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ABSTRACT: Perovskite nanocrystals (PNCs) are highly
demanding nanomaterials for solid-state lighting applications.
A challenge for their exploitation in practical applications is
the insufficient ambient and water stability associated with
their ionic nature. Here we report a novel route for solid-state
encapsulation of films of perovskite nanocrystals (PNCs)
through vapor-phase deposition of a thin and hydrophobic
layer of fluoroalkyltrichlorosilanes (FAS). High quality
nanoscale crystals of CsPbBr; were synthesized with well-
established colloidal methods and coated on solid substrates.
The films of PNCs were then subjected to vapor of FAS for
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short durations of time (<60 s) in ambient atmosphere, resulting in deposition of a thin (<20 nm) hydrophobic layer. Besides
providing a barrier for water and humidity, the vapor-phase deposition of FAS was accompanied by the blue shift of the
emission wavelength of the PNCs. The color shift results from the partial exchange of Br with Cl anions, which emerge during
the self-hydrolysis of the silane molecules. Throughout this process, we demonstrate the enhanced water stability of the films of
PNCs and fine tunability of the wavelength in films from 516 nm to 488 nm. The fabrication of a white-light-emitting diode and
tunability of the color coordinates with the duration of the FAS deposition were demonstrated. The rapid, scalable, and
inexpensive solid-state encapsulation approach shows great promise for films of halide perovskites.
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1. INTRODUCTION

Nanoscale crystals of lead halide perovskites present highly
efficient, versatile, low-cost, and solution-processable routes for
fabrication of white-light-emitting diodes." Inspired by the
great success in thin films of organo-lead halide perovskites
(CH;NH,PbX;, X = Cl, Br, I) for photovoltaics,” colloidal
forms of such materials have recently attracted an immediate
interest. Following the initial studies on the hybrid organic—
inorganic ones,”" colloidal synthesis of all inorganic cesium
lead halide (CsPbX,) perovskite nanocrystals (PNCs) has
enabled solution-processing-based preparation of materials
with extremely interesting optical properties.” Their high
photoluminescence quantum yields exceeding 90%,° wide
tunability of the color,” narrow emission bandwidths,® and
large optical absorption cross section” warrant their highly
promising position for light-emitting applications. In compar-
ison to conventional quantum dots based on group II-VI and
III-V elements (e.g, CdSe and InP), PNCs offered enhanced
tolerance to the variations in the size of the nanocrystals and
surface defects associated with the dangling bonds.'® The size
tolerance, for instance, allowed for strong photoluminescence
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at length scales larger than the excitonic Bohr diameter of the
material.” These characteristics established the foundations for
the fabrication of light-emitting diodes (LEDs),"" lasers,"” solar
cells,"” and photodetectors'* based on all inorganic lead halide
perovskites. Further advancing the capabilities of PNCs in
practical applications requires careful interpretation of the
stability and color tunability.

The ionic nature of all inorganic PNCs results in high levels
of susceptibility to polar solvents and moisture.'> The stability
of PNCs is of significant importance to enable practical
applications based on these interesting materials. A range of
different strategies has been recently reported to overcome this
issue. Rogach and co-workers'® have demonstrated that the
stability of inorganic PNCs against water could be significantly
improved by coating the surface of nanoparticles with
polyhedral oligomeric silsesquioxane. This coating enabled
highly stable aqueous solutions and white light-emitting diodes
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using mixtures of red and green emitting nanocrystals without
anion-exchange reactions. The encapsulation with different
forms of silica has proved to be a highly effective strategy to
improve the stability of PNCs. One strategy'”'® involved
addition of (3-aminopropyl)triethoxysilane into the precursor
solution to serve as a capping agent and protection layer.
Besides the role of amine headgroup in the dissolution of
precursors and passivation of the surface, silyl ether groups can
polymerize in the presence of moisture to form a protection
layer that is composed of silica. This protection layer prevented
anion exchange and significantly improved the air stability of
the all inorganic PNCs. The encapsulation with polymeric
materials is another strategy that has been utilized to improve
the stability. For this purpose, PNCs were incorporated within
electrospun nanofibers,'” thin films” of polymer and block
copolymer micelles,” and polystyrene spheres.”” Other
approaches included exposure of films of PNCs to X-rays,”
incorporation of PNCs into mesoporous silica nanoparticles,”*
anchoring of PNCs to the surface of silica particles,”
increasing the iodine content of the surface,”® decoration of
the surface of the nanocrystals with ZnS,”” and using different
ligands.”® These approaches mostly focused on encapsulating
individual PNCs and required additional and tedious
processing steps. It remains intact to develop simple, versatile,
and rapid approaches for direct encapsulation of the as-
synthesized PNCs after deposition of the films.

