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ABSTRACT: Violet electroluminescence is rare in both inorganic (C H,C, H NH
and organic light-emitting diodes (LEDs). Low-cost and room-
temperature solution-processed lead halide perovskites with high-
efficiency and color-tunable photoluminescence are promising for
LEDs. Here, we report room-temperature color-pure violet LEDs
based on a two-dimensional lead halide perovskite material, namely,

2-phenylethylammonium (C,H;CH,CH,NH;*, PEA) lead bromide

5 Pan, 004

[(PEA),PbBr,]. The natural quantum confinement of two-dimen- vapor

sional layered perovskite (PEA),PbBr, allows for photoluminescence annealing

of shorter wavelength (410 nm) than its three-dimensional —) J

counterpart. By converting as-deposited polycrystalline thin films . a1 (SVA) nanoplates Voltage (V)

to micrometer-sized (PEA),PbBr, nanoplates using solvent vapor

annealing, we successfully integrated this layered perovskite material into LEDs and achieved efficient room-temperature
violet electroluminescence at 410 nm with a narrow bandwidth. This conversion to nanoplates significantly enhanced the
crystallinity and photophysical properties of the (PEA),PbBr, samples and the external quantum efficiency of the violet
LED. The solvent vapor annealing method reported herein can be generally applied to other perovskite materials to
increase their grain size and, ultimately, improve the performance of optoelectronic devices based on perovskite materials.
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O optoelectronic devices for dlsplay and lighting

applications in the past few decades."” Despite these efforts,
violet-colored (<450 nm) light-emitting diodes (LEDs) are
quite rare’ and expensive to make, but very desirable for a
variety of applications. Violet LEDs are key optoelectronic
components that can enable wide-gamut, full- color displays,”*

rganic and direct-band-gap inorganic semiconductors
have been studied and employed for energy-efficient

via simple solution processing at room temperature, and their
photoluminescence can be easily tuned from the visible to
infrared wavelengths.'>** Efficient lasing in 3D organometal
halide perovskites has been previously demonstrated,">"®*¥**
and various LEDs containing 3D MA lead halide perov-
skites'”"®*% and cesium lead halide perovskites””*® as the

luminescent component have also been reported. Although

ﬂuorescence—based chemical and biological sensors,” and optical
detectors.’ Currently, violet LEDs are made of InGaN, but they
are fabricated via expensive high-temperature and high-vacuum
thin-film growth techniques.” Therefore, it is important to find
inexpensive and easily processed materials as the emitters in
blue or violet LEDs.

Recently, organic—inorganic hybrid perovskites, particularly
the three-dimensional (3D) perovskites represented by
methylammonium (MA) lead iodide,” "' have emerged as an
excellent class of semiconductors with long charge carrier
lifetime and diffusion lengths'*~'* and high photoluminescence
(PL) quantum yield."” These excellent properties not only
enable high- performance solar cells*™"" with high internal
quantum efficiency'® but also make these perovskite materials
promising for LED, lasing, and photodetector applications. 17=22
In addition, films of metal halide perovskites can be accessed
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optimized MA perovskite LEDs have recently reached an
external quantum efficiency (EQE) over 8% for green light
emission,'® efficient blue electroluminescence has not been
achieved yet due to the high defect densities typically associated
with wider-band-gap lead chloride perovskites.'>*»****%° A
cesium lead halide perovskite quantum dot LED with an
emitting peak of 455 nm and EQE of 0.07% has been reported
very recently.”” Clearly, it has been difficult to extend the
efficient electroluminescence (EL) of 3D perovskite-containing
LEDs to blue wavelengths, and no violet perovskite LEDs have
been reported yet.
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Transitioning from 3D lead halide perovskites into two-
dimensional (2D) structures®’ >’ will introduce quantum
confinement effects in these materials, and, therefore, 2D lead
halide perovskites are expected to display wider band gaps and
narrower ghotoluminescence peaks as compared to their 3D
analogues.”** Following this logic, one potential strategy to
obtain violet PL is to synthesize 2D versions of green-emitting
3D lead bromide perovskites. Layered 2D organolead halide
perovskites are described by the general formula (RNH;),PbX,,
where R is an aryl or alkyl substituent and X is a halogen.”' ~*
Specifically, using 2-phenylethylammonium
(C¢H;CH,CH,NH,", PEA, also called phenethylammonium)
as the organic cation yields 2D layered perovskites
(PEA),PbBr, (crystal structure shown in Figure 1A),*® in
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Figure 1. (A) Crystal structure of 2-phenylethylammonium lead
bromide, (PEA),PbBr,, which is a 2D layered perovskite. The
inorganic layers consist of corner-sharing lead bromide octahedra
in which the green and orange balls represent Pb and Br atoms,
respectively. The organic layers consist of PEA cations. The gray
balls represent carbon atoms, the white balls represent hydrogen
atoms, and the blue balls represent nitrogen atoms. (B) Schematic
energy diagram showing multiple quantum wells in layered
(PEA),PbBr,.

