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FULL PAPER

Humidity Sensors

Lithium Tin Sulfide—a High-Refractive-Index 2D Material
for Humidity-Responsive Photonic Crystals

Katalin Szendrei-Temesi, Olalla Sanchez-Sobrado, Sophia B. Betzler,
Katharina M. Durner, Tanja Holzmann, and Bettina V. Lotsch*

Extending the portfolio of novel stimuli-responsive, high-refractive-index (RI)
materials besides titania is key to improve the optical quality and sensing
performance of existing photonic devices. Herein, lithium tin sulfide (LTS)
nanosheets are introduced as a novel solution processable ultrahigh RI
material (n = 2.50), which can be casted into homogeneous thin films using
wet-chemical deposition methods. Owing to its 2D morphology, thin films of
LTS nanosheets are able to swell in response to changes of relative humidity.
Integration of LTS nanosheets into Bragg stacks (BSs) based on TiO,, SiO,,
nanoparticles or H;Sb;P,0,, nanosheets affords multilayer systems with high
optical quality at an extremely low device thickness of below 1 pm. Owing to
the ultrahigh RI of LTS nanosheets and the high transparency of the thin films,
BSs based on porous titania as the low-RI material are realized for the first
time, showing potential application in light-managing devices. Moreover, the
highest RI contrast ever realized in BSs based on SiO; and LTS nanosheets is
reported. Finally, exceptional swelling capability of an all-nanosheet BS based

performance compared to existing device
concepts. One of the main challenges in
the development of photonic sensors is to
identify high-refractive-index (RI) mate-
rials which can easily be processed by
wet-chemistry techniques and can be inte-
grated into existing device architectures.
In addition, for an effective application in
sensor technology, these materials need to
be stimuli responsive, which is typically
achieved via inherent structural or textural
porosity or swelling behavior in the pres-
ence of analytes.

The simplest photonic nanostructures
used for optical sensing applications,
which are capable of translating external
stimuli into an optical signal by structural
color changes, are 1D photonic crystals

on LTS and H;Sb;P,0,, nanosheets is demonstrated, which bodes well for a
new generation of humidity sensors with extremely high sensitivity.

1. Introduction

New materials solutions are key for the development of novel
sensing platforms with improved optical properties and sensing
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(1D PCs), also referred to as Bragg stacks
(BSs).I12I BSs are composed of a high- and
a low-RI material, which are stacked in an
alternating fashion. The periodic modu-
lation of the RIs creates a photonic stop-
band: a forbidden energy range for photons that are not allowed
to propagate in the PC along certain directions in reciprocal
space.lll. The photonic stopband defines the structural color
and is dependent on the layer thickness d and the RI n of the
constituent layers, given by the optical thickness 7 = n-d.34
By this means, dynamic variations in the layer thickness or in
the RI induced by an analyte can be translated into changes
in the stopband position and, hence, the structural color of
the sensor.’~'2 The reflectance intensity—the intensity of
the photonic stopband—is mostly defined by the RI contrast,
i.e., the RI difference between the two materials.2?l Conse-
quently, a high RI contrast results in devices with high reflec-
tance intensities and better optical qualities featuring a lower
overall device thickness of well below 1 pum.!*3!

To create BSs with an ultrahigh RI contrast, high-RI mate-
rials are needed which preferably can be deposited via straight-
forward wet-chemical methods such as spin- or dip-coating.
The most prominent candidate in the literature used as a high-
RI material in BSs is titanium dioxide (TiO,), which is applied
either as a dense sol or as nanoparticles, forming a dense or
a highly porous thin film, respectively.#1415] Although sol-
gel-based dense TiO, films or titania-based composite films
have a maximum RI of around n (dense) = 2.12,16-1% and
n (composite) = 2.38,2% respectively, volatile analytes cannot
efficiently infiltrate the dense sol film, leading to significantly
reduced or even inhibited vapor responsiveness.'®!’] On the
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contrary, nanoparticulate TiO, forms a highly porous thin
film through textural porosity, and mesopore filling can be
monitored by optical isotherms as a function of the relative
pressure of the analyte.”.1621] Such porous TiO, layers exhibit
an effective RI of n = 1.70-2.00, depending on the degree of
porosity.>*1] Combined with SiO, nanoparticles as the clas-
sical low-RI material, at least 10-12 layers are required to reach
reflectance intensities of 90%, resulting in rather thick devices
of several micrometers. A strategy to reduce the layer numbers
and, hence, the device thickness, is the combination of highly
porous SiO, with dense TiO, films.”1% Although a high RI
contrast and good optical device quality were achieved, the sen-
sitivity toward vapors is severely reduced due to the limited tex-
tural porosity of the titania layer. Another approach to increase
the RI contrast is to identify new porous materials with a
similar or even higher RI compared to TiO,, although current
alternatives such as WOj; sol (n = 2.03),122l ZrO, nanoparticles
(n = 1.70),12324 Ta,04l nanoparticles (n = 1.80), undoped or
antimony-doped SnO, films (n (undoped) = 1.83, n (3% Sb-
doped) = 2.34)B2] all feature lower RIs compared to dense
titania or suffer from low transparency in the visible range.
Thus, the highest RI contrast BSs reported so far combine highly
porous silica layers stacked with dense titania layers, exhibiting
an RI contrast of An = 0.83,071 An = 0.84,1) and An = 0.89.1'81 To
further increase the RI contrast is an important objective when
aiming at high-quality optical devices, such as solar mirrors,’]
optical fibers,?® or other light-managing devices.

