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Abstract

Two-dimensional (2D) semiconductor nanoplatelets (NPLs) are strongly photoluminescent
materials with interesting properties for optoelectronics. Especially their narrow
photoluminescence paired with a high quantum yield are promising for light emission applications
with high color purity. However, retaining these features in solid-state thin films together with an
efficient encapsulation of the NPLs is a challenge, especially when trying to achieve high quality
films with defined optical density and low surface roughness. Here we show photoluminescent
polymer-encapsulated inorganic-organic nanocomposite coatings of 2D CdSe/CdS NPLs in
poly(diallyldimethylammonium chloride) (PDDA) and poly(ethylenimine) (PEI), which are
prepared by sequential layer-by-layer (LbL) deposition. The electrostatic interaction between the
positively charged polyelectrolytes and aqueous phase transferred NPLs with negatively charged
surface ligands is used as driving force to achieve self-assembled nanocomposite coatings with

well-controlled layer thickness and surface roughness. Increasing the repulsive forces between the



NPLs by increasing the pH value of the dispersion leads to the formation of nanocomposites with
all NPLs arranging flat on the substrate, while the surface roughness of the 165 nm (50 bilayers)
thick coating decreases to R,= 14 nm. The photoluminescence properties of the nanocomposites
are determined by the atomic layer thickness of the NPLs and the 11-mercaptoundecanoic acid
ligand used for their phase transfer. Both, the FWHM (20.5 nm) as well as the position (548 nm)
of the nanocomposite photoluminescence are retained in comparison to the colloidal CdSe/CdS
NPLs in aqueous dispersion, while the measured photoluminescence quantum yield of 5 % is
competitive to state-of-the-art nanomaterial coatings. Our approach yields stable polymer-
encapsulated CdSe/CdS NPLs in smooth coatings with controllable film thickness, rendering the
LbL deposition technique a powerful tool for the fabrication of solid-state photoluminescent

nanocomposites.

Introduction

Two-dimensional (2D) semiconductor nanoplatelets (NPL) are attracting broad scientific interest
due to their promising optoelectronic properties, including their anisotropic light emission and a
small Stokes shift.'* 2D NPLs are strongly quantum-confined in their thickness dimension, which
leads to strong excitonic effects and narrow absorption in the structures as well as efficient
photoluminescence (PL) allowing for their use in light emitting applications or lasing.'® Cadmium
chalcogenide NPLs, especially CdSe, exhibit high photoluminescence quantum yield (PLQY) and
tunable emission in the visible range. By growing a CdS crown in the lateral NPL dimension, the
PLQY and stability of CdSe NPLs is significantly enhanced without a red-shift of the NPL PL.°
Tessier et al. showed the successful synthesis of 2D CdSe/CdS core-crown NPLs and increased

the PLQY of pristine CdSe NPLs from <10 % to 60 % for core-crown structures. An adapted



procedure for 2D CdSe/CdS core-crown NPLs with varying lateral size, thickness and shape of
the crown yielded PLQY values of up to 90 % as has been reported by Schlosser et al.>> Since the
growth of the crown lacks influence on the thickness of the NPLs, the spectral position of the

excitonic CdSe absorption as well as the narrow FWHM of the PL is retained.

The combination of 2D semiconductor NPLs with polymers for the formation of organic-inorganic
nanocomposites is a promising approach to obtain functional materials that are easy to handle,
while stabilizing the 2D NPLs in an inert matrix.!° For example, the incorporation of NPLs into
conductive polymers enables charge carrier separation, albeit at the cost of PL. quenching due to
NPL-polymer interactions.!!!? Retaining the PL properties of the NPLs thus requires a minimum
detrimental NPL-polymer interaction and avoiding NPL agglomeration."* A highly promising
approach to achieve ordered polymer-NPL nanocomposite multilayer films is the layer-by-layer
(LbL) dip-coating technique. Here, a sequential and alternating deposition of polyelectrolytes
(PEL) and NPLs that are charged oppositely is applied.!*!° The electrostatic attraction between the
charges of the polymers and the NPLs leads to a self-assembly process of the nanocomposites with
a controllable layer number on a variety of substrates.!”* The choice of suitable PELs that lack
electronic interaction with the NPLs is crucial and leads to the NPLs dominating the optical
properties of the nanocomposites. However, the PEL species can have significant influence the
film structures. Commonly used PELs are divided into two types, strong PELs, such as
poly(diallyldimethylammonium chloride) (PDDA), and weak PELs like poly(allylamine) (PAAm)
and poly(ethyleneimine) (PEI).!*!82! A strong PEL will remain highly dissociated and release
counterions in solution over a wide pH range. The charged groups along the polymer chain result
in repulsive forces and a stiffening of the polymer chain. ¥2! On the contrary, the dissociation

degree of a weak PEL is much more pH-dependent.'32!22 During the film formation process, an



adsorbed layer of a weak PEL is able to alter its chain conformation by partially wrapping around
incorporated nanomaterials, while no such wrapping phenomenon is observed with strong and

stiffer polymer chains like PDDA 2!

Due to its high potential for the formation of controlled multilayer films with incorporated
nanocrystals (NC), combined with a controllable NC concentration, ease of processing, and
moderate production costs, the LbL deposition technique has proven to be an efficient method for
the fabrication of NC/PEL composite materials.?*>->* The processing of semiconductor NCs using
LbL assembly has been studied extensively and functional optical multilayer films have been
obtained.”?” However, our innovative approach by implementing 2D NPLs with narrow PL
FWHM and high PLQY has the potential to significantly improve the optical performance of

multilayers, and making the resulting coatings competitive for optical applications.!?2

Here, we present a facile method to coat substrates with multilayers of CdSe/CdS core-crown
NPLs and PELs by LbL deposition to obtain photoluminescent NPL-polymer nanocomposite thin
films. We can tailor the structure and the surface roughness of the obtained films by adjusting the
degree of ionization using strong and weak PELs and by varying the pH value. The optical
properties of the obtained nanocomposite films include an almost similar PL position as for the
NPLs in aqueous dispersion and retain the narrow PL. FWHM of the aqueous colloidal solution

with a competitive PLQY of 5 %.

