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ABSTRACT Flexible perovskite light-emitting diodes (LEDs) have attracted increasing interest to realize
ultrathin, light weight, highly conformable, and nonfragile vivid displays. Solution-processed lead halide
perovskite offers numerous distinctive characteristics, such as pure emission color, tunable bandgaps,
and low fabrication cost. In this paper, green perovskite LEDs (PeLEDs) are fabricated on 50-μm thick
polyimide substrates. Using colloidal 2-D formamidinium lead bromide perovskite emitter, the PeLEDs
show a high current efficiency (ηCE) of 5.3 cd A−1 with a peak emission at 529 ± 1 nm and a narrow
width of 22.8 nm. The resultant green emission shows color saturation > 95%, in the Rec. 2020 standard
gamut area. To demonstrate mechanical flexibility, the device functionality is tested by dynamic bending
experiments down to 10 mm for up to 5000 cycles, resulting in device lifetime over 36 h in a glove
box and a drop of ηCE and external quantum efficiency (ï ext) as low as 15% and 18%, respectively.
For the selective activation of multiple PeLEDs, 7×7 passive arrays on rigid and flexible substrates are
demonstrated. Moreover, preliminary results of active matrices show the compatibility of PeLEDs with
oxide-based thin-film transistors (TFTs) for display applications.

INDEX TERMS Perovskite, light-emitting diodes (LEDs), flexible, bending, pixel array, passive matrix,
active matrix.

I. INTRODUCTION
The field of flexible electronics has attracted substantial
interest for new and challenging applications, which require
electrical functionality on curvilinear and complex surfaces.
Together with wearable electronics [1]–[3] and health mon-
itoring systems [4], flexible displays are considered as most
promising candidates for light-weight, ultra-thin, portable,
and nonfragile consumer electronics [5]. This new class of
displays calls for high performances, high energy efficiency
and long-operational stability, as well as low fabrication
cost for mass production. In the past years, numerous
types of emitters, such as, organic emitters and chalco-
genide quantum dots, have been extensively investigated
in light emitting diodes to achieve efficient and color
pure flexible displays [6], [7]. However, the conventional

technologies were not able to realize Rec. 2020 standard
green emission because of their broad spectral width and
a bathochromic shift in photoluminescence after forming the
thin solid films. Recently, colloidal organic-inorganic hybrid
perovskites (OIHPs) have emerged as the most promising
color-pure emitters in light emitting diodes (LEDs) because
of their cost-effective facile synthesis at low temperature and
easy scalability. Moreover, they show very narrow emis-
sion width, tunable bandgap, and high photoluminescence
quantum yield (PLQY) [8], [9]. Although few flexible green
perovskite LEDs (PeLEDs) have been demonstrated, color-
pure electroluminescence that shows a 95% color saturation
in Rec. 2020 standard gamut, has never been achieved by far.
In this work, we demonstrate color-pure green flex-

ible PeLEDs using colloidal two dimensional (2D)

2168-6734 c© 2019 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.

VOLUME 7, 2019 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 769

https://orcid.org/0000-0002-6398-601X
https://orcid.org/0000-0003-4551-4876
https://orcid.org/0000-0003-2946-3992
https://orcid.org/0000-0001-6929-3292
https://orcid.org/0000-0003-4653-5927
https://orcid.org/0000-0003-0264-7185
https://orcid.org/0000-0002-9278-1638


CANTARELLA et al.: FLEXIBLE GREEN PEROVSKITE LEDs

FIGURE 1. Perovskite-based LED (PeLED) on flexible substrate.
a) Schematic of the device layer stack and b) energy level diagram of
materials utilized (data unit: eV).

formamidinium lead bromide (FAPbBr3) perovskite emit-
ters. The 2D FAPbBr3 shows a solid-state PLQY as high
as 94%. The devices, fabricated on 50 μm thick polyimide
foil using a spin-casted emission layer, show a high cur-
rent efficiency (ηCE) of 5.3 cd A−1 and a color saturation
of ∼96%. Moreover, the device exhibits a peak emission
at 529 nm. Differently from [9], to systematically test the
device flexibility under mechanical strain, PeLEDs are evalu-
ated in dynamic bending experiments, showing functionality
in a nitrogen-filled glove box down to 10 mm bending radius
for up to 5000 bending cycles. Moreover, the fabrication
scalability allows the realization of passive and active multi-
pixel matrices, consisting of 49 PeLEDs, on both rigid and
flexible substrates.

