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ABSTRACT: Ruddlesden—Popper phase inorganic metal halide
perovskites are promising candidates for efficient light-emitting
diodes (LEDs) with high brightness and color purity. Here, we
demonstrate LEDs made from in situ grown CsPbX; quasi 2D/3D
thin films that are color tunable across the entire visible spectrum.
CsPbX; nanosheets are used to produce RP phase perovskites
using butylammonium as a separating ligand to create
BA,Cs,_,Pb,(Br/Y)s,,; 2D/3D mixed halide thin films, where Y
= Cl or I. The number of CsPbBr; monolayers in these crystals
was optimized by changing the butylammonium concentration.
We demonstrate a stable perovskite phase with thin emission line

Quasi-2D CsPbX, LEDs

EQE-2.4%

EQE- 10,1 %

widths providing points covering the edge of the CIE triangle and a maximum red/green/blue coverage of ~130% of the
National Television System Committee color standard. Additionally, we are able to report record efficiencies for blue emitting
perovskite nanocrystal LEDs with a maximum external quantum efficiency (EQE) of 2.4% and 6.2% at 465 and 487 nm and a
maximum luminance of 3340 cd/m? We also demonstrate efficient green LEDs with a maximum efficiency of 10.1% EQE, 23.3

cd/A and 9.8 Im/W at 16.3 mA/cm?>.

H INTRODUCTION

Inorganic metal halide perovskite light emitting devices have
gained significant attention due to their low trap density,
composition and color tunability, and high PL quantum
yield.' ™ Perovskite colloidal nanocrystals (NCs) have shown
high quantum yield (QY), but the external quantum efficiency
(EQE) and stability of these light-emitting diodes (LEDs)
suffer due to their bulky organic ligands and surface defects.”*’
Alternatively, 3D bulk metal halide perovskites have been
found to display relatively less narrow emission spectra and less
color tunability across the visible spectrum.”® 2D perovskite
LEDs have promising color purity and luminance but were also
found to be ineflicient due to a larger exciton binding energy
than 3D perovskites, a result of geometric and dielectric
contrast effects.”™"' For all these materials, the challenge
remains the same: making stable and efficient LEDs with high
brightness and color purity that can rival cadmium based
quantum dot LEDs (QDLEDs).*™"*

To overcome these issues, one solution is to use quasi-2D
perovskite materials made from relatively thick RP phase 2D
perovskites.”'*>° The use of thicker nanosheets weakens the
binding energy of the excitons and thus can combine the color
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purity and tunability of 2D structures with the conduction
properties of 3D crystals.”'"">' Here we report a Ruddlesden—
Popper (RP) phase perovskite of roughly 15—30 monolayers
with the formula is A’,A,_|Pb,Xj;,.,, where A’ is a large
ammonium organic cation, A is the monovalent inorganic
cation (Cs*) and X is a halogen (Cl, Br, I). In the RP
perovskite structure, the larger bandgap organic cation works
as an insulating layer or a barrier between (Pbl;)*~ octahedra
on either side of the interface between 2D crystals of CsPbX.
The optical properties can be tuned by either mixing the halide
anions (X = I/Br or Br/Cl) or by changing the number of
inorganic perovskite layers (n) between the large organic
cation (A’) to alter the degree of excitonic confinement in each
nanosheet.”'” Using organic A’ groups as separation layers in
quasi-2D films has permitted significant improvement recently
in the moisture stability in MAPbX; perovskite LEDs and in
solar cells.”**~** Furthermore, organic hybrid perovskites have
been used to produce reasonably efficient green and red
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Figure 1. Illustrated structure of BA,Cs,_,Pb,Xj,,, RP perovskites for (a) thin (n = 1) (b) and thick nanosheet layers. (c¢) XRD spectra of
BA,Cs,_Pb,(Br/Y)3,,1, Y = Cl or L. Perovskite thin films were spin coated onto PVK and PEDOT:PSS for the XRD measurements. Low angle
XRD peaks (20 < 10) were absent as n was larger than 16 in these RP perovskite thin films. Panels d, e and f show TEM images of the
BA2Cs,,_;PbnBr;,,; RP perovskites after removal from the substrate. Panel d shows a high resolution TEM image where number of planes can be

observed in the material from a side view of a single nanosheet.

