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Abstract: In this work, performance improvements are described for a low-power consumption
non-dispersive infrared (NDIR) methane (CHy4) gas sensor using customised optical thin film
bandpass filters (BPFs) centered at 3300 nm. BPFs shape the spectral characteristics of the combined
mid-infrared III-V based light emitting diode (LED)/photodiode (PD) light source/detector optopair,
enhancing the NDIR CHy sensor performance. The BPFs, deposited using a novel microwave
plasma-assisted pulsed DC sputter deposition process, provide room temperature deposition directly
onto the temperature-sensitive PD heterostructure. BPFs comprise germanium (Ge) and niobium
pentoxide (NbyOs) alternating high and low refractive index layers, respectively. Two different
optical filter designs are progressed with BPF bandwidths (BWs) of 160 and 300 nm. A comparison
of the modelled and measured NDIR sensor performance is described, highlighting the maximised
signal-to-noise ratio (SNR) and the minimised cross-talk performance benefits. The BPF spectral
stability for various environmental temperature and humidity conditions is demonstrated.

Keywords: NDIR; methane; sensor; infrared; thin film; III-V; heterostructure; bandpass; microwave;
sputter; MBE

1. Introduction

There are increasing requirements for monitoring and controlling the concentration of methane
(CH,y) in such fields as environment, landfill sites, fracking facilities, security, industry and
agriculture [1-4]. CHy is a flammable and explosive gas, and it is the main component of natural gas.
CHy4 becomes explosive when its concentration in the air is typically in the range of 5% (the lower
explosion limit (LEL)) [5,6]. Invisible and odourless CHy gas leaks can pose a threat to human life.

Coal mine gas accidents are caused by the rapid increase of methane concentration in a short
period of time, not only posing a serious threat to the safety of miners, also potentially resulting in
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substantial economic losses. In addition to the health and safety of oil and gas industry personnel,
CHy gas sensing finds relevance in the detection of atmospheric concentrations of CHy, where increased
emissions will contribute to the greenhouse effect. As a result, phenomena such as rising temperatures
and sea levels, and frequent occurrence of extreme weather events will pose a serious threat to food
security, ecosystems and our living environment.

At present, the methods for monitoring methane concentration are based on various detection
methods, including electrochemical [7], gas chromatography [8], thermal conductivity [9], catalytic
combustion [10,11], photoionisation [12] and non-dispersive infrared (NDIR) [13-15]. Among these
methods, NDIR gas sensors have advantages such as simple operation and maintenance, a long service
life, fast response time, high measurement accuracy and fail-to-safe operation.

NDIR gas sensors comprise an infrared light source, optical BPF and a detector. The light
source emits infrared light at a wavelength that is tuned to the infrared (IR) absorption of gas in
the optical path between the source and detector. This results in a reduced IR intensity incident on
the photodetector. Typically, optical BPFs are incorporated to improve the NDIR gas selectivity by
narrowing the total bandwidth (BW) of the spectral response of the source-detector system, and thereby
preventing cross-sensitivity with other gases and water vapour. One such solution to the problem of
gas selectivity would be to use tunable semiconductor diode lasers; however, such a solution is not
favourable due to high cost.

By measuring the incident light intensity Iy and the transmitted light intensity I of the IR light, the
concentration of methane gas concentration can be calculated according to the Beer—Lambert law [16].
A state-of-the-art NDIR CH4 gas sensor has been utilised for this work, utilising a molecular beam
epitaxy-grown pentanary alloy light-emitting diode (LED) light source and a photodiode (PD) detector,
which is shown in Figure 1a. For this work, the stoichiometry of the semiconductor source-detector
pair is tuned for the maximum spectral response at 3.3 um, coinciding with a principle absorption
band of the CH4 molecule, due to the asymmetric stretch vibrational mode [17].

Optical filter

(@) (b)
Figure 1. Schematic of the CHy4 gas sensor (a) without and (b) with an optical filter.

This work describes direct deposition of BPFs directly onto the LED/PD optopair, thereby
optimising the spectral response shape. A room temperature deposition method that is suited to
direct deposition onto the temperature-sensitive LED/PD optopair is described, and associated with
the optical BPF environmental (temperature and humidity) performance. Two different optical BPF
BWs were progressed to assess the effect of the filter BW on the sensor accuracy and the cross-talk
reduction capability with the ultimate goal of determining whether a BW is (if any) more suited to
sensor commercial production.