All titania-based photonic structures employed for sensing
feature textural porosity in order to facilitate analyte diffu-
sion. However, to achieve high sensitivity toward analytes,
swelling materials are preferred over porous materials as they
cause larger stopband shifts via changes in their optical thick-
ness.[6122930] Thus, the combination of two different swelling
materials in one BSPU is a promising strategy to induce
ultralarge stopband shifts. To implement this strategy, the
development of novel functional nanomaterials featuring both
high swelling capability and high RI is one of the key chal-
lenges to be addressed.

Here, we present a new material platform for addressing both
challenges: (i) we introduce a new solution processable high-RI
material—lithium tin sulfide (ITS) nanosheetsi>33 (n = 2.50,
0% relative humidity (RH), 633 nm)—which forms high-quality
BSs with TiO, as the low-RI material and produces ultrahigh
RI contrast in PCs when combined with a low-RI material such
as silica; and (ii) we demonstrate full-spectral color changes of

MATERIALS
|
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an all-nanosheet BS composed of LTS and antimony phosphate
(H3Sb3P,044) nanosheets. Taking advantage of the swelling capa-
bility of both 2D materials in the presence of water vapor, such
stimuli-responsive all-nanosheet BSs are promising candidates
for highly sensitive optical humidity sensors with good optical
quality. The combination of two robust, swellable nanosheet
materials ensures both high stability, especially compared to flex-
ible organic materials, and presents a generic material platform
that can be chemically tailored for diverse applications in chemo-
optical sensing. In addition, the high RI contrast imparted by
the inorganic nanosheets, combined with their high sensitivity
to humidity, ensures superior optical quality combined with
large signal changes, which makes LTS-based sensors competi-
tive or even superior to other state-of-the-art optical sensors.>*3]

2. Results and Discussion

2.1. Material Synthesis

Layered bulk lithium tin sulfide (Li,Sn,Ss) was synthesized by
a classical solid-state reaction as previously described.l3?l The
successful synthesis was confirmed by powder X-ray diffraction
(XRD) analysis, and the elemental composition was validated by
energy-dispersive X-ray (EDX) and inductively coupled plasma
(ICP) analysis, as shown in Figure S1 and Tables S1 and S2 in
the Supporting Information. The crystal structure consists of
covalent layers of edge sharing SnS octahedra, whereby the Sn
atoms are partially substituted by Li as depicted in Figure 1a.1*?!
The charge-compensating Li* ions are located in the interlayer
gallery and allow for facile intercalation of water molecules
between the covalent Sn(Li)S layers (Figure 2b). Spontaneous
exfoliation in aqueous solution results in a stable colloidal sus-
pension containing single nanosheets (Figure 1c) as demon-
strated in the literature.}?l Upon drying, the stable suspensions
of LTS nanosheets form thin films by random restacking of
the single nanosheets in a turbostratically disordered fashion,
as confirmed by the selected area electron diffraction (SAED)
patterns (Figure S2, Supporting Information). Motivated by this
film forming capability, spin-coating was explored to synthe-
size homogeneous thin films of exfoliated LT'S nanosheets with
a widely tunable thickness (see Figure S3 in the Supporting
Information). The colloidal concentration was optimized to
60 mg mL™!, which was sufficient to create homogeneous thin
films with a thickness of around 20-40 nm (at 3000-5000 rpm

C < =~ d
spin-
coating

Figure 1. Thin film fabrication from colloidal suspensions of exfoliated LTS nanosheets. a) Crystal structure of layered bulk Li,Sn,Ss. b) Intercalation of
water molecules into the interlayer space of Li,Sn,Ss. c) Spontaneous exfoliation of Li,Sn,Ss into single-layered LTS nanosheets in water. d) Thin film
fabrication starting from the stable colloidal suspension of single-layered LTS nanosheets via spin-coating.
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Figure 2. Optical properties of the fabricated LTS thin films. a) Wavelength-dependent n and k values for a LTS nanosheet film with a thickness of about
40 nm, measured under ambient conditions (30% RH). b) Layer thickness changes of an LTS film with changing partial pressure of water vapor, measured
by ellipsometric porosimetry. c) Rl changes with changing water vapor pressure in the atmosphere, measured by ellipsometric porosimetry. d) Scheme
of the RH-dependent behavior of the LTS nanosheet thin films, showing the intercalation of ambient water molecules between the single nanosheets.

spin-coating speeds). The layer thickness can be fine-tuned by
varying the number of the deposition steps and the spin-coating
speed as further described in the Supporting Information.

