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SUMMARY

Onedimensional (1D) Photonic Crystals (1DPCs) have echéngecent 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 externbstimuli. 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, intostructural color changes, which renders theserustures labelfree
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 stihallenges remaining, which impact the applicability of these
platforms. These include the sensor’s (ldagn) stability, the signal reproducibility, the sensitivity,

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

This tresis proposes functional materibased solutions to these above mentioned challenges. In
2NRSNJ 2 AYLINRO@S (KS aSyaz2Nna adloAftAde |yR &A
stimuli-responsive inorganic materials, namely tdionensional (2D) nasheets, 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 intercai@ 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 motionitrgal 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
analyes, such that even the optical separation of isomers, emgropanol and Zoropanol, became
possible. Hereby, optical differentiation between analytes could be traced back to molecular features
such as the molecule size and sietated properties, incluithg acidity or polarity, which determine

the optical response of the 1DPCs to analytes.

Additionally, 2D lithium tin sulfide nanosheets were identified as solution processable
ultrahighrefractiveindex materials, which are advantageous in the field oPCbased sensors, as

the optical contrast within the multilayer structure can be further increased. On the one hand, this
13



leads to better optical properties, such as higher reflectance intensity and a more pronounced
structural color; on the other hand, ¢hnumber 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 materiatsantimony phosphate and lithium tin sulfidein a single
1DPC, an ultrahigh humidity sensitivity could be obsetvased on the swelling behavior of both

stimuliresponsive materials.

The swelling of the antimony phosphate nanosheets was further exploited to identify alternative
readout schemes besides reflectometry and spectroscopy. Hereby, in collaboration wihotlne of

Prof. Hernan Miguez, ICM&ESIC, in Sevilla, Spain, a carefully designed optical resonator was
O2yaiNHz2OGSR ol aSR 2y G2 L2 NPRdza Thebduplidgg ofthé¢ R |y I
photonic modes with the emissive properties of dye moleculebedded 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
exclusivelyby reaching a cedin 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 theceatistudies on molecular diffusion

in 1DPC structures. For this, we designed a 1DPC structure, which was capable of resolving the
layerby-layer diffusion of analyte molecules within the structure. Hereby, we used antimony
phosphate nanosheet based 1DPGsaamodel system, where the intercalation of primary amine
molecules was measured by optical methods. Owing to the-laas#® properties of the host layers,

these analytes are trapped in the interlayer space, enabling the spatiporal resolved study of
analyte uptake. The experimental measurements were completed with theoretical calculations,
carried out by Alberto Jiménegolano, MPI for Solid State Research, Stuttgart, Germany, which
allowed us to extract information about the time dependent layer thiess changes and their

correlation with molecular diffusion.

In summary, this thesis introduces novel matelbaked solutions for nexgeneration sensor devices
and sensing applications. Further, due to the high chemical variety and the potential féertiosad
non-covalent postsynthetic modifications of 2D nanosheet materials, these photonic devices offer a

versatile platform for different sensing apgitons in the future.

14
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. INTRODUCTION

Only in the period of this PhD thesis (2e2@118), an enormousicrease in the usage of gas sensors
in consumer applications from 1.2 million units to Ihdlion sensor units was observed and
predicted. According to an analysis and forecast of the company Yole Développement irig0i® (
1.1)™ the growing demand for compact and easyintegrate gas sensors will continue for the next
years. This is mainly connected with two important application fielitering the gas sensor market:

wearable technologies and smartphonasg)ere the impact of the latter is more decisive.

Gas sensors for consumer market:

Optimistic scenario - In million units
(Source: Gas Sensor Technology and Market Report, February 2016, Yole Développement)

400
In volume:
* 1.2 million
units in 2014
300 * 350 million
units in 2021
200
mm Smartphones
Home
& portable devices
100
Wearable
- technologies
0

2014 2015 2016 2017 2018 2019 2020 2021

Figurel.1: Optimistic scenario forecast about gas sensors for consumer applications. The image is adapted with

permission’

These novel application fieddgenerate new technological and economical requirements, including

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

15
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multiple gas detection, high sensitivity, fast response time and low PBticEhe next vale
proposition for smartphones lies in the integrity and connectivity of a high variety of sensors and
actuators for internet of things (IoT) applicatidfié! For this, multiple sensor units will be integrated
increasingly into one device and connectadine for diverse applications, such as enhanced security
(faceleye recognition, fingerprint sensor), motion tracking (accelerometer, gyroscope),-selabed
applications (microphones), optical applications (autofocus, cameras), communication (antenna,
filters) and finally environmental applications (particle, gas, temperasume humidity sensorst. ®

The increasingly complicated sensing cases require not only the integration and connection of these
sensors into one single device but also the develept 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 applid.Metal Oxide Semiconductor (MOS) based or
electrochemical sensors present the most important sensing platforms by measuring either
resistance, capacitance or current intensity charfe®ther categories include acoustic sensors
measuring the gas velocity, theather 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 wavelengt
shifts upon light absorption of the analyte to photoluminescence changes or color changes induced
by a chemical reaction or gas adsorptf8nOptical sensors are particularly interesting, as they
provide a readout also in an electriciisee environment as color changes can be detected

gualitatively 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 its&ffThe sensor material usually dedis 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 matéals 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 PHOTONICCRYSTALS

Photonic Crystal§PCs)are periodic nanostructures exhibiting a periodicrasmgement 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 spatialrdension and postulated the existence of an optical bandgap, a
forbidden energy range for photorts! Although this was a significant discovery, it took 100 years
until this concept was generalized and reduced to practice and the bandgap was realized
expeimentally for 2dimensional (2D) and-8imensional (3D) systems. In 1987, Yabloné¥#cmnd
Johi*® published independently from each other with just a month time difference the two
milestone papers describing novel periodic materials, which can coaticimanipulate the motion

of light. The motivation of the two researchers was quite differéhivhile Yablonovitch worked for

Bell Communication research on more applied topics and wanted to make the telecommunication
lasers more efficieng, by usinga laser without threshold* ¢ John was motivated by pure academic
research goals and wanted to propose the bandgap for means of light localiZ&tibhe terms

Gt K202y A0 / NRadlfté IyR aLK2G2yAO0 ol yR3lILEN gSNB

used ever sinc&?

In the last three decades, the developments in this field, including the physical tH&bees the
fabrication and material developméf converted these structures into a multifunctional optical

system and a functional matetiplatform on the landscape of optical sensttiblnspired by natural

21]

structures, such as butterfly win§8 opals'?” peacock feathet&” or the skin of the chameleors!

nowadays a large variety of syntheB€is known!'® /I Three differentclasses of Photonic Crystals
can be distinguished: 1D, 2D and BDs referring to structures with a periodicity of the refractive

RlIsin one, two or three spatial dimensiorBigurel.2).1"!

S

Figurel.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,tfieubasic concepts
underlying the optical properties and the sensimgchanism®f these systems will be discussed in
detail. Additionally, integrated functional materials will be introduced, as these are the key
components for the optical sensing perfoance and the sensing characteristics of these proposed

new platforms.
1.2 ONE-DIMENSIONALPHOTONICCRYSTALS

1DPCs, also referred to as Bragg stacks (BS), distributed Bragg reflectors (DBR) or interference filters,
are periodic nanostructures exhibiting a pdicity in the Rl in one spatial dimension and, hence, are
composed of two types of thin films deposited on top of each other in an alternating fa$Hitm.
order to achieve an interaction with visible light, the periodicity, e.g. the optical thickeesse
equation (1.1)

LR ®: (1.1)
must be in the same range as the wavelength of the visible spectral rang&Q00n), wherebyn is

the Rlandd the physical thickness of the layé.
1.2.1 OPTICALPROPERTIES OHD PHOTONICCRYSTALS

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

(Figurel.3), depending on the optical thicknesgquation (1.1) of the two adjacent layers.

incident incident reflected
beam beam beam
a
° V
d, n,
transmitted transmitted
beam beam

Figurel.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 rdtng in a partially reflected and transmitted beam exhibiting

complementary colors.

18



¢ Introductiong

The constructive interference of the reflected light beams results in a strong reflection in a
well-defined wavelength regime, thphotonic stopband® which is a forbiden 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 forbiddeio propagate the structure, a maximum of transmission arises
(Figurel.4a). If the photonic bandgap lies in the visible range, a strong colsiruatural coloris
observed, as the result of the periodic arrangamef 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 wavelaadghtive 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 RD shows an inhomogeneous behavior
(Figure1.4b) [?* 21 |n Figurel.4 the optical Figurel.4a-d) and structural propertiesgurel.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.

0 1.0 20 IE

10j\/\/\

T

Transmittance / %

000 B0 600 700 B0 00 400 500 600 700 800 900
Wavelength / nm Wavelength / nm
Figurel.4: Structural and optical properties of 1DPCs. (a) Reflectance (blue) and transmittance (red) spectra of
a 1DPC made of;83P,0,4, nanosheets and Tihanoparticles. (b) EM field intensity distribution withthe
1DPC described in (a), the horizontal white lines correspond to the layer interfaces within the structure. (c)
Photograph of a 1PC showing high reflectance. Note that the emblems were kept above the sample and the
photograph was taken in reflectiomode. (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 scaheditigpn microscopy image of

a 1DPC made ¢£:SkP,0O;4 nanosheets and Tianoparticles.
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The interaction of light with this periodic multilayered structure can be described by Maxwell's

equations (1.2

o 7
] m
il 12
r . 1.2
)
el

wherebyD is the electric displacemen the magnetic inductionEthe electric fieldH the magnetic

field, " the charge densityJthe free current density.

After approximationsfor homogenous, linear, isotropic, natispersive and transparent media, a
G Yl ad SN ,S §irdiariitd the/ Schrodinger equation for the propagation of electrons in a
periodic potential which contains all information about the photonic band structuran be written

as??

=
v

(1.3)

e

wherebys is the electric permittivity, the frequency anda the speed of light.

In this eigenvalue problem for a perfectly periodic medium, such as a peyfetonic crystalH(r)

can be solved using the Bloch theorétfrand 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 fromequation(1.3).0One d 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
BraggSnell law® which states that the position of the photonic stopband depends on thi¢ cell

thickness (periodicity), effective Rl and the angle of incidencetaon (1.4).

a ¢O ¢ i Q& (1.4)

wherebym is the diffraction orderg, the central position of the stopbad, Dthe unitcell @ Q
[ONVID A 0KS Ay @A RS yebestive | RI Tof & > bilayer, which is defined as
€ ——, with d; and d, being the layer thicknesses ang n, the RIs of the single yars

in the multilayered structure.
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For normal incidence angle, this equation simplifieeqoation(1.5)

a_ (15)

Further, the reflectance intesity and the bandwidth of the stopband can be estimated by the
equations(1.6) and (1.7), respectively

. . £
€ € ¢ 16
" . (1.6)
€ € ¢
and
T_ .. .8 £
wW_ —wl wlg_QET (1.7)

wherebyng is the RI of the surrounding medium, the RI of the substrate the RI of the low RI
material,n, the RI of the high RI matial, andN the number of bilayer§?!

In Figurel.5, the practical impact of these two equations (1.@.7) shown above is demonstrated:
the influence of the number of bilayer§igurel.5a) and the RI contrasFigurel.5b; the low Rl is

fixed and the high Rl is changed among the spectra).
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Figure 1.5: Theoretical reflectance sgtra demonstrating the spectral changes with increasing number of
bilayers (a) and increasing RI contrast (b). Both systems were calculated with a glass substt&b] and a
low RI ofn, = 1.4. In (a) the high RI was fixednto= 1.8, and the numlreof bilayers was varied from 1 to 8. In

(b) the number of bilayers was fixed to six, and the high Rl was variechfroin6 ton = 2.1 in steps of 0.1.

On the one hand, according tBigure 1.5, the number of bilgers 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 inteitg, 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 tailomade optical properties of these multilayered structures.

1.2.2 OPTICAL PROPERTIES OIRESONATORS

t/ & INB Ffaz Ottt SR"asihé ethibicathadeeiigicdanddag didpHotbrs K ( £
FNRAAAYI FNRBRY GKS LISNA2RAOAGE Ay GKSANI RASE SOG NI
whose band gap arisesofin 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 illustratedRigure1.6a!*” 2 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 r&hieln 1DPCs, upon
introduction of the defect layer, a wedlefined dip in the reflectance spectrum occurs within the
photonic stopbandKigurel.6¢) The position and the intensity of this transmission maximum deépen

on the optical thickness of the defect lay&¥.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 sens@daut, as the sharp dip in reflectance serves as a

well-defined probée™
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Figure 1.6: Structural and optical properties of an optical resonator structure. (a) Schematic illustration of a
resonator. (b) Callated 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 basedthe optical thicknesses & 100 nm, p=1.40, d= 100 nm,
n,=1.90 and g= 225 nm, gs= 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 enhancemem EM field intensity. The calculated EM field intensity
distribution of a structure with the layer thicknesses=dl00Onm, n, =1.40, d =100nm, rp,=1.90
and dies=225nm, nyes=1.40 is depicted irrigurel.6b. The EM field intensity enhancement in the
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cavity can lead to a strong modification of absorptidrand emissioli” properties of an integrated

component and offers a possibility to utilize these in sensing applicdffons.

1.3 OPTICAL SENSINGVIAPHOTONICCRYSTALS

One of the application fields, which developed dynamically since the discovery of photonic crystals, is
the sensing field* % 39 According to the Brag§nell lanequation(1.5), the position & 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 thusso 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 illustratefigurel.7.
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Figure 1.7: Schematic illustration ofhe sensing mechanism of P optical sensors based on RI or layer
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thickness changes of the integrated layers. (a) Scheme of the two possible sersingnisms: the Rl 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

colorscause by humidy level changes. Scale bar: 200 ®

Consequently, PCs exhibit a great potential to translate external stimuli changes into structural color
changes, and thus serving as colorimetric physical, chemical and biological $€h&ms. of the

main advantagess 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 wddfined optical properties aompanied 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 somieofépresentative systems, various chemical
sensors for metal ions (€ P [*t 42 c&* % B&*, K, zrf**4), for ionic strength and pH! other
chemically and biologically relevant analytes, such as glU¢oé& volatile organic compouts
(VOCJ*"#4 organic solvent§> 3 humidity*>*" for physical stimuli such as temperatife®® or

pressure®®®and also various biological sensot§?*“were presented.

In the main focus of this thesis are functional material bas&dPCs and resonator structures for
vapor sensing applications, hence in the next chapter an overview of-ctdbe-art VOC and

humidity sensors is presented.

1.3.1 FUNCTIONAL MATERIAL BASED SOLUTION PROCESSENLD PHOTONIC CRYSTALS
FORCHEMICALSENSINGAPPLICATIONS

According to the Brag§nell law equation(1.5), 1DPC based optical sensing relies on two main
mechanisms, first on the changes in Rl upon analyte infiltration, and secondly on the changes in the
physical lagr 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 he possible mechanisms for layer thickness increase is shown, namely the

intercalation of the analyte molecules into the sensing material.

(o
-
'
analyte A € SR
a

Figure1.8: Schematic illustration of the intercalation mechanisiman 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 applidatiRhslanges
usually possess high porosity, which is either given by temytaigced 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 carnstimmated by the effective medium approximation
(EMA), whereby for different systems different models apply, such as parallel or series model, the
MaxwellGarnet equation or the Bruggeman mod&i®® 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 ith#sis, is the parallel model,

which can be written for the reglart of the Rl according to equati¢h.8)

€ p W& Gk (1.8
wherebyn; andn, arethe RIs of the layer material and the pores, respectively,xaisdhe 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 procedyresll be modified

according to the filling fraction of the pores.
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Figurel.9: Schematic illustration of the sensing principle based on RI changes of a nhanopatrticle based thin film.

