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ABSTRACT: Metal halide perovskite nanocrystals (NCs)
possess high photoluminescence (PL) quantum yield (®py)
and color tunability. Yet, until now, it has been difficult to
maintain the high ®p; observed in solution in spin-coated
films. Here, we report a novel CsPbBr; NCs room-temperature
synthesis based on Cs acetate, which displays near-unity ®py,
in solid-state films upon post-synthetic treatment with lead
bromide. The as-synthesized NCs show a ®p, of 80% in spin-
coated films but the post-synthesis treatment further
enhances the efficiency >95%. The high ®p; is further
confirmed by the monomolecular decay of the PL (5.8 ns)
indicating a nearly complete suppression of non-radiative
channels. The obtained films demonstrate high stability in air
and require around 3 weeks to decrease to half the initial ®py,
value.

Since the first demonstration of CsPbX; (where X is Br, Cl or
I) nanocrystals (NCs) synthesis in 2015,! this class of materials
have attracted enormous attention thanks to their interesting
properties for optoelectronic applications. Both hybrid
organic-inorganic (CH;NH;PbX;,> CH(NH,),PbX;)? and all-
inorganic perovskite NCs have been successfully employed in
efficient solar cells,#5 light-emitting diodes,®” white
phosphors,®9 photodetectors® and lasers.*> The main
attractiveness of perovskite NCs is their high
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structure' or through anion exchange reactions." Both CsPbX;
NCs and their hybrid organic-inorganic counterpart present
high ®p; in solution. Yet, this quantum yield value is typically
not retained in films® without leaving excess ligands
protecting the NCs surface, thus obtaining oily solids not
suited for active optoelectronic devices. Retaining efficiency
in film is not trivial, since NCs are not as well passivated as in
solution, they are exposed to oxygen, moisture or other
ambient contaminants, and close packing can lead to energy-
transfer to trap-states and increased self-absorption, a process
where photons emitted by a NC are absorbed and re-emitted,

one or multiple times, by the other neighboring NCs. The PL
quenching in solid state is similar to what observed in
chalcogenide NCs based on CdSe and CdSe/CdS core-shell
architectures which can show near-unity ®p;, in solution as
well.’*9 To obtain high ®p;. in solid films different venues
have been explored, for example the engineering of graded-
energy-landscape quasi-2D perovskite film,*® skipping the
preparation of NCs altogether, or the addition of organic
materials >

Here, we obtain spin-coated films of CsPbBr; NCs with ®p,
values approaching unity (>95%), thanks to the combination
of a novel synthesis at room temperature, and a post-synthetic
treatment with lead bromide. Our synthetic approach
employs Cs acetate (CsAc) as a precursor and relatively short
ligands based on octanoic acid and octylamine. The as-
obtained NCs show ®p;=80% in spin-coated films. Further
enhancement of the PL efficiency is obtained via addition to
the pristine solution of PbBr, (dissolved in a 1:1:1 mixture of
butylamine:propionic acid:hexane). Moreover, despite the
use of short ligands,> we have been able to carry out anion
exchange reactions obtaining CsPbBrj.Ix and CsPbBr;,Cly,
NCs.

The synthesis of CsPbBr; NCs is carried out via a single-step
injection at room temperature and in air, overriding the
traditional synthetic protocols that require inert conditions
and high temperatures. Here, we used CsAc dissolved in 1-
propanol as Cs precursor instead of the more common Cs*
D; and a fatty acid*
i ind degassing.*>>*3 In line
with the synthesis reported by Q. A. Akkerman et al. for
CsPbBr; inks,* the reaction is carried out in a 1:2 mixture of 1-
propanol and hexane. Injection of the PbBr, precursor
solution (PbBr, dissolved in a mixture of 111 1-
propanol:octanoic acid:octylamine) into the reaction flask
containing Cs* induces immediate formation of the NCs,
which are then purified via centrifugation and dispersed in
toluene. Figure 1a reports a bright-field TEM image of the as-
synthesized NCs (an additional TEM image is reported in the
supporting information, see Figure SI1). The NCs are highly
polydispersed with irregular shapes and sizes. From TEM
analysis we measured variable lateral sizes of the NCs: from
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7x7 up to 31x26 nm (Figure SIi). Importantly, most NCs show
an anisotropic shape resembling nanoplatelets.# The inter-
nanocrystal distance estimated from HRTEM is of 1+0.2 nm
thanks to the employment of short ligands during synthesis
(inset of Figure 1a). X-ray diffraction patterns (XRD, Figure 1b)
show that the crystal structure of the NCs is compatible with
both orthorhombic and cubic phases, ruling out the presence
of the not-luminescent Cs,PbBrs phase (see figure SI2).24%
The presence of only the CsPbBr; phase is further
demonstrated by  energy-dispersive  x-ray  (EDX)
measurements, which reveal a 1:1:3 ratio between Cs, Pb and
Br, respectively. Initial reports have deemed the cubic
structure as the only optically active phase' but recent
literature have shown that the orthorhombic phase is
luminescent as well,* and it is the actual structure of inorganic
perovskite NCs.?® Considering these conflicting results, we
cannot unambiguously assign the crystal structure phase of
the NCs and, a mixture of orthorhombic and cubic NCs cannot
be ruled out.

