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Solution Processed Bilayer Metal Halide White Light
Emitting Diodes

He Liu, Tunde Blessed Shonde, Oluwadara Joshua Olasupo, Tarannuma Ferdous Manny,
Md Sazedul Islam, Jarek Viera, Mohammad Khizr, Sahel Moslemi, Xinsong Lin,
J.S. Raaj Vellore Winfred, Layla El Nasser, Keyou (Sam) Mao, and Biwu Ma*

Metal halide perovskites and perovskite-related organic metal halide hybrids
(OMHHs) have recently emerged as a new class of luminescent materials for
light emitting diodes (LEDs), owing to their unique and remarkable properties,
including near-unity photoluminescence quantum efficiencies, highly tunable
emission colors, and low temperature solution processing. While substantial
progress has been made in developing monochromatic LEDs with
electroluminescence across blue, green, red, and near-infrared regions,
achieving highly efficient and stable white electroluminescence from a single
LED remains a challenging and under-explored area. Here, a facile approach
to generating white electroluminescence is reported by combining narrow
sky-blue emission from metal halide perovskites and broadband orange/red
emission from zero-dimensional (0D) OMHHs. For the proof of concept,
utilizing TPPcarz+ passivated two-dimensional (2D) CsPbBr3 nanoplatelets
(NPLs) as sky blue emitter and 0D TPPcarzSbBr4 as orange/red emitter
(TPPcarz+ = triphenyl (9-phenyl-9H-carbazol-3-yl) phosphonium), white LEDs
(WLEDs) with a solution processed bilayer structure have been fabricated to
exhibit a peak external quantum efficiency (EQE) of 4.8% and luminance of
1507 cd m−2 at the Commission Internationale de L’Eclairage (CIE) coordinate
of (0.32, 0.35). This work opens a new pathway for creating highly efficient
and stable WLEDs using metal halide perovskites and related materials.

1. Introduction

White light emitting diodes (WLEDs) have changed the mod-
ern world over the last decades with wide applications in full
color displays and solid-state lighting.[1] However, most practical
WLEDs are optically pumped ones consisting of blue LED (e.g.,
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InGaN) chips and rare-earth based inor-
ganic phosphors with limited utility, energy,
and cost efficiency.[2] Electrically driven
WLEDs are highly desirable to resolve the
environmental and efficiency concerns of
optically pumped WLEDs.[3] However, elec-
trically driven WLEDs based on either inor-
ganic semiconductors or organic semicon-
ductors developed to date still face serious
issues and challenges with high costs in
bothmaterials and devicemanufacturing.[4]

Developing WLEDs with low cost materi-
als and facile fabrication processes is of
great scientific and practical importance.[5]

Recently, metal halide perovskites and
perovskite-related hybrid materials have
received great research attention as new
generation luminescent materials for
LEDs, due to their highly tunable and
efficient emissions, excellent charge trans-
port properties, and low temperature
processing.[6] While remarkable progress
has been achieved in the development
of monochromatic LEDs with emissions
covering blue to green, red, and near-
infrared regions, obtaining efficient and
stable WLEDs based on these materials

remains highly challenging.[7] WLEDs utilizing white-emitting
layers made from mixtures of red, green, and blue perovskite
emitters experience several issues, such as ion exchange and
energy transfer among different emission centers, along with
difficulties in film processing.[8] To address these issues, re-
searchers have adopted a tandem structure by inserting inter-
mediate connection layers between different perovskite emit-
ting layers for multilayered WLEDs.[9] However, the creation
of additional interfaces with voltage drops across interlayers
results in electroluminescence discrepancies between different
emitting layers and reduced performance.[10] Combining or-
ganic and perovskite emitters for hybrid WLEDs has also been
demonstrated in several studies.[11] However, these devices suf-
fer from unbalanced charge carrier recombination, shifting ex-
citon formation zones under different applied voltages, and
undesired energy transfer between emitters.[12] Therefore, it
is crucial to develop effective strategies to address these is-
sues in WLEDs based on metal halide perovskites and related
materials.
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Figure 1. a) Schematics of a typical WLED consisting of a blue LED and yellow phosphors. b) The design concept of achieving white electroluminescence
by combining narrow band free exciton and broadband self-trapped exciton emissions.

