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Water Passivation of Perovskite Nanocrystals Enables
Air-Stable Intrinsically Stretchable Color-Conversion Layers
for Stretchable Displays

Huanyu Zhou, Jinwoo Park, Yeongjun Lee, Jae-Man Park, Jin-Hoon Kim, Joo Sung Kim,
Hyeon-Dong Lee, Seung Hyeon Jo, Xue Cai, Lizhu Li, Xing Sheng, Hyung Joong Yun,
Jin-Woo Park, Jeong-Yun Sun, and Tae-Woo Lee*

Soft materials and processing have ena-

Conventional organic light-emitting devices without an encapsulation layer bled development of a wide variety of
are susceptible to degradation when exposed to air, so realization of air-stable wearable electronics including on-skin
intrinsically-stretchable display is a great challenge because the protection of electrical, physical and chemical sen-

sors.l" Continuous monitoring of typical
physiological data such as respiration rate,
heart rate, contraction/expansion of mus-
cles, and ground reaction forces through

the devices against penetration of moisture and oxygen is even more diffi-
cult under stretching. An air-stable intrinsically-stretchable display that is
composed of an intrinsically-stretchable electroluminescent device (SELD)

integrated with a stretchable color-conversion layer (SCCL) that contains the sensors is particularly important for
perovskite nanocrystals (PeNCs) is proposed. PeNCs normally decay when the understanding of human physiology
exposed to air, but they become resistant to this decay when dispersed in and phenotypes that lead from health to

diseases (Scheme 1a).1"% One of the fun-
damental units of wearable electronics is
a stretchable display that simultaneously

a stretchable elastomer matrix; this change is a result of a compatibility
between capping ligands and the elastomer matrix. Counterintuitively, the

moisture can efficiently passivate surface defects of PeNCs, to yield signifi- visualizes signals from the “bodyNet”
cant increases in both photoluminescence intensity and lifetime. A display and provides feedback to the system.[!-1¢]
that can be stretched up to 180% is demonstrated; it is composed of an air- However, existing organic and quantum-
stable SCCL that down-converts the SELD’s blue emission and reemits it as dot (QD) light-emitting devices are

] q ] : - degraded by various molecular interac-
green. The work elucidates the basis of moisture-assisted surface passivation cgraded %Y (17,18)
tions with oxygen and water”"!¥l The

of PeNCs and provides a promising strategy to improve the quantum effi- ultimate goal in production of stretchable
ciency of PeNCs with the aid of moisture, which allows PeNCs to be applied displays is to fabricate them directly on

for air-stable stretchable displays. stretchable substrates that can be placed
in conformal contact on human skin.19-21
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Scheme 1. a) Conceptual applications of stretchable displays for visualizing signals from wearable sensors, and 3D schematic of stretchable display
that uses a stretchable color conversion layer (SCCL) integrated with a stretchable electroluminescent device (SELD). The inset at left: SELD structure
with emitting layer (EML) sandwiched between two ionic hydrogel electrodes (IHEs); inset at right: color conversion mechanism. b) Schematic of
experimental procedure to fabricate SCCL using PeNCs, with SEBS as the polymer matrix.

Current stretchable devices require an excellent stretchable
encapsulation layer to avoid acceleration of degradation in air
during stretching; avoiding the need for an encapsulation layer
is currently a serious bottleneck to the development of stretch-
able displays.[??

One solution to this problem is to fabricate intrinsically
stretchable light-emitting devices that are stable in air without an
encapsulation layer. One can combine blue light-emitting devices
with a stretchable air-stable color-conversion layer to attain full-
color displays: use of air-stable stretchable color-conversion layer
(SCCL) can avoid the use of stretchable encapsulation layer and
conventional pixelated green-emitting or red-emitting organic
and QD devices that are prone to degrade when stretched or
exposed to air. Furthermore, the wide linewidth of the emis-
sion spectrum of conventional down-conversion phosphors
does not meet the requirements for vivid displays.?¥! In con-
ventional phosphor-based solid-state white light-emitting diodes
(LEDs), the typical device structure fabricated on Si substrate is
composed of a blue-emitting gallium nitride (GaN) LED with a
coating of Ce**-doped yttrium aluminum garnet that absorbs a
certain fraction of the blue light and re-emits it at a longer wave-
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length.?¥l In the same manner, the emission wavelength and
linewidth of the stretchable electroluminescent device (SELD)
can be tailored by using a stretchable color conversion layer and
applying it directly to the top of the SELD (Scheme 1a).

