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ABSTRACT
We theoretically investigate the feasibility of photonic integrated circuits (PICs) for ammonia sensing. The

smaller footprint and lower cost due to the integration would allow optical detection systems suitable to be used
in environmental and agricultural monitoring, allowing for whole sensor networks. With this application in mind,
sub-ppm detection levels need to be achieved. We demonstrate that PICs can indeed reach these sensitivities
when using commercially available foundry platforms with generic technologies.
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1 INTRODUCTION

Atoms and molecules can be distinguished regarding their interaction with electromagnetic waves. Molecules
are known to leave a spectral fingerprint, which allows to identify the absorbers in a gas mixture. A quantitative
analysis allows to measure the concentration of each gas in the composition.[1] Gas sensors, detectors and
analysers are used in many fields, including the chemical and biochemical industry for safety and environmental
monitoring, the automotive industry for exhaust monitoring, and in agriculture for greenhouse gas and odor
regulation. It also found applications in the health sector for breath analysis or spectroscopy on tissue to
identify malignant cells[2]. There is a variety of different approaches to gas detection. Depending on the required
sensitivity, laboratory analytical equipment such as gas chromatographs can be used, or low cost alternatives such
as pellistors, semiconductor gas sensors, or electrochemical sensors. Those low cost alternatives do not reach
the sensitivity required for ammonia sensing in agricultural applications, e.g. in pig farms, where concentrations
of ∼ 0.1 ppm need to be monitored. While these sensitivities can be reached with chemical or optical sensors,
their device size, costs and longevity prevent a broad application[3]. Table sized gas detectors with sub-ppm
sensitivities are in the price range of 10,000 Euro, which PICs can potentially reduce by a factor of 10.
Molecular absorption spectroscopy is commonly undertaken at the infra-red wavelengths at 2 µm and beyond.
For shorter wavelengths the overtones of the transitions have to be measured, leading to much lower absorption
coefficients. While spectroscopy using photonic technology at 1.55 µm seems to be unattractive from that per-
spective, we will show that the high maturity of this technology can compensate for the caveats. Demonstrations
of spectroscopy at the ppm level in this wavelength region have already been shown in 2001, but no commercial
product has been developed to exploit this research[4]. We will show that PICs can reach the required detection
levels and provide the added benefits of integration, such as scalability and stability.

2 METHODS AND SYSTEMS

A gas detection system requires a laser source, a gas interaction cell, and a detector. A PIC can have
lasing and tuning elements, as well as the photodetectors, embedded on a single chip[5]. Due to the low
number of absorbers integrating the gas interaction cell on chip is not feasible, as long propagation lengths are
needed are required to detect a signal. However, the fiber coupling of the emitted light from the facet of the
laser chip suggests the combination with fiber-based gas cells. Fiber-coupled gas cells are already commercially
available, hollow-core fibers (HCFs) and hollow-core waveguides are still subjects of research, but are considered
good candidates for highly sensitive spectroscopy[2]. For highly sensitive optical spectroscopy it necessary to
monitor variations of the laser intensity with reference detector. While results in additional expenses when using
distributed devices, a PIC can have a larger amount of on-chip detectors with added costs. Figure 1 illustrates
this concept. A system consisting of two detectors also enables the use of balanced detection schemes, where
only the power difference of two detectors is measured. To avoid the costs of maintaining a cleanroom, a design
using generic elements, or building blocks, can be submitted to a multi-project wafer (MPW) run. In this case
the foundry takes care of the process flow and manufactures the PIC. Our investigations are based on the values
reported by SMART Photonics, which is a MPW foundry utilizing indium phosphide (InP). SMART Photonics
integrates passive components, such as waveguides and splitters, and active components, such as electro-optical
phase modulators, photodetectors and semiconductor optical amplifiers, on the same chip[6]. Widely and finely
tunable single mode lasers using this foundry have already been demonstrated[7]. Packaged solutions with fixed
fiber and electrical alignment are already standard solutions in telecommunication systems.
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Figure 1. (a) Typical setup for DAS measurement with free space optical devices. A beamsplitter (BS) separates the laser light into two
arms leading to individual detectors. The signal from the reference arm is used to normalise the input laser light. (b) DAS measurement
with a PIC facilitating HCFs. Packaged solutions couple the light between the chip and the single-mode fiber (SMF). SMFs can be spliced
to HCF to have a fiber based gas cell that can reach very long path lengths. Such a setup features a reduced footprint and reduced costs.
On-chip photodetectors (PD) typical show a low dark current due to their smaller footprint. PICs allow for embedding different laser
designs on chip, such as distributed Bragg reflector lasers.

