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Abstract

Thus far, research activities of 2D materials in optics, photonics and optoelectronics
predominantly focus on micromechanically cleaved or grown nanosheets. Here, we show that
high quality liquid-exfoliated nanosheets offer an alternative approach. Starting from well-
defined, monolayer rich WS> dispersions obtained after liquid exfoliation and size selection in
aqueous surfactant, we present an optimised protocol to transfer the nanosheets to a polymer
solution in organic media. From such dispersions, we fabricate WSz-polymer thin films by spin
coating. The characteristic photoluminescence of WS> monolayers is retained in the film at 2.04
eV without broadening (line width 40 meV) or significant changes in the line-shape. This
confirms that nanosheet aggregation is efficiently prevented on transfer and deposition. The
films are extremely smooth and uniform over large areas with a root mean square roughness <
0.5 nm. To demonstrate the potential in optical applications, the nonlinear optical response was
studied, revealing promise as optical limiter. In addition, we show that the photoluminescence

can be manipulated by coupling the exciton response to cavity photons in a Ag microcavity.
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Introduction

Layered transition metal dichalcogenides (TMDs) are a diverse source of semiconducting
materials interesting for a number of application areas from optoelectronics to energy storage.'”
? Significant research efforts have been devoted to investigate the unique optical properties of
mono- and few-layered nanosheets.!®!*> Opposed to multilayer or bulk TMDs, monolayers are
direct bandgap semiconductors showing reasonable fluorescence quantum yields.!> ! As a
result of a weak dielectric screening from the environment and thus enhancement of the
Coulomb interaction, optical properties of thin-layered TMDs are dominated by strongly bound
excitons and trions with large oscillator strength.! ' As such, these two-dimensional
nanosheets are prone to strong light matter coupling and interesting for excitonic device
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applications, as well as in nonlinear optical applications for example as saturable absorbers

or optical power limiters.'?

While the intriguing optical properties arise from the two-dimensional nature of the
nanomaterials, this is at the same time a great challenge for actual applications. For example,
while the oscillator strength per atomic unit is large, it is inherently limited because of the single

layer character.

For optical applications, the main interest was thus far focused on micromechanically cleaved
or grown nanosheets which suffer from inherent limitations such as lack in reliable, large scale
fabrication. Recently, a range of new methods were reported, yielding the large-area 2D
materials such as thermal decomposition'?, salt assisted chemical vapour deposition'® and metal
sulfuration.'® Although some of the mentioned methods provide large quantities, these samples
still suffer from a problem of inhomogeneity over the large area making implementation of the

2D materials in e.g. photonic devices challenging.

Here, we suggest that nanosheets exfoliated in the liquid phase can provide an alternative
approach. Liquid phase exfoliation (LPE) is a widely used production technique to obtain
colloidally stable dispersions from various families of layered crystals.!” 1® A great strength of
this method is the ability to prepare composites with a range of other substance classes such as
polymers or other nanomaterials which can be useful for a number of applications.'® !° For

example, graphene and h-BN have been used as fillers in polymer composites to improve



mechanical strength and/or thermal conductivity or barrier and dielectric properties.’ In such
applications, nanosheets with lateral dimensions in the pum range, and thickness of > 5-10 layers
are desirable.!”"!” In contrast, little research has been conducted to explore nanosheet-polymer
composites containing predominantly monolayers or few-layers. Such composites could be of
interest in optical applications, where the properties of the mono-and few-layered nanosheets
are important, as the surrounding polymer matrix can prevent the nanosheets from restacking.
This has previously been shown for freeze-dried composites of WS> which was initially
exfoliated in aqueous polyvinyl alcohol solution.???> However, in this case, no monolayer-rich
WS, dispersions were obtained and the resultant composites were foam-like and thus unsuitable

for optical applications, where smooth films are required.

A weakness of liquid exfoliation is that as-produced dispersions have broad nanosheet size and
thickness distributions and thus low monolayer contents. Recent research efforts to improve
size selection techniques, typically by centrifugation,>® have enabled the production of high
quality dispersions of monolayer-rich samples. However, such procedures have only been
successfully optimised for nanosheets stabilised in aqueous surfactant (or polymer systems).
This is not favourable for subsequent film formation. While certain solvents can be used in

liquid phase exfoliation, the monolayer yield tends to be lower.?*

Thus, to explore optical applications of thin films of liquid phase exfoliated nanosheets, it is
first required to develop a procedure to prepare dispersions of high monolayer content in
organic polymer solution without nanosheet aggregation. Here, we address this challenge and
report such a protocol. We use an exfoliation in aqueous surfactant followed by size selection
and monolayer enrichment and subsequent transfer of the nanosheets into an organic solvent
mixture containing poly(methyl methacrylate) (PMMA) which can be used for the preparation
of homogeneous WS>-PMMA composite films by spin coating. The characteristic WS,
monolayer photoluminescence is used to optimise the protocol to avoid reaggregation of the
nanosheets on transfer and deposition. The narrow band-width A-exciton photoluminescence
is maintained in the thin film confirming that monolayer properties are retained due to shielding
of the nanosheets from the surrounding polymer. We demonstrate that these films are promising
in optical applications by studying their nonlinear optical response and angle-dependent

reflectivity after embedding them in a metal microcavity.