Here we demonstrate a simple approach to fabricate an air-
stable stretchable display that has a free-standing SCCL and
does not require stretchable encapsulation layer. We used meth-
ylammonium lead bromide (MAPDbBr;) perovskite nanocrys-
tals (PeNCs) combined with styrene-ethylene-butylene-styrene
(SEBS). PeNCs degrade rapidly in air; to overcome this limi-
tation, we encapsulated the PeNCs in SEBS matrix to concur-
rently impart stretchability to the SCCL and to improve its
chemical stability. The SCCL down-converts the SELD’s blue
emission and reemits it as green. PeNCs exhibit remarkable
properties such as size-independent narrow spectrum, tun-
able wavelength, and high photoluminescence quantum yield
(PLQY).2>3% Counterintuitively, we observed that controlled
diffusion of moisture through the SEBS polymer matrix into
the PeNCs can efficiently passivate their surface defects.

SEBS is a transparent triblock copolymer that has rubber-like
elasticity with tensile strength of 10.3-35 MPa and elongation at
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break of 500-700%.831 The elasticity of SEBS originates mainly
from phase-separated rigid polysytrene (PS) domains within
soft polybutylene and polyethylene middle blocks.?!! Estimates
using Hansen solubility parameters suggest that SEBS has high
miscibility in oleic acid (Table S1, Supporting Information), and
effectively encapsulates the surface of the PeNCs with a long
alkyl-chain ligand that stabilizes them when they are dispersed
in the SEBS matrix.'!

MAPDbBr; PeNCs were synthesized using ligand-assisted
reprecipitation  (Supporting information).3?  As-prepared
MAPDBr; PeNCs were mixed with 100 mg mL™ SEBS solu-
tion (1:2 viv) for 12 h with stirring at 300 rpm in an Nj-filled
glove box. The solution was spin-cast onto a Si substrate that
had been coated with octadecyltrimethoxysiliane (OTMS); the
resulting “reference” film was peeled off from the OTMS layer
to yield a free-standing SCCL that had a bright-green emission
spectrum (Scheme 1b; details in Supporting Information).

To further increase the PeNC loading in the SEBS for color-
conversion application, the precipitate after centrifugation was
used. We dispersed precipitated PeNCs in 100 mg mL™ SEBS
colloidal solution in toluene; our photoluminescence (PL) peaks
occurred at 533 nm with an average PLQY of 70.0%. Compared
with the reference SCCL, our peaks increasingly red-shifted
with increasing PeNC loading in the SEBS (Figure 1a). How-
ever, the Stokes shift with increase in PeNC loading was <2 nm,
which is not significant, and indicates that the optical proper-
ties of PeNCs are well preserved. The maximum PL intensity
was obtained with 90 mg mL~! PeNCs in the SEBS solution, so
this loading is used as the standard SCCL fabrication condition
in the remaining experiments and characterizations. The final
film thickness was =70 um.

The photostability of PeNCs was evaluated under continuous
illumination at wavelength 4 = 530 nm (Figure 1b). PeNCs
that had been encapsulated in a glass lid lost 23.2% of their
PL intensity after 1 h of illumination, whereas those that were
not encapsulated lost only =10%. When the SCCL was used, the
PL intensity initially increased slightly to 105%, then decayed
continuously. We hypothesize that the initial increase in photo-
stability may occur because the surfaces of the PeNCs are pas-
sivated by oxygen or moisture, or both, in the air.

The response of PL intensity to tensile strain was also evalu-
ated (Figure 1c,d). The PL intensity decreased by 29.8% at 100%
tensile strain, but recovered to the initial state when the strain
was released. The initial decline occurs because the particle
density per unit area decreases during stretching; the recovery
occurs because this density returns to its initial level after the
strain is released, which can be expressed using the scaling
law:3!