Our synthetic approach induces the formation of CsPbBr; NCs
with a hybrid morphology between inks* and nanoplatelets.>
The use of acetate based precursor combined with longer
ligands it is known to give rise to anisotropic NCs, as in the
case of CdSe nanoplatelets.”? Furthermore, CsPbX;
nanoplatelets can be prepared employing polar solvents and
the use of alcohols during synthesis does not allow precise
shape control.?* In Figure 1c we show the optical absorption
and PL spectra of the CsPbBr; NCs in solution and in spin-
coated films. As-synthesized NCs in solution display a PL
centered at 515 nm (full-width-half-maximum, FWHM = 25
nm) and two main absorption peaks at 468 and 449 nm.
Considering the large polydispersity of our NCs and the
presence of the CsPbBr; phase only, the main absorption
peaks can be associated with the smallest NCs while the
emission at 515 nm indicates that the PL arises from NCs with
near-bulk dimensions.® Spin-coated films from the same
solution do not show any significant PL red-shift (the FWHM
increases to 30 nm) while the main optical absorption features
show a blue shift of = 5 nm, similar to what observed for
CsPbBr; NCs films prepared via centrifugation.’> Importantly,
we measured an increase in ®pp from 54+5 to 80+8%
transferring the NCs from solution to film. The enhancement
is surprising, as one would expect a lower ®p. in film as
discussed in the introduction. Yet, CsPbBr; NCs possess an
intrinsic defect-tolerant structure>* strongly reducing the
effect of traps on the PL. Furthermore, the large spectral
spacing of 47 nm (0.24 eV) between the main absorption
features and the PL induces a limited self-absorption in dense
NC films.
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Figure 1. (a) TEM image of the as-synthesized CsPbBr; NCs and
(inset) high-resolution TEM of the NCs. (b) X-ray diffraction
pattern collected from a NC spin-coated film before and after
treatment in solution. The red bars represent the diffraction
pattern for orthorhombic CsPbBr; (ICSD 97851) while the blue
bars are the pattern for cubic CsPbBr; (ICSD 97852). Optical
absorption (dashed lines) and steady-state PL (solid lines)
spectra of CsPbBr; NCs in toluene solution and spin-coated film
before (c) and after treatment (d).

The increase in ®r. can be explained tentatively by the
removal of impurities still present in solution after synthesis.
Polar species such as 1-propanol or Cs* used in the reaction
can cause ligand desorption from the NCs surface.3® In our
synthetic approach the obtained NCs were purified only once
via centrifugation, as additional steps or addition of an
antisolvent (for example, methyl acetate) have a detrimental
effect on the ®p.. Upon spin-coating, it is possible that
impurities are washed away. This hypothesis is supported by
the lower ®p, of 45+5% measured in drop-cast films where
impurities are left and solvent can be trapped inside.
Nevertheless, self-absorption depends on the film thickness,
thus it can generate the discrepancy in ®p. between drop-cast
and spin-coated films. Furthermore, a variety of effects can
cause the observed PL enhancement as, for example, variation
in the dielectric constant of the surrounding medium (from
toluene solution to air) and the way NCs are packed in the
film.

