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ABSTRACT: Printed organometal halide perovskite light-emitting
diodes (LEDs) are reported that have indium tin oxide (ITO) or
carbon nanotubes (CNTs) as the transparent anode, a printed
composite film consisting of methylammonium lead tribromide
(Br-Pero) and poly(ethylene oxide) (PEO) as the emissive layer,
and printed silver nanowires as the cathode. The fabrication can be
carried out in ambient air without humidity control. The devices
on ITO/glass have a low turn-on voltage of 2.6 V, a maximum
luminance intensity of 21014 cd m−2, and a maximum external
quantum efficiency (EQE) of 1.1%, surpassing previous reported
perovskite LEDs. The devices on CNTs/polymer were able to be strained to 5 mm radius of curvature without affecting
device properties.
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Organometal halide perovskites (Peros) are known to
have astounding optoelectronic properties, and their
utilization in the fields of solar cells and light-emitting

diodes (LEDs) has been well acclaimed in recent years.1−3

They offer the advantage of high efficiencies, low processing
temperatures, cost-effectiveness, and scalable fabrication. For
Pero solar cells, the highest power conversion efficiency has
reached about 20%, which approaches the best efficiencies of
copper indium gallium selenide and cadmium telluride based
thin film solar cells.4,5 Pero LEDs that emit red, green, and blue
colors have also been demonstrated.6−9 With continuous efforts
to improve device efficiency and operational stability,10−15 the
next challenge is to develop Pero solar cells and LEDs using a
scalable printing technique to realize the promise of large-scale,
low-cost devices.16−19

In Pero solar cells or LEDs a multilayer device architecture is
commonly used that includes the Pero layer, an electron
transportation layer (ETL) to facilitate electron collection or
injection across the Pero/cathode interface, and a hole
transportation layer (HTL) to enhance hole collection or
injection at the Pero/anode side. Such a multilayer approach
has been shown to benefit the device performance; however,
fabrication becomes more complex, requiring the use of
orthogonal solvents and usually results in an air-sensitive ETL

detrimental to the printing processes. We have shown that a
single layer of poly(ethylene oxide) (PEO) and Pero composite
thin film sandwiched between an indium tin oxide (ITO) anode
and a gold (or an indium/gallium eutectic alloy) cathode can
generate efficient electroluminescence without an ETL or a
HTL.20 Such a simplified single-layer device architecture and
the use of a high work function cathode are both desirable for
printable Pero devices that can be fabricated in ambient
conditions.
In this work, we report the first printed Pero LEDs on both

rigid ITO/glass and flexible carbon nanotubes (CNTs)/
polymer substrates. The devices had ITO or CNTs as the
transparent anode, a printed composite film consisting of Br-
Pero and PEO as the emissive layer, and printed silver
nanowires as the cathode. The printing process can be carried
out in ambient air without deliberate humidity control, and it
was found that printing the PEO/Br-Pero in air could actually
improve its photoluminescence properties. On average, a 256%
enhancement in luminous efficiency and a 484% enhancement
in maximum luminance intensity (Lmax) were observed in the
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Pero LEDs that were printed in ambient air compared to those
printed in a dry nitrogen atmosphere. The best performing
device printed on an ITO/glass substrate possessed a low turn-
on voltage of 2.6 V (defined at 1 cd m−2), an Lmax of 21,014 cd
m−2, and maximum external quantum efficiency (EQE) of
1.1%. Such results represent a new progress over all existing
Pero LEDs in the literature that used a multilayer device
structure, a spin-coated Pero thin film, and a vacuum-
evaporated metal electrode.3,7,8,21,22 Devices on CNTs/polymer
substrates turned on at 2.6 V, with an Lmax of 360 cd m−2 and
maximum EQE of 0.14%. Despite the lower performance, the
CNT electrode allowed for considerable bending to a radius of
curvature of 5 mm without affecting the device properties.