IfIp < m[1 < Ag /A 1

where [ is luminance intensity, 17 is areal number density of
phosphors, and A is active area. The scaling law was confirmed
by scanning electron microscope (SEM) study of the mor-
phology of SCCL under tensile strain (Figure S1, Supporting
Information).

The response of PeNCs to oxygen was measured by passing
N, and O, alternately for 10 min each at 100 sccm min™
through the PeNC dispersion (Figure S2, Supporting Informa-
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tion). Increase in oxygen partial pressure led to a decline in PL
intensity, because of the strong affinity of oxygen for electrons;
direct extraction of photogenerated electrons to oxygen accounts
for the oxygen quenching effect.3 However, this extraction can
occur only when O, molecules are close enough to the sur-
face of PeNCs. Continuous flow of N, through the dispersion
decreased the oxygen partial pressure, and yielded a recovery
of PL intensity to the initial state; these observations suggest
that oxygen molecules that function as quenching sites were
not chemically bonded to the surface of PeNCs. The change
in PL intensity was reversible; this result indicates that oxygen
is physically adsorbed onto PeNCs without chemical reaction
(Figure le). This phenomenon precludes the possibility that
oxygen can boost the PL intensity during photostability meas-
urement. Hence, the increase in PL intensity might be induced
by water-assisted passivation of surface defect.

We propose that PeNC surfaces are passivated at the initial
stage, then decompose in a water environment. Therefore, to
prolong the passivation and delay the decomposition process,
the pristine PeNC film was treated with water vapor, rather
than by immersion in water. The sample was stored in a glass
container with a small Petri dish filled with deionized water to
maintain relative humidity (RH) > 70%. PL and PLQY during
the Water vapor treatment (WVT) were measured every 10 min
(Figure 1f,g). The PL intensity increased monotonically until
70 min, whereas the PLQY increased from 65.1% to 71.2%.

The SCCL was then immersed in water at room temperature
to prove its positive effect on PL intensity (Figure 1h). The peak
red-shifted by 2 nm in the SCCL that had been soaked in water
for 70 d; this change implies that crystal size had increased,*?
which is also consistent with the following transmission elec-
tron microscopy (TEM) results of PeNCs after exposure to
moisture (Figure 2a). Concurrently, the PL intensity increased
by 125% as a consequence of the passivation of surface defects,
while the PLQY increased from 70% to 76.3% after 30 d of
immersion in water (Figure S3, Supporting Information). We
also tested the moisture-assisted passivation effect using PMMA
as the matrix to encapsulate the PeNCs; the peak intensity
increased by 82% with a redshift from 518 to 522 nm after 12 h
of WVT; this result proves that moisture-assisted passivation
of PeNCs can be applied to other polymer matrices (Figure S4,
Supporting Information). The water-assisted passivation mech-
anism can be utilized for some other halogen-based PeNCs.
FAPbBr; and mixed-cation MA, sFA, sPbBr; PeNCs were spin-
cast on glass substrate, then treated with water vapor. The PL
peak area of FAPbBr; started to decrease immediately, whereas
that of MA(sFA, sPbBr; increased by 22.3% after 5 min WVT;
this result suggests that the passivation effect is dependent on
the type of cation used in the PeNCs (Figure S5, Supporting
Information).

Generally, PeNCs are vulnerable to water because of a
dynamic interaction between ligands and nanocrystals.[3>3
A minor amount of water can be introduced to the precursor
solutions during the synthesis process; the water forms an inor-
ganic matrix that entirely wraps the perovskites and efficiently
passivates the surface defects.’”-3%] In addition, ionized water
molecules can partially replace surface ligands and affect the
preferred growth orientation, so the size and shape of PeNCs
can also be correlated with the water content.’”) However, these
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Figure 1. a) PL spectra with the addition of PeNCs to SEBS matrix. b) Photostability of PeNC/SEBS composites and PeNCs thin films with or without
encapsulation. c) Evolution of PL spectra and d) photographic images of the SCCL under uniaxial tensile strain. e) Evolution of PL peak intensity of
PeNC solution under alternating flow of O, and N, at 100 sccm min~". Evolution of f) PL spectra and g) PLQY of spin-cast PeNCs thin film during water
vapor treatment (WVT, RH = 70%) up to 70 min. h) Evolution of PL spectra of SCCL after immersion in deionized water (DIW) for up to 70 d; inset:
photograph of the SCCL in the DIW. i) TCSPC spectra of pristine PeNC/SEBS before and after immersion in DIW after 12 and 70 d. j) XPS of Pb4f7/2
of PeNC/SEBS composite before and after immersion in DIW for 12 and 70 d.
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Figure 2. High-resolution transmission electron microscopy (HR-TEM) and fast Fourier transform (FFT) images of PeNCs a) before and after the water-
vapor treatment (WVT). b) Schematic illustration of formation process of platelet structure. c) Color plots of normalized steady-state PL for PeNCs
before and after WVT at temperatures of 80-300 K in increments of 20 K. Evolution of d) PL intensity and e) full width at half maximum (FWHM) as