Results and Discussion

CdSe/CdS core-crown NPLs with a thickness of 4 monolayers (ML) were synthesized according

to literature.” The NPLs exhibit narrow absorption and PL centered at 515 nm. The growth of a



CdS crown improved the PLQY of the materials drastically from 20 % to 70 % by preventing
nonradiative recombination due to trap states along NPL edges.”* CdSe/CdS NPLs were
transferred to aqueous dispersion by using a ligand exchange from oleic acid to bifunctional
hydrophilic molecules. The ligand with the best ability to retain the PLQY of the NPLs is 11-
mercaptoundecanoic acid (MUA).*® The thiol group exhibits high affinity to the Cd-terminated
NPL surface and the carboxylate group provides the hydrophilicity to assure the water-solubility
of the NPLs (Figure 1). In alkaline solution, the carboxylate groups are deprotonated, creating
negative charges near the NPLs. This generates repulsive forces between individual NPLs and
prevents agglomeration, thus ensuring the colloidal stability of the NPLs in aqueous dispersion.'
Additionally, negatively charged MUA ligands on the NPLs provide the possibility for their
arrangement into bilayers with positively charged PELs by LbL deposition. We used PDDA and
PEI (see Figure 1a) as strong and weak PELs. PDDA and PEI lack effects on the optical properties
of the NPLs in LbL assemblies, in contrast to poly(allylamine) (PAAm), which was discarded for
further characterization (see Figure S1). Both, PDDA and PEI possess amino groups along the
polymer chains with PDDA carrying quaternary ammonium groups that are positively charged
independently of the pH. Because of the repulsive forces, the polymer chain is stretched to some
extent. Furthermore, the ring structure in the polymer chain (see Figure 1a) decreases the chain
flexibility.3! On the other hand, PEI possesses secondary amino groups mainly. However, since it
is branched, additional tertiary and primary amino groups are present at the branching points and
as end groups, respectively (see idealized structure in Figure 1a). All these amino groups can be
protonated in aqueous solution depending on the pH, thus leading to PEI being mildly charged at
high pH values and strongly charged at low pH values.*? Both, the quaternary ammonium groups

of the PDDA as well as the protonated amino groups provide positive charges of the PEI for the



adsorption of negatively charged NPLs, yet they differ significantly in terms of chain flexibility
and charge density.'*!52! The pK, values of primary and secondary amino groups on weak PELs
are sensitive to their local ionic environment and become lower in the solid state than in aqueous
solution.33* This results in less charged and more flexible polymer chains of weak PELs like PEI,
which can alter their conformation flexibly during a deposition process. On the contrary, PDDA
as strong PEL has numerous quaternary ammonium cations, which remain positively charged
irrespective of the pH value over a wide range.> Correspondingly, PDDA exhibits a less flexible
polymer chain; together with the higher number of repulsive charges this results in a more extended

conformation.

Figure 1c shows photographs of a glass substrate coated with NPL/PDDA nanocomposites under
ambient light and UV irradiation respectively. The covered substrates exhibit a light-yellow color
and green PL at 548 nm due to the incorporated CdSe/CdS NPLs (a scheme of the LbL process
yielding the coatings is shown in Figure 1d). Silicon wafers and quartz glass coverslips were used
as substrates for the deposition. Both of them are negatively charged after rinsing, which can be
attributed to the reaction of their native oxide layers with water. The LbL process is started by
dipping the respective substrate into the polycation solution, upon which a first PEL layer is
formed. The adsorption of the polycation layer leads to a reversal and overcompensation of the
original surface charge, which is important for the adsorption of the following NPL layer. The
carboxylate groups on the MUA ligands of NPLs are negatively charged and enable the colloidal
stability of the NPLs in aqueous solution. For an alternating layer formation with the polycations,
the substrates are immersed in a NPL dispersion. Each adsorption step leads to a reversed surface
charge, which ensures the continuation of the adsorption process with the sum of one cationic and

one anionic layer called a bilayer. The ion amount of PEL and NPLs adsorbed for each single layer



is self-limiting due to the charges, allowing for a precise control over the thickness of the coating.
The dipping solutions were prepared as described in the Experimental Section. Each dipping cycle
consisted of 10 min of dipping into the PEL solution or the NPL dispersion, respectively, followed

by a washing step with deionized water to remove loosely bound molecules and drying under a

c)

gentle nitrogen flow.

a) PEL b) 4 ML CdSe/CdS NPLs

Figure 1: Schematic illustration of a LbL dip-coating process with PDDA, PEI and CdSe/CdS
NPLs. a) Idealized molecular structure of PDDA and PEI. b) Transmission electron microscopy
(TEM) image of 4 ML CdSe/CdS NPLs and a colloidal dispersion of the NPLs as well as the
capping ligand MUA. c) Images of the PDDA/NPL composite LbL film under ambient light (top)
and under illumination with UV light (bottom). d) Scheme of the LbL dip-coating process. A
substrate (Si or glass, grey) is first dipped into the PEL solution (PDDA or PEI, green), followed

by a washing step in deionized water, then dipped in a NPL dispersion (yellow), followed by



another washing step. Due to the opposite charges of the PEL and the MUA capping ligands of the
NPLs, a single layer with limited thickness is coated each time. This process can be repeated to

achieve the desired film thickness.

