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Abstract—The fabrication and characterization of an ammonia (NH3) gas optical sensor based on Lossy Mode 

Resonances (LMR) is presented in this work. A chromium (III) oxide (Cr2O3) thin film deposited onto a planar waveguide 

was used as LMR supporting coating. The obtained LMR shown a maximum attenuation wavelength or resonance 

wavelength centred in 673 nm. The optical properties of the coating can be modified as a function of the presence and 

concentration of NH3 in the external medium. Consequently, the refractive index of the Cr2O3 thin film will change, 

producing a red-shift of the resonance wavelength. Obtained devices were tested for different concentrations of NH3 as 

well as repetitive cycles. Concentrations as low as 10 ppbv of NH3 were detected at room temperature. Machine learning 

regression models were used to mitigate the cross sensitivity of the device under temperature and humidity fluctuations. 

 
Index Terms—Ammonia gas sensor, lossy mode resonance, planar waveguides, machine learning.  

 
 

I. INTRODUCTION 

Ammonia (NH3) is a substance that can be found in many 

household cleaning products, pesticides or fertilizers as well as in 

industrial and commercial refrigeration. Ammonia gas can be 

considered as a highly toxic and corrosive agent that can threat human 

health [1]. Moreover, ammonia is considered as an environmental 

pollutant since it is highly reactive and forms aerosols such as 

ammonium nitrate and ammonium sulphate when it reacts with nitric 

acid and sulphuric acid in the air, respectively [2]. Ammonia 

emissions can usually be attributed to fertilizers on agricultural crops 

and the decomposition of organic matter, among others. Some 

previous works have shown that vehicle traffic, urban wastewater 

treatment plants, municipal solid waste treatment plants, and some 

industries contribute to raise the level of ammonia gas in urban 

ambient air [3]. So, the detection of ammonia in urban areas is 

strategic for smart cities that demand precise, fast, robust, portable, 

reusable and cost-effective ammonia sensing devices. In this context, 

the European Union finances through the H2020 STARDUST project 

the study and development of this type of sensor systems that, 

together with other actions, helps make cities more sustainable [4], 

[5]. 

The optical device proposed in this work possesses all the 

previously mentioned requirements [6], such as high sensitivity, 

selectivity, immunity to electromagnetic interference, etc. Several 

techniques for measuring ammonia gas concentrations using optical 

sensors have been developed, such as those based on microstructured 

optical fiber [7], interferometry [8] and surface plasmon resonance [9] 
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sensors.  

Regarding resonance-based optical sensors, we can distinguish 

different types of resonances attending to the dielectric properties of 

the thin-film surrounding the optical waveguide [10]. One type of 

these resonances is known as Lossy Mode Resonance (LMR). LMRs 

occur when the real part of the thin film permittivity is positive and 

higher in magnitude than both its own imaginary part and that of the 

material surrounding the thin film. LMRs have been achieved using a 

wide variety of materials such as metal oxides like indium tin oxide 

(ITO) [11], titanium dioxide (TiO2) [12], tin dioxide (SnO2) [13] or 

polymers [14]. Moreover, as it is widely known, metal oxides have 

been used for the development and manufacturing of electronic and 

optical gas sensors, mostly based on SnO2 and ITO [15], [16], [7].  

In the next paragraphs, we show the utilization, for the first time in 

the literature, of chromium (III) oxide (Cr2O3) as the LMR supporting 

coating for the generation of LMR and, at the same time, the 

utilization of this thin-film as the transducing layer for ammonia gas 

sensing at room temperature. 

II. METHODS AND MATERIALS 

A. Coating fabrication 

Chromium nitrate (Cr(NO3)3) and Polyvinyl alcohol (PVA) were 

purchased from Sigma-Aldrich Inc. The solvent used for the solutions 

was ultrapure deionized water (DIW) (18.1 M/cm).  

It was prepared a solution of 2 g of PVA in 200 ml of DIW, and a 

solution of 8 g of chromium nitrate in 200 ml of DIW. Both solutes 

were stirred independently at room temperature for 1 hour. They were 

then mixed and stirred at room temperature for 3 hours. Then the 
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solution was subjected to a final stir process at 50 °C for 5 more hours 

in order to obtain the sol-gel solution.  

The LMR supporting-sensitive coating (Cr2O3) was fabricated onto 

coverslips (with dimensions 18 x 18 x 0.16 mm) using the dip-coating 

method. The coating fabrication process begins by dipping the 

coverslips in the solution for 1 hour and is followed by an annealing 

process in an oven at 200°C for 10 minutes to obtain a single layer. 

The process followed is detailed in [17] with the only difference that 

a conventional oven was used here. Previously described fabrication 

process is then repeated several times in order to increase the 

thickness of the coating. The final thickness of the coating will 

determine the location of the resonance wavelength. In particular, 8 

cycles of dip-coating and annealing permitted to obtain an LMR with 

a resonance wavelength centred at 673 nm, which corresponded to the 

first Transverse Electrical (TE) polarization mode [18]. 

