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SUMMARY 

One-dimensional (1D) Photonic Crystals (1DPCs) have emerged in recent years as a novel functional 

platform for optical sensing applications. These bioinspired periodic multilayered structures exhibit a 

pronounced structural color originating from interference phenomena, which can be dynamically 

varied by external stimuli. Changes in the refractive index or the layer thickness of the individual 

layers of the multilayered structure caused by an external stimulus can be translated into spectral 

shifts and, hence, into structural color changes, which renders these structures label-free 

colorimetric sensors. Although in the last three decades, several research approaches were proposed 

in order to improve the optical quality of such photonic sensors, their structural properties and 

sensing performance, there are still challenges remaining, which impact the applicability of these 

platforms. These include the sensor´s (long-term) stability, the signal reproducibility, the sensitivity, 

selectivity, and the improvement of the optical quality and the readout schemes.  

This thesis proposes functional material-based solutions to these above mentioned challenges. In 

ƻǊŘŜǊ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ǎŜƴǎƻǊΩǎ ǎǘŀōƛƭƛǘȅ ŀƴŘ ǎƛƎƴŀƭ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅΣ Ǌƻōǳǎǘ ŀƴŘ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜ 

stimuli-responsive inorganic materials, namely two-dimensional (2D) nanosheets, were integrated 

into 1DPC architectures for the first time. 2D antimony phosphate nanosheets were exfoliated and 

afterwards optimized for solution processed 1DPC fabrication schemes. This class of 2D materials 

exhibits the capability to intercalate analyte molecules and, as a consequence, to change the layer 

thickness significantly. This phenomenon could be exploited in 1DPC architectures and translated 

into full-spectrum color shifts, which are among the largest color changes induced by volatile 

analytes (humidity or organic vapors) reported to date. These large color changes induce larger 

sensitivity, i.e. color change per analyte concentration, which also allowed us to explore novel 

sensing applications. One example is the touchless motion tracking of a human finger, whereby the 

humidity sheath of a finger can be detected optically in real time and true color, without touching 

the sensor surface. 

Further, these nanosheets were also able to differentiate optically between chemically similar 

analytes, such that even the optical separation of isomers, e.g. 1-propanol and 2-propanol, became 

possible. Hereby, optical differentiation between analytes could be traced back to molecular features 

such as the molecule size and size-related properties, including acidity or polarity, which determine 

the optical response of the 1DPCs to analytes.  

Additionally, 2D lithium tin sulfide nanosheets were identified as solution processable 

ultrahigh-refractive-index materials, which are advantageous in the field of 1DPC based sensors, as 

the optical contrast within the multilayer structure can be further increased. On the one hand, this 
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leads to better optical properties, such as higher reflectance intensity and a more pronounced 

structural color; on the other hand, the number of layers and, thus, the entire device thickness and 

material costs can be reduced. Additionally, lithium tin sulfide nanosheets showed a great potential 

in accumulating water molecules in their interlayer space, similar to the antimony phosphates. 

Besides improving the optical properties, this leads to a high sensitivity to ambient humidity. By 

combining the two nanosheet materials ς antimony phosphate and lithium tin sulfide - in a single 

1DPC, an ultrahigh humidity sensitivity could be observed based on the swelling behavior of both 

stimuli-responsive materials.  

The swelling of the antimony phosphate nanosheets was further exploited to identify alternative 

readout schemes besides reflectometry and spectroscopy. Hereby, in collaboration with the group of 

Prof. Hernán Miguez, ICMSE-CSIC, in Sevilla, Spain, a carefully designed optical resonator was 

ŎƻƴǎǘǊǳŎǘŜŘ ōŀǎŜŘ ƻƴ ǘǿƻ ǇƻǊƻǳǎ м5t/ǎ ŀƴŘ ŀ ƴŀƴƻǎƘŜŜǘ άŘŜŦŜŎǘέ ƭŀȅŜǊΦ The coupling of the 

photonic modes with the emissive properties of dye molecules embedded in the nanosheet layer was 

used to modify the photoluminescence of the dyes by swelling of the nanosheet cavity, induced by 

humidity changes. In extreme cases, we could even suppress the emission completely, triggered 

exclusively by reaching a certain external humidity value. Photoemission as a sensing signal, 

compared to the typical photonic readout scheme, offers a more direct way to couple the sensor to 

electrical readout schemes. 

Finally, for the first time we performed experimental and theoretical studies on molecular diffusion 

in 1DPC structures. For this, we designed a 1DPC structure, which was capable of resolving the 

layer-by-layer diffusion of analyte molecules within the structure. Hereby, we used antimony 

phosphate nanosheet based 1DPCs as a model system, where the intercalation of primary amine 

molecules was measured by optical methods. Owing to the acid-base properties of the host layers, 

these analytes are trapped in the interlayer space, enabling the spatio-temporal resolved study of 

analyte uptake. The experimental measurements were completed with theoretical calculations, 

carried out by Alberto Jiménez-Solano, MPI for Solid State Research, Stuttgart, Germany, which 

allowed us to extract information about the time dependent layer thickness changes and their 

correlation with molecular diffusion. 

In summary, this thesis introduces novel material-based solutions for next-generation sensor devices 

and sensing applications. Further, due to the high chemical variety and the potential for covalent and 

non-covalent post-synthetic modifications of 2D nanosheet materials, these photonic devices offer a 

versatile platform for different sensing applications in the future. 
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1. INTRODUCTION 

Only in the period of this PhD thesis (2014-2018), an enormous increase in the usage of gas sensors 

in consumer applications from 1.2 million units to 110 million sensor units was observed and 

predicted. According to an analysis and forecast of the company Yole Développement in 2016 (Figure 

1.1),[1] the growing demand for compact and easy-to-integrate gas sensors will continue for the next 

years. This is mainly connected with two important application fields entering the gas sensor market: 

wearable technologies and smartphones, where the impact of the latter is more decisive.  

 

Figure 1.1: Optimistic scenario forecast about gas sensors for consumer applications. The image is adapted with 

permission.
[1]

 

These novel application fields generate new technological and economical requirements, including 

selectivity, long lifetime, small packaging size, low power consumption, wireless communication, 



ς Introduction ς 

16 
 

multiple gas detection, high sensitivity, fast response time and low price.[2] The next value 

proposition for smartphones lies in the integrity and connectivity of a high variety of sensors and 

actuators for internet of things (IoT) applications.[3, 4] For this, multiple sensor units will be integrated 

increasingly into one device and connected online for diverse applications, such as enhanced security 

(face/eye recognition, fingerprint sensor), motion tracking (accelerometer, gyroscope), sound-related 

applications (microphones), optical applications (autofocus, cameras), communication (antenna, 

filters) and finally environmental applications (particle, gas, temperature and humidity sensors).[5, 6] 

The increasingly complicated sensing cases require not only the integration and connection of these 

sensors into one single device but also the development of the sensors themselves in terms of 

sensing materials, connectivity and sensing performance. 

For gas sensors in particular, depending on the specific application and integration needs, different 

readout and detection principles are applied.[7] Metal Oxide Semiconductor (MOS) based or 

electrochemical sensors present the most important sensing platforms by measuring either 

resistance, capacitance or current intensity changes.[8] Other categories include acoustic sensors 

measuring the gas velocity, the rather expensive chromatography based detection methods, or 

calorimetric elements, which measure temperature or resistance shifts upon gas adsorption. For this 

thesis, the most relevant detection scheme is the optical detection, which ranges from wavelength 

shifts upon light absorption of the analyte to photoluminescence changes or color changes induced 

by a chemical reaction or gas adsorption.[9] Optical sensors are particularly interesting, as they 

provide a readout also in an electricity-free environment, as color changes can be detected 

qualitatively also by the naked eye. 

Although the demand for novel sensing concepts and sensing targets is high, the bottleneck of the 

development is often the sensing material itself.[10] The sensor material usually defines many sensing 

descriptors, such as sensitivity, selectivity, response time, stability, reproducibility and accuracy, and 

hence, the entire sensor characteristics and applicability. The main focus of this thesis lies on 

identifying novel functional materials and integrating them into 1D Photonic Crystal (1DPC) 

architectures in order to achieve better sensing performance and to identify novel sensing concepts. 
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1.1 PHOTONIC CRYSTALS 

Photonic Crystals (PCs) are periodic nanostructures exhibiting a periodic arrangement of two 

materials with different refractive indices (RI), which influence the motion of light. In 1887, Lord 

Rayleigh published his work on the optical properties of materials exhibiting periodicity in their 

dielectric properties in one spatial dimension and postulated the existence of an optical bandgap, a 

forbidden energy range for photons.[11] Although this was a significant discovery, it took 100 years 

until this concept was generalized and reduced to practice and the bandgap was realized 

experimentally for 2-dimensional (2D) and 3-dimensional (3D) systems. In 1987, Yablonovich[12] and 

John[13] published independently from each other with just a month time difference the two 

milestone papers describing novel periodic materials, which can control and manipulate the motion 

of light. The motivation of the two researchers was quite different:[14] while Yablonovitch worked for 

Bell Communication research on more applied topics and wanted to make the telecommunication 

lasers more efficient ς by using a laser without threshold,[15] ς John was motivated by pure academic 

research goals and wanted to propose the bandgap for means of light localization.[16] The terms 

άtƘƻǘƻƴƛŎ /Ǌȅǎǘŀƭέ ŀƴŘ άǇƘƻǘƻƴƛŎ ōŀƴŘƎŀǇέ ǿŜǊŜ ǎǳƎƎŜǎǘŜŘ ōȅ ¸ŀōƭƻƴƻǾƛǘŎƘ ƛƴ мфуф ŀƴŘ ƘŀǾŜ ōŜen 

used ever since.[14] 

In the last three decades, the developments in this field, including the physical theories[17] and the 

fabrication and material development[18] converted these structures into a multifunctional optical 

system and a functional material platform on the landscape of optical sensing.[19] Inspired by natural 

structures, such as butterfly wings,[20] opals,[21] peacock feathers[22] or the skin of the chameleons,[23] 

nowadays a large variety of synthetic PC is known.[18,  24] Three different classes of Photonic Crystals 

can be distinguished: 1D, 2D and 3D PCs, referring to structures with a periodicity of the refractive 

RIs in one, two or three spatial dimensions (Figure 1.2).[17] 

 

Figure 1.2: Schemes of (a) 1D, (b) 2D and (c) 3D photonic crystals. The different colors represent materials (or 

air) with different refractive index. 
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In the focus of this thesis are 1DPCs and optical resonator structures, thus the basic concepts 

underlying the optical properties and the sensing mechanisms of these systems will be discussed in 

detail. Additionally, integrated functional materials will be introduced, as these are the key 

components for the optical sensing performance and the sensing characteristics of these proposed 

new platforms. 

1.2 ONE-DIMENSIONAL PHOTONIC CRYSTALS 

1DPCs, also referred to as Bragg stacks (BS), distributed Bragg reflectors (DBR) or interference filters, 

are periodic nanostructures exhibiting a periodicity in the RI in one spatial dimension and, hence, are 

composed of two types of thin films deposited on top of each other in an alternating fashion.[17] In 

order to achieve an interaction with visible light, the periodicity, e.g. the optical thicknesses  ̱

equation (1.1) 

 † ὲ ϽὨ (1.1) 

must be in the same range as the wavelength of the visible spectral range (400-800 nm), whereby n is 

the RI and d the physical thickness of the layer.[25] 

1.2.1 OPTICAL PROPERTIES OF 1D PHOTONIC CRYSTALS 

Upon propagation of white light through this periodic arrangement of dielectric films, the incident 

light beam is partially diffracted and reflected at each interface of two layers with differing RIs 

(Figure 1.3), depending on the optical thickness  ̱equation (1.1) of the two adjacent layers. 

 

Figure 1.3: Interaction of light with a 1DPC. (a) The beam path of light within the multilayered structure, (b) the 

interaction of white light with the 1DPC resulting in a partially reflected and transmitted beam exhibiting 

complementary colors. 
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The constructive interference of the reflected light beams results in a strong reflection in a 

well-defined wavelength regime, the photonic stopband,[14] which is a forbidden energy range, in 

which no propagating waves through the structure in the direction of periodicity exist. In this spectral 

range, a maximum of reflection is observed, while beyond the stopband region, in which energy 

range the photons are not forbidden to propagate the structure, a maximum of transmission arises 

(Figure 1.4a). If the photonic bandgap lies in the visible range, a strong color, a structural color is 

observed, as the result of the periodic arrangement of inherently transparent materials. Beyond the 

stopband, the transmitted color occurs, which is the complementary color to the reflected structural 

color. Hence, 1DPCs exhibit the unique property to act as wavelength-selective filters for light, since 

they reflect light with a certain energy, while keeping the transparency in the rest of the spectrum. 

Further, as a consequence of the interaction of light with the multilayered structure, the 

electromagnetic (EM) field intensity distribution within the 1DPC shows an inhomogeneous behavior 

(Figure 1.4b).[26, 27]
 In Figure 1.4 the optical (Figure 1.4a-d) and structural properties (Figure 1.4e) of a 

1DPC are shown. In the scanning electron microscope (SEM) cross section image (Figure 1.3e), the 

periodic arrangement of the two different materials showing a material contrast is depicted. 

 

Figure 1.4: Structural and optical properties of 1DPCs. (a) Reflectance (blue) and transmittance (red) spectra of 

a 1DPC made of H3Sb3P2O14 nanosheets and TiO2 nanoparticles. (b) EM field intensity distribution within the 

1DPC described in (a), the horizontal white lines correspond to the layer interfaces within the structure. (c) 

Photograph of a 1DPC showing high reflectance. Note that the emblems were kept above the sample and the 

photograph was taken in reflection mode. (d) Photograph of a 1DPC sample demonstrating the transparency in 

the complementary spectral range of the bandgap. Note that the emblems were placed below the sample and 

the photograph was taken in transmission mode. (e) Secondary electron scanning electron microscopy image of 

a 1DPC made of H3Sb3P2O14 nanosheets and TiO2 nanoparticles. 
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The interaction of light with this periodic multilayered structure can be described by Maxwell`s 

equations (1.2).[28] 

 ​Ͻ╓  ” 

(1.2) 
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whereby D is the electric displacement, B the magnetic induction, E the electric field, H the magnetic 

field, ́  the charge density, J the free current density.  

After approximations for homogenous, linear, isotropic, non-dispersive and transparent media, a 

άƳŀǎǘŜǊ Ŝǉǳŀǘƛƻƴέ, - similar to the Schrödinger equation for the propagation of electrons in a 

periodic potential - which contains all information about the photonic band structure, can be written 

as:[24] 

 ​
ρ

‐►
​ ╗►  

‫

ὧ
╗► (1.3) 

whereby ʁ  is the electric permittivity, ̟  the frequency and c the speed of light. 

In this eigenvalue problem for a perfectly periodic medium, such as a perfect photonic crystal, H(r) 

can be solved using the Bloch theorem[29] and the entire photonic bandgap can be calculated. For a 

1-dimensional case, a 1DPC, with some approximations, important features of the Bragg peak can be 

extracted from equation (1.3). One of the important features which can be derived from the Maxwell 

equations is the central position of the photonic stopband. This can be formulated according to the 

Bragg-Snell law,[30] which states that the position of the photonic stopband depends on the unit cell 

thickness (periodicity), effective RI and the angle of incidence equation (1.4). 

 ά‗ ςὈ ὲ ίὭὲ— (1.4) 

whereby m is the diffraction order, ˂0 the central position of the stopband, D the unit cell (Ὀ Ὠ

ὨύΣ ʻ ǘƘŜ ƛƴŎƛŘŜƴŎŜ ŀƴƎƭŜΣ neff the effective RI of a bilayer, which is defined as 

 ὲ   
 

, with d1 and d2 being the layer thicknesses and n1, n2 the RIs of the single layers 

in the multilayered structure. 



ς Introduction ς 

21 
 

For normal incidence angle, this equation simplifies to equation (1.5) 

 ά ‗ ςὨ ὲ  (1.5) 

Further, the reflectance intensity and the bandwidth of the stopband can be estimated by the 

equations (1.6) and (1.7), respectively: 
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whereby n0 is the RI of the surrounding medium, ns the RI of the substrate, nl the RI of the low RI 

material, nh the RI of the high RI material, and N the number of bilayers.[19] 

In Figure 1.5, the practical impact of these two equations (1.6), (1.7) shown above is demonstrated: 

the influence of the number of bilayers (Figure 1.5a) and the RI contrast (Figure 1.5b; the low RI is 

fixed and the high RI is changed among the spectra).  

 

Figure 1.5: Theoretical reflectance spectra demonstrating the spectral changes with increasing number of 

bilayers (a) and increasing RI contrast (b). Both systems were calculated with a glass substrate (n = 1.55) and a 

low RI of nl = 1.4. In (a) the high RI was fixed to nh = 1.8, and the number of bilayers was varied from 1 to 8. In 

(b) the number of bilayers was fixed to six, and the high RI was varied from n = 1.6 to n = 2.1 in steps of 0.1. 

On the one hand, according to Figure 1.5, the number of bilayers has a high impact on the 

reflectance intensity, which increases significantly and the stopband becomes more defined and 

narrower with increasing number of bilayers. On the other hand, changing the RI contrast induces a 

change in the reflectance intensity, as well as in the bandwidth of the stopband. For these reasons, 
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the design before the fabrication and the reverse engineering after the fabrication has an important 

role to achieve tailor-made optical properties of these multilayered structures. 

1.2.2 OPTICAL PROPERTIES OF RESONATORS 

t/ǎ ŀǊŜ ŀƭǎƻ ŎŀƭƭŜŘ άǎŜƳƛŎƻƴŘǳŎǘƻǊǎ ŦƻǊ ƭƛƎƘǘέ[15] as they exhibit a characteristic bandgap for photons 

ŀǊƛǎƛƴƎ ŦǊƻƳ ǘƘŜ ǇŜǊƛƻŘƛŎƛǘȅ ƛƴ ǘƘŜƛǊ ŘƛŜƭŜŎǘǊƛŎ ǇǊƻǇŜǊǘƛŜǎΣ ǎƛƳƛƭŀǊ ǘƻ άŜƭŜŎǘǊƻƴƛŎ ǎŜƳƛŎƻƴŘǳŎǘƻǊǎέ 

whose band gap arises from their periodic crystal structure and the resulting periodic potential for 

electrons. Analogously to semiconductors, 1DPCs can be doped by introducing defects, e.g. a layer 

with a differing optical thickness, as illustrated in Figure 1.6a,[17, 25] which breaks the periodicity and 

generates allowed states in the stopband region. A controlled inclusion of defects in all types of PCs 

(1D, 2D and 3D) is an important feature to control light in the stopband range.[31-34] In 1DPCs, upon 

introduction of the defect layer, a well-defined dip in the reflectance spectrum occurs within the 

photonic stopband (Figure 1.6c) The position and the intensity of this transmission maximum depend 

on the optical thickness of the defect layer.[17] This configuration leads to very accurate changes in 

the spectrum upon optical thickness changes, i.e. by analyte infiltration in porous structures for 

instance, resulting in an accurate optical sensor readout, as the sharp dip in reflectance serves as a 

well-defined probe.[35] 

 

Figure 1.6: Structural and optical properties of an optical resonator structure. (a) Schematic illustration of a 

resonator. (b) Calculated EM field intensity distribution within the optical resonator. The white lines refer to 

the interfaces in the structure. (c) Theoretical reflectance spectrum of an optical resonator structure. The 

structure of the resonator for (b) and (c) is based on the optical thicknesses d1 = 100 nm, n1 = 1.40, d2 = 100 nm, 

n2 = 1.90 and ddef = 225 nm, ndef = 1.40. 

The integrated defect layer serves also as a cavity, i.e. one can obtain a strong localization of light in 

the defect layer, and the strong enhancement in EM field intensity. The calculated EM field intensity 

distribution of a structure with the layer thicknesses d1 = 100 nm, n1 = 1.40, d2 = 100 nm, n2 = 1.90 

and ddef = 225 nm, ndef = 1.40 is depicted in Figure 1.6b. The EM field intensity enhancement in the 
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cavity can lead to a strong modification of absorption[36] and emission[37] properties of an integrated 

component and offers a possibility to utilize these in sensing applications.[32]  

1.3 OPTICAL SENSING VIA PHOTONIC CRYSTALS 

One of the application fields, which developed dynamically since the discovery of photonic crystals, is 

the sensing field.[19, 38, 39] According to the Bragg-Snell law equation (1.5), the position of the photonic 

stopband and with it, the structural color can be determined from the optical thicknesses of the 

constituent layers. This not only means that the reflectance properties can be designed with the 

careful fabrication of the structure, but thus also the structural color can be modified dynamically. 

Once the optical thickness, e.g. the physical layer thickness or the RI, changes in response to external 

stimuli, photonic stopband changes occur, as illustrated in Figure 1.7. 

 

 

Figure 1.7: Schematic illustration of the sensing mechanism of 1DPC optical sensors based on RI or layer 

thickness changes of the integrated layers. (a) Scheme of the two possible sensing mechanisms: the RI change 

(top) and the layer thickness change (bottom). (b) Reflectance spectra of a 1DPC before (blue) and after (green) 

exposure to water vapor showing a stopband shift, inset: microscope images demonstrating different structural 

colors cause by humidity level changes. Scale bar: 200 ˃ ƳΦ 

Consequently, PCs exhibit a great potential to translate external stimuli changes into structural color 

changes, and thus serving as colorimetric physical, chemical and biological sensors.[19] One of the 

main advantages is that the sensing principle also works without labeling (in contrast to e.g. a 

fluorescent tag in a fluorescence sensor) and that the color change can be read out, in principle, 

qualitatively also by the naked eye. The well-defined optical properties accompanied by a simple 

structure make these colorimetric sensors competitive with other optical sensors. 
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In the last three decades, numerous PC based optical sensors were reported for various sensing 

applications and sensing analytes. Just to name some of the representative systems, various chemical 

sensors for metal ions (Cu2+,[40] Pb2+,[41, 42] Ca2+,[43] Ba2+, K+, Zn2+[44]), for ionic strength and pH,[45] other 

chemically and biologically relevant analytes, such as glucose,[40, 46] volatile organic compounds 

(VOC),[47-[52] organic solvents,[53, 54] humidity,[55-57] for physical stimuli such as temperature[58, 59] or 

pressure,[60, 61] and also various biological sensors[54, 62-64] were presented. 

In the main focus of this thesis are functional material based 1DPCs and resonator structures for 

vapor sensing applications, hence in the next chapter an overview of state-of-the-art VOC and 

humidity sensors is presented. 

1.3.1 FUNCTIONAL MATERIAL BASED SOLUTION PROCESSED 1D PHOTONIC CRYSTALS 

FOR CHEMICAL SENSING APPLICATIONS 

According to the Bragg-Snell law, equation (1.5), 1DPC based optical sensing relies on two main 

mechanisms, first on the changes in RI upon analyte infiltration, and secondly on the changes in the 

physical layer thickness. 1DPCs for which the sensing mechanism is based on the swelling or shrinking 

of the layers operate on intercalation or inclusion of analyte molecules into the layered structure. In 

Figure 1.8, one of the possible mechanisms for layer thickness increase is shown, namely the 

intercalation of the analyte molecules into the sensing material.  

 

Figure 1.8: Schematic illustration of the intercalation mechanism of an analyte into a thin film created of 2D 

nanosheets. 