2. Relevant Background Work and Non-Dispersive Infrared Sensor Configuration

Work was previously carried out by Fleming et al [18], relating to the deposition of 300 nm BW
bandpass filters onto commercially available LEDs and photodiodes. This previous work was related to
carbon dioxide (CO;) detection for breath monitoring (capnography) during surgical anaesthesia [19].
It was found that the application of the coating onto the photodiode only (as opposed to coating
the LED only or both the LED and PD) with the bandpass filter design was the optimum method to
isolate the CO, absorption band, and to reduce the cross-talk effect from the commonly used surgical
anaesthetic gas, nitrous oxide (N,O) [20,21].
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The light emitted from the mid infrared LED is reflected from a gold-coated injection-moulded
plastic dome geometry optic onto the PD. A CHy mid infrared absorption band at 3.3 um coincides
with a CHy anti-symmetric stretch vibrational mode. Another band exists in the long-wave infrared
(LWIR), and it peaks at 7.6 um. According to the HITRAN database, the absorption intensity of
methane gas is the largest at a wavelength of 3.3 um, and as such, this band was chosen for CHy
detection in this work.

For this reason, a bandpass BW of 300 nm was chosen for this work, and we build upon the
previous work by comparing the effect of a narrower BW (160 nm) bandpass filter. A BW of 300 nm
was originally chosen as this matches the BW of the 3.3 um CHjy absorption band. The optical
coating designs were built into a comprehensive NDIR gas sensor Mathcad model, and their effects on
the sensor signal accuracy and reduced cross sensitivity were determined, specifically the adjacent
water absorption band at 2.8 um. A gas sensor model predicting the measured sensor signal
as a function of gas concentration was established using Mathcad [22]. The model includes the
temperature-dependent LED spectral emission and PD spectral detectivity by using a generalised form
of the Planck equation [23,24]. The gas species’ spectral absorption characteristics were imported from
the HITRAN database, and they were used to model the effect on the sensor signal as a function of gas
concentration, comprising various gas mixtures in the sensor light source/detector optical path length
using the Beer-Lambert law. The model includes the influence of Johnson-Nyquist noise, dark noise,
and also quantisation noise, which is a result of the modelled data collection electronics. A theoretical
description of the model is provided in Section 3 of this paper.

Figure 2 shows the modelled and measured spectral responses of the CHy4 sensor, indicating a
good agreement between the theoretical and experimental result. Also plotted in Figure 2 are the
absorption coefficients for CHy and water vapour (HpO). It can be seen that the CH4 absorption band
peak coincided with the peak of the sensor spectral response for both the modelled and experimental
curves. The HyO absorption peak lay in close proximity to the CHy peak, and as a result, it lay within
the spectral response of the CHy sensor, suggesting that the sensor will suffer from cross-talk (i.e.,
unwanted signal contribution) from H,O if it is present in any significant concentration. When the
sensor chamber contains water vapour, this can cause significant inaccuracies in the detected CHy
concentration. Therefore, it is advantageous to use optical filtering to reduce the influence of other
gases and to improve the selectivity of the detection system. In addition, different bandpass filter
designs can provide a method to influence the NDIR gas sensor detection accuracy and sensitivity.
The primary purpose of this paper is to design the technical parameters of the bandpass filter according
to the demand of the NDIR gas sensor, and to demonstrate room temperature direct deposition onto
the LED/PD optopair, removing the need for the inclusion of a separate discrete bandpass filter.
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Figure 2. Modelled total sensor spectral response, semi-empirical sensor response, and CH4 and H,O
absorption coefficients.
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3. Theoretical Background

3.1. Determination of Bandpass Filter Parameters

When a gas with optical transmittance T is present within the gas sensor, the gas sensor total
spectral response is given by:
G(A) = S(A) x T4(A) x D(A) 1)

where S(1) and D(A) are the respective spectral responses of the source and detector, and Ty follows
the well-known Beer-Lambert law:

Te(A) = exp(—a(A) x ¢ x 1) 2)

where a(A) is the absorption coefficient of the gas, c is the concentration, and [ is the pathlength that
the light travels through. Analogously, the total spectral response of the source-detector system can be
modified by using an optical interference filter with optical transmittance Ty. The new total spectral
response for a filtered sensor Gy becomes:

Gr(A) = S(A) x Ty(A) x Tg(A) x D(A) ®)

To maintain the maximised NDIR sensor sensitivity to the target gas, the Ty must have a maximum
optical transmittance over the gas-absorbing spectral region, and necessary blocking of unwanted
signal contributions from other gases and water vapour. Ty must be as close to zero as possible over
the absorbing regions of such gases. In this work, an optical bandpass filter spectral characteristic
mathematical function was modelled by using Mathcad 15, and incorporated into a comprehensive
gas sensor model. The LED source emission was approximated using the generalised Planck equation,
and the photodiode detectivity was modelled using the characteristic equations for a photodiode
response. From this, the modelled NDIR gas sensor signal response incorporating a bandpass filter
was modelled. The multilayer bandpass filter structure was modelled using thin film optical design
software TFCalc (version 3.5b12), where the multilayer optical filter structure was designed such that
the modelled optical transmittance matched that of the bandpass filter spectral characteristic function
modelled in the Mathcad NDIR gas sensor program.