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

These two mechanisnitssensing based on thickness changes and sensing based on Rl achamges
naturally not completely independent of each other, but in most of the cases one of the two
dominates the senag mechanism. In this chapter, functional material based 1DPC sensors will be
discussed, whickither rely mainly on Rl changes or mainly on layer thickness changes. Hereby, the

1DPCs are categorized by the effect that has the largest impact on the sbahigor.
1.3.1.1 SENSINGPLATFORMSBASED ONRI CHANGES POROUSLD PHOTONICCRYSTALS

The history of sensingia 1DPCs started with the utilization of RI changes in porous layers, with
templated mesoporous silicon dioxide (9i@nd titanium dioxide (TKD layes (Figure1.10, 1),
reported by Choet al.in 2006 Upon immersion of the 1DPC into different organic solveRigure
1.10, 2), the structural color changes due toetliilling of the mesopores of the structure and a
stopband shift occursH{gurel.10, 3). These proebf-concept experiments show that porous 1DPCs

can be utilized as RI sensors, as they change the structuraldegdending on the RI of the analytes.
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Figure1.10: The first 1DPCs for sensing applications. (1) SEM images of templated mesoposarsl i

based 1DPCs showing{athe cross section images andd)cthe mesoporous character of the layers. (2)
Structural color changes of the created 1DPCs upon infiltration with solver$,sf@ow the 1DPCs without a
solvent at normal incidence and at a higher viewing angle, demonstrating the angle dependency of the
structural color and (cl) 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 adaptedvith permissicm.[‘r’?’] Copyrightof the American Chemical Society.

Later, Miguez and eworkers reported highly porous 1DPCs and optical resonator structures, which
are built of Si@and TiQ NPs Figurel.11, 1). The structural and othl 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 tityhis

system, the porosy is formed by textural pores, which are created by the interparticle voids showing
mesoporous behavidf®®® % Instead of liquid analytes, it was shown that VOCs can be detected and
optical isotherms based on the stopband shifts can be measufagine1.11, 2). These systems
posses no chemical sensitivity; instead, they act as a Rl sensor, i.e. depending on the RI of the analyte

vapors, the optical response of the 1DPCs or the resonator diffggarel.11, 3).
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Cl-benzene

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 bedrand the layers, as they are containing Séd TiQ
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 solugaafs.adaptedwith

permissia. *>°® Copyrightof the American Chemical Society.

Such NP based 1DPCs are nowadays commonly used in the research field as standard porous
platforms. In the sensing field, Bonifaa® al™*" " reported in 2010 and 2011 wvexamples 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 differeritm 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 detedristra

the literature, such as for visualization of chemical mass transport, e.g. diffusion of solvents in the
porous matrix>* Additionally, an electronic detection scheme was also coupled to the optical
readoutvia a narrowband light source and a phadiode. 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® ™

Other metal oxide NPs were utilized in vapor sensing experiments i€dBRh diverse aims. To
increase the RI contrast within the stack, Wianoparticles were applied in periodié tandem and
gradient structure$”™ With this, the RI contrast can be increased compared the commonly used
titania based systems. To avoidet UV absorbing properties of titania, and to create a radiation
shielding device purely based on reflection, high RL Z2Rs were combined with the commonly
used low RI silica nanoparticlés.” Further, Sn@ Sb and Indoped tin oxide particld®! 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 chaige

To achieve a higher molecular sensitivity, functional nanopatrticles, such asorgadaic framework
(MOF,Figure1.12) *® 49" and zeolite NP€ " were developed and integrated into 1DPC devices.
MOFs provide a chemical platform with the possibility for covalent and -cosalent
functionalization and with this, an inherent chemical selectiviBig@re 1.12). Further, these
structures exhibit structural micmorosity, which can serve as molecular sieve providing
sizeselectivity, while keeping the highly porous character within the entire structure provided by the
textural pores. Ranfet all’! demonstrated an optical differentiation of chemically similaabes,
ethanol and methanol, with an array of three different MOF NP-8ZIFAUL, HKUST) based 1DPCs
(Figurel.12). To achieve more defined adsorption sites, a controlled growth of MOFs (HKUST) was
applied inthe 1DPC fabrication, and the vapor sensing capability was demonstfdt&drther,
mesoporous silica particles were combined with titania layers to achieve an additional chemically
tunable porosity in the 1DP¢4.
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Figure1.12: 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 1DPZ8(a

NP, (ed) HKUST NP, (€f) CAJ-1 NP based 1DPCs. (2) Optical response of the three different MOF NP based
1DPCs towards solvent vapors: (a) the stopband shift of the ICNB based 1DPC upon ethanol infiltration,

(b-c) the optical isotherms of the three different systems upon ethamot methanol adsorption, (d)
comparison of the relative stopband shifts of the three systems at different ethanol and methanol vapor

pressuresimage adaptedvith permissicm.m] Copyrightof the American Chemical Society.

Although by today, a big pool @inctional colloidal NPs were developed for sensing applications in
1DPCs with a high molecular selectivity, the main disadvantage of these Rl based detection schemes

is their low sensitivity. The extent of the stopband change is limited through the miedelnanges 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 Bra§gell law(1.5). To avoid this, 1DPCs with a swelling

component were developed to achieve larger stopband shifts.
1.3.1.2 SENSINGPLATFORMSBASED ON_AYERTHICKNESSCHANGES

In order to overcome the drawbacks of the Rl change based detection principles and to enhance the
resolution due to larger optical thickness changédhe 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 sen&itlvity.

In 2007, shortly after the publication of the first solvergsponsive 1DPC¥ the first swelling 1DPCs

were reported Figure1.13).®Y In this work, polymer layers were used as the stimegiponsive
material in alDPC, and upon infiltration with a liquid analyte, an enormousshélctral 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 obtainedabetTal"” applying a
hydrogel based 1DPC with a stopband shift of around 300 nm. Further, a plethora of hybrid
inorganicorganic polymer based structures were created for chemical vapor and solvent sensing and
detection approacheS> 8283 Although the chemical selectivity can be fitened through the
polymer composition, and the high sensitivity is given by the swelling mechanism, the chemical and
longterm stability of the organic layers and the slow response time in the range of several hours

present severe drawbacks of these systems.
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Figurel.13: The first responsive polymer based 1DPC. (1) SEM cross section images of the-pilybesed

hybrid 1DPC showing the homogenous stacking of the tvaterials. (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 strenigtiagie aapted

with permissim.™ Copyrightof 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. &t&§)sare prominent
candidates, which show a pronounced swelling in the presence of surfactant molecules, such as CTAB
or polyelectrolytes, such gmly(diallyldimethylammoniunchloride), PDDARgurel.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. Furdngred

double hydroxides (LDWjgurel.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 tRC10On 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 optida properties of 1DPCs with inorganic layered materials as the
stimuli-responsive component. (1) Laponite clay and, N® based Bragg stacks. Top: the porous clay shows a
pronounced swelling in the presence of different surfactants, as these are capabiteafalating into the
structure® Bottom: SEM cross section images of the,A@y 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 structuré® Images were adaptedvith permissim. ¢ 8 Copyright ofof WILENWCH" and the
American Chemical Socié?f/]. (2) Optical and sensing properties of the LDH based 1DPCs: (A) schematic
illustration of the sensing principle based on the layer th&dsichanges of the LDH layer upon hydratation, (B)
optical response of the LDH based 1DPCs to hydratation and calcination prodessgs.was adaptegvith
permissia.®¥ Copyrightof the the Royal Society of Chemistry.

Using acombinatorial approach carecting the large stopband shifts and the chemical selectivity of
MOFs, Hiet al® reported a 1DPC based sensing platform, which relies on the breathing effect of
the integrated MIE88 MOF nanoparticles. The flexible MOF structure is capable of swilliag

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 QURRENTCHALLENGES INPNHOTONICCRYSTALSENSING

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 chglsnare related with the sensitivity, selectivity,

stability, readout schemes and material improvement, as will be discussed in the folfdWing.
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1 The sensitivity of 1DPCs is mainly limited by small stopband shifts, as the majority of 1DPC
optical sensorare based on Rl 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 (sighal change per analyte concentration) a
the resolution can be increased, leading to possible nakgsreadout or a detection
scheme based on a previous color calibration. This development would pave the way

towards photonic test stripes or other eay-use probe methods.

i Based on the issuef 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 elecipbotonic 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 snefa photodiode
into electric current changes. Furth@hotoluminescenc&€%° and optical absorption due to
plasmoniceffectd® were combined with photonic structures and were also presented as an

attractive readout scheme.

1 Another aspect, the stality, 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 efisos
itself can be damaged or poisoned during the sensing event, which is highly unfavorable and

impractical for practical applications.

91 Finally, one of the largest issues in the sensing field in general is the selectivity and the cross
sensitivity to oher 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 pdfdrfiy.In other
approaches, the selectivity issue is solved with complicated statistical data evaluation, such
as principal component analysis (PEA}* 7 or with the application of complex hierarchical

structures?®?

For these challenges, the developnieri 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

monodispergy, 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 rabgéwveen 1A and Inm 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 WSflamed isolated and imaged

already in 1962 by Boenet al,* A (§ &R xaNB2 OSNEé¢ > F2tt26SR o0& SEGSya
characterization by Andre Geim and Konstantin Novo$&laackled renewed research interest in

this carbon maodification in the material science community. In 2010, Geim andsklov were

g NRSR 6AGK (GKS b2oSt tNAT S a¥F2N Idakgrialo NS | A
Y1 GSNRA It FHNG ekdgpfiond élebtronic, mechanical, thermal and optical properties differ
significantly from graphite, the thredimensional(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 properti€8” The 2D materials discovered as of today show a rather broad
chemical variety, which gives the possibility for diverse iapfibns as single nanosheets and also

rationally designed nanodevic¥! or hybrid artificial solid§>***"
1.4.1 EXFOLIATION

Thesynthesismethods of these singiayered nanosheets can be performed by different exfoliation
methods™® mechanical exfddition 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 isngemged 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 wilirbsented

The mechanical exfoliation includes metlsoslich as the scotch tape method or rubbing the surface
of a layered crystalline material to another surface to obtain single or multilayered ff4kBssides
graphené’®™ several inorganic van der Waals solids were isolated with this method, such as
MoS% 197 or NbSe.'% 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 thesison, solvent assisted exfoliation methods are

more preferred for a sufficient nanosheet fabrication.
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Solventmediated exfoliationmethods were reported in the literature for manifold nanosheet
compositions?**¥ which can result in lateral sizes séveral 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 Ssmki et all****?Y 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 importandbes make a broad palette

of nanosheet materials accessit&'?®! 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 &liated. In the following the exfoliation methods ftire 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-ehadgyed) layers of
atoms with rdaher weak van der Waals interlayer bondirfgpr van der Waals solids, besideg th
straightforward but less efficient scotch tape method, different solvent mediated exfoliation routes
were presented.The most straightforward method is the mechanical exfmia of the layered
structure by ultrasound treatment of théoulk material in an appropriate solvelit” The choice of

the solvent depends on the chemical properties and the surface tension of the bulk material,
whereby for a sufficient exfoliation, theolvent 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 lithiimelectrochemical routes

or chemical methods. By a subsequent sonication steygleilayered 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 nanoshé&fs*** >3 Further, the chemical
oxidationof the bulk material can lead to the introduction of repulsive forces, such as the oxidation
of graphite to graphene oxide, which significantly faciéatits subsequent exfoliation in polar
solvents such as watéf® For the reductive and oxidative intercalation methods, a subsequent

stabilization by electrostatic forcB¥ or surfactant§*”is needed to prevent agglomeration.

Layered ionic solidare 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 solvemediated exfoliation routes are aWable. 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 solV&t'? Hereby the driving force for the exfoliation

is the hydratation of thecharge compensating ions in the interlayer gallery. Usually, anionic and
cationic layered materials are exfoliateth ionic exchange reaction§igurel.15). In the first step,

the initial charge compensating isrbetween the layers in the bulk material are exchanged against
larger ions Eigurel.15, step 1.*%* This increases the interlayer distance and weakens the attractive
forces between the layers, which favors teefoliation. Secondly, an optional ion exchange and the
addition of bulky chemical intercalating agents (usually TBA or #%1&}' can weaken the attracte

forces between the nanosheets furtheFigure 1.15, gep 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.

P =
o 1. AN 4 3. e
smmmenf o~ —> =
optional A
Bulk material Bulk material Bulk material Nanosheet
dik materia after 1st ionic exchange after 2nd ionic exchange suspension

Figure1.15: 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 interlayeraspace
exchanged against other ions, which weaken the attractive forces between the layers. Secondly, as an optional
step, a chemical intercalator (TBAMA) can be introduced into the interlayer space, to weaken the attractive
interactions further. Fina}l, 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 transistéf8** optoelectronic device§® memory

132,136,137] J138,139] {40, 141)

device capacitor magnetooptical nanostructure photocatalytic
applications*>*® and photoeconductive cell§***** 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 FORGAS ANDVAPORSENSING

With the development of the diversity of 2D materials, sevegblications could be revolutionized,
miniaturized and brought into a labn-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 indusial 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 propertiesuch 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 apapable of changing the resistivity upon analyte adsorption. Using this
technique, a broad palette of chemical analytes, such as huntitfity” mercury vapoft>!
triethylamineg*? >3 methane™* ammonid™® or VOC$*® could be reliablydeteded by MoS,
functionalized Mog Sngor VS nanosheet based devices. Mo&hd graphene based devices were
further used in field effect transistor (FET) based sensors for environmental monitoring, such as
ethanol**" hydrogen**® NO!*! NO,*” or ammonid™" 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'¥fgnal.

Further, 2D nanosheet material based FaBgrot devices wer 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 inded by intercalation of the analyte molecules in the interlayer space of

the randomly restacked nanosheet based thin fiffi%.

1.5 OBJECTIVES

The main goal of this thesis was to tackle salient challenges (such as sensor and signal stability,
selectivity, senivity, 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 mddeinézo 1DPE.
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 oljective 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 {6xP,O,) hanosheets intd DPCs, as these are known to swell in

their bulk form in the presence of ambient water. By utilizing the enhanced sensitivitireof

36



¢ Introductiong

exfoliated nanosheets towards water vapor, a further goal of this project was to realize other sensing
approachesadditiomally 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 hungar {Chapter 3)

and characterizing these novansorqChapter 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 applicatior this project,
another member of the antimony phosphate family, HE&P 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, senpknsing 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 afsteets, 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 demited 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.eotoliine 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 besiddsctoghetry 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 tailormade optical properties, a careful thedieal design of the hierarchical photonic
structures was necessary, whielas done in collaboration with the group of Prof. Hernan Miguez,

ICMSECSIC, Sevilla, Spain.

Finally, a target of this thesis was to monitor the ththependent infiltration and propgation of
analytes within the photonic structure in order to understand the intercalation mechanism and the
molecular diffusion within hybrid nanosheetnanoparticle 1DPCs. To this end, an experimental set
up was designed which enables the tracking oflgea 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.

sensitivity selectivity

stability

sensing dternative

mechanism readout

’

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

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

Everyone-dimensional potonic crystal (LDPClresented in this thesis was carefully designed, and
after the fabrication analyzed with variomsethods 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 ordentiml

and characterize the structural and optical properties. In this section, these methods will be
introduced: first the fabricatiormethods secondly thecharacterization techniqueand finally the

theoretical calculations.

2.1 FABRICATION METHODS

In order to create tailormade 1DPCsand optical resonators, a solution processed fabrication
technique with a very high variability and tunability had to be applied. The method of choice was
spirncoating, which is shown in this section shortly, including itgaathges, disadvantages, limits

and possibilities.
2.1.1 SPIN-COATING

Spincoatingwasfirst appliedin the 1950sy Emslieet al™™ and since then it isonsidered as one of

the simplestsolution processedbottom-up method for thin film and multilayer fabricéion for

various systems and applicatioisFor spincoating, 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 solyevitich evaporatedast, 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
subgance, 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 cdetpd. 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, sequenti@batiing was
applied, meaning the deposition of thin films successively on top of each (Rlgerre2.1). To create
multilayered structures with the desired and pdesigned optical properties, it is crucial to amheé
high thin film homogeneity and a high variability of the film thicknesses. The thin film thickness can
be easily tuned by changing the acceleration spedite final rotation speed, the colloidal

concentrationor the number of appliedlepositionsteps.

