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Dear Editor,
Herewith we are sending you our revised manuscript entitled “Harsh Environment
Resistant OH-Vibrations Sensitive Mid-Infrared Water-Ice Photonic Sensor” by J.
Martínez et al., for your consideration as a Communication.
This work tries to find an answer to a multidisciplinary question on how to develop
functional sensors that are precise and highly sensitive, and yet withstand harsh
environmental conditions.
State-of-the-art icing sensors are not sensitive enough for current and future industry
safety regulations. Also, state-of-the-art photonic sensing devices are mostly based on
surface evanescent-field enhanced optical micro- and nano-structures that cannot be
damaged (due to chemical reactions, physical erosion, or other factors such large
temperature or pressure variations) or otherwise they become irreversibly inoperative.
In this manuscript we summarize a full developmental work performed by an
international team of researchers from both European and Japanese academic and
industry institutions. Our work encompasses the concept development and prototype
testing of a novel type of sensor: a mid-infrared photonic sensor capable of detecting
sub-micron and micrometric water ice layers, identifying the type of water phase (liquid,
solid, or metastable supercooled), which instead of working through evanescent-field
sensing it uses a tunnelling mechanism dependent on the resonance frequencies of
OH-vibrational modes. A full simulation and experimental concept development is
demonstrated, and results from extensive sensor prototype testing performed at the
Fraunhofer-IFAM icing wind-tunnel facilities are reported.
This novel sensor technology opens an avenue to sensing the formation of micrometric
to nanometric water layers in real time and the monitoring of its temperature, phase
changes, and eventual microstructure. The type of ice microstructure is determined
covering well known ice types in the icing community such as clear (glaze) and rime
ices. The detection of supercooled water droplets is also analysed in detailed, which is
a topical area of current high interest in a wide scientific and engineering community
spanning from cell research and the understanding of life at its lower temperature limit,
to the food and pharmaceutical industries, environmental and climate research
sciences, the aviation industry due to the high threat that these droplets cause under
in-flight icing conditions, and the general water community in general. We believe that
this novel type of sensor can also have an impact in other fields where the precise
monitoring of the phase or composition of water molecules within micro- to nanometric
layers is needed, such as for biogenic ice nucleation research, the freeze-drying food
and pharmaceutical production, wind turbines, the nuclear fission industry for detecting
heavy water content, for in-field medical analysis (saliva analysis), in cryogenic
highvacuum space-simulation testing chambers (detection of detrimental ice formation
in optical windows), or for fundamental atmospheric science (understanding of ice
nucleation mechanisms).
We therefore believe that this work is of high interest to a very wide community and to
the general readership of Advanced Materials Technologies, fitting very well in its high-
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impact high-quality research criteria.

We are very glad that the two reviewers have agreed that the work is very interesting,
and it perfectly matches the Advanced Materials Technologies focus on
multidisciplinarity and development of novel material technologies with direct societal
impact.
We have addressed all their comments in detail in our Response Letter as you may
see, and we have added new lines to the manuscript.

Sincerely yours,

Dr. Airán Ródenas Seguí
Marie Skłodowska-Curie Individual Fellow
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Milano, Italia
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Abstract: State-of-the-art ultrahigh-sensitivity photonic sensing schemes rely on exposing the
evanescent field of tightly confined light to the environment. Yet this renders an
inherent fragility to the device, and since adding a protective layer disables light
exposure, there exists a technology gap for highly-sensitive harsh-environment
resistant surface photonic sensors. Here we report a novel type of mid-infrared
waveguide sensors which exploit vibrational resonance-driven directional coupling
effects besides absorption, with optical sensing elements that can be buried (~1-10
μm) and resist systematic exposure to industrial environments without failure. A harsh-
environment resistant, fiber-coupled, surface sensor for monitoring the structural phase
of water (liquid-supercooled-solid), as well as the type of ice microstructure (clear-
rime), is shown. We demonstrate how this type of sensor can be designed to detect ice
layers with nanometric (~100 nm) to microscopic (~30 μm or higher) thicknesses, and
report the first experimental tests both in optical laboratory and in icing wind tunnel in-
flight aircraft simulation tests.
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Whereas water is the most common liquid on Earth, its plethora of anomalous and 

counterintuitive properties still puzzle scientists and engineers from a wide diversity of 

fields.[1] Possibly the most abundant state of water in the universe is its solid glass form 

present in interstellar dust and comets (polyamorphous ice),[1] while on Earth it appears in 

liquid form, its crystalline hexagonal phase, or in its cubic phase below -80 ºC.[2] Yet, there 

also exists a metastable state of liquid water within the crystalline domain between 0 and -32 

ºC in which its thermodynamical anomalies manifest most strongly; Supercooled water 

(SCW)[3] is of importance for cell research and the understanding of life at its lower 

temperature limit, the food and pharmaceutical industries, environmental and climate research 

sciences, and the aviation industry, amongst others. 