The anion-exchange-mediated postsynthesis color engineer-
ing is a unique capability presented by PNCs. The type and
ratio of the halide anions (Cl, Br, I) determine the
photoluminescence wavelength of these nanomaterials. The
complete anion exchange from Cl to Br and Br to I results in
change of the color from blue to green and green to red,
respectively.”” Furthermore, the partial exchange of anions
allows for precise tuning of the emission wavelength
throughout the entire visible region.”> A remarkable feature
is that the size and shape of the nanocrystals can be retained
during these anion-exchange reactions. Recent reports have
shown that anion-exchange reactions can also be performed in
the vapor phase. Manna and co-workers” used hydrohalic
vapors for conversion in between CsPbBr; and CsPbCl,
nanocrystals to fabricate patterned arrays of PNCs. The ability
to tune the color of PNCs with hydrochloric acid vapor was
employed to construct a hydrochloric acid sensor.”’ Such
vapor-phase anion-exchange reactions allowed for tuning the
microstructure of thin films of organometal halide perovskites
to increase the power conversion efficiency of solar cells.*”
These studies showed the promise of vapor-phase anion
exchange reactions for dynamically tuning the color of films of
PNCs. Development of vapor-phase postdeposition strategies
that simultaneously enable encapsulation of PNCs and tuning
of their emission color will provide substantial capabilities in
colloidal optoelectronics applications.

To address the above-mentioned issues, in this work we
propose the vapor-phase encapsulation of PNCs with a simple
approach using fluoroalkyltrichlorosilanes (FAS) to efficiently
provide stability as well as to demonstrate an effective tuning of
white color coordinates of a fabricated hybrid light-emitting
diode. The encapsulation process is simply performed by
placing a substrate with a film of PNCs and a droplet of FAS in
a closed container for tens of seconds. A unique aspect of our
approach is that the deposition of a hydrophobic film is
accompanied by a change in the emission color. The release of
hydrochloric acid during self-hydrolysis of the silane mediates
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the partial exchange of bromine anions with chlorine anions,
resulting in a blue shift of the emission wavelength of the
PNCs. Effects of the deposition time and environment on the
thickness and wetting behavior of the films of FAS and
emission wavelength of the PNC film are systematically
studied. The deposition of FAS renders the surface of the films
hydrophobic and improves their water stability. When
performed with films of CsPbBr; nanocrystals, the deposition
of FAS results in the change of the emission color from green
to blue due to the shift of the composition to CsPbBr;_,Cl..
We finally fabricate down-conversion white-light-emitting
diodes based on PNC films and show that the Commission
Internationale de I'Eclairage (CIE) color coordinates can be
modulated with the duration of FAS deposition. Although
conventional nanocrystal hybrid LEDs necessitate choosing the
red and green emitters before hybridization (in the dispersion
mode), our approach allows for continuous color tunability for
green PNC emitters as real time on the chip level therefore
presents a novel proof-of-concept approach for color tuning of
the white coordinate as desired.

2. EXPERIMENTAL SECTION

2.1. Materials. Octadecene (90%), oleic acid (90%), oleylamine
(70%), Cs,CO4 (99.99%), PbBr, (99.999), and hexane (99%) were
utilized as received from Sigma-Aldrich. Silicon wafers ({100)) and
glass slides were purchased from Wafer World Inc. and Isolab Inc.,
respectively. Tridecafluoroalkyl-1,1,2,2-tetrahydrooctyltrichlorosilane
was purchased from Gelest Inc. and referred to as FAS.