which layers of the inorganic semiconductor (sheets of corner-
sharing PbBr, octahedra) are sandwiched between layers of
insulating PEA counter cations. The spacing between inorganic
layers is 1.69 nm. Electronic coupling between inorganic layers
is negligible because of the high energy barriers formed by the
PEA layers. This 2D material naturally forms repeating
quantum well structures, as schematically shown in Figure
1B, that tightly confine excitons within the inorganic layers,
leading to high exciton binding energies (350—480 meV)®” and
strong, stable PL at room temperature.”” Narrow, violet PL was
previously reported for (PEA),PbBr,.** The quantum confine-
ment and high exciton binding energies are believed to increase
the LED efficiency.”” However, to date, such 2D perovskites
have not been successfully integrated as the light-emitting
material into LEDs that can be operated at room temperature.
Green LEDs incorporating 2D PEA lead iodide [(PEA),Pbl,]
were previously reported to function exclusively at liquid
nitrogen temperatures,”’ thus precluding their practical
applications. We note that there was also an earlier report on
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green LED devices based on a 2D layered perovskite; however,
in those devices, light emission came from the dye molecules
incorporated in the 2D layered perovskite and the perovskite
framework merely served as a template but not the active light-
emitting materials.”'

Here, we demonstrate a color-pure, room-temperature-
operable violet LED containing a 2D layered perovskite, 2-
phenylethylammonium lead bromide, (PEA),PbBr,, as the
luminescent layer. The LED displayed a narrow electro-
luminescence peak centered at 410 nm, with a full width at
half-maximum (fwhm) of 14 nm. Critical to this success of
room-temperature LEDs based on 2D layered perovskites as
active materials with a reasonable efliciency is a solvent vapor
annealing technique that converted as-deposited polycrystalline
(PEA),PbBr, thin films into high-quality micrometer-sized
nanoplates, which was found to enhance both the photo-
physical properties of this 2D perovskite and the external
quantum efficiency of the LEDs fabricated with this material.

RESULTS AND DISCUSSION

The chemical synthesis of (PEA),PbBr, can be readily
accomplished by mixing PEABr and PbBr, precursors at
room temperature.”® But the key for LED device fabrication is
the preparation of suitable thin-film samples in relevant device
architecture. The various (PEA),PbBr, perovskite samples used
in this study were accessed via a common precursor thin film
that was obtained by spin-coating a dimethylformamide (DMF)
solution of PEABr and PbBr, (in a 2:1 molar ratio) onto
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS)-coated ITO substrates (Figure 2A). Detailed
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PbBr,+PEABr 3000 rpm 10 min
in DMF (PEA),PbBr, thin film
face|down
D E
uSIees removed and
baked at100 °C
—_—
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(PEA),PbBr, nanoplates