As reported, by J. De Roo et al.* high amine content in
solution induces a stronger binding of the carboxylic acid on
the NCs surface thus enhancing the PL efficiency. Similarly,
Z. Wei et al 3' have shown that CsPbBr; films treated with CsBr
display enhanced ®p;. For these reasons, we have investigated
post-synthesis treatment of our CsPbBr; NCs based on the
addition of small amounts of amines, carboxylic acids and
reaction precursors/complexes (0.6% v/v for a typical
synthesis). We have focused on small carboxylic acids and
amines since one of the main advantage of our NCs is the
formation of dry films without the need of complex
procedures that can be detrimental for the PL efficiency.
Addition of only a small amount of carboxylic acids to the
pristine CsPbBr; NCs toluene solution induces a drop in ®pp
(see Table Sh for a summary of the post-synthesis treatment



results) with the solution turning from green to yellow. This
effect is observed by adding acids with a short carbon chain,
from propionic to hexanoic. Addition of carboxylic acids with
longer chains, such as oleic acid, does not modify the PL
properties of the NCs. It is possible that the higher acidity of
small carboxylic acids interfere with the acid/base equilibrium
at the NCs surface, causing once again ligand desorption.>°
Similarly, sole introduction of CsAc/1-propanol precursor
turns the NC solution white and completely quenches the
photoluminescence in few seconds. On the contrary, adding
0.6% (v/v) butylamine enhances further the PL of the NCs.
Further amine addition causes cleavage of the NCs into
smaller ones (as demonstrated by the appearance of blue-
shifted PL peaks, see Figure SI3) and it turns the solution
white in few hours, suggesting NCs decomposition.>+3°
Finally, introducing PbBr, in combination with propionic acid
and butylamine into the NC solution, both enhances ®p, and
it stabilizes the NCs. Figure 1d shows the PL and absorption
spectra of the NCs in solution and in film after treatment with
PbBr,. The PL spectrum is blue-shifted of 5 nm (510 nm)
compared to the pristine sample and a red-shift of the main
absorption peaks is observed (475 and 456 nm). A PL blue-
shift has been reported for CsPbBr; powders treated with
CsBr3' and it has been assigned to the presence of excess Br. In
our case, excess of Br is present due to the introduction of
PbBr, but the same PL blue-shift is observed upon addition of
only butylamine (see Figure SI3). On the other hand, the red-
shift of the main absorption features indicates an increase in
size of the NCs upon addition of PbBr,. This interpretation is
further supported by TEM images collected from the treated
sample and their analysis (see Figure SI4) where the average
width and length of the NCs is increased by 14+2%.
Importantly, the XRD spectrum (Figure 1b) do not reveal any
difference in crystal structure after treatment. These changes
in PL properties are followed by an increase in ®p1. from 54+5%
to 83+8%. Spin-coated films from treated NCs show the same
PL as observed in solution while the ®p; approaches 100%. The
observed near-unity PL efficiency in films is remarkable and
to our knowledge, it has never been observed in NC films.
Nevertheless, another important parameter to take into
account is the NCs stability. Pristine NC solutions stored at 4
°C turn yellow and barely luminescent after 48 hours. The
treatment enhances the stability, with the solution
maintaining its original PL properties for over 2 months upon
storage in dark and at low temperature. Similarly, films spin-
coated from pristine solutions reach half the initial ®py, after
one week of storage in air, while films from treated solutions
need 3 weeks to reach half the efficiency value.

Time-resolved PL measurements carried out in solutions and
films show an overall suppression of non-radiative
components of the NC PL decay upon post-synthesis
treatment and spin-coating. The most striking effect is
observed in solution where the average PL lifetime increases
from 2.1 to 4.7 ns (Figure 2a) upon PbBr, treatment thanks to
areduction in the initial sub-ns decay component (see Table 1
for a summary of the fitting parameters). The suppression of
the fast component followed by the increase in ®p;, identifies
this channel as a PL quenching mechanism that is mitigated
by the post-synthesis treatment. Nonetheless, the PL decay in
solution remains multi-exponential indicating a complex de-
excitation pathway which is not observed in CsPbBr; NC
solutions displaying near-unity ®pi.3 Upon spin-coating of the

pristine NCs (Figure 2b), the PL decay becomes nearly mono-
molecular, with only a 7% contribution of the long-lived
lifetime component assigned to charge-trapping (see Table 1).
The long-lived component is further reduced to 2% of the
overall PL decay by using the treated NC solution for film
preparation. Importantly, comparing the pristine films to the
treated ones, a secondary effect is observed: the dominant
decay channel is shortened from 9.6 (pristine film) to 5.8 ns
(treated film). Considering the increase in ®p;, from 83% to
>95%, the shortening of the dominant PL decay channel
indicates an increase in the radiative-rate induced by faster
exciton recombination in the NCs. Power dependent
measurements reveal near-unity ®@py, in film pumping up to 30
mW/cm? (Figure 2c). At low excitation density we do not
observe a drop in efficiency indicating that exciton
recombination is not trap-limited.>> Above 30 mW/cm?
multi-exciton effects as Auger-recombination can be
detrimental for the PL efficiency,?* and sample degradation
can take place.
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Figure 2. Time-resolved PL measured at the PL peak (A = 515-510
nm) for the CsPbBry NCs in toluene solution (a) and from a
spin-coated film (b). The intensity average lifetime in (a) (<z>)
has been calculated as following: < t >= (It + I,7,) /(I +
I,), hence excluding the long lifetime component 73 . (c)
Photoluminescence efficiency (@pr) Vs excitation power density
(Aexc = 405 nm) for a spin-coated film from treated NCs. (d) PL
spectra recorded from a CsPbBr; NC solution and anion
exchanged samples with CI- (CsPbBr;.<Cly) or I' (CsPbBr.ly).