The other possibility to manipulate the photonic stopband and to utilize it for sensing applications is 

by changing the RI of the layers. Devices which are designed for sensing applications via RI changes 

usually possess high porosity, which is either given by template-induced porosity or by the inherent 

structural porosity of the materials, or by textural porosity, if the layer is composed of dense 

nanoparticles. The RI of such porous layers can be estimated by the effective medium approximation 

(EMA), whereby for different systems different models apply, such as parallel or series model, the 

Maxwell-Garnet equation or the Bruggeman model.[65, 66] In all models, the effective RI of the entire 

dielectric layer is determined as an interplay of the layer material and the pores using different 

approximations. In the models, no information about pore size or arrangement can be obtained or is 
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included. The most commonly used EMA, which was also used in this thesis, is the parallel model, 

which can be written for the real part of the RI according to equation (1.8) 

 ὲ ρ ὼὲ ὼὲ (1.8) 

whereby n1 and n2 are the RIs of the layer material and the pores, respectively, and x is the porosity. 

The parallel model gives the effective RI as a linear function of the RIs of the continuous and 

dispersed phases. By calculating porous structures and sorption procedures, n2 will be modified 

according to the filling fraction of the pores.  

 

Figure 1.9: Schematic illustration of the sensing principle based on RI changes of a nanoparticle based thin film. 

The image shows the condensation of the analyte in the textural pores. 

These two mechanisms ς sensing based on thickness changes and sensing based on RI changes ς  are 

naturally not completely independent of each other, but in most of the cases one of the two 

dominates the sensing mechanism. In this chapter, functional material based 1DPC sensors will be 

discussed, which either rely mainly on RI changes or mainly on layer thickness changes. Hereby, the 

1DPCs are categorized by the effect that has the largest impact on the sensing behavior.  

1.3.1.1 SENSING PLATFORMS BASED ON RI CHANGES ɀ POROUS 1D PHOTONIC CRYSTALS 

The history of sensing via 1DPCs started with the utilization of RI changes in porous layers, with 

templated mesoporous silicon dioxide (SiO2) and titanium dioxide (TiO2) layers (Figure 1.10, 1), 

reported by Choi et al. in 2006.[53] Upon immersion of the 1DPC into different organic solvents (Figure 

1.10, 2), the structural color changes due to the filling of the mesopores of the structure and a 

stopband shift occurs (Figure 1.10, 3). These proof-of-concept experiments show that porous 1DPCs 

can be utilized as RI sensors, as they change the structural color depending on the RI of the analytes. 
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Figure 1.10: The first 1DPCs for sensing applications. (1) SEM images of templated mesoporous SiO2 and TiO2 

based 1DPCs showing (a-b) the cross section images and (c-d) the mesoporous character of the layers. (2) 

Structural color changes of the created 1DPCs upon infiltration with solvents, (a-b) show the 1DPCs without a 

solvent at normal incidence and at a higher viewing angle, demonstrating the angle dependency of the 

structural color and (c-d) show the infiltrated samples with changed structural color also at normal incidence 

and higher incident angle. (3) Reflectance spectra of three 1DPCs before and after infiltration with ethanol. 

Image adapted with permission.
[53]

 Copyright of the American Chemical Society. 

Later, Míguez and co-workers reported highly porous 1DPCs and optical resonator structures, which 

are built of SiO2 and TiO2 NPs (Figure 1.11, 1). The structural and optical properties and the response 

of these novel highly porous systems was reported extensively, including the behavior of the optical 

properties to changes in the number of bilayers, the thickness of the layers and the cavity.[67] In this 

system, the porosity is formed by textural pores, which are created by the interparticle voids showing 

mesoporous behavior.[35, 68, 69] Instead of liquid analytes, it was shown that VOCs can be detected and 

optical isotherms based on the stopband shifts can be measured (Figure 1.11, 2). These systems 

posses no chemical sensitivity; instead, they act as a RI sensor, i.e. depending on the RI of the analyte 

vapors, the optical response of the 1DPCs or the resonator differs (Figure 1.11, 3). 
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Figure 1.11: The first NP based 1DPC for vapor sensing applications. 1) SEM cross section images of the 

fabricated 1DPCs demonstrating the highly porous behavior of the layers, as they are containing SiO2 and TiO2 

nanoparticles. 2) Reflectance spectra and stopband shifts at different ethanol vapor pressure. 3) Optical 

microscope images of the NP based 1DPCs after infiltration with different organic solvents. Image adapted with 

permission.
 [35, 68]

 Copyright of the American Chemical Society.
 
 

Such NP based 1DPCs are nowadays commonly used in the research field as standard porous 

platforms. In the sensing field, Bonifacio et al.[41, 70] reported in 2010 and 2011 two examples for 

applications of such platforms for biologically relevant sensing problems, for food and water quality 

control. Hereby, they modified the NPs covalently with trialkoxysilanes and created an array of 

differently modified 1DPCs. The differentiation of the analytes was performed based on a statistical 

method, namely principal component analysis (PCA) of the color changes of the single 1DPCs in the 

array. 

To illustrate the diversity of these NP based 1DPC platforms, other approaches were demonstrated in 

the literature, such as for visualization of chemical mass transport, e.g. diffusion of solvents in the 

porous matrix.[54] Additionally, an electronic detection scheme was also coupled to the optical 

readout via a narrow-band light source and a photodiode. Due to changes in the stopband position, 

the intensity of light source is modified, which can be detected with a photodiode and converted into 

electric current changes.[54, 71] 

Other metal oxide NPs were utilized in vapor sensing experiments in 1DPCs with diverse aims. To 

increase the RI contrast within the stack, WO3 nanoparticles were applied in periodic,[72] tandem and 

gradient structures.[73] With this, the RI contrast can be increased compared the commonly used 

titania based systems. To avoid the UV absorbing properties of titania, and to create a radiation 

shielding device purely based on reflection, high RI ZrO2 NPs were combined with the commonly 

used low RI silica nanoparticles.[74, 75] Further, SnO2, Sb- and In-doped tin oxide particles[76] were 

applied in 1DPCs for vapor and gas sensing applications. The integration of these conductive 
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materials into such platforms is of interest, as an electric signal, such as the conductance change, 

could be combined with the readout based on color changes.[25] 

To achieve a higher molecular sensitivity, functional nanoparticles, such as metal-organic framework 

(MOF, Figure 1.12),[48, 49, 77] and zeolite NPs[78, 79] were developed and integrated into 1DPC devices. 

MOFs provide a chemical platform with the possibility for covalent and non-covalent 

functionalization and with this, an inherent chemical selectivity (Figure 1.12). Further, these 

structures exhibit structural microporosity, which can serve as molecular sieve providing 

size-selectivity, while keeping the highly porous character within the entire structure provided by the 

textural pores. Ranft et al.[77] demonstrated an optical differentiation of chemically similar analytes, 

ethanol and methanol, with an array of three different MOF NP (ZIF-8, CAU-1, HKUST-1) based 1DPCs 

(Figure 1.12). To achieve more defined adsorption sites, a controlled growth of MOFs (HKUST) was 

applied in the 1DPC fabrication, and the vapor sensing capability was demonstrated.[76] Further, 

mesoporous silica particles were combined with titania layers to achieve an additional chemically 

tunable porosity in the 1DPCs.[80] 

 

Figure 1.12: MOF NP based 1DPCs. (1) SEM images demonstrating the structural properties of the MOF NP 

based 1DPCs showing the morphology of the different particles and the cross sections of the 1DPCs: (a-b) ZIF-8 

NP, (c-d) HKUST-1 NP, (e-f) CAU-1 NP based 1DPCs. (2) Optical response of the three different MOF NP based 

1DPCs towards solvent vapors: (a) the stopband shift of the CAU-1 NP based 1DPC upon ethanol infiltration, 

(b-c) the optical isotherms of the three different systems upon ethanol and methanol adsorption, (d) 

comparison of the relative stopband shifts of the three systems at different ethanol and methanol vapor 

pressures. Image adapted with permission.
[77]

 Copyright of the American Chemical Society. 

Although by today, a big pool of functional colloidal NPs were developed for sensing applications in 

1DPCs with a high molecular selectivity, the main disadvantage of these RI based detection schemes 

is their low sensitivity. The extent of the stopband change is limited through the moderate changes in 
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the optical thickness of the layers, caused by the RI change, which translates only into rather small 

stopband shifts, according to the Bragg-Snell law (1.5). To avoid this, 1DPCs with a swelling 

component were developed to achieve larger stopband shifts. 

1.3.1.2 SENSING PLATFORMS BASED ON LAYER THICKNESS CHANGES 

In order to overcome the drawbacks of the RI change based detection principles and to enhance the 

resolution due to larger optical thickness changes of the individual layers, devices were developed 

where the physical layer thickness is modulated as a response to the presence of a vapor. This has a 

higher impact on the optical thickness and with this also on the resolution and the sensitivity.[25] 

In 2007, shortly after the publication of the first solvent-responsive 1DPCs,[53] the first swelling 1DPCs 

were reported (Figure 1.13).[81] In this work, polymer layers were used as the stimuli-responsive 

material in a 1DPC, and upon infiltration with a liquid analyte, an enormous, full-spectral stopband 

change was observed. Following this principle, many other polymer based 1DPCs were reported in 

the last few years. One of the largest stopband changes was obtained by Tian et al.[57] applying a 

hydrogel based 1DPC with a stopband shift of around 300 nm. Further, a plethora of hybrid 

inorganic-organic polymer based structures were created for chemical vapor and solvent sensing and 

detection approaches.[55, 82-85] Although the chemical selectivity can be fine-tuned through the 

polymer composition, and the high sensitivity is given by the swelling mechanism, the chemical and 

long-term stability of the organic layers and the slow response time in the range of several hours 

present severe drawbacks of these systems.  



ς Introduction ς 

30 
 

 

Figure 1.13: The first responsive polymer based 1DPC. (1) SEM cross section images of the polymer-TiO2 based 

hybrid 1DPC showing the homogenous stacking of the two materials. (2) Environmental SEM image of the 

polymer layer at 10% and 100% humidity, showing a swelling behavior of the polymer layer. (3) Changes in the 

absorbance spectrum of the 1DPC upon infiltration with water with a different ionic strengths. Image adapted 

with permission.
 [81]

 Copyright of the Nature Publishing Group.
 
 

In order to circumvent the disadvantages of the organic polymer based 1DPCs, inorganic swelling 

materials were developed and integrated into the multilayered structure. Clays[86-88] are prominent 

candidates, which show a pronounced swelling in the presence of surfactant molecules, such as CTAB 

or polyelectrolytes, such as poly(diallyldimethylammonium chloride), PDDA (Figure 1.14, 1). In these 

examples, porous clay layers were combined with porous titania as an optical contrast material, and 

the time-dependent stopband changes upon analyte intercalation was reported. Further, layered 

double hydroxides (LDH, Figure 1.14, 2), were also presented as a functional material in 1DPCs. Upon 

hydratation-calcinantion cycles, the changes of water amount in the LDH layer lead to layer thickness 

changes, which translate into reversible structural color changes in the 1DPC. On these LDH based 

1DPCs, no comprehensive sensing studies were performed, but the switching of the structural color 

upon hydratation and calcination was demonstrated. 
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Figure 1.14: Structural and optical properties of 1DPCs with inorganic layered materials as the 

stimuli-responsive component. (1) Laponite clay and TiO2 NP based Bragg stacks. Top: the porous clay shows a 

pronounced swelling in the presence of different surfactants, as these are capable of intercalating into the 

structure.
[87]

 Bottom: SEM cross section images of the TiO2-clay 1DPC showing the homogenous stacking order 

and the porous appearance of the clay, which was templated upon the synthesis with nanospheres to obtain a 

porous structure.
[86]

 Images were adapted with permission.
 [86, 87]

 Copyright of of WILEY-VCH
[87]

 and the 

American Chemical Society.
[86]

 (2) Optical and sensing properties of the LDH based 1DPCs: (A) schematic 

illustration of the sensing principle based on the layer thickness changes of the LDH layer upon hydratation, (B) 

optical response of the LDH based 1DPCs to hydratation and calcination processes. Image was adapted with 

permission.
 [89]

 Copyright of the the Royal Society of Chemistry. 

Using a combinatorial approach connecting the large stopband shifts and the chemical selectivity of 

MOFs, Hu et al.[90] reported a 1DPC based sensing platform, which relies on the breathing effect of 

the integrated MIL-88 MOF nanoparticles. The flexible MOF structure is capable of swelling in a 

different extent upon adsorption of different VOCs.  

In this thesis, 2D nanosheet materials were studied and integrated into 1DPCs in order to combine 

the advantages of the robust inorganic materials with the layer thickness changing capability upon 

analyte intercalation. The sensing performance along with the structural and optical properties was 

studied in depth. 

1.3.2 CURRENT CHALLENGES IN PHOTONIC CRYSTAL SENSING 

Although since the last two decades, many groups working in the field of 1DPC sensing apply 

different approaches, architectures, materials and techniques, there are still remaining challenges in 

this research field, which emerge partly from challenges in the sensing field in general, and are partly 

related specifically to 1DPCs. The main challenges are related with the sensitivity, selectivity, 

stability, readout schemes and material improvement, as will be discussed in the following.[91] 
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¶ The sensitivity of 1DPCs is mainly limited by small stopband shifts, as the majority of 1DPC 

optical sensors are based on RI changes due to analyte infiltration. Usually, the filling of the 

porous matrix translates into stopband shifts of some tens of nanometers at best. With 

increasing stopband changes, the sensitivity (signal change per analyte concentration) and 

the resolution can be increased, leading to possible naked-eye-readout or a detection 

scheme based on a previous color calibration. This development would pave the way 

towards photonic test stripes or other easy-to-use probe methods.  

¶ Based on the issue of low sensitivity and small signal changes, the readout schemes are 

usually limited to reflectometry or interferometry, but these techniques are impracticable for 

commercially used devices. In the last few years, several other approaches were developed 

to bypass this technique. The electro-photonic nose was presented, whereby the stopband 

shifts change the intensity of a narrow light source by changing the reflectance regime upon 

analyte uptake. These light intensity variations could be translated by means of a photodiode 

into electric current changes. Further, photoluminescence [92-94] and optical absorption due to 

plasmonic effects[95] were combined with photonic structures and were also presented as an 

attractive readout scheme. 

¶ Another aspect, the stability, is restricted in two different ways: the stability of the sensor 

itself and the signal stability. On the one hand, upon storage, the sensing performance can be 

altered, giving rise to the need for more frequent calibrations. On the other hand, the sensor 

itself can be damaged or poisoned during the sensing event, which is highly unfavorable and 

impractical for practical applications.  

¶ Finally, one of the largest issues in the sensing field in general is the selectivity and the cross 

sensitivity to other chemically similar analytes. Many sensors in this field that do not rely on 

molecular recognition or labeling schemes (biological sensors), are usually not chemically 

selective and distinguish the analytes often only by RI or solvent polarity.[53, 69] In other 

approaches, the selectivity issue is solved with complicated statistical data evaluation, such 

as principal component analysis (PCA),[41, 70, 77] or with the application of complex hierarchical 

structures.[52]  

For these challenges, the development of novel sensing materials, which compensate for the above 

shortcomings by featuring for example inherent chemical selectivity or a pronounced swelling 

capability, is highly desired. Further, the optimization of existing materials in terms of 

monodispersity, homogeneity and crystallinity can also be crucial to establish more efficient devices. 
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1.4 2D MATERIALS  

2D materials are crystalline materials with a thickness of a single layer of atoms or one 

crystallographic unit cell, having a thickness in the range between 1 Å and 1 nm and lateral 

dimensions of several hundreds of nanometers up to the micron range. Although the first crystalline 

2D material, graphene, had already been studied theoretically by Wallace[96] and isolated and imaged 

already in 1962 by Boehm et al.,[97] ƛǘǎ άǊŜ-ŘƛǎŎƻǾŜǊȅέΣ ŦƻƭƭƻǿŜŘ ōȅ ŜȄǘŜƴǎƛǾŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǿƻǊƪ ŀƴŘ 

characterization by Andre Geim and Konstantin Novoselov[98] tackled renewed research interest in 

this carbon modification in the material science community. In 2010, Geim and Novoselov were 

ŀǿŀǊŘŜŘ ǿƛǘƘ ǘƘŜ bƻōŜƭ tǊƛȊŜ άŦƻǊ ƎǊƻǳƴŘōǊŜŀƪƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǘǿƻ-dimensional 

ƳŀǘŜǊƛŀƭ ƎǊŀǇƘŜƴŜέΦ[99] The exceptional electronic, mechanical, thermal and optical properties differ 

significantly from graphite, the three-dimensional (3D) bulk material, which can be lead back to the 

unusual electronic and optical properties as well as the high anisotropy and size confinement effects 

of the single layered hexagonal lattice of carbon atoms in graphene. After this first revolutionary 

discovery, new ways were paved towards other classes of 2D materials, with an even wider scope of 

physical and chemical properties.[100] The 2D materials discovered as of today show a rather broad 

chemical variety, which gives the possibility for diverse applications as single nanosheets and also 

rationally designed nanodevices[101] or hybrid artificial solids.[102-104] 

1.4.1 EXFOLIATION 

The synthesis methods of these single-layered nanosheets can be performed by different exfoliation 

methods:[100] mechanical exfoliation or solution assisted exfoliation into stable colloidal suspensions. 

Exfoliation is in general defined as a method, in which larger aggregates are decomposed into smaller 

particles or nanosheets, whereby more specifically, if the bulk material is decomposed into single 

nanosheets, the process is called delamination. The exfoliation method is mostly dependent on the 

type of the bulk material. In the following, some general exfoliation routes will be presented. 

 The mechanical exfoliation includes methods such as the scotch tape method or rubbing the surface 

of a layered crystalline material to another surface to obtain single or multilayered flakes.[98] Besides 

graphene,[105] several inorganic van der Waals solids were isolated with this method, such as 

MoS2
[106, 107] or NbSe2.

[108] Although this fabrication method is very straightforward and fast, single 

layered nanosheets are produced only in the minority, compared to multilayered flakes, which limits 

the scalability to larger scale production. For this reason, solvent assisted exfoliation methods are 

more preferred for a sufficient nanosheet fabrication. 
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Solvent-mediated exfoliation methods were reported in the literature for manifold nanosheet 

compositions,[109-119] which can result in lateral sizes of several microns. Further, the separation of 

single layered sheets from multilayered flakes is very straightforward by means of sedimentation or 

centrifugation. Groundbreaking works on solution processed exfoliation were reported already in the 

1990s by Sasaki et al.,[120-121] whereby the exfoliation of single nanosheets was proved by diverse 

methods. Only one decade later, with the rediscovery of graphene and the increasing research 

interest for 2D materials, these exfoliation methods gain in importance as they make a broad palette 

of nanosheet materials accessible.[122-123] Since these developments, several solution based 

exfoliation methods, aiming at the disruption of the attractive interlayer forces, were developed and 

adapted for the materials to be exfoliated. In the following the exfoliation methods for the two main 

types: van der Waals solids and layered ionic materials, are presented. 

Van der Waals solids are layered bulk materials, which consist of neutral (i.e. non-charged) layers of 

atoms with rather weak van der Waals interlayer bonding. For van der Waals solids, besides the 

straightforward but less efficient scotch tape method, different solvent mediated exfoliation routes 

were presented. The most straightforward method is the mechanical exfoliation of the layered 

structure by ultrasound treatment of the bulk material in an appropriate solvent.[117] The choice of 

the solvent depends on the chemical properties and the surface tension of the bulk material, 

whereby for a sufficient exfoliation, the solvent molecules intercalate the van der Waals solid, 

weaken the interlayer interactions and upon sonication, the bulk material is exfoliated. The drawback 

of this method is that not only single layer nanosheets are observed, but also multilayered flakes. 

Another method, which circumvents this disadvantage, is the reductive or oxidative intercalation 

with a subsequent exfoliation. One example is the intercalation of lithium via electrochemical routes 

or chemical methods. By a subsequent sonication step, single layered nanosheets are observed with 

a large lateral size. In this process, most probably lithium reduces the bulk material (metal center) in 

the first step. Upon contact with water, the metal center is oxidized again and caused by hydrogen 

production, the bulk material delaminates into single nanosheets.[110, 124, 125] Further, the chemical 

oxidation of the bulk material can lead to the introduction of repulsive forces, such as the oxidation 

of graphite to graphene oxide, which significantly facilitates its subsequent exfoliation in polar 

solvents such as water.[126] For the reductive and oxidative intercalation methods, a subsequent 

stabilization by electrostatic forces[118] or surfactants[127] is needed to prevent agglomeration. 

Layered ionic solids are bulk materials consisting of negatively or positively charged crystallographic 

layers, whereby charge compensating anions or cations are located in the interlayer space. For 

layered ionic materials, different solvent-mediated exfoliation routes are available. The simplest 

method, which only applies for specific bulk materials, is the spontaneous exfoliation by stirring, 
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shaking or sonicating the bulk material in a solvent.[128, 129] Hereby the driving force for the exfoliation 

is  the hydratation of the charge compensating ions in the interlayer gallery. Usually, anionic and 

cationic layered materials are exfoliated via ionic exchange reactions (Figure 1.15). In the first step, 

the initial charge compensating ions between the layers in the bulk material are exchanged against 

larger ions (Figure 1.15, step 1).[130] This increases the interlayer distance and weakens the attractive 

forces between the layers, which favors the exfoliation. Secondly, an optional ion exchange and the 

addition of bulky chemical intercalating agents (usually TBA or TMA)[104, 131] can weaken the attractive 

forces between the nanosheets further (Figure 1.15, step 2). After the ionic exchange reactions, 

mechanical forces, such as stirring or shaking, can lead to the delamination of the bulk material. 

Hereby, the intercalating agents also inhibit the reassembly by repulsive forces after exfoliation.  

 

Figure 1.15: Schematic illustration of a typical exfoliation procedure for 2D nanosheets. In the first step, an 

ionic exchange reaction of the layered bulk material is performed. Hereby the ions in the interlayer space are 

exchanged against other ions, which weaken the attractive forces between the layers. Secondly, as an optional 

step, a chemical intercalator (TBA
+
, TMA

+
) can be introduced into the interlayer space, to weaken the attractive 

interactions further. Finally, by applying mechanical forces, e.g. by stirring the bulk material in a solvent, 

exfoliation can be achieved and a stable colloidal suspension obtained. 

In the last decade, plenty of 2D materials were synthesized, characterized and numerous application 

fields were opened up, including transistors,[132-134] optoelectronic devices,[135] memory 

devices,[132, 136, 137] capacitors,[138, 139] magneto-optical nanostructures,[140, 141] photocatalytic 

applications,[142, 143] and photo-conductive cells.[144, 145] However, as the main focus of this thesis lies 

on sensing devices, some examples of sensing schemes using 2D materials as active components will 

be given. 

1.4.2 2D MATERIALS FOR GAS AND VAPOR SENSING 

With the development of the diversity of 2D materials, several applications could be revolutionized, 

miniaturized and brought into a lab-on-a-chip fashion by using these nanoscale materials. One of 

these applications is gas and vapor sensing, whereby the miniaturization is an important factor for 

commercial and industrial applications.  
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Most of the presented 2D material based sensor devices rely on electronic changes of the sample. 

Upon adsorption, the sensing material can act as an electron donor or acceptor to the adsorbed gas 

molecules, and the electric properties, such as resistivity or conductivity can change and be 

measured. Many examples based on different readout schemes were presented in the last few years; 

here a selection of the most important principles and examples is presented.  