Here we report a new method for generating white electrolu-
minescence by combining narrow sky-blue emission frommetal
halide perovskites and broadband orange/red emission from
perovskite-related zero-dimensional (0D) organic metal halide
hybrids (OMHHs). Specifically, by utilizing TPPcarz+ passivated
two-dimensional (2D) CsPbBr3 nanoplatelets (NPLs) as the sky-
blue emitter and 0D TPPcarzSbBr4 as the orange/red emit-
ter (TPPcarz+ = triphenyl (9-phenyl-9H-carbazol-3-yl) phospho-
nium), WLEDs have been fabricated to exhibit a peak external
quantum efficiency (EQE) of 4.8% and luminance of 1507 cdm−2

at the CIE coordinate of (0.32, 0.35). Due to the distinct solu-
bility properties of surface passivated 2D CsPbBr3 NPLs and 0D
TPPcarzSbBr4, a bilayer structure with 2D CsPbBr3 NPLs on top
of 0D TPPcarzSbBr4 can be obtained via facile solution process-
ing using orthogonal solvents, i.e., dimethylformamide (DMF)
for 0D TPPcarzSbBr4 and n-octane for 2D CsPbBr3 NPLs. Un-
like most bilayer WLEDs that exhibit energy transfer between
two emitting layers, our WLEDs do not experience energy trans-
fer because there is no spectral overlap between the emission of
2D CsPbBr3 NPLs and the absorption of 0D TPPcarzSbBr4. Ad-
ditionally, the presence of the same organic cation (TPPcarz+) in
surface passivated 2D CsPbBr3 NPLs and 0D TPPcarzSbBr4 en-
sures efficient charge transport across the bilayer structure, min-
imizing energy loss in two directly connected emitting layers.

2. Results and Discussion

One common method to achieve white emission involves com-
bining narrow blue emission with broadband yellow or or-
ange/red emission. This approach is often seen in commer-
cially available WLEDs, which consist of blue LED chips paired
with down-conversion rare-earth-based inorganic phosphors
(Figure 1a).[13] Here we have attempted to achieve white emis-
sion using a similar strategy: combining narrow blue emission
with broadband yellow or orange/red emission.[14] However, un-
like the traditional approach where one emission is electrolumi-
nescent and the other is photoluminescent, both emissions in
this work are electroluminescent.[15] The design concept of our
WLEDs is illustrated in Figure 1b, which consist of a stack of
sky blue emitting layer made of 2D perovskites with direct band
free-exciton emission and orange/red emitting layer made of

0D OMHHs with strongly stokes shifted broadband self-trapped
emission.[16] Based on our previous studies on monochromatic
LEDs,[17] we have chosen TPPcarz+ passivated 2D CsPbBr3 NPLs
as blue emitter and 0D TPPcarzSbBr4 as orange/red emitter.
The major rationales behind our strategy are multifaceted: i) the
lack of spectral overlap between the emission of 2D CsPbBr3
NPLs and the absorption of 0D TPPcarzSbBr4 minimizing en-
ergy transfer between two emitting layers, ii) the presence of
the same semiconducting organic cation (TPPcarz+) in both 2D
CsPbBr3 NPLs and 0D TPPcarzSbBr4 providing good energy
level alignment to facilitate charge transport, and iii) the feasi-
bility of layer-by-layer solution processing using orthogonal sol-
vents.
Before fabricating WLEDs, we first established efficient

sky-blue LEDs based on 2D CsPbBr3 NPLs. To achieve better
color mixing with orange/red emitters for white emission, we
focused on 2D CsPbBr3 NPLs with a sky blue emission peaked
at ≈490 nm, instead of pure blue emission peaked at ≈455 nm
as reported before.[17b] Following a previously established syn-
thetic protocol, we tuned the reaction temperature and the
TPPcarzSO4 and TPPcarzBr molar ratios to oleylamine (see
details in Experimental Section)[18] to prepare 2D CsPbBr3 NPLs
with a thickness of 5 units of PbBr6