The LbL process allows for the subsequent addition of a desired number of PEL/NPL bilayers and
thus a precise control on the nanocomposite thickness. The rectangular inorganic CdSe/CdS NPLs
(see Fig. 1b and 2a) have a thickness of 4 ML, which is assigned to a zincblende structure with
four layers of selenium and five layers of cadmium.*-" The NPLs are surface-capped by cadmium,
explaining the high affinity to the thiol group of the MUA ligands via a Lewis acid base interaction.
At the same time, the NPLs’ surface is passivated and the net positive charge resulting from the
cadmium surplus of the structure is compensated by the MUA ligands. Figure 2a includes a scheme
of the high binding strength of the cadmium on the NPL surface to the MUA thiol groups leading
to a good surface coverage. This is underpinned by negatively charged MUA carboxylate groups
interacting with the positively charged PELs for the formation of a bilayer. While LbL assemblies
including weak PELs usually exhibit a complex, nonlinear growth mechanism, we find that using
PDDA as strong PEL yields a nearly linear relation between the thickness and the number of layers
as shown in Figure 2¢.3*3° Each bilayer adds 7.8 nm + 0.4 nm to the film thickness according to

the linear fit, which is in good agreement with literature values.*°

With an average CdSe/CdS NPL size of 13.2 x 53.4 nm? and a thickness of 1.2 nm (see Figure S2
for a size histogram), we infer that NPLs will be incorporated lying flat-on into the multilayer
nanocomposite coating. This ordered deposition of the NPLs in their polymer matrix could be
beneficial for using their anisotropic optical properties including a directed PL perpendicular to

their plane in future applications.*!



v

a) v X
M

+ +
N N N

7N\ ’ A

PDDA

\
(o]

B o°_ o) oo‘
2
5 [S2
5 |%¢E
@ 2
— s s s
)
e}
Oz
gz
e}
(o]
1 v T v 1
c)
EGO - m  PDDA/NPL Coating -
< — — -Linear fit 7]
(7)) -
3 40 -7
: o
;.C: ///.
O 20} _-"m .
g ‘%
— _- =
_ 4
o - i 1 1 1
0 2 4 6

Number of bilayers
Figure 2: a) Schematic of a PDDA/NPL bilayer and corresponding interplay of the opposite
charges within the bilayer. The inorganic part of the CdSe/CdS NPLs is cadmium-terminated,
leading to a strong interaction with the thiol groups in MUA ligands, which in turn carry
carboxylate groups that ensure adsorption of positively charged PDDA. b) TEM image of
rectangular 4 ML CdSe/CdS NPLs with representative NPLs with a lateral dimension of 13.2 x
53.4 nm? and a thickness of 1.2 nm. ¢) Nanocomposite film thickness determined by ellipsometry
measurements vs. the number of bilayers applied to the substrate. When using PDDA as strong
PEL, a linear thickness growth of the assembled films with the increase of deposition cycles is

observed.



The negative surface charge of the NPLs was quantified by zeta-potential measurements and
adjusted by varying their pH value (see Figure S3). The zeta-potential of the NPL dispersion
decreased with increasing pH values, exhibiting negative values over the whole pH-range of 4 —
13 (values < -50 meV for pH = 6) due to the negative charges carried by the carboxylate groups of
the MUA ligands. Strong PELs such as PDDA exhibit numerous positive charges along the
polymer chain with small pH dependence, while the number of positive charges in weak PELs
such as PEI strongly depends on the pH. This influences the coiling of the PEI and thus the
thickness and the quality of the resulting nanocomposite films as discussed below.*#
Consequently, we kept the PEL solution at a set pH value upon dissolution in deionized water
(pH 6.1 for PDDA, pH 10.4 for PEI) and only adjusted the pH value of the NPL dispersion (pH
values of 6 and 10 for PDDA and PEI respectively). Lower pH values than 6 led to a destabilization
of the NPLs leading to their agglomeration, while higher pH values may lead to a quenching of

the NPL PL by the high amount of hydroxide in solution.*?

The surface morphology of the bilayers is analyzed by atomic force microscopy (AFM, see
Figure 3). At pH values of 6, the zeta-potential of the NPLs is low (Cyu6 = -48 mV), while both
PDDA and PEI are highly charged. This leads to strong electrostatic attractions with only small
inter-NPL repulsion, resulting in bilayers with high NPL concentrations (see Figure 3a, ¢). Due to
its highly charged backbone, PDDA shows an extended conformation of the polymer chains.?!3543
This leads to the formation of densely packed PDDA/NPL layers with only little overlap between
single NPLs (see Figure 3c). On the contrary, the less charged PEI with a branched polymer chain
adjusts its conformation to best “accommodate” the NPLs and wraps around them (see
Figure 3a).?! At a pH of 10, higher inter-NPL repulsive are present due to a more negative zeta

potential of the NPLs (C,u10 = -80 mV). This is observed independently of the use of PDDA or PEI
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as PELs, respectively (see Figure 3b, d). As stated before, there is a minor influence of the pH on
the zeta-potential of PDDA as strong PEL (Cyue=44.9 mV, Cyu10=36.6 mV). At a pH of 10, PDDA
still carries enough positive charges to provide attractive forces for NPLs. This results in a well-
separated adsorption of NPLs lying parallel to the surface of substrate (see Figure 3d). On the other
hand, the zeta-potential of the weak PEL PEI decreases significantly from Cue= 51 mV to Couio =
17.8 mV as the pH is increased from 6 to 10. Due to the lack of sufficient positive charges,
adsorption of NPLs to the PELs should be dominated by short-range forces such as hydrogen
bonding, hydrophobic forces, and VAN DER WAALS interactions.?! 3334 However, we find that due
to the high repulsive forces among NPLs, the density of NPLs was low and films are nicely packed.
We have considered local changes of the pH near the substrate surface due to the different pH
values of the NPL and PEL solutions as well. However, since PDDA only shows little pH
dependence of its zeta potential, any increase of the pH due to the deprotonated MUA ligands on
the NPLs does not exert a significant change on the charge density of PDDA or its rigid backbone
structure. On the other hand, combining the PEI solution (pH 10.4) with NPLs dispersed at pH 6
leads to increased absolute values of the zeta potentials of both components, as the carboxyl group
of the MUA can protonate the amino groups of PEI. This will increase the attractive interaction,
while also increasing the inter-NPL repulsion and thus reducing, albeit not preventing, the
formation of unordered NPL/polymer clusters as shown in Figure 3a. Despite this unfavorable
interaction, highly ordered films using PEI can be achieved by increasing the pH value of the NPL