2.2. Synthesis of Perovskite Nanocrystals. Cs-oleate precursor

was prepared according to the following recipe. Octadecene (ODE,
20 mL), Cs,CO; (0.4 g), and oleic acid (OA, 1.55 mL) were mixed in
a three-necked flask and stirred under vacuum at 120 °C for 60 min.
The temperature of the solution was increased to 150 °C and kept at
this temperature until complete dissolution of the entire Cs,COj; in
ODE.
CsPbBr; PNCs were synthesized with a slight modification of the
recipes reported in the previous studies.” 0.138 mg of PbBr, and 7.5
mL of ODE were mixed in a 25 mL flask and subjected to vacuum at
room temperature for 30 min, followed by stirring under an argon gas
atmosphere at 120 °C. One milliliter of oleylamine and 1 mL of OA
were added into the solution and kept for 10 min at 120 °C.
Afterward, the temperature of the solution was raised to 180 °C, and
0.8 mL of Cs-oleate was injected swiftly into the solution, which was
then cooled to room temperature within S s. As-synthesized PNCs
were purified following our recent study’* by doubling the amount of
the solvent.

2.3. Deposition of Perovskite Nanocrystal Films. Silicon and
glass substrates (1 X 1 cm”) were washed under sonication in acetone
and ethanol for 5 min each and then dried with nitrogen. The
substrates were then subjected to UV-ozone cleaning (Bioforce,
procleaner) for 20 min. To suppress the formation of coffee-ring
effects, the substrates were hydrophobized through vapor-phase
deposition (see details in the following section) of a film of FAS for
30 s. The films of the nanocrystals were deposited on the
hydrophobized substrate by spotting a 10 4L drop of PNCs dispersed
in hexane at a concentration of 30 mg/mL.

2.4. Vapor-Phase Postdeposition of FAS. Three different types
of substrates (1 X 1 cm®) were used for vapor-phase deposition of
FAS: (i) the freshly cleaned bare silicon substrates for monitoring the
thickness of the deposited film; (ii) PNC films deposited on the
silicon/glass substrates as described in the preceding section; (iii)
gold films with a thickness of 100 nm deposited on the freshly cleaned
silicon substrates by thermal evaporation (Nanovak NVTS-500) at a
pressure <5 X 107 Torr with a deposition rate of 0.04 nm/s. In all
cases, cleaning of the substrates was performed by washing under
sonication in acetone and ethanol for S min each followed by drying
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Figure 1. Solid-state encapsulation of PNC films. (a) Schematic description of the process. A droplet of FAS is placed and spread over the entire
cover of a Petri dish. The cover is closed on top of a substrate with a film of CsPbBr; nanocrystals. (b) Schematic illustration of the evolution of the
chemical and crystal structure of PNCs and FAS. The composition of CsPbBr; nanocrystal films shifts to CsPbBr;_,Cl, with an extent that depends
on the duration of FAS deposition and thickness of the PNC film. (c) Photograph of substrates with films of PNCs that were subjected to vapor of

FAS for increasing durations.
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Figure 2. Characterization of PNCs: (a) photoluminescence (PL) and absorbance spectra, (b) TEM image of the synthesized PNCs.

with nitrogen and subjecting to UV-ozone treatment (Bioforce,
procleaner) for 20 min.

The substrates were positioned on the bottom of a polystyrene
Petri dish (60 mm diameter, 15 mm height). FAS was stored in a
glovebox filled with argon, and an aliquot was taken from the
glovebox prior to the deposition. A droplet of FAS with a volume of
10 uL was then spread on the cover of the Petri dish and placed 1.35
cm above the substrate, resulting in a closed system in ambient
conditions. The deposition was terminated by removing the substrate
from the Petri dish.