Natural SCW is largely present in cold clouds and it is a recognized hazard for commercial 

aviation, ultimately hampering achievement of the zero operational accidents international 

safety goal.[4] When micrometer SCW cloud droplets impinge on a wing surface they 

immediately freeze, promoting a fast-growing ice accretion layer which can degrade wing 

performance within seconds with potential loss of control and aircraft stall,[5] a process 

commonly known as in-flight icing. As modern aircraft design evolves towards adopting 

advanced wing concepts such as the blended-wing body and low-drag end surfaces for 

greener and fuel efficient aircrafts, in-flight icing phenomena not only poses a challenge to 

coming safety regulations but also to the development of next-generation aircrafts. Among the 

priorities in aeronautics icing research, besides the development of icephobic anti-icing and 

de-icing coatings,[5, 6] is the development of highly-reliable ice sensors that can be embedded 

and distributed across wing surfaces for the automatic control of electro-thermal de-icing 

systems. Current aircraft ice sensors are large, heavy, airflow intrusive, are installed in the 

aircraft fuselage rather than at aerodynamic control elements (wings and stabilizers), cannot 

detect a fast growing ice layer until it reaches a sub-mm thickness (>0.2 mm), and are limited 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



     

3 

 

in response time (>3 s). The development of small footprint and lightweight, ultrasensitive ice 

sensors that yet do not disturb the airflow and resist environmental erosion is therefore a clear 

need in aeronautics icing research. 

State-of-the-art nanophotonic sensors rely on the exposure of engineered nanostructured 

devices such as evanescent-field enhanced waveguides, whispering gallery mode resonators, 

photonic crystal cavities or nanoplasmonic structures.[7] However, these devices are not 

monolithic but made of heterogeneous materials and rely on their nanometer precision design 

to achieve maximal sensitivities, this implying that they are fragile and rely on careful 

calibrations, becoming either catastrophically damaged or dysfunctional if systematically 

exposed to harsh environmental conditions (i.e. contamination, chemical corrosion, erosion, 

vibrations and large temperature variations >200 ºC). As a result, the goal of designing 

sensitive surface sensors that can yet sustain long-term operation in harsh environments has 

hitherto not been achieved. 

Here we demonstrate a harsh-environment resistant photonic water-ice sensor that probes 

external molecular changes through resonant light transfer across the infrared OH-stretch 

vibrational mode, which is a known sensitive probe of the intermolecular distances between 

water molecules.[8] The sensor was designed on the basis of being resistant to large 

temperature changes, moderate surface erosion and vibrations, and yet being not-intrusive to 

aerodynamic flow and highly sensitive to water ice layers. It is based on a mid-IR waveguide 

seamlessly formed inside a transparent glass substrate and low-loss interconnected to external 

optical fibers for remote optical monitoring. Fast differentiation between water, SCW and 

crystalline ice was first evaluated through both numerical simulations and laboratory 

experiments. To prove the sensor robustness and response in a relevant environment, 

extensive tests were done in an icing wind tunnel in conditions ranging from in-flight cold 

rain to fast accretion of different types of microstructured rime and glaze ices. Lastly, the 

tuning of sensitivity to an ultra-wide range of water layer thicknesses from sub-mm down to 
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nanometric widths (≤100 nm) was demonstrated by varying the waveguide parameters. 

Overall, this type of robust and sensitive photonic water-ice sensor could find application in 

the aircraft industry as well as in other fields where precise monitoring of the phase or 

composition of water molecules within micro- to nanometric layers is needed, such as for 

biogenic ice nucleation research, the freeze-drying food and pharmaceutical production, wind 

turbines, the nuclear fission industry, for in-field medical analysis, in cryogenic high-vacuum 

space-simulation testing chambers, or for fundamental atmospheric science.[9-15] 

The sensing mechanism of the mid-IR waveguide sensor is 3D rendered in Figure 1A. The 

waveguide follows an in-depth bent path so as to pass several microns below the surface to be 

sensed, and deepens away from it to achieve low-loss direct interconnection with embedded 

commercial fibers. The phase state of water droplets in the sensing region determines the 

efficiency and frequency of the resonant transfer condition as a result of the large complex 

refractive index changes of water around its OH-stretch vibrational fingerprint. The mid-IR 

waveguide circuit is embedded by means of sub-picosecond multiscan 3D direct laser writing 

(3DLW) in commercially available IR-grade fused silica glass (aSiO2), which has well-known 

mechanical and chemical stability, besides its widespread use in many technologies. Light 

tunnelling can take place even if the sensing waveguide is buried tens of microns inside the 

glass, so that the sensor has the unique feature of being erosion resilient while also highly 

specific and sensitive. Figure 1B shows the sensor cross-section scheme and its main design 

parameters: the core width (W), height (H) and the gap to surface (G). Additional parameters 

are the waveguide core index difference with the glass surrounding (Δn=ncore-naSiO2), and the 

length of the interacting path (L). All these parameters can be tailored at the fabrication stage 

so as to optimize the sensor for a given application (layer thickness of interest or level of 

attenuation) as discussed below. Figure 1C shows an experimental image of the waveguide 

mode near-field intensity at 3.68 µm, before it is bonded to optical fibers (see Figure S2.1 

and Supporting Information for further experimental details). 
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Several electromagnetic beam propagation simulations based on the beam propagation 

method (BPM) were carried out to show the waveguide output photon flux as a function of 

the external medium being air, liquid water at room temperature or homogenous clear ice at -7 

ºC using data from Hale[16] and Warren[17] for the index of refraction of water and ice, 

respectively (see Supporting Information for further details). Figure 1D shows the obtained 

field intensity (|E|2) profiles, for a glass sample of 16 mm total length with an interaction 

(sensing) waveguide length of 2 mm. The waveguide core size is W=H=14 μm, the gap G=2 

μm and the refractive index change relative to the silica cladding is Δn=8·10-3. These 

parameters give single mode behaviour at wavelengths between 3 to 4 µm (see experimental 

mode in Figure 1C). It can be clearly observed that the presence of ice induces a strong power 

attenuation of the guided light due to resonant light tunnelling, and which does not occur 

when water is in liquid state or there is air. The detection principle relies on the evanescent 

coupling between the waveguide mode and available light modes in the external water layer, a 

process which occurs most efficiently at a different wavelength depending on the phase state 

of water and its complex index of refraction.[18] The selectivity of this process also allows to 

easily distinguish between ice and metastable SCW, which has a maximal structural similarity 

to ice.[1-3] Figure 1E shows the measured sensor output when the sensor is temperature 

controlled to perform cyclic freezing and melting phase changes of water droplet on top of the 

sensor just below and around the freezing point (see Supporting Information for further 

details). 