dispersion, which is also the crucial parameter to adjust the NPL concentration in PDDA films.
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Figure 3. PEL and NPL pH value influence on the LbL coating process with AFM phase images
of a single bilayer taken in an area of 1 x 1 ym? and schemes of the formed surface coating. The
combination of a) PEI with NPLs at pH 6, b) PEI with NPLs at pH 10, ¢) PDDA with NPLs at
pH 6, and d) PDDA with NPLs at pH 10. By controlling the pH value of the NPL dispersion, we
can control the number of charges per NPL as shown by the zeta potential values and discussed in

the text. Corresponding AFM height images of samples can be found in Figure S4.

Besides the electrostatic interactions between the charged PELs and the oppositely charged NPLs
entropic contributions have to be considered as well.!#4445 PELs show counterion condensation,
that is, the counterions are partially not released into the solution but are close to the ionic groups
at the polymer chain to compensate the charge. By this the charge density along the polymer chain
is reduced below a critical value which is given by MANNING’s theory or its refinements.**4” During
the LbL assembly process, the ionizable units of a PEL can release counterions and be neutralized
by the oppositely charged NPLs.* The release of the counterions from the PEL as well as from the
NPLs results in a entropic gain, which represents a strong driving force for the formation of the

LbL films.
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The interpretation of AFM measurements on individual bilayers of the nanocomposites in Figure
3 can be extended to profilometry studies of the PEL/NPL nanocomposite coatings with a
thickness of 50 bilayers (see Figure 4, Table 1 and Figure S5 for height histogram). The analysis
of the surface roughness shown in Figure 4a underpins that higher pH values used for the NPL
dispersion lead to the formation of smooth surfaces with high optical quality, with PDDA and at
pH 10 yielding the lowest surface roughness (arithmetic average roughness R, = 14 nm). A
comparable value of R, = 18 nm is achieved by using PEI at pH 10 supporting the results of the
AFM measurements that all NPLs are lying flat-on and that little overlap of separate NPLs is
observed. Decreasing the pH value of the NPL dispersion to pH 6 increases the surface roughness,
as the repulsive forces between the NPLs are reduced and the NPL concentration in one bilayer
increases (R,= 42 nm and R, = 59 nm for PDDA and PEI with NPLs at pH 6, respectively). The
same trend gets apparent when calculating the root mean squared roughness R, (see Table 1). The
R, accentuates larger deviations from the mean value, leading to higher values when the surface
roughness possesses a high amplitude. Here, in good agreement with the R, values, we find
nanocomposite coatings deposited with NPL dispersions at pH 10 yield low R, values of R, = 22

nm and R, = 32 nm with PDDA and PEI respectively.
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Figure 4: Surface roughness of the PEL/NPL nanocomposite layers. a) Profilometry
measurements of nanocomposites with 50 bilayers using PDDA and PEI and a pH value of the
NPL dispersion of 6 and 10, respectively. The lowest surface roughness is obtained in
nanocomposites with PDDA as PEL and pH 10 for the NPL dispersion. b) Refractive index
measurements of 50 bilayers of PDDA/NPL and PEI/NPL layers on Si, deposited at a pH value of

10. Nanocomposites with PEI generally show higher deviations between measurement spots.

Table 1: Height and surface roughness of LbL nanocomposite films with a thickness of 50 bilayers
as determined by profilometry measurements. Height measurements were performed on each
sample at ten different lines with a scan length of at least 2 mm, while the surface roughness was

determined with three measurements over at least 3 mm.
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PDDA pH10 PDDA pH6 PEI pH10 PEI pH6

Height (nm) 165 + 10 170 + 20 150 + 40 180 + 50
R, (nm) 14 42 18 59
R, (nm) 22 65 32 91

The refractive index of PEL/NPL nanocomposite coatings was determined using ellipsometry. The
data are fitted with a Tauc-Lorentz plot and are in good agreement with the measured data (mean
square error (MSE) < 6, see Figure S6).*> When using the weak PEI as PEL for nanocomposite
deposition, strong refractive index differences between different spots on the film are found and
indicate inhomogeneities (refractive indices between 1.75 and 1.30 are obtained, see Figure 4b).
Nanocomposites with PDDA as PEL on the other hand show only minor deviations in the
refractive index between different spots of the film (see Figure 4b). This is in good agreement with
AFM and profilometry measurements as discussed above, showing that highly homogeneous films

are achieved by the LbL method with strong PELs such as PDDA.

The film thickness of the nanocomposites as is determined by profilometry is listed in Table 1
(exemplary measurement and evaluation, see Figure S7). A nanocomposite film thickness of
160 to 180 nm is found, with the magnitude of the deviation between different measurement spots
following the same trends as discussed above (lowest for PDDA pH 10, highest for PEI pH 6). It
has to be noted that the height is lower than expected (390 nm if each bilayer has a thickness of
7.8 nm) from the linear relation established in Figure 2c), indicating that the layer growth slows

down after reaching a large number of bilayers.