Results and Discussion



Preparation of the dispersions

To enable the production of WS;-polymer films by spin coating, it is necessary to produce high
quality, monolayer-rich dispersions in a polymer solvent mixture that is compatible with the
deposition technique. Our general protocol for the preparation of the WS>-PMMA dispersions
essentially consists of three main steps: 1) exfoliation in aqueous sodium cholate (SC) by probe
sonication, ii) size selection by liquid cascade centrifugation and iii) transfer of the WS,
nanosheets from the aqueous surfactant environment to a mixture of PMMA in a
tetrahydrofuran (THF) and N-methyl-2-pyrrolidone (NMP) solvent blend as detailed in the

method section and briefly discussed below.

An aqueous surfactant solution was chosen as stabiliser for the exfoliation, as it has recently
been demonstrated that a larger portion of monolayers is obtained with this approach compared
to direct exfoliation in solvents.>* Size selection was performed to enrich the dispersion in
monolayers and to test whether the procedure is applicable to nanosheets of different size and
thickness. Therefore, the initial WS, stock dispersion in SC was size-selected by liquid cascade
centrifugation (LCC).? This technique is an iterative centrifugation, where the stock dispersion
is first centrifuged at low centrifugal acceleration (RCF, expressed as unit of gravitational force,
g) and the sediment containing unexfoliated material is discarded. The supernatant is subjected
to another centrifugation at higher RCF. Again, supernatant and sediment are separated and the
sediment containing larger/thicker nanosheets collected in H>O (no SC to reduce the surfactant
concentration), while the supernatant is again centrifuged at higher RCF and the sediment
containing smaller/thinner nanosheets is collected in deionised H2O. In this work, we use
centrifugation at 1 k g, 5 k g and 22 k g. As sample nomenclature, both the lower and upper
centrifugation boundary of the fraction is indicated: Dispersions containing larger/thicker
nanosheets are denoted as 1-5 k g, while the dispersions containing smaller/thinner are denoted

as 5-22k g.

The liquid aqueous medium of the size-selected dispersion was then exchanged to PMMA in
organic solvent by a multistep centrifugation procedure. The crucial part of the transfer protocol
is that reaggregation of the nanosheets has to be avoided. To achieve an as high as possible
loading level of WS> in the polymer matrix, the WS, concentration has to be increased
simultaneously. This will always be a trade-off because the WS, in the higher concentration
dispersions will be more prone to aggregation. The overall transfer procedure is schematically
illustrated in Figure 1 and described in the methods section. The first three centrifugation steps

serve to increase the nanosheet concentration and reduce the surfactant content in the



dispersion. This is essentially a purification/washing procedure to minimise the concentration
of surfactant and thus to facilitate the transfer to the organic solvent-based PMMA solution. To
achieve this, the 1-5k g and 5-22k g dispersions initially obtained from 80 mL of stock
dispersion were centrifuged at 22k g and after each step, redispersed in H>O with subsequently
decreasing the water volume. After these three steps, 1.5 mL of concentrated WS, dispersion is
obtained which can be directly blended with the polymer-solvent mixture of choice. In this case
a 5:2 THF: NMP mixture with a PMMA concentration of 30 g/L was chosen, as we found that
such dispersions can be used to cast homogeneous films by spin-coating. Note that several

modifications of this protocol were tested as discussed in the SI (Figure S1-2).
Characterisation of the dispersions

To investigate the optical properties of the WS> nanosheets in aqueous and solvent-based
environment, the dispersions were subjected to optical extinction and photoluminescence

spectroscopy.

In Figure 2A-B, extinction spectra of small (5-22k g, A) and larger (1-5k g, B) WSz nanosheets
are shown before and after transfer to the polymer-solvent medium. No significant change in
the spectra is observed for the 5-22k g before and after transfer, respectively (Figure 2A).
However, in the case of the 1-5k g sample, the spectral profile of the nanosheet in the PMMA
solvent mixture is distinct from the dispersion prior to transfer. In particular, the absorbance is

superimposed on a background which will be discussed below.

To explain this, it is first important to recall the impact of the nanosheet morphology on the
optical spectral. It has been demonstrated that the spectral profile of dispersed WS, changes
with nanosheet size and thickness due to edge and confinement effects.?*2° In brief, edge effects
are manifested by changes in peak intensity ratios, while the A-exciton position is sensitive to
the nanosheet layer number. In aqueous sodium cholate, the spectral profile was previously
quantitatively related to the lateral size, <>, and layer number, <N>, respectively. This allows
the determination of <L> and <N> from the optical spectra.?” From the spectra, we calculate
nanosheet lateral sizes as 53 nm (5-22k g), 68 nm (1-5k g) and mean <N> as 1.3 and 3.6 layers,
respectively. These values were confirmed by atomic force microscopy statistics (Figure 2A-B

inset and SI, Figure S3-4).