T controlled film
rotation formation

.

glass mulitlayered

substrate / T structure
. ===
H = {

film controlled ‘ colloidal
formation rotation suspension
— U Y = ok

Figure2.1: Schematic illustration of the spipating procedure.

In this work, Si@and TiQ nanoparticles(NPs),dye doped polystyrene (P§ nanospheres and
H:SkP,O, HSbiDs and LiSnS nanosheets werspincoated using stable colloidal suspensions. The
nanoparticlesuspensionsvere dispersed in methanol, in order to achieve a high evaporation rate
and a homogenous thin film formation. The dyed nanospheres were-cg@ited as purchased,
without a furthertreatment or dilution, starting from an aqueous suspension. The nanosheets were
dispersed in a mixture of waterethanol=40: 60 vol%, which was a compromise between the fast
evaporationrate of the solvent (ethanol) and the exfoliation and suspenstability (water) of the
nanosheets. After each deposited layer, a heating treatment was applied fonidOat 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 chitity to intercalate wateroncethe crystal water was removed
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completely. The sphooating experiments were performed on a LAURELWS650MZ23NPP

spincoater.
2.2 CHARACTERIZATION TECNIQUES

In this sectiorthe analytical methods are introduced, which wexgplied to characterize #hoptical
and structural properties, the phase purity, the elemental composition @ particle size of the

samples.
2.2.1 ULTRAVIOLET-VISIBLE SPECTROPHOTOMETRY

UltravioletVisible (UWis) spectroscopy is one of tleddest spectroscoy methods, which has its
origin in the 17 century® Sir Isaac Newton was the first scientist, who studied colors in nature and
splitted white light into its spectral componentsiarking thebirth date of spectroscopy! Later in
the middle of the 18 century, Joseph von Fraunhofer characterized the solar spectunmh
discovered instead of a continuous spectrumwell-defined spectral lines, the later called
Fraunhoferlines®™ Upon his experimentshe constructed the first spectrometer. Thikeoreticd
explanation of theFraunhofeflines was delivered by Kirchhoff in his theory of absorption and
emission®” The newdevelopmentera in Visspectroscopy arosén the 19" century with the
proposal of Niels Bohr for an atomic model, and linking the rfrater-lines to quantum states and
transitions'® ¥ The first prototype of a colorimeter or a spectrophotometer was thinil1930'> and
finally after the discovery of ultraviolet (UV) radiatiiif, the first UMVis spectrophotometer was

built in 1947by Variar*?

Upon te parallel evolution of the theory and the detectors to measure light intensities
guantitatively together with the development of quantum chemistt)\-Vis spectroscopy became

by today a powerful method in material characterizatiohisTnarrow range of the electromagnetic
spectrum (206800nm) is of great importance, as atoms and molecules undergo electronic transition
and the interaction of light with matter results in a, for the naked eyisible colof!® U\:Vis
spectroscopy allws the optical characterization of materials or (nano)structures in three different
modes: by measuring the transmittancd) (or the reflectance B and absorptance A) of the

sample!!

For the optical characterization of the 1DP@ this thesis we attach to a widefield optical
microscope a U\-Vis spectrophotometer. Herebythe objective of the microscope isoupled
through an optical fiber to the spectrophotometer in order to collect light normal to the sample and

simultaneously an image of it by aMOS Complementary MetaDxide Semiconductdrcamera
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(Figure2.2a). A typical output including the microscope image with the correspondefigctance

spectrumis shown irFigure2.2b-c.
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Figure2.2: Schematic illustration of the optical measurements performed in this th@gisStructure and beam
path of the optical microscope attached to the spectrophotomesgard CMOS camar (b) CMOS camera

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

Using this microscope spectrophotometer g, the reflectance relative to a referencample
(calibrated reflecting mirror, OceddpticsSSTANSSH of the sample is given by following expression:
0 O

' —_— 2.1
A= O O_ @D

wherebyL ois the reflected intensity through the sample at wavelength;0 <the dark intensity
i.e. without any excitationat wavelength<and |0 <he reflectance intensity of the refence at<.

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

The advantage of thisetup is the possibility to correlate the information from the image (color, RGB
values, surface characteristics, homogeneity) with the acquire@atefhce/transmittance spectra
from the same spot at the same tim&igure2.2b-c). Anotherbenefit offered bythis set-up is the

capability of creating optical characterization maps of the samples obtaining nogiodeatures.

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

stopband, and its changes with analyte adsorption were measured intineal via UV-Vis
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spectroscopy coupled to the optical microscope. Allaswewements were performed on a Leica
M2500 optical microscope equipped with a CMOS canfleeeca DMS54510yvhich was connected
to an Ocean optics USB40B®RIES spectrophotometer in order to acquire the images and the

spectrasimultaneously
2.2.2 MASSFLOW CONTROL OFVAPORS

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 chambwas connectedia a teflon tube to the vapor source.

By a stable, adjustable dosing of the vaporous analyte, airealoptical response of the sensor can

be characterized.

In order to ensure a precise and adjustable vapor flow, a system of mas<dlatrollers from
Bronkhorst Highrech*® was used. The equipment as indicatedrigure2.3 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 analfte.

mass flow controller

mass flow_controller_ C- TSI ST s s 1
a 7 b |
|
i } ! T T profile |
. N, | . without flow |
I . | |
i carrier | ! T profile |
| gas [ | with flow [
b e e e e ! CEM I I
] ' l
|
liquid flow controller ! }@ | ! heater1 heater2 :
| B 1 ! 1 — |
: liquid : | | | (—’(‘—‘—Di) |
| source : A [ | l |
- | ol eE= S BSOS
- 1 , measuring : : turbulence laminar flow :
| chamber | | filter element !

Figure2.3: Schematic operation principle of the controlled evaporation mixer and the mass flow controller.
Images reproduced with permissiélﬁ]. (a) Scleme of the applied MRFCFGCEM combined setup for vapor

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

The applied thermal MFC is a closed systéhwhich doses, adjusts and measures the flow of a gas

of interest. The gas dering 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 inFigure2.3. The sensor tubis heated at two different points (heater 1 and heater 2) and
alsothe temperaturegradient between the two heatens monitored at the same time (T1 and a2

the position of heater 1 and heater).2f there is no gas flow, the temperature profile obteensor
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tube shows a Gaussian shafggeen 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 driftpart. The temperature profile shift ang ¢is
constant to the mass flow in the tube. The mass flow is controlled a PID

(proportionatintegratderivative) 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 tengpditituence.
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, confiogn 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 crossselectivity to other anlytes, such as alcohols;heptane, toluene or acetonitrile. The
setup used in this thesis was calibrated for nitrogen with a maximum flow rate ofr20fin™ as a
carrier gas and water with a flow rate of maximungB* as an analyte. By applying diféat
analytes, the calculation tool of FLUIDAT on the Net softWameas used. The CEM heater could

provide temperatures between ambient and 200°C.
2.2.3 SPECTROSCOPIELLIPSOMETRY

Ellipsometry has its roots in the end of the™&entury, as Paul Drude not lyncarried out the first
experimental studies on absorbing and transparent sBffdbut also derived the equations and with
this created the theoretical background of ellipsometfy Later, Aspnes and Studfiaperformed

the first spectroscopic ellgpmetry measurement by increasing the accuracy of the ellipsometric
measurementsafter which wavelengthdependent measurements were possible. The firstsitu
measurements were performed in 1984, as Muller and Faffeucceeded to measure thentire

spectrumwithin a few seconds and with this allow following processes by this techimgeal time

Spectroscopic ellipsometry is a contactless, -destructive method to determine thin film
properties, such as thickness, complex refractive index, rousgin€omposition 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 matéfial.
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Figure 2.4: Scherme of the working principle of spectroscopic ellipsometrfg) Schematic setip of a
spectroscopic ellipsometer combined with a porosimetry tdbic) Direct output spectratana (b) and cof

(c))of a spectroscopic ellipsometry measurermhshowing the phase changes and the corresponditigndis.

The working principle is schematically illustratedrigure2.4. From the light source, which is usually

a lamp with a wide spectral range (:4@00nm), after passing a polarizer, tharcularly polarized
light beam is reflected by the investigated samplpon interaction with the sample, the polarization
changes, and elliptically polarized light is generatdfter passing the analyzer, thelliptically
polarized light hits the detector. An ellipsometry measurement can be expressed by following

equation, whereby the amplitude rati® and the phase shift (Figure2.4b-c) are measureff

O PR
Mmooy O Auj A (2.2)
gKSNBE =~ A& (KS &b afgri(pardiRlSandrgoldrized (pérpeddiculaNd the

plain of incidence) electric field components.

In order to extract actual physical information from the sample, such as the thickihesspmplex
refractive index or surface roughness, a theoretical model has to be constructed and fitted with
regression analysis. Usuallgr transparent dielectric thin films, the Cauchy dispersion model is used:

E_ b - 2.3

wherebyA, B and Care the optimization parameters andthe wavelength. Upon fitting materials
with absorption, the Cauchy with Urbach B&limodel is applied, whereby a dispersion term is added

to the classical Cauchy expression:
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whereby" is theamplitude of theextinction coefficientb the exponent decay factoE, the optical

band gap andKthe conversion constant between wavelength and energy units.
2.2.3.1 ELLIPSOMETRICPOROSIMETRY

Since the instrumental delopmentsby Muller and Farmét? and later Kim, Collins and Verd&th

at the end of the 80sellipsometry is considered as a fast analytical method, which is cap#ble
process monitoringn situand in real time. One example for such measurementsdsibnitoring of
vapor sorption in reatime on porousthin films*! In this thesis, a spectroscopic ellipsometer was
used, which was equipped with a vapor chambégyre2.4), whereby different solvent vapors lol

be dosed and injected to the chamber and the changes oftliire film materiak are measured
instantaneously. Hereby agairthe phase shift and the amplitude changes were measured
successively and with an automated model, optical isotherms monitoitregthickness and the

refractive index evolution with changing vapor pressure are created.

In this thesis, two different types of materials were investigatéspectroscopic ellipsometry: thin
films of porous materialsHigure2.5a-b) and of two dimensional ZD) nanosheets Figure 2.5¢c-d).
Both are capable of adsorbing vaporous analytes, such as water vapor or volatile organic compounds

(VOCs).

54



¢ Methodsc

a 110 C 140} )
£ £ f
c c
= — 120
? @
: &
.é 105 e R R - o -l (x;) 100
= =
© —=—adsorption L 80, —=—adsorption
- . .
«—desorption } desorption
000 02 04 06 08 10 00 02 04 06 08 10
Relative pressure p/p, Relative pressure p/p,
b 1.52 d 1‘62l
« 150} % 6o|f”"\
(] ) S
2 215
o 1-48r =
o
= 2
‘8 g 1.56,
o © 1.54 :
—=—adsorption —-—adsorpti_on\.
. . —— desorption 1.52 desorption
02 04 06 08 1.0 00 02 04 06 08 10
Relative pressure p/p, Relative pressure p/p,

Figure 2.5: Optical isotherms resulting from porosimetry measurements véthanol andwater vapor as
analyte. (a) Layer thickness changes of a Sianoparticle based thin film, the thicknessassumedto be
constant with changingelative pressuref ethanol vapor(b) Refractive index changes of the Sitanopatrticle
based thin filmwith changing ethanol relative pressyrgiving rise to a mesoporous behavidc) Layer
thickness changes of a;$hP,0,4 nanosheet based layer shavg a strong swelling with increasing relative
pressureof water vapor.(d) Refractive index changes of the$tyP,0., nanosheet based thin filras a function

of the relative pressure of water vapor

As porous thin films, Sj@nd TiQ nanoparticle based Ifns were fabricatedIn Figure2.5a-b, the

optical isotherm of SiOnanoparticles is shown, the Ti®ased thin films behave very similarly
Hereby the particles themselves are dense but upon deposition as afilmn a porous structure is
created by the textural pores anthe analyte uptake is favored. According to the definition of the
International Union of Pure and Applied Chemistry (IUFRIGRHr porous materials, six types of
isotherms can be distinguished’he sorption behavior ofnesoporous 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 oh#igte 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 fittingparameterswere applied for nanosheet based thin filn{Bigure
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2.5¢-d), which build the core of thithesis All types of the applied nanoshedntimony phosphates

and lithium tin sulfidespre known for their swlling properties in the bulk materiadith increasing

water vapor pressur€” thus also for the thin films we have to assume a swelling upoalyte
(water) uptake. For this reason, for the nanosheet based sampeslayer thicknesgFigure2.5¢c)

and the refractive indexFigure 2.5d) are fitted simultaneously with changing analyte relative
pressures. For all tygef nanosheet films, we observe a similar behavior:yadahickness increase
accompanied by a refractive index decrease with increasing relative vapor pressure of the analyte.
These effectpoint towards anintercalative behavior, the analyte molecules accumulate between
the single nanosheets of the thin filmhe effective layer thickness increasand the effective
refractive index decreases as it is @ombination of pure nanosheets and the intercalated

analytes®%31

In this thesis, ellipsometry measurements were performed on thin films of all appli¢efiala, such

as antimony phosphate nanosheets, lithium tin sulfide nanosheets, silica and titania nanopatrticles.
For all thin films, the layer thickness and the tunability of the thickness was determined along with
the optical properties, i.e. the wavelgth dependent refractive index and extinction coefficient.
Further, for all thin films, also the wateaind VOC sorption capability was tested and from the optical
isotherms, the sorption mechanismas 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 calculationEhe ellipsometry measurements were
performed on a Semilab Sopra PS1000 spectroscopsatieter, which was equipped with vapor

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

l'f K2dAK (GKSNBE HNB-RNBLBR NNE(GSMRAIGEE 2BNRBY (GKS | yOA.
the middle agé®” the first scietific experiments on photoluminescence were performed by G. G.
Stokes?® who also used the word fluorescer®&for the first time and constructed the first theory

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

of photoluminescenc€! KS o6dzAf i GKS FANRG GLK2EALIK2NRA&O2LISE
time-dependent decay. The deeper understanding of photoluminescencgmilar to UWis

spectroscopy, was possible after theheoreticaldevelopment by Mx Planck and Albert Einstéifi.

Photoluminescence (PL) describes lgituced phenomena resulting in emission of photons, such as
fluorescence or phosphorescen@& The analysis of PL is important f@. biological samples, where

the dye moleculesct as fluorescence markers and can be tracked in fluorescence microscopy for
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analysi§® or chemicalfor samples where information about thedoping concentrations or phase

purity can be gained based on the PL sigdffal

In PL, a photon with a certaimergy is absorbed by the material in study, thereby an electron is
excited to a higher energy level, creating an electhofe pair, an exciton. Upon relaxatiotwo
processescan occur: a radiative and a noadiative recombination of the exciton. By adrative
recombination the electron relaxes into the ground state, light is emitted, as the energy gap
between the excited and ground state corresponds to the energheivisible spectral rangelrhe
excited electron usually loses energy by relaxationtlogrmal oscillations, thus the emission
spectrum is always reshifted compared to the excitation wavelengtlFigure 2.6b). In
phosphorescence, after the excitation, an intersystem crossing takes place, whichsexrthe
lifetime of the emission, whereby fluorescence refers to a fast process without the intersystem
crossing. Upon a neradiative process, the recombination energy cregdegnomena in the sample,

which imply a temperature increase of the system

According toFigure2.6a, in our experimental PL sep, first white light passes through the excitation
monochromator, andhe light with a desired energy is selected. This monochromatic light interacts
with the sanple and the emittedphotons aredetected. After the samphldight 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 monochromeitatien 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 thehotoluminescence measurementspectrofluorometer Horiba
JobinYbon, Fluorolog. The magewasreproduced with permissioﬁ‘o] (b) Excitation and emission spectra of

the utilized Fluoromax R, Red dyes.