4− octahedra (≈3 nm) and
a lateral size of up to 300 nm (Figure 2a).[14b,19] The interaction
between TPPcarzBr/TPPcarz2SO4 and the 2D CsPbBr3 layer,
as well as the passivation mechanism, has been discussed in
our earlier work.[17b] Optical characterizations reveal a sky blue
emission peaked at 490 nm with an full width at half maximum
(FWHM) of 20 nm from these 2D CsPbBr3 NPLs, as shown
in Figure 2b. Solution processed thin films based on these 2D
CsPbBr3 NPLs, with a high PLQE of up to 86%, were then used
to fabricate sky blue LEDs, with a device structure of ITO/poly
(ethylenedioxythiophene): polystyrene sulfonate (PEDOT:
PSS)/poly(9-vinylcarbazole) (PVK)/2D CsPbBr3 NPLs/1,3,5-Tris
(1-phenyl-1H-benzimidazol-2-yl) benzene (TPBi)/LiF/Al (Inset
of Figure 2c). Stable sky-blue electroluminescence (EL) peaked
at 490 nm is recorded for these devices and is independent of the
operation voltage, as shown in Figure 2c. The device character-
istics of a sky-blue LED based on 2D CsPbBr3 NPLs are shown
in Figure 2d,e, which exhibits a luminance of 2233 cd m−2 at
10 V, an EQE of 10.4%, and a current efficiency of 13.4 cd A−1.

Adv. Mater. 2025, 37, 2412239 © 2024 Wiley-VCH GmbH2412239 (2 of 8)

 15214095, 2025, 25, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202412239 by B
iw

u M
a - Florida State U

niversity , W
iley O

nline Library on [20/12/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. a) TEM image of 2D CsPbBr3 NPLs. b) Absorption and emission spectra of films based on 2D CsPbBr3 NPLs (the inset shows a film under
UV 365 nm light). c) EL spectra of devices based on 2D CsPbBr3 NPLs at different operational voltages (the insets show a working device at 5V and
the device structure). d) Current density–voltage–luminance and e) EQE−current density–current efficiency diagrams of sky-blue LEDs based on 2D
CsPbBr3 NPLs. f) The EL spectra changes with the operational lifetime of sky-blue LEDs based on 2D CsPbBr3 NPLs.

These blue LEDs demonstrate excellent spectral stability during
operation, with almost no shift of the emission peak, as shown
in Figure 2f. The half lifetime (T50) at an initial luminance of
100 cd m−2 is determined to be more than 150 min (Figure S1a,
Supporting Information). Moreover, excellent reproducibility
is demonstrated by these sky-blue LEDs based on 2D CsPbBr3
NPLs (Figure S1b, Supporting Information).
With the availability of efficient and stable monochromic sky-

blue LEDs based on 2D CsPbBr3 NPLs, the next step was to
integrate them with orange/red ones to achieve WLEDs. Here
we have chosen 0D TPPcarzSbBr4 with an emission peaked at
653 nm and a FWHM of 141 nm to construct an orange/red
emitting layer, which have been previously used for the fabri-
cation of LEDs exhibiting an EQE of 5.12%.[17a] A key consid-
eration is the absence of spectral overlap between the emission
of 2D CsPbBr3 NPLs and the absorption of 0D TPPcarzSbBr4,
which prevents any energy transfer between them. Figure 3a
shows the absorption and emission spectra of 2D CsPbBr3 NPLs
and 0D TPPcarzSbBr4. With an extremely large Stokes shift,
0D TPPcarzSbBr4 has no light absorption in the region of 380–
550 nm, meaning that the sky-blue emission from 2D CsPbBr3
NPLs will not be absorbed by 0D TPPcarzSbBr4. As a result, no
resonance energy transfer will occur from 2D CsPbBr3 NPLs to
0D TPPcarzSbBr4 when they are stacked together.