Figure 2. Synthesis of (PEA),PbBr, thin films and nanoplates on
PEDOT:PSS-coated ITO substrates. (A, B) A DMF solution of 2:1
PEA bromide (PEABr) and PbBr, is spin-coated onto a
PEDOT:PSS(blue)-coated ITO substrate (gray). The spin-coated
film was either directly baked at 100 °C for 10 min to prepare
polycryatalline (PEA),PbBr, thin films (C) or annealed in DMF
vapor (D) and then baked at 100 °C for 10 min to prepare (E)
micrometer-sized (PEA),PbBr, nanoplates (purple).

experimental procedures are provided in the Methods section.
Here we take advantage of the fact that the PEDOT:PSS film is
hydrophilic, which facilitates the coating of this precursor film
with good coverage. The precursor films thus obtained looked
green to the naked eye (Figure 2B).

Two types of (PEA),PbBr, samples were then prepared from
these precursor thin films. For the first type, a polycrystalline
(PEA),PbBr, sample was accessed by directly baking the
precursor film at 100 °C for 10 min on a hot plate in air, shown
in Figure 2C. The second type was micrometer-sized
nanoplates of (PEA),PbBr,, which were accessed by first
annealing the precursor film face-down in a cover glass covered
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Figure 3. (A) SEM and (B) AFM images of the (PEA),PbBr, thin film without DMF treatment. The scale bars are both 2 ym. (C) SEM and
(D) AFM images of the (PEA),PbBr, nanoplates obtained by annealing the thin film in DMF vapor before baking. The scale bars in panels C
and D are 2 and 1 pm, respectively. The inset white profile curve of D shows a nanoplate thickness of 46 nm. (E) XRD patterns of
polycrystalline thin film (blue) and nanoplates (red). (F) Absorbance spectrum (green) and photoluminescence of the thin film (blue) and
nanoplates (red). (G) PL photon counts as a function of time for polycrystalline thin film (blue) and nanoplates (red) excited by a 370 nm
light pulse. The lines are linear fits. XRD patterns and PL and PL lifetimes are taken for nanoplates synthesized in the same conditions as the

thin film except for the additional DMF vapor annealing.

beaker in DMF vapor at about 30 °C, before baking at 100 °C
in air, shown in Figure 2D,E. A detailed description of the DMF
solvent annealing procedure and experimental setup is provided
in the Methods section. As the DMF was vaporized and
absorbed by the spin-coated thin film, it initiated and facilitated
the recrystallization of the thin film into many perovskite
nanoplates. The precursor films were observed to significantly
change color from green to purple upon DMF vapor annealing
due to the light scattering caused by the (PEA),PbBr,
nanoplates. This color changing phenomenon was used to
time the DMF annealing process across different samples,
which usually took 3 to 5 min. The thickness of the layer of
(PEA),PbBr, nanoplates obtained from the DMF vapor
annealing procedure was found to depend on the concentration
of the starting PEABr/PbBr, solution in DMF and spin-coating
speed, as discussed in more detail later.

The (PEA),PbBr, samples prepared through these two
approaches have distinctively different morphology and photo-
physical properties. The scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images (Figure 3A and B,
respectively) revealed that the polycrystalline samples obtained
via direct baking are smooth and uniform on PEDOT:PSS/
ITO substrates. The thickness of these polycrystalline thin films
is ~30 nm with surface roughness about 2 nm. In contrast, the
samples obtained upon DMF vapor annealing/baking can be
described as a two-dimensional ensemble of micrometer-sized,
square-faceted nanoplates (Figure 3C and D). Height profiles
obtained from AFM scans indicate that the thickness of the
(PEA),PbBr, nanoplates obtained from a 6.7 wt % DMF
solution of PEABr/PbBr, is approximately 46 nm. The
nanoplates are distributed evenly on the PEDOT:PSS/ITO
substrate, although there are empty spaces between nanoplates.
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The X-ray diffraction (XRD) patterns shown in Figure 3E
confirmed the phase of both the thin film and nanoplates to be
single-phase layered perovskite structures with signature peaks
corresponding to the layered structure type, which is consistent
with previous reports.”* The dominance of the (00) peaks in
the XRD pattern suggests that the crystals of both thin-film and
nanoplate samples were highly oriented, with the c-axis
perpendicular to the substrate plane,”® although the crystal
grains of the thin-film sample are too small to be observed
under SEM. More importantly, the XRD peak intensity from
the DMF vapor-treated sample is much stronger than the thin-
film sample, which indicates better crystallinity for the
nanoplate sample than the thin film. Enhanced crystallinity in
organometal lead halide perovskites has been previously
achieved via solvent vapor annealing with toluene®” and spin-
coating onto nonwetting substrates.”’ Therefore, it is not
surprising that the DMF vapor-annealed nanoplate sample
reported herein has larger crystal grains than the polycrystalline
thin-film sample as reported before.**

