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ABSTRACT: Nanocrystals of CsPbX3 perovskites are promising
materials for light-emitting optoelectronics because of their colloidal
stability, optically tunable bandgap, bright photoluminescence, and
excellent photoluminescence quantum yield. Despite their promise,
nanocrystal-only ﬁlms of CsPbX3 perovskites have not yet been
fabricated; instead, highly insulating polymers have been relied upon
to compensate for nanocrystals’ unstable surfaces. We develop
solution chemistry that enables single-step casting of perovskite
nanocrystal ﬁlms and overcomes problems in both perovskite
quantum dot puriﬁcation and ﬁlm fabrication. Centrifugally cast
ﬁlms retain bright photoluminescence and achieve dense and homogeneous morphologies. The new materials oﬀer a platform for
optoelectronic applications of perovskite quantum dot solids.
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nanocrystals, i.e., to remove remnant precursors, polar solvents
are added, and these serve as an antisolvent, after which the
resultant mixture is centrifuged.
Unfortunately, the underlying perovskite crystal materials are
unstable (prone to dissolution) in polar solvents.13,21 For this
reason, it is necessary to minimize the puriﬁcation steps that
would normally rely on addition of an antisolvent followed by
centrifugation. This complicates the formation of ﬁlms based
on perovskite nanocrystals, especially when it is desired to
preserve the high luminescence of the input colloidal materials.
Traditional means of ﬁlm formation such as spin-coating
normally rely on well-puriﬁed nanocrystal solutions that are not
currently available in the case of perovskite quantum dots.
For this reason, the realization of puriﬁed perovskite
quantum dot ﬁlms has remained elusive. Perovskite nanocrystal/polymer composite thick pellets have been fabricated by
embedding the nanocrystals in an insulating poly(methylmetacrylate) (PMMA) matrix;13,15 however, optoelectronic applications such as light-emitting diodes (LEDs) rely on
pure ﬁlms of nanocrystals that do not include an insulating
phase, and also require eﬀective removal of synthetic
precursors.
We took the view that, to avoid damage from crystaldestabilizing polar solvents, a procedure to form perovskite
quantum dot ﬁlms could instead be developed that would
involve a centrifugation-based process applied directly to

emiconducting metal halide perovskites have attracted
considerable attention in optoelectronics, including photovoltaics and light emission, because of their excellent
photophysical properties.1−9 Perovskite-based photovoltaic
devices showing power conversion eﬃciency exceeding 20%
have been recently reported,4 whereas perovskite-based ﬁlms
and light-emitting devices show quantum eﬃciencies in the
range 0.1−3.5%, indicating opportunities for further improvement.5−9
The photoluminescence of lead halide perovskites can be
improved through dimensional control via nanostructuring and
judicious surface passivation.10,11 Thanks to recent advances in
nanomaterials synthesis, CsPbX3 (X = Cl, Br, and I) perovskitebased colloidal nanocrystals, hereafter referred to as perovskite
quantum dots, have recently been constructed and investigated
by several research groups. These materials have excellent
photophysical properties including narrow emission line width,
high quantum yield of luminescence, and short radiative
lifetimes.12−18 These improved photophysical properties were
attributed to nanoscale eﬀects such as quantum conﬁnement.
Protesescu et al. recently reported fully inorganic CsPbX3
perovskites prepared in the form of colloidal nanocrystals.
These employed hydrophobic ligands and were dispersed in
nonpolar solvents.13,14 Next-generation nanoscale CsPbX3
perovskites have also been developed.16,17 Attractively, the
bandgap is readily controlled in CsPbX3 in view of its larger
exciton Bohr diameter, estimated to be of order ∼12 nm.
To date, the most monodispersed and crystalline perovskite
quantum dots have relied on hydrophobic ligands for colloidal
stabilization in nonpolar solvents.13−20 To purify high-quality
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Figure 1. (a) Eﬀect of polar solvents on crude solutions of as-synthesized CsPbBr3 nanocrystals. All mixtures of crude solution and polar solvents
(with the volume ratio of one to one) in each vial were centrifuged at 8000 rpm for 30 min. The solvents are arranged in order of increasing dipole
moment: (1) dimethyl sulfoxide, (2) dimethylformamide, (3) acetonitrile, (4) methanol, (5) acetone, (6) ethyl acetate, (7) tert-butanol, (8) 1butanol, (9) tetrahydrofuran, (10) isopropyl alcohol, (11) ethanol, (12) chloroform, and (13) dichloromethane, respectively. (b) UV−vis absorbance
and PL spectra of the once-puriﬁed CsPbBr3 nanocrystal solution redispersed in hexane. The inset features the stable and bright luminescence
CsPbBr3 nanocrystals. (c) HR-TEM image of CsPbBr3 nanocrystals with the diameter of approximately 7 nm.