Since the waveguides have a low index contrast to surrounding glass (less than 1%),[19] the 

effective index of the waveguide mode is only marginally higher than the refractive index of 

fused silica and phase matching regions can be first identified by evaluating the spectral 

dispersion of the complex index of refraction of all involved materials. Figure 2A shows the 

index of refraction n and extinction coefficient k dispersion values for aSiO2 glass,[20] clear ice 

at -7 ºC[17] and liquid water at 25 ºC[16] in the 2.6 to 4 μm wavelength region across the OH-
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stretching vibrational mode of water. Resonant light transfer is allowed for wavelengths 

where the n index matching condition is fulfilled (~3.46 µm for warm water and ~3.68 µm for 

-7 ºC clear ice), while the extinction coefficient is low (k ≤ 10-2). At shorter wavelengths 

where the anomalous dispersion of water takes place (~3 μm) no light transfer occurs due to 

the large water k increment of almost 2 orders of magnitude.[18] To fully evaluate these 

assumptions, wavelength sweeps of BPM simulations of the sensor response across the 3 to 4 

µm wavelength range were performed with the sensor surface covered with infinite thickness 

layers of air, water or ice, which allows to qualitatively evaluate the sensitivity of the device 

to liquid/solid phase transitions of water (see Figure 1D as BPM example for λ=3.62 µm 

light), and the expected spectral response across the anomalous-to-normal water dispersion 

range. Figure 2B shows the sensor spectral output response for ice and water layers 

(normalized to air and per mm of sensing length) and for sensing waveguides of low (ΔnL) 

and high index change (ΔnH). The parameters for ΔnH are the same as those for Figure 1D, 

and the parameters defining the waveguides for the ΔnL case are W=H=28 μm, G= 5 μm and 

Δn=2·10-3, which result in the same waveguide normalized V number (1.89)[18] associated to 

the ΔnH waveguides, so that direct comparison can be made. A set of simulations with λ=3 

μm to λ=4 μm have been implemented in order to determine the optimum wavelength (i.e. 

perfect index matching conditions) at which the power attenuation is maximum when ice is 

formed on the surface. As seen in Figure 2B, maximal light attenuation when ice forms at -7 

ºC happens at around 3.68 µm as expected before from Figure 2A, but at slightly lower 

wavelengths of 3.62 μm for the ΔnH case, and 3.65 μm for ΔnL due to the increase of the 

mode effective index with respect to bulk silica. The spectral attenuation corresponding to 

room temperature liquid water as external medium also peaks at around the expected 

wavelength of 3.46 µm from Figure 2A, but again slightly blue-shifted due to the higher 

values of mode effective index with respect to bulk silica. These results demonstrate the 

impact of the waveguide index contrast on the sensitivity and selectivity of the sensor to ice 
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and liquid water. For a higher sensitivity and selectivity, higher contrast waveguides are 

required, at the cost of a reduced gap (G) which can make the sensor weaker in harsh 

environments due to a reduced erosion resistance. 

All previous simulations were done for infinite layer thicknesses, so that no evaluation of the 

sensor response against layer thickness was performed. To evaluate this, layer thickness 

simulation sweeps were performed for various sensor configurations (see Figure S1.12 in 

Supporting Information). The attenuation levels (in normalized dB/mm units) for ice layers 

against water are shown in Figure 2C for the case of a sensor with small gap G =1 µm and 

ΔnH. The sensor surface was covered by room temperature water and layers of ice with 

decreasing thickness (T) from 20 µm down to 50 nm were computed. Maximal attenuation is 

obtained for ice layer thickness of micrometer size around the wavelength size (12.6 dB/mm 

for T ~4 µm) with an oscillating behaviour as T increases, due to the creation of a higher 

number of modes available on it, stabilizing at around 7.5 dB/mm for T ≥ 20 µm. Towards the 

nanometer range the sensitivity for ice against water decreases reaching a computed value of 

~0.02 dB/mm attenuation for ice layers of 100 nm thickness. This small attenuation level in 

the output signal is ~8 times above the experimentally determined minimum detectable 

attenuation (~0.0026 dB) given by the detection noise floor of our prototype (SNR of ~32 dB, 

so that we can detect signal attenuations as small as ~0.06%; see Supporting Information for 

further details), so that this type of sensor could also be used for fundamental studies of 

nanometer confined water dynamics, although this goes beyond the scope of this report where 

we focus only on micrometer scale icing. 

The experimental development of a sensor laboratory prototype was initiated using 3DLW 

low contrast waveguides (ΔnL), which allowed for the proof-of-concept demonstration under 

static water layer conditions in an optical bench with the sensor itself as temperature changing 

element. Three mid-IR lasers were used, a tunable OPO for broad wavelength tuning from 3.3 

to 3.7 µm, a HeNe gas laser at 3.39 µm, and an ICL diode at 3.68 µm (see Supporting 
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Information for further details). High contrast waveguides (ΔnH), which were experimentally 

developed later on (see [19]), were integrated in a wing mock-up model for dynamic icing 

wind tunnel tests for simulation of in-flight aircraft icing conditions. The first goal of 

experimental developments was the verification of the simulated attenuation spectral 

fingerprints of room temperature liquid water and clear ice (see Figure 2B), as well as of 

metastable SCW layers. For these experiments, a waveguide with the following parameters 

was used: W=32 μm, H=15 μm, G=6 μm and an estimated Δn=2·10-3. The total waveguide 

length was 18.2 mm, but deionized water droplets with diameter of only a few mm were used. 

