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ARTICLE INFO ABSTRACT

Visualization of human senses has been of great interest for developing an emerging interactive display that can
artificially stimulate synesthesia with numerous unprecedented applications. Especially, visualization of various
daily sound and music, which are much more complicated than human touch, in a form of flexible thin film
devices can be a great challenge. We present flexible artificial synesthesia electronics that visualize continuous
and complicated sounds. The electronic device is made of a thin composite film of a piezoelectric polymer for
sound generation and inorganic electroluminescence (EL) microparticles for direct visualization of input sound
signals. Field-induced EL of the microparticles in the device depends upon the source sound wave, making their
EL synchronized with sound arising from the piezoelectric actuation. The flexible artificial synesthesia devices
with sound-synchronized EL (FASSEL) showed extreme mechanical tolerance that can be repeatedly folded and
crumpled with visible sound, allowing a variety of unexplored applications including synchronous sound-
lightings and wearable, on-body sound-vision systems to facilitate emotional interaction of human being with
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sound in a human-friendly form.

1. Introduction

Development of stimuli-interactive display capable of sponta-
neously visualizing various external human sensible inputs has been of
great interest and tremendous efforts are devoted to the visualization of
nonvisible human senses such as touch, smell, taste, and sound with
potentials in numerous Internet of Things applications [1-6]. Most of
the studies focus on visualization of the stimuli related to touch, which
human skin is responsible for, including pressure [7-10], temperature
[11], and conductance [12]. These interactive displays generally in-
corporate active sensor arrays to achieve efficient stimuli-interfacing, as
well as optical elements for visualizing the stimuli based on a variety of
smart materials of pneumatic microfluidic networks [13,14], organic
electrochromics [15], electroluminescence (EL) [16], and thermo-
chromics [17,18]. In particular, EL of organic and/or inorganic phos-
phors is frequently employed due to their self-emitting characteristics
as well as high brightness and efficiency [19-21].
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In spite of extensive studies conducted on visualization of touch
owing to the great interest in realizing flexible electronic skin, no at-
tention in this flexible thin film device field was paid to visualization of
continuous sound waves that are much more complicated than human
touch. The visualization of sound in a flexible form of devices is tech-
nologically useful with numerous potential applications including the
visible assistance for people with hearing problems, the efficient sound
recognition in noisy environment for safety purposes and medical ap-
plications utilizing sound-to-vision conversion in addition to esthetic
entertainment purposes. The sound visualization is accomplished in
which electrical sound signals of alternating current (AC) fields with
different frequencies [22-25] can be responded with an optical ele-
ment, giving rise to light emission with brightness levels and colors
corresponding to different sound octaves and volumes.

One would imagine that it can be realized by connecting two in-
dependent display and loudspeaker elements in parallel and to make
the display element responsive to sound signals from the loudspeaker.
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The approach can, however, apparently require additional accessories
and/or complicated circuit design to convert the sound signals to
electrical ones to which the display can respond. It would be, therefore,
desirable if sound generation and visualization occur in a single, flex-
ible thin film device that can offer an artificially stimulated sound-vi-
sion synesthesia; in other words, the development of a flexible elec-
tronic device via visualization of sound, so called “visible sound” as an
example of artificial synesthesia systems can be a new type of electro-
nics which people can easily carry for safety, health-care, and en-
tertainment purposes. We envision that this issue can be addressed by
an elaborate design of composite materials where inorganic phosphors
embedded in an electrically insulating and piezoelectric polymer can
give rise to field-induced EL responsive to AC based sound signals, al-
lowing for a flexible artificial synesthesia devices with sound-synchro-
nized EL (FASSEL) which also takes an advantage of its mechanical
flexibility.

Herein, we demonstrate a thin-film-based FASSEL that enables
sound visualization. The FASSEL is made of a thin polymer composite of
a piezoelectric poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-
TrFE) and field-induced light-emitting ZnS microparticles and re-
sponsive to continuous AC sound input signals. During signal-depen-
dent sound generation in the composite film due to the piezoelectric
actuation of the PVDF-TrFE [26], EL also occur simultaneously due to
the solid-state cathode luminescence of ZnS depending upon the AC
fields [27,28], giving rise to a high-performance sound-synchronized EL
in a single device. Both field-induced EL intensity and the color of the
light emitted by the FASSEL are closely correlated with sound ampli-
tude and frequency. The effective piezoelectric sound generation syn-
chronized with EL emission was achieved by carefully adjusting the
poling field, annealing temperature, and amount of ZnS microparticles
encapsulated with the controlled silica shells. By employing transparent
polymer electrodes, we developed a mechanically flexible, foldable, and
even crumpled FASSEL whose shape can be readily altered without
significant performance degradation, enabling various unconventional
applications of stand-alone lighting speakers, origami-foldable ones and
skin-mountable EL ones.