emitting LEDs.'®™"? To date, Si et al. produced pure inorganic
CsPbBr; and CsPbl; perovskites in the RP phase for red LEDs,
using phenylbutylammonium as the A’ group,'® but there is as
of yet no report on precise color tuning in cesium based RP
perovskite LEDs.”>*® Additionally, blue perovskite LEDs have
lagged behind green LEDs in both EQE and luminance.”>”’
Whereas pure CsPbBr; emits in the green with high quantum
yield, blue LEDs require precise tuning of the band gap and
efficient blue LEDs are generally more difficult to produce.">**

Here, we demonstrate in situ grown, pure inorganic
nanosheets of CsPb(X/Y); [X/Y = I/Br or Br/Cl] using
butyl ammonium (BA) as the A’ group in an RP phase and
mixed halides X/Y to tune the color of emission in addition to
color tuning by layer thickness.'****” The chemical formula of
the nanostructured perovskite layers is thus BA,Cs,_,Pb,(Br/
X)3pe1 [X = Cl, I]. We demonstrate efficient, pure color LEDs
in the blue and green (BG), along with inefficient but pure
color red (R) LEDs, with the EL emission tunable from 465 to
680 nm.

84

LEDs in the blue region show peak EQEs of 2.4% and 6.2%
at 465 and 487 nm peak electroluminescence wavelengths,
respectively, and represent the best recorded blue perovskite
LEDs to date (Table $2).>°7** The best overall EQE for these
devices was 10.1% for a blue-green device emitting at 506 nm.

B RESULTS AND DISCUSSION

The RP perovskite films were prepared by spin coating the
precursor solution, which consists of (BA)Br, PbBr, and CsBr
dissolved in DMSO, onto PEDOT:PSS and PVK coated,
patterned ITO/glass. Color tuning was achieved by changing
the halide mixture and altering the BA concentration to
achieve the desired photoluminescence peaks and optimal
external quantum efficiency (EQE).*

Figure la shows a schematic diagram of an RP perovskite
crystal structure. Here the (Pbls)*~ octahedra are separated
from each other by the butylammonium (BA) organic cations,
forming a layered structure. The butylammonium cation is a
larger bandgap material that gives rise to a quantum well-like
structure in the thin film as successive 2D layers stack on top of
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Figure 2. (a) Device schematic and (b) energy diagrams for the ITO/
PEDOT:PSS/PVK/CsPbBr; RP pero/TPBi/Al LEDs.****

one another. Figure la is an illustration of a pure 2D structure
with only one layer (n = 1) and contains no cesium ions.
Figure 1b shows a schematic diagram for a quasi 2D perovskite
similar to the one depicted in the HRTEM measurements (n =
17 + 3). There, inorganic layers are formed such that the BA
organic cation connects the terminal octahedra of one
nanosheet to those of the next. If the number of planes is
infinite, then the layered structure becomes a 3D crystal. In
Figure 1lc, the XRD spectrum confirms the formation of the
perovskite structure. The pure CsPbBr; XRD spectrum shows
the diffraction peaks at 15.1° and 30.4°, which correspond to
the (010) and (020) planes of perovskite NCs.'® A similar
trend was observed in the mixed halide; however, the
diffraction peak was shifted toward lower angles in the case
of bromide-iodide mixed halides and toward a higher angle for
bromide-chloride mixed halide perovskites. Lower angle
diffraction peaks consistent with phase pure, thin nanosheets
are not expected to be observed because the number of planes
was higher than 16, on average.lé In order to extract the
nanosheets from the substrate on which they were grown,
chloroform was used to disperse the nanosheets and dissolve
the underlying organic layers. Figure 1d shows the high
resolution TEM image of these nanosheets, which illustrates
the lattice fringes with d spacings of 5.9 A and a thickness of n
=17 + 3 monolayers. Figure le,f shows the TEM images of the
extracted CsPbBr; perovskite NCs, which confirm the
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Figure 3. Normalized PL spectra (top) at 400 nm excitation of CsPb(Br/Y); RP perovskite thin films in device, normalized EL spectra (bottom
left) of the same devices at the turn-on voltage. Unprocessed photos of these LEDs (right). Color tuning was achieved by taking advantage of the

confinement effect as well as halide mixing.
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Table 1. PL and EL Matrices for RP Perovskite LEDs”

LED label Br:Y ratio PL peak™ EL peak’® V, (V)
B465 0.42:0.58 464 465 5.0
B487 0.84:0.16 486 487 4.5
G506 1.0:0 508 506 4.5
GS13 1.0:0 514 513 4.5
Y546 0.70:0.30 546 654 8.0
0615 0.60:0.40 590 615 4.0
R649 0.45:0.55 641 649 4.0
R681 0.10:0.90 675 681 4.0