From the TFCalc [25] model, the exact layer thicknesses and number of layers for each coating
design were used as the basis for the experimental deposition of the multilayer bandpass filters.
Each filter design comprises a three-cavity Fabry—Perot starting design, which were optimised by
using the Variable Metric method for a maximal optical transmittance at a 3300 nm bandwidth,
and out-of-band blocking. The influence of a 2.67 pm infrared absorption peak of water vapour, angle
offset, and signal-to-noise ratio were taken into account during the filter design stage. Two different
bandpass filters (Table 1) were designed based on sensor signal modelling results (Table 2) for
maintaining good sensor accuracy up to the CH4 LEL, and good blocking of H,O absorbing wavelengths
that are a considerable cause of cross-talk for this sensor design. The sensor accuracy to methane was
calculated based on the slope of the calculated signal vs the concentration curve. Incorporating BPFs to
the sensors’ architecture had the effect of increasing the slope and therefore sensor accuracy to methane,
as well as the additional benefit of reducing signal contributions from water vapour. The results showed
that the accuracy of 300 nm was lower than the accuracy of 160 nm, but was still highly adequate.

Table 1. Comparison of technical parameters between the 160 and 300 nm bandpass filter.

Bandpass Filter Parameter 160 nm BW Filter =~ 300 nm BW Filter

Central wavelength (um) 3.3 3.325
FWHM (nm) 160 300
T (peak) 73% 85%

Blocking (um) 2-5 2-5
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Table 2. Comparison of the sensor accuracy to methane by using 160 and 300 nm band pass filters.

CH, Concentration Range (ppm) 160 nm BW Filter (%) 300 nm BW Filter (%)

10-100 6.2 7.7
100-1000 0.6 0.8
1000-50000 0.01 0.02

3.2. Thin Film Optical Design of the 300 nm and 160 nm BW Optical BPFs

A three-cavity Fabry-Perot BP was modelled in TFCalc, as a starting design for both the 300 nm
and 160 nm BW bandpass filters. Next, a computational optimisation technique was used to alter the
multilayer design in order to achieve two different bandpass filter designs, one with a 300 nm and one
with a 160 nm BW passband, both with good out-of-band blocking to reduce the signal contributions
from other gases.

Measured spectral transmittance is shown in Figure 3 (note no high efficiency anti-reflection
coating added to substrate back face with consequent reduction in transmission due to substrate back
face reflection). For the 300 nm BW bandpass filter, the structure consisted of 34 layers, and the total
thickness was 10.6 um, the peak transmittance reached 60%, while the average transmittance in the
out-of-band regions, 2-3 pum and 3.6-5 pm were 0.09% and 0.32%, respectively, and the signal-to-noise
ratio (SNR) of the filter was 2.4%. For the bandpass filter with a BW of 160 nm, the number of layers
was 30, with a total thickness of 9.6 um, the peak transmittance reached 58% and the average blocking
area of 2-3.1 pm and 3.5-5 um was 0.12% and 0.31%, with a SNR of 4.5%.

80 T T T T
—160nm
—— 300nm
60 4
{ 40t 1
|_
20+ 4

O 1 1
2500 3000 3500 4000 4500 5000
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Figure 3. Measured spectral characteristics for the optimised 300 nm BW bandpass and 160 nm BW
bandpass filter designs.

4. BPF Deposition Methods and Materials

4.1. Multilayer Thin Film Optical Interference Filter Preparation Method

In this work, thin film optical coatings were prepared using a novel microwave plasma-assisted
pulsed reactive DC magnetron technique. The system used is shown in Figure 4. The apparatus was
equipped with a complete microwave generator system comprising a 6 kW microwave magnetron
head, tuner, and microwave delivery tubes. The reactive plasma ion density was greatly enhanced
via the use of this external microwave source, which resulted in a greater reactive gas reactivity,
and generated a greater number of monoatomic ions, resulting in a greater coating homogeneity,
and reduced optical absorption in the deposited coatings. The use of pulsed DC power greatly reduces
the problem of arcing caused by target poisoning and positive charge build up on the sputtering target
surface, and aids in achieving a higher film deposition rate. In this work, thin films of germanium
(Ge) and niobium pentoxide (Nby;Os) were obtained by sputtering from Ge and niobium (Nb) bulk
sputtering targets, each with 99.999% (5 N) purity.
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Figure 4. (a) Schematic of the microwave plasma-assisted sputter reactor used to deposit the thin
optical films described in this work, and (b) the image of the actual chamber. Right- and left-hand-side
magnetrons were used, populated with Ge on Nb target material.