2.2. Optical Properties of LTS Nanosheet Thin Films

In the first step, optical characterization of the LTS thin films
was carried out as a basis for the optical design and rational
tuning of the target photonic nanostructure. To this end, we
studied homogeneous LTS nanosheet thin films via spectro-
scopic ellipsometry under ambient conditions (=30% RH) and
with varying RH. In Figure 2a, the optical properties at ambient
conditions (at =30% RH), the wavelength-dependent RI
(n) and the extinction coefficient (k) of a 40 nm film are shown.
As demonstrated in Figure 2a, the RI shows exceptionally high
values, varying from n = 2.65 (at 350 nm, =30% RH) down to
n = 2.20 (at 950 nm, =30% RH) with increasing wavelengths.
The extinction coefficient was fitted to 0.30 at 400 nm, but
decreases strongly and is below 0.10 in the range >450 nm. This
small value indicates that thin films within this thickness range
are essentially transparent, which is an important prerequisite
for applying LTS as optical material in PCs. To test the response
of LTS nanosheet films to humidity changes, the change of the
optical properties with gradually increasing RH was monitored.
According to Figure 2b, the layer thickness more than dou-
bles (from 30 to 70 nm) throughout the entire humidity range
(0-100% RH). As a second effect, the RI (at 633 nm) decreases
with increasing humidity from n = 2.50 (0% RH) to n = 1.75
(100% RH), shown in Figure 2c. These two effects and the full
reversibility as visible from the isotherms (Figure 2b,c) point to
the facile intercalation of ambient water molecules between the
nanosheets and subsequent swelling of the LTS film as shown
in Figure 2d. While the effective layer thickness d increases
as water intercalates between the nanosheets, the effective RI
decreases through the increasing volume fraction of water
(n = 1.33) contained in the pure nanosheets (n = 2.50, at
633 nm), thus leading to a significant response of the optical
thickness (7= n-d) to RH variations.

The remarkably high RI of the LTS nanosheets (n = 2.50) at
633 nm and 0% RH is significantly higher than the RI of dense
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(n = 2.12) or porous (n = 1.70-2.00, depending on the porosity)
TiO, thin films. So far, TiO, with varying porosity has been
most commonly used as the high-RI material in hierarchical
photonic devices for vapor sensing.[®1921:3637] However, due to
only limited effective RI changes induced by the adsorption of
analytes in the textural pores, only slight stopband shifts and,
hence, generally low analyte sensitivity are observed.!'”:?1:38]
In contrast, LTS nanosheet films show an even larger RI and
significantly more pronounced swelling behavior, which is
expected to give rise to greatly improved sensitivity in sensing
applications.

To test this hypothesis and demonstrate the impact of the
ultrahigh RI LTS material on the optical properties of the
resulting PCs, we combine LTS nanosheet films with three
different materials, namely TiO, nanoparticles, SiO, nanopar-
ticles (Figure S4, Supporting Information), and H;3;Sb;P,04,4
nanosheets.'»¥! We then characterize the resulting BSs
regarding their structural and optical properties and investigate
their behavior in terms of humidity sensing.

2.3. TiO, Nanoparticle and LTS Nanosheet-Based BS

The first photonic architecture we present is a BS built from
LTS nanosheets and TiO, nanoparticles (Figure 3a). Owing to
the high RI of LTS, this is the first reported multilayer structure
where TiO, the lower RI. The scanning electron microscope
(SEM) cross-sectional images displayed in Figure 3b,c show
that the stacking of LTS nanosheets and TiO, nanoparticles in
a periodic fashion was successful, leading to a highly homoge-
neous multilayer structure across large lateral dimensions on
the micrometer range. The material contrast is clearly visible
in the backscattered electron image (Figure 3b), where the LTS
nanosheet layers appear brighter due to their higher atomic
number (Z). The secondary electron images show two different
morphologies, i.e., the sheet-like morphology for LTS and the
particle nature of the TiO, nanoparticles (Figure 3c). The high
stacking quality observed by SEM directly translates into excel-
lent optical properties such as pronounced structural colors
across large sample areas (Figure 3d) and high reflectance
intensities (Figure 3e). The widely tunable structural color is

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

— 5000 rpm
= 4000 rpm
3000 rpm

Reflectance / % ©®
(2]
o

600
Wavelength / nm

www.afm-journal.de

400

600 800
Wavelength / nm

Figure 3. Optical properties of the TiO, nanoparticle/LTS nanosheet Bragg stacks. a) Scheme of the hybrid TiO, nanoparticle/LTS nanosheet Bragg
stack. b) Backscattered and c) secondary electron SEM cross-sectional images of the fabricated samples, showing the homogeneous layered structure.
d) Photographs of three samples consisting of seven layers on a glass substrate at ambient conditions, showing different structural colors caused
by different layer thicknesses (the samples were spin-coated at 3000, 4000, and 5000 rpm rotation speed from left to right). The sample dimensions
are 1.5 X 1.5 cm? e) Reflectance spectra (solid lines) and simulated spectra (dashed lines; Table S4, Supporting Information) of the three sam-
ples fabricated at different spin-coating speeds: 3000, 4000, and 5000 rpm. f) Spatial and spectral field distribution within the sample fabricated at
4000 rpm rotation speed, whereby the structure is shown in reverse, i.e., the substrate is located at 0.45 um depth and the light source at 0 um depth.