In this thesis, comnreial polystyrene nanospheres doped with organic dye (Fluoromax R, Red
Thermo Scientific, @ 25nm) were used as nanosized light sourdégure2.6b), which due to the
nanometric appearance were suitable to be integrated into photonic resonator structures without
introducing any remarkable change ireth optical response. The variation of the emission within a
carefully designed photonic resonator was monitored with changing humidity values. Héhneby
correlation between changes in the photonic structure and the emission could be investitfatei.
important to note the high angldependency of the optical properties of the Bragg stacks, which
required a careful instrumental design andPameasurement near to normal incidence. In order to
minimize the angular influence, equal excitation and eiois angles of 11.25° were applieth
change the humidity levelghe sample was placed inta quartz cuvette in which the relative
humidity value could be definedhe sample was fixed to the chamber in order to preserve constant
measurement conditiongncluding the measurement angl&he PL measurements were performed
on a spectrofluorometer Horiba JobWbon, Fluorolog, during a research stay at the
Multifunctional Optical Materials Group, Institute of Materials Science of Se8itlanish National

Research CouncflICMSECSIC)
2.2.5 SCANNINGELECTRONMICROSCOPY

Scanning electron microscopy (SE&a powerful and versatile totd analyze sample morphologies
and chemical composition withigh resolution. Although the first SEM image was recorded by Max

Kroll*? in 1935 and samplelectron interactions were studied by Manfred von Ardenne in 1437,
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4l the development of SEM wawvershadowed by the development of transmission techniques,
e.g. transmission electron microscopy (TERhe decade after Adenne’s development, the first
SEM was built and operated by Zworykin anéwaokers in 1943%° who could reach an image
resolution of 50nm. The SEM as we know it today was built by Charles &8tieyd hisco-workers

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

image formation and they additionally defined possible application fields of this métfiod.

In contrastto optical methods where the resolution is limited by diffracti&h,SEM offers high
gpatial resolution down to 440nm. As indicatedn Figure2.7a, in the SEM, an electron beam is
created by an electronun (usually field emission gun) and is focused by condenser lenses on the
sample surface witla spot size of 0:5 nm. Passing the scanning coils, the electron beam scans over

the sample surface line by line.

electron electron beam
gun

b back-scattered
a ﬂ__' 'il anode electrons
secondary h toristi
E il condenser electrons haracelstc
lenses X-ray (EDX)
é % scanning coils elé\gtgrg:vg ;‘ontmuum
N X-ray

condenser aperture

E EI objective lenses
E

objective aperture

cathodoluminescence

Figure2.7: (a-b) Schene of SEMThe illustration of the electron beam path in the SEA)andthe interaction
volume in a SEM measuremerdnd the corresponding signals (b). Secondary electron (c) image and back

scattered electron image (d) of a cross section of a s#@oparticle and EBlyP,0;4 nanosheet based 1DPC.

Upon hitting the sample stace, different signals generated by different types of interactions of the
electron beam with the sample surface are detected and converténl gnay scale values on the
computer image Kigure2.7c-d). To obtainan SEM image, secondary electrons and back scattered
electrons are detected. Secondary electrons are generated by interaaiahe 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 a&jectedby 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 sampl€Bigure 2.7c), such as the shedike and the nanoparticle
morphology in the 1DPC iRigure2.7c. Back scattered electrons are reflected electrons of the

primary beam by elastic scatteringhdintensity of this reflection depends on the atomic nhumbg&f)
59



¢ Methodsc

of the elements thesampless made of which fact leads to a direcbrrelationof the atomic number
of the sampleandthe image brightness the back scattered imag&igure2.7d). With this type of
signal, chemical compositions of the sample can be analymrdexample inFigure 2.7d, the
H:SkP,O,4, nanosheet layers appear brighter compared to the,&i&@used bythe higher averag&

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

In this thesis, SEM measurements were performed in order to visualizentirehology of the
exfoliated nanosheet materials and to obtain the crosst®n mages of the 1DPCs and resonator
structures Analyzing the latter, the stacking homogeneity, the stacking ortter quality of the
interfacesand the different material morphologies can be obtained. The cross sections ¢DXREs
and optical resonatorsvere investigated with &eiss Merlin FSEM, the images were recorded by
Viola Duppel, MPI for Solid State Resea®EM images of the exfoliated nanosheets and the bulk
materials were performed b¢laudia Kamella, MPI for Solid State Reseantla Vega $ 5130 MM

(Tescan) electron microscope
2.2.5.1 ENERGYDISPERSIVEX-RAY SPECTROSCOPY

To analyze the local chemical composition of the materials, energy dispersayeaXalysican be
performed in combination with SEM. Once the primary electron beam hits the Isaampelectron

from an inner shell can be emitted by the transferred energy, and the created hole is filled by an
electron from an outer she(Figure2.8). The energy difference of both shells is emitted in therf

of characteristic Xays.The spectrum can be analyzed with the internal software of the-5BM and

the distribution of elements can be determined, thus the elemental composition can be deAsed.
these Xrays are emitted from areas near the surfatieis technique gives information about the

local material composition air nearthe surface.
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Figure2.8: Schematic illustration of the signal generation in EDX analysiSEHM.

In this thesis, the SEBDX measurements were performed in order to prove the composition of the
exfoliated nanosheet materials. SHMDX measurements were performed by Claudia Kamella, MPI
for Solid State Researcbn a Vega TS 5130 MM (Tescan) electron microscope equipped illith S
detector (Oxford).

2.2.6 TRANSMISSIONELECTRONMICROSCOPY

While the resolution in SEM lisnited by the focused spot diameter and the interaction volume, in
transmission electron microscopYEM), parallel illumination Figure2.9) is used to create the image
and resolutions down tahe Angstrom range can be reachBd. Transmission electron microscopy
(TEM) is the original form of electronicroscopyandwas invented by Ernst Ruska in 1938 PhD
student of Max Kall, who recorded the first SEM image. Many years later in 1986, Ruska was

awarded the Nobel Prize in Physiosthe invention of the TEN”

The electron beam is generated by alectron gun and is accelerated by the anode at typically
about D0kV ! The electron beanpas®d through the ultrathin sampletypically maximum 100 nm
thick), whichdue to interactionwith the samples modified, e.g. is elastically scattered or diffracted.
After the interaction, the beam passes the objectitres intermedate andthe projective lenses and

after magnification, the imprint of the sample is detected on the image plane, usually by
fluorescence complementary metal oxide (CMQO&)a CCD (chargmupled device) camerdigure

2.9a). For TEM, the sample preparation is a crucial point, otherwise the electrons are absorbed or

scattered to darge extentand cannot be transmitted through the sample.
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Figure 2.9: (a-b) Schene of the working principle ofTEM. Schematic illustration of the beam path in the

)

detector

diffraction pattern

imaging mode (a) and in the diffraction mode (b). An exemplary bright field image (c) and dark field image (d)
of an aluminiuracopperalumina nanocomposit@?] (e) An electron iffraction pattern of two single lithium tin

sulfide nanosheets after exfoliatidrt

In TEM, different imaging techniques are possible: the direct image detection and the detection of
the diffraction pattern Figure2.9). 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 INTRANSMISSIONELECTRONMICROSCOPY

In imaging mode, the objéiwe aperture is applied in the back focal plane to create the bright field
(BF) imag€Figure2.9c), the central transmitted electrons (unscattered electrons) are selected, the
rest is blocked by the aperture. Tihmage is created by the ma#isicknesscontrast sample areas
with a higher atomic numberZ[ or thickness appeadarker in the image, as these scatter the
electron beammore strondy and the scattered electrons are blocked by the aperture. Thin areas

with a lowZappear 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) iméggure2.9d) is created. Hereby sample
areas with a highez appear brighter(e.g. clusters in the composite with a largérembedded in a
lower Zmatrix), as more electrons from these areas are detected, as onlg¢httered electrons are

used for the image formation.
ELECTRONDIFFRACTION INTRANSMISSIONELECTRONMICROSCOPY

Another powerful tool of TEM in the analysis of crystalline samples is the selected area electron
diffraction (SAEDgnalysis The thin crystallie sample in TEM acts to the incident electron beam as a
diffraction grating, and the electrons get diffractbglthe atoms of the sample. In this techniqube

SAED aperture is inserted and the back focal plane is projected, and as a, gesliffraction pattern
arises(Figure2.9e). The SAED aperture gives additionally the possibility to select the sample area and
record the diffraction pattern from this region. From the diffraction pattern, informatiantbe

crystal structure, compaosition or phase purity can be gained.
SCANNINGT RANSMISSIONELECTRONMICROSCOPY

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 tlergle, the electron bearis focused and scanned
abovethe 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 ELECTRONENERGYLOSSSPECTROSCOPY

In combinatbn with STEM, in addition to the visualization of the sample with high resolution, the
local composition and the chemical properties calso be analyzed with Electron Energy Loss
Spectroscopy (EEL%)>® Upon passing the specimen, the electron beateriacts with the sample
and the electronsare scattered elastically or inelastically. Inelastic scattering refers to electrons
which lose from their original energy upon, while the energy of elastically scatteredsremains
constant. These scattered eteans can be split up by a magnetic pridamglure2.10a), which deflects

the electron beam depending on its energy. With this, the exact energy losses can be determined
and the material composition can be analyzéuthe EEL spectrum, three different regions can be
distinguished. The zero loss peak (ZLP) appearg¥tdhergy loss, and refers to electrons which do
not undergo inelastic scattering, but are only seegd elastically and do not & energy. The ZLi#&
usually used fothe sample calibration. Secondly, the low loss range (energy l682¥) represents

the excitation of plasmonsinter- or intraband transitions. This region can be uded phase

identification, or the analysis of bandgaps. The tldrdi for this thesis the most important range is
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the core loss region (>5V). 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 beobserved, as in this pcess the incident electron $es a characteristic energy, as the
electrons can be promoted only by defined energy levels. For the analyses in this thesisietoss

region was usedHjgure 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 depictedrigure2.10b.
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Figure2.10: Schematic illustration dEELS@a) The detection principle of EEL{®) The notation of the different
signals arising from the core loss region sigf@lAn exemplary EEL spectrum of the core loss region showing

LbSnS (yellow) and HSkP,Oy, (blue). (d) A STEM image of a cross section ofSsp6i/H;SkP,0, nanosheet

based 1DPC. (e) An element map gbis; in the 1DPC showing the periodic layausture of this material>?

Upon combining EELS with STEM, element maps across the sample cazateed and the local
elemental composition can be analyzed. Herebye intensities of the different characteristic
element edgs are detected in the STEMoae (Figure2.10d) and the intensity plots give rise to the

appearance of the specific elements at the specific sample pogFigare2.10e).

TEMEELS measurements inghhesis were performed ohDPCcross sectiosas the SEM reached

its spatial resolutionimits. Using the secondamiectronimagesfrom the SEM (chapteR.2.5 the

two different nanosheet materials €8P0, and LkSnS; nanosheets) could not be distinguished
based on the similar morphology, and further the back scattered eleétmagein SEMgaveonly a

weak material contrast, as the atomic numbers of these two materials are very similar. However,

EELS provided a saliie analytical method to distinguish the two different materials also locally by
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performing the elemental mappingrurther, in this thesiSEMSAED patterns were recorded in order
to prove the turbostratically disordered morphologfrotated along the zdirection) of the

nanosheets after the exfoliation of the bulk material.

TEM and EELS measurements were performed by Dr. Sophia BeitlérMinchen andvPI for

Solid State Researchn aFEI Titan Themis microscope ¢800 kV) equipped with a Cs corrector.
TEM neasurements with SAED patterns were measured by Viola Duppel, MPI for Solid State
Researchon aPhillips CM30 ST TEM (300, LaBcathode) equipped with a Gatan CCD camera.

2.2.7 X-RAYDIFFRACTION

X-ray diffraction (XRD) is a powerful and adestructive methal to analyze and identify crystalline

samples regarding their crystal structure, crystallinity, phase purity and particle siags also

called Rontgemays,were discoered by Wilhelm Rontgen in 1895, for which he waasarded with

the first Nobel Prie in Physics in 190%! 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 Xays on a copper sulfide crystal in 1912 at the Ursig of Munich,for

which he was awarded with the Nobel Prize in 1584 his ultimately proved the waweature of X

rays and simultaneously delivered important contributions tgstal structure analysis viarAys.

After Laue's discovery, many scistdgi were involvedin the theoretical and instrumental
development of Xay crystallography, whereby the most important contribution was provided by
2AfEfALFY I SYNE . NIX3I3 YR KAa azy 2AffAFY [F8NByO
the analysi®f crystal structure by means of I @ 4 ¢ > Ay Of dzZRAYy3I (GKS . NI} 33 ¢ 1
1915P°

Similar to other analytical techniquesalso in XRD analydise probe beam must have a wavelength
comparable to the range of the analyzed specimen feadure. the atomc spacingsn the crystal
structure. For this, Xays are generated whemargets such as Cu or Maare irradiated by
high-energy electrons under vacuum. Therebgre electrons are promoted to higher levels of outer
shells, and by the faxation back to the ground state, they emitrdys with a characteristic
g1 @St SYEK)IK154IAS (Mo-K)=0.710A). The created Xay beam passes through a
monochromator and a collimator before interacting with the crystalline sample. Theleinici
monochromatic Xay beam is diffracted at the lattice planes of the sampigyre 2.11a) and

intensity maxima arise from constructive interferences, when the Bragg equation (2.5) is fulfilled
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€ _ C¢Q Qe (2.5)
where the order 6 diffraction n is an integer,< is the wavelengthd the planespacing in the
crystalline lattice and—the incident angle of the Xay beam. The created intensity pattern is

recorded by the detector and powder diffraction pattern is creatgFigure2.11b).

In this thesis, Xay diffraction analysis was used to analyze the synthesinidstate samples and
identify their compositionsand crystal structuresFurther, bulk catiomproton exchanges were
detected by monitoring the shift of the stacking reflection, and further the exfoliation of the bulk
material into single nanosheets was followed. Herethe intensity of the stacking reflection
significantlydecreases upon exfoliation anaflectionsof the diffraction patternof the nanosheet
sample exhibits an asymmetric Warkgrpe peak?®® ®” Xray diffractograms were analyzed with the
help of the software WINXPO®? and compared with the Internation&entre of Diffraction Data
(ICDD) databasé’

In this thesis, &TOE Stadi P powder diffractometer in DeBgberrergeomdry (STOE & Cie GmbH,
Darmstadt) Cuk., (<(Cuk)=1541A) or Mo K radiation <(Mo-K)=0.710A,

Ge(111)monochromator, with avlythen 1k detector was used to perform the measurements.
2.2.8 DYNAMICLIGHT SCATTERING

Dynamic Light Scatterif@®L$is a nondestructive tool to analyze the partesize and distribution of
nanoparticles in a colloidal suspensiéhThe roots othe DLSechnique pointback to Lord Rayleigh
and his studies on light scattering on particles smaller than the wavelength of®fi§htand to
Albert Einstein and histudies on Brownian motid®’ The instrumental development began with the

development of lasers, and with the pioneering studies of Peebral.® on time dependent light
66



¢ Methodsc

scattering. At that time, DLS was used to measure the diffusion of macronedesnd 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 thrdweginéasured suspension. The
sample is thermally stabilized, in order to keep the thermal motion constant, which infla¢hee
Brownian motion in the suspension, as it has an important impact on the particle size determination
Upon illuminating the samplehe suspended particles scatter the laser light. The intensity variations
caused by interference of the scattered light by the moving particles give rise talitfusion
coefficientand hence the size of the suspended particles, according to the EiSitsies equation
(2.6):

o —, (2.6)

where D is the diffusion coefficientks the Boltzmann constant] the temperature,— the viscosity
andd the hydrodynamic diameter of the particles. For the exact determinatibthe particle size in

DLSrequirement is hat the particlesarein a size rangapprox.below 1micron.

