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Annealing a film of CsPbBrz nanocrystals (NCs) leads to the removal
of surface ligands and ripening of the NCs below 200 °C. This results
in a reduced photoluminescence quantum yield due to the formation
of trap states while on the other hand the conductive properties of
the films are stabilized, with a significantly stronger photocurrent
after annealing.

Colloidal perovskite quantum dots (QDs), and in particular colloidal
CsPbBr; nanocrystals (NCs), have been gathering considerable
attention in the last couple of years,"™ as papers in rapid succession
have reported electroluminescence,’ lasing,’ fast anion-exchange
reactions,”® fluorescence blinking and photoactivation,’ energy
transfer,'® single-photon emission,'" shape control leading to
bandgap tuning through quantum confinement,'>"* and stability
415 The relatively low cost of fabrication of these nano-
materials has already enabled the development of gram-scale
synthesis methods'® and their implementation in different opto-
electronic devices, such as LEDs."'®® To date, the pace at which
new potential applications based on CsPbBr; NCs are being
proposed is not matched by studies on how these NCs, which
are much more labile than conventional semiconductor QDs,
evolve under different external agents such as heat, humidity or
UV exposure. Here temperature is probably the most straight-
forward and widespread factor to take into account. To date, the
influence of temperature on the shape and optical properties of
cesium lead halide NCs has been studied mainly as a parameter
that is tuned during the synthesis of the NCs,'® while many
more studies have been carried out on bulk perovskite films.
The thermal stability of the films was found to depend on the
chemical composition as well as under annealing conditions
(in air, nitrogen or vacuum).>*"**> Conings et al.>* demonstrated
for example that annealing at 85 °C caused significant degrada-
tion of hybrid organic-inorganic perovskite thin films even

in water.
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under an inert atmosphere. The instability of methylammonium
lead trihalide films upon annealing®® is one of the reasons that
encouraged the research on the more stable, fully inorganic
cesium lead trihalide (CsPbX;) counterparts.’*>* According to
Sutton et al,”® CsPbX; thin films are characterized by both
optimal crystallinity and optical performances when annealed
at 350 °C. Colloidal CsPbX; NCs are fundamentally different
from their thin film counterparts, due to their much higher
surface to volume ratio and their high organic content arising
from the molecular ligands that coat their surface. Therefore, it
is not possible to extrapolate the behaviour upon annealing of a
“film” of deposited NCs on a substrate from the reported results
for bulk films. The lack of extensive studies in this direction is
notable, as the development of perovskite NC-based optoelectronic
devices often involves heating during fabrication (e.g, lithography
resist annealing)® or during operation (i.e., Joule effect). In this
work, we fill this gap by studying the effect of annealing at different
temperatures (from 50 °C to 200 °C) under an inert atmosphere.
In the typical colloidal synthesis as described by Protesescu et al.>
CsPbBr; NCs are stabilized with long chain organic ligands
(oleylamine - OlAm - and oleic acid - OlAc - dissolved in
octadecene — ODE -, each molecule having an 18 carbon chain).
This is not anomalous in the colloidal synthesis of inorganic
NCs, but what is peculiar to perovskite NCs is their instability in
polar solvents, which makes cleaning of the sample rather
difficult.>®*® Therefore, NCs are typically centrifuged without
antisolvent and redispersed in toluene after discarding the
supernatant.>'® This procedure leads to a poor cleaning effi-
ciency, leaving residues of unbound ligands as well as ODE in
the final solution, as also noted by others.>®?® A large excess of
these residues can result in a drop-cast film that remains partly
fluid (gel-like) and not fully dried under ambient conditions. We
show herein that annealing causes the removal of organic
residues and part of the ligands at the surface of the NCs, which
in turn affects the optoelectronic properties of the film. From
50 °C to 200 °C, a drop of the photoluminescence quantum yield
(PLQY) is observed, accompanied by faster photoluminescence
(PL) decay owing to the creation of trap states at the surface of
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Fig. 1 (a) XRD patterns and (b—e) HRSEM images of samples annealed at
50 °C (b), 100 °C (c), 150 °C (d), and 200 °C (e); scale bar is 100 nm.
Characterization at different temperatures was realized on different drop-
cast films prepared under the same conditions (except for temperature)
and from the same colloidal solution (see experimental section for more
details).

the NCs. The CsPbBr; NC films also demonstrated a stable
electrical conductivity and increased photocurrent following
the annealing steps. At high temperatures (150-200 °C) ripening
of the NCs into larger crystals is observed.