[20]

To prepare a bilayer of 0D TPPcarzSbBr4/2D CsPbBr3 NPLs,
we have taken advantage of the solvent orthogonality during the
solution processing of the two layers. As previously reported,
0D TPPcarzSbBr4 thin films can be prepared by spin coating
a TPPcarzSbBr4 precursor solution in DMF, while thin films
based on 2D CsPbBr3 NPLs can be solution processed in non-

polar n-octane. Here we have produced 0D TPPcarzSbBr4 layer
as the bottom layer using DMF followed by the deposition of
pre-prepared 2D CsPbBr3 NPLs on the top using n-octane. The
PLQE of the bilayer emitting layer was measured to be 79.3%,
as shown in the spectral curve in Figure S2 (Supporting Infor-
mation). Figure 3b shows photo images (under UV light) and
atomic force microscopy (AFM) images of solution processed 0D
TPPcarzSbBr4 layer (40 nm) and 0D TPPcarzSbBr4/2D CsPbBr3
NPLs bilayer stack (110 nm), which exhibit orange/red and white
emissions, respectively. The solution processed thin films exhibit
excellent uniformity and smoothness, with root mean square
roughness measured at 0.04 nm for the 0D TPPcarzSbBr4 layer
and 0.159 nm for the stacked bilayer of 0D TPPcarzSbBr4/2D
CsPbBr3. SEM images further confirmed the formation of uni-
form and smooth thin films via simple solution processing
(Figure S3, Supporting Information). The successful preparation
of high-quality stacked bilayer thin films is attributed to the use of
orthogonal solvents and the presence of TPPcarz+ units in both
0D TPPcarzSbBr4 and 2D CsPbBr3 NPLs, which ensures good
miscibility.[21] To assess the environmental stability of the emit-
ting layer, we measured the photoluminescence spectra of 0D
TPPcarzSbBr4/2D CsPbBr3 NPLs bilayer thin films over 7 days
in ambient conditions. As shown in Figure S4 (Supporting In-
formation), the emission spectra show negligible shifts in peak
positions, with the PL intensity retaining more than 90% of its
initial value after 7 days of storage under ambient conditions.
To experimentally reveal that the emission of 2D CsPbBr3

NPLs is not quenched by 0D TPPcarzSbBr4 in solution pro-
cessed bilayer structured films, we have performed photophys-
ical studies using steady state and time resolved fluorescence
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Figure 3. a) Absorption and emission spectra of individual 2D CsPbBr3 NPL thin film and 0D TPPcarzSbBr4 thin film. b) Photos and AFM images of 0D
TPPcarzSbBr4 thin film and 2D CsPbBr3 NPLs stacked TPPcarzSbBr4 bilayer thin film. c) Emission spectra of 2D CsPbBr3 NPL thin film and 2D CsPbBr3
NPL stacked 0D TPPcarzSbBr4 bilayer thin film. d) Decay lifetimes of 2D CsPbBr3 NPL thin film with and without 0D TPPcarzSbBr4 layer attached to.

spectroscopies. Figure 3c shows the emission spectra of a thin
film based on 2D CsPbBr3 NPLs (40 nm) and a bilayer film of
0D TPPcarzSbBr4/2D CsPbBr3 NPLs (110 nm). It is found that
the emission of 2D CsPbBr3 NPLs peaked at 490 nm does not
change before and after it being stacked with 0D TPPcarzSbBr4,
clearly suggesting there is no energy transfer from 2D CsPbBr3
NPLs to 0D TPPcarzSbBr4. Figure 3d shows the time-resolved PL
decay curves of 2D CsPbBr3 NPLs and bilayer thin film samples,
which are almost identical with the decay lifetimes determined
to be ≈3 ns, further confirming no quenching of the emission
of 2D CsPbBr3 NPLs by 0D TPPCarzSbBr4 due to no spectral
overlap.[22]