Chemiresistive sensors are capable of changing the resistivity upon analyte adsorption. Using this 

technique, a broad palette of chemical analytes, such as humidity,[146-150] mercury vapor,[151] 

triethylamine,[152, 153] methane,[154] ammonia[155] or VOCs[156] could be reliably detected by MoS2, 

functionalized MoS2, SnS2 or VS2 nanosheet based devices. MoS2 and graphene based devices were 

further used in field effect transistor (FET) based sensors for environmental monitoring, such as 

ethanol,[157] hydrogen,[158] NO,[159] NO2
[160] or ammonia[161] detection. FETs have some advantages, 

such as portability, the capability for miniaturization and their high sensitivity, which makes these 

types of sensors important candidates in this group. In FETs, a semiconductor channel, the sensing 

material, connects the metal electrodes, the source and the drain. Upon analyte adsorption, the 

drain current flowing from the source to the drain, is modulated, which gives the sensing signal.[162]  

Further, 2D nanosheet material based Fabry-Pérot devices were fabricated for humidity and VOC 

sensing applications, whereby all fabricated thin film devices act as optical sensors and the 

interference color change based on the layer thickness changes can be detected. The layer thickness 

changes, in turn, were induced by intercalation of the analyte molecules in the interlayer space of 

the randomly restacked nanosheet based thin films.[163] 

1.5 OBJECTIVES 

The main goal of this thesis was to tackle salient challenges (such as sensor and signal stability, 

selectivity, sensitivity, the development of simple readout schemes, higher optical quality and the 

exploration of new sensing materials) in 1DPC based optical sensors. These challenges were 

addressed through the integration of environmentally responsive functional materials into 1DPCs. 

Specifically, inorganic 2D nanosheets were synthesized, exfoliated into stable colloidal suspensions 

and integrated into 1DPCs, which were then characterized in terms of their structure, morphology, 

and sensing characteristics.  

The first objective was to increase the stopband shifts by using swellable materials, which results in 

larger sensing signals and higher sensitivity and signal resolution. The aim of the first project was to 

integrate 2D antimony phosphate (H3Sb3P2O14) nanosheets into 1DPCs, as these are known to swell in 

their bulk form in the presence of ambient water. By utilizing the enhanced sensitivity of the 
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exfoliated nanosheets towards water vapor, a further goal of this project was to realize other sensing 

approaches additionally to conventional humidity sensors. Inspired by the high sensitivity, one 

attempt hereby was to realize touchless positioning devices, which are able to track very small 

humidity changes in a very short time, such as the humidity gradient of the human finger (Chapter 3) 

and characterizing these novel sensors (Chapter 4). 

The second aim was to realize high selectivity towards a certain analyte whilst enabling the sensor to 

identify also other analytes or vapor mixtures, similar to photonic nose applications. For this project, 

another member of the antimony phosphate family, HSbP2O8, was integrated into 1DPCs, and the 

optical response based on the intercalation of analyte molecules was tested for several VOCs and 

VOC mixtures (Chapter 5). Furthermore, simple sensing descriptors, such as saturation time and 

stopband shift, were analyzed.  

A further goal of this thesis was to improve the optical properties of these functional 1DPCs whilst 

maintaining good sensing performance. For this goal, another type of nanosheets, namely ultrahigh 

RI lithium tin sulfides, were integrated into 1DPCs. In these systems the optical contrast increases 

due to the high RI of the nanosheets, which leads to a better optical quality, e.g. higher reflectance 

intensities with less deposited layers and, hence, decreased material costs. As these structures are 

still highly receptive for ambient water molecules, the sensitivity towards water vapor is still present. 

A further goal was to demonstrate the variability of this system, i.e. to combine the nanosheets with 

different types of NPs or other nanosheet materials and thus to create hybrid structures with 

enhanced or novel optical and sensing properties (Chapter 6). 

In chapter 7, we aimed to address alternative readout schemes besides reflectometry or 

spectrophotometry. Hereby, we combined the photonic environment with photoluminescent dyes, 

whose emissive properties are changed depending on the local photonic environment. In order to 

obtain tailor-made optical properties, a careful theoretical design of the hierarchical photonic 

structures was necessary, which was done in collaboration with the group of Prof. Hernán Míguez, 

ICMSE-CSIC, Sevilla, Spain. 

Finally, a target of this thesis was to monitor the time-dependent infiltration and propagation of 

analytes within the photonic structure in order to understand the intercalation mechanism and the 

molecular diffusion within hybrid nanosheet ς nanoparticle 1DPCs. To this end, an experimental set-

up was designed which enables the tracking of analytes through the structure. Further, theoretical 

analysis of the optical measurements by fitting the reflectance spectra and analyzing the 

time-dependent evolution and diffusion of the analyte molecules into the multilayered structure was 
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the main focus (Chapter 8). With these studies, information about molecular diffusion, the sensing 

mechanism, saturation states and sensing kinetics was obtained. 

 

Figure 1.16: Objectives of this thesis showing important sensing characteristics and the materials platform 

under study, which is a hybrid 1DPC composed of nanoparticle and nanosheet layers. 
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2. METHODS 

Every one-dimensional photonic crystal (1DPC) presented in this thesis was carefully designed, and 

after the fabrication analyzed with various methods in order to determine and adjust the optical and 

structural properties to the different application needs. For this, diverse theoretical calculation tools, 

fabrication techniques and a large spectrum of analytical methods were applied, in order to control 

and characterize the structural and optical properties. In this section, these methods will be 

introduced: first the fabrication methods, secondly the characterization techniques and finally the 

theoretical calculations.  

2.1 FABRICATION METHODS 

In order to create tailor-made 1DPCs and optical resonators, a solution processed fabrication 

technique with a very high variability and tunability had to be applied. The method of choice was 

spin-coating, which is shown in this section shortly, including its advantages, disadvantages, limits 

and possibilities. 

2.1.1 SPIN-COATING 

Spin-coating was first applied in the 1950s by Emslie et al.[1] and since then it is considered as one of 

the simplest solution processed, bottom-up method for thin film and multilayer fabrication for 

various systems and applications.[2] For spin-coating, a homogenous and stable colloidal suspension 

with a known concentration is needed, which in the first step is deposited on top of a substrate. 

Preferably, the suspension is formed in a solvent, which evaporates fast, e.g. an alcoholic medium. 

The substrate starts to rotate with the suspension on top of it. In the acceleration step, the majority 

of the excess material is removed by centrifugal forces from the substrate and from the residual 

substance, the thin film starts to form. Upon rotation, the volatile solvent of the suspension 

evaporates, which causes a viscosity increase of the suspension and the thinning of the film. Once 

the solvent evaporated completely, the thin film formation is completed. Eventually, a heating step 
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can be applied afterwards, in order to densify and stabilize the coating by removing the residual 

solvent out of the created thin film. 

In order to create multilayers, such as 1DPCs or optical resonators, sequential spin-coating was 

applied, meaning the deposition of thin films successively on top of each other (Figure 2.1). To create 

multilayered structures with the desired and pre-designed optical properties, it is crucial to achieve 

high thin film homogeneity and a high variability of the film thicknesses. The thin film thickness can 

be easily tuned by changing the acceleration speed, the final rotation speed, the colloidal 

concentration or the number of applied deposition steps.  

 

Figure 2.1: Schematic illustration of the spin-coating procedure. 

In this work, SiO2 and TiO2 nanoparticles (NPs), dye doped polystyrene (PS) nanospheres and 

H3Sb3P2O, HSbP2O8 and Li2Sn2S5 nanosheets were spin-coated using stable colloidal suspensions. The 

nanoparticle suspensions were dispersed in methanol, in order to achieve a high evaporation rate 

and a homogenous thin film formation. The dyed nanospheres were spin-coated as purchased, 

without a further treatment or dilution, starting from an aqueous suspension. The nanosheets were 

dispersed in a mixture of water : ethanol = 40 : 60 vol%, which was a compromise between the fast 

evaporation rate of the solvent (ethanol) and the exfoliation and suspension stability (water) of the 

nanosheets. After each deposited layer, a heating treatment was applied for 10 min at 80°C to 

stabilize the previously deposited layer. It is important to note that the nanosheets cannot be heated 

above 100°C, as they lose the capability to intercalate water once the crystal water was removed 



ς Methods ς 
 

49 
 

completely. The spin-coating experiments were performed on a LAURELL ς WS-650MZ-23NPP 

spin-coater. 

2.2 CHARACTERIZATION TECHNIQUES 

In this section the analytical methods are introduced, which were applied to characterize the optical 

and structural properties, the phase purity, the elemental composition or the particle size of the 

samples. 

2.2.1 ULTRAVIOLET-VISIBLE SPECTROPHOTOMETRY 

Ultraviolet-Visible (UV-Vis) spectroscopy is one of the oldest spectroscopy methods, which has its 

origin in the 17th century.[3] Sir Isaac Newton was the first scientist, who studied colors in nature and 

splitted white light into its spectral components, marking the birth date of spectroscopy.[4] Later in 

the middle of the 19th century, Joseph von Fraunhofer characterized the solar spectrum and 

discovered instead of a continuous spectrum, well-defined spectral lines, the later called 

Fraunhofer-lines.[5] Upon his experiments, he constructed the first spectrometer. The theoretical 

explanation of the Fraunhofer-lines was delivered by Kirchhoff in his theory of absorption and 

emission.[6, 7] The new development era in Vis-spectroscopy arose in the 19th century with the 

proposal of Niels Bohr for an atomic model, and linking the Fraunhofer-lines to quantum states and 

transitions.[8, 9] The first prototype of a colorimeter or a spectrophotometer was built in 1930[10] and 

finally after the discovery of ultraviolet (UV) radiation,[11] the first UV-Vis spectrophotometer was 

built in 1947 by Varian.[12] 

Upon the parallel evolution of the theory and the detectors to measure light intensities 

quantitatively together with the development of quantum chemistry, UV-Vis spectroscopy became 

by today a powerful method in material characterization. This narrow range of the electromagnetic 

spectrum (200-900 nm) is of great importance, as atoms and molecules undergo electronic transition 

and the interaction of light with matter results in a, for the naked eye, visible color.[13] UV-Vis 

spectroscopy allows the optical characterization of materials or (nano)structures in three different 

modes: by measuring the transmittance (T) or the reflectance (R) and absorptance (A) of the 

sample.[14] 

For the optical characterization of the 1DPCs in this thesis, we attach to a wide-field optical 

microscope an UV-Vis spectrophotometer. Hereby, the objective of the microscope is coupled 

through an optical fiber to the spectrophotometer in order to collect light normal to the sample and 

simultaneously an image of it by a CMOS (Complementary Metal-Oxide Semiconductor) camera 
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(Figure 2.2a). A typical output including the microscope image with the corresponding reflectance 

spectrum is shown in Figure 2.2b-c. 

 

Figure 2.2: Schematic illustration of the optical measurements performed in this thesis. (a) Structure and beam 

path of the optical microscope attached to the spectrophotometer and CMOS camera. (b) CMOS camera 

microscope image from a 1DPC surface. (c) Reflectance spectrum corresponding to the sample shown in (b). 

Using this microscope spectrophotometer set-up, the reflectance relative to a reference sample 

(calibrated reflecting mirror, Ocean Optics STAN-SSH) of the sample is given by following expression: 

 Ὑ‗  
Ὅ‗ Ὅ‗

Ὅ ‗ Ὅ‗
 (2.1) 

whereby Lό˂ύ is the reflected intensity through the sample at wavelength ,˂ Idό˂ύ the dark intensity, 

i.e. without any excitation, at wavelength ˂ and Irefό˂ύ the reflectance intensity of the reference at ˂ . 

Using air as a reference, the transmittance can be expressed similarly.  

The advantage of this set-up is the possibility to correlate the information from the image (color, RGB 

values, surface characteristics, homogeneity) with the acquired reflectance/transmittance spectra 

from the same spot at the same time (Figure 2.2b-c). Another benefit offered by this set-up is the 

capability of creating optical characterization maps of the samples obtaining microscopic features. 

In this thesis, optical properties, such as intensity, shape and spectral position of the photonic 

stopband, and its changes with analyte adsorption were measured in real-time via UV-Vis 
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spectroscopy coupled to the optical microscope. All measurements were performed on a Leica 

M2500 optical microscope equipped with a CMOS camera (Leica DMS54510), which was connected 

to an Ocean optics USB4000-XR1-ES spectrophotometer in order to acquire the images and the 

spectra simultaneously. 

2.2.2 MASS FLOW CONTROL OF VAPORS 

In order to measure the material based sensor`s response to diverse analytes, the fabricated samples 

were placed into a closed chamber with a transparent quartz window, which was placed in the path 

of the light under the objective. The chamber was connected via a teflon tube to the vapor source. 

By a stable, adjustable dosing of the vaporous analyte, a real-time optical response of the sensor can 

be characterized.  

In order to ensure a precise and adjustable vapor flow, a system of mass flow controllers from 

Bronkhorst High-Tech[15] was used. The equipment as indicated in Figure 2.3 is based on a Controlled 

Evaporator Mixer (CEM), which connects a Mass Flow Controller (MFC) for the carrier gas and the 

Liquid Flow Controller (LFC) for the analyte.[16]  

 

Figure 2.3: Schematic operation principle of the controlled evaporation mixer and the mass flow controller. 

Images reproduced with permission.
[15]

  (a) Scheme of the applied MFC-LFC-CEM combined setup for vapor 

dosing applications. (b) Schematic structure and working principle of a MFC. 

The applied thermal MFC is a closed system,[17] which doses, adjusts and measures the flow of a gas 

of interest. The gas entering the system flows through a turbulence filter, which ensures a laminar 

flow in the entire system. The flow can be measured and controlled using a bypass sensor tube, as 

indicated in Figure 2.3. The sensor tube is heated at two different points (heater 1 and heater 2) and 

also the temperature gradient between the two heaters is monitored at the same time (T1 and T2 at 

the position of heater 1 and heater 2). If there is no gas flow, the temperature profile of the sensor 
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tube shows a Gaussian shape (green curve), and T1 and T2 are equal. By applying a gas flow, the gas 

molecules are heated by heater 1 and the temperature gradient within the sensor tube is shifted 

(blue curve), the two measured temperatures drift apart. The temperature profile shift and ɲ¢ is 

constant to the mass flow in the tube. The mass flow is controlled via a PID 

(proportional-integral-derivative) controller and a valve at the end of the flow tube. 

The LFC operates similarly to the MFC, using a sensor tube with a generated temperature difference. 

However, hereby the main challenge is to design the components in a way that bubble formation and 

retention is avoided. The third component, the CEM evaporates the liquid dosed by the LFC and 

mixes it homogenously with the carrier gas, coming from the MFC.  

In this thesis, the correct and stable dosing of diverse solvent vapors was crucial to determine the 

sensor characteristics, most importantly the selectivity towards the main target, humidity, and to 

prove the cross-selectivity to other analytes, such as alcohols, n-heptane, toluene or acetonitrile. The 

set-up used in this thesis was calibrated for nitrogen with a maximum flow rate of 200 mL min-1 as a 

carrier gas and water with a flow rate of maximum 2 g h-1 as an analyte. By applying different 

analytes, the calculation tool of FLUIDAT on the Net software[18] was used. The CEM heater could 

provide temperatures between ambient and 200°C. 

2.2.3 SPECTROSCOPIC ELLIPSOMETRY 

Ellipsometry has its roots in the end of the 19th century, as Paul Drude not only carried out the first 

experimental studies on absorbing and transparent solids[19]  but also derived the equations and with 

this created the theoretical background of ellipsometry.[20] Later, Aspnes and Studna[21] performed 

the first spectroscopic ellipsometry measurement by increasing the accuracy of the ellipsometric 

measurements, after which wavelength-dependent measurements were possible. The first in situ 

measurements were performed in 1984, as Muller and Farmer[22] succeeded to measure the entire 

spectrum within a few seconds and with this allow following processes by this technique in real time. 

Spectroscopic ellipsometry is a contactless, non-destructive method to determine thin film 

properties, such as thickness, complex refractive index, roughness, composition or doping 

concentration. Ellipsometry presents a fast and sensitive method, which is based on the 

measurement of the changes of light polarization after reflection from the material.[23]  



ς Methods ς 
 

53 
 

 

Figure 2.4: Scheme of the working principle of spectroscopic ellipsometry. (a) Schematic set-up of a 

spectroscopic ellipsometer combined with a porosimetry tool. (b-c) Direct output spectra (tan ʌ (b) and cos ɲ 

(c)) of a spectroscopic ellipsometry measurement showing the phase changes and the corresponding fittings. 

The working principle is schematically illustrated in Figure 2.4. From the light source, which is usually 

a lamp with a wide spectral range (140-1700 nm), after passing a polarizer, the circularly polarized 

light beam is reflected by the investigated sample. Upon interaction with the sample, the polarization 

changes, and elliptically polarized light is generated. After passing the analyzer, the elliptically 

polarized light hits the detector. An ellipsometry measurement can be expressed by following 

equation, whereby the amplitude ratio ʌ and the phase shift ɲ (Figure 2.4b-c) are measured:[24] 

 ʍ  
Ò

Ò
ÔÁÎɰϽÅ  (2.2) 

ǿƘŜǊŜ ˊ ƛǎ ǘƘŜ CǊŜǎƴŜƭ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ Ǌp and rs for p- (parallel) and s-polarized (perpendicular to the 

plain of incidence) electric field components. 

In order to extract actual physical information from the sample, such as the thickness, the complex 

refractive index or surface roughness, a theoretical model has to be constructed and fitted with 

regression analysis. Usually, for transparent dielectric thin films, the Cauchy dispersion model is used: 

 ὲ‗ ὃ  
ὄ

‗
 
ὅ

‗
 (2.3) 

whereby A, B and C are the optimization parameters and ˂ the wavelength. Upon fitting materials 

with absorption, the Cauchy with Urbach tail[25] model is applied, whereby a dispersion term is added 

to the classical Cauchy expression: 

 Ὧ‗  ‌ϽὩ  (2.4) 
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whereby h  is the amplitude of the extinction coefficient, b  the exponent decay factor, Eg the optical 

band gap and K the conversion constant between wavelength and energy units. 

2.2.3.1 ELLIPSOMETRIC POROSIMETRY 

Since the instrumental developments by Muller and Farmer[22] and later Kim, Collins and Verdam[26] 

at the end of the 80s, ellipsometry is considered as a fast analytical method, which is capable of 

process monitoring in situ and in real time. One example for such measurements is the monitoring of 

vapor sorption in real-time on porous thin films.[27] In this thesis, a spectroscopic ellipsometer was 

used, which was equipped with a vapor chamber (Figure 2.4), whereby different solvent vapors could 

be dosed and injected to the chamber and the changes of the thin film materials are measured 

instantaneously. Hereby again, the phase shift and the amplitude changes were measured 

successively and with an automated model, optical isotherms monitoring the thickness and the 

refractive index evolution with changing vapor pressure are created. 

In this thesis, two different types of materials were investigated via spectroscopic ellipsometry: thin 

films of porous materials (Figure 2.5a-b) and of two dimensional (2D) nanosheets (Figure 2.5c-d). 

Both are capable of adsorbing vaporous analytes, such as water vapor or volatile organic compounds 

(VOCs).  
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Figure 2.5: Optical isotherms resulting from porosimetry measurements with ethanol and water vapor as 

analyte. (a) Layer thickness changes of a SiO2 nanoparticle based thin film, the thickness is assumed to be 

constant with changing relative pressure of ethanol vapor. (b) Refractive index changes of the SiO2 nanoparticle 

based thin film with changing ethanol relative pressure, giving rise to a mesoporous behavior. (c) Layer 

thickness changes of a H3Sb3P2O14 nanosheet based layer showing a strong swelling with increasing relative 

pressure of water vapor. (d) Refractive index changes of the H3Sb3P2O14 nanosheet based thin film as a function 

of the relative pressure of water vapor. 

As porous thin films, SiO2 and TiO2 nanoparticle based films were fabricated. In Figure 2.5a-b, the 

optical isotherm of SiO2 nanoparticles is shown, the TiO2 based thin films behave very similarly. 

Hereby, the particles themselves are dense but upon deposition as a thin film, a porous structure is 

created by the textural pores and the analyte uptake is favored. According to the definition of the 

International Union of Pure and Applied Chemistry (IUPAC),[28] for porous materials, six types of 

isotherms can be distinguished. The sorption behavior of mesoporous materials, such as these 

nanoparticle based thin films is described by type IV and V, exhibiting the characteristic hysteresis in 

the higher relative pressure region, which indicates the capillary condensation of the analyte in the 

mesopores. Upon fitting with the sorption fitting tool, the thickness of the layers is assumed to be 

constant and only the refractive index is fitted with changing relative pressure range, resulting in the 

type IV isotherm. Different fitting parameters were applied for nanosheet based thin films (Figure 
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2.5c-d), which build the core of this thesis. All types of the applied nanosheets (antimony phosphates 

and lithium tin sulfides) are known for their swelling properties in the bulk material with increasing 

water vapor pressure,[29] thus also for the thin films we have to assume a swelling upon analyte 

(water) uptake. For this reason, for the nanosheet based samples, the layer thickness (Figure 2.5c) 

and the refractive index (Figure 2.5d) are fitted simultaneously with changing analyte relative 

pressures. For all types of nanosheet films, we observe a similar behavior: a layer thickness increase 

accompanied by a refractive index decrease with increasing relative vapor pressure of the analyte. 

These effects point towards an intercalative behavior, the analyte molecules accumulate between 

the single nanosheets of the thin film, the effective layer thickness increases and the effective 

refractive index decreases as it is a combination of pure nanosheets and the intercalated 

analytes.[30, 31] 

In this thesis, ellipsometry measurements were performed on thin films of all applied materials, such 

as antimony phosphate nanosheets, lithium tin sulfide nanosheets, silica and titania nanoparticles. 

For all thin films, the layer thickness and the tunability of the thickness was determined along with 

the optical properties, i.e. the wavelength dependent refractive index and extinction coefficient. 

Further, for all thin films, also the water and VOC sorption capability was tested and from the optical 

isotherms, the sorption mechanism was derived. The ellipsometry and porosimetry measurements 

were not only helpful to characterize the materials optically, but these measured constants were also 

important input parameters for the theoretical calculations. The ellipsometry measurements were 

performed on a Semilab Sopra PS1000 spectroscopic ellipsometer, which was equipped with a vapor 

chamber. The data analysis was performed by the SEA tool of Sopra. 

2.2.4 PHOTOLUMINESCENCE 

!ƭǘƘƻǳƎƘ ǘƘŜǊŜ ŀǊŜ ǊŜǇƻǊǘǎ ƻƴ άƎƭƻǿ-in-the-ŘŀǊƪέ ƳŀǘŜǊƛŀƭǎ ŦǊƻƳ ǘƘŜ ŀƴŎƛŜƴǘ DǊŜŜƪǎ ŀƴŘ ƭŀǘŜǊ ŦǊƻƳ 

the middle age,[32] the first scientific experiments on photoluminescence were performed by G. G. 