The TiO, layers are indicated with arrows.

demonstrated in Figure 3d,e, whereby the different hues were
accessed by applying different rotation speeds in the fabrication
procedure via spin-coating, resulting in different layer thick-
nesses. The reflectance spectra in Figure 3e correspond to the
devices shown in the photograph in Figure 3d and are com-
posed of only seven layers on a glass substrate (LTS serving as
the bottom and the top layer). This means that the RI contrast
of LTS and TiO, is sufficiently high (An = 0.40 at =30% RH) to
reach reflectance intensities over 90%. Simulations based on the
transfer-matrix method?! (Figure 3e, dashed spectra) confirm
excellent agreement between the measured and the calculated
spectra (for details, see Table S4 in the Supporting Informa-
tion). Figure 3f depicts the calculated spectral and spatial field
distribution within the BS (for the sample showing the blue
structural color fabricated at 4000 rpm in Figure 3d), which is
inhomogeneous throughout the photonic structure. We observe
a field enhancement at the red stopband edge (=600 nm),
which is located in the LTS layers, and enhanced field intensi-
ties in the layers at the blue band edge region (=400 nm) located
in the TiO, layers. This again confirms that in this BS, TiO,
serves as the low-RI material (n = 1.80 at 633 nm) for the first
time, while the LTS nanosheets serve as the high-RI material
(n=2.20 at 30% RH, 633 nm). Maximizing the field intensities
where TiO, has its maximum absorbance (around 370 nm) can
be potentially useful for “slow photon” applications,***! while

Adv. Funct. Mater. 2018, 28, 1705740
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the combination of two high-RI materials allows for the crea-
tion of significantly thinner photonic structures (65-70% device
thickness reduction compared to a SiO,/LTS nanosheet BS
containing only one high-RI material) and, hence, lower pro-
ductions costs. Along similar lines, stopbands located in the IR
range are more easily accessible, which may be useful, e.g., for
applications in IR radiation shielding.

2.4. SiO; Nanoparticle and LTS Nanosheet-Based BSs

Motivated by the fact that LTS nanosheets are able to form high-
quality BSs with TiO,, we combined this ultrahigh RI material
with SiO, nanoparticles (n = 1.30, Figure 4a; Figure S4, Sup-
porting Information), which is the most commonly used low-RI
material in PC research. The secondary electron and backscat-
tered SEM images (Figure 4b,c) indicate homogeneous layering
without intermixing and confirm the textural porosity of the
nanoparticle layers, which provides accessibility to analytes.
The well-defined photonic stopbands of different five-layer sys-
tems on glass substrates, along with their pronounced struc-
tural colors over a large area, viewed in reflectance, are shown
in Figure 4d,f. The photograph row in Figure 4e was taken in
transmission mode. The good visibility of the emblems below
the glass substrate is a testament to the high transparency of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Optical properties of the SiO, nanoparticle/LTS nanosheet Bragg stacks. a) Schematic picture of the hybrid nanoparticle-nanosheet BS.
b) Backscattered and c) secondary electron SEM cross-sectional image of an SiO, nanoparticle/LTS nanosheet BS containing seven layers. d) Photo-
graphs showing highly reflective samples, each based on five layers, with different structural colors caused by different layer thicknesses. e) Photographs
taken in transmission mode demonstrate the high transparency of the samples. f) Reflectance spectra (solid lines) and simulated spectra (dashed
lines) of the SiO, nanoparticles/LTS nanosheet BS containing five layers on a glass substrate. The samples were fabricated at different rotation speeds:

5000, 4000, and 3000 rpm, respectively.

the samples, while the structural colors are still pronounced
and complementary to the reflection colors shown in Figure 4d.

According to Figure 4f, the reflectance spectra of the fab-
ricated samples (Figure 4d,e) show high reflectance values of
over 80% (for only five layers) and a bright Bragg peak with
a peak width of =350 nm. This hybrid multilayer system has
the highest RI contrast (An = 0.90 at 30% RH, 633 nm) that
was reported in any BS to date (Figure 4a). The RI contrast
value is even higher at lower RH values (An = 1.20 at 0% RH,
633 nm), as the RI of the LTS nanosheets strongly depends
on the ambient water amount. So far, the highest RI contrasts
found in BSs in the literature reach maximum values of An =
0.83,"JAn = 0.84,11% and An = 0.89,'8 well below the RI contrast
of our system. Comparing the experimental reflectance spectra
with the simulated spectra (Figure 4f dashed lines, Table S5,
Supporting Information) shows good agreement and confirms
that the broad stopband arises from the superior RI contrast,!"
rather than from defects or other inhomogeneities. Increasing
the number of layers above five resulted in more defects and
more pronounced scattering, which is indicated by the higher
reflectance minima (Figure S5, Supporting Information).
Hence, for further studies, we use samples with five layers, as
they already have a sufficiently high optical quality.