2.5. Characterization. The wetting property of the substrates was
characterized via static water contact angle measurements (Attension
Theta Lite system). The volume of the water droplets was fixed as 3
uL. The reported contact angles represent the arithmetic average of at
least three measurements performed at different positions of a
substrate. The thickness of the deposited films of FAS was measured
using a Stokes ellipsometer (Gaertner). On silicon substrates the film
was modeled as a substrate (refractive index of 3.85)/native silicon
oxide layer (thickness of 1.5 nm, refractive index of 1.543)/FAS
(refractive index of 1.35). In the case of gold films vapor deposited on
the silicon substrate, the model consisted of a substrate (refractive
index of 3.85)/native silicon oxide layer (thickness of 1.5 nm,
refractive index of 1.543)/gold film (thickness of 100 nm, refractive
index of 0.155)/FAS (refractive index of 1.35). Fourier transform
infrared spectroscopy (FTIR) was performed using a spectropho-
tometer (Thermo Scientific, Nicolet 6700). The topography of the
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substrates was imaged via an AFM (Veeco Multimode 8). The
chemical composition of the substrates was probed by energy-
dispersive X-ray (EDX) spectroscopy (Bruker) attached to a SEM
(Zeiss EVO LS10). Photoluminescence and absorbance spectra of the
PNCs were measured using an Agilent-Cary Eclipse fluorescence
spectrophotometer and a Thermo Genesys 10S spectrometer,
respectively. Transmission electron microscopy (TEM) images were
recorded using a FEI Tecnai G2 F30 microscope. X-ray diffraction
measurements were performed with PANalytical: X’pert Pro MPD.
The X-ray photoelectron spectroscopy (XPS) analysis was done using
a Thermo Scientific K-Alpha X-ray photoelectron spectrometer
system.

3. RESULTS AND DISCUSSION

Figure 1la illustrates steps for simultaneous encapsulation and
color tuning of films of PNCs by exposure to vapors of FAS.
Our approach is based on simple glassware and does not
require any kind of special tools. A droplet (~10 uL/cm?) of
FAS is directly placed on top of the cover of a Petri dish.
Closing this cover on top of a Petri dish for 10 s is sufficient for
vapor-phase deposition of FAS on the surfaces of substrates
placed on the bottom of the Petri dish. In the case of the
substrates with films of green-emitting CsPbBr; nanocrystals,
the deposition of FAS is accompanied by the blue shift of the
color (see Supporting Information Video SV1). We hypothe-
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Figure 3. Effect of FAS deposition on the crystal structure, composition, photoluminescence, and water stability of PNC films. (a) XRD and (b)
XPS spectra of PNC films before and after FAS deposition. (c) Photoluminescence spectra of the film of CsPbBr; before and after deposition of
FAS. (d) Water stability of PNCs films with and without FAS deposition. The variation of the PL intensity as a function of time that the film of
PNCs was subjected to water droplets. The deposition of FAS was performed in air for (a—c) 60 s.

size that such color change is due to the release of hydrochloric
acid during the self-hydrolysis of FAS molecules (Figure 1b).
Previous reports”>>"** have shown that exposure of the films
of perovskites to hydrohalic vapors result in the exchange of
anions. For the results shown here, the partial exchange of Br
anions with Cl anions occurs with the exposure to FAS. Such
anion-exchange results in the blue shift of the emission color
(Figure 1c). Simultaneously, FAS molecules are deposited on
top of the films of PNCs constituting a hydrophobic
encapsulation layer.