2. Experimental section
2.1. Materials

Green ZnS (D512S, ZnS:Cu), orange (D611S, ZnS:Cu, Mn), blue
(D417S, ZnS:Cu, Al) microparticles were purchased from Shanghai KPT
Co. Poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) was
purchased from SOLVAY (250/P400). The modified PEDOT:PSS
(Clevios PH 1000) by mixing with Zonyl surfactant (FS-300 fluoro-
surfactant) and dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich. Poly(dimethylsiloxane) (PDMS) and cross-linker were pur-
chased from Dow Corning. All other materials were purchased from
Sigma-Aldrich and used as received.

2.2. Silica encapsulation on ZnS microparticle

For improving both EL and sound generation properties, a thin silica
layer was coated on a ZnS microparticle based on the Stober method.
First, 2.0 ml of TEOS, 5.0 ml of ethanol and 10.0 ml of distilled water
was mixed together at room temperature. The mixture was carefully
adjusted to 8.0 in pH by adding NHj solution for 10 min at 70 °C. Then
silicic acid solution was slowly injected into the suspension of 5.0 g of
ZnS microparticles in 50 ml of distilled water mixed with 60 pl of 3-
aminopropyltrimethoxysilane (APTMS). The mixture was stirred for
3hat 50 °C. After washed 5 times, followed by being baked for 1 hat
150 °C, silica encapsulated ZnS microparticles were developed with
different silica thickness dependent upon the initial concentration of
TEOS.
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2.3. Fabrication of a FASSEL

Our FASSEL was fabricated by all solution-based processes as shown
in Fig. la (Table S1 and Fig. S1a). First, a Si wafer substrate was se-
quentially cleaned twice, with acetone and 2-propanol in an ultrasonic
bath for 10 min each, followed by UV treatment for 15 min. PVDF-TrFE
powders and silica-encapsulated (SE)-ZnS microparticles were dis-
solved in MEK solvent and stirred at 75 °C and with 450 rpm for 2h. A
solution of PVDF-TrFE with various concentrations of SE-ZnS micro-
particles with an average diameter of 8 um was spin-coated onto the Si
wafer substrate, followed by thermal annealing at 140°C for 2h in
glove box, leading to an approximately 20 pm-thick composite film. To
ensure the efficient EL performances of ZnS particles in piezoelectric
polymer medium, the ZnS microparticles were encapsulated with
thickness-controlled silica based on sol-gel method [29-31]. The com-
posite of approximately 20 um thickness is mechanically flexible and
optically translucent as shown in Fig. 1a. High-conductivity PEDOT:PSS
was modified by mixing it with 5wt% DMSO and 0.5 wt% Zonyl sur-
factant with respect to PEDOT:PSS. A PEDOT:PSS layer was then spin-
coated from the modified solution on the composite film. An approxi-
mately 400-nm-thick PEDOT:PSS film was subsequently annealed at
110°C for 1 h in ambient atmosphere. Both composite and PEDOT:PSS
layers were mechanically transferred on a PDMS film coated on a Si
wafer to ensure the flatness of the composite/PEDOT:PSS films. Another
PEDOT:PSS film was spin-coated on the transferred composite/PED-
OT:PSS film, followed by thermal treatment at 110 °C for 1 h, giving rise
to a PEDOT:PSS/PVDEF-TrFE with SE-ZnS composite/PEDOT:PSS capa-
citive-type film speaker with firm interfaces between electrode and
composite as shown in Fig. 1c. Device fabrication was completed when
the two PEDOT:PSS electrodes were electrically connected as shown in
a Fig. Sla.

2.4. Cross-sectional morphology and crystalline characterization

The cross-sectional morphology and thickness of PVDF-TrFE with
SE-ZnS composites were characterized by using a field-emission scan-
ning electron microscope (FESEM) (JEOL-7800F) as shown in Fig. 1c.
The morphologies of SE-ZnS particles were obtained using focused-ion-
beam transmission electron microscopy (FIBTEM) (JIB-4601F, JEOL).
FT-IR (VERTEX 70) and X-ray photoelectron spectroscopy (XPS) (K-
alpha) were used to characterize the silica layers on ZnS microparticles.
In addition, the information related to crystal of PVDF-TrFE and com-
posite films was obtained using high resolution X-ray diffractometer
(HR-XRD) (Smart lab) and grazing incidence wide angle X-ray scat-
tering (GISAXS) (Pohang Accelerator Laboratory). SE-ZnS micro-
particles with the size distribution resulted in composite films with
large surface roughness (Fig. S3b).