II. MATERIALS AND DEVICE FABRICATION
Monodisperse FAPbBr3 perovskites are synthesized by using
the synthetics route reported in [10]. The resultant nanocrys-
tals (NCs) show a PLQYs of ∼89% and 94% in solu-
tion and spin-casted thin film, respectively. Moreover, the
EL emission locate at 531 nm in solution and 529 nm
in spin-coated film. The unprecedented higher PLQY in
the thin film sample is a result of aggregation induced
emission [11]. A schematic architecture of flexible PeLEDs
is shown in Fig. 1a. A 50 μm-thick polyimide (Kapton)

FIGURE 2. Flexible PeLED based on 2D FAPbBr3. a) Current density and
luminance as a function of voltage. b) Current efficiency and power
efficiency as a function of current density. c) Electroluminescence (EL)
spectrum at 4 V and photoluminescence (PL) spectra, showing the
ultra-pure green emission at 529 ±1 nm. Inset: photograph of flexible
PeLED glowing at 4V with a bending radius of 2.5 mm, perovskite thin film
on glass substrate (left panel in ambient light and right panel under
ultraviolet irradiation), and colloidal solutions of perovskites under
ambient light (left panel) and ultraviolet light (right panel).

foil (from DuPont) is utilized as the substrate. First, this
substrate is cleaned in acetone and isopropanol for 10 min
and cured in oven for 48 h at 200 ◦C, to remove any sol-
vent residuals. To ensure a high mechanical and chemical
stability during the device fabrication, a 50 nm SiNx, act-
ing as buffer layer, is deposited by PECVD on both sides.
Once the Kapton foil preparation is complete, a 120 nm
thick ITO anode layer is deposited through RF sputter-
ing in Ar atmosphere. Then, the desirable ITO pattern is
obtained through UV photolithography and lift-off process.
Subsequently, the patterned ITO substrate is exposed to
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FIGURE 3. PeLEDs under dynamic bending experiments. a) Optical picture
for a) a fresh emitting device (0.5 h lifetime) and b) after 5000 cycles
(lifetime > 36 h) (Scale bar: 5 mm). The formation of black lines in the
emitting area prove the Perovskite degradation in ambient condition.
c) Normalized ηCE and ï ext for a PeLED bent down to 10 mm bending
radius for 100, 500, 1000 and 5000 cycles.

oxygen plasma for 10 min to ensure a smooth ITO sur-
face without any contamination. Thereafter, a hole injection
layer, 32±3 nm PEDOT:PSS, is deposited by spin coating.
Then, a hole transporting layer (HTL), 18±2 nm poly[N,N’-
bis(4-butylphenyl)-N,N’-bis(phenyl)-benzidine] (Poly-TPD),
is spin-coated in a glovebox. Before spin-coating, colloidal
FAPbBr3 NCs are mixed with the low-k PMMA host. The
resultant emissive layer (30±5 nm) is then deposited onto
the Poly-TPD layer. Then, the flexible substrate is transferred
to a high vacuum chamber and a 45 nm electron transport-
ing layer, tris(2,4,6-trimethyl-3-(phenyl)borane (3TPYMB),
a 1 nm LiF electron injection layer, and a 70 nm Al cathode
layer, are sequentially evaporated with the deposition rates
of 0.5, 0.1, and ∼2 A s−1, respectively. Particularly, the LiF
and Al layers are deposited through a shadow mask. The
active-area of device is defined as the overlap between ITO
and Al layers. Fig. 1b shows the energy band diagram of
the materials involved in the device stack.