B. Ammonia sensor experimental setup 

The experimental setup used for the detection of ammonia gas is 

detailed in Fig. 1. The setup consisted of a typical transmission setup 

with an halogen light source (Takhi HP from Pyroistech S.A) 

connected to a multimode optical fiber (FT200EMT with 200/225 μm 

core/cladding diameter purchased from ThorLabs) that couples light 

to the edge of a Cr2O3 coated coverslip that acts both as planar 

waveguide and sensor. The light that goes through the sensor passes 

through a polarizer and is collected back by another multimode fiber 

that is connected to a CCD spectrometer (USB2000 from 

OceanOptics Inc.) operating in the visible-NIR wavelength range 

(400 and 1000 nm). 

 
Fig. 1. Experimental measuring setup. 

 
All the experiments were performed with the sensor placed in a 43 

L sealed chamber. In order to guarantee the repeatability of the 

experiments, all actions were carried out in an ISO 5 clean room 

environment with the climatic conditions stabilized at 22+-0.5 °C of 

temperature and relative humidity of 50+-2 % during the 

measurements. Different tests were carried out in order to test the 

performance of the device when it was subjected to different 

concentrations of ammonia gas (30 % ammonia solution was 

purchased from Sigma-Aldrich Inc. and further diluted to a 1 % 

ammonia solution). A first test was used to determine the repeatability 

of the measurements. The test consisted of 3 cycles with the sensor 

subjected to 30 ppbv of ammonia with the corresponding recovery 

phases. A concentration of 30 ppbv of ammonia gas was achieved by 

pouring 128.55 ul of the ammonia solution into the closed chamber. 

Measuring process consisted of allowing the sensor to reach an 

equilibrium state after introducing the ammonia solution (response 

time), then opening the lid and allowing the sensor to reach an 

equilibrium state after recovering (recovery time). This was 

performed to detect the wavelength shifts of the LMR minimum dip 

during a time span. A second test was conducted to calibrate the 

sensor response to different ammonia gas concentrations in terms of 

wavelength shift of the LMR minimum dip. In this case, 4 cycles were 

recorded, corresponding to ammonia gas concentrations of 10, 30, 50 

and 70 ppbv that were achieved by pouring 42.85, 128.55, 214.25 and 

299.95 ul of the ammonia solution respectively. 

Small fluctuations of the climatic conditions during the 

measurements (temperature and humidity) were mitigated using a 

regression model obtained from a dataset with a multiplicity of 

climatic conditions. The results obtained with the algorithm can help 

to predict the resonance wavelength shift associated to the climatic 

fluctuations and remove that contribution in order to determine the 

real ammonia gas concentration. 

III. RESULTS AND DISCUSSION 

An LMR with a resonance wavelength located at 673 nm (TE 

polarization mode) was obtained after 8 dipping and annealing cycles 

of the substrates (see Fig. 2). The thin film thickness was measured 

with a Surftest SJ-410 surface roughness analyser from Mitutoyo. The 

measured thickness was 630 nm. It was in good agreement with the 

thickness of 8 cycles of the fabrication described in [17]. It is worth 

noting that, to our knowledge, no other work has been published 

where the generation of LMR is achieved using chromium oxide thin 

films. It is also important to remark that in contrast to other more 

sophisticated fabrication processes, such as sputtering, e-beam or 

atomic layer deposition, the thin film obtained here has been 

fabricated at room conditions with a simple annealing process at 

200°C. 

 
Fig. 2. Optical transmission spectrum measured with a thin film of Cr2O3 

obtained after 8 repetitions of the deposition process. The LMR 

represented corresponds to the TE polarization mode. 

 
Several examples can be found in literature on the use of Matlab 

regression models to compensate sensor measurement errors induced 

by different sources of error including temperature and humidity 
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[19]–[21]. The sensor response to variations in the climatic conditions 

(temperature and humidity) without NH3 was recorded during a 7-

hour span. Obtained dataset was used to compensate the small drifts 

of the temperature and relative humidity in the clean room, and the 

associated resonance wavelength shift during ammonia gas 

concentration measurements. Several types of machine learning 

regression models were trained with the obtained dataset using Matlab. 

The regression work was leveraged in Matlab own implementations 

contained in its Statistics and Machine Learning Toolbox version 12.2, 

specifically the fitrauto function.  

The obtained models were then fed with the same training dataset 

to predict the LMR position. The model that best predicted the LMR 

position in comparison to the real measured position contained in the 

training dataset was a gaussian process regression model. The 

prediction error of that model is shown in Fig. 3, in terms of the 

difference between the LMR real position recorded in the training 

dataset, and the LMR position predicted by the model for the training 

dataset, along a time span. The maximum prediction error is of 0.15 

nm. Here it is important to note that Matlab implementation of 

regression model training performs steps to avoid the overfitting 

phenomena. The selected model made the best prediction for the 

training dataset but there were several other trained models that made 

predictions totally deviated from the measured position. 