With bilayer 0D TPPcarzSbBr4/2D CsPbBr3 NPLs thin films
available, we have fabricated LEDs using a device structure
of ITO/PEDOT: PSS (40 nm)/PVK (35 nm)/0D TPPcarzSbBr4
(40 nm)/2D CsPbBr3 NPLs (70 nm)/TPBi (40 nm)/LiF (2 nm)/Al
(100 nm). The thicknesses of 0D TPPcarzSbBr4 and 2D CsPbBr3
NPLs layers can be well controlled to achieve emissions with dif-

ferent colors. Figure 4a shows the electroluminescence spectra
of a device containing an emitting bilayer of 0D TPPcarzSbBr4
(40 nm)/2D CsPbBr3 NPLs (70 nm). The device exhibits white
emission with a color temperature of ≈6 000 K and minimum
shifts of CIE coordinates across the operating biases from 4 to
7 V, as shown in Figure 4a. This result suggests that the car-
rier recombination region remains almost unaffected by the driv-
ing voltages, which is mainly attributed to the similar charge
carrier mobilities of two layers and good energy alignment.
We measured the space-charge-limited currents (SCLCs) for
thin films based on 2D CsPbBr3 NPLs (Figure S5, Supporting
Information),[23] from which hole and electron mobilities of 6.2
× 10−6 and 8.1 × 10−6 cm2 V−1 s−1 were determined, which are
in the same order of magnitude as those of thin films based
on TPPcarzSbBr4 (hole and electron mobilities of 1.3× 10−6 and
3.2×10−6 cm2 V−1s−1).[17a]

We further investigated the balanced charge and carrier mo-
bilities in the bilayer structured devices. As shown in Figure
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Figure 4. a) EL spectra and corresponding CIE coordinates of 0D TPPcarzSbBr4/2D CsPbBr3 NPLs bilayer structured WLEDs at various driving voltages
(the insets show photos of working devices and the device structure). b) Schematic of device operation of bilayer structured WLEDs. c) Current density–
voltage–luminance and d) EQE−current density–current efficiency diagrams of a bilayer structured WLED.

S6 (Supporting Information), similar current densities were
obtained for single-carrier bilayer structured devices, suggest-
ing balanced hole and electron injections. The hole and elec-
tron charge carrier mobilities of bilayer thin films were mea-
sured to be 5.5 × 10−6 and 7.0 ×10−6 cm2 V−1 s−1 (Figure S7,
Supporting Information), suggesting good charge transport of bi-
layer thin films for device operations. Given the presence of the
same wide bandgap semiconducting TPPcarz+ units in both 0D
TPPcarzSbBr4 and 2D CsPbBr3 NPLs layers, the emitting bilayer
can be viewed as having TPPcarz+ as the host, with antimony bro-
mide anions (Sb2Br8

2−) and CsPbBr3 NPLs serving as the light
emitters. In other words, the recombination of charge carriers to
form excitons in TPPcarz+ units occur across the bilayer and is
subsequently harvested by the emitting species without energy
transfer between them. Figure 4b presents the energy alignment
for the device, where the band edge values of the charge trans-
port materials, TPPcarzBr/TPPcarz2SO4, and 2D CsPbBr3 NPLs
are referenced from the literature.[14b,17a,24] The large grey re-
gion represents the TPPcarzBr and TPPcarz2SO4 ligands, which
serve as host on the surface of 2D CsPbBr3 NPLs and as compo-
nents of TPPcarzSbBr4. The direct band gap of TPPcarzSbBr4
was determined through UV absorption and cyclic voltamme-

try (Figure S8, Supporting Information), which is comparable
to that of TPPcarzBr/TPPcarz2SO4. It is important to note that
the energy band edge we obtained does not directly correspond
to the emission band energy of the red emitter, Sb2Br8

2−, in the
TPPcarzSbBr4 layer. The self-trapped emission in TPPcarzSbBr4
is phosphorescence, resulting from the radiative recombination
of localized excitons in the Sb2Br8

2− species, which undergo sig-
nificant excited-state structural reorganization. Consequently, the
actual emission band gap is smaller than the direct band gap cal-
culated from UV absorption and cyclic voltammetry, and dashed
lines are used to indicate the red emission gap. Figure 4c,d show
the device characteristics of a bilayer structured WLED, which
features a low turn-on voltage of 3.9 V, a high luminance of
1507 cd m−2 at 9.5 V, an EQE of 4.8%, and a current efficiency of
4.0 cd A−1. The gap between our experimental EQEs and the the-
oretical EQE limit (20%–30%) can be attributed to several factors.
First, the devices showed a reduction in EQE at high current den-
sities, commonly known as efficiency roll-off, a typical issue for
most PeLEDs. This indicates that band bending from interfacial
effects and variations in dielectric constants across themultilayer
structure contribute to non-radiative processes, such as Auger re-
combination and interface-induced recombination. Additionally,
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Figure 5. a) EL spectra and b) corresponding CIE coordinates of devices W1, W2, and W3. c) The EL spectra changes with the operational lifetime of
the fabricated W2 WLEDs. d) T50 of the fabricated W2 WLEDs.

