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ABSTRACT

Carbon dioxide (CO2) gas sensing is an important aspect in the biomedical field of

capnography, where cheap, fast and accurate measurement of exhaled CO2 vs. time is crucial

in the evaluation of lung and tracheal function during surgical anaesthesia and is an under-used
bio-marker for underlying respiratory conditions. Current detection methods do not adequately

meet these requirements and suffer from considerable cross-talk associated with the commonly

used anaesthetic gas nitrous oxide (N20). In this work, we report how cross-talk can be reduced

in a commercially available, low power (35 mW) non-dispersive infrared (NDIR) CO2 gas

sensor using thin film multilayer optical filters. Current sensor spectral response, spans 2500
nm-5000 nm via use of a pentanary alloy LED/photodiode optopair grown by molecular beam

epitaxy (MBE), resulting in sensor sensitivity to gases with absorption bands in this region,
including N20O. To reduce the effective spectral response of the sensor, capturing only CO2, a

multilayer thin film optical interference bandpass filter has been designed and deposited directly
onto the diode epi-structures using microwave plasma assisted DC magnetron sputtering. Three

different coating configurations have been explored; LED-only coated, photodiode only coated
and both coated. Gas sensor response to N2O for each coating configuration has been explored.
It was found that application of an optical bandpass filter onto both the sensor LED and
photodiode only was the most effective method of reducing sensor response to N2O, however

no signal was observed in one of the two “LED and PD coated”, therefore optimal coating

configuration for cross-talk reduction is subject to further investigation.

Keywords: CO3 sensor, thin films, NDIR, mid-IR, microwave-assisted DC magnetron
sputtering, multilayer optical interference filter, mid infrared light emitting diodes, mid
infrared photodiodes, capnography, surgical anaesthesia, nitrous oxide, cross-talk, breath
analysis



1. Introduction

In response to the increasing market need for a low cost, accurate, lightweight and portable CO2
gas sensing modality measuring exhaled CO7 as a function of time [1], a mid-IR photonics

based CO2 gas sensor has previously been described [2]. CO2 gas sensing technology has been

developed by Gas Sensing Solutions (GSS) Itd and has been employed in indoor air quality
monitoring (IAQ), energy conservation in buildings, transport systems, industrial safety,

medical capnography and horticulture [3]. Calls by the national institute for health and clinical

excellence (NICE) have been made to increase exhaled CO2 monitoring wherever possible [4—

8] as respiratory rate and shape of a patients exhaled CO2 versus time waveform can be key
indicators of patient status to healthcare professionals and can allow for early stage medical
intervention and reduction of future healthcare costs. Infrared breath CO2 monitoring is
currently being introduced for clinical use and has proved to be consistent with time tested gas

sensing modalities such as mass spectrometry [9—11]. An IR CO2 sensor as described by Gibson
et al [3] may be a suitable candidate for exhaled CO2 monitoring during surgical anaesthesia

[12], due to its many advantages over current CO2 monitoring techniques such as mass

spectrometry. These advantages include rapid breath-by-breath analysis as a result of the 20 Hz
measurement speed, in addition longevity (>15 years) and 35 mW operating power. The rapid

20 Hz measurement speed enabled by rapid modulation of the sensor LED, has allowed for new
diagnostic applications in the medical and veterinary arena. A crucial limitation of the CO2 gas

sensing technique described in this work with respect to use in surgical anaesthesia is the
spectral sensitivity. The spectral sensitivity ranges from 2500 nm to 5000 nm without optical
filtering, which is narrower as compared with standard high power thermal source NDIR gas

sensors, however still broad enough to capture the



absorption bands of a few gases which exhibit molecular vibrational absorptions in this region,

including water (H20) methane (CH4) and nitrous oxide (N20).

As a result, the gas sensor is sensitive to N2O and in its current configuration is unsuitable for

accurate CO2 monitoring for surgery patients undergoing general anesthesia. Figure 1 (a) shows

a schematic of the gas sensor in its current configuration. Utilizing an LED—photodiode optopair
is advantageous as compared with standard thermal source NDIR gas sensing methods due to

the low power consumption (35 mW [13] for GSS Ltd CO2 sensor technology as compared

with typically 100 — 560 mW for thermal source/pyroelectric or thermopile detectors [3,14,15]).
The gas sensor has 3 main components; 2 epitaxially grown hetereostructure diodes mounted
side by side, less than 1 mm apart integrated onto a small 1

