. SYSTEM INTEGRATION

The set-up of the optical system with miniaturised absorption cell, IR-emitter, optical chopper, coupling optics and
detector module is shown in Figure 10. The IR-emitter is mounted in a TO8-housing. For mechanical modulation of the
radiation a motor driving a chopper blade and a light barrier is used. Different set-ups of coupling optics for the White
cell have been tested. Next to spherical mirrors a lens made of zinc selenide (ZnSe), parabolic mirrors and an ellipsoid
mirror were compared. The ZnSe-lens showed the best results with regards to coupling efficiency and compactness and
has been used in the final set-up. To avoid radiation losses at an additional window the ZnSe-lens is mounted in a tube
and closes the White cell at the input focus. The distance between the output focus of the White cell and the detection
module depends on the tolerances of focal length of Fresnel multilens and will be adjusted during the final system tests.
To protect the detection module from humidity a thin CaF,-window is sealing the White cell radiation output.
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Figure 10: Optical system with miniaturised White cell, IR-source, optical chopper, ZnSe-lens and detector module.

4. SYSTEM ELECTRONICS

The fourfold thermopile array provides three information channels and one reference channel. To acquire the
information from the three channels, a multiplexer is used. Next to a preamplification stage a synchronous detection
(Lock-In-amplifier) is used in order to increase the signal to noise ratio. The emitter is mechanically modulated at a
certain frequency. The modulation signal of the infrared source is also used as reference signal for the Lock-In-
amplifier. The lock-in amplifier has been designed and digitally implemented on a MSP430F4270 microcontroller (from
Texas Instruments) and D4270 SoftBaugh PCB.

5. MEASUREMENTS

The optical set-up and the pre-amplification board have been tested in different gas measurements with and without the
pre-amplification board. In the set-up the 1.6m White cell with the micromachined IR-emitter, a mechanical chopper at
8Hz, a commercial thermopile from Heimann Sensor and a commercial Lock-in has been used. Figure 11 shows the
chopped signal without preamplification. For the tests, the White cell has been exposed to different concentrations of



ethylene at Oppm, 25ppm, 50ppm, 25ppm and Oppm with duration of 30min for each step. The detection unit of the
optical set-up with and without preamplification board is below 20ppm for a measurement time of 2s.
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Figure 11: Detector signal during measurement of different ethylene concentrations.

6. CONCLUSION AND OUTLOOK

A miniaturised filter photometer for ethylene with an optical path of 1.6m has been developed. The IR-emitter, an
optical chopper, a miniaturised cell and a detector module for the simultaneous measurement at four wavelengths have
been integrated in the optical system. For the assembly of the detection unit optical filters were attached to fourfold
thermopile-arrays by flip-chip-technology. As a focusing unit Silicon-based Fresnel multilenses were processed. The
fabricated Fresnel multilenses showed homogeneous focal lengths for the four target wavelengths. By coating the
Fresnel multilenses with antireflection layers made of zinc sulphide the transmission of the lenses was increased up to
factors of 1.4 to 2. For the signal processing electronics a preamplification stage and a Lock-in-board has been
developed. First ethylene measurements with the optical system with miniaturised gas cell, Silicon-based IR-emitter, a
commercial thermopile detector and the system electronics showed a detection limit of smaller than 20ppm.
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