Stokes,[33] who also used the word fluorescence[34] for the first time and constructed the first theory 

in this topic. Parallel, Edmond Becquerel was a pioneering scientist in the instrumental development 

of photoluminescence,[35] ƘŜ ōǳƛƭǘ ǘƘŜ ŦƛǊǎǘ άǇƘƻǎǇƘƻǊƻǎŎƻǇŜέ ŀƴŘ ǿŀǎ ŀōƭŜ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ 

time-dependent decay. The deeper understanding of photoluminescence ς similar to UV-Vis 

spectroscopy ς was possible after the theoretical development by Max Planck and Albert Einstein.[36] 

Photoluminescence (PL) describes light-induced phenomena resulting in emission of photons, such as 

fluorescence or phosphorescence.[37] The analysis of PL is important for i.e. biological samples, where 

the dye molecules act as fluorescence markers and can be tracked in fluorescence microscopy for 
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analysis[38] or chemical for samples, where information about the doping concentrations or phase 

purity can be gained based on the PL signal.[39] 

In PL, a photon with a certain energy is absorbed by the material in study, thereby an electron is 

excited to a higher energy level, creating an electron-hole pair, an exciton. Upon relaxation, two 

processes can occur: a radiative and a non-radiative recombination of the exciton. By a radiative 

recombination, the electron relaxes into the ground state, light is emitted, as the energy gap 

between the excited and ground state corresponds to the energy of the visible spectral range. The 

excited electron usually loses energy by relaxation or thermal oscillations, thus the emission 

spectrum is always red-shifted compared to the excitation wavelength (Figure 2.6b). In 

phosphorescence, after the excitation, an intersystem crossing takes place, which increases the 

lifetime of the emission, whereby fluorescence refers to a fast process without the intersystem 

crossing. Upon a non-radiative process, the recombination energy creates phenomena in the sample, 

which imply a temperature increase of the system.  

According to Figure 2.6a, in our experimental PL set-up, first white light passes through the excitation 

monochromator, and the light with a desired energy is selected. This monochromatic light interacts 

with the sample and the emitted photons are detected. After the sample-light interaction, the 

emitted light enters the detector monochromator and a spectral range with a certain width is 

detected. One can measure the maximal emission intensity by using monochromatic excitation and 

tuning the emission wavelength. Further, the excitation optimum can be found by varying the 

excitation wavelength and measuring the emission and tracking the spectral changes.  
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Figure 2.6: (a) Schematic illustration of the photoluminescence measurements, spectrofluorometer Horiba 

Jobin-Ybon, Fluorolog-3. The image was reproduced with permission.
[40]

 (b) Excitation and emission spectra of 

the utilized Fluoromax R, Red dyes. 

In this thesis, commercial polystyrene nanospheres doped with organic dye (Fluoromax R, Red 

Thermo Scientific, d Ғ 25 nm) were used as nanosized light sources (Figure 2.6b), which due to the 

nanometric appearance were suitable to be integrated into photonic resonator structures without 

introducing any remarkable change in their optical response. The variation of the emission within a 

carefully designed photonic resonator was monitored with changing humidity values. Hereby, the 

correlation between changes in the photonic structure and the emission could be investigated.[41] It is 

important to note the high angle-dependency of the optical properties of the Bragg stacks, which 

required a careful instrumental design and a PL measurement near to normal incidence. In order to 

minimize the angular influence, equal excitation and emission angles of 11.25° were applied. To 

change the humidity levels, the sample was placed into a quartz cuvette, in which the relative 

humidity value could be defined. The sample was fixed to the chamber in order to preserve constant 

measurement conditions including the measurement angle. The PL measurements were performed 

on a spectrofluorometer Horiba Jobin-Ybon, Fluorolog-3, during a research stay at the 

Multifunctional Optical Materials Group, Institute of Materials Science of Seville, Spanish National 

Research Council (ICMSE-CSIC). 

2.2.5 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) is a powerful and versatile tool to analyze sample morphologies 

and chemical composition with high resolution. Although the first SEM image was recorded by Max 

Knoll[42] in 1935 and sample-electron interactions were studied by Manfred von Ardenne in 1937,[43] 
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[44] the development of SEM was άovershadowedέ by the development of transmission techniques, 

e.g. transmission electron microscopy (TEM). One decade after Ardenne`s development, the first 

SEM was built and operated by Zworykin and co-workers in 1942,[45] who could reach an image 

resolution of 50 nm. The SEM as we know it today was built by Charles Oatley[46] and his co-workers 

in 1948, whereby the resolution was similar to Zworykin`s microscope, but they achieved the 3D 

image formation and they additionally defined possible application fields of this method.[47] 

In contrast to optical methods where the resolution is limited by diffraction,[48] SEM offers high 

spatial resolution down to 1-10 nm. As indicated in Figure 2.7a, in the SEM, an electron beam is 

created by an electron gun (usually field emission gun) and is focused by condenser lenses on the 

sample surface with a spot size of 0.5-5 nm. Passing the scanning coils, the electron beam scans over 

the sample surface line by line.  

 

Figure 2.7: (a-b) Scheme of SEM. The illustration of the electron beam path in the SEM (a) and the interaction 

volume in a SEM measurement and the corresponding signals (b). Secondary electron (c) image and back 

scattered electron image (d) of a cross section of a SiO2 nanoparticle and H3Sb3P2O14 nanosheet based 1DPC. 

Upon hitting the sample surface, different signals generated by different types of interactions of the 

electron beam with the sample surface are detected and converted into gray scale values on the 

computer image (Figure 2.7c-d). To obtain an SEM image, secondary electrons and back scattered 

electrons are detected. Secondary electrons are generated by interactions of the primary beam with 

the weakly bound outer electrons of the atoms in the sample. The primary electrons transfer energy 

to the valence electron of the sample, which are ejected by this procedure and can be detected. As 

these electrons originate from areas near the sample surface, secondary electrons are suitable to 

visualize the topology of the samples (Figure 2.7c), such as the sheet-like and the nanoparticle 

morphology in the 1DPC in Figure 2.7c. Back scattered electrons are reflected electrons of the 

primary beam by elastic scattering. The intensity of this reflection depends on the atomic number (Z) 



ς Methods ς 
 

60 
 

of the elements the samples is made of, which fact leads to a direct correlation of the atomic number 

of the sample and the image brightness in the back scattered image (Figure 2.7d). With this type of 

signal, chemical compositions of the sample can be analyzed, for example in Figure 2.7d, the 

H3Sb3P2O14 nanosheet layers appear brighter compared to the SiO2 caused by the higher average Z 

and a larger probability of back scattered electrons to arise from this area.  

In this thesis, SEM measurements were performed in order to visualize the morphology of the 

exfoliated nanosheet materials and to obtain the cross section images of the 1DPCs and resonator 

structures. Analyzing the latter, the stacking homogeneity, the stacking order, the quality of the 

interfaces and the different material morphologies can be obtained. The cross sections of the 1DPCs 

and optical resonators were investigated with a Zeiss Merlin FE-SEM, the images were recorded by 

Viola Duppel, MPI for Solid State Research. SEM images of the exfoliated nanosheets and the bulk 

materials were performed by Claudia Kamella, MPI for Solid State Research, on a Vega TS 5130 MM 

(Tescan) electron microscope. 

2.2.5.1 ENERGY DISPERSIVE X-RAY SPECTROSCOPY 

To analyze the local chemical composition of the materials, energy dispersive X-ray analysis can be 

performed in combination with SEM. Once the primary electron beam hits the sample, an electron 

from an inner shell can be emitted by the transferred energy, and the created hole is filled by an 

electron from an outer shell (Figure 2.8). The energy difference of both shells is emitted in the form 

of characteristic X-rays. The spectrum can be analyzed with the internal software of the SEM-EDX and 

the distribution of elements can be determined, thus the elemental composition can be derived. As 

these X-rays are emitted from areas near the surface, this technique gives information about the 

local material composition at or near the surface.  



ς Methods ς 
 

61 
 

 

Figure 2.8: Schematic illustration of the signal generation in EDX analysis in a SEM. 

In this thesis, the SEM-EDX measurements were performed in order to prove the composition of the 

exfoliated nanosheet materials. SEM-EDX measurements were performed by Claudia Kamella, MPI 

for Solid State Research, on a Vega TS 5130 MM (Tescan) electron microscope equipped with Si/Li 

detector (Oxford). 

2.2.6 TRANSMISSION ELECTRON MICROSCOPY 

While the resolution in SEM is limited by the focused spot diameter and the interaction volume, in 

transmission electron microscopy (TEM), parallel illumination (Figure 2.9) is used to create the image 

and resolutions down to the Angstrom range can be reached.[49] Transmission electron microscopy 

(TEM) is the original form of electron microscopy and was invented by Ernst Ruska in 1933 ς a PhD 

student of Max Knoll, who recorded the first SEM image. Many years later in 1986, Ruska was 

awarded the Nobel Prize in Physics for the invention of the TEM.[50]  

The electron beam is generated by an electron gun, and is accelerated by the anode at typically 

about 300 kV.[51] The electron beam passed through the ultrathin sample (typically maximum 100 nm 

thick), which due to interaction with the sample is modified, e.g. is elastically scattered or diffracted. 

After the interaction, the beam passes the objective, the intermediate and the projective lenses and 

after magnification, the imprint of the sample is detected on the image plane, usually by 

fluorescence, complementary metal oxide (CMOS) or a CCD (charge-coupled device) camera (Figure 

2.9a). For TEM, the sample preparation is a crucial point, otherwise the electrons are absorbed or 

scattered to a large extent and cannot be transmitted through the sample. 
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Figure 2.9: (a-b) Scheme of the working principle of TEM. Schematic illustration of the beam path in the 

imaging mode (a) and in the diffraction mode (b). An exemplary bright field image (c) and dark field image (d) 

of an aluminium-copper-alumina nanocomposite.
[52]

 (e) An electron diffraction pattern of two single lithium tin 

sulfide nanosheets after exfoliation.
[53]

  

In TEM, different imaging techniques are possible: the direct image detection and the detection of 

the diffraction pattern (Figure 2.9). These two imaging modes work with the two different types of 

generated electrons after the interaction with the sample, the unscattered electrons and the 

scattered electrons. 

IMAGING IN TRANSMISSION ELECTRON MICROSCOPY 

In imaging mode, the objective aperture is applied in the back focal plane to create the bright field 

(BF) image (Figure 2.9c), the central transmitted electrons (unscattered electrons) are selected, the 

rest is blocked by the aperture. The image is created by the mass-thickness-contrast; sample areas 

with a higher atomic number (Z) or thickness appear darker in the image, as these scatter the 

electron beam more strongly and the scattered electrons are blocked by the aperture. Thin areas 

with a low Z appear brighter in these images, as more unscattered electrons are transmitted through 
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the sample and reach the detector. By blocking the unscattered electrons and using the scattered 

electrons in the imaging mode, the dark field (DF) image (Figure 2.9d) is created. Hereby sample 

areas with a higher Z appear brighter (e.g. clusters in the composite with a larger Z, embedded in a 

lower Z matrix), as more electrons from these areas are detected, as only the scattered electrons are 

used for the image formation. 

ELECTRON DIFFRACTION IN TRANSMISSION ELECTRON MICROSCOPY 

Another powerful tool of TEM in the analysis of crystalline samples is the selected area electron 

diffraction (SAED) analysis. The thin crystalline sample in TEM acts to the incident electron beam as a 

diffraction grating, and the electrons get diffracted by the atoms of the sample. In this technique, the 

SAED aperture is inserted and the back focal plane is projected, and as a result, a diffraction pattern 

arises (Figure 2.9e). The SAED aperture gives additionally the possibility to select the sample area and 

record the diffraction pattern from this region. From the diffraction pattern, information on the 

crystal structure, composition or phase purity can be gained. 

SCANNING TRANSMISSION ELECTRON MICROSCOPY 

TEM can be modified with the application of a scanning coil and additional lenses to a scanning TEM 

(STEM). In contrary to parallel illumination of the sample, the electron beam is focused and scanned 

above the sample surface. In STEM, the image is formed by detecting the counts, the amount of 

detected electrons arising from the different points of the sample. 

2.2.6.1 ELECTRON ENERGY LOSS SPECTROSCOPY 

In combination with STEM, in addition to the visualization of the sample with high resolution, the 

local composition and the chemical properties can also be analyzed with Electron Energy Loss 

Spectroscopy (EELS).[54, 55] Upon passing the specimen, the electron beam interacts with the sample 

and the electrons are scattered elastically or inelastically. Inelastic scattering refers to electrons 

which lose from their original energy upon, while the energy of elastically scattered ones remains 

constant. These scattered electrons can be split up by a magnetic prism (Figure 2.10a), which deflects 

the electron beam depending on its energy. With this, the exact energy losses can be determined 

and the material composition can be analyzed. In the EEL spectrum, three different regions can be 

distinguished. The zero loss peak (ZLP) appears at 0 eV energy loss, and refers to electrons which do 

not undergo inelastic scattering, but are only scattered elastically and do not lose energy. The ZLP is 

usually used for the sample calibration. Secondly, the low loss range (energy loss 2-50 eV) represents 

the excitation of plasmons, inter- or intraband transitions. This region can be used for phase 

identification, or the analysis of bandgaps. The third and for this thesis the most important range is 
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the core loss region (>50 eV). A core excitation occurs, when an incident electron promotes a core 

electron to higher, free energy states. In the core loss region, characteristic edges in the spectrum 

can be observed, as in this process the incident electron loses a characteristic energy, as the 

electrons can be promoted only by defined energy levels. For the analyses in this thesis, this core-loss 

region was used (Figure 2.10c), as the element edges are very characteristic for the particular 

element (and oxidation state) and this allows a very specific elemental composition analysis. The 

notation of the different electron excitations are depicted in Figure 2.10b. 

 

 

Figure 2.10: Schematic illustration of EELS. (a) The detection principle of EELS. (b) The notation of the different 

signals arising from the core loss region signal. (c) An exemplary EEL spectrum of the core loss region showing 

Li2Sn2S5 (yellow) and H3Sb3P2O14 (blue). (d) A STEM image of a cross section of a Li2Sn2S5/H3Sb3P2O14 nanosheet 

based 1DPC. (e) An element map of Li2Sn2S5 in the 1DPC showing the periodic layer structure of this material.
[53]

 

Upon combining EELS with STEM, element maps across the sample can be created and the local 

elemental composition can be analyzed. Hereby, the intensities of the different characteristic 

element edges are detected in the STEM mode (Figure 2.10d) and the intensity plots give rise to the 

appearance of the specific elements at the specific sample position (Figure 2.10e). 

TEM-EELS measurements in this thesis were performed on 1DPC cross sections as the SEM reached 

its spatial resolution limits. Using the secondary electron images from the SEM (chapter 2.2.5) the 

two different nanosheet materials (H3Sb3P2O14 and Li2Sn2S5 nanosheets) could not be distinguished 

based on the similar morphology, and further the back scattered electron image in SEM gave only a 

weak material contrast, as the atomic numbers of these two materials are very similar. However, 

EELS provided a suitable analytical method to distinguish the two different materials also locally by 



ς Methods ς 
 

65 
 

performing the elemental mapping. Further, in this thesis TEM-SAED patterns were recorded in order 

to prove the turbostratically disordered morphology (rotated along the z-direction) of the 

nanosheets after the exfoliation of the bulk material. 

TEM and EELS measurements were performed by Dr. Sophia Betzler, LMU München and MPI for 

Solid State Research, on a FEI Titan Themis microscope (60ς300 kV) equipped with a Cs corrector. 

TEM measurements with SAED patterns were measured by Viola Duppel, MPI for Solid State 

Research, on a Phillips CM30 ST TEM (300 kV, LaB6 cathode) equipped with a Gatan CCD camera. 

2.2.7 X-RAY DIFFRACTION 

X-ray diffraction (XRD) is a powerful and non-destructive method to analyze and identify crystalline 

samples regarding their crystal structure, crystallinity, phase purity and particle size. X-rays, also 

called Röntgen-rays, were discovered by Wilhelm Röntgen in 1895, for which he was awarded with 

the first Nobel Prize in Physics in 1901.[56] Long time ago it was debated by the physical society, 

whether X-rays are electromagnetic waves. The final prove was delivered by Max von Laue by his 

diffraction experiment of X-rays on a copper sulfide crystal in 1912 at the University of Munich, for 

which he was awarded with the Nobel Prize in 1914.[57] This ultimately proved the wave-nature of X-

rays and simultaneously delivered important contributions to crystal structure analysis via X-rays. 

After Laue`s discovery, many scientists were involved in the theoretical and instrumental 

development of X-ray crystallography, whereby the most important contribution was provided by 

²ƛƭƭƛŀƳ IŜƴǊȅ .ǊŀƎƎ ŀƴŘ Ƙƛǎ ǎƻƴ ²ƛƭƭƛŀƳ [ŀǿǊŜƴŎŜ .ǊŀƎƎΣ ǿƘƻ ǿŜǊŜ ŀǿŀǊŘŜŘ ŦƻǊ άǘƘŜƛǊ ǎŜǊǾƛŎŜǎ ƛƴ 

the analysis of crystal structure by means of X-ǊŀȅǎέΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ .ǊŀƎƎ ƭŀǿΣ ǿƛǘƘ ǘƘŜ bƻōŜƭ tǊƛȊŜ ƛƴ 

1915.[58] 

Similar to other analytical techniques, also in XRD analysis the probe beam must have a wavelength 

comparable to the range of the analyzed specimen features, i.e. the atomic spacings in the crystal 

structure. For this, X-rays are generated when targets, such as Cu or Mo, are irradiated by 

high-energy electrons under vacuum. Thereby, core electrons are promoted to higher levels of outer 

shells, and by the relaxation back to the ground state, they emit X-rays with a characteristic 

ǿŀǾŜƭŜƴƎǘƘ ό˂ (Cu-Kh ) = 1.541 ÅΣ ˂ (Mo-Kh ) = 0.710 Å). The created X-ray beam passes through a 

monochromator and a collimator before interacting with the crystalline sample. The incident 

monochromatic X-ray beam is diffracted at the lattice planes of the sample (Figure 2.11a) and 

intensity maxima arise from constructive interferences, when the Bragg equation (2.5) is fulfilled:  
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Figure 2.11: Schematic illustration of X-ray diffraction on a crystalline sample. (a) The beam path of X-rays 

interacting with the sample. (b) An exemplary powder diffraction pattern of Li2Sn2S5 with the calculated 

reference. 

 ὲ‗ ςὨ ίὭὲ — (2.5) 

where the order of diffraction n is an integer, ˂  is the wavelength, d the plane-spacing in the 

crystalline lattice and — the incident angle of the X-ray beam. The created intensity pattern is 

recorded by the detector and a powder diffraction pattern is created (Figure 2.11b).  

In this thesis, X-ray diffraction analysis was used to analyze the synthesized solid-state samples and 

identify their compositions and crystal structures. Further, bulk cation-proton exchanges were 

detected by monitoring the shift of the stacking reflection, and further the exfoliation of the bulk 

material into single nanosheets was followed. Hereby, the intensity of the stacking reflection 

significantly decreases upon exfoliation and reflections of the diffraction pattern of the nanosheet 

sample exhibits an asymmetric Warren-type peak.[59, 60] X-ray diffractograms were analyzed with the 

help of the software WINXPOW[61, 62] and compared with the International Centre of Diffraction Data 

(ICDD) database.[63] 

In this thesis, a STOE Stadi P powder diffractometer in Debye-Scherrer-geometry (STOE & Cie GmbH, 

Darmstadt) Cu Kh м (  ˂(Cu-Kh ) = 1.541 Å) or Mo Kh  radiation  ˂(Mo-Kh ) = 0.710 Å, 

Ge(111)-monochromator, with a Mythen 1k detector was used to perform the measurements.  

2.2.8 DYNAMIC LIGHT SCATTERING 

Dynamic Light Scattering (DLS) is a non-destructive tool to analyze the particle size and distribution of 

nanoparticles in a colloidal suspension.[64] The roots of the DLS technique point back to Lord Rayleigh 

and his studies on light scattering on particles smaller than the wavelength of light,[65, 66] and to 

Albert Einstein and his studies on Brownian motion.[67] The instrumental development began with the 

development of lasers, and with the pioneering studies of Pecora et al.[68] on time dependent light 
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scattering. At that time, DLS was used to measure the diffusion of macromolecules and to calculate 

the hydrodynamic radius. With the development of information technology, for today, DLS became a 

fast method to analyze particle size and size distribution in solution. 

In a DLS measurement, a monochromatic laser beam travels through the measured suspension. The 

sample is thermally stabilized, in order to keep the thermal motion constant, which influences the 

Brownian motion in the suspension, as it has an important impact on the particle size determination. 

Upon illuminating the sample, the suspended particles scatter the laser light. The intensity variations 

caused by interference of the scattered light by the moving particles give rise to the diffusion 

coefficient and hence the size of the suspended particles, according to the Einstein-Stokes equation 

(2.6): 

 Ὀ  
ὯὝ

σ“–Ὠ
 (2.6) 

 

where D is the diffusion coefficient, kB the Boltzmann constant, T the temperature, – the viscosity 

and d the hydrodynamic diameter of the particles. For the exact determination of the particle size in 

DLS, requirement is that the particles are in a size range approx. below 1 micron.  

In this thesis, DLS measurements were performed in order to measure the particle size of the applied 

TiO2 and SiO2 nanoparticles after the synthesis. The measurements were performed with a Malvern 

Zetasizer Nano-ZS with a 4 mW He-Ne laser (l = 633 nm). 

2.2.9 ATOMIC FORCE MICROSCOPY 

Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM),[69] which is capable of 

investigating the surface of nanostructured samples with a high resolution. Scanning Tunneling 

Microscopy (STM), as a predecessor of AFM, was invented by Gerd Binnig and Heinrich Rohrer in the 

early 1980s, and the two inventors were awarded with the Nobel Prize for Physics in 1986 (together 

with Ernst Ruska for the development of TEM).[70] Few years later, AFM and its first implementations 

were developed by Gerd Binning and co-workers.[71, 72] 

AFM can be used in three modes: for force measurement, for manipulation or for imaging. In this 

thesis, only the latter, the imaging mode was used and, hence, will be discussed here in detail. In 

AFM, a sharp probe tip, fixed on a flexible cantilever, is brought in contact with the sample and scans 

through the sample surface.[73] By experiencing the sample`s height variations, the cantilever is 

deflected in order to follow the sample surface with the tip. Further, a laser beam is reflected on the 

back side of the cantilever and hits a photodiode, which can read out the position of the laser beam. 

https://en.wikipedia.org/wiki/Gerd_Binnig
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By the deflection of the cantilever, the laser beam is also deflected and its position on the 

photodiode is changed. After scanning the sample surface line by line, a 3D image can be created, 

which corresponds to the topology of the sample. To avoid damages of the surface, often the tapping 

mode is used, whereby the tip is continuously oscillating and does not touch the sample. By 

monitoring the changes in this oscillation, a height profile can be reconstructed similar to the contact 

mode. AFM is a very sensitive technique to surface variations and shows a height resolution below 

1 nm.[74] 

In this work, this technique was used to determine, if the exfoliation of the bulk material into 

nanosheets was successful and if single or multilayered nanosheets were achieved by the 

delamination. The measurements were conducted by Pirmin Ganter, MPI for Solid State Research, on 

a Veeco CP II system.  

2.2.10 IMPEDANCE SPECTROSCOPY 

Impedance spectroscopy or dielectric spectroscopy is a method to analyze the dielectric properties of 

samples as a function of the frequency. An alternating current (AC) flows through the sample and 

interacts with the dipole moments. At different AC frequencies, various dielectric processes are 

generated and measured. The following processes can occur with decreasing AC frequency ranges: 

electronic polarization, atomic polarization, dipole relaxation, ionic relaxation or dielectric relaxation. 