The green curve in Figure 3F represents the absorbance
spectra of both the perovskite polycrystalline thin film and
nanoplate samples, since their absorbance spectra are exactly
the same after being normalized to [0,1]. The absorbance
spectrum indicates a strong excitonic band centered at 404 nm,
consistent with previous reports.”*** Both polycrystalline films
and nanoplates display a single photoluminescence peak at 407
nm (Figure 3F) when excited at 370 nm. The PL intensity of
the nanoplate sample was observed to be greater than that of
the polycrystalline sample (at the same absorbance optical
densities), indicating a higher PL quantum vyield in the
nanoplates. Indeed, the PL quantum yield of the polycrystalline
thin-film samples was measured to be 10%, whereas that of the
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Figure 4. (A) Cross-sectional SEM image of the (PEA),PbBr, LED devices. The scale bar is 200 nm. (B) Energy-level diagram for the
(PEA),PbBr, LED devices. The valence band edge of (PEA),PbBr, was measured by UPS, and the conduction band edge calculated from the
optical gap; other values were taken from refs 42, 43, and 45. (C) Normalized luminescence of a typical LED device based on (PEA),PbBr,
nanoplates obtained from DMF vapor annealing operated at 6 V. The EL and PL peaks are located at 410 and 407 nm, respectively. The weak
EL peak at 375 nm is from TPBi, consistent with its PL (gray curve). The inset shows a picture of uniform violet light emission from a
(PEA),PbBr, LED device. (D) Current—voltage (J—V) dependence (red symbols) and EQEs (blue symbols) for LEDs fabricated with a
(PEA),PbBr, thin film (open symbols) and nanoplates (solid symbols).

nanoplates was measured to be 26%. The PL lifetime of these
films was measured using wavelength-resolved, time-correlated
single-photon counting with pulsed 370 nm excitation. The
excited-state lifetime of nanoplates was found to be 1.27 + 0.02
ns, approximately 2 times longer than that of polycrystalline
thin films (0.62 + 0.01 ns). Notably, the measured excited-state
lifetimes of the various (PEA),PbBr, layered perovskite films
reported hereln are slightly lower than bulk single crystals of
(PEA),PbBr,*° and much lower than those of the 3D MA lead
halide perovskites (usually 10’s of ns).””'*** Overall, the
(PEA),PbBr, nanoplate samples with large grain sizes enabled
by the DMF solvent vapor annealing exhibited enhanced
intensities in XRD and PL, as well as increased PL lifetimes, as
compared to polycrystalline thin-film samples. The increase of
crystal grain sizes could lower the defect density and, thus,
enhance the PL signal in (PEA),PbBr, nanoplate samples.
Improving the crystallinity and increasing the grain size of 3D
organometal halide perovskites have been previously shown to
enhance their PL %uantum yield and photovoltaic and lasing
performance,'#*#****¢ consistent with the observations
reported herein for 2D perovskites.