colloids, leading to the formation of on a substrate.22−25 This
would also provide an added means of puriﬁcation of the dots
relative to the precursors, since it was expected that the
nanocrystals would deposit but leave remaining precursors still
solubilized in the supernatant. In recent related reports, PbS
colloidal quantum dot solids based on chalcogenides were
fabricated using centrifugal colloidal casting; however, this
approach relied on an exchange to short polar ligands for
deposition from a polar solvent.26 It was not possible to
translate this approach directly to nanocrystals of CsPbX3
perovskites in light of their unstable surfaces in polar solvents.
We would need to develop a protocol that would instead
minimize the use of polar solvent.
Here we report the ﬁrst highly luminescent solids made using
perovskite quantum dots; we achieve this via a new process, the

direct single-step centrifugal casting of CsPbBr3 nanocrystals.
We deposited ﬁlms from crude solution of as-synthesized
CsPbBr3 nanocrystals with only small addition of a weakly polar
solvent. We found that these centrifugally cast ﬁlms show bright
luminescence with dense and homogeneous morphologies; and
achieve signiﬁcant puriﬁcation with the minimal use of
destabilizing polar antisolvents. This provides a major advance
over spin-coating to produce perovskite quantum-tuned ﬁlms.
We also show the versatility in the centrifugal process, proving
its application to CsPbI3 and CsPbCl3 perovskite nanocrystals.
Bright solutions of as-synthesized CsPbBr3 nanocrystals in a
nonpolar solvent (i.e., hexane, octane, and toluene) exhibited
characteristic absorbance and emission peaks resulting from
localization. To remove precursors, we centrifuged the
solutions a single time following the addition of an antisolvent
B
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Figure 2. (a) PL spectra of 1-, 2-, and 3-puriﬁed CsPbBr3 nanocrystal solutions. (b) FTIR spectra and photo images of CsPbBr3 perovskites as a
function of the puriﬁcation steps. (c) DFT simulations of CsPbX3 perovskites showing the weak binding strength of the surface ligands. (d) Powder
XRD pattern of the CsPbBr3 perovskites according to the number of puriﬁcation steps.

antisolvent needed to be carefully calibrated and controlled
when purifying the CsPbX3 nanocrystals using centrifugation.
Figure 1b shows that puriﬁed CsPbBr3 nanocrystals that
employed centrifugation with isopropyl alcohol as antisolvent
exhibit highly stable and bright luminescence. They retain their
optical properties and showed no appreciable change in
absorbance and emission spectra compared to the assynthesized solution-phase materials (Figure S2). Highresolution transmission electron microscopy (HR-TEM)
indicates that 7 nm-diameter CsPbBr3 nanocrystals were highly
monodispersed, with a cubic shape and narrow size distribution
after once puriﬁcation step (Figure 1c). The inset in Figure 1c
highlights that CsPbBr3 nanocrystals possess a well-deﬁned
crystalline structure with a cubic lattice parameter of 0.58 nm
along the crystalline direction ⟨110⟩.
We attempted additional puriﬁcation steps in order to
acquire better-puriﬁed CsPbBr3 nanocrystals; this resulted in
the agglomeration and fusion of CsPbBr3 nanocrystals due to
the signiﬁcant deterioration of colloidal stability of the
nanocrystals. In addition, PL spectra were signiﬁcantly redshifted in comparison to Figure 1b, suggesting conversion to
bulk CsPbBr3 (Figure 2a and Figure S3).27 We obtained
Fourier transform infrared (FTIR) spectra of CsPbBr 3
nanocrystals across the various puriﬁcation steps (Figure 2b).
For the synthesis of CsPbX3 nanocrystals, oleylamine (OLA) is

