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ABSTRACTABSTRACTABSTRACTABSTRACT:::: Perovskite nanocrystal light-emitting diodes (LEDs) employing architecture comprising a ZnO nanoparticles electron-
transport layer and a conjugated polymer hole-transport layer have been fabricated. The obtained LEDs demonstrate a maximum external-
quantum-efficiency of 6.04%, luminance of 12998 Cd/m2 and stable electroluminescence at 519 nm.  Importantly, such high efficiency and 
brightness have been achieved by employing solution processed transport layers, formamidinium lead bromide nanocrystals 
(CH(NH2)2PbBr3 NCs) synthesized at room-temperature and in air without the use of a Schlenk line, and a procedure based on atomic layer 
deposition to insolubilize the NC film. The obtained NCs show a photoluminescence quantum yield of 90% that is retained upon film fabrica-
tion.  The results show that perovskite NC LEDs can achieve high-performance without the use of transport layers deposited through evapo-
ration in ultra-high-vacuum. 

Perovskite nanocrystals (NCs)1 have been successfully applied in 
a variety of optoelectronic devices such as solar cells,2–4 solar con-
centrators,5 lasers,67 white phosphors8 and light-emitting diodes 
(LEDs)9–13 Since the synthesis of CsPbX3 NCs (where X = Cl, Br or 
I) was demonstrated in 2015,14 attention toward this class of perov-
skite materials has considerably grown, and more effort has been 
dedicated in exploiting their favourable optical properties. In par-
ticular, focus has been placed on the fabrication of efficient light-
emitting diodes (LEDs), since perovskite NCs possess desirable 
light-emission properties such as tuneable colour and narrow emis-
sion, which could lead to colour-pure devices for application in 
displays and illumination. Another important aspect is that perov-
skite NCs possess a defect-tolerant structure1 where defect states 
do not have a strong influence on the radiative recombination, thus 
leading to high photoluminescence quantum yield (PLQY) with-
out the need of surface passivation. Nevertheless, major challenges 
are still present as the labile nature of the surface ligands combined 
with the strong ionic character of the structure are causes of insta-
bility;15 and purification of the NCs after synthesis requires particu-
lar attention as use of anti-solvents can irreversibly damage the 
material.4 As a result, their surface chemistry has been studied and 
tailored4,7,15 to increase their stability, while purification procedures 
have been developed to avoid degradation.4,10 These developments 
have allowed the fabrication of efficient LEDs and currently the 
best perovskite NC LEDs show a maximum external-quantum-
efficiency (EQE) of 12.9%.16 Such performance has been achieved 
in a device structure employing an electron-transport layer pre-
pared trough thermal-evaporation in ultra-high-vacuum conditions. 
Yet, device architectures based on solution-processed materials, 
which do not require lengthy and expensive fabrication procedures, 
are still trailing behind with EQEs in the region of only few per-
centages.11,17 The discrepancy in performance has a twofold expla-
nation: first, perovskite NCs possess limited thermal stability which 
impedes annealing (typically employed to partially insolubilize the 

layer) without damaging the film.18 Secondly, anti-solvents (i.e. 
polar solvents) cannot be used during the spin-coating of top layers 
as the perovskite NC film will be damage as previously discussed.4   

Here, we report an approach to overcome these challenges and 
obtain highly efficient fully-solution processed LEDs based on 
CH(NH2)2PbBr3 NCs (FAPbBr3). Substituting Cs with forma-
midinium (FA) in our synthesis, we obtained NCs which are more 
resistant to the device fabrication procedure. The obtained FAP-
bBr3 NC film was insolubilized using a procedure based on atomic 
layer deposition (ALD). The obtained devices show a maximum 
EQE of 6.04% and a maximum luminance of 12998 Cd/m2.  