For characterizing the influence of the PEL/NPL bilayer formation on the optical properties of the

nanocomposites, we measured the absorption and PL of the samples as well as their PL lifetimes
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(LT) by time-correlated single photon counting (TCSPC). To exclude interactions between the
substrate and the PEL/NPL nanocomposites leading to a quenching of the PL, a spacer coating of
10 bilayers of negatively charged poly(styrenesulfonic acid) (PSS) and PDDA were deposited
before forming the LbL films with the NPLs for the PLQY measurements. Figure 5a shows that
the absorbance and PL of the CdSe/CdS NPLs shift bathochromically (from 515 nm to 543 nm,
AXp;, =28 nm, 124 meV) during the phase transfer from organic to aqueous dispersion. The thiol
layer of the MUA ligand acts as a quasi-sulfide layer, effectively increasing the thickness of the
NPLs 305051 Transferring the aqueous NPL dispersion to the PEL/NPL nanocomposite, however,
only induces a small bathochromic shift (543 nm to 548 nm, AAp; =5 nm, 21 meV), assumedly
caused by changes in the vicinity of single NPLs such as different dielectric constants of the

polymer matrix compared to water.>
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Figure 5: Absorption and PL (dashed) of CdSe/CdS NPLs dispersed in hexane, after their ligand
exchange with MUA in aqueous dispersion and after the deposition as nanocomposites with PDDA
and PEI by LbL. Absorption and PL spectra are shown for 50 bilayers deposited with the NPL
dispersion held at pH 10. a) A bathochromic shift (515 nm to 543 nm, AAp; =28 nm, 124 meV)
of the absorption and PL of the CdSe/CdS NPLs is apparent after the phase transfer, while the
change upon formation of the nanocomposites is only minor (543 nm to 548 nm, AAp; =5 nm,
21 meV). The absorbance is normalized to the first excitonic absorption maximum of the NPLs,
while the PL is normalized to the maximum value. b) The PL LT values of CdSe/CdS NPLs
increase after the phase transfer due to the MUA ligands forming a quasi-S shell that leads to an
increased delocalization of electrons followed by a strong decrease of the PL LTs in LbL films.
Shorter PL LTs in the nanocomposites most likely originate from the few film regions where NPLs
overlap or are packed very closely and exhibit interaction with each other despite the PEL

passivation. These close interactions are not present in the dispersions.

The negligible change in absorption and PL after the LbL process underpins the successful
encapsulation of the NPLs into the polymer matrix without detrimental charge carrier or energy
transfer interactions in the nanocomposites. The PELs investigated do not show any absorption or
PL in the NPL wavelength range where theses phenomena are observed for the NPLs (see
Figure S8), emphasizing that the optical properties of the LbL. nanocomposite coatings are strongly
dominated by the NPLs. Additionally, the optical properties of the nanocomposites by using
PDDA and PEI as PELs (see Figure 4), or when adjusting the pH value (see Figure S9) remain

identical, meaning that these parameters do not influence the optical properties.

The PL FWHM increases from 7.4 nm to 15.7 nm due to the thiol groups necessary for the phase

transfer and an associated thickness increase of the NPLs. The PL spectra of the PEL/NPL
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nanocomposites exhibit a FWHM of 20.5 nm and 22.0 nm for PDDA and PEI used as PEL,
respectively, which is only slightly broader than the FWHM of NPLs in aqueous dispersion. With
a FWHM of 20 nm, the PEL/NPL nanocomposites shown here are able to compete with state-of-

the-art NCs in organic dispersion (typically = 20 nm), rendering the materials competitive for

high purity light emission.>*-¢

The PL properties of the NPLs in the nanocomposite films depend on the distance between single
NPLs and is predominantly governed by the length and functionality of the ligand shell covering
them. Since the substrate for the LbL deposition of the PEL/NPL nanocomposite is charged
positively by the first PEL layer, negatively charged MUA ligands on the NPL surface interact
with them forming a stable bilayer. This process is even more efficient the higher the ligand density
is, ensuring that only NPLs with an intact ligand shell are incorporated into the nanocomposite.

This also ensures a low density of surface traps by missing ligands.

Figure 5b shows the PL LT of the CdSe/CdS NPLs in organic and aqueous dispersion after the
ligand exchange and after the LbL deposition. We find no influence of the PEL or the pH on the
resulting optical properties (see Figure S9). An increase of the PL LT from 4.4 ns + 0.1 ns to
7.9 ns + 0.1 ns after the phase transfer of the NPLs is caused by their thickness increase due to the
quasi-S layer of the MUA ligands, which leads to a delocalization of electrons into the ligand shell
and decreases the electron-hole overlap (holes are more localized in the CdSe core).**>! The PL LT
of NPLs in hexane and aqueous dispersion are fitted biexponentially with two time constants
Tihex = 3.6Ns £0.4nS , Type =19.2ns £05ns , 7y4g =41ns £03ns, and T34 =

23.5ns + 0.7 ns respectively. The contribution of 7,44 increases due to the delocalization of the

electrons into the ligand shell. After the LbL deposition, we find a shorter PL. LT Tgperqge Of
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09 ns £+ 0.1 ns in both, the PDDA/NPL and PEI/NPL nanocomposites with an additional fast
recombination process, which is fitted with the time constant 74, ,,t—ppps = 0.5 ns + 0.1 ns and
Tshort—per = 0.5 ns + 0.1 ns. Interactions between closely packed individual CdSe/CdS NPLs or
between NPLs and the amino groups of the polymer are possible reasons for faster charge carrier
recombination, as suggested by literature.!*>” This suggests a non-optimal passivation by the MUA

ligands, either because of incomplete coverage or insufficient distance between the NPLs.