Next, we tested the humidity sensitivity of the SiO,/LTS hybrid
system, as the swelling behavior of the LTS layers, the high
porosity of the SiO, layers, and the strong humidity-dependent
RI variations indicate that this system is highly responsive to
humidity variations. We observe two main effects, generated
by RH changes (Figure 5a): (i) a stopband shift of 120 nm
in the humidity range of 11-93% RH and (ii) continuously

Adv. Funct. Mater. 2018, 28, 1705740
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decreasing reflectance intensities from 80% to 55% in this
humidity range. Finally, at 100% RH, the stopband completely
vanishes, i.e., the reflectance intensity is minimized (Figure 5a,
darkest red spectrum). As shown by our calculations (Figure 5a,
dashed line; Table S7, Supporting Information), this is due to
the fact that the RIs of the two layer materials gradually become
equal (11-93% RH) due to the water uptake, and at 100%
RH, the RI contrast completely vanishes, turning the device
transparent. The large stopband shifts and the transparency
switching exhibit fast response (7.0 s) and recovery times (1.1 s)
(Figure S11, Supporting Information), and are completely
reversible for at least 15 cycles (Figure S9, Supporting Informa-
tion). Upon RH decrease, the structural color and the photonic
stopband reappear (Figure S12, Supporting Information). With
this, we present the largest RI contrast in a BS, which is tunable
and switchable due to environmental changes, i.e., changes in
the humidity level.

2.5. H3Sb;P,0,4 Nanosheet and LTS Nanosheet-Based BSs

To probe whether we can further increase the BS’s sensitivity
to humidity, we combine humidity-responsive LTS nanosheet
films with films based on H;Sb;P,0;, nanosheets,11:394243]
which have previously been reported to exhibit the largest
response to ambient humidity ever recorded in a BS. Com-
bining these two functional dielectrics into an all-swellable
photonic architecture is expected to further increase the sensi-
tivity of humidity as compared to existing devices.'1"12#4-46] The
structure of the all-nanosheet 1D PCs, as depicted in Figure 6a,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Humidity sensing properties of the SiO, nanoparticles/LTS nanosheet BSs. a) Measured (solid lines) and calculated (dashed lines) reflec-
tance spectra of the SiO, nanoparticle/LTS nanosheet BS with changing RH. b) Proposed sensing mechanism based on the intercalation of water into
the interlayer space of the LTS nanosheets and sorption of water in the textural pores of the SiO, nanoparticles.

is validated by the SEM cross-sectional image (Figure 6b) and
shows the layered morphology with uniform layer stacking,
low level of defects, and lateral homogeneity of the BS on the
micrometer scale. However, since both materials exhibit a
sheet-like morphology and similar atomic numbers (Z), their
individual layer thicknesses cannot be determined by SEM.
Likewise, EDX analysis cannot be used either as the signals of
Sn and Sb appear at almost identical energies, prohibiting their
distinction. Therefore, we applied electron energy loss spec-

resolution. H;Sb;P,0,4 nanosheets show a dominant feature
at 531.5 eV, which can be attributed to a superposition of the
Sb-Mys and the O-K edge. The EEL spectrum of LTS
nanosheets exhibits the Sn—-M, 5 edge with an onset at 507.5 eV
and a maximum at 536 eV (Figure S6, Supporting Information).
Additionally, for LTS, we observe the S-L, ; edge with an onset
at 166 eV. For both materials, an additional feature is visible at
686.5 eV in the spectra. This minor feature cannot be identified
unequivocally and most likely originates from a contamination

troscopy (EELS) analysis in the transmission electron micro-

introduced by the focused ion beam (FIB) sample prepara-
scope (TEM) to differentiate the two materials at high spatial