Light-emitting diodes were then fabricated using both
(PEA),PbBr, polycrystalline thin films and nanoplates. Starting
from the (PEA),PbBr, samples deposited on PEDOT:PSS-
coated ITO substrates, the diode structure was completed by
sequentially depositing an organic electron transport layer
(TPBi) and metal top cathode (Ca/Al) via physical vapor
deposition under ultrahigh vacuum (see detailed fabrication
procedures in the Methods section). The final device structure
was ITO/PEDOT:PSS (30 nm)/(PEA),PbBr,/TPBi (35 nm)/
Ca (25 nm)/Al (100 nm), and the LED device area was 3.6
mm?. Figure 4A presents a cross-sectional SEM image of a
typical (PEA),PbBr, nanoplate LED device. A schematic flat-
band energy-level diagram is shown in Figure 4B. In the device
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structure, ITO serves as a bottom electrode, PEDOT:PSS
(work function —5.2 eV)*” works as a hole transport layer,
TPBi (LUMO -2.8 eV, HOMO —6.3 V)" serves as an
electron transport layer, Ca (work function —2.8 eV)* is used
as an eflicient electron injection layer, and Al works as a top
electrode. Since the perovskite layer has been baked to fully
remove the DMF residue, and a layer of TPBi was deposited
between the perovskite and Ca layers, there should be no
chemical reaction between the perovskite and the Ca layer. We
measured the valence band edges and work functions of the
(PEA),PbBr, samples using ultraviolet photoemission spec-
troscopy (UPS), as shown in Figure S1 in the Supporting
Information. UPS measurements revealed that the work
function was 4.86 eV for the polycrystalline thin-film samples
and 4.34 eV for the nanoplate samples (Figure S1C). The
valence band edge was measured to be located at 0.99 and 1.27
eV below the Fermi level of polycrystalline thin films and
nanoplates, respectively (Figure S1D), which correspond to
—5.85 and —5.61 eV (vs the vacuum level). Using the optical
band gap of 3.0 eV obtained from the absorbance spectrum in
Figure 3F, the conduction band edge is calculated to lie at
—2.85 eV (vs the vacuum level) for polycrystalline samples and
—2.61 eV for nanoplates. The differences of the UPS data
between the nanoplates and the thin films are likely caused by
the changes in their surface states and morphology, as
differences in the number of defects, edges, or grain boundaries
in samples can shift UPS spectra.”

The electroluminescence spectrum of a typical (PEA),PbBr,
nanoplate LED (Figure 4C, red curve) displayed a major peak
centered at 410 nm with an ultranarrow fwhm of 14 nm. The
EL spectrum was observed to be red-shifted by 3 nm from the
PL emission peak of (PEA),PbBr,, most likely due to minor
optical cavity effects. The inset shows a typical photo of a
device emitting violet light in the dark. The weak EL peak at
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375 nm can be ascribed to electroluminescence from TPBi; a
characteristic PL curve for TPBi is provided for reference in
Figure 4C (gray curve). Some bleed-through EL from the TPBi
layer is expected in the (PEA),PbBr, nanoplate LEDs reported
herein because of discontinuous surface coverage by the
nanoplate layer: direct contact between the PEDOT:PSS hole
injection layer and the TPBi electron injection layer occurs in
the empty spaces between nanoplates, which can lead to
exciton formation in the TPBi layer. But the EL from TPBi
never dominates the device performance at the operating
voltage of these devices.

The current density—voltage curves of both the (PEA),PbBr,
polycrystalline thin film and nanoplate LEDs (Figure 4D)
revealed standard diode behavior and turn-on voltages of 2.8
and 2.5V, respectively. This difference of turn-on voltage is due
to the worse charge carrier confinement of the thin-film layer
than in the nanoplate layer. The log—log curves clearly revealed
that the devices fabricated with (PEA),PbBr, nanoplates exhibit
lower leakage currents at subthreshold voltages than those
based on polycrystalline thin films due to the good electron and
hole confinement of the quantum structure of the (PEA),PbBr,
nanoplates. Accordingly, the EQE of devices incorporating
polycrystalline (PEA),PbBr, thin films was found to be very
low (0.002%) at room temperature. This low EQE value is
consistent with the poor room-temperature light output
previously reoported for other LEDs incorporating 2D layered
perovskites.* Significantly, upon converting the polycrystalline
(PEA),PbBr, thin films to single-crystal nanoplates via the
DMEF solvent vapor annealing, the EQE of (PEA),PbBr, LEDs
was increased to 0.04% for the champion device, 20 times
higher than that of the polycrystalline thin film (PEA),PbBr,
LEDs. All these results show that DMF vapor annealing is a
powerful processing step that greatly enhances the crystallinity
of 2D layered perovskites and elevates the functionality and
operability of 2D perovskite-based optoelectronic devices.