2.5. Electrostatic simulation

Electrostatic field simulation was performed using finite element
analysis software, Elmer (CSC - IT Center for Science). To simplify the
simulation, ZnS:Cu particle was depicted as circular shape. Interface
between electrode (PEDOT:PSS) and PVDF:TrFE was set to constant
potential boundary and the rest of electrode was not considered in the
simulation. Potential difference between two electrode was 100 V.
Dielectric constants of ZnS:Cu, PVDF:TrFE and SiO, were set to 500, 11
and 3.9, respectively.

2.6. A thin piezoelectric FASSEL characterization

The sound characterization of a FASSEL is illustrated in a Fig. S2a.
The white noise signal of full frequency range from a commercial
smartphone was amplified by an amplifier (GNS MA-220) and entered
into the FASSEL in the form of AC field signals as shown in Fig. 1d. To
measure the sound pressure arising from piezoelectric actuation of the
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FASSEL in response to the AC field signals, an omnidirectional micro-
phone (Earthwork M23) was used and positioned at 100-mm distance
from the device (Fig. S2b). The output sound signals produced from the
FASSEL were converted to digital sound signals, and amplified by an
audio interface (TASCAM US 2X2). The digital sound signals with wa-
veforms in the time domain were converted to those in the frequency
domain by fast Fourier transform (FFT) of a spectrum analyser (SIA
Smart live) of a desktop computer. Both the sound detection angle and
the frequency-dependent SPL were measured in the frequency range
from 20 Hz to 20 kHz that covers the range that the human ear can
recognize. All SPL data were acquired by averaging the output signals
for 10, discluding the environment noise data to minimize an external
noise effect as shown in a Figs. S7a and S7b. In an angle-dependent SPL
measurement of the FASSEL, The device was fixed, while the micro-
phone was rotated. The size of the active area of the FASSEL for sound
measurement was 6.25 cm? (25 mm X 25 mm).

2.7. Characterization of EL performance and piezoelectric polarization

Field-induced EL results from the solid-state cathode luminescence
of SE-ZnS microparticles in the composite film due to the AC source
signals, and the brightness and color of the sound-synchronized EL are
characterized by a spectroradiometer (Konica CS 2000). A function
generator (Agilent 33220A) connected with a high-voltage amplifier
(TREK 623B) was used for high-voltage poling and EL driving of the
FASSEL. The piezoelectric polarization of the composite film was
characterized with RT66. All measurements were performed in a dark
box under ambient conditions in air. The size of the active area for EL
measurement was 6.25 cm? (25 mm X 25 mm).

3. Results and discussion

Since it was critical to avoid possible electrical leakage arising from
the semiconducting ZnS microparticles distributed in a composite film
which could lead to significantly deteriorated polarization of the pie-
zoelectric film, the surface of the microparticles were encapsulated with
thickness-controlled silica layers by varying the amount of tetraethyl
orthosilicate (TEOS) precursor from 1 to 10 wt% (Fig. S3). The trans-
mission electron microscopy (TEM) images in Fig. 2a shows that 20 nm
thick silica is uniformly coated on ZnS microparticles (Fig. S3b). The X-
ray photoelectron spectroscopy (XPS) of SE-ZnS microparticles also

b
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Fig. 1. Thin piezoelectric film-based flexible
artificial synesthesia device with sound-syn-
chronized electroluminescence (FASSEL). (a)
Conceptual illustration and schematic of a
thin, FASSEL consisting of three layers of
PEDOT:PSS, PVDF-TrFE with SE-ZnS micro-
particles, and PEDOT:PSS. (b) A photograph
of the FASSEL over a large area (7 X 7 cm?).
(c) A cross-sectional SEM image of the de-
vice. (d) A photograph of a FASSEL devel-
oped with the operation system. The AC field
amplified from an audio source and applied
to the FASSEL gives rise to simultaneous
field-dependent light-emission and sound
generation arising from solid-state cathode
luminescence of SE-ZnS microparticles and
piezoelectric actuation of PVDF-TrFE, re-
spectively.

Lightemission
byfield induced EL

Soundgeneration
bypiezoelectric

shows that silica is well formed on surface of ZnS microparticles as
shown in Fig. 2B. The Zn 3p and S 2p peaks at 89 and 162 eV of SE-ZnS
microparticles were substantially reduced while the Si 2s and Si 2p at
154 and 103 eV peaks were increased [32]. The encapsulation of ZnS
particles with silica layer was critical for ensuring the high performance
of both sound and EL.