the function of temperature deduced from the same spectra.

processes yield a rigid inorganic matrix, which is not appro-
priate for stretchable applications.

Therefore, in this study, the nanocrystals (PeNCs) were first
synthesized and then re-dispersed in SEBS elastomer matrix.
Controlled diffusion of moisture through this matrix can effec-
tively passivate surface defects that quench excitons. WVT of
bulk perovskite is widely adopted to improve the optical and
electrical properties of polycrystalline perovskite thin film for
solar cells,* but this is the first report of post-synthesis mois-
ture-assisted surface passivation of PeNCs particles.

Time-correlated single photon counting of the SCCL during
immersion in water (Figure 1i) demonstrated that the PL decay
over time can be described well by a triexponential model.
The average PL lifetimes of the sample were 368.3 ns before
immersion, 7377 ns after immersion for 12 d, and 599.8 ns after
immersion for 70 d (Table S2, Supporting Information). The
initial increase in PL lifetime during immersion indicates a
decrease in the number of surface defects that function as non-
radiative recombination sites. The decrease in PL lifetime at
70 d suggests that extensive immersion of PeNCs in water would
in turn degrade themselves. This originated from failing to con-
trol the diffusion rate of moisture through the polymer matrix
due to the increase in amount of residual water molecules.*!

High-resolution X-ray photoelectron spectroscopy (XPS) was
conducted to further analyze the chemical state of SCCL before
and after the water stability test. The Pb 4{7/2 spectrum for the
SCCL recorded three contributions: metallic Pb at 136.5 eV,
the Pb—Br bond at 138.5 eV, and the Pb—OH bond at 139.1 eV
(Figure 1j).2l Metallic Pb atoms strongly quench excitons and
must be eliminated using stoichiometric engineering in the
case of bulk perovskites.*] However, the metallic Pb peak of
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the SCCL was eliminated after immersion in water; the Ols
spectrum showed the Pb—OH peak at 531.5 eV (Figure S6, Sup-
porting Information); this result indicates that the Pb atoms oxi-
dized to form Pb—OH bonds. The Pb—OH intensity decreased
after extensive soaking in water for 70 d due to higher diffusion
of moisture through the swollen polymer matrix.

The structural evolution of PeNCs films during the WVT
was studied using x-ray diffraction spectroscopy (Figure S7,
Supporting Information). The spectra did not show shifts in
the peaks; this lack of change indicates that no phase transi-
tion occurred. However, PeNC shape changed from spherical to
platelet after 50 min of WVT, and TEM showed that the average
particle size increased from 79 to 14.1 nm (Figure 2a).

We propose the following mechanism to explain the for-
mation of platelet structure after WVT (Figure 2b). Given the
fact that water is a polar solvent, it can be ionized into H;O"
and OH™ that can partially replace surface ligands and affect
the preferred growth orientation.’) Once the moisture dif-
fuses through the SEBS matrix and arrives at the surface of the
PeNCs, their ionic ligands can be captured by the polar H,0O
molecules and readily removed from the PeNC surface, cre-
ating the surface without capping ligands. Therefore, PeNCs
tend to aggregate with their neighbors and reconstruct the sur-
face to reduce the total energy.