tion. To extract the spatial distribution of the nanosheets across

4000 rpm
3000 rpm
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600 800
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Figure 6. Architecture and structural properties of an all-nanosheet BS consisting of H3Sb3P,014 nanosheets and LTS nanosheets. a) Schematic picture
of the all-nanosheet BS deposited by spin-coating of the colloidal nanosheet suspensions. b) Secondary electron SEM cross-sectional image of the
all-nanosheet BS showing the layered morphology across the entire sample and lateral homogeneity on the micrometer scale. c) TEM cross-sectional
image of the all-nanosheet sample. The top layer appears to be thicker due to Ga and Pt integration caused by the FIB sample preparation. d) Electron
energy loss (EEL) element mapping images taken from the sample area depicted in panel (c). d) Sn—-M, s edge. e) O-K and Sb-M, 5 edges. f) The area,
where all three edges (O-K, Sb-M, 5 and Sb—M, 5) are detected at the same time. g) Summarizing the element maps of all three edges. h) Reflectance
spectra (solid lines) and simulated spectra (dashed lines) of three all-nanosheet BSs containing seven layers on a glass substrate at ambient
conditions (30% RH). The different Bragg peak positions result from different rotation speeds in the spin-coating process: 5000, 4000, and 3000 rpm.
i) Microscopic images depicting the different structural colors associated with the spectra shown in panel (h).
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the BS (TEM cross—sectional image shown in Figure 6¢), the
local EELS edge intensities were determined, and the resulting
elemental distribution maps are depicted in Figure 6d—g. For
experimental details, see the experimental section and Figures
S6 and S7 in the Supporting Information. The EELS maps
(Figure 6d,e) clearly confirm the layered morphology composed
of alternating H3Sb;P,04, and LTS layers with thicknesses of
50 £ 8 and 41 £ 8 nm, respectively. This alternating arrange-
ment of the two different nanosheet materials is also confirmed
by the mapping of the S-L, ; edge (Figure S7, Supporting Infor-
mation), and is only found in the LTS nanosheet layer, yielding
a thickness of 49 nm, which corresponds well to the layer thick-
nesses determined from the Sn edges. Additionally, the layer
thicknesses were also confirmed by spectroscopic ellipsometry
measurements at ambient conditions (Figure S8 and Table S3,
Supporting Information). Hereby, the experimental data were
fitted with a periodic model including three double layers on a
silicon substrate. The layer thicknesses and the RIs were fitted
to d = 44 nm and n = 2.50 (at 633 nm) for LTS and d = 62 nm
and n =1.56 (at 633 nm) for H;Sb;P,0,4 at ambient RH, which
is in excellent agreement with the EELS element mapping data.
According to Figure 6h, the homogeneously stacked layered
structure is also confirmed by the high reflectance intensities of
the Bragg peak, created by the alternating arrangement of seven
layers of LTS and H;Sb;P,0,, nanosheets on a glass substrate,
terminated by a top layer of LTS nanosheets. By changing the
spin-coating speeds and the layer thicknesses within the stack,
different structural colors are accessible all over the visible spec-
tral range (Figure 6h,i). Simulations of the reflectance spectra
(Figure 6h, dashed lines; Table S6, Supporting Information)
based on the RIs extracted by ellipsometric porosimetry con-
firm the layer thicknesses determined by the EELS mapping.
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As shown in Figure 6h, seven alternating layers of the two
nanosheet materials with an RI contrast of An = 0.65 are suf-
ficient to obtain reflectance intensities of =90%. This allows
for the fabrication of ultrathin photonic structures with good
optical quality, as only a few layers are needed to reach high
reflectance values.

Given the observed swelling capability of both individual
nanosheet materials in the presence of water,'!l we tested the
humidity sensing performance of the all-nanosheet photonic
structure. As shown in Figure 7a,b, the all-nanosheet stack
shows a significant color change (in the range of 11-93%
RH), larger than for any other photonic system reported for
humidity sensing applications so far.'"#®#’] In the range of
11-93% RH (Figure 4c), a stopband shift of 140 nm is observed
(Figure 4a,b), resulting in a very high sensitivity of 1.54 nm
per percent of analyte, which is larger compared to BSs, which
contain only one swelling compound (see above and previous
works).['112 The high sensitivity combined with fast response
(9.2 s) and recovery times (2.4 s) (Figure S11, Supporting Infor-
mation) makes these optical sensors competitive or even supe-
rior to other existing devices. Notably, the stopband redshifts
nearly linearly with increasing RH values, which is highly
desirable for sensing applications (Figure 7b). The excellent
agreement between the performed theoretical calculations
(Figure 7a, dashed lines; Table S8, Supporting Information)
and the measured spectra (Figure 7a, solid lines) indicates that
the large stopband shifts arise from =50% swelling for the LTS
nanosheets and =60% swelling for H;Sb;P,0,, due to water
intercalation (Figure 7d). In addition, a gradual decrease in the
RI contrast upon water intercalation is noticeable by changes
in the reflectance intensity from 95% to 60% in the RH range
of 11-93%, induced by the water uptake (Table S8, Supporting
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Figure 7. Humidity-dependent behavior of the all-nanosheet BS. a) Humidity-dependent reflectance spectra (solid lines) and simulated spectra (dashed
lines) taken at different RH values. b) Humidity-dependent stopband shifts and reflectance intensity maximum changes of the all-nanosheet sample
with increasing RH. c) Series of microscope images taken at different RH values showing the different structural colors. d) Schematic illustration of
the proposed sensing mechanism, i.e., the swelling of both nanosheet materials by water intercalation into the interlayer space.
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Information). Both materials take up water, leading to reduced
effective RIs of n (LTS) = 1.78 and n (H3Sb3P,04,) = 1.52 at 93%
RH, respectively, ranging between those of the pure materials
and water"! We further find that the intercalation of water
has a higher impact on the RI of the LTS nanosheets, which
changes by An = 0.72 as compared to that of the H3Sb3P,0y4
nanosheets, An = 0.08 (Table S8, Supporting Information). This
effect can most likely be traced back to the significantly higher
initial RI of the LTS nanosheets, whereby the intercalation of
water causes larger changes in the effective RI of the thin films
compared to the H3Sb;P,044 nanosheets, which exhibit an ini-
tial RI more similar to water (n = 1.33). Between 93% and 100%
RH, the reflectance intensity further decreases and, finally, the
RI contrast is fully compensated and the stopband completely
vanishes, such that the BS appears transparent (i.e., dark in the
reflection mode, Figure 7d, 100% RH). This effect of revers-
ible transparency switching is a rare phenomenon and was
observed only for very few systems so far, as a careful material
choice and adjustment of structural and dielectric parameters is
required.l!}*8 Since water intercalation happens at equilibrium,
the structural color and the photonic stopband can be restored
with decreasing humidity. The observed ultralarge stopband
shifts as well as the transparency switching (Figure S12, Sup-
porting Information) are fully reversible, and the sensor is
stable for at least ten cycles (10-95% RH) of humidity increase
and decrease (Figure S10, Supporting Information).