The experimental setup with a tunable mid-IR OPO laser is shown in Figure S2.1, for which 

static droplet measurements were recorded by covering the chip with a mm-sized water 

droplet, stabilizing the temperature of the surface at a given value, and running a fast laser 

wavelength sweep of a few seconds from 3.3 μm to 3.7 μm in order to obtain a spectral water 

fingerprint at that given temperature and water phase. To obtain SCW, cyclic droplet 

freezing/melting steps were done, so that measurements at a same nominal temperature could 

be repetitively performed for both metastable and solid phases before transitions occurred. All 

output spectral measurements were normalized to an air reference obtained previously at the 

same nominal temperature, so that potential chromatic effects associated to the whole opto-

mechanic and photonic system were removed. The raw normalized attenuation results as well 

as their fits to asymmetric double sigmoidal peaks are shown in Figure 3A. The noise in the 

data arises from the output power fluctuations when sweeping the OPO laser wavelength. At 

3.68 µm wavelength, a maximal selectivity of 0.54 (0.60) dB/mm between -5 ºC solid ice and 

-5 ºC SCW (20 ºC warm water) is found. The spectral fingerprint of SCW (green data) 

resembles a water structure in between normal liquid water and ice, with a large peak red-shift 

of ~80 nm with respect to 20 ºC water due to its structural similarity with ice, although solid 

ice peaks with a further red-shift of ~130 nm from SCW, clearly depicting the higher 

crystalline order and associated polarizability change at the OH-stretch vibrational resonance 
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which drives the large index change (see Figure 2A). In order to evaluate the validity of BPM 

computations, a simulation set was performed for the exact waveguide parameters of Figure 

3A, and which is shown in Figure 3B, using the same complex index of refraction data as in 

Figure 2. For the sake of visual comparison all attenuation values for the simulation results 

are divided by 2, so that one of the first conclusions is that at least for the low contrast 

waveguides (ΔnL), relative attenuation values between ice and water are overestimated by an 

order of ~2 or lower. Besides this, a very good qualitative agreement is found in the ice/water 

fingerprints, although it is worth noting that a much better agreement is found for -5 ºC ice, 

than for 20 ºC liquid water. There are many factors that can explain the found discrepancies, 

such as the mismatch between used dispersion data from Warren and Hale for simulations and 

real values, non-perfect modelling of the photonic structure (e.g. inaccurately estimated Δn) 

or defects in the fabrication along the waveguide. An in-depth refinement of these issues is 

currently in development. 

Once the experimental spectral fingerprints of each water phase were determined, the 

temporal response of the sensor was studied at three different wavelengths: 3.39 µm, 3.64 μm, 

and 3.68 μm. The initial sensor tests were performed at 3.64 µm wavelength with an OPO 

laser system, and the output power measurement was done with a thermal power meter. Fast 

liquid-solid phase transitions of a 5 mm long water droplet were performed in a laboratory 

sensor configuration with low thermal inertia (i.e. direct contact between a peltier unit and the 

sensor glass chip; see Supporting Information), and in the surface temperature range from -

5ºC to +5ºC calibrated with a FLIR thermal imaging camera. These experiments were 

performed first freezing the whole droplet until its top tip, and afterwards cycling the sensor 

temperature preventing the full frozen droplet from becoming liquid entirely, i.e. with only 

the droplet surface contact area melting before the temperature was again decreased so 

freezing occurs within seconds and cycles were of around 40 s. Figure 1E shows this water 

phase change cycling at 3.64 µm wavelength. 
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In a second round of tests at 3.68 µm wavelength with an ICL, the configuration was slightly 

modified: direct laser coupling of light was done by means of bonded optical fibers and the 

glass sensor chip was attached with thermal silver paint on a thick piece of metal which added 

thermal inertia to the system. In this experiment, the sensor response when a room 

temperature (+20 ºC) liquid water drop is slowly cooled to -20 ºC is monitored. Figure 4A 

shows the evolution of the temporal power loss with respect to the uncovered sensor. The zero 

seconds time is set when temperature is started to decrease at around 20 ºC/min. It can be 

observed that signal starts to decrease for colder water as it was also seen in the recorded 

spectrums of Figure 3A. At some point a sudden fall of the signal (of about 0.35 dB/mm) 

indicates the liquid-solid phase transition at freezing point. Figure 4A shows the detail of this 

transition, where it can be seen that its apparent duration is measured to be of ~300 ms, 

although this is a response time given by the used electronics and signal processing system. 