Depending on the nature of the measured sample, different processes dominate, but the sum of all 

processes is measured as the impedance. The characteristic features can be analyzed indirectly by 

fitting the electric response of a model circuit with different components, such as capacitors or 

resistance in parallel or series connection. With the combination of the basic circuit elements, even 

complex structures can be described, such as ionic conductors as a capacitor and a resistance 

connected in parallel. 

In this thesis, the conductance change of the nanosheet thin films at various relative humidity levels 

was measured in a two-point measurement geometry. An AC voltage of 500 mV was applied to the 

sample and the frequency range of 1 Hz to 1 MHz measured, however for time-dependent 

measurements, the frequency was fixed to 300 Hz and the conductance was measured. The 

measurements were performed by Pirmin Ganter, MPI for Solid State Research, on a Princeton 

Applied Research, Versa STAT MC impedance bridge. 

2.3 THEORETICAL CALCULATIONS 

Theoretical calculations were performed in order to design the photonic structures prior to 

fabrication, to understand the optical properties (reflectance, transmittance, field intensity 
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distribution, emission) and their behavior under environmental conditions changes. In this section, 

the applied transfer matrix method and genetic algorithm formalisms are introduced. 

2.3.1 TRANSFER MATRIX METHOD 

In order to design 1DPCs showing a desired optical response and understand the different 

phenomena related with their structure, analytical calculations were performed. Hereby, the 

reflectance and transmittance spectra as well as the spatial and spectral field intensity distributions 

were calculated for 1DPCs as well as for optical resonator structures. 

The Transfer Matrix Method (TMM) was applied in order to calculate these properties of the applied 

systems, as it is a commonly used method to describe the propagation of electromagnetic waves in a 

layered medium in one spatial direction.[75, 76] The reflection and transmission at a single interface 

between two media is described by the Fresnel equations. However, when the studied system is 

composed of several layers, at every interface, a partial reflection and transmission occurs (Figure 

2.12). Depending on the path lengths, which in turn depend on the refractive indices and the layer 

thicknesses, the light beams can interfere constructively or destructively. The total 

reflection/transmission is the sum of an infinite number of reflections/transmissions arising from the 

multilayer. According to Maxwell`s equations, the conditions of continuity for the electric field 

propagating the interface between two optically different media are defined, which is utilized by the 

TMM. This means, that if the field is known at the beginning of the layer, the field at the end of the 

layer, before entering the next interface, can be derived from simple matrix operations. As a result, a 

multilayer system can be described as the product of the matrices, which describe the layers and the 

interfaces. Finally, the physical measures, such as the reflectance and the transmittance can be 

extracted from the matrices and additionally, the field intensity distribution can be calculated at each 

spatial point of the multilayer at each wavelength giving rise to an intensity map.  

 

Figure 2.12: Schematic illustration of the light propagation of a multilayered system in one dielectric layer. 

For normal incidence with stacked layers along the z-axis, and assuming that the field within one 

layer can be represented as the superposition of left (l) and right (r) traveling wave with wave 

number k, the electric field can be formulated as: 
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 ╔ᾀ  ╔Ὡ  ╔Ὡ  (2.7) 

The field gradient F(z) can be expressed as the derivative of E(z): 

 ╕ᾀ  ὭὯ╔Ὡ  ὭὯ╔Ὡ  (2.8) 

According to Maxwell`s equations, E and F must be continuous across a boundary, whereby one can 

express the field as a vector of (E(z), ╕(z)). 

A propagation of light in the multilayered structure over a distance d into a positive z direction can be 

described by the matrix in (2.9): 

 ╜ ÃÏÓὯὨ
ρ

Ὧ
ÓÉÎὯὨ

ὯÓÉÎὯὨ ÃÏÓὯὨ

 (2.9) 

Using this, we can express the field at point z+d as: 

 
╔ᾀ Ὠ
╕ᾀ Ὠ

╜Ͻ
╔Ὠ
╕Ὠ

 (2.10) 

whereby k is the wave number in the medium and d the layer thickness. For a system with N layers, 

the system transfer matrix Ms is a product of all matrices. With this, at all points of the structure, by 

applying the according matrix, the field can be calculated. 

The main goal of these calculations is to extract the reflectance and transmittance after the 

interaction with light. Assuming the multilayer starts at z = 0, the reflectance can be calculated for 

negative z values and the transmission for z > d´ values, where d  ́corresponds to the total thickness: 

 ╔ ᾀ ╔Ὡ  ὶ╔Ὡ  (2.11) 

 

 ╔ ᾀ ὸ╔Ὡ  (2.12) 

whereby r and t are the amplitude of the reflectance and transmittance coefficients, kl and kr the 

wave numbers in the medium of the left (l) and right (r) propagating light waves. Finally, the 

transmittance and the reflectance values are given by equations (2.13 and 2.14): 

 Ὕ  
Ὧ

Ὧ
ȿὸȿ (2.13) 

and 
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 Ὑ  ȿὶȿ (2.14) 

respectively. 

One example for the application of this method is illustrated in Figure 2.13. The reflectance and 

transmittance spectra of a multilayered system consisting of 12 layers of alternating layers of silica 

(n = 1.40, d = 100 nm) and titania nanoparticles (n = 1.90, d = 100 nm) is calculated, and the 

corresponding spatial (y-axis) and spectral (x-axis) field intensity distribution along the sample (y-axis) 

is shown as an intensity map. 

 

Figure 2.13: Calculated optical properties of the multilayered system described in the text. (a) Calculated 

reflectance and transmittance spectra. (b) Calculated spectral (x-axis) and spatial (y-axis) field intensity 

distribution within the multilayered system. The white dashed lines show the layer interfaces within the 

multilayered system. Light is traveling in the positive y-axis direction. 

The original MATLAB code based on the TMM for the calculations for this thesis was written by Dr. 

Gabriel Lozano and Dr. Alberto Jiménez-Solano, Multifunctional Optical Materials Group, Institute of 

Materials Science of Seville, Spanish National Research Council (ICMSE-CSIC). The code was modified 

and adopted for the systems shown in chapters 3, 4, 5 and 6 by Katalin Szendrei-Temesi. 

2.3.2 GENETIC ALGORITHMS 

Genetic Algorithms (GAs) is a commonly used numerical method for optimization problems.[77] This 

technique is inspired by biology, and utilizes actions, which are known from biological evolution in 

order to generate solutions for the optimum, the objective function (Figure 2.14).[78] The evolution 

usually starts with a population of randomly generated individuals, and the GA creates the next 

generation by different methods: by selecting directly the best individuals from the current 

population (elitism), by selecting random individuals (selection), using the original individuals as 
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parents to create the next generation (crossing) or by mutating certain individuals (mutation). After 

creating several generations, the population evolves towards an optimal solution. The stop criteria 

can be diverse depending on the goals, e.g. reaching the maximum number of generations, reaching 

a certain precision of the objective function or by creating a certain amount of generations, where 

the objective function remains constant.  

 

Figure 2.14: Schematic illustration of the utilized genetic algorithm. 

In this thesis, GAs were combined with the TMM in order to reproduce the optical response of a 

multilayered system theoretically as well as to obtain the structure, which presents the optical 

properties on demand. For instance, for the former example, the populations consist of layer 

thicknesses and the deviation of them, relative to the theoretical values in a perfect system. The goal 

of the GA for these systems is to minimize the objective function (equation 2.15), namely to optimize 

the layer thicknesses of the multilayered structure in order to reproduce the measured reflectance 

spectra. The objective function for this problem can be expressed as: 

 Ὢ  Ὑ Ὑ  (2.15) 

 whereby Ὑ  and Ὑ  correspond to the experimental and theoretical reflectance spectra. 

TMM combined with GAs was further applied to study diffusion processes into the multilayers, 

hereby a time-dependent analysis was performed and for each time point the objective function was 

optimized. These calculations were performed by Dr. Alberto Jiménez-Solano, MPI for Solid State 

research. 
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3. NOVEL SENSING APPLICATIONS ENABLED 

THROUGH ULTRAHIGH HUMIDITY SENSITIVITY:  

AN OPTICAL TOUCHLESS POSITIONING INTERFACE 

3.1 SUMMARY 

This project introduces a novel, functional material based 

optical sensing platform with an ultrahigh humidity 

sensitivity, which allowed for the realization of a touchless 

positioning interface. ¢ƘŜ άƘŜŀǊǘέ ƻŦ ǘƘŜ ǎŜƴǎƻǊ ς robust 2D 

phosphatoantimonate (H3Sb3P2O14) nanosheets cast into a 

photonic thin film device ς shows giant moisture 

responsiveness and swelling capability when exposed to 

relative humidity changes. The high sensitivity could be 

realized by the intercalation of the analyte ς water molecules ς into the interlayer space of the 

nanosheets, resulting in two effects: decreased resistance and swelling of the film upon relative 

humidity increase.  

First, we have realized a robust, resistive humidity sensor showing a decrease in resistance by five 

orders of magnitude between 0 and 100% relative humidity. Secondly, the changes in layer thickness 

were utilized for the development of optical sensors. By integrating the nanosheets as 

stimuli-responsive layers into 1-dimensional Photonic Crystals (1DPCs), fast, reversible and 

full-spectrum stopband changes can be produced. We present two different 1DPC systems, namely 

the combination of H3Sb3P2O14 nanosheets with either TiO2 or with SiO2 nanoparticles acting as 

porous optical contrast materials. On the one hand, the TiO2 nanoparticle based system shows 

unprecedented sensitivity towards in the entire ambient humidity range, associated with a fast and 

fully reversible shift of the photonic bandgap by as much as 500 nm at the highest relative humidity, 

which translates into a full-spectrum stopband shift. On the other hand, the key feature of the SiO2 

nanoparticle based system is its unique capability to reversibly switch from colored to transparent 
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(and vice versa) due to humidity-induced refractive index matching of the constituent layers, 

rendering it a promising candidate for applications in ambient monitoring, such as smart windows. 

The combination of beneficial sensing properties, such as fast response times in the subsecond 

range, high reversibility, and large signal changes allow these devices to detect the humidity sheath 

of a human finger and also track finger motions across the sensor surface in real-time and real-color 

in a touchless fashion. To the best of our knowledge, this is the first example of a photonic approach 

to next-generation touchless positioning interfaces and tracking devices.Besides, for the resistive 

device, we could create an axial touchless positioning interface with a 170-fold resistive signal change 

between finger-on and finger-off states, which is significant and appropriate for these applications.  

Contributions: Katalin Szendrei optimized the nanosheet based thin film fabrication, designed and 

fabricated the 1DPCs, performed the theoretical calculations in order to understand the sensing 

mechanism, characterized the 1DPCs in optical sensing applications and in touchless devices, wrote 

the manuscript and edited the figures. Pirmin Ganter synthesized, exfoliated and characterized the 

H3Sb3P2O14 nanosheets, fabricated the resistive thin film devices, performed the resistivity 

measurements, characterized the fabricated systems as resistive humidity sensors and resistive 

touchless positioning interfaces, wrote the manuscript and edited the figures. Olalla 

Sánchez-Sobrado assisted with the optical measurements and with the theoretical calculations and 

helped with writing the manuscript. Roland Eger synthesized and characterized the bulk K3Sb3P2O14 

and the protonated H3Sb3P2O14. Alexander Kuhn proposed the idea of using the H3Sb3P2O14 

nanosheets in humidity sensing applications and in touchless devices and helped writing the 

manuscript.  

This project and the work described in Chapter 5 and an oral presentation at the Spring Meeting of 

the Material Research Society (MRS) in Phoenix, USA, in 2017 was awarded with the Graduate 

Student Silver award. 
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3.2 TOUCHLESS OPTICAL FINGER MOTION TRACKING BASED ON 2D 

NANOSHEETS WITH GIANT MOISTURE RESPONSIVENESS 

Katalin Szendrei,*  Pirmin Ganter,*  Olalla Sánchez-Sobrado, Roland Eger, Alexander Kuhn, Bettina V. 

Lotsch 

*  These authors contributed equally to this work. 

Published in Advanced Materials 2015, 27, 341-6348. 

 DOI: 10.1002/adma.201503463 

 http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/abstract 

3.3 INTRODUCTION 

One of the key challenges in the development of next-generation electronic devices such as laptops, 

smartphones, or tablets is the design of powerful hardware control systems. In this context, humidity 

sensors exhibiting high spatial sensitivity to the degree of environmental moisture are promising 

candidates for smart touchless positioning interfaces (TPI), which operate based on local variations in 

the humid atmosphere around a pointing object, such as the human finger.[1] 

Although porous BSs have been extensively used to detect organic vapors and humidity through RI 

changes induced by infiltration with analytes,[6-12] the observed shifts in the Bragg peak (BP) are 

rarely larger than a few tens of nanometers, and typically well below 100 nm,[9-11, 13] which limits the 

resolution in terms of humidity sensing.[14] An alternative mechanism to trigger changes in the 

structural color of a BS is to modify the layer thicknesses,[3, 4, 6, 15-18] which is particularly powerful 

when integrating dimensionally flexible polymer layers into a BS.[3,16,17] The demonstrated 

panchromatic BP shift in such systems induced by liquid water however comes at the expense of low 

thermal and chemical stability, as well as slow response times of the active organic layers to organic 

solvent vapors or humidity. The largest shift for photonic humidity sensors was reported by Tian et 

al. using a photonic hydrogel with a stop band shift of around 300 nm and a response time in the 

range of 100 s.[19] Xuan et al. reported a Fe2O3 nanoparticleςpolymer hybrid sensor with a stop band 

shift of around 150ς230 nm, depending on the polymer cross-linking degree. Here again, due to the 

characteristic polymer swelling, the response time was in the range of hours.[20] A similar sensor 

performance was reported by Kim et al., who observed a stop band shift of 137 nm in a polymer-

based 3D opal structure with high cycling stability of thousands of cycles.[21] In addition, several 

humidity sensors were reported with smaller stopband shifts in the range of tens of nanometers and 

response times on the order of a few seconds.[22, 23] Recently, Steele et al.[24] and Hawkeye and 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0001
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0006
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0009
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0014
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0003
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0003
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0019
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0020
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0021
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0022
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0024
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Brett[25] presented mesoporous TiO2 gratings used for humidity applications, which show an ultrafast 

response time in the subsecond range, but rather small stop band shifts (and therefore resolution) 

on the order of 30 nm. 

Here, we replace the dimensionally flexible organic component in BS by phosphatoantimonic acid 

H3Sb3P2O14 nanosheets[26, 27] with giant moisture responsiveness. The protonic bulk material, which 

has long been known for its remarkable swelling characteristics driven by moisture and the resulting 

humidity-dependent proton conductivity,[28, 29] can be readily delaminated into 2D nanosheets, giving 

rise to stable liquid crystalline suspensions with anisotropic optical properties.[26, 27] 

The integration of other 2D nanosheets into resistive sensing devices has already led to a superior 

sensing performance as compared to the corresponding bulk materials, exemplified by a VS2 

nanosheet-based TPI featuring moisture-sensitive electric, rather than ionic conductance.[1] While 

flexible in their design, these resistive VS2 nanosheet sensors have certain drawbacks such as low 

chemical stability under ambient conditions and rather poor sensitivity. Further examples of 

nanosheet-based humidity sensors include NbS2,
[30] graphene oxide,[31, 32] MoS2,

[33] and ZnO.[34] Nearly 

all of these nanosheet sensors have either slow response times (e.g., 600 s for ZnO),[34] or low 

sensitivity[30,32,33] (e.g., factor 5 increase in resistance for a change from 6% RH to 74% RH for NbS2).
[30] 

Therefore, it still remains a major challenge to design nanosheet-based humidity sensors for 

real-time interaction devices with sufficient sensitivity. 

In this work, we fashion thin films of phosphatoantimonic acid nanosheets into chemically stable, 

transparent, and low-cost humidity sensing devices operating either with resistive or optical read 

out, both of which can be applied as TPI based on spatially resolved humidity tracking. Drawing on 

the smoother (i.e., less stepwise) relative humidity (RH)-dependent swelling behavior of the 

nanosheets compared to the bulk material[28] and the fabrication of mechanically stable, yet flexible 

thin films, we detect a significantly enhanced response to a humid pointer as compared to existing 

devices. The novel optical TPI introduced in this work is capable of contactless finger movement 

tracking through a combination of unique features such as ultra large stop band shift (>500 nm), 

along with reversible transparency switching and a fast response time. 

3.4 RESULTS AND DISCUSSION 

The layered phosphatoantimonate K3Sb3P2O14 and the proton exchanged phosphatoantimonic acid 

H3Sb3P2O14 (Figure S 3.1, Supporting Information) were synthesized by a conventional solid-state 

reaction followed by ion-exchange with 8 M HNO3 (Figures S 3.2, S 3.3, Table S 3.1, Supporting 

Information).[28, 35] The protonation and exfoliation process in pure water is schematically shown in 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0025
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0026
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0028
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0026
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0001
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0030
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0031
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0033
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0034
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0034
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0030
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0030
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0028
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-bib-0028
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Figure 3.1a. The schlieren texture and the Tyndall effect of the resulting aqueous suspension indicate 

successful delamination and the anisotropic nature of the nanosheets (Figure S 3.4, Supporting 

Information), while drop-casting the suspension gives rise to randomly overlapping, c-oriented 

nanosheets (Figure 3.1b,c; Figures S 3.5, S 3.6, Supporting Information). The thickness of the 

Sb3P2O14
оҍ nanosheets as determined by AFM amounts to 1.3 ± 0.1 nm on average (Figure 3.1b), 

which agrees well with the crystallographic thickness of 1.10 nm for a single Sb3P2O14
оҍ layer.[26, 35] 

Transmission electron microscopyςenergy dispersive X-ray (TEMςEDX) analysis and scanning electron 

microscopy-energy dispersive X-ray (SEMςEDX) analysis confirm the expected elemental composition 

(Tables S 3.2 and S 3.3, Supporting Information) and the d values of the selected area diffraction 

(SAD) pattern agree well with those of the nanosheet pellet by powder X-ray diffraction (XRD) (Table 

S 3.4, Supporting Information). The XRD pattern of a turbostratically disorderd nanosheet pellet 

obtained by centrifugation at 18000 rpm can be indexed on the basis of a trigonal layer group (Figure 

S 3.7, Supporting Information) and exhibits Warren like peak profiles of the (hk) reflections typical of 

2D materials.[36, 37] 

Nanosheet thin films with thicknesses around 100 nm can directly be used as resistive humidity 

sensors. The transparent thin film device is displayed in Figure S 3.8 (Supporting Information) along 

with two SEM cross-section images from different areas, which illustrate the ultrathin nature of the 

device. Drawing on the well-known moisture-dependent proton conductivity of phosphatoantimonic 

acid,[28] we first measured the RH-dependent ionic conductance between 0% and 100% RH using two 

methods, a gas flow setup and saturated salt solutions (for details see Figure 3.1d; Figures S 3.8, S 

3.9, S 3.10, Supporting Information). Remarkably, we observed an increase in conductance of the 

sample with increasing RH by five orders of magnitude over the complete humidity range, with only a 

small hysteresis loop (Figure 3.1d), which is at least three orders of magnitude larger than that 

observed for VS2 nanosheet devices. To the best of our knowledge, this level of sensitivity is the 

highest observed for any nanosheet-based conductance or resistance humidity sensor reported to 

date.[1,30-34] The cycling behavior of the thin film device between 0% and 47% RH shows good 

reversibility (Figure 3.1e).[38] Notably, the RH dependence of the proton conductance of our thin film 

device is quite different from that of phosphatoantimonic acid bulk material reported in the 

literature.[28] While the bulk material shows distinct step like behavior, this is not the case for the 

nanosheet film device. We attribute the smoother increase in conductance to the smaller particle 

size, leading to an increased amount of grain boundary adsorption, and to the non uniform interlayer 

space resulting in less well-defined water adsorption sites between the randomly oriented 

nanosheets. Such textural effects likely change the water uptake mechanism from that of a lattice 

hydrate (bulk material) to that of a particle hydrate (nanosheets), which accommodates a large 

amount of water molecules on the internal and external surfaces of the nanosheets. 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#adma201503463-fig-0001
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To further explore the sensing capabilities of the phosphatoantimonate nanosheets, thin films with 

tunable thicknesses in the range of 50ς150 nm were prepared by spin-coating the colloidal 

suspension of exfoliated nanosheets at different spinning speeds. Upon increasing the RH from 

0-100%, the nanosheet film swells to the double of its thickness (e.g., Figure S 3.11, Supporting 

Information: from 72 to 128 nm). Hereby, a particularly pronounced change is observed in the high 

humidity range above 90% RH (112ς128 nm) as determined by spectroscopic ellipsometry. This effect 

is accompanied by a RI decrease (from 1.62 to 1.52), again with a pronounced drop in the RH range 

above 90%, corresponding to the water uptake and the resulting thickness change. The continuous RI 

decrease in the higher RH range then is the result of mixing the refractive indices of water (1.33) and 

the nanosheets. The RI increase and the nearly unchanged layer thickness in the low humidity range 

up to 10% RH are rationalized by the structural pore filling of the randomly restacked nanosheets 

(Figure S 3.1, Supporting Information). While the bulk material shows distinct step like swelling 

behavior,[28] this is not the case for the nanosheet film device. We attribute the smoother increase to 

the same morphology reasons as discussed for the conductance changes. 
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Figure 3.1 Exfoliation scheme, nanosheet characterization and conductance based humidity sensing. a) 

Schematic process of ion exchange and exfoliation for K3Sb3P2O14, assuming that swelling takes place first, 

followed by exfoliation. b) AFM image of randomly oriented Sb3P2O14
3-
 nanosheets with a corresponding height 

profile of a single nanosheet labeled by the blue line. c) TEM image of overlapping exfoliated Sb3P2O14
3-
 

nanosheets with a representative SAD pattern of the sample, which here is the pattern resulting from two 

nanosheets rotated against each other. d) Ionic conductance as a function of RH obtained from measurements 

above saturated salt solutions (salt adsorption &desorption) and with an argon flow setup (gas flow desorption 

& adsorption) for a film device with a thickness of 112 nm. e) Cycling behavior of the same film device between 

0 and 47% RH, measured in a chamber with an approximate volume of 100 mL.
[38]
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Inspired by the unprecedentedly large swelling properties of the nanosheet films, BSs were 

assembled from H3Sb3P2O14 nanosheets as the humidity-sensitive component and either TiO2 or SiO2 

nanoparticle layers providing the required RI contrast. At ambient air (30% RH), the nanosheet film 

shows a refractive index of 1.56 as determined by spectroscopic ellipsometry (Figure S 3.11b, 

Supporting Information). While TiO2 nanoparticles exhibit a higher RI (1.85), SiO2 nanoparticle layers 

show a lower RI (1.35) Figure S 3.12 (Supporting Information). The particle nature of the TiO2 and 

SiO2 layers acts as a gate, ensuring the access of the water molecules to the moisture-sensitive 

nanosheet layers through textural porosity.[10] Figure 3.2a,b show cross sectional SEM images of two 

BSs containing 12 and 11 alternating layers of H3Sb3P2O14 nanosheets and SiO2 and TiO2 

nanoparticles, respectively, evidencing long range stacking order and lateral layer uniformity across 

at least several microns. The spectral position of the first-order BP maximum and, hence, the 

structural color at normal incidence is given by Equation (1):[39]  

lB = 2 Ö (n1d1 + n2d2)  (1) 

where n1 and n2 are the RIs of the different layers and d1 and d2 their respective thicknesses. 

