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having recently passed the 22% certi-
fied power conversion efficiency mile-
stone.[1,3] Organic lead halide perovskites 
are also explored in photodetectors,[4–6] 
lasing applications,[7,8] and light-emitting 
diodes (LEDs).[9–11]

Rapid advances in bulk perovskite 
materials have in turn brought signifi-
cant attention to quantum dots based 
on perovskites. Colloidal organic metal 
halide perovskite nanomaterials were 
reported based on MAPbBr3 nanocrystals 
obtained via a recrystallization process.[12] 
A hot injection synthesis method was 
then developed to generate fully inor-
ganic CsPbX3 perovskite quantum dots 
(PQDs)[13–15] that showed narrow photol
uminescence (PL) spectra and high photo
luminescence quantum yields (PLQY) 
that reached 90%. Furthermore, MAPbX3 
PQDs were reported with PLQY of 70% 
and a wide color gamut.[16] CsPbX3 PQDs 
have particularly wide-ranging quantum-

size-effect tunability in light of their large exciton Bohr radius 
and halide compositional tuning.

To date, colloidal perovskite nanocrystal syntheses have 
adopted lead halides as the source for lead and halogens, a 
strategy similar to that used to prepare bulk perovskite materials. 
This requires dissolution of PbX2 salts in a polar medium such 
as dimethylformamide (DMF), and it also demands the use of a 
mixture of oleylamine and oleic acid (OA) as surfactants.[12,16–18] 
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1. Introduction

Solution-processed hybrid and inorganic lead halide perovs-
kites are of interest for optoelectronic applications because 
of their excellent photophysical and transport proper-
ties.[1–3] Methylammonium and formamidinium lead halide 
(MAPbX3, FAPbX3, X = Cl, Br, I) perovskites are top con-
tenders in solution-processed single junction solar cells, 
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A nonpolar solvent method was reported for CsPbX3 PQDs in 
which PbX2 salts were solubilized in oleylamine/OA capping 
agents in a noncoordinating solvent, 1-octadecene (ODE), fol-
lowed by injection of cesium oleate at elevated temperatures 
(140–200 °C).[13] However, these PQDs exhibited poor colloidal 
stability and readily precipitated from the crude solution.[13,19–21] 
Recently, Hens and co-workers explained the reasons for 
the limited stability of PQDs, attributing it to facile proton 
exchange between the oleate and amine surfactants. This leads 
to a dynamic equilibrium between bound and unbound ligands, 
enabling facile ligand loss.[22] In addition, oleylamine itself can 
also accelerate the degradation of the nanocrystals by coordi-
nating the lead species (Pb-oleate, PbX2) and ultimately dis-
solving the lead oleate Z-type ligands from the surface.[23]

For these reasons, a new synthetic strategy is urgently 
needed to overcome the reliance on oleylamine and the require-
ment of multiple competitive ligands. Moving beyond the use 
of oleylamine is challenging because this ligand is presently 
relied upon to solubilize the lead halide precursor. We thus 
turned instead to Cs-oleate (CsOA) and Pb-oleate (PbOA2) and 
searched for a new halide source. We were inspired by ligand 
exchanges in chalcogenide quantum dots. Tetrabutylammo-
nium iodide (TBAI) is used to provide stable iodide passivation 
of metal-rich QD surfaces through the cleavage of lead-carbox-
ylate bonds in proton-donating solvents (e.g., methanol).[24–27] 
This exchange mechanism provides a predictive pathway 
for the reaction between CsOA and PbOA2 with quaternary 
alkylammonium halide salts (NR4X, R = alkyl group).

Recently, Wei et al. reported a room-temperature synthetic 
method based on carboxylic acid capped CsPbBr3 PQDs and 

further applied postsynthetic anion exchange techniques to 
form CsPbX3 PQDs (X = Cl, Br, I).[28] However, PQDs show 
degraded PLQY properties within 2–3 days and, surprisingly, 
suffered from lower PLQY for above room temperature reac-
tions. Here, we carry out an extensive study to employ OA 
capping supported by experimental studies and theoretical 
investigations. We demonstrate an amine-free synthesis that 
utilizes tetraoctylammonium halides (TOAX) for preparation 
of OA-capped CsPbX3 PQDs without the need of post-anion 
exchange methods. The PQDs show PLQY up to 70%, narrow 
emission spectra, and enhanced colloidal stability. We show 
that these PQDs are more stable upon purification with polar 
solvents, an advance that we attribute to stronger ligand attach-
ment. We further fabricate red, green, and blue (RGB) PQD LED 
using first time solution-processed polymer-based hole trans-
port layers in an inverted LED structure for PQDs. Green and 
blue LEDs show a threefold increase in performance for green, 
and tenfold for blue LED efficiencies compared to prior related 
reports for amine/ammonium-capped cross-linked PQDs.[14] 
We further explore, using ultrafast spectroscopy, the effects 
of photocharging and fast Auger recombination in PQDs. We 
identify these as the key factors that need to be addressed to 
achieve further improvements in LED performance.