an excess of charge carriers passing through the device without
forming electron-hole pairs leads to Joule heating.[25] The elec-
tric field distribution within the device was not fully optimized,
resulting in incomplete radiative decay of excitons. Consequently,
the IQE of the device is lower than the overall PLQE of 79.3% for
the bilayer emitting layer. Moreover, 2D CsPbBr3 NPLs exhibit a
small Stokes shift with significant overlap between the absorp-
tion and emission spectra, resulting in substantial reabsorption
of emitted photons, further contributing to EQE losses. Lastly,
no strategy was implemented to improve light outcoupling or ex-
traction efficiency in this study. We believe that with careful de-
vice engineering, the gap between experimental and theoretical
EQEs could be greatly reduced.
To further demonstrate the advantages of ourWLEDs based on

emitting bilayers without energy transfer, we fabricated devices
with various thicknesses of 0D TPPcarzSbBr4 and 2D CsPbBr3
NPLs layers for tunable white emissions. By varying the thickness
of 0D TPPcarzSbBr4 layer from 50 to 40 and 30 nm, while keep-
ing the thickness of the layer of 2D CsPbBr3 NPLs at ≈70 nm, we

can produce LEDs with warm to cold white emissions (W1−W3)
(Figure 5a). The CIE coordinate shifts from (0.40, 0.36) for W1 to
(0.32, 0.35) for W2 and (0.24, 0.35) for W3 (Figure 5b), while the
CCT changes from 3295 to 6502K and 11429K. These results con-
firm that the charge recombination and exciton harvesting occur
across the emitting bilayer, with the two emitting species emit-
ting light independently without influencing each other. More-
over, our device design allows WLEDs to achieve excellent spec-
tral stability and operating lifetime. As shown in Figure 5c,d, both
the spectral stability and operating lifetime were tested at an ini-
tial brightness of 100 cd m−2 under a constant driving current.
The EL spectrum remained stable for over 120 min, and the T50
for unencapsulated devices was ≈90 min.

3. Conclusion

In summary, we have successfully demonstrated a facile
approach for fabricating WLEDs by solution processing emit-
ting bilayers consisting of surface passivated sky blue 2D
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CsPbBr3 NPLs and orange/red 0D TPPcarzSbBr4. The unique
photophysical properties of 2D CsPbBr3 NPLs and 0D
TPPcarzSbBr4 ensure that no energy transfer occurs between
them when stacked to form emitting bilayers, due to the absence
of spectral overlap. The presence of the same semiconducting
organic cation TPPcarz+ in both surface passivated 2D CsPbBr3
NPLs and 0D TPPcarzSbBr4 enables the formation of smooth
bilayers with well aligned energy levels and efficient charge
transport with TPPcarz+ serving as a common host for both
sky blue and orange/red emitting species. We believe that
this simple device architecture offers a practical concept for
WLED design and paves the way for the further development
of high-performance WLEDs utilizing metal halide perovskites
and perovskite-related organic metal halide hybrids.

4. Experimental Section
Materials: PEDOT: PSS (4083) was purchased from Heraeus. Anti-

mony(III) bromide, triphenylphosphine (TPP, Aldrich, 99%), 3-bromo-
9-phenylcarbazole, poly(N-vinylcarbazole) (PVK), LiF, dichloromethane
(99.5%) and diethyl ether (Et2O, anhydrous), Dimethylformamide (DMF,
anhydrous), hydrobromic acid (48%), PbBr2, Cs2CO3, 1-octadecene
(90%), H2SO4 (98%), oleylamine (70%), oleic acid (90%), 2-propanol
(IPA, anhydrous, 99.5%), octane (anhydrous, 99%), LiF, were purchased
from Sigma–Aldrich. Chlorobenzene (anhydrous, 99.8%) and ethylene gly-
col were purchased from VWR. All reagents and solvents were used with-
out further purification unless otherwise stated.