In addition to changes of the spectral shape due to edge and confinement effects, it was
previously shown that extinction spectra (as measured here) can contain a significant

contribution from light scattering.?*** By deconvoluting the extinction spectra into absorbance



and scattering spectra with the aid of an integrating sphere, it was demonstrated that the
wavelength-dependent scattering follows a characteristic powerlaw in the non-resonant
regime.”® In the resonant regime, scattering spectra of transition metal dichalcogenide
nanosheets follow the absorbance in shape, albeit with a significant red-shift.>> 26 The change
in the spectral shape of the WS in the 1-5 kg sample after transfer are completely consistent

with increased light scattering which strongly suggests that reaggregation occurred.

For LPE WS,, a closer analysis of the A-exciton can provide additional information. Due to the
empirically found exponential increase in A-exciton energy with decreasing layer number, it is
possible to observe a splitting of the A-exciton into contributions from mono-layered (ML) and
few-layered (FL) species.?® This is useful, since it allows us to potentially track aggregation.
To test whether we can distinguish between the mono-layered and few-layered component in
the A-exciton, we smoothed the extinction spectra before finding the second derivative with
respect to energy, d*(Ext)/dE>. Such a procedure is known to narrow contributing peaks roughly
threefold, allowing resolution of closely spaced peaks.*® Figure 2C-D shows second derivatives
of the WS, A-exciton (1.9-2.1 eV). For the 5-22k g dispersion (Figure 2C), the splitting of the
A-exciton resonance is observed. Consistent with previous work,? we find the monolayer peak
at ~2.033 eV and the peak attributed to the sum of few layers at 1.993 eV in sodium cholate.
After transfer to PMMA-NMP-THF, the ML component is still clearly discernible suggesting
negligible aggregation. However, we note that a peak shift to 2.020 eV in the case of the
monolayer and 1.985 eV in the case of the few-layer is observed which we attribute to

solvatochromism.

In the case of the 1-5k g sample, hardly any signature from monolayers is observed in the second
derivative of the A-exciton in the initial sodium cholate dispersion (Figure 2D). After transfer
to PMMA-NMP-THF, the A-exciton is shifted from 1.988 eV to 1.964 eV. Interestingly, this
shift is larger than in the case of the FL component of the 5-22k g sample. If it was solely due
to solvatochromism, this would not be expected. We therefore believe that part of this shift is

due to an additional contribution from the red-shifted scattering.

To confirm the high optical quality of the WS, nanosheets, the samples were investigated by to
photoluminescence (PL) spectroscopy. In group VI transition metal dichalcogenides, only
monolayers are direct bandgap semiconductors with appreciable PL from the A-exciton. 3! 32
PL can therefore act as a probe sensitive to only monolayered nanosheets. A
photoluminescence-excitation (PLE) contour plot of the 5-22k g dispersion in aqueous SC is

displayed in Figure 2E. It shows the characteristic emission from the A-exciton at 612 nm



(2.026 eV) with a room temperature line width of ~44 meV indicative for a high sample
quality.®!-3% 3% The PLE map of the same sample after transfer to PMMA-THF-NMP is shown
for comparison in Figure 2F. Unfortunately, the WS, A-exciton PL is completely masked by a
broad fluorescence background attributed to NMP?> making it impossible to judge the optical
quality of the WS, nanosheets in the solvent-based mixture from PL. Nonetheless, the splitting
of the A-exciton resonance in the extinction spectra of the 5-22k g sample is encouraging, as it

suggests that monolayer properties are retained after transfer.
Characterisation of WS>-PMMA films

From the dispersions in PMMA-THF-NMP described above, thin WS>-polymer composite
films were prepared by spin coating (see methods). The THF is required to increase the
evaporation rate of the organic medium, allow for partial solvent evaporation and thus
fabrication of films with sufficient thickness. The WS;-PMMA films were first characterised
by extinction spectroscopy (Figure 3A-B, SI Figure S5). The spectral profile is similar to the
initial dispersions in sodium cholate confirming the high optical quality of the prepared films.
Interestingly, even in the case of the 1-5k g sample (Figure 3B), no significant scattering
background is observed which is in contrast to the dispersion after transfer to PMMA-THF-
NMP which was used for the spin-coating. This suggests that some heavy mass, large
aggregates that can form after transfer to the organic solvent mixture were efficiently pushed
off from the substrate by the centripetal acceleration during spin-coating. Films are of yellow-
greenish colour with an optical density of ~ 0.1 at the A-exciton for the thickest films produced.
To further analyse the extinction, the A-exciton regions were smoothed, and 2" derivatives
were calculated (Figure 3A-B insets). The position of the A-exciton is between the values for
the aqueous sodium cholate and the PMMA-THF-NMP dispersions. Importantly, the film
produced from the 5-22k g dispersion (Figure 3A) shows the characteristic splitting of ML and
FL WS in the thin films which implies that the nanosheets are well isolated from each other

through the polymer matrix.