mm X 2 mm bridgeboard. The bridgeboard is mounted, diode side up, facing an injection
molded gold coated plastic optical dome. The diodes, in forward and reverse bias respectively,
behave as one light-emitting diode (LED) and one photodiode and are based on a

pentanary alloy AlGalnAsSb narrow bandgap III-V material combination grown by molecular
beam epitaxy (MBE) [1,16,17]. Mid-IR radiation is emitted from the LED is reflected off the
gold coated optical dome and then incident on the photodiode resulting in a photodiode

photocurrent response. The photodiode photocurrent response is maximal when no absorbing

gas is present inside the dome. When a mid-IR absorbing gas is present, such as CO2, radiation

emitted from the LED is absorbed in proportion to the concentration of gas in the dome resulting

in a reduction in signal proportional to the gas concentration.

Spectral emission and detection ranges of the LED and photodiode respectively can be tuned

by altering alloy composition, and have been tuned to emit and detect over the 4260 nm region

at which the CO2 molecule exhibits its O=C=0 asymmetric stretch absorption band.

Neighbouring the 4260 nm CO2 absorption band is a fundamental N2O absorption band



centred around 4500 nm [18] which lies within the sensor’s 2500 nm to 5000 nm spectral

detection range and is responsible for unwanted crosstalk in the sensor when N2O is present
inside the gas sensor. The sensor spectral response, CO2 and N2O absorption bands are shown

in figure 2. It can be seen that the spectral response overlaps both the CO2 and N2O absorption
bands. By optically filtering the emission from the LED, in order to reduce the bandwidth of
the light incident on the photodiode, the senor will become less sensitive to N2O as no N2O

absorbing wavelengths are present to induce a photocurrent in the photodiode. By incorporating
such optical filtering into the gas sensor architecture, sensor sensitivity to CO2 can be made to

be dominant with respect to other gases present during surgical anaesthesia where cross-talk
inducing anaesthetic N2O gas may be present as a result of patient exhalation of N2O that has

been delivered to induce general anaesthesia. The aim of this work is to realise an optical filter
to be incorporated directly into the gas sensor architecture using a technique that can easily be
incorporated aligns with high throughput gas sensor production. In the next section, a pulsed-
DC sputtering system assisted with microwave plasma (3 kW power) used in this work to grow
thin film optical interference filters at room temperature directly onto the diode heterostructures

1s described.



2. Materials and methods

2.1 Single and multilayer thin film preparation method

Thin film optical coatings were grown using microwave plasma assisted DC magnetron
sputtering. The system used to deposit optical interference filters in this work has previously
been described by Song and Li et al and the successful deposition of various commonly
encountered optical materials for both visible are IR wavelengths has been demonstrated [19—
22]. The system utilizes a drum based system where substrates to be deposited on are mounted
onto a rotating drum. The substrates sweep past two targets situated at opposite ends of the
chamber and past a 3 kW microwave source located at the top of the chamber used in order to
split molecular oxygen into atomic oxygen, resulting in improved oxidation of oxide films and
lower optical absorption. Power is supplied to each target using two advanced energy pulsed

DC MDX-20 kW magnetron drive power supplies. Gas flow is controlled using an MKS
multigas controller. The system exhibits a base pressure of approximately ~5x"7 Torr. For this
work, germanium (Ge) and niobium (Nb) targets were sputtered from in order to deposit layers
of thin film Ge and Nb20Os5. The system is fitted with a Meissner trap, cooled using a Telemark

cryogenics 3600 polycold cryo-cooler unit used to freeze and trap residual water vapour in the
vacuum chamber, which is difficult to eliminate using turbomolecular pumping alone. Heated
water is passed through the chamber walls resulting in further evaporation of attached water

vapour and organic contamination increasing the likelihood of trapping on the cryo-cooled
coils. Using this system, single layer thin film materials (Ge and Nb2Os) were deposited onto

<111> p-type silicon (Si) wafer substrates for optical characterisation and also onto zinc
selenide (ZnSe) for destructive testing. Then, multilayer thin film optical coatings were

deposited onto gas sensor bridgeboards hosting the sensor’s LED and photodiode.