In this thesis, DLS measurements were performed in order to measure ttielpaize of the applied
TiG and SiQ nanopatrticles after the synthesis. The measurements were performed with aehalv

Zetasizer Nan@S with a 4nW HeNe laserl( =633nm).
2.2.9 ATOMICFORCEMICROSCOPY

Atomic Force MicroscopfAFM) is a type of Scanning Probe Microscopy (SEMyhich is capable of
investigatng the surface of nanostructured samples with a high resolution. Scanning Tunneling
Microscopy (STM), as agqulecessor oAFM wasinventedby Gerd Binnigand Heinrich Rohrem the

early 1980s, and the two inventors were awarded with the Nobel Prize for Physics in 1986 (together
with ErnstRuska for the development of TEN.Few years later, AFM and its first implementations

were developed by Gerd Binning andworkers!™ "3

AFM can be used in three modder force measurement, for manipulation or for imaging. In this
thesis, only lhe latter, the imaging mode was used and, hence, will be discussed here in bretail.
AFM, a sharp probe tip, fixed on a flexible cantilei®brought in contact with the sampbnd scans
through the sample surfadd’ By experiencing the sampte heigh 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.
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By the deflectionof 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 swfegethe tapping

mode is used, whereby the tip is continuously oscillating and does not touch the sample. By
monitoring the changes in thoscillation, a height profile can be reconstructed similar to the cdntac
mode. AFM is a very sensitive techniqeesurface variations and shows a height resolution below

1 nm[4

In this work, this technigue 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 Il system.
2.2.10 IMPEDANCESPECTROSCOPY

Impedance spectroscopy or dielectric spectroscopy is a method to analyze the dielectric properties of
samples as a fiction 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 decreasfreg@Aéhcy ranges:
electronic polarization, atomic polarization, dipole relaxation, ionic relaxation or dielectric relaxation.
Depending on the nature of the measured sample, different processes domimatie¢he sum of all
processes is measured as the imdpace. hie characteristic features can be analyZedirectly by

fitting the electric response of a model circuit with different components, such as capacitors or
resistance in parallel or series connectidvith the combination of the basic circuit elemsneven
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 twpoint measurement geometry. An AC voltage of 599 was applied to the
sample and the frequency range ofH¥ to 1MHz measured, however for tirgependent
measurements, the frequency was fixed to 3@ and the conductance was measured. The
measurements were grformed by Pirmin Ganter, MPI for Solid State Research, @mireceton

Applied Research, Ver&lAT MC impedance bridge.
2.3 THEORETICAL CALCULATDNS

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 thebehaviorunder environmental conditionchanges In this section,

the applied transfer matrix method and genetic algoritfonmalismsare introduced.
2.3.1 TRANSFERMATRIX METHOD

In order to designlDPCsshowing a desired optical responsand understand the different
phenomena related with their structureanalytical calculations were performed. Herelihe
reflectance and transmittance spectra as wadl the spatial and spectral field intensity distributions

were calculated for 1DP@s well agor optical resonator structures.

The Transfer Matrix Method (TMM) was applied in order to calculate these properties of the applied
systems, as it is a commonlged method to describe the propagation of electromagnetic waves in a
layered medium in one spatial directidf.”® The reflection and transmission at a single interface
between two media is described by the Fresnel equations. However, when the steyhgemn is
composed of several layers, at every interfaaepartial reflection and transmission occuEgure
2.12). Depending on the pah lengths, which in turn dependn 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 caitinfor 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 enteringhe 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 antfatmsmittance 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 risertingensity map.

Figure2.12: Schematic illustration of the light propagation of a multilayered system in one dielectric layer.

For normal incidence with stacked layers aldhg z-axis and assuming that the field within one
layer can be represented as the superpios of left () and right () traveling wave with wave
numberk, the electric field can be formulated as:
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Fé¢ FQ  FQ (2.7)
The field gradienEz)can be expressed as the derivativeE#)
3 QRQ QRO (2.8)

According to Maxwels equations,Eand Fmustbe continuous across a boundary, wheraine can

express the field as a vector @z),5 (2))

A propagation of light in the multilayered structure over a distati@&o a positivez direction can be

described by the matrix in (2.9):

©

s A o e
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Using this, we can express the field at patd as:
Fo Q4 FQ
Jd Q O‘I Q (2.10)
wherebyk is the wave number in the medium ardithe layer thickness. For a system witHayers,
the system transfer matriMsis 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 zt 0, the reflectance can be calculated for

negativez values and the transmission far d” values, wherel” corresponds to the total thickness:

Fa FQ LFQ (2.11)

F @ OfFQ (2.12)

wherebyr andt are the amplitude of the reflectance and transmittance coefficiektgnd k; the
wave numbers in the medium of the left) (and right ) propagating light waves. Finally, the

transmittance and the reflectance values are giveregyations(2.13 and 2.4):

Y o=0s (2.13)

and
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Y d°s (2.14)
respectively.

One example for the application of this method is illustratedrigure2.13. The reflectance and
transmittance spectra of a multilayered system consisting of 12 layers of alternating layers of silica
(n=1.40, d=100nm) and titania nanoparticlesnE1.90, d=100nm) is calculated, and the
corresponding spatial {gxis) and spectral {axis) field intensity distribution along the sampleafis)

is shown as an intensity map.

a 100
” 2.0
o 80
= 16
5 60 1.2 |E7
g |Es1
 \ 40 0.8
20 0.4
2 N\J \/ \V ., \/ 00 o 0.0
00 500 600 700 800 900 400 500 600 700 800 900

Wavelength / nm Wavelength / nm

Figure 2.13. Calculated optical properties of the multilayered system described in the (axCalculated
refledance and transmittance spectrgb) Calculated spectral(x-axis) and spatial (y-axis) field intensity
distribution within the nultilayered system. The white dashed lines show the layer interfaces within the

multilayered systemlLight is traveling in the positive-gxis direction.

The original MATLAB code based on the TMM for the calculations for this thesis was written by Dr.
Gabiel Lozano and Dr. Alberto Jimérgalano, Multifunctional Optical Materials Group, Institute of
Materials Science of Seville, Spanish National Research COOGMBECSIC)The code was modified

and adopted for the systems shown in chapters 3, 4, 5 dogll€atalin Szendrdiemesi.

2.3.2 GENETICALGORITHMS

Genetic Algorithra (GAs) is a commonly used numerical method for optimization probl€fhdhis
technique isinspired by biologyand utilizes actions, which are known from biological evolution in
order to generate solutiongfor the optimum, the objective functiorfFigure2.14)."® The evolution
usually starts with a population of randomly generated individuals, and the GA creates the next
generation by different mdiods: 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 tionjtaAfter
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 functi@m by creating a certain amount of generations, where

the objective function remains constant.

Start | Replacement of ¢ Generationofa @ @ @ @

the old population new population @@ [ o) ¥
\ ©®

Random generation of
the first population L

\L ©- 0= . - mutation @@ —> @ —
Sort the individuals _ _ —— Selection of individuals
—> according to their C- f, =f; and use them as parents ) ‘ ‘
crossing —_ —

objective function value =1, ‘, =1, ‘ ‘

s the stop No > Selectionofthe @

”
criterion meet: strongest individuals @

J/ (elitism)

Yes

l

Stop

%

v

Figure2.14: Schematic illustration dhe utilized genetic algorithm.

In this thesis, G&were combined withthe TMM in order to reproduce the optical response aof
multilayered system theoreticallpas well as to obtain the structure, which presents the optical
properties on demandFor instance, for the former examplehd populations consist of layer
thicknesse and the deviation of theprelative to the theoretical values in a perfect system. The goal
of the GA for these systems is to minimize tigectivefunction gquation2.15), namely to optimize
the layer thicknesses of the multilayered structure in orttereproduce the measured reflectance

spectra.The objective function for this problem can be expressed as:
Q Y Y (2.15)
whereby’Y and’Y  correspond to the experimental and theorediaeflectance spectra.

TMM combined with GAs was further applied to study diffusion processes into the multilayers,
hereby a timedependent analysis was performed and for each time point the objective function was
optimized. These calculations were perfeed by Dr. Alberto Jiménexolano, MPI for Solid State

research.
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¢ Optical Touchless Positioning Interface

n NOVELSENSINGAPPLICATIONSENABLED
THROUGHULTRAHIGH HUMIDITY SENSITIVITY:

AN OPTICAL TOUCHLES$OSITIONINGINTERFACE

3.1 SUMMARY

This projectintroduces a novelfunctional material based
optical sensing platform with an ultrahigh humidity
sensitivity, which allowed for the realization oftauchless
positioning interface¢ KS & KS I NJIi é ¢ rdblist Z2DK S

ax

phosphatoantimonate(HsSkP,0O;4) nanosheetscast into a
photonic thin film device ¢ shows giant moisture

responsiveness and swelling capability when exposed to

relative humidity changesThe high ensitivity could be
realized by the intercalation of the analytewater moleculesg into the interlayer space of the
nanosheets, resulting in two effects: decreased resistance and swelling of the film upon relative

humidity increase.

First,we haverealized a robust, resistivehumidity sensor showing a decrease in resistance by five
orders of magnitude between 0 and 100% relative humidsgcondly, the changes in layer thickness
were utilized for the development of optical sensors. By integrating the oslagets as
stimuli-responsive layers into -dimensional Photonic Crystals (1DPCs), fast, reversible and
full-spectrum stopband changes can be produced. We present two different 1DPC systems, namely
the combination of ESRP,O, nanosheets with either TiOor with SiQ nanoparticles acting as
porous optical contrast materials. On the one hand, the,T@noparticle based systershows
unprecedented sensitivity towards the entireambient humidityrange,associated with a fast and

fully reversible shift oflie photonic bandgap by as muas 500hm at the highest relative humidity
whichtranslates into a fulspectrumstopbandshift. On the other hand, th&ey featureof the SiQ

nanoparticle based systeis its unique capability to reversibly switch fromaed to transparent
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(and vice versa due to humidityinduced refractive index matching of the constituent layers,
rendering it a promising candidate fapplications in ambient monitoring, such ssiart windows.

The combination of beneficial sensing projes, 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-tmreand reaicolor

in a touchless fashion. To the best of our knowledge, this iditsiteexample ofa photonic approach

to nextgeneration touchless positioning interfaces and tracking dewBm=sdes, for the resistive
device, we could create an axial touchless positiomitgyface with a 17¢old resistive signal change

betweenfinger-on andfinger-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 synthesiegfhliated and characterized the
H:SkP,O,, nanosheets, fabricated the resistive thin film devices, performed the resistivity
measurements, characterized the fabricated systems as resistive humidity sensors and resistive
touchless positioning interfaceswrote the manuscript and edited the figures. Olalla
Sanchez®5obrado assisted with the optical measurements and with the theoretical calculations and
helped with writing the manuscript. Roland Eger synthesized and characterized the;BbjR.®,4

and the potonated HSkP,O,. Alexander Kuhn proposed the idea of using theSkP,Oy,
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 presentatithe 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 TOUCHLESSOPTICAL FINGER MOTION TRACKING BASED ON2D

NANOSHEETS WITHSIANT MOISTURERESPONSIVENESS

Katalin Szendig Pirmin Ganter;, Olalla Sdnche3obrado, Roland Eger, Alexander Kuhn, Bettina V.
Lotsch

* These authors contributed equally to this work

Published in Advanced Material2015 27, 341-6348.
DOI:10.1002/adma.201503463
http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/abstrac

3.3 INTRODUCTION

One of the key challenges in the development of rgeteration electronic devices such as laptops,
smartphones, or tablets is the design of powerful hardware control systems. In this context, humidity
sen®rs 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 ashttiman finger”

Although porous BSs have been extensively used to detect organic vapors and humidity through RI
changes induced by infiltration with analyt®3? the observed shifts in the Bragg peak (BP) are
rarely larger han a few tens of nanometers, and typically well below 100} which limits the
resolution in terms of bmidity sensind*? An alternative mechanism to trigger changes in the
structural color of a BS is to modify theyér thicknesse§; * & 8 which is particularly powerful

when integrating dimensionally flexible polymeayérs into a B8 The demonstrated
panchromatic BP shift in such systems induced by liquid water howeweescat 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 bgtTian

al. using a photonic hydigel with a stop band shift of around 300 nm and a response time in the
range of 100 §¥ Xuanet al. reported a [€,0; nanoparticlepolymer hybrid sensor with a stop band

shift of around 159230 nm, depending on the polymer crdgiking degree. Here again, due to the
characteristic polymer swelling, the response time was in the range of fdufs.similar sensor
performance was reported by Kiet al, who observed a stop band shift of 137 nm in a polymer
based 3D opal structurevith high cycling stability of thousands of cydfiésin addition, several
humidity sensors were reported withmaller stopband shifts in the range of tens of nanometers and

response times on the order of a few secoffds®} Recently, Steelet al® and Hawkeye and
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Brett® presented mesoporous Ti@ratings used for humidity applications, which show an ultrafast
response time in the subsecond range, but rather small stop band shifts (anddresresolution)

on the order of 30 nm.

Here, we replace the dimensionally flexible organic component in BS by phosphatoantimonic acid
H:ShP,0.4 nanosheet¥® 1 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 conductity,'”® *d can be readily delaminated into 2D nanosheets, giving

rise to stable liquid crystalline suspensiorighvanisotropic optical propertie$® %2

The integration of other 2D nanosheets into resistive sensing deh@eslready led to a superior
sensing performance as compared to the corresponding bulk materials, exemplified by a VS
nanosheetbased TPI featuring moistueensitive electric, rather than ionic conductariBewhile
flexible in their design, these resistive ,\ffinosheet sensors have certain drawbacks such as low
chemical stability under ambient conditions and rathpoor sensitivity. Further examples of
nanosheetbased humidity sensors include Ni8 graphene oxid&" *3 M0S,,*¥ and ZnG3¥ Nearly

all of these nanosheet sensors have either slow respoimsest (e.g., 600 s for Zn&j, or low
sensitivity®**?*3 (e.g., factor 5 increase in resistance for a change from 6% RH to 74% RHf6PNbS
Therefore, it still remains a major challenge to design nanoshaséd humidity sensors for

reaktime interaction devices with sufficient sensitivity.