The strength of our approach is that high-performance
colloidal PNCs can be directly used without intervening with
the synthesis process. We used the colloidal synthesis method
originally described by Kovalenko and co-workers.” The green
(centered at 514 nm) emissive PNCs exhibited high color
purity with a quantum yield of 85% and a full width at half-
maximum (FWHM) of 20 nm (Figure 2a). The TEM image
presented in Figure 2b shows that the average length and width
of the PNCs were 9.31 + 0.89 nm and 8.05 + 0.97 nm,
respectively. The crystal structure of PNCs can vary in between
orthorhombic, tetragonal, and cubic, depending on the
synthesis and injection temperature of the chemicals for the
nucleation.®® In this study, synthesis of PNCs at 180 °C led to
the cubic perovskite structure, which is typically observed at
high temperatures.””’
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Figure 3 summarizes the impact of FAS deposition on the
characteristics of PNC films. The XRD, XPS, photolumines-
cence, and water stability of the films of PNCs were
investigated before and after deposition of FAS. The XRD
spectrum (Figure 3a) of the as-synthesized and FAS deposited
PNCs presented peaks that are well coincident with the cubic
perovskite crystal structure of the CsPbBr; (JCPDS: 54-0752)
and CsPbCl; (JCPDS: 18-0366) as reported in previous
studies.”*>® The XPS spectrum (Figure 3b) showed the
presence of Cs, Pb, Br, C, and O elements, which constitute
the nanocrystal and its ligands. The vapor-phase deposition of
FAS was clearly evident in the XPS and XRD analysis. The
XRD spectrum of the PNCs shifted to higher angles due to the
exchange of anions from Br to Cl during the deposition of FAS.
This shift is due to the shrinkage of the cell with the
incorporation of smaller size CI atoms as reported in previous
studies.””” A strong F 1s peak appeared in the XPS analysis
confirming the deposition of a layer of FAS molecules. The
decrease in the intensity of other elements further supports
deposition of a film that covers the surface of the substrate,
since XPS is a surface-sensitive technique with a depth of
penetration about S nm. EDX analysis further supported the
simultaneous partial anion exchange and deposition of FAS on
the PNC films (see Supporting Information Figure S1). A
distinct Cl peak appeared following deposition of FAS, and the
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Figure 4. Vapor-phase deposition of FAS. (a) The thickness and (b) water contact angle of the films of vapor-deposited FAS as a function of time
in air and argon atmospheres. (c) FTIR characterization of FAS, CsPbBr; and FAS deposited on CsPbBr;. (d) AFM image of a silicon substrate

following vapor-phase deposition of FAS for 20 s.

ratio of Br:Cl decreased with increasing deposition time of
FAS. The morphology of the film of PNCs remained mostly
the same after the deposition of FAS (see Figure S2).

The exposure to vapor of FAS resulted in alteration of the
surface wetting and photoluminescence properties of films of
PNCs. Initially the surface of the film of PNCs was hydrophilic
(~61°) due to the polar nature of the material. The rapid
degradation of PNCs upon contact with water prevented
accurate measurement of the water contact angle. FAS is a
well-known fluorocarbon material that provides low surface
energy and commonly employed in fabrication of extremely
water-repellant surfaces.”” After vapor-phase deposition of
FAS, the surface became hydrophobic with a water contact
angle of 118°. Along with the change in the wettability, the
emission peak wavelength of the PNC film shifted from green
to blue with exposure to FAS vapor (Figure 3c). The quantum
efficiencies (see Supporting Information and Figure S3 for
details) were 44.6% and 28.5% for the uncoated and FAS
deposited films of PNCs, respectively. The extent of the blue
shift depended on the duration of the exposure to FAS vapor
and thickness of the PNC film. For spin-coated films of
CsPbBr; nanocrystals, the emission peak wavelength decreased
with increasing duration of the exposure to FAS vapor (see
Figure S4). For films deposited by drop-casting of CsPbBr,
nanocrystals on the hydrophobized substrate, the blue shift of
the photoluminescence started with the deposition of FAS and
continued for a period of time following termination of the
FAS deposition process (see Figure SS). The penetration and
rearrangement of atoms in the relatively thick stacks of PNCs
deposited by drop-casting can be responsible for the
progression of the blue-shift following termination of the
FAS deposition. This kind of blue-shift in the emission of films
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of all inorganic PNCs was previously observed in response to
exposure to vapors of hydrochloric acid.”>’*' Together with the
spectroscopic analysis presented above, these results strongly
suggest that a similar partial anion exchange from Br to Cl
occurs in this study.