The deposition rate and thickness of the film were monitored in real-time by quartz crystal thin
film thickness monitors (Inficon IC5, Inficon Inc., Bad Ragaz, Switzerland) [26], utilising three crystals
per magnetron. Argon is used as a sputter process gas, and oxygen as a reactive gas. At the same
time, the pressure and flow rate of gas was accurately controlled by an optical gas controller (OGC,
MKS Instruments Inc., Andover, MA, USA) and MKS mass flow controllers (MKS Instruments Inc.,
Andover, MA, USA), controlled by a multi-gas controller (MKS Instruments Inc., Andover, MA, USA).
The chamber body was heated by hot water to liberate any residual H,O molecules trapped on the
chamber walls, and into the molecular flow regime, thereby increasing their probability of becoming
trapped by Meisner cooling coils in the vacuum chamber (Telemark polycold model 3600, Telemark
Inc, Battleground, WA, USA).

The removal of water vapour is essential for the growth of high quality mid-infrared optical
coatings, where film density and water content play a significant role in determining the films optical
absorption and spectral stability. A typical system ultimate vacuum is 5 x 10~/ mbar, minimising
the adverse influence of water vapour on the optical BPF performance of the film. By adjusting the
deposition process parameters, the required quality and the low absorption, Ge and Nb,Os single layer
films were deposited for optical characterisation, which are essential for the design and manufacture
of multilayer thin film optical BPFs.

Specific process parameters used are shown in Table 3. This system was used to deposit
two different BPFs—specifically 300 nm BW and 160 nm BW, directly deposited onto Gas Sensing
Solutions (GSS) Ltd NDIR gas sensor photodiodes for the comparison of their influence on gas sensor
performance. Also included in each coating run was a 100 mm (4”) undoped <100> Czochralski grown
silicon (Si) wafer and gallium arsenide (GaAs) witness pieces.

Table 3. The deposition process parameters used to grow thin films of Ge and Nb,Os. Ten kilowatt
advanced energy magnetron drive (MDX) power supplies were used in voltage regulation and current
regulation mode for Ge and Nb,Os, respectively, to drive the sputtering process.

Material Ge Nb,Os5
MDX power (kW) 25 2.84
MDX current (A) 6.1 7.75
MDX voltage (V) 410 367
Argon flow (scem™1) 190 190
O, flow (scem™1) 0 75
O; partial pressure (Torr) 0 6x10*
Microwave plasma power 0 3

Deposition rate (nms~1) 0.1 0.18
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4.2. Optical Characterisation

Optical transmittance in the mid-IR range for single and multilayer coatings were obtained using
a Nicolet iS-50 Fourier Transform Infrared (FTIR) spectrometer (Thermo Fischer Scientific Nicolet,
Waltham, MA, USA). The optical constants, which are essential for multilayer thin film optical filter
design (refractive index and absorption coefficient), were derived from the optical transmittance
spectra by using a combination of the O’Leary, Johnson and Lim (OJL) model [27] for amorphous
materials, and the Drude model. The TFCalc thin film design software was then used to design a
bandpass filter that met the required specifications, and to calculate the deviation between the design
and the experimental results. Gas sensor photodiode spectral photocurrent responses for uncoated and
coated diodes was measured using a VERTEX 80/80v FTIR (Bruker, Billerica, MA, USA), configured
such that the IR beam was incident on the photodiode during testing.

4.3. Gas Sensor Testing

Calibrated gas sensors were placed in a testing chamber at room temperature and exposed to
a gas mixture of N, (which is IR-inactive and so does not elicit a response in the sensor) and CHy.
The CH4 concentration was controlled by varying the continuous flow rate ratio provided by a CHy
mass flow controller (MFC, MKS Instruments Inc, Andover, MA, USA) and an N, MFC (MFC, MKS
Instruments Inc., Andover, MA, USA). A range of 0-50,000 ppm CH4 was used, and 50,000 ppm was
chosen as the LEL for CHy.

5. Results & Discussion

5.1. Thin Film Optical Constant Derivation

Single layers were deposited onto a 500 um thick gallium arsenide (GaAs) substrate. The optical
transmittance spectra for a single layer of 1 um Ge and 1.5 pm NbyOs as measured using FTIR is shown
in Figure 5, and overlaid with the uncoated GaAs substrate spectrum for comparison. The calculated
optical constants are shown in Figure 6. It can be seen that the absorption coefficient of the thin
film materials are minimal, with refractive index contrast between the Ge and Nb,Os thin films was
large, suggesting that these materials are acceptable material candidates for use in the fabrication of
mid-infrared multilayer optical BPFs.

100 . . ; .
—— GaAs Substrate
80 Ge single layer
i — Nb,O, single layer]
o’\o‘
—  40F 1
20+ .