To further confirm that the high optical quality of the WS> nanosheets is retained after formation
of the films, Raman spectroscopy was performed with an excitation wavelength of 532 nm at
the lowest possible laser power (see SI) to avoid heating. The resultant spectra for both films
compared to the initial dispersions in aqueous sodium cholate are shown in Figure 3E-F. In
addition to the dominant 2LA(M) WS, Raman mode at ~354 cm™!, the photoluminescence
observed from monolayered WS is centred at ~2500 cm™ (corresponding to 612 nm). The ratio

of the photoluminescence to Raman can be used as quality indicator of the samples. On the one



hand, the PL/Raman ratio linearly scales with the volume fraction of monolayer in the sample.?
This is reflected in the higher PL/Raman ratio in the 5-22k g dispersion compared to the 1-5k
g dispersion. On the other hand, the PL/Raman ratio in the dispersion compared to the film can
be used to trace restacking of the WS, nanosheets which would reduce the PL/Raman ratio.
Importantly, the monolayer PL is only slightly decreased in the films compared to the liquid
dispersions for both the 5-22k g sample (Figure 3C) and the 1-5k g sample (Figure 3D),
evidencing that only little aggregation occurred during both transfer to the PMMA-THF-NMP

mixture and film formation. The PL in the films broadens slightly, but not significantly.

Since the Raman/PL measurements shows that the PL is maintained in thin films,
photoluminescence spectra were acquired in a standard fluorescence spectrometer to have
convenient access to different excitation wavelengths. Photoluminescence excitation contour
plots of the 5-22k g and 1-5k g films are presented in Figure 3G and in SI, Figure S6a,
respectively. Both PL excitation emission maps were acquired at similar conditions as for the
corresponding liquid dispersions of WS, in aqueous SC. The A-exciton PL features are again
clearly visible and well-defined with a similar excitation profile. It is important to note that such
measurements are only possible in optically homogeneous films with negligible scattering and

material reaggregation proving the high quality of these films.

Furthermore, single emission spectra were extracted from the PLE maps for both liquid aqueous
dispersion and film (Figure 3h and SI, Figure S6b) and analysed in more detail. They can be fit
well with a single Lorentzian suggesting minimal doping from the PMMA matrix in the thin
films. The room temperature PL linewidth of the WS; in the film is slightly narrower than in
the dispersion (40 meV) which is indicative for a homogeneous dielectric environment.>®
Opposed to the PL. measurement in the Raman spectrometer, the PL is slightly blue-shifted in
the films compared to the initial dispersion. This suggests that the measurement in the Raman
spectrometer was affected by heating which is known to broaden and red-shift the PL of WS>
monolayers.>” Overall, the photoluminescence measurements demonstrate that the optical
properties of the WS, are preserved in the thin film with nanosheets that are well isolated by

the polymer matrix. In addition, the PMMA seems to have a negligible effect on the optical

response of WSo.

For optical applications, a low surface roughness is equally important as preventing restacking
of the nanosheets in the film. Therefore, AFM was performed on both films (Figure 3C-D). A
10 x10 um surface was scanned to calculate the average roughness of the films. As evidenced

by the line profiles in the insets of Figure 3C-D, the films are extremely smooth with a root



mean square (RMS) area roughness of 0.19 nm and 0.45 nm, respectively which is more than
sufficient for many optical applications. To investigate the morphology of the films over larger
areas (>10pm?) scanning electron microscopy (SEM) was carried out. Representative images
are shown in Figure S7 and confirm that the films are very uniform. When mechanically
manipulated, the films peel off from the substrate without evidence for rupture. This indicates

mechanical robustness and bendability.

Optical application of WS2-PMMA films
Nonlinear optical response (Z-Scan technique)

2D materials in general and transition metal dichalcogenides in particular possess strong optical
nonlinearity and ultrafast response. Proof of principle applications as saturable absorbers in
passive mode locking and Q-switching or as optical limiters have been demonstrated.'® Here,
the energy-dependent nonlinear optical (NLO) response of the WS, dispersion and the WS,-
PMMA thin film was studied in the nanosecond (ns) regime with an open aperture (OA) z-scan
system at 532 nm with the total z distance of 160 mm with multiple incident energies (see
methods). The experimental data collected during measurements for both film and a dispersion
were fitted according to the nonlinear beam propagation model (see SI) to extract the nonlinear
absorption coefficient S . Fitted plots of experimental Z-scan spectra are shown in Figure
4A&B, representative raw data and respective fits are presented in the supporting information

(SI, Figure S8).

In the case of the WS> dispersion, saturable absorption was observed at all incident energies up
to 30 pJ in agreement with literature, with the NLO absorptive coefficient fSeff ranging from -
40 to -9 cm/GW. This is consistent with published feff values for dispersions of graphene,
MoS,, and black phosphorus which are in the range of -70 to -14 cm/GW and reported to occur
in the SA regime for similar energy inputs***!. Note that due to different measurements

condition and nanosheet morphology, a direct comparison to literature is not meaningful.