Figure 1a Figure 1a Figure 1a Figure 1a presents a scheme and focused-ion-beam cross-section 
of the fabricated devices (see Figure S1 in the supporting infor-
mation for the ultra-violet photoelectron spectroscopy spectra used 
to derive the FAPbBr3 NC film valence band position with respect 
to vacuum). As electron-transport layer we have employed a ZnO 
nanoparticles19 film deposited via spin-coating on a patterned-
ITO/glass substrate, while for hole injection/transport we have 
used a bi-layer structure comprising poly vinyl carbazole (PVK) 
and Poly[N,N’-bis(4-butylphenyl)-N,N’-bisphenylbenzidine] 
(PTPD). Such a hole-transport layer has been previously success-
fully employed in LEDs based on cadmium chalcogenides NCs as it 
combines the high hole mobility from the PTPD and the enhanced 
electron blocking capabilities from the PVK.20,21 The device was 
completed via sputtering deposition of a Pt electrode, and encapsu-
lation with epoxy glue and a glass slide. The energy diagram in Fig-
ure 1b shows that only small energy barriers are present at the ac-
tive-layer/transport-layer interface in the LEDs, namely 0.4 eV for 
electrons and 0.5 eV for holes. 
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Figure Figure Figure Figure 1.1.1.1. (a) Scheme of the fully solution-processed structure used in 
the light-emitting diodes and FIB SEM cross-sectional image of one 
device. (b) Energy level diagram of the materials that constitute the 
LED. The energy values for the various device components were taken 
from literature, while the values reported for the FAPbBr3 NCs were 
obtained from ultra-violet photoelectron spectroscopy of a film depos-
ited on ITO, and its optical absorption spectrum. 

 In Figure 2aFigure 2aFigure 2aFigure 2a we report the current density-luminance-voltage 
(JVL) curve for the “champion device” (i.e. LED with highest 
EQE). The LED reaches a maximum luminance of 12998 cd/m2; a 
remarkable value but lower than the 22830 cd/m2 achieved in the 
highest EQE perovskite LED based on evaporated transport 
layers,16 while LEDs based on bulk CsPbBr3 can achieve higher 
luminance compared to NCs.22 From the JVL curves we can esti-
mate a turn-on voltage (Von, extracted from a luminance of 0.1 
cd/m2 , see Figure S2) of 4.1 V, which is higher than the estimated 
optical band-gap of the FAPbBr3 NCs (2.43 eV). In fact, in an ideal 
LED, the lowest limit of the Von is represented by the optical band 
gap of the emitting material;23 yet many factors during device fabri-
cation can induce increased Von. In our case, we assign the relatively 
high Von to the increased thickness of the LED and a corresponding 
increase in series resistance. We found that using a thick FAPbBr3 
NC layer (95 nm) allows the device to reach higher luminance and 
higher EQE at the cost of an increased operational voltage (see 
Table S1 in the supporting information). The cross-section of the 
LED in Figure 1a reveals that the overall device thickness is ≈ 270 
nm, thus corroborating our explanation. Despite the high operating 
voltage, the champion device shows a maximum EQE of 6.04% 
(Figure 2b) and a maximum current efficiency of 20.53 cd/A. To 
our knowledge, these are the highest efficiency values reported for 
perovskite NC LEDs based on solution processed transport layers 
to date, and the champion device outperforms other LEDs based 
on FAPbBr3 NCs as well. No drastic efficiency droop is observed 
for high driving currents: the EQE is reduced only by 10% from 20 
to 68.8 mA/cm2 (i.e., 6.3 to 8.4 V).). The efficiency droop in NC 
LED is known to be caused by Auger recombination at high driving 
current density when charge balance in the active layer is not 
achieved. The stable efficiency observed in our LEDs indicates that 
Auger recombination does not play a major role (i.e. in the active 
layer charge imbalances are reduced) allowing high luminance to 
be reached and the efficiency maintained. From the EQE value we 

can estimate the internal quantum efficiency (IQE) following a 
previously reported method,24 thus obtaining a maximum IQE of 
25.54%. The estimated IQE is lower than the measured PLQY for 
the FAPbBr3 NC film used in the device of 46 ± 5%, indicating that 
further device optimization can increase the efficiency of these 
LEDs. The electroluminescence (EL) spectrum is stable under 
increasing applied bias (see Figure 2c, colour coordinates diagram 
is reported in Figure S3) up to 8.5V. The EL is centred at 519 nm 
with a full-width-half-maximum (FWHM) of 18 nm, in the range of 
previously reported perovskite NC LEDs.10,16 The “champion de-
vice” here presented shows good performance in terms of EQE and 
maximum luminance and this result is reproducible in large part of 
our LEDs, as shown in the histogram in Figure 2d, where an aver-
age EQE of 5.16% is calculated from a total of 30 different devices. 
Nevertheless, device stability remains very limited as the LEDs are 
operational for only few minutes, similar to what recently reported 
by F. Yan et al.16 The short operational lifetime is currently the 
main issue of perovskite NC devices and in our case we can observe 
a decrease in performance already after the initial JVL scan (see 
Figure S4).   