0 1 1 1 1
2500 3000 3500 4000 4500 5000
wavelength (nm)

Figure 5. Optical transmittance spectra of the GaAs substrate, the Ge single layer and the Nb,Os5
single layer.
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Figure 6. Optical constants for (a) thin film Ge and (b) thin film Nb,Os as calculated by using a
combination of the O’Leary, Johnson and Lim (OJL) and Drude models.

5.2. Multilayer Thin Film Optical Interference Bandpass Filter Deposition

Two different bandpass filter Ge/Nb,Os multilayer designs were deposited onto GSS methane
sensor photodiodes using precision laser cut masking, thereby masking the rest of the bridgeboard
LED structure. The spectral transmittance characteristic curve of each bandpass filter was obtained
using the Nicolet i5-50 FTIR on the witness samples present during the coating runs. Figure 7 shows
excellent agreement between the theoretical design and the measured results of the two optical BPFs
(note no high efficiency anti-reflection coating added to substrate back face with consequent reduction
in transmission due to substrate back face reflection). It can be seen that the actual transmittance of
the 160 nm and 300 nm BPFs were 57% and 58% respectively, which was in excellent agreement with
the design values. This is because the deposited thickness was greater than the model, resulting in
a slightly higher optical absorption. However, this slight mismatch between theory and design was
negligible, as the bandpass centre wavelength (CWL) at 3300 nm and BW remained the same—the two
critical parameters for maintaining gas sensor sensitivity to CHy and for out-of-band blocking of the
H,O infrared absorption band were centred at 2.67 um. Bandpass filter design parameters for 160 nm
BW and 300 nm BW are shown in Table 1.

60 160nm 300nm
design 60 — design
50 - g
test 50 test
40+ g
40+
R 30f 7 B 30k
- -
20+ b 20L
10+ 1 10+
0 1 1 e J 0 1 1 1 —
2500 3000 3500 4000 4500 5000 2500 3000 3500 4000 4500 5000
wavelength (nm) wavelength (nm)
(a) (b)

Figure 7. Comparison between theory and experiment for (a) the 160 nm BW bandpass filter and (b)
the 300 nm BW bandpass filter designs.

5.3. Uncoated and Coated Gas Sensor Photodiode Photocurrent Spectral Responses

The aforementioned coatings were applied to the GSS CHy gas sensor LED/PD bridgeboards
tuned for emission and detection at the CHy absorption wavelength at 3.3 um. The LED/PD
bridgeboard was masked apart from the PDs, enabling the optical coating to be applied to the
photodiode. Using a Bruker VERTEX 80/80v FTIR, the spectral response of the uncoated and coated



Coatings 2018, 8, 472 9of 16

diode heterostructure was recorded. Figure 8 shows the BPF influence on the photodiode photocurrent
response when illuminated with broadband IR radiation.

160 nm bandwidth bandpass coating 300 nm bandwidth bandpass coating
1 0 T T T T 1 0 T

T T T

—— 160 nm BW BP filter

~——— Coated PD PC
L Uncoated PD PC ] i

—— 300 nm BW BP filter
Coated PD PC
Uncoated PD PC

06

04} 4

02} R i 02
o . — »: ,

04

Intensity (arb. u.)
Intensity (arb. u.)

Il

25 30 35 40 45 5.0 25 30 35 40 45 5.0
Wavelength (um) Wavelength (um)
(a) (b)

Figure 8. Overlay of coated and uncoated CH, photodiode photocurrent response coated with (a)
160 nm BW bandpass filter and (b) 300 nm BW bandpass filter. The spectral characteristics for
the measured witness samples are also shown. It can be seen that in both cases, the photodiode
photocurrent response shapes conform to the shape of the optical filter spectral characteristic. The
photodiode (PD) photocurrent (PC) response does not entirely conform to the shape of the optical filter,
as signal contributions from light incident at a higher angle is transmitted resulting in a broader PD PC
curve that is broader than the optical filter transmittance curve.

It can be seen that the coated photodiode photocurrent (PC) response was shaped by the optical
filter spectral transmittance characteristic. Whilst the response at the 2800 nm water vapour absorption
band was not entirely eliminated, application of the optical BPF provides a significant reduction in
the photodiode BW photocurrent response. Therefore the total sensor spectral response is reduced,
lowering the response at wavelengths outside the CHy absorption band and minimising sensor
responses to gases other than CHy and also improving the accuracy of the sensor for the CHy target gas.

The backface of the photodiode was unpolished, therefore, it is suspected that the unpolished
surface result in incident light at wavelengths to be scattered at higher angles for which the bandpass
filter was not designed. This results in signal contributions from the H,O band, with a slight
detrimental effect on the selectivity of the sensor. Here it was demonstrated that different optical
filter designs can be readily applied to the sensor photodiode, allowing for a greater flexibility
in sensor design and the ability to customise and optimise NDIR gas sensor design to specific
customer applications.