The observed near-unity ®p; in film originates from a
combination of effects. First, our synthetic method produces
CsPbBr; NCs showing a high ®p;. of 80% in spin-coated films.
Until now, many of the reported synthetic procedures have
shown lower ®p_ in films. For example, CsPbBr; NCs inks
prepared with a similar procedure possess a PL efficiency
around 35%.4 Other examples are CsPbBr; NCs prepared with
longer ligands such as oleic acid,' or nanoplatelets.> As
previously introduced, the high PL efficiency observed in our
NCs films can partially be assigned to the large spectral
spacing between the main absorption features and the PL peak
which reduces self-absorption in the film.

Table 1. Summary of the parameters used for fitting the PL
decays of CsPbBr; NCs in solution and in spin-coated films. The



PL decay fitting was carried out with a three-exponential
function (I = Iy + LeCV/™ + Le(“t/1) 4 [Le(-t/%))  for
solutions and a two-exponential one (I = I, + L,e(-t/7™) +
Le“t/%2) for spin-coated films.
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Another beneficial impact is given by the addition of the PbBr,
solution which induces a stronger ligand binding3° at the NCs
surface and it introduces a Br excess,3 both beneficial effects
for the PL efficiency. It has been demonstrated that exposure
of CsPbBr; NCs films to butylamine induces the formation of
the not-luminescent oD Cs,PbBrs phase.33 In our case we
observe a similar phenomenon as the treatment is very
sensitive to the amount of butylamine added. Nonetheless,
judiciously adding the PbBr, solution maintains the beneficial
effect of the amine treatment but eliminates the need to
control precisely the volume added (as addition of more than
0.6% v/v of butylamine degrades the NCs, see Table Sh).
Importantly, while this paper was under revision, J. Y. Woo, et
al3* reported an increased ®p. and stability via surface
passivation of CsPbBr; NCs by adding ZnBr, into the reaction
flask. We cannot rule out that a similar mechanism is at play
in our post-synthesis treatment.34 The aforementioned effects
combine with the PL enhancement observed after spin-
coating.

An important advantage of perovskite NCs is the possibility to
carry out anion-exchange reaction, thus changing their
emission color.3'435 For this reason, we have investigated
anion-exchange reactions on our NCs using Cl" or I" anions
(see methods in the supporting information). Figure 2d
reports the PL spectra of the anion exchanged NCs in toluene
solutions. The reactions were carried out by quickly injecting
different amounts of a Pbl, or PbCl, solutions (in 1:1:1 mixture
of octanoic acid:octylamine:hexane) in a diluted treated
CsPbBr; NC solution. The anion-exchange takes place within
seconds with the solution changing color (see photo in Figure
SI5). The PL can be spectrally tuned between 418 and 673 nm.
The high ®p. observed in treated CsPbBr; NC solutions
(83+8%) is partially maintained in the exchanged samples,
with CsPbBry.Ix displaying ®pi = 50+5% and CsPbBr;Cly
achieving ®p, = 25+5% on average (see Table SI2 for the ®py,
values, PL peak position and PL FWHM and Figure SI5 for a
photo of the solutions).

In conclusion, we have demonstrated a room temperature
synthesis of CsPbBr; NCs that can be carried out in air. Post-
synthesis treatment of the NCs induces an enhancement of
the photoluminescence efficiency. Importantly, films

fabricated from the CsPbBr; NCs demonstrate near-unity
photoluminescence efficiency, which arises from a
combination of the synthetic method employed and PL
enhancement through treatment with PbBr,. We believe the
synthetic approach here proposed can be employed for the
fabrication of a variety of optoelectronic devices where high
photoluminescence efficiency is needed (e.g. light-emitting
diodes).
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