3. Conclusion

In summary, we have introduced LTS nanosheets as a solu-
tion processable novel high-refractive-index material (n = 2.50
at 0% RH at 633 nm), which, owing to its nanosheet mor-
phology and excellent film-forming properties, lends itself well
as constituent material for the fabrication of ultrathin, high
optical contrast photonic nanostructures. We have demon-
strated the first PC featuring TiO, as low-index material, and
achieved the highest refractive index contrast in SiO, nano-
particle—LTS nanosheet Bragg stacks (An = 1.20 at 0% RH,
633 nm, An = 0.90 at 30% RH) reported to date. The high RI
of LTS nanosheets offers enhanced flexibility in the creation of
novel light-managing devices, such as antireflection coatings,
optical waveguides, solar cells, solar mirrors, displays, or oph-
thalmic devices. Another field of interest relates to titania-based
photonic nanostructures where both maximum electric field
concentration and absorption of TiO, can be tuned into the UV
range for “slow photon” applications. In addition, combining
two high-RI materials in a BS can lead to a significant reduc-
tion in device thickness and with it, material and cost efficiency.
This effect could be exploited, for example, for devices used
in radiation shielding, with a photonic stopband placed in the
IR spectral range. We have further demonstrated the first all-
nanosheet Bragg stacks composed of LTS and antimony phos-
phate, H3Sb;P,044, nanosheets, which are both able to take up
significant amounts of water into their interlayer space. Upon
exposure to ambient humidity, we observe a full-spectral, linear
stopband shift with increasing relative humidity between 11%
and 93% RH, which is fully reversible. Notably, due to the high
RI contrast, we achieve reflectance intensities above 90% (at

Adv. Funct. Mater. 2018, 28, 1705740

1705740 (8 of 10)

10% RH) for a device consisting of only seven layers (<1 pum)
in total. This novel BS architecture, therefore, presents an ultra-
sensitive colorimetric humidity sensor entirely based on func-
tional 2D materials, which, more generally, constitutes a generic
material platform for the detection of a variety of analytes.

4. Experimental Section

Material Synthesis: Bulk Li,Sn,Ss was synthesized via a one-
step solid state synthesis.33 The precursors, Li,S, Sn, and S, were
stoichiometrically mixed under inert gas atmosphere, filled into a glassy
carbon crucible, and vacuum-sealed in a quartz tube. A slight excess of
sulfur (3 wt%) was applied in order to ensure the complete oxidation of
Sn. The tubes were heated to 750 °C with a ramp of 1 °C min™' for 48 h
and subsequently quenched to room temperature.

K3Sb;P,04, was also synthesized by a solid state reaction as described
elsewhere.'"l For protonation, 4 g of the resulting white powder was
stirred in 250 mL of 8 M HNO; overnight and washed with pure water. To
ensure complete protonation, this step was repeated once again.

Preparation of Colloidal Suspensions: For exfoliation, the bulk Li,Sn,Ss
was shaken in water for several hours with a concentration of 1 g L. To
ensure complete exfoliation, the suspension was sonicated for 60 min.
To collect the exfoliated nanosheets, the suspension was centrifuged
at 24 000 rpm for 30 min. The brownish pellet was resuspended in a
water—ethanol mixture (60 vol% ethanol) with a concentration of 60 mg
mL~1. Afterward, the suspension was sonicated for 2 h before using it in
the BS fabrication.

The bulk H3Sb;P,014 was exfoliated likewise by stirring the protonated
compound in pure water overnight. The suspension was centrifuged first
at 3000 rpm to get rid of the non-exfoliated residual bulk and then at
18 000 rpm to obtain the nanosheets. The gel-like pellet was dried at 100 °C
and resuspended in a water—ethanol mixture (60 vol% ethanol) with
a concentration of 27.5 mg mL™". This suspension was sonicated 2 h
before spin-coating.