5.4. Gas Sensor Testing Results

The signal as a function of time for a 160 nm BW BP and a 300 nm BW BP-coated sensor is shown
in Figure 9. The sensors were calibrated for temperature compensation, and then exposed to a nitrogen
(N2)/CHy gas mixture, where the CH,4 concentration was cycled between 0%, 2.5%, and 5% CHy
concentration over a duration of 4 h. From Figure 9, it can be seen that both the 160 and 300 nm BW
BP-coated sensors showed a similar response to this variation in CH4 concentration. As expected, the
SNR performance of the 300 nm BW BP-coated sensor was superior to the 160 nm BW BP sensor, as a
result of a greater intensity of IR light that was transmitted through the BPFE.

For this reason, we suggest it is suggested the 300 nm BW BP filter is a better choice than the 160 nm
BW BP filter, as it has an improved SNR performance. Table 4 shows the calculated root-mean-square
(RMS) noise for 5%, 2.5%, and 0% CHy, for both the 160 nm BW BP-coated and 300 nm BW BP-coated
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sensors. Generally, RMS noise increases with increasing gas concentration, as more light is absorbed,
and less light is incident on the sensor photodiode. The calculated values for 2.5% and 0% methane for
the 160 nm BW BP sensor did not reflect this; however, the authors suspect that this may be due to the
small sample size collected for 2.5% methane.

I 1 I 1 1 I 1 1
1.04 - ™ 4
asee [ MAT YTV .1l1 | | — Uncoated
R AL 300 nm BW |}
. ) | . ——160 nm BW
5 02| e B
Lo
® o2
@ E -
2
®  1.00 Py
©
1S
a
(@)
0.98 | \ .
096 [, \ L [ /- 1 P | R | ol
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Time

Figure 9. Calibrated sensor signal response for uncoated, 160 nm BW bandpass (BP)-coated and
300 nm BW BP-coated sensors when cycled from 0, 25,000, and 50,000 ppm methane (LEL) over the
course of 4 h. The inset plot shows an exploded view of the signal at 5% methane, highlighting the
different noise characteristic between the uncoated, 300 nm BW BP-coated sensor and the 160 nm BW
BP-coated sensor.

Table 4. Root-mean-square (RMS) noise calculated from experimental data for 160 and 300 nm BW
BP-coated sensor signals.

Methane Percentage (%) 160 nm BW BP-Coated Sensor (a.u.) 300 nm BW BP-Coated Sensor (a.u.)

5 3.6 x107% 1.9 x 10~4
2.5 2 x 1074 1.8 x 104
0 24 x107% 1.1 x 1074

The sensors were then placed in an environmental chamber (WKL 34, Weiss Technik,
Grand Rapids, MI, USA), and exposed to an increasing relative humidity (RH), testing sensor crosstalk
that was attributable to increasing H,O vapour concentration. Water vapour concentration in the
chamber was proportional to relative humidity. It can be seen from Figure 10 that the optical signal for
an uncoated sensor dropped the fastest with increasing RH, as compared with the 300 nm and 160 nm
BW BP-coated sensors. This suggests that the uncoated sensor was the most sensitive to H,O vapour.
The 160 and 300 nm BW BP-coated sensors displayed a similar performance of up to 60% RH, with the
160 nm sensor demonstrating less sensitivity to H;O vapour. Optical signal levels also exhibited
increased changes for RH > 80%. This was ascribed to condensation occurring on the sensor optics.
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Figure 10. Measured optical signal as a function of increasing RH for uncoated, 160 nm BW BP, and
300 nm BW BP-coated sensors. It can be seen that the uncoated sensor was the most sensitive to
increasing HyO concentration, due to the sharp drop-off of the optical signal vs RH curve, therefore
successfully demonstrating that by application of the narrow BPF, sensitivity to H,O vapour is reduced.

5.5. Wafer Uniformity Test

Work has previously been carried out by Cheng et al. [28], evaluating the coating thickness
uniformity using the microwave plasma-assisted sputtering technique used in this work. In this work,
the LED/PD bridgeboards were mounted onto specially designed toolings with precision masking,
permitting application of the BPF coating to the photodiode surface area only, however, this method
may not be optimal for scalable mass production of coated photodiodes. A more optimal method
would be to sputter-deposit the coating onto an enitre photodiode wafer directly after it has been
grown by molecular beam epitaxy (MBE) prior to dicing and mounting onto the sensor bridgeboards.
For this reason, both the 160 nm and the 300 nm BW bandpass filter optical coating designs were each
successfully deposited onto 100 mm diameter (4”) <100> undoped silicon (5i) wafers with 500 pm
thickness, grown by the Czochralski method and tested for coating uniformity. This demonstrates that
the bandpass filter spectral characteristic was uniform over an entire 4” wafer and suitable for coating
an entire newly grown photodiode wafer.