The current density-voltage characteristics were examined of
metal/composite film with SE-ZnS microparticles/metal capacitors as a
function of silica thickness as shown in Fig. 2c. The current density was
drastically decreased with the silica layer, but rarely altered when SE-
ZnS microparticles were employed with their thickness greater than
20 nm (3 wt% sample). Consistent with the current density results, the
sound pressure level (SPL) of the devices was poor with the silica layers
less than 20 nm, compared with that of a device containing a pristine
PVDF-TrFE film due to possible electric leakage. SPL was comparable
with that of a PVDF-TrFE film when SE-ZnS microparticles were em-
ployed with their thickness greater than 20 nm (3 wt%) as shown in
Fig. 2d. It is noted that the PVDF-TrFE crystal orientation is rarely af-
fected by the presence of the SE-ZnS microparticles (Fig. S4c). The light
emission performance of our composites as function of silica thickness
is also consistent with the results of both current density and SPL, as
shown in Fig. 2e. The luminance of a device was significantly increased
with the silica layer up to 20 nm in thickness due to the effective sup-
pression of leakage current. The EL intensities of devices were de-
creased with the silica layer thicker than 20 nm due to the lowered
electric field arising from the thick insulating silica layer at the same
operation voltage. The devices with the silica layers thinner than 20 nm
were often broken down at the 2kV while ones with SE-ZnS micro-
particles greater than 20 nm in thickness were rarely broken down, as
shown in Fig. 2f.

In order to confirm the effect of silica encapsulation on the reduc-
tion of leakage current, we performed electrostatic field calculation and
the results are shown in Fig. 2g, h and i. A structural model composite
was built to simulate the composites examined experimentally in terms
of morphology, film thickness and operation voltage. Two model
composites were made containing neat ZnS and SE-ZnS particles, re-
spectively. In both composites, the particles were randomly dispersed
and some particles were in contact with each other as representatively
shown in the composite containing SE-ZnS particles in Fig. 2g. When
voltage was applied of 100 V across the two electrodes, both composites
showed electric field concentrated at the edges of ZnS particles as
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Fig. 2. Optimization of silica encapsulation on ZnS microparticles. (a) A bright field TEM image of SE-ZnS particle prepared with 3 wt% TEOS with respect to ZnS
particles. The silica layer is approximately 20 nm in thickness. (b) XPS spectra of SE-ZnS particles prepared with different TEOS concentrations. (c) Current density
versus voltage (J-V), (d) SPL versus AC frequency of FASSELs with SE-ZnS particles prepared with different concentrations of TEOS with respect to ZnS particles. (e)
Luminance characteristics as a function of the contents of TEOS with respect to ZnS particles. (f) Photographs of EL images of the FASSELs with SE-ZnS particles
prepared at different TEOS concentrations before and after high voltage pulses for 0.1 s. The EL images were obtained at the AC frequency of 10 kHz and the voltage
of 100 V. (g) Schematic of composite model of SE-ZnS particles in PVDF-TrFE for electrostatic simulation. 2D electric field distribution maps (h) and electric flux plots
across A and B position (i) of two model composite films containing uncoated-ZnS and SE-ZnS particles. All the samples contain the 20 um thick composite films with

60 wt% ZnS particles with respect to PVDF-TrFE.

shown in Fig. 2h. More severe field concentration was observed in the
composite containing neat ZnS particles. The electric flux results across
a and b position of the two composite films in Fig. 2i show that sig-
nificant field concentration occurred at the two contact points of the
neat ZnS particles while electric field was not much developed with the
SE-ZnS particles. The simulation results also support our argument that
silica encapsulation reduces leakage current between ZnS particles,
giving rise to high performance FASSEL.