III. PELEDS ELECTRICAL CHARACTERIZATION
The current density (J) and luminance (L) of a champion
device as a function of applied voltage (V) is presented in
Fig. 2a. The device shows a low turn-on voltage of 2.8 V

FIGURE 4. PeLED passive matrix. a) Layout of a passive matrix, where the
selection of a column line (Vcol-n) and a row line(Vrow-n) allows the
PeLED activation. An array of 7 x 7 PeLEDs is realized on both b) a rigid
glass slide (characterized by using a custom made setup) and (c) on a PET
flexible substrate (where Cu tape is used for improving the electrical
contact). For both substrates, the PeLED area is 1 mm x 2 mm (Scale bar:
1 cm) and the driving voltage is 5 V.

and a maximum luminance of 1642 cd m−2. Moreover, our
optimized device demonstrate a high ïCE of 5.30 cd A−1

and a power efficiency (ïPE) of 4.76 lm W−1 with a high
external quantum efficiency (ï ext) of 1.29% (see Fig. 2b).
As shown in Fig. 2c, PeLEDs exhibit a peak electrolumines-
cence (λEL) at 529 ± 1 nm and a full width at half maximum
of 22.8 nm with Commission internationale de l’éclairage
x and y coordinates (CIEx,y) of (0.173, 0.768). The CIEx,y
color-coordinates presented here show a color saturation of
∼96% in the 1931 CIE color space in Rec. 2020 standard
gamut area, which has never been achieved in the flexible
LEDs so far. We attribute the high device performance to
a charge injection balance and efficient recombination of
injected carriers under electrical excitation. Moreover, the
charge transporting layers, Poly-TPD and 3TPYMB, pos-
sessed an efficient carrier (electron and hole) confinement
function. Moreover, our devices also exhibit a consistent EL
spectrum with the PL spectra of 2D FAPbBr3 perovskites
(Fig. 2c). To the best of our understanding, we present the
first flexible PeLED using precise layer controlled colloidal
2D perovskites.
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FIGURE 5. Schematic and performance of the IGZO based active matrix. a) The green PeLED functionality is activated when the corresponding TFT is
on-state (namely, its column and row lines are selected). The operating voltage for VCOL and VROW is 8 V. b) IGZO-based TFT characteristics
(W/L = 1400 μm/20 μm) in flat and bent conditions. For each IGZO TFT, a PeLED is fabricated in series (inset) (Scale bar: 500 μm). c) The 7 x 7 active
matrix is fabricated on a free-standing 50 μm thick kapton foil (Scale bar: 1 cm). The electrical performance of the matrix is evaluated. d) Histogram of
the linear mobility μlin and threshold voltage VTH for the array. Here, a yield of ≈ 96 % is achieved. e-f) Coloured 2D mapping of the same parameters
over the substrate area (3 cm x 3 cm).

IV. MECHANICAL BENDING EXPERIMENTS
To test the device performance under mechanical stress,
a dynamic bending experiment is executed. The flexible
substrate, with four PeLEDs (for each device, the emission
area is equal to 5 mm x 5 mm) (see Fig. 3a), is mounted on
a dynamic bending setup, and bent down to 10 mm bending
radius. In this test, the PeLEDs are bent for a certain number
of times (100, 500, 1000 and 5000 cycles), and then electri-
cally characterized in ambient condition (see Fig. 3a and 3b),
monitoring the ïCE and ï ext. At zero cycles, the PeLEDs
show a ïCE and a ï ext of 3.47 cd A−1 and 0.85%, respec-
tively, at an operational voltage of 3V. Unexpectedly, slightly
higher efficiencies are observed after 500 cycles that can be
attributed to light induced healing in the perovskite layer.
After 5000 cycles, corresponding to > 36 h, the device
efficiencies exhibit a drop of 15 % in the ïCE and 18 %
in the ï ext (see Fig. 3c). In general, the lowering of the
device performance is mainly attributed to the absence of
a passivation layer. Indeed, the interaction with ambient
moisture (occurring during the characterization in ambient
condition) and the emission layer degradation, is proved by
the formation of black lines in the PeLED emitting area (see
Fig. 3b). Indeed, future studies need to understand the degra-
dation processes of Perovskites and find possible solutions,
to increase device lifetime and broaden the applications of
this class of materials [12].