The Si wafer was mounted onto the deposition system’s rotating drum, such that the wafer flat
was parallel with the circumference of the drum, as depicted in Figure 11. Post-coating, the wafer was
then diced into 20 mm x 20 mm squares and each section’s position was labelled and measured using
FTIR to compare the spectral variation in their optical transmittances. The results for the 160 nm and
300 nm BW bandpass filters are plotted in Figure 12.

Figure 11. Schematic of a 4” Si wafer as mounted onto the microwave plasma-assisted sputter coater
drum. Post-coating, the wafer was diced into 20 x 20 mm? sections, and the optical transmittances
were measured for samples A-I to test for coating thickness uniformity. This was assessed for both the
300 nm and 160 nm BW bandpass filters.
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Figure 12. (a) Optical transmittance spectral characteristics for different Si wafer location samples A-I
for the 160 nm BW bandpass filter; (b) Optical transmittance spectral characteristics for different Si
wafer location samples A-I for the 300 nm BW bandpass filter.

From these spectra, the coating uniformity was calcaulted for both the 300 nm badwidth bandpass
filter and the 160 nm BW bandpass filter, and the results are shown in Table 5.

Table 5. Thickness uniformity across a 4” Si wafer for two different optical filter designs.

Filter BW (nm)  Thickness Uniformity from Centre of the 4” Si Wafer (%)

160 +0.355
300 +0.530

These small deviations show that excellent coating thickness uniformity can be achieved across
an entire 100 mm diameter wafer, maintaining the desired optical transmittance spectral characteristics
by preserving optical transmittance over the CHy absorption band, and improving blocking at H,O
absorption wavelengths. This indicates that coating an entire photodiode wafer prior to dicing and
mounting onto electronics bridgeboards, is a potential production-efficient way of incorporating optical
filters into NDIR gas sensor. From modelling, it was found that increasing every layer by the same
factor, a change in peak spectral position of 344 nm per micron of total coating thickness would be
observed —this provides an indication on coating tolerance.

5.6. Accelerated Lifetime Testing

A common accelerated lifetime test to probe the optical and structural integrity of thin film
coatings is provided by subjecting the samples to a pressure cooker test, where coated witness samples
are subjected to a prolonged exposure to high temperature sper-saturated steam and high pressure
by using a pressure cooker (pressure 15 psi). The pressure cooker test is a good indicator of coating
durability in harsh environments. The center pieces from coated 100 mm diameter Si wafers for both
the 160 nm BW bandpass and the 300 nm BW bandpass were placed into the center of a pressure
cooker with a maximum pressure of 15 psi. The samples were subjected to pressure cooker exposure
times of 5, 10, 20 and 40 min, with optical transmittances measured by FTIR in between each step.

From Figure 13 it can be seen that the optical filter spectral characteristics remained largely the
same for all time durations, where a small reduction in peak transmittance was observed for the
160 nm BW bandpass filter. For the 300 nm BW bandpass filter the only minimal change in peak optical
transmittance occurred at 5, 10 and 20 min; however, the drop in transmittance was more pronouned
at 40 min. Differences between the 160 nm BW and the 300 nm BW bandpass samples are most likely
to be attributable to the top layer being different, as for 160 nm, the top layer was Ge and for 300 nm it
was Nb,Os.
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Figure 13. Optical transmittances of (a) a 160 nm and (b) a 300 nm BW bandpass witness sample after

being subjected to 15 psi inside a pressure cooker for varying durations.

The diode surface that the coatings were applied to was the unpolished underside of GaAs, therefore

factors such as high substrate surface roughness may also be a contributing factor in determining the
coating’s mechanical integrity for actual gas application sensing; however, coatings applied to the gas
sensor photodiode element were not be subjested to such a harsh environment, and so it can be safely

assumed that the disruption of the coating’s optical properties is unlikely to occur.

5.7. Humidity and Temperature Testing

Gas sensors in different temperature and humidity environments will have different performance
parameters, and so it is necessary to perform humidity and temperature tests for the optical filter.
The closed central pieces of the coated Si wafer for both the 160 nm BW bandpass and the 300 nm BW
bandpass were placed into the WKL Temperature and Climatic Test System. The humidity test was
carried out at 50 °C and 95% humidity for 24 h (Figure 14), and the temperature test was —40 to 70 °C
(Figure 15), where the temperature was increased by 10 °C every two hours.