EL at EQE,,,, (%) Luminance at EQE,,. (cd-m™2)

EQE . (%)

24 467 962
6.2 487 3340
10.1 506 3810
7.2 513 11200
0.69 654 1070
0.41 625 313
0.13 6SS 18.5
0.08 678 5.6

“V, is turn-on voltage, Y is Cl or I, G513 has 0.5X the standard BA concentration (see Table S2).

formation of quasi-2D nanosheets. The mean number of planes
(n) for this sample is estimated to be ~24 + 7 monolayers. As
the number of planes increases, with decreased BA
concentration, the emission peak moves toward higher
wavelengths (Figure S1).

LEDs were fabricated from ~50 nm thick thin films of the
RP phase perovskite (see Methods for complete details)
deposited onto PEDOT:PSS and PVK, which act as the hole
transport layers. Devices were completed by thermally
evaporating TPBi as an electron transport layer, and a
patterned Al electrode was thermally evaporated via shadow
masking for an active area of 6 mm” per device. In the case of
BA,Cs,_,Pb,(Br/I)s,,; LEDs, a poly-TPD layer was first
coated onto PEDOT:PSS at 3000 rpm and then a thin layer of
about 5 nm of PVK was deposited.'*® The device structure
and literature band values for all layers are shown in Figure
227 The current density—voltage (J—V) curves for all the
devices are shown in Figure S3.

Figure 3 (left) shows the unprocessed photographs of LEDs
at their turn-on voltages (4.0—5.0 V). Photoluminescence™*
peaks in the thin film and their corresponding EL peaks are
recorded at their turn-on voltages as shown in Figure 3 (right).
The PL peak position of the B506 device is at 505 nm, which is
22 nm blue-shifted from that of the bulk CsPbBr;. This
suggests a significant degree of confinement in films
synthesized using a high BA concentration.”” The PL and EL
peak position and fwhm are very close in value, except again
for the Y546 device, which performed poorly to ion mobility
effects.’® The performance metrics for all devices are listed in
Table 1. Red LEDs were found not to be as efficient and stable
as the blue and green LEDs, due to ion migration effects.**!
CsPb(Br/I); LEDs with high bromide content, in particular,
were found to be highly color unstable due to an extreme ion
migration effect, a phenomena also previously observed in
perovskite NCLEDs.”® Devices with high iodide content were
found to be more color stable but showed very low EQE, due
to the phase instability of the CsPbl; crystal structure.”” It
should be noted that researchers have shown high EQEs of 7%
in pure CsPbl; RP perovskite LEDs, but that stable mixed
halide devices have yet to be observed,'® as was the case here.
The blue LEDs, emitting at 465 and 487 nm, were found to
red-shift slightly at higher voltages (>8.5 V) but had stable CIE
points at low voltage. Pure CsPbBr; LEDs, emitting at 506 and
513 nm, and color tuned via nanosheet thickness, were found
to be color stable with no EL shift, even at high bias (>9.0 V).
Figure 4 shows the change in the EQE (panel a), luminance
(panel b), current efficiency (panel c) and luminous efficacy
(panel d) with voltage for blue and green LEDs. In all these
devices, the efficiency increases rapidly after their turn-on
voltages and drops off after 8 V. B486 shows the highest EQE

86

for a blue perovskite LED of 6.2% with a luminance of 3340
cd/m?* at 8.0 V. G506 has shown the highest EQE for this
device type with an EQE of 10.1% at 7.5 V and a maximum
luminance of 8740 cd/m’, just below the best green perovskite
LEDs to date.'” G513 displayed an EQE of 7.2% with 11200
cd/m? luminance at 8.5 V. Efficiency roll-off at high current
density was also observed for most devices (see Figure S4).
However, green devices were found to be stable running for 75
min under ambient conditions without packaging. Under these
conditions, 75% of the device EQE value was retained for B506
for the first 45 min of the operation period at constant current
density (see Figure S5). The red LEDs displayed EQEs of less
than 0.5% and are described in more detail in Figure S7 of the
Supporting Information. The turn-on voltage was found to be
between 4.0 and 5.0 V except for device Y546, where the
device was found to be turn on at 8.0 V. The EQE was also
found to be low in this device with a huge color shift due to ion
migration in the active layer (Figure S7). Similar behavior has
been observed previously in mixed halide CsPb(Br/I),
perovskite LEDs emitting in this region.””