In contrast to the dispersion, the film shows a different behaviour: For low incident beam
energies (1 pJ, 5 pJ) the film exhibits saturable absorption response with the characteristic
upward-facing curves. However, as the energy increases, the peak of the Z-scan trace rises and
broadens to finally saturate and flip into downward facing curves (from 7 uJ — 30 pJ). Similar

behaviour was previously seen in MoS,-polymer films* and attributed to the transmission



through the sample being limited most likely by strong excited state absorption (optical

limiting).

This clearly demonstrates that the optical limiting (OL) mechanism occurs at much lower
energies in a solid film than in a liquid dispersion. In dispersion, nanosheets are expected to
first absorb heat from the incident light and once they are saturated, the excess is transferred to
the surrounding solvent. In such a system, localized regions of lower refractive index are getting
hotter. As a result, the heating creates microbubbles which scatter the incoming light. In
contrast, the heat transfer in a film is less efficient, in particular because the material probed is
not mobile opposed to a dispersion, where the nanosheets constantly diffuse through the
medium. A different nonlinear mechanism is therefore highly probable, resulting from excited
charge carriers absorbing more strongly. A heating related effect would result in film damage

which appears as asymmetry of the z-scan. This is clearly not observed.

To evaluate the energy-dependent response quantitatively, feff was extracted from the fits and

summarised in Table 1, for both dispersion and film.

Tablel. Values of nonlinear optical coefficients, Serr for WS2-PMMA film and WS,-SC
dispersion at various laser energies at 532 nm

energy 1y, Sy, 74, 15 yj, 27 pJ,
Film -16.47 -7.20 0.62 0.79 4.38 cm/GW
Dispersion -9.03 ~  ------- -34.43 -37.34 -40.46 cm/GW

In Figure 4C, feftis plotted as a function of incident energy for visualisation of the results. In
both cases (film and the dispersion), the absorptive coefficient changes exponentially and
saturates at ~ 15 wJ resulting in a plateau at higher energies. For the WS;-PMMA films, the
values are negative for energies of 1 and 5 pJ and positive for 7, 15 and 30 wJ, while Seff

coefficient for the dispersion is negative across the whole range.

To show the magnitude of the measured nonlinear optical response, the normalized
transmission A7/T) is plotted as a function of pulse energy density (fluence) for the WS>
dispersion and PMMA film at different energies (Figure 4D). This not only illustrates that the
NLO response in all cases is strongly energy-dependent, but also that it falls into 2 different
regimes of saturable absorption and optical limiting character for dispersion and film,
respectively. The strength of OL in the WS;-PMMA film increases rapidly as the energy input

exceeds 5 pJ. This demonstrates that the nonlinear optical response of the nanomaterial can be



conveniently modulated when embedded in thin films. In contrast to dispersions, such films

could be used in optical limiting devices.

Control of the light emission via embedding in optical microcavities

Key characteristics of the linear optical properties of 2D transition metal dichalcogenides arise
due to the reduced screening of the excitons which are strongly bound in mono- and few-layered
sheets. As such, strong light matter interaction is expected to occur which can be used to
manipulate the optical properties of the nanomaterial.'>* This can for example be achieved by
coupling of the excitons to cavity photons. Both weak and strong coupling have been achieved
with CVD grown or micromechanically-exfoliated monolayer TMDs.!? 446 However, cavity
design to maximise the coupling strength is challenging due to the intrinsically limited
absorption cross section of the 2D material. From this perspective, LPE nanosheets hold some
promise due to the larger available mass of nanomaterial. However, in this case, the challenge
of producing high quality thin films in which the monolayer properties are retained has not yet

been overcome.

To test whether the films produced in this work are of sufficient quality to enable the
investigation of strong light matter coupling, a ~200 nm thick layer (WS,-PMMA film) was
produced by spin-coating and sandwiched between a top (60 nm) and bottom (30 nm) semi-
transparent silver (Ag) mirror. Both reflection spectra and photoluminescence were measured
as a function of the in-plane momentum at room temperature in analogy to Graf et al.*’ Figure
5A shows the angle-resolved reflectivity of the film. A parabolic cavity mode is observed. The
visibility of the mode confirms a homogeneous and smooth layer with very few scattering sites
in the film. This demonstrates that the films are in principle of sufficient quality to study light
matter interaction. Since no anti-crossing of the parabolic cavity mode with the A-exciton is
observed, we conclude that the sample is in the weak light-matter interaction regime. The angle-
resolved PL map in Figure 5B shows that the emission follows the reflectivity of the cavity
mode, i.e. the wavelength of the emission shifts from 600 to 640 nm depending on the angle.
By tuning the cavity thickness, we expect that the emission wavelength of the WS> nanosheets
could be tuned further, thus allowing to customise the optical properties of transition metal
dichalcogenide monolayers. This paves the road towards studying light-matter interaction*’- 3

of various 2D nanosheets in optical microcavities in a straightforward manner.