A third set of freezing drop experiments was performed with a fiber-coupled sensor prototype 

inside a freezing chamber, so that the same transition as in Figure 4A could be done 

instantaneously. This prototype was integrated on the leading edge of a 3D printed wing 

model for ice detection in real in-flight icing conditions (see Figure S2.7 and Supporting 

Information). In this prototype 3DLW waveguides had a high contrast (ΔnH). Specifically, the 

core parameters were W=13 μm, H=13 μm, an estimated Δn=8·10-3 and G=4 μm. Before 

sensing tests, the waveguide technology and its optical bonding to fibers had to be tested at 

low temperatures and for large and fast temperature changes. The sensor was first 

continuously tested at -30ºC for 24h, without observing any change in its output signal levels, 

and afterwards was exposed to fast temperature changes performed by moving the sensor 

from inside the freezer at -30ºC to a water bath at +20ºC. Once the sensor prototype resistance 

to temperature changes and low temperatures was verified, tests were performed inside the 

freezer. In this case the sensor was fully maintained at -15 ºC, and drops of warm deionized 

water at +20 ºC were dropped on it. Figure 4C shows the time signal evolution, in which the 
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zero seconds time is set when the first drop contacts the sensor. First, a small water drop 

(covering around 6 mm of the sensor) freezes instantaneously in its bottom in contact with the 

cold sensor and produces the first strong signal drop (of ~60 % signal, or 0.6 dB/mm). 

Secondly, another drop fills the rest of the sensor and the signal goes further down by around 

-0.2 dB/mm more, being followed by a very slow signal drift probably due to the gradual 

cooling of the whole ice layer down to -15 ºC of the freezer environment. The results of 

Figure 4C corresponding to the second sensor prototype sensing clear ice at -15 ºC will be 

later compared to results from the icing wind tunnel tests, labelled as laboratory clear ice 

reference. 

So far, only homogeneous ice (i.e. no air micro-bubbles inside) has been considered. However, 

aircraft icing typically takes place in mixed conditions, where ice layers feature a 

heterogeneous microstructure with air grains of variable size, giving rise to different types of 

phenomenological macroscopic ice types such as frost or rime ice. These microstructured ices 

are characterized by a non-homogeneous microstructure which will therefore have a different 

optical properties and affect the sensor's principle of operation. A simple model was used to 

simulate rime ice consisting of ice and air blocks with average lengths along the light 

propagation direction of 80 μm and 20 µm. The ice blocks had a thickness of 50 μm and an 

infinite width perpendicular to the propagation direction. As before, the attenuation spectrum 

was calculated and the comparative results between liquid water, ice and frost/rime can be 

seen in Figure 5A. Note that here we refer to rime or frost ices as similar cases of 

microstructured ice (air and ice grains with any given volume filling fractions, sizes and 

distributions), even if these are terms for types of ices which form in completely different 

circumstances and physical parameters. The main differences of the simulated sensor 

attenuation output spectra for rime/frost curve with respect to the ice and water curves is that 

its peak wavelength is located in between the other two maximums (at λ~3.58 μm), that this 

maximum value is lower than all other water phases or states, and that the resonance has a 
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very damped behaviour with a very large full width at half maximum, probably caused by the 

presence of the air blocks which induce scattering in the ice/air interfaces. Depending on the 

ice microstructure the attenuation spectrum can therefore vary substantially, but ice 

microstructures with air pores are clearly identified by a strong fingerprint blue-shift with 

respect to homogenous clear ice and a low attenuation value as well as very large width. To 

simulate this type of microstructured frost-like ice in the laboratory a series of experiments 

were performed using the same setup as for slow water cooling (see Figure 4A). Frost ice was 

created on the surface by slowly cooling down the sensor at room temperature, allowing dew 

formation due to vapour water condensation. At a given time, the dew freezes, and ice micro-

crystals (frost) start to grow (see Figure 5B). In this condition and within a few minutes, ice 

crystals had grown to enough size to be seen by the naked ice, showing the characteristic 

white aspect of frost. These experiment was performed in the laboratory for the wavelengths 

of 3.39 µm and 3.68 µm, which lie both out of the maximal fingerprint attenuation. The two 

independent experiments were performed under the same protocol and are plotted on the same 

time scale in Figure 5B. The initial and final temperature is 20ºC and -15ºC, respectively. 

Both curves show a gradual fall of the output power which corresponds to freezing of the dew 

across the sensor surface area, as well as a saturation region at the end indicating no further 

growth of micro-crystals on the glass surface. A very good agreement is found between 

experiments and rime-frost simulation (Figure 5A), with attenuation levels of around ~0.35 

dB/mm for both wavelengths, and slight higher at the longer wavelength of 3.68 µm. 

Overall, these findings demonstrate that these novel type of mid-infrared water ice sensor 

allow to clearly distinguish between the structural phases of water, as well as its 

microstructure with regard to rime-type or frost structures with given percentages of micro-

porosity. The main detection parameters to effectively identify these different icing conditions 

are the operating wavelength (which allows to tune the sensor for an improved selectivity of a 

given water phase against other) and the attenuation values spectral dependence. A clear trend 
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is observed for which liquid water is detected for wavelengths gradually shifting from ~3.45 

µm (+20 ºC) to ~3.55 µm (-5 ºC, metastable SCW), clear ice peaks at much longer 

wavelengths ~3.68 µm and with higher attenuation levels, and rime ices do peak in a wide 

region between SCW and clear ice, but with a reduced attenuation to half the level of clear ice. 

These observations are summarized in a hypothetical parametric table in Figure 5C. To fully 

confirm this sensor capability further experiments must however be performed under more 

sophisticated experimental conditions covering the whole range from liquid to solid water, as 

well as microstructured ice types with varying air pore densities from low to high density rime 

ices. 