Figure 5 shows the CIE diagram of all the investigated LEDs,
showing the color tunability in the entire visible spectrum for
in situ grown RP perovskites. The thin line widths of emission
at 465, 518 and 640 nm gives points at the far edges of the
diagram. Compared with the National Television Standard
Committee (NTSC) color triangle, the red/green/blue (RGB)
color triangle of the RP perovskite LEDs shown here is 30%
larger.*

In conclusion, we have shown the color tunability in
BA,Cs,_,Pb,(Br/X)s,,; [X = Cl, I] RP phase perovskite LEDs
using BA as an organic cation and by mixing the constituent
halide anions. The number of planes in the 2D nanosheets of
CsPbBr; were found to be around ~24 + 7 for optimal
performance in LEDs emitting at 505 nm. This quasi-2D/3D
material balances the thin emission line width and high QY of
thin nanosheets with the superior conduction properties of
thicker perovskite crystals. We have also shown record EQEs in
the blue spectral region, which outperforms the current
literature values for blue RP perovskite LEDs. The tuning in
the green emission spectra is shown by varying the BA amount
in pure CsPbBr; and these devices were found here to have a
maximum EQE of 10.1%.

While the ijon migration issue is yet to be completely
resolved for mixed Br/I perovskites, red LEDs were also
achieved with this material set. Finally, these results show that
mixed 2D/3D materials can be tuned for very high
performance in the critical blue and green spectral regions.

DOI: 10.1021/acs.chemmater.8002999
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Figure 4. Plots of (a) EQE, (b) luminance (cd'm?), (c) current efficiency (cd/A) and (d) luminous efficacy (Im/W) vs voltage for B465, B487,
GS06 and G513 (blue and green) LEDs for champion devices. Device statistics are shown in Table S4.

B EXPERIMENTAL SECTION

PVK LT-N4077 (MW > 20000 g mol™'), TPBi LT-E302 (MW =
654.76 g mol™"), were purchased from Lumtec. PEDOT:PSS
(AL4083) was purchased from Ossila. N-Butylammonium bromide
and n-butyl ammonium iodide were purchased from GreatCell Solar.
Cesium bromide, cesium iodide, lead(II) chloride, lead(II) bromide,
lead(II) iodide, anhydrous dimethyl sulfoxide (DMSO), anhydrous
m-xylene and anhydrous chlorobenzene were purchased from Aldrich.

Perovskite precursor solution was prepared by mixing n-
butylammonium bromide, lead bromide and cesium bromide in
DMSO. Precise ratios of bromide, chloride and iodide precursors
were mixed to synthesize mixed halide precursor solutions (see Table
S1 for details).

Devices were fabricated by spin coating PEDOT:PSS, PVK and
perovskite precursor solutions, followed by thermal evaporation of the
TPBi electron transport layer and the Al electrode. For CsPb(Br/I),
LEDs, poly-TPD was spin coated on top of PEDOT:PSS and then a
very thin layer of PVK was spin coated at 4000 rpm on top of poly-
TPD to improve the adhesion of the perovskite film. The perovskite
layer was spin coated as described above (see Figure S8 for details).

A Carry 50 UV—visible spectrophotometer was used for UV—vis
absorbance measurements and a Horiba Fluorolog-3 Spectrometer
was used for PL measurements. Thin film photoluminescence
quantym vyield (PLQY) measurements were obtained using a
Quanta-phi integrating sphere connected to a Horiba Fluorolog
system via optical fiber bundles. A 400 nm excitation wavelength was
used, with a bandpass slit width of 1 nm for excitation and emission,
which corresponds to a rough power density of from 107 to 107 W/
m% A Jeol 2100 was used for HRTEM analysis. X-ray diffraction

patterns were recorded by a PANalytical X-ray diffractometer using
Cu Ko radiation, an 45 kV operating voltage and 40 mA current.

A Keithley 236 SMU instrument was used as a power source for the
LED. All the LEDs were characterized in ambient condition using a
QE Pro Ocean Optics spectrometer connected with a 200 gm optical
fiber (QP200-2VIS-NIR). The fiber was carefully calibrated with an
Ocean Optics HL-3 plus VIS-NIR light source and a Lambertian
profile was assumed to compute the total spectral flux for the EQE
calculation (see SI for further details).

CIE 1931 —— RP perovskite LEDs

520 NTSC

08 4

0.2

Figure S. CIE chromaticity coordinate diagram for the CsPbX; RP
perovskite LEDs at their turn-on voltages.
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