In this work, we fashion thin films of phgisatoantimonic acid nanosheets into chemically stable,
transparent, and lowcost 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 (Rependent swelling behavior of the
nanosheets compared to the bulk matef8land 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 contaftigss 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 ANIDISCUSSION

The layered phosphatoantimonate3aP,0,, and the proton exchanged phosphatoantimonic acid
H:SkP,Oy, (Figure S3.1, Supporting Information) were synthesized by a conventional -stdi
reaction followed by iorexchange with 81 HNQ (Figures 8.2, S3.3, Table 3.1, Supporting

Information)®® 3 The protonation and exfoliation process in pure water is schematically shown in
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Figure3.1la. The schlieren texture and the Tyndall effect of the resulting aqueous suspension indicate
successful delamination and the anisotropic nature of theasheets (Figure 8.4, Supporting
Information), while dropcasting the suspension gives rise to randomly overlapptrgiented
nanosheets (Figuré.1b,c; Figures 85, S3.6, Supporting Information). The thickness of the
ShP,0.,° "nanosheets as determined by AFM amounts to 1.3 + 0.1 nm on average (Bigbre
which agrees well with the crystallographic thickness of 1.10 nm for a singhOsp “layer?® *I
Transmission electron microscamnergy dispersive-Kay (TEMEDXanalysis and scanning electron
microscopyenergy dispersive-Kay (SEMEDX) analysis confirm the expected elemental composition
(Tables 8.2 and S3.3, Supporting Information) and the values of the selected area diffraction
(SAD) pattern agree well withose of the nanosheet pellet by powderr2y diffraction (XRD) (Table

S 34, 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 trigonablayer (Figure
S3.7, Supporting Information) and exhibits Warren like peak profiles ofhikeréflections typical of

2D materiald®® *7

Nanosheet thin films with thicknesses around 100 nm can directly be used as resistive humidity
sensors. The trangpent thin film device is displayed in Figur8.8 (Supporting Information) along

with two SEM crossection images from different areas, which illustrate the ultrathin nature of the
device. Drawing on the wethown moisturedependent proton conductivitgpf phosphatoantimonic
acid® we first measured the RHependent ionic conductance between 0% and 100% RH using two
methods, a gas flow setup and saturated salt solutions (for details see FHdukeFigures 8.8, S

3.9, S3.10, 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 (Figu@ld), which is at least three orders of magnitude larger thaat th
observed for VSnanosheet devices. To the best of our knowledge, this level of sensitivity is the
highest observed for any nanosheetised conductance or resistance humidity sensor reported to
date **%*! The cycling behavior of the thin film devitetween 0% and 47% RHosvs good
reversibility (Figur®.1e)?® 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 themimnm interlayer

space resulting in less welefined 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 tisate (nanosheets), which accommodates a large

amount of water molecules on the internal and external surfaces of the nanosheets.
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To further explore the sensing capabilities of the phosphatoantimonate nanosheets, thin films with
tunable thicknesses in theange of 5@150 nm were prepared by spuooating the colloidal
suspension of exfoliated nanosheets at different spinning speélg®n increasing the RH from
0-100%, the nanosheet film swells to the double of its thickness (e.g., FigBrEl SSupporting
Information: from 72 to 128 nm). Hereby, a particularly pronounced change is observed in the high
humidity range above 90% RH (%128 nm) as determined by spectroscopic ellipsometry. This effect

is accompanied by a RI decrease (from 1.62 to 1.52), agdiravgronounced 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 nanosheetsThe 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 S3.1, Supporting Information). While the bulk material shows ddtistep like swelling

r[’28

behavior® 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 §&3R.0y4, assuming that swelling takes place first,
followed by exfoliation. b) AFM image of randomly oriethiSBP,0,,> nanosheets with a corresponding height
profile of a single nanosheet labeled by the blue line. ¢) TEM image of overlapping exfolighe@,Sb
nanosheets with a representative SAD pattern of the sample, which here is the pattern restdtimgvio
nanosheets rotated against each other.ldhic 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 deveewith a thickness of 112 nm. €ycling behavior of the same film device between

0 and 47% RH, measured in a chamber with an approximate volume ofl1éd
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Inspired by the unprecedentedly large swelling properties of the nanosheet films, BSs were
assenbled from HSkP,O,4, nanosheets as the humidisensitive component and either TiOr SiQ
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 spectrosceligsometry (Figure 3.11b,
Supporting Information). While Ti@anoparticles exhibit a higher RI (1.85), . Si@noparticle layers

show a lower RI (1.35) Figure332 (Supporting Information). The particle nature of the ;Ta@d

SiQ layers acts as aatpe, ensuring the access of the water molecules to the moisseresitive
nanosheet layers through textural porosit§. Figure3.2a,b show cross sectional SEM images of two
BSs containing 12 and 11 alternating layers @BlP,0,, nanosheets and SjOand TiQ
nanoparticles, respectively, evidencing long range stacking order and lateral layer uniformity across
at least several microns. The spectral position of the -firder BP maximum and, hence, the

structural color at normal incidence is given by Eeqraf1)"°
/g=20nd; +nody) (1)
wheren; andn, are the Rls of the different layers addandd, their respective thicknesses.

The BSs depicted in FiguB2c (HSkP.O/SiQ) and 2d (KSkP,O/TiO,) show pronounced
structural colors, which eabe judiciously adjusted and gradually finmed during the fabrication

procedure across the visible spectrum.
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Figure3.2: Optical and structural characterization of the g3SkP,O.4 and TiQ/HsSkP,0.4 nanosheetbased
BSs.a) SEM cross section images of the BigEkP,04 BS fabricated by 400@m spircoating speedThe
lower magnification image was taken with the SE detector and the higtagmification inset with the ibens
detector. The white aws indicate the nanosheet layers. b) SEM cross section images of #idBigP,0,,4
BS fabricated at 400@m spincoating speed. Both images were taken with thelens detector. c)
Photographs of the SyMH,SkP,0O,, BSs fabricated at different spooaing speeds, from left to right:
2000rpm, 3000rpm, 4000rpm, respectively. diPhotographs of the TilH;SkP,0,4 BSs fabricated at different
spincoating speeds, from left to right: 200pm, 3000rpm, 4000rpm, respectively. eDptical spectra of the
corresponding SigHsSkP,0O,4 BSs shown in the photographs (c) in the corresponding ord@pfical spectra
of the corresponding TigHsSkP,O4 BSs shown in the photographs (d) in the corresponding order.

In order to study the key features of our optitalmidity 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°*¢ The supposed sensing
mechanism of te BSs is schematically depictedFigure3.3a. Here, the thickness of the particle
layers is assumed invariable, so three main processes affect the huihéigndent optical
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response of the BS: i) The RI changes of the @@ SiQ nanoparticle layerswith the
adsorption/desorption of water into their textural pores (i.e., interparticle voids, Figui213,
Supporting Information), ii) the change of the RI of the nanosheet layers through uptake/loss of
water (Figure S3.11b, Supporting Information), i)i the humiditydependent thickness of the
nanosheet layers (Figure3S1a, Supporting Information). While for Si@hd TiQ the effective RI of

the layers increases with increasing water content due to the pore filling process, it decreases for the
nanoseet layers as the effective Rl 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 tracted 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
H:SkP,0,4/SiG, BS, the photonic stop band reshifts by 100 nm in the lower RH range (up to 90%)

as plotted in Figur8.3b (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 B redshifts, while its reflectance intensity gradually decesasnd finally vanishes
(Figure3.3b, black spectrum). The color displayed by the sensor (F®)8c3 follows this behavior

and for the highest value of humidity, the 1DPC switches off, iezorihes completely transparent
(Figure S3.13, 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 ithitkness 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 ultimaedpme 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 %13, Suporting Information). Complete transparency
switching through reversible refractive index matching has previously been realized by rational
porosity and refractive index tuning of the constituent layéts*® These hygrochromic multilayers

however are aly capable of detecting liquid water, rather than humidity sensors.

The specular reflectance spectra taken for the /FigbkP,014 BS are plotted in Figurg.3d (solid

lines), along with the corresponding surfaces of the BS for different RH values FRp)reThe BP
redshifts by 100 nm in the RH range @®0%. Contrary to the Sj@ontaining 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 increagifiRH. We observe a total redshift of more than 517 nm,
shifting the BP out of the visible range into the IR, while the secwddr BP is observed at 495 nm

(red curve of Figure.3d). The observed red shift at high RH is the largest ever observed foioa BS
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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 (Figur@44 S3.15, Supporting Information)

are unprecedented. Although there have beefea 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 polym&r$Y The porous nature of the
nanopartide 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 al&h cod&’ to confirm the

optical properties observed for our BSs (FigBi&b,d, dashed lines; for the input parameters used,

see Figures 8.11, S3.12, Tables 85, S3.6, Supporting Information). The excellent agreement

between the values obtaineth both cases proves the validity of the proposed sensing mechanism
(Figure3.3a).
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Figure3.3: Optical humidity sensing features of the SSkP,0,, and TiQ/H;SkP,0,, BSs. a) Scheme of the
suggested hmidity sensing mechanism. b) Experimental (solid spectra) and simulated (dashed spectra)
reflectance spectra of the SiB;SkP,O,, BS at different RH values. d&Jlicroscope images of the
SiQ/H3SkP,0.4 BS surface at RH values of 32%, 93% and 100%, riespeat) Experimental (solid spectra)

and simulated (dashed spectra) reflectance spectra of the/HiSKP,04 BS at different RH values. e)
Microscope images of the TiBI;SkP,0,4, BS surface at RH values of 32%, 93% and 100%, respectively.
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Both, the coductance 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 positiorsensitive user control interfaces. Since the fingertipusrounded by a
distance dependent humidity atmosphere, the readt schemes developed above present intriguing
candidates for the development of 3D (i.e., lateral and hegghisitive) norcontact interactive
interfaces. To probe the touchless sensingatality 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 Rigufe3.4a). This is notably higher than the
values recently reported for ¥Y8r graphene oxide thin film devices with a reportedo 0.35fold

signal increas€? Note also that the fast full respoas(<2 s) and recovery times (3 s) towards
GOl LAY 3Ié FAYIASNI Y2GA2y S@Sy |tt2g G2 3n8az2ft S
(Supporting Information). The observed response times are rather fast compared to other
nanostructured humidity sensing dees with typical response times on the order of tens to
hundreds of second$;***" and even faster than those of staté-the-art resistive sensors based on

GO or Vg2 or commercially available sensdt$>”!

The fingettip induced conductance emges 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 reamit scheme presentedbmve, 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 readout visible by the naked eye. For such optical devices, no integration with an electronic
assembly is ecessary 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 Figur8.4 and visualized by Videos S2, S3, S4, and S5 (Supdoftngation).
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 configations proposed for TigZH;SkP,04 and SiQH3;SBP,Oy,

BSs, respectively (Figuatd,e). This is in perfect agreement with the conductance behavior, as in
the small distance range the sensing signal drops similarly fast (RBglag due to the spatiall
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 Bilg8;P,014 BS. In both cases, the structural color for a

distance of 1.5 mm corresponds to a RH of around 90% (see Biglrén Figure S.17 (Supporting
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Information), we showvthat the Bragg stack can be operated as a TPI also at longer distances up to
FMH YY® ¢KS aG2L) o0l YR &KA Ti#f,g) and thedcapfuneddreiiRctancy Y SR A |
spectra for the SigH;SkP,04 BS show a response time of 3 s (defined as tine it takes for 90%

of the stopband shift before the structural color vanishes). Further cycling experiments (Figures
S3.18, S3.19, and 3.20, Supporting Information) demonstrate that a SK3SkP,0,, BS responds

Ayaiul yil yS2dzaft & rdndtiof, redulling inialsubkedoydIige r@salytich $note that

GKS adl LAYy 3IE YiArA2y 61 & |faz2z OFNNASR 2dzi dzyRSH
obvious from lateral movement of the finger across the BS (Fi§utacl, Video S5, Supporting
Information). An instantaneous color response precisely following the finger movement was
observed, which is equivalent to a highcuracy tracking of the finger movement (see Figiuidncl,

Video S5, Supporting Information). The BS response occurs exigluhiecto 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 Rihd ii) no color change is observed if the finger is protected by a nitrile

glove (Figure3.4c), while a fast and pronounced color change is directly seen by approaching the
naked finger (Figur@.4b, Figure3.4hc¢l). Notably, the humidity response is fulieversible during

cycling (Figur@.4g inset, Figures %18, S3.20, Supporting Information) and the Bragg stack can be

cycled for more than 1000 times without observing any signs of degradation (Fig8rEs, $3.20,

Supporting Information) or changen 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 Figure31, Supporting Information).
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Figure 3.4: H;SkP,Oy4, nanosheetbased devices acting as a TR). Sensing response characteristics as a
function of the finger distance of a thin film device obtained by smiating at 3000pm. The measurement

was performed at arouth 30% RH. bPhotograph of the SilH;SkP,O,4 BS with an approaching finger. Note
that the finger is not in direct contact with the stack. c) Photograph of the/ISiSkP,0;, BS with an
approaching finger covered with a nitrile glove. No response isrobsd in this case. d) Real color microscope
image of the TigH;SkP,Oy4 BS, showing the lateral color gradient around the finger position. The finger was
positioned at the top right corner, in a vertical distance ahh from the BS surface. Real distaadrom the

finger to the corresponding image positions are indicated. e€) Real color microscope image of the
SiQ/HsSkP,04 BS showing the lateral color gradient around the finger position. The scheme shows the
position of the finger in the top right im&gcorner in a vertical distance ofrdim. 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 TiBI;SkP,0,4, BS upon keeping the fingat 1 mm vertical distance to the BS
surface. The different colors correspond to the different magnitudes of the responsévajiition of the
reflectance spectra of the Silbl;SkP,0O,, BS taken after 3 optical response time upon keeping the finger at 1

mm vertical distance to the BS surface. Inset: Intensity changes of th#H$SBP,0,, BS while cycling
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between the fingeton and fingeroff states. hl) Photographs showing the finger movement tracking capability
of the photonic TPI. The pictures areled 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 thgFsE&RP,0,, Bragg stack without

direct contact with the photonic TPI surface.

In summary, we have demonstratedethpotential of phosphatoantimonic acid nanoshédxtsed
resistive and photonic humidity sensors as TPI, which represents a novel concept complementary to
the contactbased 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 demonstraiatl due to these properties, the

nanosheet thin film device can be applied as a touchless axial positioning interface with a change of

A2yA0O O2yRdzO0GFyOS 06SisSSy (GKS FAYISNI 2y YR TFAY

1DPCs were developed asrsatile humidity sensors with a simple optical read out. The ultrahigh
stop band shift of 517 nm of the Ti®ased BSs and the switchable transparency through optical
contrast loss of the Siased BSs are unique features of the proposed sensing ptatfthis 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 serisity, reproducibility, ultrafast response and recovery
times, a new concept of a positisensitive optical TPl was demonstrated for the first time. As the
humidity-responsive photonic device gives the user direct optical feedback about successful
interadion, 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 toudleests 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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| PRACTICAL ASPECTSF THE OPTICAL
TOUCHLESS POSITIONBI INTERFACE
SELECTIVITY REPRODUCIBILITY TEMPERATURE

DEPENDENCY

4.1 SUMMARY

In this chapter, important aspects regarding the optical touchless positioning interf@epter 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 igjal 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&i§PiO,, nanosheet based thin

films relies on the itercalation 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 pyetiilar to water vapor, 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 accompaniedy 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 sizelated properties, such as the polarity ordity 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, whieest®ynperature
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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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 responsewas tested by approaching a human finger, which is surrounded by a
distancedependent humid atmosphere, responsible for the sensing response. The cycling stability

and reversibility was proven to be stable for at least t@0les.

Contributions: Katalin Zéndrei 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 hurdity-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 sigriiaspadial

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 des) 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 loése optical touchless positioning
interfaces are given for more than 100 cycles, as well as the sensing performance at increased
temperatures about 40C is unaffected. Although, we found the limits of these devices at the dew
point, as the wateibased sasing mechanisms are not applicable belowCOanymore, 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 |NTRODUCTION

Bioinspired periodic nanostructures;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 JBfArSince this basic work, a plethora of different
photonic structures with potential applications was presented in the literature, such as radiation
shielding!! wavelengthselective optical filter& * and sensind**? Especially in the field of sensing,

PCs present an important sensor configuration due to the ease of wet chemical bopom
fabrication utilizing the spinor dip-coating technique, low production and time cost, and
well-defined and simplyunable optical propertie§® 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 thetwgteu This
GLIK2G2yAO o6FyR 3JIFLXSX (GKS aLISOGNI € NI y3IS 6AGK

transmission, is defined by the Bra§gell law (1}** **!

a ceENQ £0Q (1)

wherebym is the order of diffractiongthe wavelengthn; andn, the RIs of the composing materials
andd; and d, the layer thicknesses of the structure. According to (1), the photonic band gap or stop
band alsoORS G SNX¥Y Ay Sa (i KS Déedoltheni®aimieMdariipulafich fof2HeJphbtonic stop
band by varying the optical thickness ( EX) of the constituent layers, these platforms are capable
of translating chemical or physical environmental recognitivergs, into an optical readut, a color
changé”®

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.