2. Results and Discussion

To understand the reaction mechanism, its limiting steps, 
and possible ways to control growth, we carried out density 
functional theory molecular dynamics simulations of the 
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Figure 1.  Density functional theory molecular dynamics simulation of CsPbBr3 nucleation and growth steps (for simplicity, the synthesis is shown with 
acetate group instead of oleate). a) Dissociated ammonium bromide ions form complexes with CsOA and PbOA2. b) Further reaction between these 
complexes requires one of the OA− being replaced with Br−. c) Br-enriched Cs and Pb complexes polymerize through multicoordinated Br. d) CsPbBr3 
nanocrystal passivated with OA ligands.
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nucleation and crystal growth kinetics starting from the chosen 
precursors: CsOA, Pb(OA)2, and TOABr (for simplicity, the ace-
tate molecule is shown in the figure instead of oleic acid). In the 
first step of the reaction, we find that Cs and Pb oleates react 
readily with Br anions, since Cs and Pb cations are large and 
prefer higher coordination than OA can provide (Figure 1a). 
However, the resulting (PbOA2Br) clusters do not react fur-
ther as they become electronically saturated, even though the 
size of the cation could allow for higher coordination. In con-
trast, both PbBr2 and (PbOABr2) are more reactive and form 
polymeric chains, thanks to the ability of Br− to coordinate to 
more than one lead ion (Figure 1b). The exchange of the oleate 
ion for a bromide anion therefore becomes the limiting step 
for further growth of the nuclei. It is known that the detach-
ment of the oleate anion from the surface of the lead cation 
is highly unfavorable unless a proton participates and assists 
the detachment.[12] Similarly, detachment of oleate ligands con-
tinues to be the limiting step at every stage of the nanocrystal 
growth (Figure 1c). Instead of a proton, we use TOA cation to 
facilitate the desorption of OA and to control the nanocrystal 
growth. The use of TOA eliminates formation of reversible 

amine–ammonium species due to the absence of proton. How-
ever, when alkylammonium halides are used, there can be 
reversible exchange between alkylammonium to alkyamine. 
Therefore, TOA eliminates species for amine formation.

In a typical reaction, Cs-acetate, Pb-acetate, ODE, oleic acid 
are placed in the flask and heated to 120 °C until CsOA and 
PbOA2 are formed under vacuum. Then, the flask is placed 
under nitrogen and the temperature is lowered to 75 °C to 
inject the TOAX source. Injection of TOABr at 75 °C into a 
CsOA and PbOA2-containing mixture resulted in an immediate 
change in the color of the solution from colourless and trans-
parent to green, indicating the formation of CsPbBr3 PQDs. 
Moreover, the solution remained clear longer than conven-
tionally prepared PQDs, indicating that the oleic acid capped 
dots show enhanced colloidal stability (Figure S1, Supporting 
Information). This was also confirmed during purification of 
the PQDs by attempting to crash the crude solution without 
any antisolvents. To our surprise, oleic acid capped dots do not 
precipitate without the introduction of an antisolvent, whereas 
conventionally prepared PQDs precipitate spontaneously from 
solution.[13,20,21] CsPbBr3 and CsPb(Br,Cl)3 PQDs showed high 
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Figure 2.  Optical and structural characterization of CsPbX3 (X = Cl, Br, I) PQDs. a) Absorption and PL spectra of RGB CsPbX3 PQDs color coded with 
the corresponding color. b) FTIR spectra of unwashed, once-washed, and twice-washed CsPbBr3 PQDs. c) PL spectra of unwashed and twice-washed 
CsPbBr3 PQDs showing identical PL spectrum. d) X-ray powder diffraction of CsPb(Br3−xClx), CsPbBr3, and CsPb(Br3−xIx) PQDs confirming cubic per-
ovskite structure.
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stability; however, CsPb(Br,I)3 PQDs do become unstable over 
time. This may be attributed to their sensitivity to moisture. 
The synthesis of blue and red photoluminescent PQDs is 
achieved by the incorporation of mixed halide anions and car-
ried out in a similar fashion to CsPbBr3 PQDs (e.g., Br/Cl and 
Br/I) (Figure 2a).