To further enhance the SPL of our FASSEL which strongly depends
upon the piezoelectric polarization of PVDF-TrFE, the electric poling
process was employed, as shown in Fig. 3a (Figs. S5 and S6) [33]. The
SPL of approximately 30dB of an un-poled PVDF-TrFE (point 1 of
Fig. 3a and b) was rapidly increased when a positive voltage was ap-
plied in the device over approximately 900 V, which corresponded to
approximately 60 MV/m (point 2 of Fig. 3a and b). The enhancement of
the SPL arises from preferred polarization built in the composite as
evidenced in the polarization—voltage results of the capacitor in Fig. 3b.
The SPL was saturated to approximately 56 dB at the applied voltage of
1600 V (point 3 of Fig. 3a and b). The SPL was preserved even after the
removal of the applied voltage owing to the remnant polarization of
PVDF-TrFE (point 4 of Fig. 3a and b). The SPL rapidly decreased and
minimized with the voltage of —900V because of the neutralized
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polarization (point 5 of Fig. 3a and b). The large SPL observed with the
applied voltage of 1600V was fully recovered with the voltage of
—1600V, which implies that the SPL does not depend upon the di-
rection but the amount of polarization of PVDF-TrFE (point 6 of Fig. 3a
and b). Again, when the voltage was removed, the large SPL still re-
mained (point 7 of Fig. 3a and b). Another SPL minimum was observed
when the polarization direction was switched at the coercive voltage of
approximately 900 V (point 8 of Fig. 3a and b). Again, the saturated SPL
was obtained with the 1600 V poling (point 9 of Fig. 3a and b). Since
the piezoelectric polarization is proportional to the degree of crystal-
lization of PVDF-TrFE, the SPL was further enhanced with thermal
annealing that allowed additional crystal growth in PVDF-TrFE at
temperatures below the melting point of PVDF-TrFE (~146 °C) (Figs.
S6a and S6b). It should be noted that the voltage imposed to a device up
to + 1600 V was used for electrical poling of a PVDF-TrFE film while
the operation of a device was made at the voltage lower than 150 V.
The resulting FASSEL with electrically poled and thermally an-
nealed PVDF-TrFE exhibits excellent SPL that is better than that with an
un-poled PVDF-TrFE film over a broad range of sound frequencies, in-
cluding the range that the human ear can hear, when white noise input
signal was applied at 100V as shown in Fig. 3¢ (Fig. S7a). One of the
advantages of a thin piezoelectric FASSEL is that sound is uniformly
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Fig. 3. Sound and EL characterization of the FASSEL. (a) A plot of SPL as a function of the DC poling voltage of the FASSEL. SPL was measured at the AC frequency of
10 kHz and the voltage of 100 V. (b) The polarization versus electric field of the FASSEL. Each number (1-9) of Fig a and Fig b represents SPL and polarization in
same electric field. (¢) SPL frequency spectrum measurements of poled and un-poled PVDF-TrFE films over the range of sound frequency from 10 Hz to 20 kHz using
white noise signal source. (d) Angle-dependent SPL of the FASSEL as a function of frequency at the operating voltage of 100 V. (e) Luminance versus frequency (L-F)
characteristics of poled and un-poled FASSELs at the AC voltage of 100 V. (f) Luminance and SPL of the device as a function of AC voltage at the AC frequency of
10 kHz. (g) Variation of luminance, SPL at the AC frequency of 10 kHz, voltage of 100 V and leakage current at DC voltage of 100 V of FASSELs as a function of
contents of SE-ZnS microparticles with respect to PVDF-TrFE. EL spectra (h) and CIE coordinates (i) of the FASSEL as a function of AC frequency at the AC voltage of
100 V. The samples are 20 um in thickness and contain 60 wt% SE-ZnS particles with respect to PVDF-TrFE.

generated regardless of the detection angle. This detection angle-in-
dependent sound generation was confirmed with our FASSEL on a ro-
tating stage and the results in Fig. 3d show that the SPL at each re-
presentative frequency is similar irrespective of the detection angle
(Fig. S7c¢).

The field-induced EL from SE-ZnS microparticles was independently
examined as a function of frequency at 100V as shown in Fig. 3e.
Consistent with the previous results of AC EL devices with ZnS micro-
particles [34-39], our composite also shows that the luminance in-
creases in the frequency range corresponding to that of sound input
signals. While poling of a composite significantly improved SPL with
the sound input signals, no significant difference was observed in the
behavior of frequency-dependent luminance, which clearly implies that
SE-ZnS particles are solely responsible for EL. Both luminance and SPL
increase with applied voltage at a fixed frequency as shown in Fig. 3f.
The results suggest that the volume of sound from the FASSEL is, in
principle, directly recognized with the brightness of EL. The EL of our
FASSEL depends upon the amount of SE-ZnS particles as shown in
Fig. 3g (Fig. S8). EL performance was enhanced with SE-ZnS particles
up to 60 wt% with respect to PVDF-TrFE, above which the performance
was adversely affected. The thickness of the composite film was also
optimized to approximately 20 um and the film showed the best EL
performance without adversely affecting the sound generation perfor-
mance (Fig. S9). EL performance of a capacitive type, field induced EL
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device based on AC operation is significantly degraded with the leakage
current. In our system, the EL performance was improved with the
amount of SE-ZnS due to the increased carriers in a unit volume of the
composite. The higher EL was achieved, the thinner composite film
with a given SE-ZnS content. In addition, the higher EL, the greater
content of SE-ZnS in a composite with a given thickness. The leakage
current, at the same time, increases when a film becomes thinner with a
given SE-ZnS content as well as when SE-ZnS content increases in a
given film thickness due to insufficient encapsulation of SE-ZnS parti-
cles with PVDF-TrFE (Figs. S8 and S9). The detailed sound and EL
performance of our FASSELs are summarized in Table 1.