Fenzlet al,*”

some crucial points and challenges are currently limiting the performance of PC based
sensors: (1) the selectivity, (2) sighahd sensor stability, (3) larger signal changes gaining a higher
signal resolution and (4) the utilization of simpler readéethniques 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 Rl changes upon infiltration, the stop band shifts are
typically small which massively limits the resolution in terms of vapor sen&iig.An alternative
sensing mechanism to detect environmental changes with a higher resolution was suggested
predominantly for humidity sensors by applying flexible organic polyf&®.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 nanometer§? Unfortunately, the powerful potential of swelling comes at the expense
of slow response times, low chemical and thermal stability, which restricts these systems fiiflereal

applications.

Herein, we present humidity responsive Bragg stacks with integrated intrigsaztive materials:
robust inorganic 2D phosphatoantimonate nanosheets. The protonated bulk material is known since
the 80s for its remarkable swelling capability driven by humidity chali§eBhis layer distance
changes are attributed due to intercalah 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 liquallioeys
suspensions with anisotropic properti€$?!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+0.1nm and lateral dimensions of several mies®® 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 to42 mmol L*, which allows us to tune the layer thickness in a wide range by singly
varying the spircoating 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 ¢oetifnanol content the

easy applicability in spicoating and on the other hand allows the complete exfoliation due to the
water content. Additionally, to obtain a homogenous thin filmh &f sonication was applied to get

rid of the agglomerates and to cqietely exfoliate the nanosheets.

4.5 RESULTS ANIDISCUSSION

Being spircoated, the delaminatedianosheets randomly restack incariented fashionand form a
50-200nm 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 complexmr¥ i + ik, via spectroscopic ellipsometry

at ambient conditions, at room temperature and c30% relative humidity (RH). For this, we
YSIF&d2NBR A YR np YR FAGGSR GKS RFEGF dzaAy3a |
According to Fig 1a, we show the real part of theriRlafd the extinction coefficientk] values
depending on thevavelength in the visible spectral range. The lovalue in the entire visible range

(k = 620" - 2200 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 ttsible range only slightly, between
1.551.70. For further analysis and for simplicity reasons, we assume a constant value and analyze

the RI and its changes at 6881 In order to determine the humidity sensing capability, these thin
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films were placed ird a closed chamber and the RH was adjusted to different values, while the layer
thickness changes and the Rl were measured at each value. Upon increasing the REG081) the
nanosheet film swells almost to double its thickness (froom2to 128nm). Hereby, a particularly
pronounced change is observed in the high humidity range above 90% RH284&) as
determined by spectroscopic ellipsometry. Notably, the RH dependence of the layer thicknesses of
our thin film device is quite different from thatf @hosphatoantimonic acid bulk material reported in

the literature® While the bulk material shows distinct stéige behavior, we observe a
lessstepwise and smoother behavior for the thin films. We attribute these changes to the
morphology changes upoexfoliation 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, ar todrruniform interlayer

space. This results in less wadlfined 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 hydia(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 am6fg8 the whole humidity

range. The RI behavior with changing humidity supports our suggested sensing mechanism. The Rl is
decreasing with the increasing RH value (from 1.62 to)1d&gain 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 Rls of water (1.33) and
the nanosheets, N@KSNJ g2NRaX G(KS ylIy23aK88$86& odfRYY S yVisSNG
According to Fig b, these massive changes are completely reversible and the adsorbed water amount
is desorbed completely upon RH decrease. The Rl increase and the nearly unchanggiclayess

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 witltolloidal Si@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 taemise 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. Colloidag fifills both requirements, as the porosity is
present through the intgparticle 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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Figured.1: Optical propertieof the applied materials. a) Wavelengtlependent RI and extinction coefficient
of the HSkP,0Oy4 nanosheet thin film, determined by spectroscopic ellipsometry. b) Layer thickness changes of
the HSBP,04 nanosheet thin film upon changing relative humyditinset: Photograph of the colloidal
HsSkP>0O14 nanosheet suspension. ¢) RI changes (atr68p of the HSkP,O.4 nanosheet thin films and the

SiQ nanoparticles upon relative humidity changes.

The schematic sample fabrication using the colloidaj &i@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 Riontrast 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
crosssectional SEM images of the BS containing 12 layers show aaloggstacking 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 expressidff’ @hich can be
adjusted and gradually fineined acrosshe visible spectral range. Singly by varying the-spiting

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 measurementheaurayer
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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Figure4.2: Fabrication and characteation of the silica Sikdanoparticle/HSkP,O,4 nanosheet Bragg stack. a)
Fabrication scheme of the Si@anoparticle/HSkP,O4 nanosheet Bragg stack. b) Reflectance spectra and
theoretical calculations of the SiBi;SkP,Oy4 Bragg stacks prepared aifférent spincoating speeds. c) Layer
thicknesses, Rls of the $i8;SkP,0O,4, Bragg stacks fabricated at different sminating speeds. The data are
determined by theoretical calculations. d) SEM cross section images (left: secondary electron image, right

backscattered image) of the Si;SkP,Oy4 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 BRewas measured for
different RH value¥®*! The supposed sensing mechanism of the BSs is schematically depicted
Figure4.3a. Here, the thickness of the patrticle layers is assumed to be invariable. Three main
processes affect the humidigependent opttal response of the BS: (1) the RI changes of the SiO
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 hwdétigndent
thickness of the nanosheet layers (Fig 1b). While foy ®i®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 masing 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 range90% and the high range 9®@0%.The photonic stop band
redshifts by 100vm 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 vanishgsSKF light gray spectrum), the

color of the BS switches offe. 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 article 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
nanopatrticle layers follow opposite trends, the difference becomes suffigidmiv 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 througteversible Rl matching has previously been realized by rational
porosity tuning and RI tailoring of the constituent lay€?$” These hygrochromic multilayers

however are only capable of detecting liquid water, rather than humidity changes.

To obtain aother 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 deteétecbrding to Fig 3¢, we observe a
total shift of around 501m, 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 thanoparticle 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 theamalytes 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 amalso 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 differenaieh we

could demonstrate the selectivity to humidity against ethanol vapor.
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Figure 4.3: Humidity sensing properties of the S$i@anoparticle/HSkP,O.4 nanosheet Bragg stack. a)
schematic illustration of the suggested humidity and ethanol sensing mechanism of the, SiO
nanoparticle/HSkP,0Oy4, nanosheet Bragg stacks. b) Reflectance spectra of thgHsERP,O,4 Bragg stack at
different relative humidity values. ¢) Reflectance spectra of the/BiSkP,0.4 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 interf&tess 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 realife applicability of the touchless positiong 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 peat 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 staatartbeling 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 stadikectly, as this already causes a stopband shift of at least
20nm and exhibits a faster response time compared to the full response. Fdlifeeapplications,

the reproducibility, the signal stability and the high cycling stability is a crucial recente
According to Fig 4b, we tested our sensor in a 100x cycling experiment. Hereby, we approached a
human finger 1@imes to the BS surface in shorter time, and repeated this experimesinids,

which results a cycling experiment with in total 100 cgcl&ccording 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 55m, 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 reversibladuwycling 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 conpared the optical responses at room temperature with the responses at4énd 0C. 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 igpathigher wavelengths in

Fig 4d und e originate from the reflectance properties of the copper plate and are not caused by the
sample itself. At 40C, the sample shows a similar optical response as at room temperature: a slight
reflectance intensity deease 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 begused,

a humid nitrogen flowg which can be the reason for the slightly smallerpdtand 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°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 spaoatan
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
seltrecovery without any external influence, which is datsl 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 reersible 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 woulddlikete, 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 humiitly 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 besabevdew point.
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Figure4.4: Optical touchless positioning interface tested at different temperatures. a) Reflectance spectra of

the silica Signanoparticle/HSkP,O,4 nanosheet Bragg stack showing witaufinger, with a fulfinger stimuli

and with a tapping finger stimuli. b) Time resolved response of the/FRERP,0,4 Bragg stack in a 100x
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experiment was used in which a human finger was only shortly approached to th#§8P,0,, Bragg stack
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Reflectance spectra of the SiB;SkP,0Oy, Braggstack at 40C without a finger and at tapping stimuli. e)

Reflectance spectra of the SiB;SkP,0O.4 Bragg stack at €C without a finger and at tapping stimuli. f) Time

resolved response of the SiBI;SkP,0,4 Bragg stack upon cooling the sample froromotemperature to O°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 diomiuof 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, 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 influeh¢keo
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 ;BRP,O., the precursors (KN$O(99%, Merck), SBO; (99.6%, Alfa Aesar),
NHH,PQ (98 %+, Acros Organics)) were thoroughly ground in a stoichiometric ratio and heated up in
a two-step solid state synthesis as described elsewl8t€or the proton exchange reactiong2of
KsShP,O., were treated with 250mL of 8m nitric acid (diluted 65vt%, 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 th&P,0,, vigorousy overnight in pure
water with a concentration of bulk protons of 7a8molL*.*® The obtained colloidal suspensions
were centrifuged at 300@pm for 30min to remove agglomerates and naxfoliated bulk material.

To obtain the nanosheet pellet, an atidnal centrifugation step was applied at 1800n for

30min. The supernatant was discarded and theldg colourless wet aggregate was dried at 200
Preparation of colloidal suspensions

The dried colorless precipitate of the water exfoliatessHP.0O,4 nanosheets was redispersed with a
concentration of 42nmol ! in a water/ethanol mixture (60 vol% ethanol) and sonicated for Zhe
The commercial colloids of SIQUDOX TMA, Sigma) were redispersed wt%3 in methanol and

sonicated for 15nin.
Fabrication of thin films and Bragg stacks

All films were fabricated by spitpating (WS50SNPRLite, Laurell Technologies Corporatiasing
concentrations given above. Different film thicknesses were accessed by varying theoatiig
speed, which afiws the finetuning of the optical propertie§¥ On plasma cleaned glass slides
(2.5cmx2.5cm), 400ul of the colloidal suspensions were sgibated alternatingly for iin with a
defined speed (200fpm, 3000rpm and 4000pm were applied, a constargpeed within one BS),
and heated to 80C for 15min after each layer deposition. Other parameters such as colloidal

concentration, spircoating time and acceleration rate were kept constant.
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Characterization
SEM crossectional images of the Bragg staskere taken with a Zeiss Merlin-BEM.

All reflectance spectravere 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 saenspot (X1 mm?® 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
placed above 0.7 mL of the saturated salt solutithsit around 25°C in a closedtainless steel
chamber with a transparent glass window. At each stepm0atmosphere equilibration time was
needed. In the ethanol vapor sorption measurements, the BSs were placed into a closed chamber
with the dimensions of 2.5x2.5x0c8’, where wel-defined relative analyte relative pressure values
were realized by connecting the inserted pipette tip with a liggés$ flow controller (Bronkhorst)

and a vaporizer (CEM) with a massfloantrolled carrier gas flow. To observe a specific relative
pressue, the carrier gas nitrogen (200L min') and the liquid analyte were dosed into the CEM
(controlled evaporation and mixing, W101A&0-K, Bronkhorst Higifech)® where the thermal
evaporation of the analyte took place. The CEM was heated to tempersaalrave 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 capadify The obtained data were analyzed with the SPECTRA SUITE

software.

Porosimetry measurements were carried out by the porosimetry tool of Sopra08& SAM,
whereby the sample was equilibrated at all vapor relative pressures values forinl5The
measuement results were fitted with the software Sopra SAE using the model combination Cauchy
and Lorentz. The thickness of the Si@yers was considered as unchanged and only the Rl was fitted
over the relative pressure range. For the nanosheet thin filmd$ hatlues, the layer thickness and
also the RI were fitted. Before all measurements, the nanoparticle samples were heatednfin 30

to 200°C and the nanosheets thin films for 30 min to°@in vacuum to remove the atmospheric
water from pores and betweerthe 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, cyclipgements was carried
out by finger tapping experiments by approaching (but not touching) and distancing the finger in
regular intervals of ca. 3@ This measurement was used to determine the response time of the

Bragg stack, which was defined as the dirt takes for 90% of thestopband shift before the
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structural color vanishes. To detect the stopband changes, the intensity changes at the wavelength
550nm were followed. To test the temperature dependency, the optical response was tested at 40°C
and 0°Cand 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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n TAILORING THESENSORS
SELECTIVITY.
OPTICAL DISCRIMINATION OFDIFFERENTSOLVENTS

BY 2D NANOSHEETBASED1D PHOTONICCRYSTALS

51 SUMMARY

The development of singleomponent sensors with high
sensitivity and seldivity is one of the key challenges in sensor
design. In addition, the ability of a sensor to distinguish between
s chemically similar analytes usually requires either
multicomponent sensor arrays or sophisticated device
fabrication combined with complextatistical data processing

such as principal congment analysis, to enhance the selectivity

In thisproject, we address thesaspectsby introducinganother
member of the antimony phosphate nanosheefamily, HSbROs as highly chemelective
components irthin-film based sensorswhich operate based on either resistive or optical read
The main difference between the previously presented nanosheetSKP}O,4) and the here
presented HSbs lies in the crystal structure: whiléhbSkP,O,, shows inhereh pores in the
nanosheet layer itselfHSbRO; nanosheets are dense and the analyte diffusion is limited to

LI 6Kgltea ft2y3 GKS INIAY 02dzy RENASEAY GKAOK {dzNY S

Similar toH;SkP.Oy4 nanosheetsthe high sensitity of HSbBPOs nanosheetsowards water vapor is
given by the intercalation of the water molecules intioe interlayer space, causingjgnificant
swelling, which translainto structural color changewhen the nanosheets are integrated into
1DPC archictures Not onlyfull-spectrumstopband shiftswith a fast response timaere shown in
this project, butalsothe response to other volatile organic compounds (VOCS) is of inteBgst.
comparing the saturation times and the photonic stopband shifts féiedint VOCs, wecould
optically distinguishbetween non-protic (polar and norpolar) and proticsolvent vapors Due to

different interactions and intercalation rates of the analytes, protic analytes showed slow response
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times combined with large stopbarghifts, while norprotic analytes exhibited fast response times
accompanied by smaller shifts. With this, the protic and the-postic analytes could be clearly
differentiated by their optical responsd-urther, thedifferent alcohols (ethanol and methalcand
even constitutional isomers (i.e-utanol and butanol) could beoptically distinguished by the
response times and the stopband shifts. The obtained trecwmldd be lead back to the different
interactions of the analytes with the nanosheets, ahdse could becorrelated with thedielectric

properties, themolecular size and other sizelated properties such as aciditgr polarity.

Besides creating a platform for high humidity sensitivity and the optical differentiation of VOCs, the
optical realout was complenented bydesigning a thin film device withrasistive readout. Herehy

the sensing event was represented by changes in the proton conductivity with changing humidity
levels Besidesa large increasein conductivity byfive orders of magniide, we demonstrated an
ultrahigh sensitivity to water vapor byetecting trace amounts of water (down 0.2%) in alcohols
based onconductance changed hese results show the versatility of the 2D nanosheet material
based sensing platform, which can sitaneously act as an optical and a resistive sensor for

detecting humidity as well as VOCs.

Cantributions: Pirmin Ganter synthesized, exfoliate @

and characterized the HSHR nanosheets, fabricated 'dADVANCED
the thin films, performed the resistivity measurement| ‘MATE RIAI-s

and characterized the fabricated systems as resisti
humidity sensorsand the trace water detection
devices wrote the manuscript and edited the figureg
Katalin Szendrei optimized the nanosheet based t
film fabrication procedure, designed and fabricatbe
1DPCs, performed the theoretical calculatipn
measured and analyzed the optical response of t
multilayered structures to the different analytesrote

the manuscript and edited the figures.