The BSs depicted in Figure 3.2c (H3Sb3P2O14/SiO2) and 2d (H3Sb3P2O14/TiO2) show pronounced 

structural colors, which can be judiciously adjusted and gradually fine-tuned during the fabrication 

procedure across the visible spectrum. 



ς Optical Touchless Positioning Interface ς 
 

85 
 

 

Figure 3.2: Optical and structural characterization of the SiO2/H3Sb3P2O14 and TiO2/H3Sb3P2O14 nanosheet-based 

BSs. a) SEM cross section images of the SiO2/H3Sb3P2O14 BS fabricated by 4000 rpm spin-coating speed. The 

lower magnification image was taken with the SE detector and the higher-magnification inset with the in-lens 

detector. The white arrows indicate the nanosheet layers. b) SEM cross section images of the TiO2/H3Sb3P2O14 

BS fabricated at 4000 rpm spin-coating speed. Both images were taken with the in-lens detector. c) 

Photographs of the SiO2/H3Sb3P2O14 BSs fabricated at different spin-coating speeds, from left to right: 

2000 rpm, 3000 rpm, 4000 rpm, respectively. d) Photographs of the TiO2/H3Sb3P2O14 BSs fabricated at different 

spin-coating speeds, from left to right: 2000 rpm, 3000 rpm, 4000 rpm, respectively. e) Optical spectra of the 

corresponding SiO2/H3Sb3P2O14 BSs shown in the photographs (c) in the corresponding order. f) Optical spectra 

of the corresponding TiO2/H3Sb3P2O14 BSs shown in the photographs (d) in the corresponding order. 

In order to study the key features of our optical humidity sensors, the two BSs were introduced into a 

closed chamber with a transparent upper window, and the position of the BP was measured for 

different RH values controlled by saturated salt solutions at 25 °C.[40,41] The supposed sensing 

mechanism of the BSs is schematically depicted in Figure 3.3a. Here, the thickness of the particle 

layers is assumed invariable, so three main processes affect the humidity-dependent optical 
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response of the BS: i) The RI changes of the TiO2 and SiO2 nanoparticle layers with the 

adsorption/desorption of water into their textural pores (i.e., interparticle voids, Figure S 3.12, 

Supporting Information), ii) the change of the RI of the nanosheet layers through uptake/loss of 

water (Figure S 3.11b, Supporting Information), iii) the humidity-dependent thickness of the 

nanosheet layers (Figure S 3.11a, Supporting Information). While for SiO2 and TiO2 the effective RI of 

the layers increases with increasing water content due to the pore filling process, it decreases for the 

nanosheet layers as the effective RI approaches that of pure water with increasing degree of 

hydration. The latter phenomenon is driven by the massive swelling of the nanosheet layers in 

contrast to the more compact nanoparticle layers. These features can be extracted from the 

humidity-dependent reflectance spectrum and the overall optical changes can also be monitored as 

color changes with the naked eye. The two BSs qualitatively behave differently: In the 

H3Sb3P2O14/SiO2 BS, the photonic stop band red-shifts by 100 nm in the lower RH range (up to 90%) 

as plotted in Figure 3.3b (solid lines). The set of microscope images shown below corresponds to the 

color displayed by the BS for three different RH values (32%, 93%, 100%). For increasing values of the 

RH, the BP redshifts, while its reflectance intensity gradually decreases and finally vanishes 

(Figure 3.3b, black spectrum). The color displayed by the sensor (Figure 3.3c) follows this behavior 

and for the highest value of humidity, the 1DPC switches off, i.e., becomes completely transparent 

(Figure S 3.13, Supporting Information). This effect finds its explanation in the elimination of the 

optical contrast between the layers forming the BS with increasing RH. While the RI of the particle 

layer increases and its thickness roughly remains constant, the RI of the nanosheet layer decreases 

while the layer thickness increases, leading to an overall redshift of the BP. Since the RIs of the 

nanosheet and nanoparticle layers follow opposite trends, both values ultimately become nearly 

equal at above 95% RH, leading to the disappearance of the optical contrast. As the BP is canceled 

out, the optical sensor turns completely transparent and light is transmitted by the structure 

throughout the visible range (Figure S 3.13, Supporting Information). Complete transparency 

switching through reversible refractive index matching has previously been realized by rational 

porosity and refractive index tuning of the constituent layers.[42, 43] These hygrochromic multilayers 

however are only capable of detecting liquid water, rather than humidity sensors. 

The specular reflectance spectra taken for the TiO2/H3Sb3P2O14 BS are plotted in Figure 3.3d (solid 

lines), along with the corresponding surfaces of the BS for different RH values (Figure 3.3e). The BP 

redshifts by 100 nm in the RH range of 0ς90%. Contrary to the SiO2 containing BS, the reflectance 

rises with increasing RH and the stop band broadens, which can be rationalized by the increase in 

optical contrast of the layers with increasing RH. We observe a total redshift of more than 517 nm, 

shifting the BP out of the visible range into the IR, while the second-order BP is observed at 495 nm 

(red curve of Figure 3.3d). The observed red shift at high RH is the largest ever observed for a BS for 
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moisture sensing applications. Note that besides these unique color changes, the fast response time, 

high reproducibility, and cyclability of the BS device (Figures S 3.14, S 3.15, Supporting Information) 

are unprecedented. Although there have been a few systems reported in the literature, which show 

stop band shifts larger than 100 nm, these systems invariably exhibit slow response times due to 

diffusion limitations in the swelling of the integrated polymers.[19-21] The porous nature of the 

nanoparticle layers in our BS sensor and the fast equilibration time of the nanosheet layers ensure 

easy access of the water molecules into the device and a fast response time throughout the entire 

device. Simulations of the optical spectra were carried out with a Matlab code[9] to confirm the 

optical properties observed for our BSs (Figure 3.3b,d, dashed lines; for the input parameters used, 

see Figures S 3.11, S 3.12, Tables S 3.5, S 3.6, Supporting Information). The excellent agreement 

between the values obtained in both cases proves the validity of the proposed sensing mechanism 

(Figure 3.3a). 

 

Figure 3.3: Optical humidity sensing features of the SiO2/H3Sb3P2O14 and TiO2/H3Sb3P2O14 BSs. a) Scheme of the 

suggested humidity sensing mechanism. b) Experimental (solid spectra) and simulated (dashed spectra) 

reflectance spectra of the SiO2/H3Sb3P2O14 BS at different RH values. c) Microscope images of the 

SiO2/H3Sb3P2O14 BS surface at RH values of 32%, 93% and 100%, respectively. d) Experimental (solid spectra) 

and simulated (dashed spectra) reflectance spectra of the TiO2/H3Sb3P2O14 BS at different RH values. e) 

Microscope images of the TiO2/H3Sb3P2O14 BS surface at RH values of 32%, 93% and 100%, respectively. 
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Both, the conductance of the nanosheet thin film and the optical properties of the BSs show a 

reproducible, fast, and selective response to changes in RH, which are important performance 

parameters for position-sensitive user control interfaces. Since the fingertip is surrounded by a 

distance dependent humidity atmosphere, the read-out schemes developed above present intriguing 

candidates for the development of 3D (i.e., lateral and height-sensitive) non-contact interactive 

interfaces. To probe the touchless sensing capability of our nanosheet thin films and the Bragg stack, 

first, the nanosheet film on a quartz substrate was studied. Hereby, an increase of the conductance 

by more than a factor of 170 was observed when the distance of the finger from the sensor surface 

was reduced from 1.6 to 0.1 cm at 30% ambient RH (Figure 3.4a). This is notably higher than the 

values recently reported for VS2 or graphene oxide thin film devices with a reported 3- or 0.35-fold 

signal increase.[1,32] Note also that the fast full response (<2 s) and recovery times (3 s) towards 

άǘŀǇǇƛƴƎέ ŦƛƴƎŜǊ Ƴƻǘƛƻƴ ŜǾŜƴ ŀƭƭƻǿ ǘƻ ǊŜǎƻƭǾŜ ǎǳōǎŜŎƻƴŘ ŜǾŜƴǘǎ ŀǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ { 3.16 

(Supporting Information). The observed response times are rather fast compared to other 

nanostructured humidity sensing devices with typical response times on the order of tens to 

hundreds of seconds,[34,44-47] and even faster than those of state-of-the-art resistive sensors based on 

GO or VS2,
[1,32] or commercially available sensors.[48-50] 

The finger-tip induced conductance changes monitored in a dynamic measurement (Video S1, 

Supporting Information) also demonstrate that the thin film device indeed has a very fast and 

reversible response to finger distance changes. 

With the highly sensitive photonic read-out scheme presented above, the tools are at hand to go one 

step further and develop a novel optical TPI based on the lateral tracking of a humid pointer with an 

optical read-out visible by the naked eye. For such optical devices, no integration with an electronic 

assembly is necessary to visualize the lateral finger position above a photonic surface. Our 

experiments, which demonstrate the feasibility of this touchless optical sensing principle, are 

summarized in Figure 3.4 and visualized by Videos S2, S3, S4, and S5 (Supporting Information). 

Positioning the finger in a vertical distance of 1 mm from both presented BS surfaces leads to a color 

gradient along a distance between 1.0 and 1.8 mm from the finger tip, as shown in the microscope 

pictures corresponding to the two configurations proposed for TiO2/H3Sb3P2O14 and SiO2/H3Sb3P2O14 

BSs, respectively (Figure 3.4d,e). This is in perfect agreement with the conductance behavior, as in 

the small distance range the sensing signal drops similarly fast (Figure 3.4a) due to the spatially 

dependent humidity gradient around the finger. Looking at the structural colors of the gradient, the 

color at 1.0 mm real distance corresponds to the 100% RH sensing signal (where the optical contrast 

and reflectance are lost) in the case of the SiO2/H3Sb3P2O14 BS. In both cases, the structural color for a 

distance of 1.5 mm corresponds to a RH of around 90% (see Figure 3.3). In Figure S 3.17 (Supporting 
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Information), we show that the Bragg stack can be operated as a TPI also at longer distances up to 

Ғмн ƳƳΦ ¢ƘŜ ǎǘƻǇ ōŀƴŘ ǎƘƛŦǘ ƛǎ ƻōǎŜǊǾŜŘ ƛƳƳŜŘƛŀǘŜƭȅ όCƛƎǳǊŜ 3.4f,g), and the captured reflectance 

spectra for the SiO2/H3Sb3P2O14 BS show a response time of 3 s (defined as the time it takes for 90% 

of the stopband shift before the structural color vanishes). Further cycling experiments (Figures 

S 3.18, S 3.19, and S 3.20, Supporting Information) demonstrate that a SiO2/H3Sb3P2O14 BS responds 

ƛƴǎǘŀƴǘŀƴŜƻǳǎƭȅ ǘƻ Ŧŀǎǘ άǘŀǇǇƛƴƎέ ŦƛƴƎŜr motion, resulting in a subsecond time resolution (note that 

ǘƘŜ άǘŀǇǇƛƴƎέ Ƴƻǘƛƻƴ ǿŀǎ ŀƭǎƻ ŎŀǊǊƛŜŘ ƻǳǘ ǳƴŘŜǊ ǘƻǳŎƘƭŜǎǎ ŎƻƴŘƛǘƛƻƴǎύΦ ¢ƘŜ Ŧŀǎǘ ǊŜǎǇƻƴǎŜ ƛǎ ŀƭǎƻ 

obvious from lateral movement of the finger across the BS (Figure 3.4hςl, Video S5, Supporting 

Information). An instantaneous color response precisely following the finger movement was 

observed, which is equivalent to a high-accuracy tracking of the finger movement (see Figure 3.4hςl, 

Video S5, Supporting Information). The BS response occurs exclusively due to the local water vapor 

atmosphere surrounding the finger, rather than a temperature effect, as: i) the response in the 

finger-on state (Video S2, Supporting Information) is completely analogous to the measurement at 

very high RH carried out at RT, and ii) no color change is observed if the finger is protected by a nitrile 

glove (Figure 3.4c), while a fast and pronounced color change is directly seen by approaching the 

naked finger (Figure 3.4b, Figure 3.4hςl). Notably, the humidity response is fully reversible during 

cycling (Figure 3.4g inset, Figures S 3.18, S 3.20, Supporting Information) and the Bragg stack can be 

cycled for more than 1000 times without observing any signs of degradation (Figures S 3.19, S 3.20, 

Supporting Information) or changes in its response behavior. Finally, the Bragg stacks show long term 

stability without any loss of functionality after repeated usage and storing them in air for more than 

8 months (see Figure S 3.21, Supporting Information). 
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Figure 3.4: H3Sb3P2O14 nanosheet-based devices acting as a TPI. a) Sensing response characteristics as a 

function of the finger distance of a thin film device obtained by spin-coating at 3000 rpm. The measurement 

was performed at around 30 % RH. b) Photograph of the SiO2/H3Sb3P2O14 BS with an approaching finger. Note 

that the finger is not in direct contact with the stack. c) Photograph of the SiO2/H3Sb3P2O14 BS with an 

approaching finger covered with a nitrile glove. No response is observed in this case. d) Real color microscope 

image of the TiO2/H3Sb3P2O14 BS, showing the lateral color gradient around the finger position. The finger was 

positioned at the top right corner, in a vertical distance of 1 mm from the BS surface. Real distances from the 

finger to the corresponding image positions are indicated. e) Real color microscope image of the 

SiO2/H3Sb3P2O14 BS showing the lateral color gradient around the finger position. The scheme shows the 

position of the finger in the top right image corner in a vertical distance of 1 mm. The real distances from the 

finger at the corresponding image positions (calculated by the Pythagorean theorem) are indicated. f) Evolution 

of the reflectance spectra of the TiO2/H3Sb3P2O14 BS upon keeping the finger at 1 mm vertical distance to the BS 

surface. The different colors correspond to the different magnitudes of the response. g) Evolution of the 

reflectance spectra of the SiO2/H3Sb3P2O14 BS taken after 3 s optical response time upon keeping the finger at 1 

mm vertical distance to the BS surface. Inset: Intensity changes of the SiO2/H3Sb3P2O14 BS while cycling 
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between the finger-on and finger-off states. h-l) Photographs showing the finger movement tracking capability 

of the photonic TPI. The pictures are video frames from a similar video as Video S5 taken at 1, 2, 3, 4 and 5 

seconds, while the finger was continuously moved laterally along the SiO2/H3Sb3P2O14 Bragg stack without 

direct contact with the photonic TPI surface. 

In summary, we have demonstrated the potential of phosphatoantimonic acid nanosheet-based 

resistive and photonic humidity sensors as TPI, which represents a novel concept complementary to 

the contact-based technology. Transparent nanosheet thin films can be applied as a resistive RH 

sensor, since the ionic conductance of the film strongly depends on the surrounding RH, featuring 

high sensitivity with a response of five orders of magnitude, good cyclability, and ultrafast response 

characteristics in the subsecond range. We have demonstrated that due to these properties, the 

nanosheet thin film device can be applied as a touchless axial positioning interface with a change of 

ƛƻƴƛŎ ŎƻƴŘǳŎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ŦƛƴƎŜǊ ƻƴ ŀƴŘ ŦƛƴƎŜǊ ƻŦŦ ǎǘŀǘŜ ōȅ ŀ ŦŀŎǘƻǊ ƻŦ мтлΦ CǳǊǘƘŜǊΣ άǎƳŀǊǘέ 

1DPCs were developed as versatile humidity sensors with a simple optical read out. The ultrahigh 

stop band shift of 517 nm of the TiO2 based BSs and the switchable transparency through optical 

contrast loss of the SiO2 based BSs are unique features of the proposed sensing platform. This second 

property, the gradual loss of reflectance accompanied by a color change, makes these multilayers 

potential candidates for privacy windows or smart window applications. Due to the straightforward 

optical tunability, the extremely high sensitivity, reproducibility, ultrafast response and recovery 

times, a new concept of a position-sensitive optical TPI was demonstrated for the first time. As the 

humidity-responsive photonic device gives the user direct optical feedback about successful 

interaction, no additional soft- and hardware, which is implemented for contact visualization in 

current state of the art capacitive touch screens, is needed. Using the contactless optical read out 

proposed in this work, the disadvantages of conventional touch screens such as scratches or 

fingerprints could be eliminated, while touchless tracking of finger motion is achieved in a simple 

fashion without complex electronic circuitry. 
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4. PRACTICAL ASPECTS OF THE OPTICAL  

TOUCHLESS POSITIONING INTERFACE:  

SELECTIVITY, REPRODUCIBILITY, TEMPERATURE 

DEPENDENCY 

4.1 SUMMARY 

In this chapter, important aspects regarding the optical touchless positioning interfaces (Chapter 3) 

were studied: the selectivity towards water vapor, the temperature dependency of the optical 

response to the presence of a human finger, and the reversibility of the signal change.  

In order to test the selectivity towards water vapor, the optical response to another relevant analyte, 

i.e. ethanol vapor, was investigated and compared to the optical response of water vapor. As we 

know from previous works (Chapter 3), the sensing mechanism of H3Sb3P2O14 nanosheet based thin 

films relies on the intercalation of water vapor into the interlayer space, which is highly hydrophilic 

due to the charge compensating protons, which are located between the single nanosheet layers. For 

the selectivity studies, we chose ethanol as it is also polar and protic ς similar to water vapor ς and it 

is also capable of creating hydrogen bonds with the protons in the nanosheet interlayer space. 

However, upon testing the selectivity, a very different optical behavior is observed, namely a slight 

stopband shift accompanied by slow response times, which is substantially different from the fast 

response times and large stopband shifts caused by water vapor. The differences most likely lay in 

the dielectric and other molecule size-related properties, such as the polarity or acidity and cause the 

inhibited diffusion of the ethanol molecules throughout the 1DPC.  

Further, the temperature dependency of the optical behavior of these humidity sensors was 

analyzed. The multilayered structures were tested between 40°C and 0°C, whereby the temperature 

increase did not have important impacts on the sensing capability, but the cooling of the sample did. 

Upon reaching the dew point, the ambient humidity condenses on the sensor, thus limiting the 
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ǎŜƴǎƻǊΩǎ ǊŜǎǇƻƴǎŜ ōŜƭƻǿ ǘƘŜ ŘŜǿ ǇƻƛƴǘΦ hƴŎŜ ǘhe temperature rises above the dew point, the 

condensed water can be desorbed again and the humidity responsiveness is restored. 

Finally, the reversibility and reproducibility of the touchless positioning interface was tested. Hereby, 

the humidity response was tested by approaching a human finger, which is surrounded by a 

distance-dependent humid atmosphere, responsible for the sensing response. The cycling stability 

and reversibility was proven to be stable for at least 100 cycles. 

Contributions: Katalin Szendrei fabricated the 1DPCs, performed the spectroscopic and the 

ellipsometry measurements and the theoretical calculations, edited the figures and wrote the 

manuscript. Pirmin Ganter synthesized and characterized the 2D nanosheets and assisted with the 

manuscript writing.  

This project was presented at the SPIE Photonics Europe Conference, in Brussels, 2016 and published 

as a conference proceeding. It was awarded, together with the work presented in Chapter 3, with the 

Best Student Paper award. 
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4.3 ABSTRACT  

Thin film devices composed of 2D phosphatoantimonate nanosheets are optically characterized and 

by investigating the humidity-induced swelling behavior, the water uptake mechanism was 

suggested. By integrating this intrinsically active material into 1D Photonic Crystal devices, the layer 

thickness changes caused by humidity changes are translated into an optical signal, a full-spectral 

color change, which can be read out by the naked eye. Additionally, a unique property, a reversible 

transparency switching at high humidity values is ensured by the optical contrast canceling upon 

water adsorption. Besides the large signal changes, the study of the optical response to ethanol 

vapor shows a noticeably higher sensitivity to humidity compared to ethanol vapor, justified by the 

different intercalation degree into the nanostructure. Based on the ultrahigh sensitivity to humidity, 

phosphatoantimonate nanosheet based Bragg stacks were able to detect finger positions and track 

finger motions without touching the sensor surface, only by responding to the humidity sheath of the 

human finger. The cycling stability and the reversibility of these optical touchless positioning 

interfaces are given for more than 100 cycles, as well as the sensing performance at increased 

temperatures about 40 °C is unaffected. Although, we found the limits of these devices at the dew 

point, as the water-based sensing mechanisms are not applicable below 0 °C anymore, the optical 

tracking of the spontaneous and reversible water condensation into the structure can pave the way 

towards other sensing applications. 
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4.4 INTRODUCTION 

Bioinspired periodic nanostructures, 1-dimensional Photonic Crystals (PCs) or also referred to as 

Bragg stacks (BS) have gained research interest since the 80s, as the theoretical backgrounds were 

established and a comprehensive description of the photonic phenomena within these periodic 

multilayers was published by Yablonovitch and John.[1,2] Since this basic work, a plethora of different 

photonic structures with potential applications was presented in the literature, such as radiation 

shielding,[1] wavelength-selective optical filters,[2, 3] and sensing.[4-12] Especially in the field of sensing, 

PCs present an important sensor configuration due to the ease of wet chemical bottom-up 

fabrication utilizing the spin- or dip-coating technique, low production and time cost, and 

well-defined and simply tunable optical properties.[13] PCs exhibit a periodic medium presented by 

the alternating refractive index (RI) defines the optical properties by forming a forbidden energy 

region for electromagnetic wave in which no waves are allowed propagating the structure. This 

άǇƘƻǘƻƴƛŎ ōŀƴŘ ƎŀǇέΣ ǘƘŜ ǎǇŜŎǘǊŀƭ ǊŀƴƎŜ ǿƛǘƘ ǘƘŜ ƳŀȄƛƳǳƳ ǊŜŦƭŜŎǘƛƻƴ ŀƴŘ ǘƘŜ ƳƛƴƛƳǳƳ 

transmission, is defined by the Bragg-Snell law (1):[14, 15] 

 ά ‗ ςὲ Ὠ  ὲὨ  (1) 

whereby m is the order of diffraction, ˂ the wavelength, n1 and n2 the RIs of the composing materials 

and d1 and d2 the layer thicknesses of the structure. According to (1), the photonic band gap or stop 

band also ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ άǎǘǊǳŎǘǳǊŀƭ ŎƻƭƻǊέΦ Due to the dynamic manipulation of the photonic stop 

band by varying the optical thickness (ˍ Ґ ƴ ϽὨ) of the constituent layers, these platforms are capable 

of translating chemical or physical environmental recognition events, into an optical read-out, a color 

change.[16]  

Although PC based sensors are competitive candidates to sensors based on other readout 

mechanisms, there are some remaining challenges in this research field. According to a review by C. 

Fenzl et al.,[17] some crucial points and challenges are currently limiting the performance of PC based 

sensors: (1) the selectivity, (2) signal- and sensor stability, (3) larger signal changes gaining a higher 

signal resolution and (4) the utilization of simpler readout techniques besides of microscopy and 

reflectometry. Previously presented BS based humidity and organic vapor sensors were extensively 

discussed in the literature, but due to singly the RI changes upon infiltration, the stop band shifts are 

typically small, which massively limits the resolution in terms of vapor sensing.[18,19] An alternative 

sensing mechanism to detect environmental changes with a higher resolution was suggested 

predominantly for humidity sensors by applying flexible organic polymers.[20-22] These show a 

pronounced swelling upon liquid water or water vapor infiltration. In general, the layer thickness 

change, e.g. the swelling of the integrated polymers ends up in a massive structural color change of 
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hundreds of nanometers.[20] Unfortunately, the powerful potential of swelling comes at the expense 

of slow response times, low chemical and thermal stability, which restricts these systems for real-life 

applications. 

