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Abstract 

 

Colloidal nanoplatelets (NPLs), owing to their efficient and narrow-band luminescence, are considered as 
promising candidates for solution-processable light-emitting diodes (LEDs) with ultrahigh color purity. To 
date, however, the record efficiencies of NPL-LEDs are significantly lower than those of more-investigated 
devices based on spherical nanocrystals. This is particularly true for red-emitting NPL-LEDs, the best-
reported external quantum efficiency (EQE) of which is limited to 0.63% (EQE = 5% for green NPL-LEDs). 
Here, we address this issue by introducing a charge-regulating layer of a polar and polyelectrolytic polymer 
specifically engineered with complementary trimethylammonium and phosphonate functionalities that 
provide high solubility in orthogonal polar media with respect to the NPL active layer, compatibility with 
the metal cathode, and the ability to control electron injection through the formation of a polarized 
interface under bias. Through this synergic approach, we achieve EQE = 5.73% at 658 nm (color saturation 
98%) in completely solution processed LEDs. Remarkably, exposure to air increases the EQE to 8.39%, 
exceeding the best reports of red NPL-LEDs by over 1 order of magnitude and setting a new global record 
for quantum-dot LEDs of any color embedding solution-deposited organic interlayers. Considering the 
emission quantum yield of the NPLs (40 ± 5%), this value corresponds to a near-unity internal quantum 
efficiency. Notably, our devices show exceptional operational stability for over 5 h of continuous drive in air 
with no encapsulation, thus confirming the potential of NPLs for efficient, high-stability, saturated LEDs. 
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Since their introduction in 2008, (1) colloidal semiconductor nanoplatelets (NPLs) have become the subject 
of intense research efforts (2−4) because they uniquely combine the processing advantages of solution-
based materials with the physical properties of two-dimensional quantum wells, (3,5−10) including tunable 
luminescence controlled by the particle thickness, (2,3,7,11−14) high emission efficiency, (15) strong 
exciton and biexciton binding energy, (3,11,16,17) and suppressed Auger recombination. (10,18,19) These 
features render NPLs promising candidates in several optoelectronic and photonic technologies, such as 
lasers, (10,17,20,21) photodetectors, (22,23) phototransistors, (24−26) sensors, (27) and light-emitting 
diodes (LEDs). (12,28−30) In this latter application, the spectrally narrow electroluminescence of NPLs, (28) 
resulting from the highly homogeneous particle thickness unaffected by Oswald ripening (31) and easily 
achievable in scaled-up quantities, offers an important advantage over spherical colloidal quantum dots 
(QDs), which require strict control over the three dimensions with regard to their size, morphology, and 
surface chemistry for obtaining monodispersed ensembles of well-passivated particles. Despite this 
promise, LEDs based on NPLs have been investigated much less than their spherical counterparts, (32) and 
their record performance is, therefore, still lower than that of state-of-the-art QD-LEDs. (33,34) To date, the 
highest external quantum efficiency (EQE) of NPL-LEDs was reported by Zhang et al., who achieved EQE = 
5% using green-emitting NPLs, (12) whereas the best performance in the red spectral region can be traced 
back to the first demonstration of NPL-LEDs by Chen et al., (28) who achieved EQE = 0.63% using core–shell 
CdSe/CdZnS NPLs. In comparison, red LEDs incorporating QDs with near-unity luminescence efficiency have 
been obtained with EQEs as high as 18–20%, (29,30) corresponding to ∼100% internal quantum efficiency. 



The improvement of the performances of red NPL-LEDs is, therefore, a particularly relevant task in this 
field. 