 

Figure 2.Figure 2.Figure 2.Figure 2. (a) Current density-Voltage-Luminance curves for the LED 
with highest EQE (champion device). (b) EQE and current efficiency 
curves vs current density, inset: photo of an LED under operation. (c) 
Electroluminescence spectra recorded at increasing applied voltage. 
For comparison the PL spectrum of the film is plotted (black dashed 
line). (d) Histogram of the achieved EQE for the LEDs. 

We now focus our discussion on how we achieved such LED per-
formance, starting from the material development and properties, 
to the fabrication of the active layer.  

The FAPbBr3 NCs were synthesized following our previously pub-
lished procedure for CsPbBr3 NCs25 where, instead of Cesium ace-
tate, we have employed Formamidine acetate as a precursor (see 
experimental section and Table S2 in the supporting information 
for the details on the volumes and precursors used). The main mo-
tivations to substitute Cs with FA is the necessity to purify the ob-
tained material to produce films with reduced roughness. Never-
theless, LEDs based on FA-containing perovskites demonstrate 
comparable performance to Cs-containing ones, both when syn-
thesized as NCs or nanostructured film.26–28 In order to fabricate 
continuous solid films to be used in LEDs, we have developed a 
purification procedure that aims at reducing NC aggregation and 
removal of ligand excess without compromising the PLQY of the 
NCs. A schematic of the purification procedure employed is  
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FFFFigure 3igure 3igure 3igure 3. . . . (a) Scheme of the purification procedure employed. The obtained FAPbBr3 NCs were directly used for film fabrication via spin-coating 
after purification. (b) Transmission electron microscope micrograph of the FAPbBr3 NCs after purification. (c) Optical absorption and steady-state 
PL spectrum of the purified FAPbBr3 NCs in toluene solution. (c) Time-resolved PL of the FAPbBr3 NCs in toluene solution before (dark green) and 
after (light green) purification, and magnification of the initial part of the PL decay (inset). The PL decays were fitted with a bi-exponential function 

and in the figure the dominant component (τ1) is reported. 

presented in Figure 3aFigure 3aFigure 3aFigure 3a. Importantly, FAPbBr3 NCs demonstrate 
higher stability during purification compared to CsPbBr3 synthe-
sized with our procedure. In fact, in the case of CsPbBr3 NCs, high 
PLQY is readily observed directly after synthesis2,25 but further 
purification damages the NCs, thus showing a PLQY drop to 45 ± 
5%. The obtained NC solution is initially centrifuged in order to 
transfer the NCs from the synthesis solvents mixture to anhydrous 
toluene. A post-synthesis treatment employing PbBr2 complexes 
(see reference 25) is then applied to the NCs to enhance further 
the PLQY: pristine NCs show a PLQY of 35% directly after synthe-
sis, the treatment enhances it up to 48%.  After the treatment with 
PbBr2, oleic acid is added in order to dissolve the NC aggregates 
that are observed in solution. Room-temperature synthetic ap-
proaches based on the use of relatively short-ligands are known to 
give rise to aggregation or coalescence during the NC crystalliza-
tion.2,25 Presence of aggregates/coalescence can be observed in 
TEM images of the as-synthesized NCs (see Figure S5), and it is 
further indicated by the turbid colour of the solution (Figure S6). 
Employing as-synthesized NCs for film preparation does not allow 
for the fabrication of working LEDs due to the high roughness of 
the obtained films (RMS roughness = 20.95 nm). Addition of few 

µl of oleic acid partially dissolves the aggregates (Figure 3b and 
photo in Figure S6). After this step the NC were centrifuged at slow 
speed to remove the large not-dissolved aggregates, and finally they 
were washed one last time with methyl acetate to remove excess 
ligands in solution.4 Following this procedure we were able to fabri-
cate spin-coated FAPbBr3 NC films with an RMS roughness = 3.45 
nm. Figure 3c shows the optical absorption and PL spectra of the 
FAPbBr3 NCs in toluene solution. The NCs present a PL peak at 
511 nm and FWHM = 22 nm. Spectral shape and PL peak position 
are unchanged compared to the not purified material. After the 
purification, the PLQY shows a 1.85 times increase up to 90 ± 9%. 
This enhancement is accompanied by a drastic change in the PL 
dynamics (Figure 3d) where the initial fast decay component re-
duces, thus increasing the PL lifetime from 2.66 ns to 4.27 ns (a 
summary of the PL decay fitting values is reported in Table S3). 
The PL lifetime after purification is 1.6 times longer than for the as-