To further prove that this sensor can operate in harsh in-flight conditions, under high speed 

water impact and at low temperatures, we performed a series of tests inside an icing wind 

tunnel (IWT) at the Fraunhofer IFAM icing facilities (see Figure S2.6 and Supporting 

Information). The sensor prototype used is the same as that tested in freezing conditions as 

previously described (see Figure 4C). Regarding the icing testing facility, it consisted of a 

wind tunnel capable of simulating dangerous in-flight icing environments, such as clouds 

being composed of supercooled water droplets, and where wind speed, temperature, liquid, 

water droplet size could be accurately controlled. The sensor mock-up was first tested at 

various temperatures at 55 m/s speeds, in order to check that there were no material failures 

after prolonged use (3h continuous test). Signal stability and repeatability between air, water 

and ice cycles was very high. The temperatures to test were +10 ºC, 0 ºC, -15 ºC and -30 ºC 

(±2 ºC), the wind speeds were of 55 m/s and 95 m/s. The liquid water content (LWC) was of 

2.1 and 0.8 gr/m3, for 55 and 95 m/s respectively. Mean droplet volume diameter (MVD) was 

of 40 µm. Figure 6 shows the visual appearance of the leading edge of the wing model were 

the sensor was embedded, 3 seconds after the cloud was created. The sensing waveguide was 

driven by the ICL diode at its nominal wavelength (3.68 μm) and the output signal was 

measured by the PbSe detector (see Figure S2.10 and Supporting Information for further 
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details). The temporal evolution of the sensor’s output signal is depicted in Figure 7A, where 

relative output power values are given in dB for the whole sensor waveguide length of 8 mm. 

At temperatures above the freezing point, the signal output power decreases by a very small 

margin. A noise component is added to the signal indicating the impact of the water droplets 

on the glass surface, which is more evident at 55 m/s than at 95 m/s, probably meaning that in 

the latter case a continuous film of water remains on the surface. In the opposite case, when 

the temperature is well below 0 ºC (at -15 and -25ºC), the output signal quickly falls around 

10 dB within 1 second as a consequence of ice accretion. At 3.68 µm wavelength, the 

detection of ice is therefore characterized by a clear and fast signal attenuation, of the order of 

10 dB. However, this attenuation level evolves to a steady state more characteristic of 

microstructured rime ice, with a lower attenuation values of around 7 dB. Lastly, at 

temperatures around the freezing point, the sensor response differs in its slow response. 

Although not immediately, the signal still decreases more than when having positive 

temperatures and hence icing conditions might be inferred. A plausible explanation for this is 

the fact that small fluctuations of temperature around ±2 ºC could prevent locally the water 

droplets from freezing on the glass surface, resulting in a mix of ice-water millimetre-sized 

films. In any case, the sensor can clearly detect when there is running water (droplets impact) 

from the measured noise fluctuations, and in the case that an ice layer is blocking the sensor 

this is so identified by the absence of noise. By using the ice sensor in conjunction with de-

icing electro-thermal systems which could fast remove any detected ice layer icing safety 

would therefore be largely increased. 

The attenuation values in the steady state for each IWT test were also measured at three 

different wavelengths. Although the ICL laser is not continuously tunable, three current-

temperature set-points that provided single-frequency lasing (3.60, 3.64 and 3.68 µm) were 

used. In Figure 7B, the final steady states are summarized and compared with homogenous 

clear ice detection in a freezing chamber (see Figure 4C) as a reference for -15 ºC clear ice. 
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All the ice films created inside the wind tunnel produced a different spectral sensor response 

from the one corresponding to the reference ice. In general, the lower attenuation observed at 

any of the spectral points, the higher proportion of low-density rime-like microstructured ices 

present on the sensor surface. In our experimental set of icing parameters, temperature was 

the dominant factor, having the ices accreted at -25 ºC a less dense nature than those at -15ºC. 

At 55 m/s speeds, high-density microstructured ice formed only at -15 ºC temperature (orange 

line), which gave a fingerprint very similar to that of clear ice but with decreased attenuation 

at 3.68 µm wavelength, while lower density microstructured ice (with milky appearance as 

seen by the naked eye) with reduced attenuation formed at -25 ºC (grey line). At 95 m/s 

speeds a similar trend can be observed to occur: high-density and slightly lower density 

microstructured ices also formed for -15 and -25 ºC temperatures, respectively; and with 

similar attenuation values to 55 m/s. At the freezing points (0 ºC), all attenuation curves 

correspond to cold liquid water. The reason for this is that the values were taken in a 

stationary regime when the output power had increased relative to the initial sudden fall. Such 

increase is probably due to high speed water droplet impacting on the sensor surface and 

detaching the first layer of accreted ice before forming a thin layer of very cold liquid water 

film below an igloo-like ice structure surrounding the sensor area. We therefore show here 

that the ice contact surface layer can fundamentally change in sub-second time scales, and this 

type of sensor can continuously monitor these changes, thus enabling the development of 

future fast-response automated active de-icing electro-thermal systems. 

In conclusion, we have introduced a novel concept for photonic surface sensors capable of 

withstanding harsh environments and yet be sensitive enough to detect water molecule phase 

changes with layer thicknesses within the micron scale and nanometric scale. The concept has 

also been fully developed in prototypical form and tested on industrially relevant 

environments, such as in icing wind tunnel for replicating in-flight icing conditions. We have 

shown that this novel type of mid-infrared sensors can be exploited for detecting both 
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structural phase changes of water, as well as microstructural arrangements of porous ices such 

as rime ice, which pose a serious threat to aircraft transport. Furthermore, the use of silica 

glass as surface sensor allows to open various research avenues with could have a strong 

impact in both applied and fundamental sciences. An opportunity opens for studying the 

sensor behaviour in combination with hydrophobic or icephobic microstructured surface ends. 