Here, we aim to address this problem by applying an improved version of a recently introduced strategy for 
producing highly efficient QD-LEDs exclusively through solution-based processes. (35) Specifically, our 
approach uses conjugated polymers with polar and electrolytic side-chains (also referred to as conjugated 
polyelectrolytes or CPEs) as electron-transport materials to maximize carrier balance in the device and 
improve the compatibility with the metal cathode. The distinctive characteristic of CPEs is the 
functionalization of their conjugated backbone with polar (36−39) or ionic substitutes (40−42) (in either a 
cationic, anionic, or zwitterionic form) (43) that renders the polymer easily soluble in polar solvents (i.e., 
methanol or water), (40,41,44) which are orthogonal to the nonpolar media typically used for processing 
the active layer in QD- and NPL-LEDs. This enables one to deposit the electron-transport layer (ETL) using 
wet methods (i.e., spin-coating and roll-to-roll or inkjet printing) without damaging the underlying active 
layer. (45−49) In addition to this, using CPEs as ETLs enables us to tune the electron-injection barrier 
between the metallic cathode and the active QD layer (39,47,35) by the creation of interface dipoles due to 
the alignment of the polar and ionic functionalities to the applied electric field, (50,51) resulting in 
improved carrier balance (41,48−50) and higher EQEs. (38,40,52,41) 

The benefits of CPEs have mostly been exploited in organic LEDs (41,43,44,53) and solar cells, (52,54,55) 
whereas their application to QD-based devices is still limited. By using polar and electrolytic polymers as an 
electron-transport and hole-blocking layer, we recently fabricated solution-processed QD-LEDs with EQEs 
as high as 6.1% (ref (35)), corresponding to a ∼200% enhancement with respect to previous reports on QD-
LEDs in direct architecture (56) employing solution-processed (57−59) or thermally evaporated organic 
interlayers. (56,60−62) In these devices, the CPE layer acted as electrically tunable electron barrier that 
dramatically improved the charge balance by partially reducing the electron current through the junction so 
as to match the minority hole population injected by the anode into the deep valence band of CdSe. Along 
the same line, Cho et al. (63) used poly(amidoamine) dendrimers in inverted-structure QD-LEDs to control 
the charge injection from the ITO cathode and to graft the QDs to the underlying ZnO nanoparticles ETL, 
obtaining EQE = 11.36%. To date, polar and electrolytic ETLs have never been applied to NPL-LEDs. Taking 
inspiration from these studies, for this work, we expressly designed a multifunctional copolymer featuring 
alternate fluorene moieties with two long side-chains terminated with either a trimethylammonium cation 
(TMA, with a Br– counter-anion) or a phosphonate group (Figure 1a). 

 



Figure 1. (a) Synthesis of alcohol-soluble polyfluorene derivative used as ETL in all-solution-processed NPL-
LEDs, namely poly[(2,7-(9,9′-bis(6′-diethoxylphosphorylhexyl)-fluorene)-alt-(2,7-(9,9′-bis(6″-
trimethylammonium bromide)hexyl)-fluorene)])] (P1) starting from the intermediates 2,7-bis-[9,9′-bis(6″-
bromohexyl)fluorenyl]-4,4,5,5-tetramethyl [1.3.2]dioxa-borolane (1) and 2,7-dibromo-9,9-bis(6′-
diethoxylphosphorylhexyl)-fluorene (2). (b) Multilayered-device architecture for the NPL-LEDs: 
ITO/PEDOT:PSS/PVK/NPLs/P1/metal cathode. (c) Flat-band energy level diagram of the device (with respect 
to the vacuum level). The dashed rectangle highlights the metal–polymer interface, which is magnified in 
the right panel, showing the band-bending effect originating from the metal–polymer contact and the 
downward energy shift caused by the interface dipole under the application of direct bias. 