RESULTS AND DISCUSSION
The printed LEDs were fabricated according to the schematic
in Figure 1a. A mixed solution of PEO and Br-Pero in

dimethylformamide (DMF) was deposited onto a cleaned
ITO/glass or CNTs/polymer substrate. The solution was then
spread uniformly using a blade and annealed at 80 °C in air for
5 min to allow the solvent to evaporate completely. A contact
mask made of Kapton film was used to define the size and
pattern of the active area. Silver nanowires (AgNWs) dispersed
in 2-propanol (IPA) were then dropped and spread with
another blade. After 1 min of baking at 80 °C in air to
evaporate the IPA solvent, the Kapton mask was removed and
the device was tested. The LEDs had a lighting area of 3 mm by
3 mm unless otherwise noted. Images of an as-prepared LED
device on ITO/glass are shown in Figure 1b (from the AgNW
cathode side) and Figure 1c (from the ITO anode side). These

photos indicate that both the printed PEO/Br-Pero composite
film and the printed AgNW electrode are uniformly dispersed.
The optical microscopic images of the printed PEO/Br-Pero

films with PEO/Pero weight ratios of 0.5:1, 0.75:1, and 1:1 can
be seen in Figure S1 (Supporting Information). The films were
printed in ambient air at 25 °C and 70−85% relative humidity.
Dendritic Pero crystals of 20−30 μm size were formed at the
0.5:1 composition. The crystals are separated from each other
by 10−20 μm, giving ∼60% Pero surface coverage. At higher
PEO concentrations (0.75:1 and 1:1), the Br-Pero crystals
evolved into a cuboid shape and the separation between
neighboring crystals decreased markedly. The finest grain size
(5 μm) and highest Pero coverage (∼90%) were obtained in
the 0.75:1 film; thus, this composition was used for the LEDs
described below. The morphology of the 0.75:1 film was further
examined by scanning electron microscope (SEM), and the
results are shown in Figure 1d. The spacing between the Pero
crystals has been completely filled with PEO polymer, and the
PEO/Br-Pero composite film is continuous and pinhole free. In
contrast, only 20−30% surface coverage was obtained when the
Pero solution was printed in air without adding PEO (Figure
S2). This observation is consistent with previous reports where
moisture was found to play an important role in the
crystallization of methylammonium lead triiodide (I-Pero)
from a solution phase.23−25 Very poor coverage was
consistently seen when the I-Pero was processed above ∼50%
relative humidity.19,24 In this regard, the composite approach in
our work is advantageous to eliminating the catastrophic effect
of high humidity on the compact emissive layer, which is crucial
for preventing electrical shortage and achieving a nearly 100%
device yield after printing the top AgNW electrode from
solution.
A cross-sectional SEM image of the PEO/Br-Pero (0.75:1)

emissive layer and AgNW double layer printed onto a silicon/
silicon dioxide wafer is shown in Figure 1e, revealing a PEO/
Br-Pero composite layer 3−4 μm thick and a conformal AgNW
coating about 300 nm thick. The Pero crystals are partially
embedded in the polymer matrix with both size and spatial
distribution matching the SEM image in Figure 1d. An SEM
top view image of the AgNW electrode (Figure 1f) further
clarifies a dense network structure of the printed AgNWs on
top of the PEO/Br-Pero film, ensuring low series resistance in
the LEDs.
A photo of a functional LED with an ITO anode and AgNW

cathode under 4 V of applied potential can be seen in Figure 1g.
The device emitted uniform green light with 2400 cd m−2

luminance intensity. LEDs that displayed “FSU” characters
were also fabricated by changing the contact masks for the
AgNW printing step. These patterned devices emitted ∼300 cd
m−2 green light at a 3.2 V bias as shown in Figure 1h. Figure 1i
shows an operating device on a CNTs/polymer substrate after
being bent to a 5 mm radius of convex curvature.
The crystallinity of Pero in the PEO matrix has been further

verified by X-ray diffraction (XRD). The film shows the
characteristic peaks of Br-Pero (Figure 2a) for the 0.75:1
composite film,26 confirming the presence of Br-Pero crystals.
The peak at 23.3° can be assigned to the PEO in the composite
films (Figure S3). The photoluminescence (PL) and absorption
spectra of the composite film were measured, and the results
are shown in Figure 2b. The peak in the PL spectrum and the
sharp transition in the absorption spectrum both appear at a
wavelength of 545 nm, consistent with the band gap of the Br-