In addition to luminance change as a function of sound frequency,
our FASSEL allows for frequency-dependent color alteration as shown
in Fig. 3h [40,41]. The frequency dependent color changes observed
with the various ZnS particles is mainly ascribed to the various trap
energy levels developed during doping process. Carriers from the
ground state are first excited to the conduction band of ZnS, and sub-
sequently move to the lower trap energy levels, followed by the light
emission corresponding to the gap between ground and trap level state.
The movement of the carriers from the conduction band of ZnS and the
trap level is frequency-dependent, resulting in color variation as a
function of applied frequency. The theoretical background of the fre-
quency-dependent emission is well developed [42,43]. The wavelength
at the maximum brightness of an EL spectrum is clearly blue-shifted
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Table 1

Sound and EL characteristics of PVDF-TrFE composites with SE-ZnS microparticles.

Nano Energy 59 (2019) 773-783

Classification Condition Luminance SPL Current density Dielectric constant
(cd/m™3%) (dB) (mA/cm?) &
Value Poling @ 10 kHz/100V @ 10 kHz/100V @ 100V @ 10kHz
Surface coating 0 X 54.3 16.3 5.1E-04 14.2
(wt %) 1 67.4 28.2 2.0E-05 13.2
3 109.1 31.9 4.6E-06 12.7
5 85.1 32.5 3.3E-06 12.7
10 53.8 32.2 2.5E-06 12.7
Contents of SE- 0 (0] - 55.4 2.2E-06 10.9
ZnS (wt %) 30 35.6 55.8 2.3E-06 11.2
40 63.8 56.0 2.6E-06 12.0
50 92.8 56.3 3.4E-06 12.3
60 112.3 56.1 4.5E-06 12.7
70 100.5 45.5 2.0E-05 13.9
Film Thickness 12 o 89.2 34.7 3.0E-05 13.6
(um) 16 104.6 52.9 8.3E-06 12.9
20 112.3 56.1 4.5E-06 12.7
24 74.0 54.5 2.8E-06 12.6
28 37.4 42.2 2.2E-06 12.5

? SE-ZnS particles have the silica layers of approximately 20 nm in thickness.

with the frequency at 100 V. The maximum wavelength of approxi-
mately 520 nm at 50 Hz became 450 nm at 20 kHz, making our FASSEL
color-tunable from green to blue depending on the sound frequency as
shown in the CIE plot of Fig. 3i. The detailed EL and sound output
performance of a FASSEL with the input AC sound signals were sum-
marized in Table 2.

The metal-doped ZnS particles can be considered as a p-type semi-
conductor. The color of metal-doped ZnS particles is determined by the
characteristic energy levels controlled by dopants. For instance, Mg, Cu
and Al energy state related emission is expected at a lower energy
position as compared to the band energy absorption of ZnS. Mg, Cu and
Al substitute Zn ions in ZnS crystals introducing a trap energy level,
where electron and hole can be trapped. The EL emission could be at-
tributed to the radiative decay between those localized states of Mn, Cu
and Al inside the ZnS band-gap. The metal-doped ZnS particles emitting
blue, green and orange under AC field [44,45]. The FASSEL with blue
and orange SE-ZnS particles in PVDF-TrFE were also fabricated (Fig.
S10). The device containing either blue or orange SE-ZnS particles

Table 2

EL and piezoelectric sound characteristics of a FASSEL with the input AC signals.

exhibits frequency-dependent color-tunable light emission, similar to
that observed with the green particles, allowing for a broad full visible
range color control with sound. To rule out the possible thermoacoustic
sound generation arising from PEDOT:PSS electrodes [46], we fabri-
cated the FASSEL with aluminum electrode (Fig. S11a). We observed
the SPL performance similar to that with PEDOT:PSS, which indicates
that SPL of our device mainly arises from the piezoelectricity of PVDF-
TrFE. The surface temperature of the two devices with Al and
PEODT:PSS electrodes was rarely varied with the frequency, which
supports our argument of the piezoelectric sound generation (Fig.
S11b).