The absence of oleylamine also accelerates the growth reac-
tion of PQDs. For example, the growth of average CsPbBr3 
(≈8 nm) PQDs requires ≈150 °C reaction temperature, whereas 
in the absence of oleylamine, similar-sized PQDs were formed 
at 75 °C. We attributed the lower reaction temperature to the 
absence of oleylamine, already known by its strong coordina-
tion that reduces the reactivity of PbX2. This inhibiting effect 
had also been reported for syntheses of InP quantum dots 
when oleylamine was utilized.[29] We further studied the effect 
of oleylamine on as-prepared CsPbBr3 PQDs by observing them 
with PL spectroscopy (Figure S2, Supporting Information). We 
find that addition of increasing quantities of oleylamine causes 
a blue shift, indicating surface etching or oxidation over time.

Fourier transform infrared (FTIR) spectra of as-synthesized 
PQDs show the presence of OA (COOH) and oleate species 
(COO−) (Figure 2b). COO− stretching confirmed the binding 
of Pb-oleate species on PQD surfaces at 1525 and 1553 cm−1 
(Figure S3, Supporting Information).[30] These signals confirm 
the bond chelating and bridging from PbOA2 on the surfaces 
of oleic acid capped PbS nanoparticles.[30] As a result of the 
subsequent washing step, PQDs maintained surface-bound 

COO− groups, and their solutions possessed a lower quantity of 
free OA. This allowed us to remove most excess ligands without 
affecting the colloidal stability. The PQD PL peak positions are 
not shifted (Figure 2c). In conventional oleylamine/oleic acid 
capped PQDs, a similar degree of purification inevitably led to 
a red shift of PL, indicating growth or fusion of those PQDs.[21] 
X-ray diffraction measurements confirm the cubic perovskite 
crystal structure of RGB PQDs with peak shifts consistent with 
the formation of alloys (Figure 2d).

We utilized X-ray photoelectron spectroscopy (XPS) to mon-
itor the presence of amine and ammonium ligands on the sur-
face of PQDs after one- and two-time washing. Both amine 
and ammonium species are present on the surface of conven-
tional PQDs even after two washing steps. This resonates with 
the conclusions of Hens and co-workers regarding ready and 
reversible proton transfer between OA and amine, which accel-
erates the desorption of protonated OA or amine-coordinated 
PbOA2 Z-type ligands and eventually causes the degradation of 
PQDs.[22,23,31] High resolution XPS N1s spectra of our solely oleic 
acid capped CsPbBr3 PQDs do not show any detectable nitrogen 
after one and two washing steps (Figure S4, Supporting Informa-
tion), confirming the absence of amine and ammonium species.

High-resolution transmission electron microscopy (HR-
TEM) imaging of CsPbBr3 quantum dots confirms the CsPbBr3 
perovskite structure (Figure 3a). The lattice spacing (5.8 Å) cor-
responds to the {110} lattice planes. HR-TEM analysis shows 
that average particle size is between 7 and 10 nm, confirming 
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Figure 3.  a) High resolution TEM image of CsPbBr3 PQDs, inset showing d-spacing calculation for single crystal. b) Device band diagram,  
c) Cross-sectional SEM image of CsPbBr3 PQD-LED. d) AFM image of CsPbBr3 PQD emission layer on top of TiO2.
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the quantum confinement effect (Figure S5, Supporting Infor-
mation). Interestingly, the reaction carried out at 75 °C does not 
form platelets, a finding that had previously been reported for 
oleylamine/oleic acid based PQDs with reaction temperatures 
of 90–130 °C.[32]

Ligand detachment during washing steps enabled PQDs 
to attach firmly onto hydrophilic substrates. An inverted 
LED device architecture was chosen in which the perovs-
kite quantum dot layer was sandwiched by a TiO2 electron 
transport layer and by a poly(9,9′-dioctylfluorence) (F8) hole 
transport layer. The band diagram of the devices, shown in 
Figure 3b, indicates the well-aligned band levels between PQDs 
and charge transport layers. Cross-section scanning electron 
microscope (SEM) imaging revealed that the overall thickness 
of the device is less than 200 nm (TiO2: 10–15 nm, active per-
ovskite layer: ≈10 nm, F8: 15 nm, MoO3/Au anode: ≈100 nm) 
(Figure 3c). Atomic force microscopy (AFM) confirmed the low 
surface roughness (Rq) of the active layer (on top of TiO2/ITO 
(Indium Tin Oxide) substrate) was around 2 nm (Figure 3d).

RGB electroluminescence (EL) was achieved by fabricating 
devices with the corresponding types of perovskite quantum 
dots (red: Br/I mixed; green: pure Br; blue: Br/Cl mixed). 
Compared to the PL spectra (Figure 4a), no significant EL 

wavelength shift was observed in RGB devices (EL peak at 
≈650, 510, 495 nm, respectively). Blue and green EL signals are 
symmetric without noticeable peak broadening (full width at 
half maximum of RGB devices are 35, 25, and 21 nm, respec-
tively), indicating that the luminescence qualities of the active 
perovskite quantum dots were well-preserved during solution-
processed device fabrication.