The PeNCs thin films before and after WVT were further
characterized using steady-state PL spectra at temperatures
from 80 to 300 K in increments of 20 K (Figure 2c). The nor-
malized PL spectra of the same PeNCs for the whole tempera-
ture range (Figure S8, Supporting Information) differ from
those of inorganic semiconductors. In PeNCs, the band gap
is determined by the boundary of the Brillouin zone; the band

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Optical microscope images of u-LED with DC voltage of 2.3 V. Scale bar: 200 um. b) power efficiency (Im W™') before and after integration
of SCCL, to maximum tensile strain of 30%. c) EL spectrum of y-LED integrated with bilayer SCCL composed of CdSe/ZnS and MAPbBr; PeNCs for
white emission. d) CIE coordinates of device in (c). e) Device structure and photographic images of SELDs during stretching before and after integra-
tion with SCCL. f) Normalized luminance of SELD before and after integration with SCCL. g) Photographs of SELD integrated with the SCCL under

tensile strain up to 180%.

gap-edge states stabilize as the lattice expands, so the band-gap
energy increases as temperature increases.

The temperature dependence of PL linewidth can be
exploited to study the electron-phonon scattering that is respon-
sible for the nonradiative decay of excitons (Figure 2d). The
linewidth broadens as absolute temperature T increases:™*!
IF'(T)=To+T'w+To=To+7.T+7Y10Nio(T) ()
where I(T) is a temperature-dependent inhomogeneous
term that arises from disorder and imperfections; I, and
I3, represent respectively homogenous broadening induced
by acoustic and longitudinal optical (LO) phonons, and .
and %o are their corresponding coupling strengths, respec-
tively; Nio(T) is the Bose-Einstein distribution function that
describes the occupation numbers of the respective LO pho-
nons. Comparison of ¥, and o indicates that the acoustic
phonon coupling by the deformation potential interaction
is not dominant for PeNCs either before or after WVT; this
conclusion is in accordance with previous results (Table S3,
Supporting Information).[*>4 After WVT, %, decreased from
368.3 to 246.5 meV; this change indicates that the number
of non-radiative pathways decreased. Moreover, the Urbach
energy extracted from the absorption spectra at the band edge
decreased as WVT duration was increased to 60 min (Figure S9,
Supporting Information); this trend implies a decrease in elec-
tronic disorder such as defects that quench excitons. Hence,
we conclude that WVT indeed passivates the surface of the
PeNCs without the aid of the elastomer matrix, and thereby
yields an increase in PLQY.

PL intensity decreased exponentially as temperature
increased (Figure 2e); this trend is a result of competition
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between exciton dissociation and radiative recombination. I(T)
can be fitted to the Arrhenius equation as

I(T)=1Io /[1+ A-exp(~E. /| (taT)) G
where I, (eV) is PL intensity at 0 K, E, (eV) is the acti-
vation energy for exciton dissociation (exciton binding
energy), A (scalar) is a pre-exponential coefficient, and ky =
8.617 x 107 eV J ! is the Boltzmann constant. After WVT, E,
increased from 64.50 to 70.91 meV, which is consistent with the
decrease in dielectric constant as indicated in the capacitance—
frequency (Cf) curve (Figure S10, Supporting Information).[*’]

To assess the color-converting property of the SCCL, a
high-efficiency blue-emitting micro-scale light-emitting diode
(UW-LED) (A0 = 476 nm) based on gallium nitride was fabricated
on flexible polyimide substrate, then used to convert colors
(Figure 3a). The green SCCL was applied to the top of the blue
U-LED to convert the blue light from the device to a green emis-
sion (Figure 3b). We normalize the EL spectrum first based on
the blue peak intensity, then measured the SCCL's color-conver-
sion efficiency (7) is calculated using the photon energy, which
is defined as [Igyeen(A)(hc/A)dA/ Mge(A) (he/A)dA, Wwhere Igeen,
and Iy, represent the intensity of the green and blue light at a
certain wavelength in the EL spectrum, A is the photon’s wave-
length, h is the Planck constant, and ¢ is the speed of light in
vacuum. As the number of stacked SCCL layers increased from
one to three, 71 increased from 11.58% to 95.36% with applying
2.6 V to the U-LED (Figure S11, Supporting Information).