We note that as the initial demonstration of room-
temperature violet EL from a 2D perovskite material, the
0.04% EQE value measured for our (PEA),PbBr, nanoplate
LEDs is a respectable starting point. As a violet-light-emitting
material, 2D layered (PEA),PbBr, perovskite leads to devices
with EQEs comparable to those initially fabricated with other
nanostructured emitter materials. For example, the initially
reported CdS/ZnS core—shell quantum dot LEDs displayed
external quantum efficiencies of approximately 0.1% at 459
nm.”" The initial green-emitting (517 nm) LED based on 3D
methylammonium lead bromide perovskite exhibited an EQE
of 0.1%."” Furthermore, the significant recent progress made in
LEDs based on 3D lead halide perovskites'”'®***° has not
been translated into the blue wavelength ranges, and all of the
reported LEDs based on chloride-containing perovskites
showed much lower efficiency than their longer wavelength
counterparts based on bromide or iodide perovskites.”**** For
example, the recently reported blue-emitting LED based on
CsPbX; perovskite quantum dots has reached an EQE of only
0.07% at 455 nm.”” In contrast, at an emission wavelength of
410 nm, the (PEA),PbBr, LED devices reported herein are the
first violet LEDs not only based on perovskite materials but also
based on 2D perovskites as active materials that can be
operated at room temperature.

The dependence of the EQE of nanoplate LED devices on
the concentration of the PEABr/PbBr, precursor solution used
for spin-coating was also studied to reach the optimal device
discussed above. As the precursor solution concentration was
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changed from 3.4 wt % to 13.4 wt %, the thickness of the
nanoplates (as measured by AFM) varied from 30 to 100 nm,
as summarized in Table 1. Clearly, high precursor concen-

Table 1. Dependence of the EQE of the LED Devices and
the Thickness of the (PEA),PbBr, Nanoplates on the
PEABr/PbBr, Precursor Concentration in DMF

PEABr/PbBr, concentration (wt %) nanoplate thickness (nm) EQE (%)

3.4 30 0.008
6.7 50 0.038
10 80 0.024
134 100 0.013

trations yielded thicker nanoplates. LEDs of various nanoplate
layer thickness were fabricated following the same device
fabrication procedures. As shown in Table 1 (and Figure S3 in
the Supporting Information), a precursor concentration of 6.7
wt % was found to yield the highest EQE. Informed by
scientific advances made in fabricating quantum dot LEDs,>”
one expects the EQE of the (PEA),PbBr, perovskite nanoplate
LEDs described herein to increase with decreasing perovskite
layer thickness. This prediction stems from the fact that a
thinner luminescent layer leads to higher electron—hole
recombination efficiency, which ultimately results in increased
light output. Indeed, higher device EQE was observed with
decreasing nanoplate layer thickness, down to about 50 nm.
Below a thickness of 50 nm, however, the EQE of nanoplate
LEDs was observed to decrease again due to nonuniform
nanoplate coverage on the PEDOT:PSS/ITO substrate. As
shown in Figure S2 in the Supporting Information, the
morphology of (PEA),PbBr, samples also changed from
nanoplate to needle-like nanoribbons if the starting precursor
concentration was decreased below approximately 6 wt %. Low
sample coverage causes large leaking current and low light-
emitting intensity, thus lowering the LED efficiency. The EQE
could be further improved if we could increase the nanoplate
coverage to 100% while keeping the layer thickness small.
Moreover, we have also adjusted the thickness of TPBi in the
perovskite nanoplate LEDs, and the 35 nm thick TPBi layer
discussed above achieved the best device EQE value due to the
balanced charge carriers in the emitting layer (see Figure S4 in
the Supporting Information for more details). For future work,
different charge transport layers could be explored to further
optimize charge balance to increase the efficiency.