 

The TMA functionality serves the purpose of creating the interface dipole under an applied bias that 
controls the injection of electrons in the active layer. The phosphonate group, however, has the particular 
capability of effectively grafting the polymeric layer onto the aluminum cathode by the formation of P–O–
Al coordination at the metal–organic interface during the top deposition of Al atoms. Altogether, the CPE 
interlayer improves the device performances by assisting carrier crossing through the interface, (64,65) by 
lowering the cathode work function, (64,65) and by suppressing nonradiative exciton dissociation at the 
cathodic interface. (65) Through this approach, in combination with CdSe/CdZnS NPLs, we obtain all-
solution-based NPL-LEDs with nearly perfectly saturated 658 nm electroluminescence (saturation of 98%) 
and EQE = 5.73%, which matches the best performances of green emitting NPL-LEDs and corresponds to an 
enhancement of 1 order of magnitude with respect to previous reports in the red spectral region. In 
contrast to expectations, exposing our devices to ambient air (50% humidity) has a strong beneficial effect 
on their efficiency, resulting in a record EQE of 8.39% after 5.5 h of air exposure. This is particularly 
remarkable considering that the photoluminescence (PL) quantum yield of the employed NPLs is ΦPL = 40 ± 
5%. The use of optimized NPLs with a unity emission yield indicates that a projected EQE as high as ∼21% 
could be achieved, corresponding to the maximum efficiency of ideal planar LEDs without engineered light 
out-coupling. (66,67) Finally, stress-test measurements show no efficiency drop, even after over 4 h of 
continuous operation in humid air (50%) with no device encapsulation, demonstrating the remarkable 
operational stability of the NPL-LEDs. 

Results and Discussion 

The CdSe/CdZnS core–shell NPLs with a 4 monolayer (ML) thick CdSe core coated on each side with 3 nm of 
CdZnS shell were obtained from Nexdot and synthesized according to the route described in the Supporting 
Information. The functionalized copolymer poly[(2,7-(9,9′-bis(6′-diethoxylphosphorylhexyl)-fluorene)-alt-
(2,7-(9,9′-bis(6″-trimethylammonium bromide)hexyl)-fluorene))] (P1) was synthesized according to the 
procedure described in Figure 1a and explained in detail in the Supporting Information. The CdSe/CdZnS 
NPLs and P1 were incorporated into LEDs in direct architecture as schematically depicted in Figure 1b. The 
devices were fabricated by successive spin-coating of the charge transport and active layers onto a glass 
substrate coated with patterned indium tin oxide (ITO), a poly(3,4-ethylenedioxythiophene) 
polystyrenesulfonate (PEDOT:PSS, 50 nm) hole-injecting layer and a polyvinyl carbazole (PVK, 30 nm) hole-
transport layer (HTL) that further constrains the electrons injected from a metal cathode (120 nm Al, 4 nm 
Ba, and 120 nm Al or 120 nm Ag) inside the NPL active layer. The NPL film (65 nm) was deposited from a 
hexane solution (30 mg/mL) and covered with a ∼15–20 nm ETL of P1 spin-coated from ethanol (5 mg/mL). 
The adoption of orthogonal solvents for NPLs and P1 enables their consecutive deposition with no 
measurable damage to the NPLs active layer, as demonstrated by the device performances reported later. 
The flat-band energy diagram of the device layers with respect to vacuum is shown in Figure 1c. The 
frontier levels of P1 are EHOMO ≈ −5.7 eV for the highest occupied molecular orbital and ELUMO ≈ −2.2 eV 
for the lowest unoccupied molecular orbital, consistent with the typical values for polyfluorene derivatives 
and indicating that the functionalization with the phosphonate and the trimethylammonium side groups 