Synthesis of TPPcarzBr and TPPcarz2SO4: The TPPcarzBr was synthe-
sized according to the reported method.[26] Triphenylphosphine (524 mg,
2 mmol), 3-bromide-9-phenylcarbazole (644 mg, 2 mmol), and NiBr2
(50 mg, 0.2 mmol) were added in 5 mL of ethylene glycol solution and
stirred for 5 h at 150 °C. The resulting deep green solution was then dis-
solved in water and extracted with CH2Cl2. The white powder product
was washed with diethyl ether. Yield: 95%. 1H NMR (500 MHz, CDCl3,
𝛿): 8.28-8.22 (d, 1H), 8.10-8.05 (d, 1H), 7.98-7.89 (m, 3H), 7.85-7.78 (m,
6H), 7.74-7.63 (m, 9H), 7.59-7.48 (m, 5H), 7.45-7.41 (d, 1H), 7.39-7.35(t,
1H). TPPcarz2SO4 was synthesized by mixing TPPcarzBr with an equiva-
lent amount of H2SO4 in an ethanol medium, followed by washing with
ethyl ether and drying under vacuum.

Synthesis of 2D CsPbBr3 NPLs: 2D CsPbBr3 NPLs were synthesized
following modified reported procedures.[18,27] Cs2CO3 (0.325 g) and oleic
acid (10 mL) were combined in a vial and heated to 120 C until Cs2CO3
was fully dissolved, forming a cesium-oleate (CsOA) solution. In a sepa-
rate vial, PbBr2 (0.073 g), 1-octadecene (4 mL), oleylamine (0.5 mL), oleic
acid (0.5 mL), 0.15 mmol TPPcarz2SO4 and TPPcarzBr were added and
heated to 120 °C until PbBr2 was completely dissolved. Next, 0.5 mL of
the CsOA solution was injected into the PbBr2 solution at room tempera-
ture. After stirring for 30 s, 0.5 mL of IPA was added. The mixture was then
heated to 85 °C and maintained for 10 min, before being cooled in an ice
water bath. The crude sample was centrifuged at 4 000 rpm. to separate
the unreacted precursors.

Purification of Colloidal 2D CsPbBr3 NPLs: The 6 mL of crude sample
was combined with 12 mL of toluene and separated by centrifugation at
12 000 rpm. for 5 min. To remove excess organic ligands, the precipitate
was dispersed in a mixture of 5 mL toluene and 10 mL methyl acetate,
then centrifuged at 4 000 rpm. To remove the supernatant, a process was
repeated twice. Finally, the precipitate was resuspended in 2 mL of octane
to serve as the emitter layer for LED devices and for material characteriza-
tions.

Fabrication of Sky-Blue LEDs Based on 2D CsPbBr3 NPLs: ITO glass
substrates were cleaned using a detergent solution, deionized water, ace-
tone, and 2-propanol, followed by treatment with a UV ozone cleaner for
20min. A 40 nm layer of PEDOT: PSS was spin-coated at 4500 rpm. for 45 s
and then baked at 150 °C for 20 min. Next, a 35 nm layer of 4 mg mL−1

PVK chlorobenzene solution was spin-coated at 2500 rpm. for 30 s and

annealed at 150 °C for 20 min. Following this, a 70 nm emissive NPLs
layer was spin-coated in 2 000 rpm. for 30 s. Finally, layers of 40 nm TPBi,
1 nm LiF, and 100 nm Al were sequentially deposited using a thermal evap-
orator under high vacuum conditions (<2 × 10ˆ−6 mbar). 2D CsPbBr3
NPLs devices designed for hole and electron transport were fabricatedwith
the following structures: Hole-only device: ITO/PEDOT: PSS (40 nm)/2D
CsPbBr3 NPLs (70 nm)/MoOx (10 nm)/Al (100 nm). Electron-only device:
ITO/SnO2 (30 nm)/2D CsPbBr3 NPLs (70 nm)/LiF (2 nm)/Al (100 nm).