Table 2: PL and PLQY of CdSe/CdS NPLs in hexane, after phase transfer to aqueous dispersion

and as PEL/NPL LbL nanocomposite coatings with additional PSS/PDDA spacer coating on the

substrate.
Position FWHM Tshort
PLQY Taverage (nS) T1 (nS) T2 (nS)
PL PL (ns)

CdSe/CdS NPLs 515nm 7.4 nm 70 % 44 - 3.6 19.2
in hexane (fex)
CdSe/CdS NPLs 543nm 157 nm 35 % 7.9 - 4.1 23.5
in H,O (aq)
EI;EA/CdSe/CdS 548nm 205nm 4.7 % 09 0.5 4.0 22.6
nanocomposite
PEI/CdSe/CdS 548nm  22.0nm 53 % 09 05 40 243
NPL
nanocomposite

The PL properties and PLQY of the pristine and ligand-exchanged NPLs as well as the PEL/NPL
nanocomposites are summarized in Table 2. The PLQY of the NPLs decreases by the phase
transfer (from 70 % to 35 %), induced by hole traps originating from the MUA thiol ligand.>®>

The nanocomposite coatings exhibit a PLQY of 4.7 % and 5.3 % for PDDA/NPL and PEI/NPL
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films, respectively. This is in line with PLQY values typically reported for solid-state thin
films.!351€ While higher PLQY values in solid-state films have been observed using core/shell
NCs (PLQY 27 %) with a spin-coated film of PbS/CdS NCs and a PLQY of 24 % with a silica
shell around CdTe NCs, the introduction of a shell to the NCs leads to a significant broadening of
their PL (e.g. from 35-40 meV to 62-90 meV for CdSe NPLs and CdSe/CdS core-shell NPLs).28:6061
Our approach combines retaining narrow PL FWHM values of 20 nm in photoluminescent smooth
PEL/NPL nanocomposite coatings with a controllable film thickness and an efficient PLQY of
5 %, while at the same time enabling a stable polymer encapsulation of the colloidal CdSe/CdS
NPLs. This provides a procedure to shape photoluminescent NPLs into a solid-state form which is

typically used in optical devices.

Conclusion

We have investigated a LbL deposition process for the fabrication of polymer matrix-encapsulated
photoluminescent CdSe/CdS NPLs nanocomposites as optically active film coatings. Negatively
charged ligands on the phase transferred NPLs’ surfaces allow for the interaction with the
positively charged PELs and the formation of bilayers. The choice of the polymer determines the
homogeneity and surface roughness of the nanocomposite coatings, with PEI causing higher
thickness deviations (R, = 59 nm) due to polymer coiling around the NPLs. Adjusting the pH of
the aqueous CdSe/CdS NPL dispersion to pH 10 resulted in the formation of flat-on oriented NPLs
in the LbL coatings independent of the choice of polymer and yielded smooth layers with R, values
of 14 nm and 18 nm using PDDA and PEI as PEL, respectively. Additionally, the pH value can be
used to adjust the NPL concentration in the PDDA films. A PLQY of ~5 % is obtained for

PEL/NPL nanocomposites, which is competitive to state-of-the-art colloidal nanomaterial coatings
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and allows for the formation of photoluminescent smooth nanocomposite thin films by retaining

the NPL optoelectronic properties.
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Experimental Section

Chemicals. Sodium myristate (= 99 %), acetone (99.5 %), methanol (MeOH, =99.8 %),
I-octadecene (ODE, 90 %), sulfur (99.98 %), 11-mercaptoundecanoic acid (MUA, 95 %),
n-hexane (=99 %), ethanol (EtOH, =99.8 %), poly(allylamine) (PAAm, 10 wt% in H,0),
poly(ethylenimine) (branched, PEI, 99 %), poly(diallyldimethylammonium chloride) (PDDA,
20 wt% in H,0), and potassium hydroxide (KOH, 85 %) were supplied from Sigma Aldrich.
Cadmium nitrate tetrahydrate (99.999 %), selenium (99.999 %, 200 mesh), poly(styrenesulfonic
acid) (PSS, 30 wt% in H,0) and oleic acid (HOA, 90 %) were supplied by Alfa Aesar. Cadmium
acetate dihydrate (Cd(Ac),, 98 %), hydrochloric acid (HCI, 37 %), and tri-n-octylphosphine (TOP,
97 %) were purchased from ABCR. Chloroform (99.96 %) was purchased from Fischer. All
chemicals except for ODE were used as received without further purification. ODE used for the
preparation of the chalcogenide precursor solutions was purified by degassing it at 120 °C under
oil pump vacuum (p < 1 x 10-* mbar) for at least 6 h. Afterwards, the purified ODE was stored in
an air-free glove box.

Synthesis of CdSe core nanoplatelets (NPLs). CdSe NPLs with a thickness of 4 monolayers
(ML) were synthesized according to Ithurria et al.’*¢ Cadmium myristate (Cd(myr),) was prepared
according to Tessier et al.? Briefly, in a three-neck flask, 1360 mg (2.4 mmol) Cd(myr), and 96 mg
(1.2 mmol) Se were dispersed in 120 mL ODE and degassed under vacuum for 60 min at 70 °C.
Subsequently, the mixture was heated to 240 °C under Ar atmosphere. At 205 °C, 240 mg
(1.0 mmol) Cd(Ac), were added. After 12 min, the synthesis was stopped by the addition of 8 mL
HOA and allowed to reach room temperature. 40 mL of a 2:1 mixture of EtOH and hexane were
added, and the dispersion centrifuged at 4000 rcf for 10 min. The colorless supernatant was