V. PASSIVE MATRIX
The ease of fabrication scalability is demonstrated with the
realization of an array of 49 PeLEDs (arranged in 7 lines
and 7 columns). The passive matrix consists in a scheme
where each PeLED (or pixel) is activated without any driv-
ing circuitry (i.e., capacitors, Thin-Film Transistors (TFTs),
etc.). In this way, a pixel is turned on when both its cor-
responding column line (VCOL - n) and row line (VROW - n)
are selected (see Fig. 4a). To prove the fabrication compat-
ibility with flat planes as well as flexible displays, passive
PeLED matrices are realized on both glass and Polyethylene
terephthalate (PET) substrates, commercially available from
Sigma-Aldrich (substrate area = 3 cm x 3 cm). The choice
of changing the carriers is due to an higher quality of the
ITO layer, acting as anode, with the respect to the sputtered
one. Fig. 4b shows the rigid matrix in a custom made setup
for the selective characterization of the pixels. In parallel,
the flexible array (Fig. 4c) is tested while bending strain is
applied, showing functionality down to 1 cm bending radius.
A stable EL emission is observed throughout the bending
test. Most interestingly, the devices demonstrate stable EL
peak at 529 nm during the mechanical strain test.

VI. TOWARDS ACTIVE MATRIX
To prove the compatibility of PeLEDs with other elec-
tronics, the next step is their integration with Thin-Film
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Transistors (TFT), to form an active matrix. For this purpose,
metal-oxide semiconductors, and in particular amorphous
Indium-Gallium-Zinc-Oxide (a-IGZO), have been widely
used for flexible electronics [13]–[15], due to the low fab-
rication complexity, large-area deposition and field-effect
mobility as high as 10 cm2/Vs. The active matrix display
is designed with an array of 7 x 7 driving cells, where
an IGZO TFT drives in series a PeLED, as presented in
Fig. 5a. Each single TFT is selected by choosing the corre-
sponding column line VCOL and row line VROW, allowing
the PeLED functionality (see Fig. 5a). Considering the J-V
curve for the PeLEDs (see Fig. 2a), the W/L ratio for the
TFTs is chosen to provide enough drain current ID. For
a LED area of 2 mm x 1 mm and a voltage across the
LED of 8.5 V, ID has to be equal to 2 mA (reached by
a W/L = 1400 μm/20 μm) (see Fig. 5b). With these design
parameters, the TFTs are fabricated on a flexible 50 μm-
thick Polyimide (or kapton) foil using a bottom-gate inverted
staggered configuration (see Fig. 5c). Similarly to other
works [3], a 120 nm ITO layer is RF sputtered in Ar atmo-
sphere at room temperature, and patterned as the gate contact
for the TFT, and anode pad for the PeLED, using a lift-off
process in acetone and isopropanol. Afterwards, aluminum
oxide (Al2O3), IGZO and Ti/Au are deposited as gate dielec-
tric (and passivation layer), semiconductor and source/drain
contacts, respectively [16], [17]. To conclude the array fab-
rication, the TFTs are protected with photoresist (AZ1518,
from MicroChemicals) to allow the cleaning of the ITO
pads in the PeLED stack by an O2 plasma treatment, with-
out damaging the TFTs. Once the step is performed, acetone
and isopropanol are used to remove the photoresist. Next, the
PeLEDs fabrication is performed as presented in paragraph
II. An optical picture of the flexible display is presented
in Fig. 5c.
The overall matrix uniformity, in terms of electrical prop-

erties, is evaluated. The fabrication yield is as high as
96%, with two TFTs (over the whole matrix) not prop-
erly functional on the substrate edge, due to damages in
the gate dielectric layer, resulting in high leakage current
(IG > 1 mA). An average linear mobility μlin, threshold
voltage VTH, subthreshold swing SS and ION/IOFF ratio
of 10.88 cm2/Vs, 0.86 V, 130 mV/dec and 3.9x109, are
extracted. Figure 5d gives an overview of the variation
of linear mobility and threshold voltage, while a col-
ored 2D mapping of the same parameters is presented in
Fig. 5e and 5f.
Here, additional optimizations are required to improve

the active matrix performance, in terms of LED brightness,
as well as uniform activation of each pixel. Nevertheless,
these preliminary results show the compatibility of oxide-
based Thin-Film electronics with Pervoskites, for display
applications.