300nm BP humidity test
T

80 160|nm BP humidity te?t 80 '
as-deposited as-deposited
——507C, 95%, 24h ——50°C, 95%, 24h
60 - b 60 - b
& 40t 1 & 40t 1
= =
20+ 8 20+ 8
0 1 L 0 L 1
3000 3200 3400 3600 3000 3200 3400 3600 3800
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Figure 14. Optical transmittance of (a) the 160 nm and (b) the 300 nm BW bandpass witness sample
after a humidity test.
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Figure 15. Optical transmittance of (a) the 160 nm and (b) the 300 nm BW bandpass witness sample
after the temperature test.

6. Conclusions

In this work, the spectral response of a methane sensor comprising a heterostructure LED/PD
optopair was modelled and compared with the experimentally measured spectral response, with good
agreement. The accuracy of such an NDIR gas sensor was modelled from the design spectral response.
Single layers of Nb,Os and Ge were deposited onto optical substrates, and optically characterised
to obtain their refractive indices and extinction coefficients, subsequently used in the design of
two multilayer optical interference BP filters; with passbands with BW’s of 300 nm and 160 nm.
These designs were then sputter-deposited onto MBE-grown heterostructural diodes with the peak
detectivity tuned to 3300 nm (coinciding with the CH4 absorption band to be used in the interest of
CHy4 gas detection) using microwave plasma-assisted pulsed DC magnetron sputtering.

The thin film multilayer filters were also deposited onto full 4” Si wafers in the same coating run.
The coated and uncoated PD PC responses were measured using an FTIR spectrophotometer, and it
was demonstrated that the PD PC spectral response conformed to the spectral shape of the applied
optical filter for both 300 and 160 nm BW BP filters. These coated PDs were then built into gas sensor
electronics with full injection moulded plastic optics, and tested under various CH4 gas concentrations
for comparison. The gas concentration was cycled from 0%, 2.5%, and 5% CH4 concentrations, to test
the sensor’s capability for measuring concentrations of CH, below the LEL. As expected, it was
observed that the 160 nm BW BP-coated sensor displayed more noise as compared to the 300 nm
BW BP sensor, due to the reduced intensity of the IR incident of the PD, and therefore a poorer SNR.
The 160 nm BW BP-coated sensor, having a narrower BW as compared with the 300 nm BW BP-coated
sensor, will be less susceptible to cross-talk-inducing gases, given this cross-talk/noise level trade-off.
Noise levels could be electronically filtered out at the expense of lowering the measurement frequency
of the sensor, and therefore the different BW optical filter coatings designs may be suited better to
different applications with different measurement frequencies and accuracy requirements. The sensors
were then tested in an environmental humidity chamber and exposed to increasing humidity levels
and therefore water vapour vapour concentration. It was found that the uncoated sensor was most
sensitive to water vapour, followed by 300 nm BW BP-coated sensors then the 160 nm BW BP-coated
sensor which was found to be least sensitive.

In addition to the testing improvement of gas sensor performance by using multilayered optical
coatings, coating uniformity and structural integrity tests under various environmental conditions
were carried out. As described, the multilayer filters were deposited onto full 4” Si wafers. The wafers
were then diced, and the optical transmittance of each section was measured, showing excellent
thickness uniformities over a 100 mm diameter of £0.355% and 40.530% for 160 and 300 nm BW BP
coatings, respectively. This demonstrates that full-production wafers can be successfully coated and
subsequently diced without disruption to the optical coating, indicating that full PD production wafers
can also be coated prior to dicing.
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Witness samples (Si substrates) coated with the multilayer thin film optical filter were then
subjected to accelerated lifetime testing by using a pressure cooker to expose the coating to high heat
and high pressure for different lengths of time. The optical transmittance was measured after 5, 10,
20, and 40 min to observe the effect on the optical properties of the coating. It was found that no
significant shift occurred up to 40 min; however, a slight change in peak transmittance was observed
and hypothesised to be due to the absorption of H,O into the film matrix, or potential particulate
contamination from the water used in the test; however, an exact mechanism for the cause will be a
future investigation. Such a reduction in optical transmittance would slightly reduce the SNR and
have a minimal effect on the sensor selectivity, where it is the bandpass spectral position that is the
dominating factor on selectivity, with peak optical transmittance being of secondary importance.

The witness samples were also subjected to less severe but longer duration temperatures and
humidity testing in an environmental chamber. The samples were subjected to a humidity test,
where they were exposed to 50 °C and 95% RH for 24 h, after which the optical transmittance was
measured. The temperature test comprised of exposing the coating to a temperature range of —40
to 70 °C, where the temperature was held for 2 h at each temperature and ramped up by 10 °C
every 2 h—after this test, the optical transmittance was also measured. For both the temperature
and humidity tests, no significant change in the optical transmittance of the samples was observed,
suggesting that the deposited films were highly dense and are unlikely to undergo delamination in
conditions in which the CHy gas sensor would be present. In future work, a full suite of testing such
as adhesion, hardness, and stress measurements on such coatings will be performed.
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