It is important to examine how directly the EL of our FASSEL is
correlated with sound for further utilization of our FASSEL as a syn-
chronous sound-EL display. For the purpose, we chose six different
octave piano sounds with their major sound frequencies ranging from
low to high as shown in Fig. 4a and converted them into AC input sound
signals (Fig. S12a). The input signals applied to our FASSEL produced
six distinguishable SPL versus frequency sound spectra as shown in

Control Factor Input Output

Electric source (AC)

Electro-luminescence

Piezoelectric sound

Voltage (V) Frequency (Hz) Luminance (cd/m~?%) Wavelength (nm) SPL (dB) Octave/Note
Voltage 20 10000 1.1 505 39.4 9/D#
40 12.5 46.6
60 38.0 50.7
80 72.5 52.2
100 112.3 56.1
120 153.5 59.0
140 201.2 61.1
Frequency 100 50 2.8 448 2.7 1/G#
100 5.1 450 5.6 2/G#
500 20.7 456 15.0 4/B
1000 35.0 471 20.3 5/B
5000 86.6 481 41.3 8/D#
10000 112.3 502 56.1 9/D#
15000 128.6 509 64.7 9/A#
20000 142.0 520 57.9 10/D#
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Fig. 4. Loudspeaker performance of the FASSEL. (a) Photographs of EL images of the FASSEL containing 60 wt% SE-ZnS particles with respect to PVDF-TrFE with
different colors arising from six-scale “do” octave input sources of an electric piano as shown in the scheme of a piano keyboard. (b) SPL versus frequency sound
spectra as a function of octave at the electric piano input signal of each octave and the voltage of 100 V. (¢) Luminance characteristic and (d) CIE coordinates of the
FASSEL under six different octave input sources of the electric piano and the voltage of 100 V. (e) Demonstration of music ‘Ode to Joy’ by the FASSEL. A photograph
of the FASSEL with electric piano score and keyboard (left). The input and output sound signals with different SPLs in frequency versus time domains are shown
(right). All scale bars are 1 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4b. At the same time, our FASSEL exhibited EL with different colors
that depended upon the octaves as representatively shown in the pho-
tographs of Fig. 4a. The CIE plot in Fig. 4d clearly shows that the in-
dividual octave piano sounds correspond to different colors. The lu-
minance of EL at each octave was also varied, depending upon the
octave. Luminance increases with octave and slightly decreases at high
octaves of C6 and C7 mainly due to their vibration periods shorter than
those for the others when we chose a voltage of 100 V, respectively, as
shown in Fig. 4c. Music recorded as AC sound input signals was suc-
cessfully reproduced with EL variation, depending upon sound notes as
shown in Fig. 4e. The song, “Ode to Joy” recorded by an electric piano,
was first converted into AC input sound signals with different SPLs in
frequency versus time domain. The input signals were almost identi-
cally reproduced through our FASSEL, giving rise to the output sound
signals as shown in the right bottom of Fig. 4e. As expected, while
playing the music, the FASSEL exhibited various colors with different
brightness (Video S1).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.006.

Our FASSEL consisting of a polymer composite with top and bottom
PEDOT:PSS electrode with fluoro-surfactant [47,48] is additionally
beneficial because of its mechanical flexibility, making it suitable for
applications requiring various types of mechanical deformation such as
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bending, folding, and crumpling as shown in Fig. 5. To ensure further
mechanical reliability, both sides of our FASSEL were coated with thin
PDMS layers (Fig. S13a). We confirmed that piezoelectric actuation of
PVDF-TrFE as well as EL of SE-ZnS microparticles in our FASSEL were
hardly affected by the elastomeric and transparent PDMS layers (Figs.
S13a and S13b). Delamination of the constituent layers hardly occurred
by the encapsulation of a device with elastomeric PDMS. Not to men-
tion that our FASSEL with synchronous sound and EL was successfully
operated upon severe bending with both luminance and SPL rarely al-
tered as a function of bending radius (Fig. S14a). Even after our device
was folded 20 times, no significant degradation in performance was
observed, as shown in Fig. 5a (Fig. S14b). Piezoelectric potential should
be stress-dependent and thus different piezoelectric polarization states
would be developed, depending upon localized stress during the me-
chanical deformation of bending, folding and crumpling [49,50]. It is,
however, unfortunate that we were not able to examine the SPL at the
localized area due to the limitation of our experimental facility. SPL
values we obtained after mechanical deformation were ones averaged
out with whole film area of approximately 25 cm?. All SPL values were
obtained in the re-flattened state after mechanical deformation.