2.2 Thin film design and optical characterisation

Multilayer bandpass filters were designed and optimised using the Essential Macleod thin film
design software. Three different coating configurations were explored; LED-only coated
(photodiode masked), photodiode-only coated (LED masked) and both coated (no masking).
The electroluminescence (EL) of the LEDs, and the photocurrent response of the photodiodes,
prior to and after coating were measured using a Bruker VERTEX 70/70v Fourier Transform
Infrared (FTIR) spectrometer. For each coating run, <111> silicon (Si) wafer substrates were
loaded into the chamber as witness samples and measured after coating using a Nicolet iS-50

Fourier Transform Infrared (FTIR) spectrometer.

2.3  SEM & EDX analysis

Cross-sectional images of the deposited single and multilayer thin films were obtained using
scanning electron microscopy (SEM). Analysis was performed on a Hitatchi S-4100 scanning
electron microscope at an acceleration voltage of 10 kV. Single layer film composition was
confirmed by energy dispersive X-ray (EDX) analysis on an Oxford Instruments X-Max 80

detector at an acceleration voltage of 30 kV.

24  Coated gas sensor testing

Coated sensor bridgeboards were then built into SprintIR 20 Hz CO2 Sensors by Gas Sensing

Solutions Ltd. In order to test the coated sensor response to N2O, gas mixtures of N2/N2O were
fed into a sealed aluminium chamber containing the sensor to be tested, using an MKS

Instruments 647B controller which was used to control two MKS MFCs, one for N2 and one

for N20O. Sensor response to N2O was recorded using Gas Sensing Solutions’ firmware. A

schematic of the gas sensor testbed is shown in figure 4.



3. Results and discussion
3.1 Single layer deposition and optical characterisation

In order to model a multilayer optical interference bandpass filter, the optical constants of the

constituent individual layers were extracted. Using the deposition conditions displayed in Table
1, single layers of Ge and Nb2Os were each sputter deposited onto <111> silicon (Si) wafer

substrates. The mid-IR optical transmittance spectrum for each of these samples was measured

over a wavelength range of 2500 nm to 25000 nm using FTIR. The transmittance spectra are
shown in figure 4 for Ge on Si and Nb205 on Si. The bare Si wafer substrate transmittance is

also plotted. Figure 6 shows the optical constants used in the multilayer design for these
materials. The optical constants shown figure 6 were used to model a multilayer thin film optical
interference bandpass filter, with a passband centred at 4260 nm. Cross-sectional imaging of
these samples was obtained using SEM and are shown in Figure 7 for a 15,000 times

magnification. In addition to the refractive index values obtained for these samples, which

serves an indicator that these coatings are indeed pure (high quality) Ge and Nb2Os, EDX

analysis was performed on the samples to further confirm the successful deposition of these
materials in thin film form. EDX for both samples is shown in Figure 8. For the Ge sample,
peaks were observed for Ge, zinc (Zn) and selenium (Se) — confirming the presence of Ge. The

Zn and Se peaks are highly likely to be attributable to the ZnSe substrate on which the coating
was deposited. For the Nb20O5 sample, the presence of niobium (Nb) and oxygen (O) was

confirmed. Peaks were also observed for argon (Ar), tantalum (Ta), Zn and Se. The presence of
small amounts of argon is suspected to be due to argon ion implantation in the film as a result
of Ar being used as the process sputtering gas. Again, Zn and Se signals are suspected to be
from the substrate. Incorporation of a small amount of Ta is likely to be due to accidental
sputtering of Ta present on the target masking as this system has previously been used to deposit

Ta containing thin films. Given the small height of the peak, the



concentration of Ta in the film appears to be minimal, and appears to have little effect on the

refractive index which, in any case, is the important optical parameter and was found to be close
to bulk Nb2Os. A Ge/Nb20s5 material combination was chosen as these coating materials
exhibit a high degree of optical transparency in the mid-IR region of interest. One advantage of
choosing Ge/Nb2Os is that bandpass filters fabricated from this material combination exhibit a

comparatively low spectral shift for angles of incidence away from normal, which is important
for this application, as the LED used in this sensor has a planar geometry with a lambertian

emission pattern which has sizeable emission intensity out to higher angles (maintaining around

50% of normal intensity at an angle of 60°). This means that the light emitted/detected at higher

angles will still be passed by the passband of filter, allowing for improved SNR.

3.2 Multilayer optical interference filter design

A 3-cavity Fabry-Perot starting design was chosen and then optimised in order to broaden the

bandwidth and maximise the optical transmittance to capture the entire CO2 absorption band.