does not affect the electronic structure of the conjugated backbone. (35,68,69)Figure 1c reports a 
schematic depiction of the interface between P1 and a representative metal cathode: under direct bias, ion 
migration and molecular reorientation lead to the formation of an interface dipole directed from the metal 
surface to the polymeric layer, causing a polarization-induced downward shift of the vacuum level and of 
the LUMO level of P1. Such an energy shift leads to a drop in the polymer work function (ΦP1) to an 
“effective” ΦEFFP1 value and to the narrowing of the electron injection barrier. (43,70) Through this 
mechanism, the P1 interlayer tunes electron injection into the NPL active layer, improving the electron–
hole balance and LED efficiency. The optical absorption and PL spectra of P1 are reported in Figure 2a, 
showing a close resemblance to the spectral profiles of bare poly(dioctylfluorene), with a low-energy 
absorption band at ∼390 nm (35,71,72) and a structured PL band with first vibronic peak at 425 nm, thus 
confirming that the electronic properties of the polymer backbone are unaffected by the side-chains. The 
optical absorption peak at 344 nm and PL spectra of PVK are also reported showing the characteristic broad 
emission at ∼420 nm. No emission from P1 or PVK is observed in the electroluminescence (EL) spectra of 
the NPL-LEDs reported later in this work, indicating that radiative exciton recombination takes place 
exclusively in the NPL active layer. 

 

 

Figure 2. (a) Optical absorption (dashed lines) and normalized PL (solid lines, excitation at 340 nm) spectra 
of thin films of the polar polymer P1 (purple lines) and polyvinyl carbazole (PVK, blue lines). The absorption 
and PL spectra of poly (dioctylfluorene) are shown as gray shading for direct comparison to the 
functionalized P1 polymer. (b) Optical absorption (dashed lines) and normalized PL (solid lines) spectra of a 
dilute hexane solution of CdSe/CdZnS NPLs (black lines) and a film of the same NPLs deposited onto a glass 
substrate (red lines). (c) Contour plots of the PL time decay for a dilute hexane solution (top panel) and a 
film of CdSe/CdZnS NPLs on glass (bottom panel). The dashed white line is a guide for the eye to emphasize 



the invariance of the PL peak position over time. (d) PL spectra and (e) decay curves of CdSe/CdZnS NPLs 
deposited onto different substrates, namely glass (red line), PVK (blue line), and P1 (purple line). The decay 
trace for a dilute hexane solution of CdSe/CdZnS NPLs is shown as a solid black line in panel e for direct 
comparison with the film dynamics. The spectra and PL decay curves are vertically shifted for clarity. All PL 
measurements on the NPLs are carried out at room temperature under pulsed 400 nm excitation with a 
power density of 40 nJ/cm2. 

 

Because of their extended planar geometry, (73) NPLs have been observed to self-assemble into stacked 
lamellar structures, (74−76) leading, in solid samples, to spectral migration due to efficient interparticle 
energy transfer. (77−79) To test this effect, which could lower the color purity of the LEDs, prior to 
producing the devices, we measured the absorption and PL spectra of the CdSe/CdZnS NPLs dispersed in 
hexane and spin-cast onto a glass substrate (Figure 2b). The absorption profiles of the solution and of the 
film (65 nm) are essentially identical, with both showing the characteristic narrow peaks (3,16,27) 
associated with the optical transition of heavy and light holes, respectively, at 650 and 590 nm. The 
respective PL spectra are also perfectly superimposed to each other, with an emission maximum at ∼658 
nm, indicating that spectral migration effects in the NPL film are negligible. This is confirmed by the contour 
plots of the PL decay reported in Figure 2c and by the normalized PL spectra measured at increasing delay 
time after the excitation pulse (Figures S1 and S2), showing no spectral shift over time in either system. 
Detailed analysis of the spectrally resolved PL decay traces shows identical decay curves across the 
emission profile in solution and a minor difference, close to our experimental resolution, in the NPL film. 
This points to the absence of energy-transfer processes between NPLs in solution and to essentially 
negligible effects in the film, likely due to the wide band gap in the alloyed CdZnS shell, similar to what was 
observed for CdSe/CdS hetero-QDs (80) and to the rapid film deposition by spin-coating. A furthermore 
relevant aspect to be considered when using polymeric interlayers and, in particular, CPEs with ionic side 
groups is the possible quenching effect on the emission efficiency of the active layer by charge-transfer 
processes. In QD-LEDs, this effect has been shown to lead to the charging of the QDs, (30,53) resulting in 
efficiency losses due to nonradiative Auger recombination. (81−84) To test this effect in our NPL-LEDs, we 
measured the PL spectrum, quantum efficiency, and decay dynamics of the NPL deposited on glass, P1, or 
PVK side-by-side. In all cases, the NPLs were excited through the substrate so as to primarily sample the 
particles in direct contact with the polymer interlayers. The PL quantum-yield measurements using an 
integrating sphere yield a constant QYPL = 40 ± 5% for all substrates. Accordingly, the PL dynamics and 
spectral profiles are essentially identical in all systems, thus excluding quenching effects by the organic 
interlayers (Figure 2d,e). 