TiO, was synthesized by hydrolysis of Ti(OEt), in diluted acid.l’l Here,
12.5 mL tetraethylorthotitanate (Sigma Aldrich) was added dropwise
under vigorous stirring to 75 mL of 0.1 m HNO; and heated at 80 °C for
8 h. The white suspension was sonicated for 3 h and washed three times
by centrifuging the particles at 24 000 rpm and redispersing the pellet
in methanol. A final concentration of 3 wt% was used for spin-coating.

Colloidal SiO, (LUDOX, SigmaAldrich) was diluted with methanol to
3.2 wt% and after 10 min sonication, directly used for spin-coating.

Bragg Stack Preparation: All BSs were prepared by spin-coating
(WS-650S-NPP-Lite, Laurell Technologies Corporation) using the stable
colloidal suspensions with the concentrations given above. To access
different film thicknesses and, hence, structural colors, different spin-
coating speeds and the number of deposition steps were varied. Here,
150 uL of the colloidal suspensions were spin-coated alternatingly
on plasma-cleaned glass substrates (1.5 cm x 1.5 cm) for T min with
defined speeds (3000, 4000, and 5000 rpm) and with an acceleration of
7000 rpm s7'. The first layer on top of the glass substrate and also the
last one were the LTS nanosheets to achieve the highest achievable RI
contrast at the interfaces. To create one layer within the Bragg stack, LTS
was deposited for all samples in two steps, and the samples were heated
after each deposition step to 80 °C for 15 min in order to stabilize the
layers and to get rid of the residual solvents.

Characterization: SEM images of the LTS bulk material and the EDX
analysis to verify the S:Sn ratio was performed on an FEI Helios G3 UC
SEM. In addition, ICP measurements were performed on a Varian Vista
RL. XRD patterns were recorded on a powder X-ray diffractometer (Stadi
P, STOE) working with Ge(111) monochromated Mo Ko radiation
(A = 70.926 pm) and a Mythen 1K detector (Dektris). The crystalline
nanosheet compounds were identified by comparing the powder
diffraction patterns of the bulk materials.32*% Cross-sectional images of
the BSs were taken with a Zeiss Gemini Ultra Field Emission SEM. For
the TEM measurement, the sample was cut via FIB (Zeiss 1540EsB) with
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a 30 kV Ga ion beam, and the surface was polished with a 3 kV beam.
The TEM cross-sectional measurement was performed on an FEI Titan
Themis microscope 60-300 kV equipped with a Cs corrector for the probe
at 300 kV. EELS investigations were performed in scanning transmission
mode with a convergence semiangle of 16.6 mrad and an energy
resolution of 0.75 eV. To reduce the effect of the electron irradiation on
the material, subpixel scanning was applied during the spectrum image
acquisition. The EELS maps for the spectral region of 100-612.25 eV
were generated by integrating the intensity of background-corrected
spectra in defined energy windows. The background was subtracted by
performing a power-law fit for an energy width of 60 eV starting from
429 eV for the Sn—-M, s edge and from 467 eV for the Sb-M, 5/O-K edge.
Subsequently, the intensity of the edges was integrated in an energy
window of 100 eV starting at 507.5 eV for the Sn—M, 5 and at 530.5 eV
for the Sb-M, s/O-K edge. The same procedure was used to generate
the intensity map of the S—L, ; edge, but in that case the background was
corrected by a power-law fit in the spectral range of 130.25-160.25 eV
and the intensity was integrated between 161 and 216 eV.

Ellipsometric porosimetry measurements on the thin films were
carried out by the porosimetry tool of a Sopra PS-1000 ellipsometer,
whereby the samples were equilibrated at selected partial pressure
values of water vapor for 15 min. The measured spectra were fitted
with the software Sopra SAE using the model combination Cauchy and
Lorentz. For the nanosheet thin films, both the layer thickness and the RI
were fitted over the relative pressure range simultaneously.

Microscope images were taken from the BS surface with an optical
microscope (DM2500, Leica) and simultaneously reflectance spectra
were measured at normal incidence with a fiber optic spectrometer
(USB2000+, Ocean Optics) attached to the microscope.

To monitor the optical changes with changes in RH, the BSs were
kept in a closed stainless steel chamber with a total volume of 5 mL
and with a transparent glass window. In the chamber, 0.7 mL of
saturated salt solutions was filled without touching the sample surface
and kept at 25 °C to define the humidity in the closed atmosphere.%31]
At each step, 20 min equilibration time was needed. Dynamic cycling
measurements between 10% and 95% RH were performed using a
nitrogen flow setup.

Simulations: Numerical calculations of the reflectance spectra
were carried out with a Matlab code based on a full-vector calculation
using the transfer matrix method as reported elsewhere.?'l The layer
thicknesses at 0% RH were taken from the SEM cross-sectional images.
The (wavelength-dependent) RIs were taken from the porosimetry
measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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