discarded and the precipitated CdSe NPLs redispersed in 10 mL of hexane.
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Synthesis of CdSe/CdS core-crown NPLs. The growth of the CdS crown around the CdSe core
NPLs was performed according to Schlosser et al.’ Briefly, 1.165 mL of core CdSe NPLs in hexane
(cca=40.0 mM, Scgse = 7.64 mg L' as measured by AAS) were combined with 180 L (0.6 mmol)
HOA, 96 mg (0.4 mmol) Cd(Ac), and 8 mL ODE in a three-neck flask. The hexane was removed
carefully under oil pump vacuum via the Schlenk line at room temperature and the mixture was
further degassed under vacuum for 1 h at 60 °C. Under an Ar atmosphere, the solution was then
heated to 240 °C. Starting at 215 °C, 6 mL of a 0.05 M solution of S in ODE was injected at a rate
of 18 mL h''. After completion of the injection, the solution was kept at 240 °C for additional
10 min before it was rapidly cooled down to room temperature. To precipitate the CdSe/CdS NPLs,
10 mL of a 2:1 mixture of EtOH and hexane were added, followed by a centrifugation at 4000 rcf
for 10 min. The core-crown CdSe/CdS NPLs were redispersed in 2 mL hexane.

Phase transfer of CdSe/CdS core crown NPLs to aqueous dispersion. The phase transfer was
performed according to Kodanek et al3® Briefly, 4 mL of a CdSe/CdS NPL dispersion
(cca=20.0 mM) were mixed with a solution of 0.070 g (0.3 mmol) MUA and 0.040 g (0.7 mmol)
KOH in 5 mL MeOH and shaken overnight. Subsequently, the colorless hexane phase was
removed and the now yellow MeOH phase was centrifuged at 4000 rcf for 10 min. The precipitated
CdSe/CdS NPLs with MUA ligands were redispersed in 4 mL aqueous KOH (0.1 M).

Substrate preparation. The layer-by-layer (LbL) dipping processes was performed on glass and
silicon substrates in order to characterize the optical properties and surface morphology of the
inorganic/organic multilayer assemblies, respectively. Both microscope coverslips (LH24.1, Roth)
and one-side polished silicon wafers (125 mm, Ultrapark, Entegris) were cut into small rectangles
(1 x 2 cm?) followed by sonication in chloroform, acetone, EtOH and deionized water.*® After

drying the substrates with nitrogen, they were stored in well plates for further experiments.
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Preparation of LbL dipping dispersions: CdSe/CdS core-crown NPLs were prepared by diluting
the phase transferred colloidal NPL dispersion with Millipore water to a concentration of 0.05 mg
mL! (Cd?** reference). The NPL dispersions were stored in a dark cabinet for further use. The
preparation of polyelectrolyte (PEL) solutions were carried out according to Sydow et al.*® Briefly,
the PELs were dissolved or diluted in Millipore water to obtain a standard solution with a PEL
concentration of 1 mg mL"!. For characterizing the influence of the pH on the formation of LbL
multilayers, a 0.1 M HCl solution was used to adjust the pH of NPL dispersions.

LbL dip-coating process: The preparation of multilayer samples was performed through LbL dip
coating using a dip robot (DR-3, Riegler & Kirstein) according to Sydow ef al. and Shavel et.
al 3 Briefly, silicon- or glass substrates were first dipped into a PEL solution for 10 min,
followed by rinsing in deionized water for 1 min and drying with a gentle flow of nitrogen.
Subsequently, the samples were dipped in a NPL dispersion for 10 min with rinsing in water for
I min and finally drying with nitrogen again. A multilayer structure with a certain number of
bilayers was formed by repeating this process. The dipping time and number of cycles can be
controlled in advance by programming the dip robot.

UV-Vis absorption and photoluminescence (PL) spectroscopy. The samples for UV-vis
absorption and PL spectroscopy were prepared by diluting the CdSe/CdS NPL dispersions in
quartz cuvettes with a path length of 10 mm with hexane or water, respectively, to achieve an
optical density (OD) of < 0.2 at the first excitonic absorption feature or the excitation wavelength,
respectively. The deposited LbL samples were characterized by using a solid sample holder.
Absorption spectra were acquired on a Cary 5000 spectro-photometer from Agilent Technologies.
Steady-state PL. emission spectra and lifetime measurements (time-correlated single photon

counting, TCSPC) were measured using an Edinburgh FL.S 1000 UV-Vis-NIR PL spectrometer.
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The steady-state PL was collected by exciting the samples at 450 nm with a xenon lamp and
utilizing a PMT detector. The photoluminescence quantum yield (PLQY) was determined by
utilizing an integrating sphere, comparing the amount of photons absorbed to those emitted as
described in literature.®® The TCSPC measurements were carried out using a Picosecond Pulsed
Diode Laser (EPL) with a wavelength of 445.1 nm and a pulse length of 110 ps by Edinburgh
Instruments.

Atomic absorption spectroscopy (AAS). Atomic absorption spectroscopy to determine the Cd
ion concentration in CdSe/CdS NPLs was carried out on a Varian AA140 instrument equipped
with an air/acetylene (1.5:3.5) flame atomizer. 5 — 15 uLL of a NPL dispersion were dissolved in
aqua regia overnight, before the solution was filled up to 50 mL with Millipore water
(R=18.2MQ cm) in 50 mL round-bottom flasks. For a calibration curve, at least 5 standard
solutions in the concentration range between O and 2.5 ppm were analyzed.

Transmission electron microscopy (TEM). TEM measurements were performed with a FEI
Tecnai G2 F20 transmission electron microscope equipped with a field emission gun operating at
200 kV. The CdSe/CdS NPL samples were prepared by drop casting a diluted dispersion of the
NPLs onto a carbon coated copper grid (300 mesh) from Quantifoil.