More interestingly, our mechanically robust FASSEL worked re-
liably under repetitive crumpling by hand as shown in Fig. 5b. After 10
crumpling events, the device performance was similar to that before
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showing the fabrication steps of an origami bird FASSEL which was successfully developed in 6th step. (d) Photographs of a full color EL decoration of a tree FASSEL.
(e) Photographs of various unconventional usages of the FASSEL including a stand-alone desk lamp speaker, a miniaturized room lighting speaker and a toy car head
lamp one with horn function. (f) Photographs of skin-mountable FASSEL worn on various parts of body. All scale bars are 2 cm. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

crumpling. The sample was subsequently re-crumpled and re-flattened,
followed by the SPL measurement. Since the folded or crumpled areas
are relatively small, compared with undeformed area of a FASSEL, the
SPL from the device was rarely changed even after multiple folding and
crumpling events. The ZnS particle density (or the distance between the
particles) may be lowered in the upper part while the density is in-
creased in the lower part. Considering that AC field is exerted between
top and bottom electrode, the average particle density may, however,
remain same at the bent location, resulting in the light emission similar
to that observed in undeformed areas. In fact, the light intensity was
rarely varied, in particular, at the deformed areas in our experimental
conditions. The coated elstomeric layer firmly adhering to a fragile
polymeric layer rendered the fragile film micro-fractured [51,52].
When the elastomic layer was recovered after mechanical deformation,
the micro-fractures in the fragile film were also partially recovered,
giving rise to the electrical performance quite similar to that before the
deformation (Figs. S15a and S15b). In our FASSEL, we have observed
that the device performance was significantly degraded upon mechan-
ical deformation mainly due to the fractures in PEDOT electrodes
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without PDMS layers (Figs. S16a and S16b). The operation reliability of
the FASSEL with time is an important aspect. While no significant de-
terioration in SPL was observed when the operation lasted longer than
100 h, the luminance decreased with time. The device showed a half-
life time in luminance of approximately 50 h (Fig. S17a). The lifetime
can be further improved by incorporating suitable passivation tech-
nologies into the top and bottom substrates.

The excellent reliability of our FASSEL under various mechanical
deformations allowed us to fabricate unconventional film FASSEL s
with a variety of three-dimensional geometries and shapes.
Representatively, we successfully demonstrated a bird origami of our
FASSEL as shown in Fig. 5c. Besides every folding step, the origami bird
FASSEL performed well with excellent simultaneous sound generation
and EL, as shown in the photographs of Fig. 5c (Video S2, Supporting
Information). The mechanical robustness of our FASSEL also allowed us
to demonstrate its various unconventional usages including a full color
EL decoration tree speaker (Fig. 5d), a stand-alone desk lamp speaker
(the left of Fig. 5e), a miniature room lighting speaker (the middle of
Fig. 5e) and a toy car's head lamp speaker with horn (the right of
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Fig. 5e). Furthermore, our FASSEL fitted well on nonplanar surfaces,
making it comparable with a variety of wearable, skin-mountable de-
vices, as shown in Fig. 5f.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.03.006.

4. Conclusion

Artificial synesthesia of simultaneously recognizing sound and vi-
sion was demonstrated in a single device platform of a flexible thin film
device with sound-synchronized EL. A flexible piezoelectric polymer
composite thin film with light-emitting inorganic phosphor particles
successfully suited the purpose. The FASSEL made of a thin polymer
composite of a piezoelectric PVDF-TrFE and field-induced light-emit-
ting ZnS microparticles was responsive to continuous AC sound input
signals. In addition to signal-dependent sound generation in the com-
posite film arising from the piezoelectric actuation of the PVDF-TrFE,
EL also occurred simultaneously due to the solid-state cathode lumi-
nescence of ZnS depending upon the AC fields, leading to a high-per-
formance sound-synchronized EL in a single device. The effective syn-
chronized piezoelectric sound generation and EL emission was achieved
by carefully adjusting the poling field, annealing temperature, and
amount of ZnS microparticles encapsulated with the controlled silica
shells. By employing transparent polymer electrodes, we were able to
develop a mechanically flexible, foldable, and even crumpled FASSEL
whose shape can be readily altered without significant performance
degradation, enabling various unconventional applications of stand-
alone lighting speakers, origami-foldable ones and skin-mountable EL
ones. Our mechanically flexible thin-film artificial synesthesia elec-
tronic device offers a human-friendly platform for realizing artificial
vision—-sound synesthesia and thus for developing wearable, on-body
sound-interactive displays suitable not only for personal visual protec-
tion systems from sound indistinguishable environment but also for
medical devices which can assist infants, babies, the elderly and
hearing-impaired patients.
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