In light of the above considerations, we fabricated and tested NPL-LEDs in direct architecture (namely, 
ITO/PEDOT:PSS/PVK/NPLs/P1/metal cathode) as well as the reference devices without the P1 ETL following 
the procedure described above. The devices were assembled in a nitrogen atmosphere using water, 
chlorobenzene, hexane, and ethanol as the solvents for PEDOT:PSS, PVK, CdSe/CdZnS NPLs, and P1, 
respectively. For the metal cathode, we used aluminum, silver, or barium coated with an Al protective layer 
to test the effect of the metal work function on the device behavior. 

Figure 3a reports the current density–voltage–luminance (J–V–L) response for two representative LEDs with 
and without the CPE interlayer and featuring an Al cathode. According to previous reports, the turn-on 
voltage (VON, measured as the voltage at which the luminance is 0.1 cd/m2; see the inset of Figure 3a) is 
found to be slightly lower for the LED containing the P1 ETL (4.05 V versus 4.5 V), which was ascribed to 
favored electron injection caused by the dipole-induced lowering of the cathode work function. 
(35,40,41,44,85−87) A similar reduction of the VON by the P1 interlayer is observed for NPL-LEDs with Ba 
and Ag electrodes, as reported in Figures S3 and S4. In addition to showing a systematically lower VON, the 
NPL-LEDs incorporating the P1 ETL exhibit significantly higher EQEs and brightness than the control devices, 



reaching EQE = 5.73% and 1540 cd/m2 luminance, with respect to EQE = 2.47% and 891 cd/m2 (see Table 1 
for the whole set of devices). Notably, all of our NPL-LEDs are significantly more efficient than the best-
reported red-emitting NPL-LEDs (EQE = 0.63%), (28) with the devices containing the P1 interlayer showing a 
5- to 10-fold improvement over the literature value. In agreement with carrier imbalance due to excessive 
electron population being a strong limiting factor for the performances of LEDs embedding CdSe/CdS 
nanostructures, the EQE of control devices (without P1) increases with increasing potential barrier for 
electron injection from the metal cathode (ΦBa < ΦAl < ΦAg; see the Figure 3b inset). Among our device 
set, the best performances are systematically exhibited by LEDs with both P1 and Al cathode, which is likely 
the combined result of the ability of the phosphonate functionality of P1 to graft onto aluminum and of the 
intermediate work function of the latter with respect to Ag and Ba, which renders the tunable potential 
barrier due to the interfacial polarization of the TMA side groups particularly effective in reducing excessive 
electron current into the active layer, leading to optimal carrier balance. Because of such a combination of 
effects, the trend of the EQE versus the electrode work function is not conserved in LEDs with a P1 
interlayer. Notably, no electrical conditioning, observed earlier for QD-LEDs integrating CPE interlayers, is 
observed in our NPL-LEDs, which is likely due to the functionalization of P1 with TMA units that were 
absent in previous studies. (35) 

 

 