VII. CONCLUSION
In this work, flexible PeLEDs are presented. A low-cost
and room temperature manufacturing process is developed to

allow fabrication compatibility with flexible substrates. The
green PeLEDs, realized on a 50 μm kapton foil with 2D
FAPbBr3 nanocrystals, show peak emission at 529 nm, turn-
on voltage Von of 2.8 V and a maximum current efficiency
ïCE of 5.30 cd A−1. To prove the device flexibility, dynamic
bending experiments are performed, showing functionality
while bent down to 10 mm bending radius for 5000 cycles.
Moreover, passive matrixes as well as active arrays are real-
ized on both rigid and flexible substrates, for the selective
activation of multiple PeLEDs. Given the compatibility with
standard IGZO TFT technology (room temperature and low-
cost deposition), colloidal 2D FAPbBr3 perovskites could
represent a potential contestant for next-generation flexible
display devices.

REFERENCES
[1] T. Someya et al., “A large-area, flexible pressure sensor matrix

with organic field-effect transistors for artificial skin applications,”
Proc. Nat. Acad. Sci. USA, vol. 101, no. 27, pp. 9966–9970,
Jul. 2004.

[2] T. Yokota et al., “Ultraflexible organic photonic skin,” Sci. Adv., vol. 2,
no. 4, Apr. 2016, Art. no. e1501856.

[3] G. Cantarella et al., “Buckled thin-film transistors and circuits on soft
elastomers for stretchable electronics,” ACS Appl. Mater. Interfaces,
vol. 9, no. 34, pp. 28750–28757, Aug. 2017.

[4] A. Koh et al., “A soft, wearable microfluidic device for the capture,
storage, and colorimetric sensing of sweat,” Sci. Transl. Med., vol. 8,
no. 366, Nov. 2016, Art. no. 366ra165.

[5] Y. Chen et al., “Electronic paper: Flexible active-matrix electronic ink
display,” Nature, vol. 423, p. 136, May 2003.

[6] H. Sirringhaus, “25th anniversary article: Organic field-effect tran-
sistors: The path beyond amorphous silicon,” Adv. Mater., vol. 26,
pp. 1319–1335, Mar. 2014.

[7] M. K. Choi et al., “Wearable red–green–blue quantum dot
light-emitting diode array using high-resolution intaglio
transfer printing,” Nat. Commun., vol. 6, May 2015,
Art. no. 7149.

[8] J. Jagielski, S. Kumar, W.-Y. Yu, and C.-J. Shih, “Layer-
controlled two-dimensional perovskites: Synthesis and optoelec-
tronics,” J. Mater. Chem. C, vol. 5, no. 23, pp. 5610–5627,
Jun. 2017.

[9] S. Kumar et al., “Efficient blue electroluminescence using quantum-
confined two-dimensional perovskites,” ACS Nano, vol. 10, no. 10,
pp. 9720–9729, Oct. 2016.

[10] S. Kumar et al., “Ultrapure green light-emitting diodes using two-
dimensional formamidinium perovskites: Achieving recommendation
2020 color coordinates,” Nano Lett., vol. 17, no. 9, pp. 5277–5284,
Sep. 2017.

[11] J. Jagielski et al., “Aggregation-induced emission in lamellar solids
of colloidal perovskite quantum wells,” Sci. Adv., vol. 3, Dec. 2017,
Art. no. eaaq0208.