In a similar way to how the sensor detects microstructured ice with air pores, the detection of 

water or biological matter in contact with microstructured silica could be investigated, for 

which the sensor would perform as an element of inbuilt monitoring capability for the 

automated feedback control of other systems. Additionally, bio-functionalizing the SiO2 

sensor surface[20] would also enable to exploit the sensor in the novel field of mid-infrared 

biosensors. In parallel, the current rapid development process of mid-infrared photonic 

technology (such as tunable or supercontinuum laser sources, optical fibers and detectors) will 

undoubtedly lead this type of glass embedded surface sensors of a wide range of scientific and 

engineering applications. 

 

 

Experimental Section 

Sensor simulations: BPM simulations of the waveguide sensor performance were carried out 

by means of the commercial RSoft BeamPROP software package. Complex refractive index 

dispersion data was taken from [16], [17] and [20] for liquid water at 25 ºC, ice at -7 ºC and 

fused silica, respectively. The geometry of the structure was parametrized according to 

Figures 1B and S1.1 (see Supporting Information). Only scalar simulations were performed 

as the sensing performance did not depend on the light polarization. In all cases, the excitation 

field was the waveguide’s own fundamental mode. For the broadband results presented, 

individual simulations at different wavelengths were carried out taking into account the 

optical dispersion of materials. Extensive details about all the aspects of the simulations can 

be found in Supporting Information (PART I). 
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Photonic sensor fabrication: The waveguides were fabricated using the 3DLW multiscan 

technique on commercial low-OH fused silica glass substrates (Suprasil 300). For the low 

contrast waveguides (estimated ΔnL~ 2·10-3), a 1033 nm wavelength, circularly polarized 

laser beam, giving 400 fs pulses with an energy of 0.5 μJ at a repetition rate of 500 kHz was 

focused inside the sample trough an aspheric lens of 0.25 NA. The sample was translated at a 

speed of 1 mm/s to produce rectangular cores with approximate 32 x 14 μm2 size. For the 

high contrast waveguides, the fabrication parameters were, respectively, 1047 nm laser 

wavelength, circular polarization 450 fs pulse width, 0.9 μJ pulse energy, 500 kHz repetition 

rate, 0.4 NA and 1.5 mm/s scan speed. The obtained waveguide core had a size of around 13 x 

13 μm2 with an estimated ΔnH~ 8·10-3 at 3.68 µm wavelength. Further details about the 

fabricated waveguides were reported elsewhere [19]. After the 3DLW process, the samples 

were physically polished to reduce the waveguide-surface gap to the desired values. Bonding 

the waveguides to mid-IR ZBLAN cleaved fibers was done using optical adhesive NOA 61. 

The connection area was covered by adhesive prior to carefully aligning the cleaved facets of 

the fibers with the corresponding ports of the waveguide. UV light was then applied to cure 

the adhesive and make a permanent connection. For the integration of the sensor on an aircraft 

structure, a wing mock-up (NACA 0012) 3D printed in PLA was properly modified to host 

the glass substrate on the leading as well as the optical fibers. See further details in Supporting 

Information (PART II). 

Sensing Experiments: Ice sensing demonstration in an optical laboratory was carried out in a 

standard optical waveguiding setup for mid-IR guiding. The sources used were a Firefly-IR 

OPO (M Squared Lasers), a 3.68 μm ICL laser (Nanoplus) and a 3.39 μm He-Ne laser (REO). 

The detectors were a Thorlabs S302C thermal power meter, a Thorlabs PDA20H-EC PbSe 

amplified detector and a FLIR SC7000 InSb camera. For free-space experiments, a pair of 

chalcogenide aspheric lenses with NA= 0.18 (Thorlabs C021TME-E) coupled the light in and 

out the waveguide, respectively. A peltier unit controlled the temperature of the sensor while 
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the temperature was constantly monitored by a calibrated thermal camera. The setup was 

enclosed in a N2-purged PMMA chamber to avoid water vapor condensation on the photonic 

chip facets. In the fiber-coupled case, this was not needed. The ZBLAN fibers used were 

provided by FiberLabs and Thorlabs and their core size and NA closely matched that of the 

3DLW waveguide coupling light into it in order to achieve low coupling losses. For collecting 

light out of the waveguides, a multimode fiber was used instead. The precise protocol 

followed to characterize the sensor performance in the optics laboratory and the IWT is 

explained in detail in Supporting Information (PART II). 

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Mid-IR water ice phase surface sensor. (A) 3D rendered, conceptual view of the 

photonic sensor working mechanism. Credit: A. Trujillo. When water droplets are present on 

the sensor surface detection occurs by means of resonant light transfer to droplets whose 

index of refraction produces a phase matching condition implying a sudden dip on transmitted 

light. By spectrally tunning light across the OH vibrational band of water the phase state of 

the water layer is obtained. Since waveguides propagate below surface the sensor is immune 

to erosion or scratches smaller than its depth gap (B) Sensor design cross-section parameters 

(typical values W=15 μm, H=15 μm and G=5 μm) which can be changed to maximize the 

light coupling sensitivity to a given layer thickness T (from ~100 nm to ~500 µm). (C) 

Measured near-field of the waveguide output at 3.68 µm wavelength. (D) Electromagnetic 

beam propagation simulations of light travelling the 2 mm long sensing waveguide for air, 

room temperature water and clear -7 ºC homogenous ice surface layers. (E) First tests on 

experimental detection of freezing cycles of a water droplet with the glass sensor temperature 

controlled by a peltier unit and detection with a thermal power meter. The measured output 

intensity is evaluated as relative output power (dB) between ice and liquid water states. 
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Figure 2. Directional coupling (light tunneling) conditions and simulation of sensor 

performance across the anomalous-to-normal dispersion range of water. (A) Complex 

refractive index of liquid water (25 ºC) from Hale [16], and ice at -7 ºC from Warren [17] and 

index of refraction of fused silica glass. The phase matching wavelengths between water and 

silica are indicated with grey vertical bars at around 3.46 µm (liquid water) and 3.68 µm (ice). 