Conclusion



Thin films of WS> embedded in a PMMA polymer matrix of high optical quality were
fabricated from liquid phase exfoliated WS, dispersions by spin-coating. Atomic force
microscopy showed the films to be extremely smooth with a root mean square area roughness
< 0.5 nm. Extinction and photoluminescence measurements of the films confirmed that
nanosheet aggregation was prevented by the polymer matrix. The resultant films have an optical
density of 0.1 at the A-exciton and the characteristic A-exciton photoluminescence of
monolayered nanosheets is maintained. Importantly, PL emission can be well expressed as
single Lorentzian with linewidth of ~ 40 meV at room temperature confirming the high optical

quality of films, negligible nanosheets restacking and doping.

To demonstrate potential optical applications, the nonlinear optical response of the film was
studied in the nanosecond regime. Here, transition from saturable absorption to optical limiting
was observed for an energy input exceeding 5 pwJ demonstrating possibility of nonlinear optical
response to be readily modulated in WS>-PMMA composites. Furthermore, the high optical
quality of the films was confirmed by angle-resolved reflectivity and photoluminescence after
embedding the film in a Ag microcavity. Formation of a cavity mode across the WS> A-exciton
and an angle-dependent modulation of the WS, emission following the cavity mode were

observed.

Overall such films are of interest for optical applications and hold a great promise as practical
optical limiters for ultrashort laser pulses. The findings above suggests that such WS;-PMMA
composites are very promising to study light matter interaction of liquid-exfoliated nanosheets.
Since such a fabrication procedure can be applied to a range of materials, there is a scope for

further fundamental studies on other layered materials.

Methods

Sample preparation

WS, dispersions were prepared by probe sonicating the powder (Sigma Aldrich, order
number 243639-50G, initial concentration 30 g/L) in an aqueous surfactant solution (sodium
cholate, SC, Sigma Aldrich, order number C1254-100G). The WS, was immersed in 80 mL of
aqueous surfactant solution (Sodium cholate; Csc= 6 g/L) in a 100 mL metal beaker. The beaker
was mounted in a water bath connected to a chiller system to maintain the external temperature
at 5°C. A solid flathead sonication tip was lowered to the bottom of the beaker, then raised 1

cm above. The mixture was sonicated by probe sonication (Sonics VXC-500) for 1 h at 60 %



amplitude with a pulse of 4s on and 2s off. The dispersion was centrifuged in 20 mL aliquots
using 50 mL vials in a Hettich Mikro 220R centrifuge equipped with a fixed-angle rotor 1016
at 6k rpm (2660 g) for 1.5 h. The supernatant was discarded. The sediment was collected in 80
mL of fresh surfactant (Csc= 2 g/L) and subjected to a second sonication using the solid flathead
tip for 5 h at 60 % amplitude with a pulse of 4s on and 4s off. From our experience, this two-
step sonication procedure yields a higher concentration of exfoliated WS> and removes

impurities. This dispersion is denoted as stock dispersion.

To select nanosheets by size, liquid cascade centrifugation (Beckman Coulter Avanti XP
centrifuge, 15 °C) with sequentially increasing rotation speeds was used. Two different rotors
were used. For centrifugation at < 5000 g, the JA25.50 fixed angle rotor and 50 mL centrifuge
tubes (VWR, order number 525-0402) were used filled with 20 mL of dispersion each. For
centrifugation at > 5000 g, the JA25.15 rotor was used with 14 mL vials (Beckman Coulter,
order number 331374), filled with 12 mL dispersion each. The stock dispersion was first
transferred into four vials and centrifuged for 2 hrs at 1k g. The sediment containing
unexfoliated and very large/thick nanosheets was discarded, and the supernatant transferred into
six vials and centrifuged for 2 hrs at Sk g. This time sediment was collected in 18 mL H>O and
labelled as “1-5k g WS,”. The supernatant was again transferred equally into six vials and
centrifuged 2 hrs at 22k g. The sediment was collected and labelled as “5-22k g WS,” and

supernatant discarded.

Transfer to organic PMMA solution

Washing and concentrating of WS2: The 18 mL of “1-5k g WS> and “5-22k g WS>” were
transferred equally into 12 vials (1.5 mL Eppendorf centrifuge tubes) and subjected to
centrifugation (Hettich Mikro 220R, 15°C, 1195-A fixed angle rotor) at 22 k g for 3 h. The
sediment was redispersed in H>O with reduced volume to a total of 6 (1.5 ml) vials. This sample
was again centrifuged at 22 k g for 3 h and the sediment collected in H>O with reduced volume
to a total of 4 (1.5 ml) vials. This washing was repeated a third time after which the WS, was

redispersed in only 1.5 mL and referred to as “WS» concentrate”.