[12] G. D. Niu, X. D. Guo, and L. D. Wang, “Review of recent progress in
chemical stability of perovskite solar cells,” J. Mater. Chem. A, vol. 3,
no. 17, pp. 8970–8980, 2015.

[13] L. Petti et al., “Metal oxide semiconductor thin-film transistors
for flexible electronics,” Appl. Phys. Rev., vol. 3, no. 2, 2016,
Art. no. 021303.

[14] K. Nomura et al., “Room-temperature fabrication of transparent flex-
ible thin-film transistors using amorphous oxide semiconductors,”
Nature, vol. 432, pp. 488–492, Nov. 2004.

[15] E. Fortunato, P. Barquinha, and R. Martins, “Oxide semiconduc-
tor thin-film transistors: A review of recent advances,” Adv. Mater.,
vol. 24, no. 22, pp. 2945–2986, 2012.

[16] G. Cantarella et al., “Design of engineered elastomeric substrate for
stretchable active devices and sensors,” Adv. Funct. Mater., vol. 28,
no. 30, 2018, Art. no. 1705132.

[17] N. Münzenrieder et al., “Stretchable and conformable oxide thin-
film electronics,” Adv. Electron. Mater., vol. 1, no. 3, 2015,
Art. no. 1400038.

VOLUME 7, 2019 773



CANTARELLA et al.: FLEXIBLE GREEN PEROVSKITE LEDs

GIUSEPPE CANTARELLA received the M.Sc.
degree in micro and nanotechnology for ICTs
from the Polytechnic of Turin, Italy, in 2013 and
the Ph.D. degree in electrical engineering from
ETH Zürich, Zürich, Switzerland, in 2018. He is
currently a Post-Doctoral Fellow with the Free
University of Bozen-Bolzano, Bolzano, Italy, and
ETH Zürich, where he researches on flexible and
printed electronics.

SUDHIR KUMAR received the Ph.D. degree in
materials science and engineering from National
Tsing Hua University, Taiwan, in 2014, where
he was a Post-Doctoral Fellow. In 2015, he
joined ETH Zürich, where he is currently a
Post-Doctoral Fellow with the Prof. Shih Group,
aiming at the development of energy-efficient
and ultracolor pure light emitting diodes (LEDs)
based on colloidal 2-D perovskite nanocrystals
and a Senior Scientist with the Lab for Interface
and Surface Engineering of Nanomaterials. His

research mainly focuses on the design and fabrication of organic LEDs
and perovskite LEDs for next-generation displays and human-friendly
illumination devices.

CHRISTIAN VOGT (S’13–M’17) received
the M.Sc. degree in electrical engineering
and information technology and the Ph.D.
degree in electrical engineering from the Swiss
Federal Institute of Technology Zürich, Zürich,
Switzerland, in 2013 and 2017, respectively. His
research interests include flexible electronics and
applications for magnetic resonance imaging.

STEFAN KNOBELSPIES received the B.Sc. and
M.Sc. degrees in microsystems engineering from
the Albert Ludwigs University of Freiburg,
Freiburg im Breisgau, Germany, in 2011 and
2015, respectively, and the Ph.D. degree from
the Institute for Electronics, ETH Zürich, Zürich,
Switzerland, in 2018. Since 2018, he has been with
Sensirion.

ALAIN TAKABAYASHI received the M.Sc.
degree in electrical engineering from the Swiss
Federal Institute of Technology Zürich, Zürich,
Switzerland, in 2017. He is currently pursuing the
Ph.D. degree in photonic micro- and nanosystems
with the Quack Group, Swiss Federal Institute
of Technology Lausanne, Lausanne, Switzerland.
His current research focuses on integrating MEMS
with an established silicon photonics platform for
the implementation of zero-power reconfigurable
photonic integrated circuits.

JAKUB JAGIELSKI received the B.Sc. degree
in chemical engineering and the M.Sc. degree
in chemical- and bioengineering from ETH
Zürich, Switzerland, in 2014 and 2016, respec-
tively, where he is currently pursuing the Ph.D.
degree with the Lab for Interface and Surface
Engineering of Nanomaterials under the super-
vision of Prof. C.-J. Shih. He was an Intern,
CSIRO, Australia, on the development of MOFs
as heavy metal absorbers. His research activi-
ties focus on the synthesis of luminescent, 2-D

perovskite nanoplatelets for the fabrication of efficient and color-pure LEDs.