Herein, we present humidity responsive Bragg stacks with integrated intrinsically active materials: 

robust inorganic 2D phosphatoantimonate nanosheets. The protonated bulk material is known since 

the 80s for its remarkable swelling capability driven by humidity changes.[23] This layer distance 

changes are attributed due to intercalation of the water molecules between the crystal lattice planes, 

whereby the polar character of the containing the protons favors the intercalation. The protonated 

bulk material can be readily delaminated into 2D nanosheets, giving rise to stable liquid crystalline 

suspensions with anisotropic properties.[24,25] In our previous work, we proved that these phosphato 

antimonate nanosheets can be exfoliated in pure water into single nanosheets with a thickness of 

1.3±0.1 nm and lateral dimensions of several microns.[26] In this work, we optimized the liquid 

crystalline suspension in order to create homogenous thin films, and investigate its optical properties 

and sensing performance in terms of humidity sensing. For this, we adjusted the colloidal 

concentration to 42 mmol L-1, which allows us to tune the layer thickness in a wide range by singly 

varying the spin-coating speed. Also the solvent composition of the suspension was adjusted to a 

water/ethanol mixture of 40/60 wt%, which on the one hand ensures due to the ethanol content the 

easy applicability in spin-coating and on the other hand allows the complete exfoliation due to the 

water content. Additionally, to obtain a homogenous thin film, 2 h of sonication was applied to get 

rid of the agglomerates and to completely exfoliate the nanosheets.  

4.5 RESULTS AND DISCUSSION 

Being spin-coated, the delaminated nanosheets randomly restack in a c-oriented fashion and form a 

50-200 nm thick film on the substrate. In form of a thin film, the nanosheets are applicable for 

investigating its optical properties and the sensing capability in terms of humidity sensing. First, we 

determined the optical properties, such as the complex RI  (n = n + ik), via spectroscopic ellipsometry 

at ambient conditions, at room temperature and ca. 30% relative humidity (RH). For this, we 

ƳŜŀǎǳǊŜŘ ʌ ŀƴŘ ɲ ŀƴŘ ŦƛǘǘŜŘ ǘƘŜ Řŀǘŀ ǳǎƛƴƎ ŀ ƭŀȅŜǊ ƳƻŘŜƭ ƛƴ ƻǊŘŜǊ ǘƻ ŜȄǘǊŀŎǘ ǘƘŜ ƻǇǘƛŎŀƭ ŎƻƴǎǘŀƴǘǎΦ 

According to Fig 1a, we show the real part of the RI (n) and the extinction coefficient (k) values 

depending on the wavelength in the visible spectral range. The low k value in the entire visible range 

(k = 6Ͻ10-4 - 22Ͻ10-4) indicates a negligibly low absorbtance of the material, which was expected due 

to the thin film character. The real part of the RI varies in the visible range only slightly, between 

1.55-1.70. For further analysis and for simplicity reasons, we assume a constant value and analyze 

the RI and its changes at 633 nm. In order to determine the humidity sensing capability, these thin 
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films were placed into a closed chamber and the RH was adjusted to different values, while the layer 

thickness changes and the RI were measured at each value. Upon increasing the RH from 0-100%, the 

nanosheet film swells almost to double its thickness (from 72 nm to 128 nm). Hereby, a particularly 

pronounced change is observed in the high humidity range above 90% RH (112-128 nm) as 

determined by spectroscopic ellipsometry. Notably, the RH dependence of the layer thicknesses of 

our thin film device is quite different from that of phosphatoantimonic acid bulk material reported in 

the literature.[23] While the bulk material shows distinct step-like behavior, we observe a 

less-stepwise and smoother behavior for the thin films. We attribute these changes to the 

morphology changes upon exfoliation and the thin film fabrication. The large particle size and the 

well-defined adsorption sites in the crystalline bulk phase change upon exfoliation to smaller particle 

size, leading to an increased amount of grain boundary adsorption, and to the non-uniform interlayer 

space. This results in less well-defined water adsorption sites between the randomly oriented 

nanosheets and a larger adsorption capacity. Such textural effects likely change the water uptake 

mechanism from that of a lattice hydrate (bulk material) to that of a particle hydrate (nanosheets), 

which accommodates a large amount of water molecules on the internal and external surfaces of the 

nanosheets and increase the total amount of adsorbed water. As the dispersion of the RI in the 

visible range is quite small (Fig 1a), we evaluated the RI changes at 633 nm for the whole humidity 

range. The RI behavior with changing humidity supports our suggested sensing mechanism. The RI is 

decreasing with the increasing RH value (from 1.62 to 1.52), again with a pronounced drop in the RH 

range above 90%, corresponding to the water uptake and the resulting thickness change. The 

continuous RI decrease in the higher RH range then is the result of mixing the RIs of water (1.33) and 

the nanosheets, in oǘƘŜǊ ǿƻǊŘǎΣ ǘƘŜ ƴŀƴƻǎƘŜŜǘǎ ōŜŎƻƳŜ ƳƻǊŜ άǿŀǘŜǊ-ƭƛƪŜέ ǳǇƻƴ ƛƴǘŜǊŎŀƭŀǘƛƻƴΦ 

According to Fig b, these massive changes are completely reversible and the adsorbed water amount 

is desorbed completely upon RH decrease. The RI increase and the nearly unchanged layer thickness 

in the low humidity range up to 10% RH are rationalized by the structural pore filling of the randomly 

restacked nanosheets.  

To translate this humidity induced swelling behavior into an optical signal, we combined the 

nanosheet thin films with colloidal SiO2 in form of thin films, and fabricated Bragg stacks with these 

two robust inorganic materials. The optical contrast material was selected carefully according to the 

system`s requirements. First, the contrast material has to be porous to ensure the infiltration and the 

diffusion of the analyte molecules into the entire structure. Secondly, a sufficient RI contrast has to 

be ensured that a Bragg peak appears. Colloidal SiO2 fulfills both requirements, as the porosity is 

present through the interparticle voids and the RI varies according to Fig 1c, gray curve. Upon water 

uptake, the RI changes from 1.35 to 1.42, which ensures at low RH values a sufficient contrast.  
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Figure 4.1: Optical properties of the applied materials. a) Wavelength-dependent RI and extinction coefficient 

of the H3Sb3P2O14 nanosheet thin film, determined by spectroscopic ellipsometry. b) Layer thickness changes of 

the H3Sb3P2O14 nanosheet thin film upon changing relative humidity. Inset: Photograph of the colloidal 

H3Sb3P2O14 nanosheet suspension. c) RI changes (at 633 nm) of the H3Sb3P2O14 nanosheet thin films and the 

SiO2 nanoparticles upon relative humidity changes. 

The schematic sample fabrication using the colloidal SiO2 and the phosphatoantimonate nanosheets 

is shown in Fig 2a. The materials were deposited alternating on the glass substrate starting with the 

nanoparticles to guarantee a better adhesion to the substrate and finishing with the nanosheets to 

ensure a higher RI contrast with the surrounding air. After each deposited layer, a heating step was 

applied, which improved the adhesion of the thin films within the stack. According to Fig 2d, the 

cross-sectional SEM images of the BS containing 12 layers show a long-range stacking order and 

lateral layer uniformity across several microns. The spectral position of the Bragg peak (BP) and, 

hence, the structural color at normal incidence is given by the expression (1),[27] which can be 

adjusted and gradually fine-tuned across the visible spectral range. Singly by varying the spin-coating 

speed, we can access structural colors all over the visible range, as exemplary shown in Fig 2c and d. 

With theoretical calculations using the RI values from the ellipsometry measurements and the layer 

thicknesses from the SEM, we could simulate the Bragg peaks of all samples, determine the layer 

thicknesses at ambient pressure and prove the color tunability. 
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Figure 4.2: Fabrication and characterization of the silica SiO2 nanoparticle/H3Sb3P2O14 nanosheet Bragg stack. a) 

Fabrication scheme of the SiO2 nanoparticle/H3Sb3P2O14 nanosheet Bragg stack. b) Reflectance spectra and 

theoretical calculations of the SiO2/H3Sb3P2O14 Bragg stacks prepared at different spin-coating speeds. c) Layer 

thicknesses, RIs of the SiO2/H3Sb3P2O14 Bragg stacks fabricated at different spin-coating speeds. The data are 

determined by theoretical calculations. d) SEM cross section images (left: secondary electron image, right: 

back-scattered image) of the SiO2/H3Sb3P2O14 Bragg stack containing 12 layers. 

In order to study the key features of our optical humidity sensors, the two BSs were introduced into a 

closed chamber with a transparent upper window, and the position of the BP was measured for 

different RH values.[28,29] The supposed sensing mechanism of the BSs is schematically depicted 

Figure 4.3a. Here, the thickness of the particle layers is assumed to be invariable. Three main 

processes affect the humidity-dependent optical response of the BS: (1) the RI changes of the SiO2 

layer with the adsorption/desorption of water into their textural pores (Fig 1c), (2) the change of the 

RI of the nanosheet layers through uptake/loss of water (Fig 1c), (3) the humidity-dependent 

thickness of the nanosheet layers (Fig 1b). While for SiO2 the effective RI of the layers increases with 

increasing water content due to the pore filling process, it decreases for the nanosheet layers as the 

effective RI approaches that of pure water with increasing degree of hydration (Fig 1c). The latter 

phenomenon is driven by the swelling mechanism of the nanosheet layer as described above. For the 

BS, we observe a qualitatively similar behavior than for the thin films, as the response can be divided 
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into two RH ranges, the low range 0-90% and the high range 90-100%.The photonic stop band 

redshifts by 100 nm in the lower RH range (up to 90%) as plotted in Fig 3b. This shift is accompanied 

by a gradual reflectance intensity decrease, which finally vanishes (Fig 3b, light gray spectrum), the 

color of the BS switches off, i.e. becomes completely transparent. This effect finds its explanation in 

the elimination of the RI contrast between the layers forming the BS with increasing RH (Fig 1c). 

While the RI of the particle layer increases, the RI of the nanosheet layer decreases while the layer 

thickness increases, leading to an overall redshift of the BP. Since the RIs of the nanosheet and 

nanoparticle layers follow opposite trends, the difference becomes sufficiently low at above 95% RH, 

leading to the disappearance of the optical contrast. As the BP is canceled out, the optical sensor 

turns completely transparent and light is transmitted by the structure throughout the visible range. 

Transparency switching through reversible RI matching has previously been realized by rational 

porosity tuning and RI tailoring of the constituent layers.[30,31] These hygrochromic multilayers 

however are only capable of detecting liquid water, rather than humidity changes.  

To obtain another important key feature of these ultrasensitive humidity sensors, the selectivity was 

tested. For this, we placed the sensors into a closed atmosphere and the ethanol relative pressure 

was raised, while the optical response of the system was detected. According to Fig 3c, we observe a 

total shift of around 50 nm, which is escorted by a gradual reflectance intensity decrease of 10%. The 

trends are similar to the trend observed upon humidity adsorption, but the magnitude of the 

changes is smaller. As the nanoparticle layer presents only the optical contrast material and a gate to 

ensure the infiltration over the whole structure, the selectivity is presumably given by the nanosheet 

layers. Taking this into account, the different optical response to the two analytes is determined by 

the intercalation degree. We assume that due to size effects, only a lower intercalation degree of 

ethanol molecules in the interlayer space is favorable. This lower intercalation rate means a smaller 

layer thickness increase and also a smaller RI decrease. The RI contrast is not cancelled out 

completely and the structural color and a photonic stop band are present over the whole ethanol 

relative pressure range. With these two qualitatively similar but quantitatively different behavior we 

could demonstrate the selectivity to humidity against ethanol vapor. 
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Figure 4.3: Humidity sensing properties of the SiO2 nanoparticle/H3Sb3P2O14 nanosheet Bragg stack. a) 

schematic illustration of the suggested humidity and ethanol sensing mechanism of the SiO2 

nanoparticle/H3Sb3P2O14 nanosheet Bragg stacks. b) Reflectance spectra of the SiO2/H3Sb3P2O14 Bragg stack at 

different relative humidity values. c) Reflectance spectra of the SiO2/H3Sb3P2O14 Bragg stack at different ethanol 

relative pressure. 

According to this high sensitivity and fast response times, we demonstrated in our previous work the 

potential of applying these platforms as optical touchless positioning interfaces.[26] As the human 

finger is surrounded by a humid atmosphere, it was possible to detect finger positions and to track 

finger motions by color changes along the Bragg stack in a touchless fashion. In this work, we 

demonstrate the real-life applicability of the touchless positioning interfaces by showing the 

reproducibility in form of a high cycling stability and the temperature dependency of these platforms. 

In Fig 4a, we show the optical response of the Bragg stack to an approaching finger. The black curve 

shows the Bragg peak at ambient condition. The dark grey curve shows the optical response to a 

tapping finger, which means a short stimuli by an approaching finger but without touching the BS 
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surface, while the bright gray curve shows the full response of the Bragg stack, the canceling of the 

BP and the structural color by the complete infiltration of the structure caused by the humidity 

sheath of the finger. In the following experiments, we operate with the finger tapping stimuli, in all 

cases without touching the Bragg stack directly, as this already causes a stopband shift of at least 

20 nm and exhibits a faster response time compared to the full response. For real-life applications, 

the reproducibility, the signal stability and the high cycling stability is a crucial requirement. 

According to Fig 4b, we tested our sensor in a 100x cycling experiment. Hereby, we approached a 

human finger 10-times to the BS surface in shorter time, and repeated this experiment 10-times, 

which results a cycling experiment with in total 100 cycles. According to Fig 4b, one signal package 

corresponds to 10 cycles in a shorter time (Fig 4c). In all cases, we detect the reflectance intensity 

changes at 550 nm, which is the easiest way to detect small stop band shifts by intensity increases at 

the red stop band edge due to the high slope. According to Fig 4c, we observe an instantaneous 

response of the sensor, for all cases, a signal change of at least 20% is observed in a time range of 

subseconds. Notably, the humidity response is fully reversible during cycling and the Bragg stack can 

be cycled for more than 100 times without observing any signs of degradation or changes in its 

response behavior. 

Additionally, we investigated the influence of the temperature on the humidity sensing performance. 

We compared the optical responses at room temperature with the responses at 40 °C and 0 °C. To 

heat/cool the sample, we placed the sample on a copper plate, which was heated/cooled to the 

given temperature. Note, the increasing baselines of the reflectance spectra at higher wavelengths in 

Fig 4d und e originate from the reflectance properties of the copper plate and are not caused by the 

sample itself. At 40 °C, the sample shows a similar optical response as at room temperature: a slight 

reflectance intensity decrease caused by the RI contrast decrease and a slight stopband shift caused 

mainly by the nanosheet swelling. Note, in this experimental only an artificial finger could be used, ς 

a humid nitrogen flow ς which can be the reason for the slightly smaller stopband shift compared to 

the room temperature measurements. Although the sensing performance is unchanged at slightly 

increased temperatures, we found the limits of these local ultrasensitive humidity sensors at the dew 

point. Upon cooling the sample to 0 °C, we observe a spontaneous condensation of water into the 

system. This comes to expression by the vanishing Bragg peak and the loss of the structural color (Fig 

4e, gray spectrum). The time resolved optical response is shown in Fig 4f, whereby the spontaneous 

condensation can be followed by the rapid decrease of the reflectance intensity decrease. Once the 

cooling source is removed and the sample warms up to room temperature, we observe a complete 

self-recovery without any external influence, which is detected by the blueshift of the Bragg peak and 

the reappearance of the structural color. Note, after removing the heat source, a peak in the time-

resolved plot occurs, which is due to refocusing of the sample. The water condensation and loss is 
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completely reversible and could be repeated several times (not shown). Therefore, we propose that 

the spontaneous condensation at 0°C and the local sensitivity to humidity changes can be utilized for 

other applications, such as a photonic dew point sensor. We would like to note, however, that in real 

life, devices such as smartphones or touchscreens in general are heated by internal electrics and/or 

Joule heating to well above 0°C, even if the surrounding temperatures are lower. For this reason, the 

condensation of humidity from the atmosphere can be avoided and the water uptake and loss is fully 

reversible. Therefore, we do not expect major problems if the external temperature decreases to and 

below 0°C, but the operation temperature of the possible device should be above the dew point. 

 

Figure 4.4: Optical touchless positioning interface tested at different temperatures. a) Reflectance spectra of 

the silica SiO2 nanoparticle/H3Sb3P2O14 nanosheet Bragg stack showing witout a finger, with a full-finger stimuli 

and with a tapping finger stimuli. b) Time resolved response of the SiO2/H3Sb3P2O14 Bragg stack in a 100x 

ŎȅŎƭƛƴƎ ŜȄǇŜǊƛƳŜƴǘΦ Ŏύ aŀƎƴƛŦƛŎŀǘƛƻƴ ƻŦ ƻƴŜ άǎƛƎƴŀƭ ǇŀŎƪŀƎŜέ ƻŦ мл ŎȅŎƭƛƴƎǎΦ CƻǊ ƻƴŜ ŎȅŎƭŜΣ ŀ ŦƛƴƎŜǊ άǘŀǇǇƛƴƎέ 

experiment was used in which a human finger was only shortly approached to the SiO2/H3Sb3P2O14 Bragg stack 

ǎǳǊŦŀŎŜΦ Lƴ ǎǳŎƘ ŀ άǘŀǇǇƛƴƎ ŜȄǇŜǊƛƳŜƴǘέ ŀ ǊŜŦƭŜŎǘŀƴŎŜ ƛƴǘŜƴǎƛǘȅ ŎƘŀƴƎŜ ƻŦ ŀǘ ƭŜŀǎǘ нл҈ ƛǎ ƻōǎŜǊǾŜŘΦ Řύ 

Reflectance spectra of the SiO2/H3Sb3P2O14 Bragg stack at 40 °C without a finger and at tapping stimuli. e) 

Reflectance spectra of the SiO2/H3Sb3P2O14 Bragg stack at 0 °C without a finger and at tapping stimuli. f) Time 

resolved response of the SiO2/H3Sb3P2O14 Bragg stack upon cooling the sample from room temperature to 0 °C. 

In conclusion, we studied the optical properties and the sensing performance of 2D 

phosophatoantimonate nanosheets. Hereby, we determined the complex RI depending on the 

wavelength via spectroscopic ellipsometry and showed the evolution of the RI and the layer 

thickness of thin films depending of the relative humidity. Observing massive changes in these two 
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properties, we integrated these 2D nanosheets into Bragg stacks, which show besides the high 

sensitivity to humidity changes, a high selectivity to water against ethanol vapor. Finally, we 

investigated further properties of our previously published optical touchless positioning interface. 

Hereby we proved the high reversibility, signal stability and reproducibility, the influence of the 

temperatures, whereby the natural limits of these humidity sensing devices were detected to be at 

the dew point. 

4.6 EXPERIMENTAL 

Solid state synthesis, protonation and exfoliation of nanosheets 

For the synthesis of K3Sb3P2O14 the precursors (KNO3 (99 %, Merck), Sb2O3 (99.6 %, Alfa Aesar), 

NH4H2PO4 (98 %+, Acros Organics)) were thoroughly ground in a stoichiometric ratio and heated up in 

a two-step solid state synthesis as described elsewhere.[32] For the proton exchange reaction, 2 g of 

K3Sb3P2O14 were treated with 250 mL of 8 M nitric acid (diluted 65 wt%, Merck) overnight, filtrated, 

washed with ethanol and dried at room temperature. For a complete exchange reaction, this was 

repeated once. Exfoliation was carried out by stirring the H3Sb3P2O14 vigorously overnight in pure 

water with a concentration of bulk protons of 7.3 mmol L-1.[26] The obtained colloidal suspensions 

were centrifuged at 3000 rpm for 30 min to remove agglomerates and non-exfoliated bulk material. 

To obtain the nanosheet pellet, an additional centrifugation step was applied at 18000 rpm for 

30 min. The supernatant was discarded and the gel-like colourless wet aggregate was dried at 100 °C. 

Preparation of colloidal suspensions 

The dried colorless precipitate of the water exfoliated H3Sb3P2O14 nanosheets was redispersed with a 

concentration of 42 mmol L-1 in a water/ethanol mixture (60 vol% ethanol) and sonicated for 2 h. The 

The commercial colloids of SiO2 (LUDOX TMA, Sigma) were redispersed at 3 wt% in methanol and 

sonicated for 15 min. 

Fabrication of thin films and Bragg stacks 

All films were fabricated by spin-coating (WS-650S-NPP-Lite, Laurell Technologies Corporation) using 

concentrations given above. Different film thicknesses were accessed by varying the spin-coating 

speed, which allows the fine-tuning of the optical properties.[13] On plasma cleaned glass slides 

(2.5 cm x 2.5 cm), 400 µl of the colloidal suspensions were spin-coated alternatingly for 1 min with a 

defined speed (2000 rpm, 3000 rpm and 4000 rpm were applied, a constant speed within one BS), 

and heated to 80 °C for 15 min after each layer deposition. Other parameters such as colloidal 

concentration, spin-coating time and acceleration rate were kept constant.  
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Characterization 

SEM cross-sectional images of the Bragg stacks were taken with a Zeiss Merlin FE-SEM.  

All reflectance spectra were measured with a fiber optic spectrometer (USB2000+, Ocean Optics) 

attached to a microscope (DM2500, Leica) with normal incidence and the reflectance spectra were 

always taken at the same spot (1×1 mm2 in area). To obtain the optical changes with relative 

humidity change, the Bragg stacks were kept in a stainless steel chamber with a total volume of 5 mL, 

placed above 0.7 mL of the saturated salt solutions[5,6] at around 25 °C in a closed stainless steel 

chamber with a transparent glass window. At each step, 20 min atmosphere equilibration time was 

needed. In the ethanol vapor sorption measurements, the BSs were placed into a closed chamber 

with the dimensions of 2.5x2.5x0.5 cm3, where well-defined relative analyte relative pressure values 

were realized by connecting the inserted pipette tip with a liquid-gas flow controller (Bronkhorst) 

and a vaporizer (CEM) with a massflow-controlled carrier gas flow. To observe a specific relative 

pressure, the carrier gas nitrogen (200 mL min-1) and the liquid analyte were dosed into the CEM 

(controlled evaporation and mixing, W101A-130-K, Bronkhorst High-Tech),[8] where the thermal 

evaporation of the analyte took place. The CEM was heated to temperatures above the boiling point. 

The relative vapor pressures were calculated via the software FLUIDAT (CEM calculation), which 

considers the actual atmospheric pressure, the temperature and the properties of the analyte, such 

as vapor pressure and heat capacity.[33] The obtained data were analyzed with the SPECTRA SUITE 

software. 

Porosimetry measurements were carried out by the porosimetry tool of Sopra PS-1000 SAM, 

whereby the sample was equilibrated at all vapor relative pressures values for 15 min. The 

measurement results were fitted with the software Sopra SAE using the model combination Cauchy 

and Lorentz. The thickness of the SiO2 layers was considered as unchanged and only the RI was fitted 

over the relative pressure range. For the nanosheet thin films both values, the layer thickness and 

also the RI were fitted. Before all measurements, the nanoparticle samples were heated for 30 min 

to 200 °C and the nanosheets thin films for 30 min to 60 °C in vacuum to remove the atmospheric 

water from pores and between the nanosheets. To obtain the optical isotherms, all fitted 

measurement results were plotted against the analyte relative pressure. 