Dynamic light scattering (DLS): The zeta-potential of CdSe/CdS NPL dispersions after their
phase transfer was measured using a Zetasizer (Nano ZS, Malvern Instruments). Data evaluation
was performed using the software Malvern Zetasizer Version 7.03.

Atomic force microscopy (AFM): The surface morphology of the deposited CdSe/CdS NPL-
polymer nanocomposite LbL coatings on silicon substrates was investigated with an atomic force
microscope (XE 100, Park Systems). All measurements were carried out in tapping mode with a

1 2 piezoscanner. For imaging analysis, the software JPK Data Processing was used.
pm= p ging y g
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Ellipsometry: The film thickness PEL/NPL nanocomposites was measured by a Multiskop
(Optrel) in Null ellipsometry-mode. Measurements were carried out in x,y-mode with an angle of
incidence of 70° and 60°. The results were evaluated with the ellipsometry software Version 3.2.
The determination of the refractive index by ellipsometry measurements was performed using a
Sentech SE800 spectroscopic ellipsometer with a spectral range of 370 to 850 nm. The
experimental data for Psi (¥) and Delta (A) were taken at angles of incidence of 60° and 70°. For
fitting the data, a Tauc-Lorentz model with 3 oscillators was used. The starting point for the band
gaps of the oscillators were chosen with respect to the absorption bands in the UV/Vis spectrum
of the NPLs.

Profilometry (Dektak®). The surface roughness of the PEL/NPL nanocomposite films was
determined by Profilometry with a Dektak 8 advanced development profiler by Veeco. The
samples were prepared by dip-coating 50 bilayers onto a Si wafer. For the surface roughness
measurements, at least three measurements over a distance of 3 — 10 mm were taken for each
sample. For the thickness measurements, the sample was scratched to expose the substrate and at
least ten measurements over a distance of 3 mm were taken perpendicular to the scratch. Both the
preparation and the measurement of the samples were performed under air in a normal laboratory
fume hood, without the exclusion of dust particles which can detrimentally contribute to the

surface roughness.
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Figure S1: Absorbance and PL of three bilayer LbL coatings using PDDA (black), PEI (red) and
PAAm (blue) as PELs with a NPL solution at pH 6. LbL layers deposited with PAAm exhibit
excitonic feature loss and strongly decreased PL due to unfavorable interaction between the NPLs
and the primary amine of the PAH.
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Figure S2: Size histogram of CdSe/CdS NPLs synthesized with a mean width of 13.2 + 1.9 nm
and a mean length of 53.5 + 4.9 nm. The sizes are averaged over 60 NPLs counted from TEM
images prepared from hexane solution.
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Figure S3: pH-dependent zeta potential of MUA-capped CdSe/CdS NPLs exhibiting zeta potential
values <-50 mV for pH > 6, indicating a stable dispersion.
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Figure S4: 1 x 1 pum?> AFM height images of one NPL/PEL bilayer on silicon substrates using
a) PEI with NPLs at pH 6, b) PEI with NPLs at pH of 10, ¢c) PDDA with NPLs at pH 6, and d)

PDDA with NPLs at pH 10, corresponding to the AFM phase images shown in Figure 3.
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Figure S5: Histogram of the height of nanocomposite films consisting of 50 PEL/NPL bilayers
on Si as determined by profilometry. While films obtained with CdSe/CdS NPL dispersions held
at pH 6 show larger deviations, dispersions at pH 10 lead to narrow height distributions as

discussed in the main text and shown by the surface roughness.
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Figure S6: Exemplary comparison of the raw data and the fit of the ellipsometry measurement of
a 50 bilayer LbL coating with PDDA as PEL and pH 10 for the NPL dispersion. The fit exhibits a

MSE of 2.55.
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Figure S7: Exemplary profilometry measurements of the height of LbL coatings with 50 PEL/NPL
bilayers on Si. The difference between the blank substrate (left) and the coating (right) is shown,
as well as the differences in surface roughness as is discussed in the main text. The graphs are

shown with a vertical offset of 300 nm for clarity.
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Figure S8: Absorbance of the polymers (1 mg ml! in H2O) used for PEL/NPL nanocomposite
coatings. PDDA and PEI do not show absorbance close to the NPL absorbance range (< 550 nm).
PSS exhibits rather low absorbance close to the NPL absorbance range. We conclude that the
absorbance features of the nanocomposites are dominated by the optical properties of the
CdSe/CdS NPLs as is discussed in the main manuscript.
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Figure S9: Absorbance of the PEL/NPL nanocomposites prepared under different conditions and
normalized to the first excitonic absorption peak of the NPLs. The optical properties of the
nanocomposites are dominated by the CdSe/CdS NPLs, which stay unaffected by the choice of
polymer, the pH value of the NPL dispersion, and the number of bilayers.

Photoluminescence quantum yield (PLQY) measurements

Steady-state PL spectra were acquired using an Edinburgh FLS 1000 UV-Vis-NIR
photoluminescence spectrometer. The optical characterization of NPL dispersions was carried out
using quartz cuvettes with a path length of 10 mm. Layer-by-layer coatings on glass were measured
using a solid state sample holder. The steady-state PL was collected by exciting the samples at
450 nm (optical density < 0.2 at the excitation wavelength) with a xenon lamp and utilizing a PMT
detector. The PLQY was determined inside an integrating sphere, measuring the scattering and the
emission in the of both, a blank and the sample. Equation (1) was used for the determination of the
PLQYS!:

_ Ep-Egp
PLQY = —SA—SB (1)

With E the emission area (area under the curve), S the area of the scattering, i.e. the non-absorbed
light at the excitation wavelength, k the ratio of the detector sensitivities, and the indices A and B
marking the reference and the sample, respectively.
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