We further studied the stability of PNC films upon
encapsulation. The low surface energy provided by FAS acts
as an effective barrier against penetration of water molecules to
the film of PNCs. To demonstrate the stability of the PNCs,
we set up a spectrometer based measurement system to track
the emission intensity of drop-casted samples excited with a
blue LED. A dispersion of green-emitting CsPbBr; PNCs in
hexane with a volume of 20 yL was drop-casted on two glass
substrates. One of the glass substrates with the film of PNCs
was subjected to the vapor of FAS for 10 s, whereas the other
substrate was not subjected to any additional processing.
Several droplets of deionized water were spotted on the both
substrates following the record of initial spectrum under the
spectrometer. The relative peak intensities calculated from the
periodically recorded spectra are shown in Figure 3d. While
the photoluminescence degradation of the uncoated substrate
was up to 80% in 120 min, the coated substrate lost only 30%
of the initial intensity. The water stability behavior was similar
for varying FAS deposition times. The deposition of FAS also
resulted in an improvement in the air stability of the films of
PNCs (see Figure S6). Control experiments performed with
vapor of hydrochloric acid instead of FAS did not result in
significant improvement in the stability of PNC films. This
difference in the stability is attributed to the low surface energy
film provided by FAS. The enhancement of the stability can be
related to the surface state of PNCs as determined with the
interaction with FAS molecules.”?”*® In the absence of FAS,
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the integrity of PNCs is lost upon contact with water, resulting
in the degradation of the photoluminescence.*”

To understand the origin of the deposition of a hydrophobic
layer on the films of PNCs, we investigated the deposition of
FAS using different atmospheres, times, and substrates. The
vapor-phase deposition of FAS was performed for different
times on a freshly cleaned silicon substrate in air and argon gas
atmospheres. We measured the thickness (Figure 4a) and
water contact angle (Figure 4b) of the deposited films of FAS.
The deposition of FAS was much faster in air than an argon
atmosphere. The thickness of the film increased with the
duration of the deposition. After 60 s of the deposition, the
thickness of the FAS film was ~20 nm in air, whereas it was <2
nm in an argon atmosphere. The strong contrast in the
thickness of the films that were deposited in air and argon
atmospheres was attributed to the effect of water for the rapid
deposition of FAS molecules. Previous studies have shown the
importance of moisture on the deposition of silane molecules.
In the presence of water, trichlorosilanes are hydrolyzed to
silanols with hydrochloric acid as the byproduct of this
reaction.””*' The hydrolysis is followed by reaction between
the individual silanes to form oligomers (ie., self-polymer-
ization), which are then condensed to form a nonvolatile and
hydrophobic layer on the substrate. The oligomers adsorb to
the surfaces more rapidly than their single silane counterparts.
The rate of adsorption has been reported to increase with
increasing concentration of water."” Fluorinated trichlorosi-
lanes were reported to be more reactive to water and easier to
self-polymerize in comparison with their hydrogenated
counterparts.””** The deposition of thick layers of FAS in
ambient atmosphere is likely a result of the rapid self-
polymerization of FAS to form a polysiloxane layer. The
deposition of such a hydrophobic layer as a result of hydrolysis
followed by self-polymerization may play a critical role in the
improved water stability of PNC films. The absence of water
molecules in the controlled argon atmosphere limits the
hydrolysis reaction. Despite a strong contrast in the thickness
of the films, the water contact angles of the substrates prepared
in air and argon did not show a significant difference (Figure
4b). This result implies that a thin layer of FAS is sufficient to
alter the wetting properties of the substrates. The infrared
absorption spectra clearly showed the presence of vibrations
due to Si—O—Si bands at ~1143 cm™" on FAS films deposited
on the PNCs (Figure 4c). The presence of Si—O—Si bands
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suggests that FAS molecules oligomerize in the vapor phase
followed by condensation to form siloxane linkages. The
formation of siloxane linkages may further contribute to the
stability of films of PNCs."