 
Fig. 3. Difference between the measured LMR position and the 

predicted position for the training dataset during a time span. 

 
Consequently, this model was used to predict the resonance 

position during the experiments with different ammonia gas 

concentrations. Predicted resonance wavelength positions due to 

solely the temperature and relative humidity were then subtracted 

from the real resonance wavelength measured positions in order to 

obtain the resonance wavelength shifts associated to changes of 

ammonia gas concentration and not to humidity or temperature. 

Regarding the sensing mechanism that takes place in the thin layer 

of Cr2O3 when it is subjected to ammonia gas, some authors agree that 

it is related to oxidization processes. Ammonia gas reacts with oxygen 

species adsorbed on the sensor surface, leading to a change in the 

material properties, utterly making a change in the effective refractive 

index of the waveguide and hence, shifting the resonance wavelength 

[22], [23], [24]. 

A first test to determine the repeatability of the measurements with 

the sensor is shown in Fig. 4. Resonance wavelength shifts towards 

larger wavelengths when it is subjected to ammonia gas, which is 

associated to an increase in the thin film refractive index associated 

to the oxidization processes. The average resonance wavelength shift 

for the 3 cycles is 6.17 nm. The differences between the first and the 

other cycles is associated to slight movements of the optical fibers that 

comprise the setup during the opening and closing of the chamber. 

 
Fig. 4. LMR wavelength shift, measured and compensated, during 3 

cycles of exposition to 30 ppbv of NH3. 

 
The response time (time between the 10 % and the 90 % of the 

sensor response) and recovery time (time from 90 % to 10 % of the 

sensor response during the recovery phase) were 15 and 33 minutes 

respectively. It is worth noting that the duration of the reaction phase 

includes the time it takes to the liquid NH3 to evaporate and mix with 

the air contained in the chamber. 

Although there are some differences between the 3 reaction and 

recovery cycles, they remained small in magnitude in comparison 

with the overall response of the sensor. For the second and third cycles 

there was a drop of 9.34 % and 12.04 % for the measured shift, and a 

drop of 7.04 % and 11.53 % for the compensated shift, respectively. 

A second test to calibrate the sensor response is shown in Fig. 5. 

Here, the sensor was subjected to different NH3 concentrations from 

10 to 70 ppbv. The LMR experienced proportional shifts as a function 

of the ammonia gas concentration. The higher the NH3 concentration, 

the longer the resonance wavelength shift. The response in one of the 

cycles, for 50 ppbv, differs from the expected response, possibly due 

to the slight movements of the optical fibers, as it was explained above. 

 
Fig. 5. LMR wavelength shift, measured and compensated, in the 

presence of 10, 30, 50 and 70 ppbv of NH3. The inset plots the LMR 

wavelength shifts versus NH3 concentrations (squares and circles), and 

the fitted curves (dashed lines), for the LMR shift values. 

 
In the figure inset, the LMR wavelength shift data points are plotted 

versus the NH3 concentration. Also, the fitted curves can be 
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appreciated along with the values of R2, for the measured and 

compensated LMR shifts. The respective values of R2, 0.9771 and 

0.902, reveal that the sensor as well as the compensation technique 

had almost linear behaviour, even under the influence of the evident 

deviation of the third measurement cycle response. 

A dynamical range of 60 ppbv of NH3 concentration was covered 

in Fig. 5 showing a resonance wavelength shift of 4.191 nm for the 

measured position and 3.388 nm for the compensated position. These 

results reveal a compensated sensitivity of the device to ammonia gas 

of 0.056 nm/ppbv (56 nm/ppmv). 

Table 1 presents the ammonia sensors with the lowest level of 

detection (LOD) found in literature. The sensor proposed here has a 

LOD of 10 ppbv, comparable with the second, while working at room 

conditions of temperature and humidity, unlike the sensor with the 

best LOD which operated in a closed system. 

 

Table 1.  Ammonia sensors with the lowest LODs found in literature. 

 

IV. CONCLUSIONS 

Under the umbrella of the European H2020 Stardust project, this 

work shows some results related to detection of ammonia gas not only 

relevant in smart cities but in many other applications. In this work, 

ammonia gas sensors based on Lossy Mode Resonance (LMRs) have 

been fabricated by means of the deposition of a metal oxide, 

chromium oxide, onto coverslips. 

It is worth noting that in the repeatability and calibration tests, the 

compensated LMR minimum dip position matches very closely the 

measured position due to the climatic control present in the laboratory 

where the experiments were carried out. Also, the regression model 

compensation technique could be easily applied to more dynamic 

environments like outdoor sensors for environmental monitoring. 

This sensor has proven to be sensible to concentrations as low as 

10 ppbv of ammonia, has good repeatability, a compensated 

sensitivity to ammonia gas of 56 nm/ppmv and the remarkable 

advantage of working at room temperature. These characteristics, 

together with its low cost, robustness and ease of mass production, 

make it a very suitable candidate to be used in real applications in 

smart city environments, among others.  
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