Figure 1. (a) Schematic showing the fabrication of printed Pero
LEDs. (b) Photos of an as-prepared LED device on ITO/glass from
the AgNW cathode side and (c) from the ITO anode side. (d) Top
view SEM image of the PEO/Br-Pero composite film (0.75:1) and
(e) cross-sectional SEM image of the PEO/Br-Pero (0.75:1)
emissive layer and AgNW double layer printed onto a silicon/
silicon dioxide wafer. f) A SEM top view image of the AgNW
electrode. (g) Lit LED on ITO/glass at 4 V. The device emitted
green light with ∼2400 cd m−2 luminance intensity. (h) Displayed
“FSU” characters with printed Pero LEDs. The devices emitted
∼300 cd m−2 green light at a 3.2 V bias. (i) Lit device on a CNTs/
polymer substrate after being bent to a 5 mm radius of convex
curvature. The device emitted ∼200 cd m−2 green light.
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Pero (2.3 eV). The PL spectrum has a full width at half-
maximum of 18 nm.
The stability of the PEO/Br-Pero (0.75:1) composite films

was investigated using PL spectroscopy. PL spectra were
collected immediately after processing and after exposure to
ambient air at 25 °C and 70−85% relative humidity for a
specified time. As shown in Figure 3a,b, the peak intensity at
545 nm increased rapidly with exposure time and reached a
saturation value at 32 h, with a 612% increase of peak intensity
compared to the as-prepared film. After 32 h, the films obtained
maximum emission intensity, and the PL intensity remained
nearly constant even after an additional 40 h of atmospheric
exposure. The insets in Figure 3b are images of the as-prepared,
8 h and 32 h air-exposure samples under 365 nm UV lamp
irradiation, suggesting PL intensity enhancement after the air
exposure. As a control experiment, another PEO/Br-Pero
sample was printed and kept in a nitrogen filled glovebox with
both oxygen and moisture concentration at ≤1 ppm. The
images in Figure S4 show the PL intensity evolution with time.
Compared with humid air, dry nitrogen only slightly increases
the PL intensity. The XRD spectrum (Figure S5) and optical
images (Figure S6) of the PEO/Br-Pero (0.75:1) film as-
prepared and after 20 h air exposure are nearly identical
indicating the structural integrity and morphology of the Br-
Pero crystals remains unaltered upon exposure to air.
Time-resolved photoluminescence (TrPL) spectroscopy was

used to characterize the printed PEO/Br-Pero films (Figure
3c). The photoluminescence decay curves had been fit with a
biexponential function eq (Table S1). The air-exposed film had
a weighted-average lifetime (τ) of 861 ns, which was much
longer than the as-prepared film (τ = 309 ns). The increased
lifetime in the air exposed film may be attributed to a reduction
of defect density in the bulk or/and at the interfaces of the Pero

crystals, which reduces the nonradiative decay rate and
increases the PL intensity.
Humidity-induced PL enhancement in I-Pero thin films has

been reported.24,27 In the work of Eperon et al.,24 such an
enhancement was attributed to the partial solvation of the
methylammonium component and the self-healing of the
perovskite lattice. We postulate that similar behaviors may
occur in our Br-Pero films. The PL enhancement of the I-Pero
thin films upon moisture exposure was usually accompanied by
a morphology and composition deterioration of the I-Pero
crystals.24,27 In contrast, the PEO/Pero composite introduced
here is ideal for ambient air printing processes in that it exhibits
PL efficiency improvement while maintaining the desired
morphology and crystallinity.
Printed LED devices were fabricated and characterized using

composite PEO/Br-Pero films with a 0.75:1 weight ratio in the

Figure 2. (a) X-ray diffraction pattern and (b) absorbance (black)
and photoluminescence (blue) spectra of the PEO/Br-Pero
composite film (0.75:1).

Figure 3. (a) PL spectra evolution and (b) peak intensity (at 545
nm) evolution with air exposure time for the PEO/Br-Pero
composite film (0.75:1). Insets in (b) show photos of the as-
prepared, 8 h and 32 h air-exposure samples under 365 nm UV
lamp irradiation. (c) Time-resolved emission traces (λex = 405 nm,
λem = 545 nm) for one as-prepared film (black curve) and after 25 h
of exposure to air (red curve).
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emissive layer. The films were printed and kept in air (25 °C,
70−85% relative humidity) for 32 h before the top AgNW
electrode was printed. As a control experiment, LEDs were also
printed in the nitrogen filled glovebox. The current density−
voltage (I−V), luminance−voltage (L−V), and current
efficiency−voltage (E−V) characteristics of the LEDs are
shown in parts a−c, respectively, of Figure 4. Overall, the
device printed in air exhibited higher current density than the
device printed under nitrogen atmosphere. It is conjectured
that air exposure reduced surface defects/traps in the Pero
crystals, leading to improved electron/hole injection efficiency
across the electrode/Pero interfaces. The device printed in air
had a turn-on voltage of 2.6 V, an Lmax of 21,014 cd m−2 (at 6.2
V), a maximum current efficiency (Emax) of 4.91 cd A−1 (at
20000 cd m−2 luminance intensity), and an EQE of 1.1%. In
contrast, the device printed in the nitrogen glovebox had a turn-
on voltage of 3.1 V, an Lmax of 3,446 cd m−2 (at 6.2 V), Emax of
1.42 cd A−1 (at 3,175 cd m−2 luminance intensity), and an EQE
of 0.3%, considerably lower than air-processed devices.
Statistical summaries for all of the fabricated devices in each
group can be found in Figure S7a,b. It is evident that the
devices printed in air are superior to the ones printed in the
glovebox. On average, a 256% enhancement in EQE and a
484% enhancement in Lmax was obtained after air exposure,
which agrees with the large PL intensity increase in the air-
exposed PEO/Br-Pero film.
Turn-on voltages of 3.1 to 4.2 V have been commonly