CONCLUSIONS

In summary, we demonstrated a color-pure 410 nm violet-light-
emitting diode using layered perovskite (PEA),PbBr, as the
luminescent material. This violet LED based on solution-
processed perovskite materials is made possible by using a 2D
layered perovskite instead of the more common 3D perovskites.
These functional room-temperature LEDs are based on a 2D
perovskite active material with a reasonable efficiency.
Furthermore, a DMF vapor annealing step was found to be
crucial in enhancing the overall semiconductor and photo-
physical properties of (PEA),PbBr, perovskites and enable the
fabrication of room-temperature-operable devices by converting
polycrystalline (PEA),PbBr, thin films to micrometer-sized
nanoplates that yielded high-quality diodes with low subthres-
hold leakage currents and significantly enhanced EQE. This
solvent vapor annealing method can be generally employed to
increase the crystal grain size of perovskite materials and

DOI: 10.1021/acsnano.6b02683
ACS Nano 2016, 10, 6897—-6904


http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b02683/suppl_file/nn6b02683_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b02683/suppl_file/nn6b02683_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b02683/suppl_file/nn6b02683_si_001.pdf
http://dx.doi.org/10.1021/acsnano.6b02683

ACS Nano

improve their semiconductor properties and hence enhance the
performance of various optoelectronic devices including solar
cells, LEDs, and photodetectors. Further studies will focus on
improving the surface coverage of the nanoplates on various
substrates to further enhance optoelectronic device metrics and
further investigating other charge transport layers to improve
charge balance within the perovskite LEDs.

METHODS

Synthesis of 2-Phenylethylammonium (or Phenethylammo-
nium) Bromide (CgHsCH,CH,NH3Br). The 2-phenylethylammo-
nium bromide was synthesized by a similar method reported
previously. Briefly, a solution of HBr (48 wt % in water) was added
slowly to 2-phenylethylamine with an equal molar ratio in a flask at 0
°C. Then the water was evaporated at an elevated temperature until
the 2-phenethylammonium bromide crystals precipitated from the
solution. After the solution was cooled, the powder product was
filtered and rinsed with diethyl ether several times before it was dried
at 80 °C in a vacuum oven for ~24 h to remove the residual water.

Preparation of Layered Perovskite (PEA),PbBr, Thin Films.
The poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS)-coated indium tin oxide (ITO) glass substrates were
prepared by spin-coating PEDOT:PSS (Baytron P VP Al 4083) onto
an ITO substrate at 4000 rpm for 1 min and annealing at 140 °C for
30 min in a nitrogen-filled glovebox. The ITO (150 nm thick) on glass
(1/2in. X 1/2” in.) substrates was purchased from Thin Film Devices.
The PEDOT:PSS solution was filtered through a 0.45 ym nylon filter
before use. The perovskite precursor solution was prepared by mixing
PEABr and PbBr, (Sigma-Aldrich) in a molar ratio of 2:1 in anhydrous
N,N-dimethylformamide, forming a solution with a concentration of
6.7 wt %. The solution was spin-coated at 3000 rpm for 30 s on a
PEDOT:PSS-coated ITO substrate and annealed at 100 °C for 10 min,
creating a greenish thin film on the substrate.