and then redispersed in hexane. To separate CsPbBr 3
nanocrystals from the crude solution, it is important to
introduce the polar solvent at very low concentrations as an
antisolvent. In contrast with chalcogenide quantum dots, lead
halide perovskites are not stable in many common solvents, and
in particular in polar solvents, a consequence of the fact that
they are fully ionic crystals.13,21 We posited that it would be
necessary to select a polar solvent that enables precipitating the
nanocrystals by centrifugation while minimizing the corresponding damage to the nanocrystal surfaces.
We ﬁrst investigated polar solvent eﬀects on the assynthesized CsPbBr3 nanocrystals. For this investigation, all
mixtures of crude solution and each polar solvent (with the
volume ratio of one to one) were centrifuged at 8000 rpm for
over 30 min. The results indicate that from mildly polar
solvents, isopropyl alcohol, 1-butanol, acetone, and acetonitrile
enabled complete precipitation of CsPbBr3 nanocrystals via
centrifugation (Figure 1a). We selected isopropyl alcohol as
antisolvent in our experiments since it possesses the smallest
dipole moment (∼1.66 D). We also studied the impact of
antisolvent concentration. CsPbBr3 nanocrystals in crude
solution were precipitated when centrifuged in the presence
of antisolvent when the volume ratio antisolvent:original
solution exceeded 1:1. Much larger excess quantities resulted
in the dissolution of particles (Figure S1). The amount of
C
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Figure 3. (a) Schematic illustration of the centrifugal casting process, which enables simultaneous puriﬁcation and ﬁlm fabrication using crude
solutions of as-synthesized CsPbX3 nanocrystals. (b) FE-SEM and AFM images for centrifugally cast ﬁlm of CsPbBr3 nanocrystals. (c) XRD pattern
for powder and centrifugally cast ﬁlm of CsPbBr3 nanocrystals. (d) FTIR spectra of spin-cast (black) and centrifugally cast (red) ﬁlms prepared from
the crude solution of as-synthesized CsPbBr3 nanocrystals, indicating that centrifugal casting process enabled the eﬀective removal of excess residuals
and passivation by the remaining ligands binding CsPbBr3 nanocrystals.

solvent, suggesting that CsPbBr3 nanocrystals were stabilized by
the remaining ligands. These FTIR signals completely
disappeared upon further puriﬁcations; and complete puriﬁcation invariably led to a complete loss of colloidal stability: the
detachment of the ligands causes CsPbBr3 nanocrystals to
agglomerate and fuse, leading to the loss of quantum
conﬁnement.
Density functional theory (DFT) simulations conﬁrm the
weak binding strength of these ligands and clarify that it is
easier to desorb ligands as neutral Cs-oleate or Pb-oleate
species, with binding energies ∼0.5 and ∼1 eV, respectively,
rather than as oleate itself, whose binding energy of ∼2 eV is
much higher (Figure 2c). More details of DFT simulations are
provided in the Supporting Information. Nanocrystal fusion
was also conﬁrmed using powder X-ray diﬀraction (XRD),
which showed gradually higher and sharper diﬀraction patterns
with increasing numbers of puriﬁcation steps (Figure 2d).