Figure 3. (a) Current-density–voltage–luminance (J–V–L) responses of solution-processed NPL-LEDs 
containing CdSe/CdZnS NPLs without the polar polymer ETL (blue symbols) and with P1 ETL (red symbols). 
The complete device structures are ITO/PEDOT:PSS/PVK/NPLs/Al and ITO/PEDOT:PSS/PVK/NPLs/P1/Al, 
respectively. Inset: magnification of the low-voltage portion (3–6 V, semi-logarithmic scale) of the V–L plot, 
with arrows pointing to the turn-on voltages. (b) EQE for the devices in panel a as a function of J. Inset: 
maximum EQE for LEDs without ETL as a function of the work function of the metal cathode. (c) 
Electroluminescence (EL) spectra of the NPL-LED with P1 ETL at increasing driving voltage from 4 to 11 V. 
Inset: enlargement of the EL at 11 V between 400 and 500 nm, highlighting the absence of EL contributions 
by the polymeric interlayers. (d) Chromaticity coordinates for the EL reported in panel c, projected onto the 



CIE chromaticity diagram, highlighting the vicinity of the color coordinates to the spectral locus. Saturation 
is 98%. (e) EQE for the NPL-LED with P1 ETL as a function of J, recorded for the pristine device in nitrogen 
atmosphere (black circles) and after exposure to atmospheric conditions for 15, 30, and 330 min as 
indicated by the arrow. (f) J–V–L responses of NPL-LEDs with P1 ETL, recorded for the pristine device in 
nitrogen (black symbols) and after 330 min of exposure to atmospheric conditions (red symbols). (g) 
Normalized EQE for NPL-LEDs with and without P1 ETL (red and blue dots, respectively; error bars are 
displayed in gray) monitored over 4 h of continuous operation in humid (50%) air. Prior to the 
measurement, the LEDs were stored in air for 5 h to saturate the efficiency enhancement effect shown in 
panel e. Inset: photograph of a working LED with P1 interlayer and Al cathode. Bright emission is observed 
over the whole device area (5.4 mm2) under a driving bias of 6 V. 

 

Table 1. External Quantum Efficiency (EQE, Percent) of ITO/PEDOT:PSS/PVK/(CdSe/CdZnS) NPLs/ETL/Metal 
Cathode LEDs With and Without a P1 ETL and Featuring Different Metal Cathodes. The best result for each 
device structure is reported in bold. a 

. 

A closer look at the EQE curves in Figure 3b reveals a very weak roll-off with increasing current density, 
which is in agreement with the behavior of LEDs containing CdSe/CdS hetero-QDs and homopolymeric CPE 
interlayers. (35) The EL spectra as a function of the driving voltage for the NPL-LEDs with P1 are reported in 
Figure 3c (see Figure S5 for the LED without P1), showing a symmetric EL peak centered at 658 nm (full 
width at half-maximum = 25 nm). No spurious emission from the polymeric interlayers is observed (see the 
inset of Figure 3c), which confirms that exciton recombination occurs exclusively inside the NPL active 
layer. The corresponding CIE (Commision International de l'Eclairage) color coordinates are x = 0.71 and y = 
0.29, corresponding to 98% saturated deep-red light ideal for wide-gamut RGB displays (Figure 2d). This 
result, together with a >1500 cd/m2 luminance for the polymer-embedding device, further endorses the 
strength of our approach for lighting applications, especially if we take into account that such brightness 
occurs in a spectral region where the human eye sensitivity is less than 10% in photopic conditions (10–108 
cd/m2). 

As anticipated, exposure of the NPL-LEDs to air dramatically enhances their efficiency, leading to EQEs as 
high as 8.4% for the LED containing the P1 ETL and the Al cathode (the values for the whole set of LEDs is 
summarized in Table 1), which exceeds the best reports of red NPL-LEDs by over 1 order of magnitude and 
sets a new global record for QD-LEDs of any color containing all solution-based organic interlayers (see 
Table S1). (32) This result is particularly relevant if one takes into account that the NPL employed for this 
study were not optimized for their emission efficiency (ΦPL = 40 ± 5%). This indicates that, by using 
optimized NPLs with ΦPL > 95% in combination with our device architecture, EQEs as high as 20% could be 
achieved, which corresponds to the external efficiency of “ideal” planar LEDs with no engineered light out-
coupling. (33,34) Our results thus strongly suggest that the internal efficiency as high as 100% obtained 