reported by various research groups using a multilayer device
structure and a spin-coated Br-Pero thin film as the emissive
layer.3,21,22,28 The much lower turn-on voltages in the air-
printed device indicate that very efficient charge carrier
injection and transport can be achieved in Pero LEDs that

have a relatively thick emissive layer (3−4 μm) and a very
simple single-layer device structure. It is worth noting that the
combination of high efficiency and high luminance (an EQE of
1.1% at 20,000 cd m−2) of the air-printed device in our work
exceeded all reported Pero LEDs in the literature (Figure
4d).3,7,8,21,22,28−30 For instance, Wang et al. reported an EQE of
0.8% at 20000 cd m−2 using polyethylenimine-modified zinc
oxide as the ETL and poly(9,9-dioctyl-fluorene-co-N-(4-
butylphenyl)diphenylamine)/molybdenum oxide as the HTL
in their Br-Pero LEDs;8 Li et al. reported an EQE of 1.2% and a
maximum luminance intensity of ∼500 cd m−2 using PEDOT/
PSS as the HIL, a bromide-Pero/polyimide precursor
composite as the emissive layer, and poly(9,9′-dioctylfluor-
ene)/Ca as the ETL in their best Br-Pero LEDs.22

Moving further, fully printed and flexible PEO/Br-Pero
LEDs were fabricated with a device configuration illustrated in
Figure 5a. The transparent anode is composed of single-walled
CNTs on polyacrylate substrate (∼200 μm thick). The PEO/
Br-Pero composite layer was printed onto the CNTs/
polyacrylate in air, followed by air exposure for 32 h, and
then silver nanowires were printed as the cathode electrode. An
image of a working device bent to a ∼5 mm radius of convex
curvature is shown in Figure 1i, corresponding to applying 2%
tensile strain onto the LED device. No luminous degradation
was seen after a few bending/releasing cycles (see video 1 and
video 2). The I−V−L characteristics of the flexible device are
shown in Figure 5b. The device turned on at an applied
potential of 2.6 V and obtained an Lmax of 360 cd m−2 at 6.1 V.
The Emax was 0.6 cd A−1 (Figure 5c) with an EQE of 0.14%.
The lower luminance intensity and efficiency of the CNT-based
devices compared to devices on ITO/glass is presumably due to
the higher sheet resistance of the CNT network (500−1000 Ω

Figure 4. (a) Current density, (b) luminance, and (c) current efficiency versus voltage characteristics of the best performing LEDs printed in
air and in a nitrogen-filled glovebox. (d) Comparison of Lmax and EQEs of our printed Br-Pero LEDs with reported Br-Pero LEDs in
literature.
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square−1). Nonetheless, the flexibility of the CNT electrode31

may be advantageous for roll-to-roll printing of the PEO/Br-
Pero layer on plastic substrates.

CONCLUSION
We demonstrated printed Pero LEDs on both rigid ITO/glass
and flexible CNTs/polymer substrates using a composite thin
film of PEO and Br-Pero as the light-emitting layer. Printing the
PEO/Br-Pero film in an ambient with 70−85% relative
humidity results in an increased PL efficiency, 256% enhance-
ment in EQE, and 484% enhancement in luminance intensity
over the devices printed in dry environment. The device on an
ITO/glass substrate exhibited a low turn-on voltage of 2.6 V, a
maximum luminance of 21014 cd m−2, and a maximum EQE of
1.1%. All these metrics compare favorably with existing Pero
LEDs composed of a multilayer architecture prepared by
complex fabrication techniques. Fully printed, highly flexible
Pero LEDs on CNTs/polymer substrates were also demon-
strated. We believe the material and processing concepts
presented in this work could be of great value for future scalable
manufacturing of Pero based optoelectronic devices.