Fabrication of WLEDs: The WLEDs were fabricated with the configura-
tion of ITO/PEDOT: PSS (40 nm)/PVK (35 nm)/TPPcarzSbBr4 (40 nm)/
2D CsPbBr3 NPLs (70 nm)/TPBi (40 nm)/LiF (2 nm)/Al (100 nm). ITO
substrates were cleaned by sonication in detergent solution, deionized wa-
ter, acetone, and 2-propanol, followed by a nitrogen purge and ultraviolet-
ozone treatment for 20min. PEDOT: PSS was spin-coated at 4500 rpm. for
45 s and baked at 150 °C for 20 min. PVK (in chlorobenzene, 4 mg mL−1)
was deposited on top at 2500 rpm. for 30 s, followed by drying at 150 °C
for 20 min. The 0D TPPcarzSbBr4 layer was deposited by spin coating
at 2500 rpm. for 45 s using a precursor solution (0.2 mmol SbBr3 and
0.4 mmol TPPcarzBr in a 1:2 molar ratio in 1 mL DMF) and annealed
at 90 °C for 10 min. Subsequently, the 2D CsPbBr3 NPLs solution was
spin-coated in 2 000 rpm. for 30 s. Finally, 1 nm of LiF and 100 nm of
Al were thermally deposited under a high vacuum of ≈2 × 10ˆ−6 torr.
White bilayers devices designed for hole and electron transport were fab-
ricated with the following structures: Hole-only device: ITO/PEDOT: PSS
(40 nm)/ TPPcarzSbBr4 (40 nm)/ 2D CsPbBr3 NPLs (70 nm)/MoOx (10
nm)/Al (100 nm). Electron-only device: ITO/SnO2 (30 nm)/ TPPcarzSbBr4
(40 nm)/ 2D CsPbBr3 NPLs (70 nm)/LiF (2 nm)/Al (100 nm).

Material and Device Characterizations: PL spectra were obtained us-
ing an Edinburgh FS5 steady-state spectrometer with a 150 W xenon lamp
and 365 nm excitation. And time-resolved PL were measured using the
same equipment with a 150 W xenon lamp and excited at 365 nm. The
PL decay was fitted with a biexponential decay, and the weighted aver-
age lifetime was obtained according to equation 𝜏ave = Σ𝛼i𝜏i2/Σ𝛼i𝜏i, i
= 1, 2. Absorption spectra were measured using an Agilent Technologies
Cary 5 000 UV–vis–NIR spectrophotometer. PLQEs were recorded with a
Quantaurus-QY spectrometer (model Hamamatsu C11347-11), equipped
with a 150W xenon lamp. The PLQE values were calculated using the equa-
tion: 𝜂𝑄𝐸 =, where Is represents the emission spectra of the samples, ER
represents the spectra of the excitation spectra of the reference (blank sub-
strate), and Es refers to the excitation spectra of the sample. TEM images
were taken on a JEOL JEM-ARM200cF microscope at 200 kV. AFM images
were measured using a Bruker Icon scanning probe microscope in tap-
ping mode. The EL spectra were collected using a USB4000 spectrome-
ter. The J–V–L characteristics were measured with a Keithley 2400 source
meter coupled to a Si photodiode. The charge carrier mobilities are de-
termined from the space-charge-limited current (SCLC) region using the
Mott–Gurney equation. The charge-carrier mobility (𝜇) was determined
using Mott–Gurney (M–G) analysis in trap-controlled space-charge lim-
ited current (SCLC) region of the J–V curves; 𝜇 = (8JL3)/(9ɛɛ0V

2), 𝜇 is the
carrier mobility, where ɛ0 is the dielectric constant of vacuum, ɛ is the di-
electric constant of 2D CsPbBr3 NPLs and 0D TPPcarzSbBr4 obtained by
the via capacitance measurements.[17] Device measurements were con-
ducted under ambient conditions at room temperature.
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