This yielded a 22-layer multilayer filter design with a transmittance spectrum shown in Figure
9 with a centre wavelength (CWL) of 4260 nm and a peak transmittance of 60%. This model is
for a coating on substrate where back-face reflection losses are present. As the coatings are
applied directly onto the LED or photodiode structures directly, no back-face reflection losses
occur, therefore an increase of around 30% can be expected boosting the optical transmittance
to around 90%. Reflection of light occurs at interfaces where a refractive index contrast is
present on either side. Back-face reflection losses occur for a film-on-substrate assembly with
air as the exit medium; a sizable reflection of light occurs at the substrate-air interface as a result
of the high refractive index contrast between the substrate and exit medium. This reflection

reduces the total amount of light transmitted through the sample.

10



By applying the coating directly onto the photodiode, the light passing the film-substrate
interface is absorbed by the active region of the photodiode (which behaves as the substrate)
instead of being reflected by an extra substrate-exit medium interface which would be present
for a film-on-substrate in air assembly. Therefore, applying the coating directly onto the
photodiode reduces the number of interfaces the light must cross and therefore the number of
reflections (in which transmitted light is lost) before the light is incident on the active region of
the photodiode. Therefore, applying the coating directly onto the photodiode increases the
intensity of transmitted IR light as compared with having a separate film-on-substrate filter
fixed separately somewhere in between the LED and photodiode. The reverse case is also true;
one less interface reflection is present for the coating on the LED as compared with having a

separate film on substrate assembly in front of the LED.

In addition to bandpass filters for the reduction of cross-talk in a CO2 gas sensor, work has also
been carried out for producing bandpass filters in the interest of methane gas detection for
sensors utilizing the same technology as the aforementioned CO2 gas sensor with the only
difference being that the LED EL and photodiode photocurrent responses were tuned for peak
spectral response at 3300 nm corresponding to a principle absorption band of CH4, which is
also plotted in Figure 9. These optical coatings were applied to sensor LEDs and photodiodes

for CO2 gas and CHy sensors respectively. The CO2 LEDs and photodiodes were coated with

sample H17C17124 and the CH4 LEDs and photodiodes were coated with sample

H17C131805. Cross-sectional SEM images were obtained for each multilayer optical filter

structure and are shown in Figure 7.

11



3.3 LED EL and photodiode photocurrent response before and after coating

Figures 10 shows CO2 sensor LED EL and photodiode photocurrent response before and after
application of the multilayer optical coating, sample H17C17124. It can be seen, from Figures
7 and 8 that the bandwidth of the LED EL and the photodiode photocurrent response has been

reduced in accordance with the shape of the optical interference filter spectral characteristic of

sample H17C17124. The absorption feature observed at 4260 nm is an artefact of atmospheric
CO2 in the FTIR measurement system. For both the LED and the photodiode, the magnitude of
the response at 4500 nm has successfully been reduced in order to minimise sensor sensitivity

to N2O. Figure 11 shows the coated and uncoated LED and photodiodes for the CH4 sensor

respectively. A similar case is seen for the CH4 LEDs and photodiodes where the LED EL and

photodiode photocurrent response bandwidth has been reduced in accordance with the spectral

characteristic of the deposited H17C131805 optical interference spectrum.

3.4 Coated gas sensor response to nitrous oxide
The three different coating configurations were applied to two bridgeboards each and built into

gas sensors yielding 6 sensors to be tested. The coated CO2 gas sensors were tested in the gas

sensor testbed for a 0% -100% N20 gas concentration range and also for a 0% -20% CO2 gas

concentration range. For each gas sensor 300 measurements were taken at each CO2 and N20O
gas concentration and the root-mean-square (RMS) signal was calculated. The standard
deviation (RMS noise) was also calculated from this data. The RMS signal for N20 and RMS
noise data for CO2 are shown in figures 13 and 14 respectively. Sensor 1 is not shown as no
signal was measured from this sensor. The N20 signal response is lowest for sensor 2 followed
by sensors 6, 5, 3, 4 and lastly the uncoated. It is believed that sensor 2 has the lowest response
because this sensor had both the LED and photodiode coated, resulting in twice the amount of
blocking at the N20 associated wavelength as compared with the singly coated sensors. Sensor