EXPERIMENTAL SECTION
Materials. Lead(II) bromide (99.999%), N,N-dimethylformamide

(DMF) (anhydrous, 99.8%), poly(ethylene oxide) (Mw ≈ 5000000),
bisphenol A ethoxylate diacrylate (Mn ≈ 512), 2,2-dimethoxy-2-
phenylacetophenone (DMPA), and single-walled CNT conductive ink
(SWeNT VC101 ink) were purchased from Sigma-Aldrich. Poly-
dimethylsiloxane (PDMS) precursors (SYLGARD 182) were
purchased from Ellsworth Adhesives. Silver nanowire dispersion in
IPA (SLV-NW-90) was purchased from Blue Nano, Inc. The
nanowires have an average diameter of 90 nm and length ∼25 μm.
The CH3NH3Br was purchased from “1-Material Inc.” All materials
were used as received.

Static PL and TrPL Measurements. Static PL spectra were
collected at room temperature on a Horiba Jobin Yvon FluoroMax-4
Fluorometer. The excitation wavelength was fixed at 460 nm. The
emission spectra from 480 to 780 nm were collected with an
integration time of 0.1 s. TrPL data were collected at room
temperature using an Edinburgh FLS980 spectrometer. The dynamics
of emission decay were monitored by using the FLS980s time-
correlated single-photon counting capability (1024 channels; 10 μs
window) with data collection for 10,000 counts. Excitation was
provided by an Edinburgh EPL-405 ps pulsed diode laser (405.2 nm,
80 ps fwhm) operated at 1 MHz.

LED Fabrication on ITO/Glass. The Br-Pero precursor solution
was prepared by dissolving PbBr2 and CH3NH3Br with a 1:1.5 molar
ratio in anhydrous DMF to give a concentration of ∼500 mg mL−1.
PEO was dissolved in DMF to give a concentration of 10 mg mL−1.
The perovskite precursor and PEO solutions were then mixed with the
desired ratio. All of the solutions were stirred for 30 min at 70 °C
before use. The ITO/glass substrates (10 Ω square−1, 16 mm × 18
mm size) were cleaned with detergent water, sonicated for 10 min
each in acetone, IPA, and distilled water, and then blow dried with
nitrogen. Cleaned ITO/glass substrates were treated with oxygen
plasma at 100 W power for 3 min. Composite solution (40 μL) was
dropped onto the ITO/glass substrate, spread uniformly with a blade,
and then dried at 80 °C for 5 min on a hot plate. Kapton tape was cut
into the desired shape and dimensions using a laser cutting machine
which served as a mask and was applied onto the composite film. A 4
μL portion of silver nanowire suspension (50 mg mL−1 in IPA) was
dropped onto the electrode area defined by the Kapton mask and
spread uniformly using another blade. The devices were then annealed
at 80 °C for 1 min before test. The sheet resistance of the printed
silver nanowires was about 2−5 Ω square−1. Device testing was done
inside a nitrogen-filled glovebox with both nitrogen and oxygen
concentration at ∼1 ppm.

CNTs/Polyacrylate Electrode Fabrication. The single-walled
CNT conductive ink was printed onto a cured PDMS substrate using a
Meyer rod and dried at 100 °C for 10 min. Photocurable monomers
(bisphenol A ethoxylate diacrylate) mixing with 1 wt % of a
photoinitiator (DMPA) were applied onto the CNTs/PDMS. The
monomers were subjected to UV irradiation and cured into a solid
polyacrylate film. By this process, the CNTs became attached to the
polyacrylate which was then peeled off from the PDMS. The resistance
of the CNT coating remained unchanged after the peeling process.
The CNTs on polyacrylate (500−1000 Ω square−1) sheet resistance
and 60−70% transmittance at 550 nm) serves as the electrode/
substrate for the fully printable LEDs.

LED Measurement. Current density−voltage and luminance−
voltage characteristics were measured with a Keithley 2400 source
meter and a silicon photodiode. The silicon photodiode was further
calibrated by a photo research PR-655 spectroradiometer.
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Figure 5. Fully printed and flexible PEO/Br-Pero LEDs on CNTs/
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