with spherical QDs (33,34) can also be achieved with two-dimensional colloidal nanostructures. To 
experimentally illustrate the beneficial effect of air on our LEDs, we measured the EQE upon extended 
exposure to air without any encapsulation. Figure 3e reports the EQE as a function of the current density 
for an NPL-LED containing P1 and an Al cathode under nitrogen atmosphere and after 15, 30, and 330 min 
in environmental air. The EQE displays a remarkable improvement after exposure to ambient air, reaching 
8.4% after 5 h with very limited efficiency roll-off. We notice that this effect occurs with minimal variation 
of the current density and is mostly due to increased brightness (Figure 3f) in air. However, PL 
measurements in vacuum, in pure O2, and in humid air reveal that the emission efficiency of the NPLs is 
essentially unaffected by the external atmosphere (only 5% higher in vacuum, which is close to the 
experimental resolution; see Figures S6–9). (27) The PL decay traces measured under device operation 
below and above VON further indicate that ΦPL is unaffected by the electric field and current density 
(Figure S10). We therefore identify the partial oxidation of the metal cathode as a possible cause of the 
enhanced EQE in air, leading to a nearly optimal charge balance due to the slightly increased electrode 
work function without measurable reductions of the current density. In support of this interpretation, we 
measured the contact potential difference between tip and surface of bare and modified (P1-covered) Al 
thin films on glass by the Kelvin-probe technique. The measurements under nitrogen atmosphere show the 
ability of P1 to reduce the metal work function (|WF|) as a result of the formation of the interface dipole. 
Exposure to humid air (50%), however, increases |WF| of both bare and covered Al film, in agreement with 
partial oxidation effects (Figure S11). 

Most importantly for the practical application of NPLs in LEDs, our devices exhibit exceptional stability in 
environmental air for many hours of continuous operation. The EQE versus time traces in Figure 3g (for an 
NPL-LED stored in air for 5 h) clearly indicate that, after an initial assessment period of around 1 h of 
operation, which sees a ∼10% efficiency reduction, the EQE fully recovers and reaches a further ∼10% 
increase over the initial value after 4 h of continuous drive in air. This is unexpected because in 
conventional LEDs, the use of Al is a stability-limiting factor. Upon exposure to water or oxygen, Al cathodes 
rapidly oxidize to insulating aluminum oxide, (88) and the growth of a barrier to electron injection is usually 
detrimental for the device performance. It is, however, worth noticing that the insertion of a buffer layer of 
Al2O3 between the Al cathode and the active layer in some organic LEDs has been observed to increase the 
device efficiency, which was ascribed to enhanced carrier density near the metal/organic interface. (89,90) 
In our case, as discussed above, the partial oxidation of the Al electrode does not completely inhibit charge 
injection but further regulates the electron concentration in the active layer, leading to enhanced charge 
balance and higher EQE. 

Conclusions 

In conclusion, by combining narrow-band-emitting NPLs with a multifunctional polar and electrolytic 
polymer expressly designed as ETL material, we have created high-efficiency NPL-LEDs with saturated red 
EL using exclusively solution-based methods. As a result of the improved charge balance provided by the 
ETL, our proof-of-concept NPL-LEDs function close to ideal devices, with the emission efficiency of the 
active layer being the only limiting factor to the EQE and exceeding the previous reports of red-emitting 
NPL-LEDs by 1 order of magnitude. Exposure to humid air strongly enhances the performances of our 
devices and leads to the record value of EQE = 8.39%, which is further found to be stable under continuous 
operation in air for many hours without encapsulation. Our results clearly demonstrate the potential of 
two-dimensional colloidal nanostructures for color-saturated, efficient, and reliable displays. (91−93) 
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