To further probe the vapor-phase deposition of FAS on the
films of PNCs, we performed experiments using gold-coated
silicon substrates. The study of FAS deposition process on
gold-coated substrates was important for two different reasons.
First, gold-coated substrates allowed us to study the FAS
deposition process on a surface that is orthogonal to silicon
oxide-terminated surfaces. FAS is known to react and
chemically bind to silicon oxide-terminated substrates.*”*
To show that our processing conditions lead to deposition of
FAS molecules on a surface without any chemical binding sites,
we performed experiments with gold-coated substrates. Gold
presents an orthogonal chemistry and does not have any
chemical binding sites for bond formation with silanes.*
Second, the gold-coated silicon substrates enabled comparison
of the deposition rate of FAS on different substrates. A 100 nm
film of gold was vapor deposited on a silicon substrate. The
gold-coated and bare silicon substrates were subjected to
vapor-phase deposition of FAS for 30 s. Both substrates
became hydrophobic with a water contact angle of ~110° and
a FAS thickness of ~7.5 nm (see Table S1). The rate of
deposition of FAS was similar on silicon and gold-coated
silicon substrates. This result suggests that the rate of FAS
deposition does not depend on the surface chemistry of the
substrate and can be expected to be similar on films of PNCs.
Si—O—Si bonds could be observed on the gold-coated silicon
substrate, suggesting the self-polymerization of FAS to form
siloxane layers (Figure S7). The vapor-phase deposition of
such siloxane layers was reported on organic semiconductor
layers that are different than the silicon oxide surfaces, which
can react with silanes.””*® Washing the gold coated and bare
silicon substrates for 2 min under sonication with water
showed a strong contrast in between the substrates. The silicon
substrate was still hydrophobic (6 = 109°), whereas the gold-
coated silicon substrate became hydrophilic (6 = 60°). The
thickness of the FAS film reduced to 2.3 nm on the silicon
substrate, and there was no discernible layer on the gold-
coated silicon substrate. These results show that vapor-phase
deposition of FAS results in a physically bound layer on the
gold surface. The absence of suitable binding sites on the films
of PNCs suggests the formation of a similar layer of FAS. AFM
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images (Figure 4d) of the silicon substrate after the deposition
of FAS further show formation of a highly rough layer, which is
typical for polymerization of silanes in the presence of
water,*>*

The color tunability of the green emitting PNCs by FAS
coating was demonstrated by shifting the coordinate of the
white light generated by the hybridized structure of green-
emitting CsPbBr;, red emitting InP/ZnS quantum dots, and
commercially available blue LED (see the Supporting
Information for details). InP-based red-emitting quantum
dots (QDs) were synthesized according to the previous
studies.*”*" The peak wavelength of the green emitting QDs
was shifted by FAS deposition with the aforementioned
procedure. It is worth noting here that the FAS has not
affected the emission of the InP-based red-emitting QDs, as
expected. To investigate the coordinate shift of the hybrid
device, the FAS amount and exposure time were reduced to 2
uL and 3 s, respectively. The progressive shift of the white
coordinates on the CIE diagram and the PL spectrum is shown
in Figure 5a,b, and the «x, y values are tabulated in Table S2.
The chromaticity coordinates were calculated using the
spectral power distribution of the light and CIE color matching
functions (see the Supporting Information for details). The (x,
y) coordinates of a light are a widely accepted quality
parameter, especially for white light. Depending on the specific
requirements of application area, various white lights with
different correlated color temperatures (CCT) are used.”!
While the yellowish-white light is believed to be more
soothing, blueish-white light is suggested for office spaces
where concentration is more important. Apart from ordinary
lighting solutions, CCT plays an important role in some niche
applications such as jewelry displays, museum and gallery
lighting, and so forth. Although conventional color tunability is
performed by choosing the appropriate nanocrystals of
different fixed emission profile (fixing green and red emitters),
in our work, we demonstrate a coordinate shift by using vapor
deposition on color converting agents in real time. As the
continuous tunability” of the color coordinates is an enabling
capability for varying needs of different applications, in this
respect, the engineering of the color coordinates in an on-chip,
real-time approach via a simple process to span the white
region is a new and alternative approach which cannot be
performed by other solution-processable methods.

4. CONCLUSIONS

This study demonstrated the promise of solid-state encapsu-
lation of films of nanoscale crystals of perovskites through
vapor-phase deposition of fluorinated silane molecules and
fabricated white-light-emitting diodes with engineered color
coordinates through the color shift initiated by anion exchange
of the PNCs. The strength of our approach emerges from the
simplicity of the vapor-phase deposition together with the
solid-state encapsulation of the films. Our approach enables
postfabrication encapsulation of the light-emitting diodes of
varying geometry, planarity, and area and allows for retainment
of the materials and processing steps optimized for high
performance (e.g, high quantum yield). We anticipate that
with slight modifications, this approach can be easily adapted
for films of perovskites in photovoltaic applications. The
presented results motivate development of materials and
processes for solid-state encapsulation of light-emitting devices.
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