The line strengths of suitable NH3 lines at wavelengths close to 1.5 µm, which can be exploited by indium
phosphite (InP) based PICs, were compared using the HITRAN database. The ambient air was simulated with
HITRAN to investigate overlapping lines hiding the NH3 spectrum. Figure 2(a) shows the expected absorption
profile of ammonia in ambient air.
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Figure 2. (a) Absorption spectra for ambient air mixed with NH3. The red line shows the contribution of the 100 ppm added NH3 to the
total absorption spectrum, which itself is shown in blue. The majority of the interfering signal is caused by water vapour. The absorption
strength is calculated for a propagation length of 1 m. (b) Relative noise levels for different bandwidths for the three investigated methods.
While DAS (black) has the hightest noise contributions at lower bandwidths due to the 1/f noise of the laser diode driver, it approaches
the level of WMS (blue) for higher bandwidths, which compensates for this noise contribution. The balanced detection scheme (red)
compensates for all the laser noise, and shows a similar trendline as WMS. The inset shows a zoom in of the plot and highlights, that at
bandwidths of 100 Hz all the methods show a similar performance. Line markers are added to indicate the expected sensitivity levels for
a SNR of unity and a propagation length of 1 m.

The strongest absorption lines are at 1512, 1514, 1522, 1527, and 1531 nm. After the removal of water,
concentrations up to the sub-ppb regime can be reached before the overlap of absorption with molecules in the
ambient air hides the signal. The absorption of all the mentioned lines can be estimated by

A ∼ 10−8 m−1ppb−1, (1)

which assumes sufficiently weak absorption to describe the exponential decay with a linear approximation. All
of the lines are approachable in InP based laser systems and are hence suited for absorption spectroscopy.

3 SENSITIVITY ANALYSIS

To determine the sensitivity that can be expected from system consisting of a PIC as a light source and
detector, we calculate the expected noise contributions of the different components. In such a system light is
emitted from the on-chip laser, propagating through an interaction cell, where the gas absorbs part of the light,
and ultimately detected with on-chip photodetectors. It is desirable to have a signal strength of at least equal
strength as the noise, which corresponds to a signal-to-noise ration (SNR) of 1. To increase the signal strength,
the interaction length can be increased by incorporating multi-pass cells or hollow core fibers. Other than



increasing the signal strength, employing noise reducing techniques can improve the SNR[8]. We calculated the
strength of several noise sources for different detection methods. Thermal noise, dark noise, and shot noise of
the photodiode will be present in all the considered measurement methods. In direct absorption spectroscopy
(DAS), the shot noise of the laser source as well as the noise from laser diode driver need to be added. The
laser diode driver we considered is a Koheron DRV200, which also features a comparatively small footprint
and price to be in line with our design goals. Koheron provides noise figures, which were fitted to be used for
our calculations[9]. In wavelength modulation spectroscopy (WMS) the wavelength is swept over an absorption
line, and the modulated signal is read out with a lock-in amplifier. This allows the removal of the 1/f component
of the noise of the laser diode driver, but does not affect white noise originating from it. In a balanced detection
scheme, where the light is split into two arms - one going through the interaction cell, the other one used as
reference - the noise originating from the laser source is removed, as only the difference signal is measured. A
downside is the reduced signal strength, as only a fraction of the light interacts with the gas sample. Especially
for measurements with a longer integration time and hence a lower bandwidth, balanced detection and WMS
promise a significant reduction of the noise. For faster measurements with higher bandwidth (here: > 100Hz)
their effect in comparison to DAS is diminished. In accordance with the values specified by SMART Photonics
we assumed a laser output power of 20 mW. Typically half of that power can be coupled into a fiber; the
same loss is assumed for coupling back to the chip. We include an additional loss to accommodate for possible
losses in the hollow core fiber. With a responsivity of 0.85 A/W this corresponds to a current of 3.4 mA in the
photodiode, well beyond the dark current of 20 nA. We assumed an operating temperature of 296 K, which is
the same temperature used for the absorption strength calculations. The thermal noise was calculated for a load
resistance of 50 kΩ.
From Figure 2(b) and Equation 1 it can be deduced, that all the presented methods are expected to reach
sub-ppm sensitivity for bandwidths lower than 1 kHz, corresponding to 1000 data points per second. Noise
originating from the interaction cell is not included in the discussion as both, integrated and distributed devices,
share the same contribution. As such it is not suited to discuss the advantages and disadvantages of integrated
optical sensors compared to their bulk counterpart. In conclusion PICs are capable of providing a new tool for
ammonia sensing.

4 CONCLUSION

We studied the feasibility of PICs to provide a low-cost alternative for highly sensitive spectroscopic
applications. We investigated the expected absorption when sending light through 1 m of ambient air when
ammonia is added. With a bandwidth of 1 kHz, which is reasonably fast for applications in environmental and
agricultural monitoring, all the presented methods are expected to reach sensitivity levels of 0.1 ppm and better.
For this estimate the added loss from the fiber-chip-coupling has been taken into account. The technological
maturity of PICs and MPW runs allows for integrated optical ammonia sensors, that can enable cheap sensor
networks for agricultural applications.
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