Transfer: First, PMMA (350,000 mw) was dissolved in NMP and THF at a concentration of 30
gL!, respectively, by stirring. The NMP-PMMA and THF-PMMA were mixed at a ratio of 2:5
giving the NMP-THF-PMMA medium. To transfer WS: into the NMP-THF-PMMA solution,
the WS> concentrate, as well as the NMP-THF-PMMA polymer solution were bath sonicated
for ~ 2 min. Finally, the WS, concentrate was injected to the NMP-THF-PMMA at the

concentration of choice and gently sonicated to avoid any aggregation.



Preparation of films

Glass slides (SCHOTT) with the size of 1.5*2 cm were used as substrates for spin coating under
argon atmosphere. The WS>-THF-NMP-PMMA dispersions were bath sonicated for 3 minutes
to break up aggregates that had eventually formed. To create one WS2-PMMA film a drop (50
uL) of the dispersion was placed in the middle of the substrate, possibly evenly covering the
surface and then spin-coated. To minimise waste of the dispersion a static spin coating with two
steps of spinning was chosen. Those were 30s 700 rpms (step 1) and 20s 1000rpm (step 2). The

films were left to dry overnight in dehumidified air.

Characterisation

Optical extinction was measured on a Varian Cary 5000i in 0.5 nm increments. For dispersions,

quartz cuvettes with a pathlength of 0.4 cm were used.

Atomic force microscopy (AFM) was carried out on a Dimension ICON3 scanning probe
microscope (Bruker AXS S.A.S.) in tapping mode in air under ambient conditions using
aluminium coated silicon cantilevers (OLTESP-R3). The concentrated dispersions were diluted
with water to yield a pale colloidal dispersion. A drop of the dilute WSz-Au dispersions (20 pL)
was deposited on a pre-heated (180 °C) Si/SiO» wafer (1x1 cm?) with an oxide layer of 300 nm.
After deposition, the wafer was rinsed with ~5 mL of water and ~5 mL of isopropanol. Typical
image sizes were 10x10 um? at scan rates of 0.5 Hz with 1024 lines per image. The WS2-PMMA

films were measured as obtained without any postprocessing after spin coating.

Raman (Raman/photoluminescence) spectroscopy was performed on the surface of liquid drops
of concentrated dispersions using a Renishaw InVia microscope with 532 nm excitation laser
in air under ambient conditions. The Raman emission was collected by a 50x, long working
distance objective lens in streamline mode and dispersed by a 2400 I/mm grating with 1 % of
the laser power (<0.2 mW). Note that the laser power has to be kept as low as possible to avoid
sample decomposition and heating. Measurements on a minimum of five different spots showed
the samples to be homogeneous under these measurement conditions. The spectra were baseline
corrected and averaged after acquisition. Great care must be taken during the measurement on
the surface of liquid drops, as changes in the focal plane during the acquisition will introduce
an error in the PL/Raman ratio. WS2-PMMA films were measured as obtained after spin coating
with 1 % laser power. In the polymer film, this can still lead to heating effects, but measurement

at lower power was not feasible.



Photoluminescence contour plots were measured using a Horiba Scientific Fluorlog-3
spectrometer equipped with a Xe lamp (450 W) and a PPD-900 photomultiplier tube detector.
Measurements were taken under ambient conditions with double monochromators for
excitation and emission. Prior to the measurement, the samples were diluted to an optical
density of 0.4 (with respect to 1 cm pathlength) at 430 nm. The quartz cuvettes with 0.4 x 1 cm
geometry were placed inside the spectrometer so that the excitation light passed through the 0.4
cm side of the cuvette. Emission was collected in a 90° angle, i.e. after having passed through
the 1 cm side. Bandwidths were 5 nm with acquisition times of 0.4 s. To avoid artefacts from
scattering of the nanomaterial dispersion, a 550 nm cut-off filter was placed on the emission

side. The excitation was corrected for the light intensity.

The open-aperture Z-scan* was used to measure the total transmittance of samples as a function
of incident intensity. An f=30 cm lens is used to vary the beam diameter and hence the intensity
as the sample travels through its focus (in z-direction). All z-scan experiments were performed
with 6 ns pulses from a Q-switched Nd:YAG laser. The beam was spatially filtered to remove
higher-order modes and tightly focused for all experiments. The laser was operated as second
harmonic at 532 nm with a pulse repetition rate of 10 Hz. The linear transmission of the 5-22k
g film was estimated to be ~30% at 532 nm. Open aperture (OA) z-scans were performed with
multiple incident energies set at 1 puJ, 5 uJ, 7 uJ, 15 uJ and 30 pJ. Each measurement has been
repeated 20 times to eliminate random errors, possibly exclude outliers and finally averaged to
get reliable information on the NL response of the examined samples. As a reference, the water-
based dispersion in quartz cuvettes (1 mm pathlength) was also characterised with the same
technique at identical measurements conditions with the linear transmission through the
dispersion at 532 nm wavelength fixed to 20%. The OA z-scans were performed with multiple

incident energies set at 1 puJ, 7.5 pJ, 15 wJ and 30 uJ, 20 times each.