This project was highlighted as an inside cover imagéefdurnalAdvanced Materialsthe cover

image was designed by Christoph Hohmann, NIM Miinchen.
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5.3 INTRODUCTION

I NOAUOALI € y2aSaz YAYAOQlAy3a GKS FyAYIlf 2t T OG2N
0§SOKy2t23A0Fffe NBfS@lIyd UStRa &dzOK +Fa YSRAOI €
control, ambient monitoring, and homeland secufffy! Currently, he optical discrimination and

Ot aaAUO0lIGAZ2Y 2F 2NHI YA O dorhpichiEd exp&imarlidldrodingsh O y 2 & ¢

or sophisicated data processing methoH§?

State of the art photonic noses can be divided into three nmaoups: singleelement sensor§”
sensing array8©™! and complex sensing structuresge. topologically complex ardhttures or
biological systms which are challenging to emulate in the 45! While each system can be adapted
G2 &LISOAUO S yidiowN® dfawiSagkd temainiGuBesingle sensor photonic noses,
which are easy to fabricate, suffer from low resolutiam terms of analyte recognition and
Ot | aatidriinio solventvapors with different polarity”"*”! Sensing arrays rely anultiple sensors

for good analyte resolution, requiring a complex mixture of materials or functionalization strategies.
In addition, they necessitate complicated data processing algorithms for patemognition and
discrimination'>** Complex sensor nanosictures, such as multip stacked, porous Si photonic
crystals (PCf2 NJ G KS a2 NIwK@ a datrally Scbliring phottic nosa can show good
FylFrftedS ARSYGAUOI GA2Y S 0 dzle prepArdtiorNdk arednbt@Epplicsbls Bn & 2 LIK 7
the large scalé? Due to these reasons, there is a strong need for a stareasy to fabricate single

sensor photonic nose, which is able to distinguish and classify different types of analytes.

Recently, we have demstrated the successful integran of 2D phosphatoantimonate {53P,0,,)
nanosheetsinto 1D PC Their utrahigh sensitivity to local humidity changes enables cotmted
02dzOKf Sda Uy3aSNI Y2UA2Y GNFXOlAy3s GKdza Af f dzad NI @
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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 mechanismarafyte
discrimination, we here introduce a new type of stimidsponsive2D material, namel\HSbRO;

antimony phosphateanosheets.

Similar to HSkP,O,, HSbEO; as a bilk material hasextraordinary swelling propertieél,‘” which
have been used tproduce nematic liquid crystalline phases in wat&t.In contrastto HsSP0y,,
HSbRG; loses water completely at zetmumidity, hence making it a superior sensor candidaténg

to its higher sensivity in this humidity regimé'*'®The reasorfor the incomplete water loss of
H:SkP,O,,4 can be rationalizedby the presence of structural pores which can host water molecules,
while the layers iHSbROg are dense. The highpolarand acidic interlayer environment &fSbRO,

its high sensitivityat low relative humidit#**? and the generally higher sensitivigf nanosheets
compared to their bulk materidié'’'? renders HSbRO; nanosheetbased thin film devices
promisgng candidates for tracking trace amounts of water as well as fordiserimination of organic

vapors.

Here, we report the fst comprehensive characterization dfiSbRG; 2D nanosheets and
demonstrate their outstandingensitivity to humidity especiallyin the low humidity rangeBased
on these features, & develop resistive thinlfn sensordhat are able to detect even trace amounts
of water in alcoholsWe then exploit the unique Ifn forming capability of the 2MDanosheets to
develop highly sensitivphotonic crystal sensonghich can identify various organic vapors with high
accuracywhich is superior to all other singmmponent photonic vapasensing structures reported

to date 517

5.4 RESULTS ANDISCUSSION

KSbROswas synthesized by a solthte reaction startingfrom KNQ, SkOs;, and NHH,PQ and

protonated with8 M HNQ (Figures 5.1 and $.2, and Table 5.1, Supporting Informatiorfj#*>192%

The antimony phosphate and its correspondisglid acid consist of anionic 2D $0Psheets

separated bycharge compensating cations which occupy the interlayer sp@&igue S 5.3,

Supporting Information}®?® The hexagonal crysthlbit of HSb§D is shown inFigure5.1a. Upon

exfoliation with pure water (Figure S.4, Supporting Irdrmation), the morphologyo SO2 YS-a G a A f |
f A1 Sé¢ 5ali; FgueNSs.5 Supporting Information)indicating successful delamination.

Exfoliation into singléayer nanosheets was further confied by various analytica&chniques (see

Figures5.1, FiguresS5.6, S5.7, and $.8, and Tables 5.2 and S5.3, Supporting Information). The

thickness of a singleanosheet was determined to be 090.1 nm by atomic forcenicroscopy

(AFM) (Figur&.1 d), which agrees well with the crystallograpsiiegle layer thickness of 0.66 rffl.
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The high aspeattio and film texture can be clearly seen by transmission eleatrmmnoscopy (TEM)
(Figure5.1 e) The selected area electron diffractiq®AD) pattern of an individual nanosheet
(Figure5.1 e inset)exhibits d -values that are in excellent agreement with those obtairfeain
powder Xray diffraction measurements (see Tabl®.3, Supporthg Informatio, and Figuré.1 c)
illustrating the structuralin-plane integrity. Rietveld refement of the diffraction patternof a
precipitated nanosheet pellet, showing a characterisfi@rrentype peak profe (Figure5.1 c)

evidences the turbostraticallgisordered nanosheet arrangement.

Large area thin films were prepared by spomtingnanosheets from the colloidal suspension and
investigated bythin film Xray diffraction (Figure 5.9, Supporting Informationand by ellipsometric
porosimetry (Figure S$.10, Supportinginformation). Onlythe 00l reflections were observed in the
out ofplane XRD pattern pointing toward a parallel orientationtttd hanosheets to the surface of
the substrate. Upon exposur® moisture, the thin film swells to almost double itsickness.The
swelling of the film is caused by intercalation of wataplecules between the turbostratically
disordered nanosheetand into the resulting grain boundaries. The refractive in(RYn decreases
from 1.57 to 1.50 with increasing humidigsi KS FAfY 0SO2K5aS¥2BBG KSR TON
water uptake. Water uptake was also monitored by the Raman spedttiae bulk material as well as
the nanosheet pellet (Figure %11, Supporting Information). Slight changes are observed by the
emergenceof a band at 482 cih(Sb O---P stretching vibraticanid by narrowing of the terminal-©
stretching vibratiorat 1270 crit. The latter band is sensitive to water uptage the PO bond points

toward the interlayer space in whiskater is intercalated.
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Figure 5.1: Characterization of HSEB; nanosheets. a) SEM image of the H$&RFcrystallites featuring

hexagonal shapes. b) SEM image of the exfoliated and randomly restacked nanosheet pellet, exhibitihg A £ ]
fA1SQ Y2NLXK2ft23&8d O0 wASGOSt ROMESheftPM& ghowing & WarrknS - w5 |
type peak profile (experimental pattern in black, calculated pattern in red and difference plot in[35h]§)e

inset in (c) shows the Tydh effect of the nanosheet colloidal suspension. d) AFM image of overlapping

HSbRO; monolayer nanosheets with the corresponding height profile of a single layer nanosheet. €) TEM

image of randomly overlapping HSKnanosheets with a representative SADa single nanosheet (inset).

Inspired by the swelling capability as well as the humidé@pendent proton conductivity reported
for the bulk material**! we developed two ultrathin sensing devices basedH8bRO; nanosheets
(Figure 5.2): first, we confructed a resistivethin film device by spin coating the nanosheet
suspensioron quartz substrates; the contacts were obtained by sputtegotyl on top of the thin
film (Figureb.2 a). Second, we combind¢dde HSbEO; nanosheet films with Tignanoparticles (NPs)
ashigh RI optical contrast material to fabricate a photonic multilasteucture known as 1D@® or
Bragg stack (BS) (Figure)5Ry combining these two robust inorganic materials in an alternating
fashion, we observe the emergence of a pronounpldtonic stop band (Figurg.2b). The band gap
and, hencegstructural color can be adjusted and gradually fineed acrosshe visible spectrum
(Figure5.2b and c) by simply changing theyer thicknesses through varying the spivating speed
in the fakrication steps. The position of the Bragg peak (BPnhfomal incidence is given by the
optical equivalent of the Brageguatior®?
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CEQ ¢£Q (1)

wheren; andn,are the RIs of the different layers addandd, their respecive thicknesses.

Although BSs with up to eleven layers and good optical quatityd be reproducibly made
(FigureS5.12, Supporting Informationgn average number oksen layers deposited on a reftive
silicon substrate turned out to be an optimalmpromisein terms of optical quality (reflectance of
60%) and sensing performancine latter resulting from fast analyte uptake and shdliffusion
pathways. The scanning electron microscope (SEM3}ssection images (Figurg.2d) indicate
stacking pendicity and excellent lateral layer uniformity across several micrometehich is crucial

for high optical quality multilayer films.
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Figure5.2: Fabrication and characterization of the nanosheets thim filevices: a) Schematic processing of
HSbRGOg nanosheets into thin film resistive devices (top) and 1D PC (bottom). b) Reflectance spectra of the
HSbRGO; nanosheet/TiQ NP BS with 7 layers, fabricated at 30pth, 4000rpm and 5000pm rotational
speeds ad c) the corresponding microscope images, showing the different structural colors:leh)sifSEM

crosssection image of a HSEB; nanosheet/TIQNP BS comprising 7 layers.

Next, we studied the humidity sensing capabilities of the resigteeosheet thinfilm and the BS
(Figure5.3a). We observe arincrease in pston conductance of the thin film ofveé ordersof

magnitude upon humidity exposure from 0% to 100% relalivenidity (RH) (Figur.3b), which is
larger than the changebserved for the norexfdiated bulk material*” and comparabléo the best

nanosheet thin film humidity sensing devicesported to date™**”Interestingly, in comparison to
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H,SkP,0,, nanosheet thin film sensofs? and the HSbRO; bulk material ™ the HSbRO; thin films
show higher sensitivity in the lowumidity regime. Comparing to the bulk material, this can be
explained by the fact that the thin film is able to desorb wateolecules more easily due to its
higher surface to volume ratias well as the smaller domaisize, most likely one nanosheet,
compared to the bulk material, hence resulting in a greater wédses at low humidity values. The
increased sensitivity oHSbROg as compared toH:SkP,Oy, can be understood by the complete
water loss byHSbRO; due to the lack of structural adsorptiosites for water. Moreosr, the
response of the thin ffin toward humidity is completely reversible as demonstrated by cycling
experiments between 0% and 93.5% RH (Fi§Bb inset).Inspired by this exceptional sensitivity
humidity, we testedhe sensing performance of the photonic nanostructurésthis end, the BS was
introduced into a closedhamber with a transparent glass windowhereby the humidity within the
chamberwas controlled by saturated binary salt solutiat around 25 C?*?4 Simultaneously,
reflectance spectra and microscope imagesre taken as shown in Figuke3c andFigure $5.13
(Supporting Information). Thproposed sensing mechanism is depiciadrigure5.3a. The sensor
response is dominateldy three effects (i) the thickness ahe nanosheet layers changes upon water
adsorption/desorption, (ii) the effective Rf the nanosheet layers changes, and (iii) difective RI

of the NP layers changes up@rater uptake/loss into/from the texturabores, while at he same
time the thicknessof the NP layers is constant over the entlamidity range as confirmed by
spectroscopicellipsometry. The combination ahese effects gives rise to a pronouncegtical
response of the multilayer structurevith increasing hundity, a significant redshifof the stop band

is observed, while théntensity of the BP increases. The main contributiorthe stop band shift is
caused bythe massive swelling of the nanosheet layers during humidfitake. As depicted in
FigureS5.10 (Supporting Information)the nanosheet fim swells from 85 to 132 nm between 0%
and100% RH. In the lower humidity range up to 93% RH, a Heweér stop band shift of 150 nm is
observed, while in the highumidity range ¥93% RH) the stop band shifts dramatically469 nm,
shifting the BP out of the visible spectral range (88eond order of the BP is observed at 500 nm,
see Figure $%$.13 (Supporting Information), red curve). As shown in Figurg.18 (Supporting
Information), we simulated the redictance spectrdor different RH values using the layer thicknesses
from the SEM crossection image combined with the swellibghavior at higher RH values and the
RIs from the porosimetryneasurements (see Table53!, Supporing Information)? The excellent
agreementwith the measured spectra confins the correctness of the proposed sensing mechanism
and the water vapor distribution in the system. The observed shifsiimilar to that reported
previowsly*® and thus largethan thoseobserved for all vapor sensing devié&€” The microscope
images displayed in FiguEe3c convey the concomitant col@hanges which are easily detected by

the naked eye. The secoreffectt the increase in reflectance intensityis explainedby the RI
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changes upon water uptake: while the RI of the|blfers inceases (from 1.84 to 1.96) bylifig the
textural pores(Figure $.14, Supporting Information), the RI of the nanoshkeger decreases (from
1.56 to 1.50) by water intercalation. Theespposite trends induce an increase in the RI contrast and,
hence, in the re#ictivity of the multilayer system at increasinmmidity levels (Figure S$.13,

Supporting Information).

Besides sensitivity, another important performance paramedtar sersors is the response time,
defined as the timavhich is needed to reach 90% of the stop band shift betw@#nand 100% RH.
The fast response time of 23 s (Figuré.55, Supporting Information), which is superior to most
existinghumidity sensing devices withlarge signal resolution baset a swelling mechanisfff<*
again underlines the applicabilitf these platforms for practical humidity sensing. liniportant to
note in this context that the time response of theflectance intensity change represted by its
time derivative (Figure $5.15, Supporting Information) is instantaneous andisdhe associated
optical response: humidity changes causeiamediate stop band shift, which translates into an
ultrafast increase or decrease in refitance inénsity at the observedvavelength within seconds
(see inset of Figure 515, Supportinginformation). Other important sensor properties such as
longterm stability and cycling stability were tested by applyin@-month-old sample in a multiple
cycling eperiment (shown inFigure S5.15, Supporting Information). As a result, the sensing
performance (stop band shift and response time) was foundhanged as compared to the freshly

prepared samples.

119



¢ Optical Vapor ferentiation g

Figure5.3: Humidity sensing of the HSfB nanosheet thin film and the HFBQ/TiO, BS sensor. a) Schematic
of the analyte (water)¢ sensor interaction, shown for the resistive thin film sensor (left) and for the
HSbRG,/TIO, BS (right). The middle depicts a clageof the swollen nanosheet layer. b) Humiditgpendent
conductance behavior of the resistive thin film sensor with a film thickness of canri28hown for two
different methods (saturated salt solutions and Ar gas flow), and reversible cycling bebateeen 0 and
93.5% RH (inset). c) Influence of humidity on the Bragg peak positions for theOg'SB BS, and microscope
images of the HShBy/TiO, BS taken at different RH values (inset).

The high sensitivity in the low humidity regime renders thsistive thin film device an intriguing
candidate for trace watersensing. Thus, we tested its selectivity toward water by analyzing
alcohotlwater mixtures. The large changes in conductainceesponse to water enabled us to detect
amounts of wateras lowas 2000 ppmKigure5.4a), which are typical concentratioms trace water
in polar solvents. Moreover, an exponentie¢lationship between lie measured conductance
(Figure5.4a,b inset) and the water content in the range between 2000 a?@ 000 ppm is
overserved, which is highly desirable for sensapglications. Moreover, the results for trace water
detection arereproducible as shown by the insets which report data averagest three different
samples. The antimony phosphatenosheet sensor hence prides an attractive alternative to the
more time consuming traditional methods for water determinatisuch as the KagFischer titration
in the high ppm regimethus pointing toward a new did of application of nanoshedhin film

sensors in lowcost andhightthroughput trace watemlnalysis.

Besides achieving high sensitivity and selectivity toveerel particular analyte (such as water), it is of
major interest tooptically distinguish between several different analytes. Haeuse a single 1D PC

platform as a solution to both requirements
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