2, however, exhibits much greater noise than the others on account of a

12



low IR intensity on the photodiode and therefore a lower SNR. The photodiode-only coated
sensors (5 and 6) are less sensitive to N20 as compared with the LED-only coated (3 and 4).
This can be accounted for by the fact that the coated LED EL has a slightly broader bandwidth
than the coated photodiode photocurrent response, resulting in a higher intensity at the small
3900 nm N20O associated wavelength (as can be seen from figure 2). The exact reason for this
broader bandwidth is unclear, however the author suggests the following reason; the coated
photodiode is more true to the normal incidence shape of the optical filter transmittance spectral
characteristic because the light is focussed closer to normal incidence. Emission from the LED
is highly angular - the LED has a lambertian emission pattern so the the coated LED spectral
characteristic will include a greater contribution from the optical filter spectral characteristic at
higher angles (a slight blue-shift), which accounts for the slower fall off on the left hand side
(cut-on) portion of the LED EL curve. This accounts for the slightly "fatter" LED EL curve as
compared with the coated photodiode photocurrent response curve. The higher intensity on the
left hand fall off results in a higher intensity at the small 3900 nm N2O associated band,
resulting in an increased sensitivity to N20O. The broader LED EL also accounts for the lower
noise for LED-only coated sensors (3 and 4) as compared with sensors 5 and 6 (photodiode-
only coated) as a greater intensity of IR light is incident on the photodiode active region for
LED-only coated. We suggest that application of the optical coating onto the photodiode only
may be the best approach for N20O cross-talk reduction on account-of-thebetter btocking-of
N20 associated wavelengths as compared with the LED-only coated sensor and also the lower

noise as compared with the both-coated sensor.
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4. Conclusion

In this work, multilayer thin film optical interference bandpass filters were deposited onto
epitaxially grown heterostructure mid-IR LEDs and photodiodes using microwave-plasma
assisted pulsed DC magnetron sputtering. By application of the optical bandpass filters, it is

demonstrated that the emission and detection bandwidths of the diode spectral responses

(LED EL and photodiode photocurrent response) were successfully reduced, eliminating CO2
gas sensor cross-talk response to N2O. Coatings were also applied to diodes grown in the

interest of CH4 gas detection with similar results achieved. Coated CO2 gas sensor
bridgeboards each hosting an LED and photodiode were built into currently existing GSS Ltd.
CO2 gas sensors and three different optical coating configurations explored; 1) LED only

coated, 2) photodiode only coated and 3) both LED and photodiode coated. Each

configuration was applied to two LED/photodiode bridgeboards. Coated sensors had their

response to N2O tested in a gas sensor test-bed and it was shown that cross-talk was
successfully reduced in all coated sensors. Sensor 2 had the lowest response to N2O followed

by 5, 6, 3, 4 then uncoated. Sensor 2 displayed the highest noise under CO2 measurement,

followed by sensors 5 and 6 then 3 and 4 with the uncoated having the lowest noise.

A next stage to this work will involve testing the coated gas sensors in a novel CO2 breath

emulation system [2] mimicking human exhaled CO2 versus time waveforms is planned and
will be published in a future work. The breath emulation system has a port for the introduction

of anaesthetic N20, mimicking the human exhalation conditions observed when

15



anaesthetic N2O is introduced to a patient under general anaesthesia. The breath emulation

apparatus has previously been used to test CO2 gas sensor performance as part of a

patented hand-held capnometer device for point-of-care diagnostics [23].
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Table 1. Deposition process parameters for the growth of Ge and Nb2Os thin films. These

parameters yielded the smooth, spectrally stable optical interference fringes shown in figure 4.

Condition Ge Nb20s5

Ar flow rate (sccm'l) 189 189
0> flow rate (sccm'l) 0 78

Ar partial pressure (mTorr) 4.52 4.52
O3 partial pressure 0 0.9
MDX Power (kW) 2.6 2.9
MDX Current (A) 4 9.5
MDX Voltage (V) 650 307

Table II. Signal values for different coating configurations at 36.36% N20 gas concentration.

Sensor 2 has the lowest value followed by 6 then 5. Sensor 2 has a reduced SNR performance

due to being doubly coated. Sensor 1 yielded no signal. For these reasons we suggest that

coating the photodiode-only may be the most effective and risk-free method of N2O cross-talk

reduction.
Sensor # Signal at 36.36% N20 concentration (a.u.)
Uncoated 1908.27
2 (both-coated) 81.97
3 (LED-only) 303.73
4 (LED-only) 353.38
5 (photodiode-only) 192.85
6 (photodiode-only) 116.83
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List of figure captions

Figure 1. Coated gas sensor schematics

CO2 gas sensor architecture for (a) the gas sensor in its current configuration, with no

applied optical coating over the diodes and (b) the new modified gas sensor architecture by
application of optical coating to the bridgeboard using microwave-assisted DC magnetron

sputtering.