synthesized NCs.  This increase is close to the one observed for the 
PLQY, thus indicating that the enhanced luminescence is correlat-
ed to a decrease in the non-radiative rate of the emitter (i.e. de-
crease of the fast component observed in the PL decay of the as-
synthesized NCs). Films fabricated via spin-coating show a small 
red-shift of the PL peak (from 511 nm in solution to 516 nm in 
film), yet the PLQY is preserved, showing once again a value of 90 
± 9%. We have previously observed this surprisingly high PLQY in 
CsPbBr3 NCs prepared with the very same synthetic method3,25 and 
it can be tentatively assigned to hole trap passivation carried out by 
ambient oxygen in the spin-coated film.29,30 These results show that 
the removal of aggregates in FAPbBr3 NCs synthesized at room 
temperature and with short ligands is necessary to obtain highly 
luminescent material, in contrast with what observed for CsPbBr3 
NCs.  

Following the substitution of Cs with FA in our NCs, we have 
employed a cross-linking method to prevent dissolution of the NC 
film upon spin-coating of the hole-transport layer, thus removing 
the need to carry out an annealing step in order to insolubilize the 
NC layer. As reported by G. Li et al.,9 exposure of a NC film to 
trimethylaluminum (TMA) vapours in an ALD system, followed by 
storage in air, it induces partial cross-linking of the surface ligands, 
enabling high film-retention rates (i.e. thickness reduction upon 
spin-rinsing with a solvent). We have used a similar procedure for 
our FAPbBr3 NC film. Yet, due to the different synthetic approach 
and the relatively short length of the surface ligands in our synthe-
sis, we obtained substantially different results compared to what 
observed for perovskite NCs prepared via hot-injection method. 
This cross-linking method is advantageous compared to ultra-high 
vacuum deposition of transport layers as it requires only few 
minutes to be completed and it is carried out at room temperature. 
In Figure S7    we report the impact of the ALD treatment (see exper-
imental section and supporting information) on the luminescence 
of the FAPbBr3 NC film spin-coated on glass. Directly after expo-
sure of the film to TMA vapours, the PLQY of the film shows a 
drop from the original value of 90% to < 1% when 20 pulses of 
TMA vapours are applied. On the other hand, storage of the film in 
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air at room-temperature for 24h induces a 201% increase of the 
PLQY. This effect is somewhat similar to what previously reported9 
but slower in comparison, as it is requires 24h of exposure to air. 
This can be caused by the shorter ligands used in our synthesis 
(octylamine/octanoic acid) which slows down the kinetic of the 
cross-linking reaction. Importantly, we do not observe an en-
hancement of the PLQY but only a recovery during storage in air. 
Following these results, we have then assessed the film-retention of 
the cross-linked FAPbBr3 NC film. We observed that already 5 
pulses of TMA vapours were sufficient to decrease the thickness 
loss to 10%, thus indicating that it is not necessary to sacrifice a 
substantial amount of luminescence to obtain an insoluble NC film. 
From these different parameters, we have found a trade-off condi-
tion between PLQY loss and film retention by using 3 pulses of 
TMA vapours, thus obtaining a film with a final PLQY of 46% and a 
film retention rate of 85%. Considering the performance of our 
LEDs, this indicates that a retention rate of 100% is not required to 
achieve high EQE and Luminance, and certain degree of NC 
film/hole-transport layer intermixing can be accepted. SEM imag-
ing carried out on FAPbBr3 NC film before and after cross-linking 
reveal no sizeable changes in film morphology and no cracks are 
formed following the procedure (see Figure S8 in the supporting 
information). 

In conclusion, we have fabricated highly efficient LEDs employ-
ing solution-processed materials combined with a cross-linking 
procedure based on ALD, thus demonstrating that is possible to 
achieve high performance without the use of evaporated transport 
layers. The obtained devices outperform current perovskite NC 
LEDs  based on solution-processed transport layers (EQE 6.04% vs 
1.1%)11 and LEDs based on FAPbBr3 NCs (20.53 cd/A vs 13.02 
cd/A).31 Importantly, solution processed LEDs based on quantum 
dots of different composition or shape,21,32 and conjugated 
polymers33 are now demonstrating very competitive performance. 
We hope that our work will encourage further developments for 
perovskite NCs towards all-solution processed LEDs. 
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