NIKO MÜNZENRIEDER (S’11–M’14) received
the Diploma degree in physics from Technische
Universität München, Munich, Germany, in 2008
and the Ph.D. degree in electrical engineering
from ETH Zürich, Zürich, Switzerland, in 2013.
He is currently a Senior Lecturer leading the
Flexible Electronics Laboratory, University of
Sussex, Brighton, U.K., where he is researching
on flexible oxide electronics, smart textiles, and
thin-film sensor systems.

ALWIN DAUS received the M.Sc. degree in
electrical engineering from the Braunschweig
University of Technology, Braunschweig,
Germany, in 2013 and the Ph.D. degree in
electrical engineering and information technology
from ETH Zürich, Zürich, Switzerland, in 2018.
He is currently a Post-Doctoral Scholar with
Stanford University, Stanford, USA. His current
research interest includes flexible electronics with
2-D materials.

LUISA PETTI (S’12–M’16) received the M.Sc.
degree in electronic engineering from the
Politecnico di Milano, Milan, Italy, in 2011 and
the Ph.D. degree in electrical engineering and
information technology from ETH Zürich, Zürich,
Switzerland, in 2016. She is currently an Assistant
Professor with the Free University of Bozen-
Bolzano, Bolzano, Italy, where she researches on
flexible and printed electronics.

GIOVANNI A. SALVATORE received the bach-
elor’s degree in electronics and the master’s
degree in micro and nanotechnology from the
Polytechnic of Turin in 2004 and 2006, respec-
tively, and the Ph.D. degree from EPFL for his
research on ferroelectric transistor (EPFL these
4990) in 2011. He was a Post-Doctoral Fellow
with Electronics Laboratory, ETH Zürich. He is
currently a Scientist with the ABB Corporate
Research Center, Baden, involved in the packaging
and reliability of electric devices.

774 VOLUME 7, 2019



CANTARELLA et al.: FLEXIBLE GREEN PEROVSKITE LEDs

PAOLO LUGLI (SM’07–F’11) received the
Graduation degree in physics from the University
of Modena, Modena, Italy, in 1979 and the M.Sc.
and Ph.D. degrees in electrical engineering from
Colorado State University, Fort Collins, CO, USA,
in 1982 and 1985, respectively. He is currently a
President with the Free University Bozen-Bolzano,
Bolzano, Italy. He has authored over 350 scientific
papers.

CHIH-JEN SHIH received the Ph.D. degree from
the Massachusetts Institute of Technology in 2014.
He has been a Tenure-Track Assistant Professor
of chemical engineering with the Department of
Chemistry and Applied Biosciences, ETH Zürich
since 2015. He was a Post-Doctoral Fellow with
Stanford University from 2014 to 2015. His
research group focuses on morphology, dynam-
ics, molecular forces, and transport phenomena
at nanomaterials interfaces. His interests range
from fundamental understanding of how dielec-

tric screening of atomically thin nanomaterials influences the movement
and interactions of charges, excitons, and molecules near interfaces, to
application-motivated studies aimed at developing new engineering strate-
gies to control over the interplay of these mechanisms, toward new
technological opportunities in optoelectronics, sensors, and actuators. He
was a recipient of the Victor K. LaMer Award from the American Chemical
Society and the Ruzicka Prize from the Swiss Chemical Society.

GERHARD TRÖSTER was a Full Professor of
electronics with the Institute of Electronics, ETH
Zürich from 1993 to 2018, where he headed the
Digital Systems and Wearable Computing Lab.
His research interests include wearable and mobile
computing platforms, sensor fusion, machine
learning, flexible electronics, thin-film technol-
ogy, and smart textile aiming at applications in
healthcare, sports, and music.

VOLUME 7, 2019 775



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