Figure 2. Sensor spectral response and gas absorption coefficients
Total sensor spectral response and CO2 and N20 absorption coefficients. It can be seen that
the total response spans 2500 nm — 5000 nm with peak sensitivity coinciding with the CWL

of the 4260 nm CO3 absorption band. N2O exhibits a strong absorption centred at 4500 nm

also lying within the spectral response, resulting in sensor sensitivity to N2O also.

Figure 3. Thin film deposition system

Schematic of the microwave-assisted DC magnetron sputtering system used in this work, the
Microdyn. A sputtered flux is incident onto substrates mounted onto the rotating drum (60
RPM) during deposition. A microwave source is used to facilitate a greater plasma density for
the reactive gas species resulting in improved oxygen plasma reactivity and uniform oxidation

of the growing film.

Figure 4. Gas sensor testing apparatus

Gas flow circuit schematic used in the gas sensor testbed. N2O concentration in the

aluminium chamber was controlled by flowing varying ratios of N2 and N20. N2 is IR

inactive and does not elicit a response from the sensor.
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Figure 5. Single layer transmittance spectra

Optical transmittance spectra for single layer Ge and single layer Nb2Os, both on 0.5 mm

thick <111> Si wafer substrates. The observed interference fringes indicate the deposition

of single layers and were fit to obtain the material optical constants of the film.

Figure 6. Material optical constants
Optical constants (refractive index (n) and extinction coefficient («k)) obtained for single thin
film layers of (a) Ge and (b) Nb2Os5 deposited using the deposition parameters displayed in

table 1. Values obtained are similar to those found in the literature. The optical constants were

used in the modelling of the multilayer interference filter.

Figure 7. Single layer SEM

Cross-sectional SEM images of single layer (a) single layer Ge and (b) single layer Nb2Os5 taken

at 15,000 X magnification.

Figure 8. Elemental analysis

EDX spectra confirming the presence of Ge and Nb2O5 for (a) single layer Ge on ZnSe witness

piece and (b) single layer Nb2O5 on ZnSe witness piece. Peaks for Zn and Se are attributed to

the substrate. Argon was detected as it is suspected that a small amount of the process gas may
be incorporated into the film. Some Ta appears to be present in the film and it is proposed that
this 1s re-sputtered material from tooling in the deposition chamber. A 30 keV beam energy was

used.
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Figure 9. Multilayer optical filter transmittance

Optical transmittance versus wavelength spectra for witness silicon substrate samples present for

the H17C131805 and H17C171240 CH4 and CO2 filter coating runs. Both samples exhibit a
bandpass filter centred at 3300 nm and 4260 nm in order to capture the absorption bands of CH4

and CO2 respectively. The CO2 and CH4 absorption bands are shown for comparison.

Figure 10. Multilayer SEM
Cross-sectional SEM images for (a) CO2 filter, witness sample H17C171240 and (b)

CHgy filter, witness sample H17C131805

Figure 11. CO2 sensor LED and photodiode coatings

(a) CO2 LED EL and (b) photodiode photocurrent response before and after application of

the multilayer optical coating, sample H17C171240. It appears that by application of the
coating, the bandwidths of these spectral repsonses have been reduced and approach the
shape of the transmittance spectrum of the optical filter witness sample. In both cases, the

magnitude of spectral response was reduced at 4500 nm.

Figure 12. CH4 sensor LED and photodiode coatings

(a) CH4 sensor LED EL and (b) photodiode photocurrent response before and after application of
the multilayer optical coating, sample H17C131805. Similarly with the CO2 LED and
photodiode, the bandwidth of the spectral responses have been reduced in accordance with the
applied optical filter spectral characteristic in order to reduce sensor sensitivity to other gases

with absorption bands in this spectral region.
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Figure 13. Coated gas sensor response to N20O & noise response to CO2

(a) CO2 gas sensor RMS signal response to N2O and (b) calculated noise for CO2 for the
three different bridgeboard coating configurations. From this, it appears that application of
the coating to both the LED and photodiode has the greatest N2O induced cross-talk

reduction effect coupled with the largest noise.

Figure 14. Overlay of coated LED EL, photodiode photocurrent response and optical
filter transmittance spectrum

Comparison of the different diode spectral responses, highlighting the curve shape
conformity to the optical filter spectral characteristic. The slight difference between the

LED EL and photodiode photocurrent response is clear from this plot.
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