responsible for solubilizing lead halide (PbX2) salts in the
octadecene (ODE) solvent, while oleic acid (OA) enables
colloidal dispersion of the resulting nanocrystals in the
nonpolar solvent (Experimental Section in the Supporting
Information).13 The crude solution of as-synthesized CsPbBr3
nanocrystals (corresponding to the unpuriﬁed CsPbBr3 of
Figure 2b) showed an FTIR spectrum that revealed the
presence of aliphatic hydrocarbon chains, amine (−NH2), and
carboxylic acid (−COOH) moieties, indicating that signiﬁcant
quantities of precursors (i.e., OLA, OA, and ODE) are retained
in the crude solution. In particular, the carboxylate (−COO−)
stretching mode indicates that −COOH groups of OA ligands
are bound to the surface of CsPbBr3 perovskites in the form of
−COO− groups, consistent with the fact that the resulting
CsPbBr3 nanocrystals were observed to be colloidally
dispersible in nonpolar solvents. Although these signals are
signiﬁcantly reduced after one puriﬁcation step, the resulting
CsPbBr3 still retain a stable colloidal form in the nonpolar
D
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Figure 4. (a) UV−vis absorbance and PL spectra of centrifugally cast ﬁlm of CsPbBr3 nanocrystals. The photographic images in a show a CsPbBr3
nanocrystal ﬁlm fabricated onto a glass substrate. It sits in front of white paper and is UV photoexcited. (b) PLQY stabilities of centrifugally cast ﬁlm
of CsPbBr3 nanocrystals stored under ambient conditions. The inset data indicate that the CsPbBr3 nanocrystal-based ﬁlms preserve their initial PL
emission peak over the course of multiple weeks.

morphologies (Figure 3b). Additionally, the surface morphologies of CsPbBr3 ﬁlms were obtained via scanning electron
microscopy (SEM) over a range of regions of the sample
(Figure S7). Using XRD studies of centrifugally cast ﬁlms, we
found that CsPbBr3 nanocrystals were assembled with
preferential orientation of (100) and (200) planes coplanar
with the substrate planes. We conﬁrmed that CsPbBr 3
nanocrystals, prepared as powders, showed XRD patterns
characteristic of random orientation (Figure 3c).28 We also
conﬁrmed using FTIR measurement that the signal from the
residual supernatant (i.e., solvent, excess oleic acid and
oleylamine, etc.) was substantially eliminated from the
centrifugally cast ﬁlms of CsPbBr3 nanocrystals compared to
the as-synthesized crude solution. We also conﬁrmed that the
centrifugally cast CsPbBr3 nanocrystals remained passivated by
the remaining ligands (Figure 3d). This result indicates that the
centrifugal casting process enabled the successful puriﬁcation as
well as ﬁlm formation of CsPbBr3 nanocrystals.
Highly luminescent CsPbBr3 ﬁlms were successfully
fabricated via centrifugal casting: indeed they exhibit no change
in absorbance and emission peaks compared with the CsPbBr3
nanocrystal solution. We conclude that the CsPbBr3 nanocrystals retained quantum conﬁnement and did not aggregate
during the casting process (Figure 4a). This process also
enabled the fabrication of nanocrystal-based thin ﬁlms
exhibiting both red and blue emission using CsPbI3 and
CsPbCl3 perovskite nanocrystals (Figure S8). In particular,
CsPbI3 nanocrystals have a metastable structure because of
their cubic phase transition at high temperature. However, our
process enabled the fabrication of highly luminescent CsPbI3
ﬁlms that preserved the absorbance and emission peak of
CsPbI3 nanocrystals in solution phase. These ﬁlms, too,
exhibited preferential orientation assembly (Figure S9). We
also successfully fabricated centrifugally cast ﬁlms of mixedhalide CsPb(I/Br)3 nanocrystals that also showed a single
emission peak (Figure S10).
We then investigated the photoluminescence quantum yield
(PLQY) of centrifugally cast ﬁlms of CsPbBr3 nanocrystals.
The best ﬁlms achieved PLQYs of 18%. This represents the ﬁrst
report, to our knowledge, of the PLQY of lead halide perovskite
pure nanocrystal-based ﬁlms. The measured PLQY of ﬁlms was