Preparation of Layered Perovskite (PEA),PbBr, Nanoplates
by Solvent Vapor Annealing. First, the (PEA),PbBr, perovskite
was spin-coated on a 0.5 X 0.5 in. PEDOT:PSS-coated ITO substrate
to form a layer of thin film with a speed of 3000 rpm for 30 s. Then the
substrate was placed face-down on the edge of a cover glass, which was
later placed in a beaker containing DMF, as illustrated in Figure 2D.
The DMF liquid level was well below the cover glass, so that the
substrate was protected from being immersed into DMF. The beaker
containing the cover glass and substrate was covered by a larger cover
glass in order to create a closed space for DMF vapor. After the beaker
was held by hand, the DMF was heated with body temperature to
about 30 °C. After a couple of minutes, a thin layer of DMF liquid
droplets was observed to condense on the underside of the larger
cover glass. A small amount of DMF vapor was able to diffuse beneath
the upside-down substrate and come into contact with the spin-coated
perovskite thin film thanks to the curvature of the cover glass. As soon
as the color of the perovskite sample changed from greenish to purple
due to the changed light scattering of nanoplates, the substrate was
quickly removed from the closed system. Typically, this solvent vapor
annealing process should be done in 3 to 5 min. If part of perovskite
thin film was not converted into nanoplates upon examination under
an optical microscope, the substrate should be put back into the closed
system and treated again for a few more minutes until all the
perovskite thin film was converted into nanoplates on the substrate.
Last, the substrate was baked at 100 °C for 10 min in air. The
thickness of the nanoplate layer created by this DMF solvent vapor
annealing treatment was found to depend on the concentration of the
precursor solution and the spin-coating speed.

Structural and Optical Characterizations. The SEM images
were collected on a LEO SUPRA 55 VP field-emission scanning
electron microscope operated at 3 kV. The AFM images were taken
using an Agilent 5500 AFM. The PXRD data were collected using a
Bruker D8 Advance powder X-ray diffractometer with Cu Ka
radiation. PL lifetimes were measured with (PEA),PbBr, thin-film or
nanoplate samples deposited on plain glass substrates using a
HORIBA FL 3-22 time-correlated single-photon-counting instrument

6902

with a pulsed LED (HORIBA NanoLED, pulse duration: 1.4 ns) as
light source operating at 371 nm. Steady-state PL spectra were
measured by the same spectrofluometer with 370 nm excitation from a
Xe arc lamp. Fluorescence quantum vyields of layered perovskite
(PEA),PbBr, thin film and nanoplates were determined relative to 10
wt "/26 of 9,10-diphenylanthracene in a poly(methyl methacrylate)
host.

Device Fabrication and Characterization. After perovskite thin
film or nanoplate preparation on PEDOT:PSS-coated ITO substrates,
the samples were transferred into a vacuum deposition chamber where
layers of 2,2',2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole)
(TPBi), calcium (Ca), and aluminum (Al) were sequentially deposited
by thermal evaporation in a ultrahigh vacaum (<107° Torr). Ca and Al
were deposited with a metal shadow mask to define the top electrodes.
The current density—voltage (J—V) dependence was measured using a
Keithley 6487 picoammeter/voltage source. Simultaneously, the light
emission from the device was monitored by the photodiode current
using a Newport 818 UV photodiode connected to a Newport 1835-C
multifunction optical meter. Then the photodiode current and device
current were converted into the number of photons and electrons,
respectively, for external quantum efficiency calculation. EL spectrum
was measured using a Horiba Scientific Fluorolog-3 spectrofluor-
ometer, while the device was powered by a Keithley 2400 voltage
source.

Ultraviolet Photoemission Spectroscopy Measurement of
(PEA),PbBr,. UPS measurements were performed on both the
(PEA),PbBr, thin-film and nanoplate samples deposited on hydrogen-
flame-annealed gold films in a home-built UHV multichamber system
(PHI Electronics Inc., Eden Prairie, MN, USA) with base pressure
better than 1 X 107 Torr. The UPS source was from a helium
discharge lamp (% = 21.22 eV). The photoelectrons are measured by
a model 10-360 hemispherical analyzer. Samples were measured at a 0°
electron takeoff angle, and the Fermi level was determined using a
platinum reference sample. For all spectra the Fermi level was shifted
to zero.
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