Device turn-on voltages were between 2.6 and 4 V depending 
on the PQD type (Figure 4d). The corresponding peak external 
quantum efficiency (EQE) values are 0.05%, 0.325%, and 
0.075% for RGB devices, respectively (Figure 4c). Green and 
blue LEDs show a threefold increase in performance for green, 
and tenfold for blue LED efficiencies compared to prior related 
reports for amine/ammonium capped cross-linked PQDs. The 
relatively low EQE value of the blue-emitting device arises 
from inefficient charge blocking by the F8 layer. The conduc-
tion band of perovskite was moved closer to the lowest unoccu-
pied molecular orbital (LUMO) of F8, which is also reflected in 
the device current density–voltage (J–V) response (Figure 4b). 
We summarize PQD-LED performance published to date and 
device architectures in Table S1 (Supporting Information). All 
published PQD-LEDs utilize evaporated electron or hole trans-
port layers. Here, we report a new device architecture that 
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Figure 4.  Device characterization of RGB PQD-LEDs. a) RGB photoluminescence (straight lines) and electroluminescence (dashed lines). b) Current 
density versus voltage (J–V) curves of PQD-LEDs. c) EQE versus current density plots for RGB PQD-LEDs. d) Luminance versus voltage curves for 
RGB PQD-LEDs.
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utilizes a solution-processed polymer-based hole transport layer 
due to robustness of OA capped PQDs to solution processing. 
CsPbX3 PQDs provide LED device performance comparable 
with previous reports (Table S1, Supporting Information). The 
range of the luminance was 30–930 cd m−2, comparable to pre-
vious PQD LEDs (Figure 4d).[14,33] It was, however, achieved at 
notably lower voltage (R: 2.6 V, G: 2.8 V, and B: 4.1 V). Although 
almost the same brightness was found from the blue and green 
devices, we noticed the red-emitting devices were dimmer: 
their lower performance may be attributed to the higher air and 
moisture sensitivity of CsPb(Br3−xIx) PQDs.

A possible reason for the limited EQE in PQD-based LEDs 
is the strong influence of Auger-assisted nonradiative decay, 
which could be a result of charged PQDs due to uncontrolled 
charge injection, and consequent trion decay.[34] To verify the 
strength of Auger recombination in these materials, we per-
formed a series of transient absorption (TA) studies in solution 
and films. Figure 5 shows TA results for the green-emitting 
PQDs with a biexciton lifetime of 38 ± 5 ps. To verify that the 

fast decay is indeed due to biexciton formation, we character-
ized its amplitude as a function of the pump intensity (see 
Figure S6, Supporting Information), finding that it follows 
Poisson statistics expected for biexcitons. A slower decay of 
about 180 ps also emerges as the pump intensity increases, 
indicating the presence of ionized PQDs and trion decay.[35] 
These values agree with the values recently reported for similar 
CsPbBr3 PQDs.[36,37] For the sample investigated in this work, 
photoionization and consequent trion formation accounts for 
less than 10% of the measured signal. However, when com-
paring the TA results for PQDs in solution and in spin-cast 
films, we observed a stronger influence of this charged species 
in films. We expect photocharging to be a slow and cumula-
tive process.[38] This is suggestive that charging could be one 
factor that limits the device’s EQE. Considering the PL and 
trion lifetimes, we can estimate that, if the device is dominated 
by charged species, the maximum EQE would be near 3%. This 
suggests that it is imperative to develop engineered PQD het-
erostructures that can reduce trion formation.

3. Conclusion

We developed an amine-free synthesis for PQDs stabilized 
solely by oleic acid, enabled by the choice of a novel halide 
precursor. Oleic acid capped PQDs showed improved colloidal 
stability and provided high stability against polar solvents 
during purification. This allows solution-processed conductive 
PQD films with low organic content and increased stability. 
We report a new LED device architecture by utilizing a solu-
tion-processed polymer-based hole transport layer with highly 
comparable RGB LED performances. Further optimization of 
the synthesis and device fabrication of perovskite quantum dots 
is the subject of ongoing investigation, in particular, the core–
shell structures to reduce the Auger recombination losses.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  a) Transient absorption spectra for green-emitting PQDs in tol-
uene solution for several pump intensities (inset shows the multiexciton 
dynamics at high excitation energy (〈N〉 = 2.2)). b) Comparison between 
the transient absorption spectra of PQDs in solution and film.
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