We also assessed the response of an organic photodiode
(OPD) during illumination of u-LED with varying numbers of
SCCL layers (Figure S12, Supporting Information). The absorb-
ance of the active layer of the OPD is higher at A = 467 nm than
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at A=1538 nm, so the increase in I¢/I ratio will lead to decrease
in responsivity of the OPD, that is, the current [; under illu-
mination versus current I in darkness (Table S4, Supporting
Information). To achieve white emission, a red SCCL composed
of CdSe/ZnS and SEBS was fabricated using the same method,
then transferred directly onto the green-emitting SCCL that
used of MAPDbBr; PeNCs (Figure 3c). The PL peak positions
of primary colors were 474.6, 535.7, and 623.2 nm, respectively.
CIE coordinates of the three primary colors were (0.11, 0.10),
(0.21, 0.75), and (0.65, 0.35) (Figure 3d). This chromaticity tri-
angle area indicates that this device has potential applications
in vivid stretchable displays with a color gamut ratio of 103.03%
based on the NTSC standard.

The coordinate could be placed anywhere on the chart by
modulating the stacking order of red and green SCCLs and
number of layers. The white emission generated from the red
and green SCCL was located at (0.28, 0.35) with the color cor-
related temperature of 8049 K.

Finally, the SCCL was integrated with an SELD for stretch-
able display application. The challenge of the intrinsically
stretchable light-emitting device is to maintain the device func-
tion while it is under large tensile strain. We used an ionic
hydrogel electrode (IHE) made of polyacrylamide and NaCl as
the electrode, and ZnS:Cu/PDMS composite as the stretchable
emitting layer (EML) of an alternating-current electrolumines-
cent device (Figure 3e). The stress—strain curve of the IHE was
measured using a tensile test; the IHE had Young's modulus
of 10.8 kPa, and elongation at break of 1400% (Figure S13, Sup-
porting Information).

Instant bonding at the interface between the IHE and the
EML or SCCL without forming a rigid resin interlayer was
achieved using ethyl cyanoacrylate as the bonding agent.l*!] The
EL intensity L in cd increased exponentially as bias voltage V
was increased, as

L=Loexp(-B/V*"?) 4)

where initial EL intensity L, in cd and decay-rate factor 3 are
constants that vary among devices.*) Immediately after inte-
gration of the SCCL, the blue-light emission (CIE coordinate
(0.175, 0.388)) from the SELD change to green (0.238, 0.568),
while the maximum EL intensity at 20 V um™ decreased by
34% (Figure 3f). When the SELD was manually stretched up
to 180% strain, the EL intensity showed negligible change; this
stability indicate that strong bonds formed at both the IHE/
EML and the SCCL/IHE interfaces (Figure 3g). Furthermore,
the devices showed a negligible change (<3%) in EL intensity
after 1 h continuous operation under an AC electric field of
10 V um™ and after 30 d-storage in ambient air (RH = 40%,
=18 °C) (Figure S14, Supporting Information).

In conclusion, this work has reported an air-stable stretch-
able display that is composed of a SELD and an air-stable
PeNC SCCL that down-converts the blue emission from the
SELD to green light. PeNCs were stabilized using a SEBS
polymer matrix that can effectively encapsulate the surface
of PeNCs, and thereby significantly increase their stability in
air. Notably, the SCCL recovered its original PL intensity after
being stretched to 100% tensile strain, then released. During a
test of stability during immersion in water, the PL intensity of
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the SCCL increased to 225% after 70 d; this is the first observa-
tion of moisture-assisted surface passivation of PeNC emitters
unlike organic emitters and conventional inorganic quantum
dots. The increased PL intensity of the SCCL is attributable to
oxidation of metallic Pb atoms that quench excitons, combined
with formation of platelet structure with decreased numbers
of surface defects. By blending nanocrystals with different re-
emission wavelengths with SEBS polymer, we achieved white
emission by a blue u-LED. We also fabricated an air-stable
intrinsically stretchable display that is composed of an SCCL
and intrinsically stretchable blue electroluminescent devices.
Our strategy to make air-stable stretchable displays without
using any stretchable encapsulation layer is superior to the
conventional approach of using intrinsically stretchable organic
light-emitting devices that essentially require a stretchable
encapsulation layer with low water vapor transmission rate
under stretching.
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Supporting Information is available from the Wiley Online Library or
from the author.
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