As a result, though one-time-puriﬁed CsPbBr3 nanocrystals
are stable, we were unable to fabricate compact and crack-free
ﬁlms using conventional spin- and/or dip-coating methods:
residual chemicals in CsPbBr3 nanocrystal led to poor
morphology and evidence of separate organic-rich vs nanocrystal-rich phases (Figure S4). We also carried out additional
centrifugation of the one-time-puriﬁed CsPbBr3 nanocrystals
using minimal amounts of antisolvent, suﬃcient to precipitate
the CsPbBr3 nanocrystals, in order to obtain more puriﬁed
CsPbBr3. Although we used minimal antisolvent to initiate
precipitation of the one-time-puriﬁed CsPbBr3 nanocrystals,
even this very mild additional puriﬁcation step resulted in a
change in the PL emission peak (Figure S5).
Since our objective was to form CsPbX3 nanocrystal-based
ﬁlms exhibiting a compact and crack-free morphology while
preserving the inherent optical properties of the original
CsPbX3 nanocrystals, we sought to develop a centrifugal casting
method for the formation of high-quality ﬁlms of CsPbBr3
nanocrystals. Our notion was to complete the puriﬁcation
procedure during deposition directly from the as-synthesized
crude solution. For the ﬁlm formation of CsPbBr3 nanocrystals,
the concentration of crude solution was adjusted to 1 mg mL−1
using hexane solvent. We placed the glass substrate in a
centrifuge tube, adding the CsPbBr3 nanocrystal solution into
the tube with antisolvent (with volume ratio of one to one),
and centrifuged the sample at 8000 rpm for 30 min. The
CsPbBr3 nanocrystals became physically adsorbed on the
inserted glass substrate, a consequence of centripetal
acceleration, and the resulting ﬁlm-coated substrate was
removed from the tube and dried to remove residual
supernatant (Figure 3a).
As a result, we ﬁnd that, only by developing this new variant
of the centrifugal casting method, were we able to achieve
simultaneous puriﬁcation and formation of CsPbBr3 nanocrystal ﬁlms (Experimental Section in the Supporting
Information). We systematically controlled ﬁlm thickness by
employing diﬀerent concentrations of CsPbBr3 once hexane
solvent was added to as-synthesized CsPbBr3 nanocrystal
solutions (Figure S6).
The resulting CsPbBr3 ﬁlms showed dense packing and
periodic nanocrystal assemblies, as well as compact crack-free
E
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about 3 times lower than in the solution phase in hexane
(56%), a common phenomenon in colloidal quantum dot
ﬁlms.29 In addition to being eﬃcient in their PLQY, the ﬁlms
showed stability in their optical emission, with no change in the
PL emission peak (∼511 nm) over several weeks under
ambient conditions (Figure 4b). This result is consistent with a
highly stable ﬁlm based on CsPbBr3 nanocrystals that remain
stabilized and passivated using their original ligands retained
during the deposition process (Figure 3d). We also measured
the PLQY of CsPbI3 and CsPbCl3 nanocrystals. The PLQY in
solution (54%) and ﬁlm (17%) of CsPbI3 nanocrystals are
similar to those of CsPbBr3 nanocrystals. However, in case of
CsPbCl3 nanocrystals, which emit at short wavelength (∼410
nm), the solution and ﬁlm show lower PLQY values of 3 and
1%, respectively. Similar results have been obtained before in
chloride perovskite ﬁlms.30
These ﬁndings demonstrate that CsPbX3 nanocrystal-based
ﬁlms showing bright photoluminescence can be fabricated via a
new centrifugal casting process, directly from a crude synthesis
solution. The casting process enables simultaneous puriﬁcation
and ﬁlm fabrication, and overcomes the problems of
aggregation and segregation arising from the application of
prior ﬁlm-forming techniques to the deposition of these new
materials.
In addition, centrifugally cast ﬁlms of CsPbBr3 nanocrystals
exhibited outstanding PLQY. This work represents the ﬁrst
report of highly luminescent ﬁlms composed of perovskite
quantum dots that do not require the inclusion of insulating
matrix materials that militate against charge transport.

■
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