Touchless positioning interface measurements  

To test the reproducibility of the touchless positioning interfaces, cycling experiments was carried 

out by finger tapping experiments by approaching (but not touching) and distancing the finger in 

regular intervals of ca. 30 s. This measurement was used to determine the response time of the 

Bragg stack, which was defined as the time it takes for 90% of the stopband shift before the 
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structural color vanishes. To detect the stopband changes, the intensity changes at the wavelength 

550 nm were followed. To test the temperature dependency, the optical response was tested at 40°C 

and 0°C and was compared to room temperature. Hereby, the BS was heated/cooled via a copper 

plate and an approaching finger was used as stimuli. 
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5. TAILORING THE SENSOR̀S 

SELECTIVITY:  

OPTICAL DISCRIMINATION OF DIFFERENT SOLVENTS  

BY 2D NANOSHEET BASED 1D PHOTONIC CRYSTALS 

5.1 SUMMARY 

The development of single-component sensors with high 

sensitivity and selectivity is one of the key challenges in sensor 

design. In addition, the ability of a sensor to distinguish between 

chemically similar analytes usually requires either 

multicomponent sensor arrays or sophisticated device 

fabrication, combined with complex statistical data processing 

such as principal component analysis, to enhance the selectivity. 

In this project, we address these aspects by introducing another 

member of the antimony phosphate nanosheet family, HSbP2O8 as highly chemo-selective 

components in thin-film based sensors, which operate based on either resistive or optical read-out. 

The main difference between the previously presented nanosheets (H3Sb3P2O14) and the here 

presented HSbP2O8 lies in the crystal structure: while H3Sb3P2O14 shows inherent pores in the 

nanosheet layer itself, HSbP2O8 nanosheets are dense and the analyte diffusion is limited to 

ǇŀǘƘǿŀȅǎ ŀƭƻƴƎ ǘƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎΣ ǿƘƛŎƘ ǘǳǊƴŜŘ ƻǳǘ ǘƻ ōŜ ǊŜƭŜǾŀƴǘ ŦƻǊ ǘƘŜ ǎŜƴǎƻǊΩǎ ǎŜƭŜŎǘƛǾƛǘȅΦ 

Similar to H3Sb3P2O14 nanosheets, the high sensitivity of HSbP2O8 nanosheets towards water vapor is 

given by the intercalation of the water molecules into the interlayer space, causing significant 

swelling, which translates into structural color changes when the nanosheets are integrated into 

1DPC architectures. Not only full-spectrum stopband shifts with a fast response time were shown in 

this project, but also the response to other volatile organic compounds (VOCs) is of interest. By 

comparing the saturation times and the photonic stopband shifts for different VOCs, we could 

optically distinguish between non-protic (polar and non-polar) and protic solvent vapors. Due to 

different interactions and intercalation rates of the analytes, protic analytes showed slow response 
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times combined with large stopband shifts, while non-protic analytes exhibited fast response times 

accompanied by smaller shifts. With this, the protic and the non-protic analytes could be clearly 

differentiated by their optical response. Further, the different alcohols (ethanol and methanol) and 

even constitutional isomers (i.e. 2-butanol and 1-butanol) could be optically distinguished by the 

response times and the stopband shifts. The obtained trends could be lead back to the different 

interactions of the analytes with the nanosheets, and these could be correlated with the dielectric 

properties, the molecular size and other size-related properties, such as acidity or polarity. 

Besides creating a platform for high humidity sensitivity and the optical differentiation of VOCs, the 

optical readout was complemented by designing a thin film device with a resistive readout. Hereby, 

the sensing event was represented by changes in the proton conductivity with changing humidity 

levels. Besides a large increase in conductivity by five orders of magnitude, we demonstrated an 

ultrahigh sensitivity to water vapor by detecting trace amounts of water (down to 0.2%) in alcohols 

based on conductance changes. These results show the versatility of the 2D nanosheet material 

based sensing platform, which can simultaneously act as an optical and a resistive sensor for 

detecting humidity as well as VOCs. 

Contributions: Pirmin Ganter synthesized, exfoliated 

and characterized the HSbP2O8 nanosheets, fabricated 

the thin films, performed the resistivity measurements 

and characterized the fabricated systems as resistive 

humidity sensors and the trace water detection 

devices, wrote the manuscript and edited the figures. 

Katalin Szendrei optimized the nanosheet based thin 

film fabrication procedure, designed and fabricated the 

1DPCs, performed the theoretical calculations, 

measured and analyzed the optical response of the 

multilayered structures to the different analytes, wrote 

the manuscript and edited the figures.  

This project was highlighted as an inside cover image of the journal Advanced Materials, the cover 

image was designed by Christoph Hohmann, NIM München.  
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5.2 TOWARDS THE NANOSHEET-BASED PHOTONIC NOSE: VAPOR 

RECOGNITION AND TRACE WATER SENSING WITH ANTIMONY 

PHOSPHATE THIN FILM DEVICES 
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5.3 INTRODUCTION 

!ǊǘƛŬŎƛŀƭ ƴƻǎŜǎΣ ƳƛƳƛŎƪƛƴƎ ǘƘŜ ŀƴƛƳŀƭ ƻƭŦŀŎǘƻǊȅ ǎȅǎǘŜƳΣ ŀǊŜ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ƛƴǘŜǊŜǎǘ ƛƴ ǾŀǊƛƻǳǎ 

ǘŜŎƘƴƻƭƻƎƛŎŀƭƭȅ ǊŜƭŜǾŀƴǘ ŬŜƭŘǎ ǎǳŎƘ ŀǎ ƳŜŘƛŎŀƭ ŘƛŀƎƴƻǎǘƛŎǎΣ ǇƘŀǊƳŀŎŜǳǘƛŎǎΣ ŦƻƻŘ ŀƴŘ ōŜǾŜǊŀƎŜ 

control, ambient monitoring, and homeland security.[1ς3] Currently, the optical discrimination and 

ŎƭŀǎǎƛŬŎŀǘƛƻƴ ƻŦ ƻǊƎŀƴƛŎ ǾŀǇƻǊǎ ōȅ ǇƘƻǘƻƴƛŎ ƴƻǎŜǎ ǎǘƛƭƭ ǊŜǉǳƛǊŜǎ complicated experimental procedures 

or sophisticated data processing methods.[1ς4]  

State of the art photonic noses can be divided into three main groups: single-element sensors,[5ς10] 

sensing arrays,[1ς3,11] and complex sensing structures, e.g., topologically complex architectures or 

biological systems which are challenging to emulate in the lab.[4,12] While each system can be adapted 

ǘƻ ǎǇŜŎƛŬŎ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ǘƘŜ following drawbacks remain: Current single sensor photonic noses, 

which are easy to fabricate, suffer from low resolution in terms of analyte recognition and 

ŎƭŀǎǎƛŬcation into solvent vapors with different polarity.[5,7ς10] Sensing arrays rely on multiple sensors 

for good analyte resolution, requiring a complex mixture of materials or functionalization strategies. 

In addition, they necessitate complicated data processing algorithms for pattern recognition and 

discrimination.[1,3,11] Complex sensor nanostructures, such as multiple stacked, porous Si photonic 

crystals (PC),[4] ƻǊ ǘƘŜ aƻǊǇƘƻ ōǳǘǘŜǊƅy wingτa naturally occurring photonic noseτcan show good 

ŀƴŀƭȅǘŜ ƛŘŜƴǘƛŬŎŀǘƛƻƴΣ ōǳǘ ƛƴǾŀǊƛŀōƭȅ ƴŜŜŘ ǎƻǇƘƛǎǘƛŎŀǘŜŘ ǎŀƳǇle preparation or are not applicable on 

the large scale.[12] Due to these reasons, there is a strong need for a smart but easy to fabricate single 

sensor photonic nose, which is able to distinguish and classify different types of analytes.  

Recently, we have demonstrated the successful integration of 2D phosphatoantimonate (H3Sb3P2O14) 

nanosheets into 1D PC.[13] Their ultrahigh sensitivity to local humidity changes enables color-coded 

ǘƻǳŎƘƭŜǎǎ ŬƴƎŜǊ Ƴƻǘƛƻƴ ǘǊŀŎƪƛƴƎΣ ǘƘǳǎ ƛƭƭǳǎǘǊŀǘƛƴƎ ǘƘŜ ƘƛƎƘ ǇƻǘŜƴǘƛŀƭ ƻŦ ǎǿŜƭƭŀōƭŜ н5 ƳŀǘŜǊƛŀƭǎ ŀǎ 
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active sensing components in photonic nanostructures. To demonstrate the generality of this 

approach and to highlight the potential of an intercalative sensing mechanism for analyte 

discrimination, we here introduce a new type of stimuli responsive 2D material, namely HSbP2O8 

antimony phosphate nanosheets.  

Similar to H3Sb3P2O14, HSbP2O8 as a bulk material has extraordinary swelling properties, [14] which 

have been used to produce nematic liquid crystalline phases in water. [15] In contrast to H3Sb3P2O14, 

HSbP2O8 loses water completely at zero humidity, hence making it a superior sensor candidate owing 

to its higher sensitivity in this humidity regime.[14,16]The reason for the incomplete water loss of 

H3Sb3P2O14 can be rationalized by the presence of structural pores which can host water molecules, 

while the layers in HSbP2O8 are dense. The highly polar and acidic interlayer environment of HSbP2O8, 

its high sensitivity at low relative humidity[14,16] and the generally higher sensitivity of nanosheets 

compared to their bulk materials[13,17,18] renders HSbP2O8 nanosheet-based thin film devices 

promising candidates for tracking trace amounts of water as well as for the discrimination of organic 

vapors.  

Here, we report the first comprehensive characterization of HSbP2O8 2D nanosheets and 

demonstrate their outstanding sensitivity to humidityτespecially in the low humidity range. Based 

on these features, we develop resistive thin film sensors that are able to detect even trace amounts 

of water in alcohols. We then exploit the unique film forming capability of the 2D nanosheets to 

develop highly sensitive photonic crystal sensors which can identify various organic vapors with high 

accuracy, which is superior to all other single-component photonic vapor sensing structures reported 

to date.[5-10] 

5.4 RESULTS AND DISCUSSION 

KSbP2O8was synthesized by a solid-state reaction starting from KNO3, Sb2O3, and NH4H2PO4 and 

protonated with 8 M HNO3 (Figures S5.1 and S 5.2, and Table S 5.1, Supporting Information).[14,15,19,20] 

The antimony phosphate and its corresponding solid acid consist of anionic 2D SbP2O8
-
 sheets 

separated by charge compensating cations which occupy the interlayer space (Figure S 5.3, 

Supporting Information).[19,20] The hexagonal crystal habit of HSbP2O8 is shown in Figure 5.1a. Upon 

exfoliation with pure water (Figure S 5.4, Supporting Information), the morphology ōŜŎƻƳŜǎ άǎƛƭƪ-

ƭƛƪŜέ όCƛƎǳǊŜ 5.1b, Figure S 5.5, Supporting Information), indicating successful delamination. 

Exfoliation into single layer nanosheets was further confirmed by various analytical techniques (see 

Figures 5.1, Figures S 5.6, S 5.7, and S 5.8, and Tables S 5.2 and S 5.3, Supporting Information). The 

thickness of a single nanosheet was determined to be 0.9 ° 0.1 nm by atomic force microscopy 

(AFM) (Figure 5.1 d), which agrees well with the crystallographic single layer thickness of 0.66 nm.[21] 
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The high aspect ratio and film texture can be clearly seen by transmission electron microscopy (TEM) 

(Figure 5.1 e). The selected area electron diffraction (SAD) pattern of an individual nanosheet 

(Figure 5.1 e inset) exhibits d -values that are in excellent agreement with those obtained from 

powder X-ray diffraction measurements (see Table S 5.2, Supporting Information, and Figure 5.1 c) 

illustrating the structural in-plane integrity. Rietveld refinement of the diffraction pattern of a 

precipitated nanosheet pellet, showing a characteristic Warren-type peak profile (Figure 5.1 c) 

evidences the turbostratically disordered nanosheet arrangement.  

Large area thin films were prepared by spin-coating nanosheets from the colloidal suspension and 

investigated by thin film X-ray diffraction (Figure S 5.9, Supporting Information) and by ellipsometric 

porosimetry (Figure S 5.10, Supporting Information). Only the 00l reflections were observed in the 

out ofplane XRD pattern pointing toward a parallel orientation of the nanosheets to the surface of 

the substrate. Upon exposure to moisture, the thin film swells to almost double its thickness. The 

swelling of the film is caused by intercalation of water molecules between the turbostratically 

disordered nanosheets and into the resulting grain boundaries. The refractive index (RI) n decreases 

from 1.57 to 1.50 with increasing humidity as ǘƘŜ ŦƛƭƳ ōŜŎƻƳŜǎ ƳƻǊŜ άǿŀǘŜǊ-ƭƛƪŜέ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ 

water uptake. Water uptake was also monitored by the Raman spectra of the bulk material as well as 

the nanosheet pellet (Figure S 5.11, Supporting Information). Slight changes are observed by the 

emergence of a band at 482 cm-1 (Sb O···P stretching vibration) and by narrowing of the terminal P-O 

stretching vibration at 1270 cm-1. The latter band is sensitive to water uptake as the P-O bond points 

toward the interlayer space in which water is intercalated. 
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Figure 5.1: Characterization of HSbP2O8 nanosheets. a) SEM image of the HSbP2O8 crystallites featuring 

hexagonal shapes. b) SEM image of the exfoliated and randomly restacked nanosheet pellet, exhibiting ŀ Ψǎƛƭƪ-

ƭƛƪŜΩ ƳƻǊǇƘƻƭƻƎȅΦ Ŏύ wƛŜǘǾŜƭŘ ǊŜŦƛƴŜƳŜƴǘ ƻŦ ǘƘŜ ·w5 ǇŀǘǘŜǊƴ ƻŦ ŀ I{ōt2O8 nanosheet pellet showing a Warren-

type peak profile (experimental pattern in black, calculated pattern in red and difference plot in blue).
[32]

 The 

inset in (c) shows the Tydnall effect of the nanosheet colloidal suspension. d) AFM image of overlapping 

HSbP2O8 monolayer nanosheets with the corresponding height profile of a single layer nanosheet. e) TEM 

image of randomly overlapping HSbP2O8 nanosheets with a representative SAD of a single nanosheet (inset). 

Inspired by the swelling capability as well as the humidity dependent proton conductivity reported 

for the bulk material,[14] we developed two ultrathin sensing devices based on HSbP2O8 nanosheets 

(Figure 5.2): first, we constructed a resistive thin film device by spin coating the nanosheet 

suspension on quartz substrates; the contacts were obtained by sputtering gold on top of the thin 

film (Figure 5.2 a). Second, we combined the HSbP2O8 nanosheet films with TiO2 nanoparticles (NPs) 

as high RI optical contrast material to fabricate a photonic multilayer structure known as 1D PC or 

Bragg stack (BS) (Figure 5.2). By combining these two robust inorganic materials in an alternating 

fashion, we observe the emergence of a pronounced photonic stop band (Figure 5.2b). The band gap 

and, hence, structural color can be adjusted and gradually fine-tuned across the visible spectrum 

(Figure 5.2b and c) by simply changing the layer thicknesses through varying the spin-coating speed 

in the fabrication steps. The position of the Bragg peak (BP) for normal incidence is given by the 

optical equivalent of the Bragg equation[22] 
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 ‗ ςὲὨ ὲὨ  (1) 

where n1 and n2 are the RIs of the different layers and d1 and d2 their respective thicknesses.  

Although BSs with up to eleven layers and good optical quality could be reproducibly made 

(Figure S 5.12, Supporting Information), an average number of seven layers deposited on a reflective 

silicon substrate turned out to be an optimal compromise in terms of optical quality (reflectance of 

60%) and sensing performance, the latter resulting from fast analyte uptake and short diffusion 

pathways. The scanning electron microscope (SEM) cross-section images (Figure 5.2d) indicate 

stacking periodicity and excellent lateral layer uniformity across several micrometers, which is crucial 

for high optical quality multilayer films. 

 

Figure 5.2: Fabrication and characterization of the nanosheets thin film devices: a) Schematic processing of 

HSbP2O8 nanosheets into thin film resistive devices (top) and 1D PC (bottom). b) Reflectance spectra of the 

HSbP2O8 nanosheet/TiO2 NP BS with 7 layers, fabricated at 3000 rpm, 4000 rpm and 5000 rpm rotational 

speeds and c) the corresponding microscope images, showing the different structural colors. d) In-lens SEM 

cross-section image of a HSbP2O8 nanosheet/TiO2 NP BS comprising 7 layers.  

Next, we studied the humidity sensing capabilities of the resistive nanosheet thin film and the BS 

(Figure 5.3a). We observe an increase in proton conductance of the thin film of five orders of 

magnitude upon humidity exposure from 0% to 100% relative humidity (RH) (Figure 5.3b), which is 

larger than the change observed for the non-exfoliated bulk material [14] and comparable to the best 

nanosheet thin film humidity sensing devices reported to date.[13,17]
 Interestingly, in comparison to 



ς Optical Vapor Differentiation ς 
 

118 
 

H3Sb3P2O14 nanosheet thin film sensors [13]
 and the HSbP2O8 bulk material, [14] the HSbP2O8 thin films 

show higher sensitivity in the low humidity regime. Comparing to the bulk material, this can be 

explained by the fact that the thin film is able to desorb water molecules more easily due to its 

higher surface to volume ratio as well as the smaller domain size, most likely one nanosheet, 

compared to the bulk material, hence resulting in a greater water loss at low humidity values. The 

increased sensitivity of HSbP2O8 as compared to H3Sb3P2O14 can be understood by the complete 

water loss by HSbP2O8 due to the lack of structural adsorption sites for water. Moreover, the 

response of the thin film toward humidity is completely reversible as demonstrated by cycling 

experiments between 0% and 93.5% RH (Figure 5.3b inset). Inspired by this exceptional sensitivity to 

humidity, we tested the sensing performance of the photonic nanostructures. To this end, the BS was 

introduced into a closed chamber with a transparent glass window, whereby the humidity within the 

chamber was controlled by saturated binary salt solutions at around 25 ̄C.[23,24] Simultaneously, 

reflectance spectra and microscope images were taken as shown in Figure 5.3c and Figure S 5.13 

(Supporting Information). The proposed sensing mechanism is depicted in Figure 5.3a. The sensor 

response is dominated by three effects: (i) the thickness of the nanosheet layers changes upon water 

adsorption/desorption, (ii) the effective RI of the nanosheet layers changes, and (iii) the effective RI 

of the NP layers changes upon water uptake/loss into/from the textural pores, while at the same 

time the thickness of the NP layers is constant over the entire humidity range as confirmed by 

spectroscopic ellipsometry. The combination of these effects gives rise to a pronounced optical 

response of the multilayer structure: with increasing humidity, a significant redshift of the stop band 

is observed, while the intensity of the BP increases. The main contribution to the stop band shift is 

caused by the massive swelling of the nanosheet layers during humidity uptake. As depicted in 

Figure S 5.10 (Supporting Information), the nanosheet film swells from 85 to 132 nm between 0% 

and 100% RH. In the lower humidity range up to 93% RH, a nearly linear stop band shift of 150 nm is 

observed, while in the high humidity range (>93% RH) the stop band shifts dramatically by 400 nm, 

shifting the BP out of the visible spectral range (the second order of the BP is observed at 500 nm, 

see Figure S 5.13 (Supporting Information), red curve). As shown in Figure S 5.13 (Supporting 

Information), we simulated the reflectance spectra for different RH values using the layer thicknesses 

from the SEM cross-section image combined with the swelling behavior at higher RH values and the 

RIs from the porosimetry measurements (see Table S 5.4, Supporting Information).[25] The excellent 

agreement with the measured spectra confirms the correctness of the proposed sensing mechanism 

and the water vapor distribution in the system. The observed shift is similar to that reported 

previously[13] and thus larger than those observed for all vapor sensing devices.[26ς29] The microscope 

images displayed in Figure 5.3c convey the concomitant color changes which are easily detected by 

the naked eye. The second effectτthe increase in reflectance intensityτis explained by the RI 
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changes upon water uptake: while the RI of the NP layers increases (from 1.84 to 1.96) by filling the 

textural pores (Figure S 5.14, Supporting Information), the RI of the nanosheet layer decreases (from 

1.56 to 1.50) by water intercalation. These opposite trends induce an increase in the RI contrast and, 

hence, in the reflectivity of the multilayer system at increasing humidity levels (Figure S 5.13, 

Supporting Information).  

Besides sensitivity, another important performance parameter for sensors is the response time, 

defined as the time which is needed to reach 90% of the stop band shift between 0% and 100% RH. 

The fast response time of 23 s (Figure S 5.15, Supporting Information), which is superior to most 

existing humidity sensing devices with a large signal resolution based on a swelling mechanism,[26ς29] 

again underlines the applicability of these platforms for practical humidity sensing. It is important to 

note in this context that the time response of the reflectance intensity change represented by its 

time derivative (Figure S 5.15, Supporting Information) is instantaneous and so is the associated 

optical response: humidity changes cause an immediate stop band shift, which translates into an 

ultrafast increase or decrease in reflectance intensity at the observed wavelength within seconds 

(see inset of Figure S 5.15, Supporting Information). Other important sensor properties such as 

long-term stability and cycling stability were tested by applying a 2-month-old sample in a multiple 

cycling experiment (shown in Figure S 5.15, Supporting Information). As a result, the sensing 

performance (stop band shift and response time) was found unchanged as compared to the freshly 

prepared samples. 
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Figure 5.3: Humidity sensing of the HSbP2O8 nanosheet thin film and the HSb2PO8/TiO2 BS sensor. a) Schematic 

of the analyte (water) ς sensor interaction, shown for the resistive thin film sensor (left) and for the 

HSbP2O8/TiO2 BS (right). The middle depicts a close-up of the swollen nanosheet layer. b) Humidity-dependent 

conductance behavior of the resistive thin film sensor with a film thickness of ca. 120 nm, shown for two 

different methods (saturated salt solutions and Ar gas flow), and reversible cycling behavior between 0 and 

93.5% RH (inset). c) Influence of humidity on the Bragg peak positions for the HSbP2O8/TiO2 BS, and microscope 

images of the HSbP2O8/TiO2 BS taken at different RH values (inset). 

The high sensitivity in the low humidity regime renders the resistive thin film device an intriguing 

candidate for trace water sensing. Thus, we tested its selectivity toward water by analyzing 

alcohol-water mixtures. The large changes in conductance in response to water enabled us to detect 

amounts of water as low as 2000 ppm (Figure 5.4a), which are typical concentrations of trace water 

in polar solvents. Moreover, an exponential relationship between the measured conductance 

(Figure 5.4a,b inset) and the water content in the range between 2000 and 20 000 ppm is 

overserved, which is highly desirable for sensing applications. Moreover, the results for trace water 

detection are reproducible as shown by the insets which report data averaged over three different 

samples. The antimony phosphate nanosheet sensor hence provides an attractive alternative to the 

more time consuming traditional methods for water determination such as the KarlςFischer titration 

in the high ppm regime, thus pointing toward a new field of application of nanosheet thin film 

sensors in low-cost and high-throughput trace water analysis.  

Besides achieving high sensitivity and selectivity toward one particular analyte (such as water), it is of 

major interest to optically distinguish between several different analytes. Here, we use a single 1D PC 

platform as a solution to both requirementsτ 