Angle-dependent reflectivity and photoluminescence in the microcavity: A 60 nm thick Ag
mirror was thermally evaporated on a polished Si wafer. Thin polymer films containing WS;
(200 nm thickness) were spin-coated onto this mirror as outlined above. The cavity was
finalised by evaporating a 30 nm Ag mirror on top. The WS2-PMMA film was investigated on
a custom-built inverted fluorescence microscope. The excitation pulses were produced by an
optical parametric oscillator (OPO; Opolette 355, Opotek Inc.) tuned to 425 nm (repetition rate,
max 20 Hz; pulse duration, 5 ns). The spectra were recorded with an EM-CCD camera (Newton

971, Andor) coupled to a spectrograph (Shamrock 5001, Andor).
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Figure 1: Schematic of the transfer procedure to yield WS> in PMMA-THF-NMP after
exfoliation and size selection in aqueous sodium cholate (SC). The dispersion in aqueous SC
was first centrifuged multiple times and redispersed in water to remove SC and yield

concentrated WS: dispersions which can be directly mixed with PMMA-THF-NMP for further

processing by spin coating.
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Figure 2: Characterisation of the WS> dispersions. A-B) Extinction spectra of small (5-22k g,
A) and larger (1-5k g, B) WS> in aqueous sodium cholate (SC) and after transfer to PMMA-
THF-NMP. Inset: representative AFM images of the WS> nanosheets. C-D) Second derivative
of the A-exciton of small WS> (5-22k g, C) and lager WS> (1-5k g, D) The A-exciton response
splits into two components from mono-layered (ML) and few-layered (FL) WS.. After the
washing and transfer procedure, the monolayer content is even increased compared to the
initial dispersion in SC. Peak shifts are attributed to solvatochromism. E-F)
Photoluminescence-excitation contour plot of the 5-22k g WS> dispersion before (E) and after
transfer to PMMA-THF-NMP (F). In F, the WS> PL is completely masked by the solvent.
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Figure 3: Characterisation of WS>-PMMA films. A-B) Extinction spectra of WS>-PMMA films
produced containing small (5-22k g, A) and larger (1-5k g, B) WS> nanosheets. Inset: second
derivative of A-exciton showing the characteristic splitting of mono-layered and few-layered
nanosheets for the 5-22k g sample confirming that no significant reaggregation occurred. C-
D) AFM images of the WS>-PMMA film surface. Scale bar 2 um. The surface roughness (inset)
is in the nm range. C) 5-22k g, D) 1-5k g. E-F) Raman/PL spectra of the WS>-PMMA films
containing small (5-22k g, E) and larger (1-5k g, F) WS> nanosheets compared to the as-
prepared dispersion in SC. The PL of the mono-layered WS> is well discernible in the film with
minor shifts and broadening. G) Photoluminescence-excitation contour plot of the WS>-PMMA
film (5-22k g) showing the monolayer WS> PL at ~ 610 nm. H) Photoluminescence single
spectrum (excitation 430 nm) of WS> (5-22k g) in aqueous SC dispersion (black) and the WS>-
PMMA film (red). Solid lines are fits to single Lorentzians.



A T T T T T B T T T T T T T T T
c 15¢ — 1004 £
2 — 7500 | g 12} ]
E 14} — 150w £
§ 1-3 | 300 ,J.\J i g 1'0 B 7
o /\ = 0.8
o i | o 08¢} -
g 8 e
© © —5ud
£ 1.1¢ { g 06¢ .
© S —_—T7ud
Z 40l - -] =Z 04l —— 15 ud |
27 uJ
-100 -50 0 50 100 80-60-40-20 0 20 40 60 80
Z distance {mm) Z distance (mm)
C 10 T T T T T T T ] D T T T T T T T T
c T T n = dispersion
14} i
E 10| J ] E 12——15pJ |
(0] [
c c —i—30 ud
S 20t . & 10¢ 8
= (=
O g
o -30+ . @ L .
% % 0.3 films
g 40 | T 1 E 06f——75pu 1
2 50} 1 2 ——15pJ
04 274 ]
60 = dispersion = film i K —
0 5 10 15 20 25 30 10°10® 10% 10 102 10° 10? 10
Z distance (mm) Pulse density (J * cm?)

Figure 4: Figure. A-B) Open Aperture (OA) z-scan fitted data, normalised transmission vs.
sample position (z) measured for variable incident energies A) WS>-PMMA film B) WS>-H>O
SC dispersion. C)Nonlinear optical coefficient dependence of energy input. D) NLO response

of film and dispersion as a function of pulse fluence.
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Figure 5: A) Angle-resolved reflectivity of a metal cavity containing a WS>-PMMA layer. A
cavity mode is formed crossing the WS exciton. The clear visibility of the mode confirms the
homogeneity and low surface roughness of the layer. B) Angle-resolved PL spectra for the

cavity in A. Emission occurs via the photonic cavity mode.
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