(B) Simulated sensor spectral output response for ice and water layers (normalized to air and 

per mm of sensing length). For small gaps (G<5 µm), the differential attenuation levels 

(sensitivity) between ice and water depend on the waveguide refractive index change Δn, due 

to the change in waveguide propagation constant. No light tunneling occurs across the 3 µm 

wavelength region due to the 2 orders of magnitude increase of the imaginary part k(λ) of the 

complex index of refraction of water (see A). (C) Simulation of sensor output attenuation as a 

function of ice layer thickness in water. Maximum attenuation occurs for single mode ice 

layers of around 3 µm thickness. Due to the large differential absorption of liquid water and 

ice the sensor can also detect formation of nanometric (100 nm) ice layers below liquid water 

(the minimum detectable attenuation with our experimental setup is of 0.0026 dB, given our 

SNR of 32 dB. See Supporting Information for further details). 
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Figure 3. Experimental spectral fingerprints for warm water, SCW and clear ice with a low 

contrast (ΔnL) waveguide sensor. (A) Experimental normalized attenuation spectra for 

deionized water drop at 20 ºC (blue data), and at -5 ºC for both its SCW (green data) and solid 

state (red data). Solid lines are best fits to experimental points. Data noise is mostly arising 

from random output power oscillations of the tunable mid-IR OPO laser used for the 

experiments. Peak attenuation wavelengths are marked for each water phase state. (B) 

Evaluation of the matching between experimental normalized attenuation sensor data 

(asymmetric peak fits) and BPM simulations. Experimental data is the same as in (A), 

simulations used same water index of refraction data as in Figure 2, and normalized 

attenuation is divided by two. Good qualitative agreement on the powerful selectivity on ice 

against water is found, which validates the sensor 3DLW fabrication technique. 
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Figure 4. Characterization of the sensor prototype response time. (A) Time record in slow 

cooling and freezing of a room temperature +20 ºC liquid deionized water droplet down to -20 

ºC. (B) Detail of the time response at the freezing point of the water-sensor surface area. The 

response time is given by the electronics slow response, of around ~300 ms. (C) Time record 

of fast cooling experiment for +20 ºC deionized water droplets when in contact with the 

sensor at -15 ºC temperature, inside a freezer chamber. Two droplets were used, a first one 

which covered around a 75% of the sensor surface, and a second droplet covering the 

remaining sensor area. The sensor response time at the freezing transitions have the same 

electronics limited time response as in slow-cooling experiments, proving that the sensor 

response can be improved by using faster electronics and signal analysis. 
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Figure 5. Simulation and experimental formation of frost microstructured ice. (A) Simulation 

of liquid water, homogenous clear ice, and air/ice microstructures (frost/rime). 

Microstructured ice is clearly identified by an increased full width at half maximum of its 

attenuation fingerprint and a peak intensity reduced to around a 50% with respect to 

homogenous clear ice. (B) Experimental time-response of the sensor for the slow formation of 

frost by first allowing dew to condense at room temperature conditions and slow sensor 

cooling, dew freezing, and ice microcrystals formation across the sensor area. Good 

agreement for attenuation values at 3.39 µm and 3.68 µm is found between simulation (A) 

and experiments (~0.35 dB/mm). (C) Conceptual sketch on the sensor response parameter 

space – attenuation peak level against wavelength-, and the different regions corresponding to 

each water phase and microstructured rime ice types. A third parameter (not shown here) is 

the spectra full width at half maximum, which allows to differentiate between homogeneous 

(liquid or solid water) and microstructured ice (rime or frost) (see A). 
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Figure 6. Wing model leading edge appearance for various temperatures and wind speeds 

inside the IWT. Only in the case of -25 ºC and 95 m/s air speed can the first layers of ice be 

detected by the naked eye. 
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Figure 7. In-flight icing detection. Icing wind tunnel tests. (A) Time signal detection at +10, 0, 

-15 and -25 ºC (±2 ºC) and wind speeds of 55 and 95 m/s. Fast micrometric ice layer accretion 

is detected in less than 1 s. Afterwards ice layers evolve towards a steady state depending on 

the air temperature and wind speed. At freezing point temperatures, a thin ice layer forms 

slowly at a time scale of around 4-20 s, and afterwards gradually melts within various minutes 

(not shown for the sake of brevity). Above freezing temperatures only impacting drops are 

measure which produce an oscillating signal with almost no attenuation. (B) The final steady 

states are summarized and compared with homogenous clear ice detection -out of the wind 

tunnel- in a freezing chamber (see Fig. 4C) as a reference for -15 ºC clear ice. 
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Ice and supercooled water still puzzle scientists and engineers from a wide range of 

fields. Here we demonstrate a harsh-environment resistant photonic sensor that probes the 

phase and micro-structure of water through resonant light transfer across the infrared OH-

stretch vibrational mode, finding application in the aircraft industry as well as in other fields 

where precise monitoring of the phase or composition of micro- to nanometric water layers is 

needed. 
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