When annealing of the film is performed under ambient
pressure in nitrogen, a significant portion of the organic
component can be removed from the film at 100 °C. This can
be seen by the disappearance of the broad feature around 20° in
the XRD pattern (Fig. 1a), which is assigned to oleylamine and
oleic acid*” and is further confirmed by XPS analysis (Fig. S2,
ESIT). The morphology of the film remains mostly unchanged
up to 100-150 °C (Fig. 1b-d) and consistent with that of a dried
film of 8 nm cubes prepared at room temperature (Fig. S1,
ESIt). This may suggest that the organic fraction that is
removed from the film is primarily coming from free ligands
and solvent residues. When annealing is performed at higher
temperatures (150-200 °C), further changes become apparent.
At the maximum temperature applied (200 °C) a small peak
appears at 11.67°, which may be linked to the presence of
CsPb,Br; species.”® The low intensity of the peak, however,
indicates that these species are residual, and the positions and
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Fig. 2 (a) Normalized PL spectra for films annealed at different tempera-

tures, the PLQY is given in the brackets in the legend. (b) Time traces
showing the PL decay recorded at the center wavelength of the PL peak.
(c, d) Current vs. time, where bias voltage (c) or light source (d) were
abruptly turned off after 1 s. Color coding given in (a) applies to all panels
(a—d). The different films were prepared from the same colloidal solution
under identical conditions.

relative intensities of the main peaks in the XRD patterns
(Fig. 1a) remain the same, corresponding to the orthorhombic
CsPbBr; perovskite (reference pattern: ICSD 28312). Nonetheless,
these are much narrower, meaning that the crystals have started
ripening. Indeed, HRSEM (Fig. 1b-e) reveals much bigger crystals,
with basically no trace of the original 8 nm cubes at 200 °C. We
can imply that this further ripening is aided by the additional
removal of surface ligands that promotes coalescence of the NCs.

The optoelectronic properties of the films (Fig. 2) undergo
significant changes already after annealing at comparatively
low temperatures, i.e. below 150 °C. The PL spectra and PL
decay after annealing at different temperatures are shown in
Fig. 2a and b. The PL peak appears at around 521 nm with
slight variations in the wavelength (<5 nm). The peak is
especially red-shifted at 150 °C (525 nm), which may indicate
a loss of quantum confinement as the NCs start coalescing at
this temperature. However, the further blue-shift to the original
value at 200 °C seems to contradict this. It is possible, however,
that different transformations start taking place at this tem-
perature (see discussion in Fig. 1a above), which presently are
not completely elucidated. The significant changes appear
though in PLQY and PL decay times. Both PLQY (Fig. 2a) and
PL decay lifetimes (Fig. 2b and Table S1, ESIt) show a slight
increase (28% to 30%, 8.6 ns to 13.9 ns, respectively) for
annealing at 50 °C. The increase in PL decay time under mild
annealing indicates a partial suppression of fast non-radiative
channels that is beneficial for the PLQY. Annealing at 100 °C or
above results in a more efficient removal of organic components
(as shown in Fig. 1) and PLQY and PL lifetime drop below the
values of the untreated films. PLQY drops roughly linearly from
30% (at 50 °C) to around 2% (at 200 °C), which is accompanied
by a decrease in the PL lifetime from 8.57 to 4 ns at 200 °C
(weighted average lifetime (t), see Table S1, ESIt). Apart from
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synthetic residues, such organic components can also include
the ligands that passivate the NC surface. The decrease in PLQY
and PL lifetimes can be explained by the formation of trap states
induced by ligand removal.*

One would expect a reduction in the organic content in a NC
film to enhance its charge transport, as reported for other
inorganic colloidal NCs.** We measured the electrical current
response of the NC films deposited on interdigitated Au electrode
arrays before and after the annealing processes described before.
Untreated films did not allow recording stable or reproducible
data, and current-voltage curves measured on films annealed at
low temperature showed large hysteresis and often instabilities.
We therefore investigated the effect of annealing on the stability
and time response of the current and photocurrent of the films. In
Fig. 2c the current is recorded over time while an electrical bias
voltage is abruptly switched from 0 to 1 V at ¢t = 1 s. All current
traces show a strong and fast overshoot within ms that can be
attributed to the electrical measurement circuit. After that, we
observe a decrease in decay time with the increasing annealing
temperature that is accompanied by a reduction of the steady
state current. We conclude that the annealing removes organic
components from the film that contribute to conduction with a
very slow time response, and that the removal is more efficient for
higher annealing temperatures. The response of the photocurrent
(hightIaar) is shown in Fig. 2d. Here the current is measured
under white light illumination that is abruptly switched off at
t =1 s. The 50 °C film exhibits only low photocurrent that
decays slowly (over several seconds) once the light is switched
off. Higher annealing temperatures lead to orders of magnitude
higher photocurrents and significantly faster photocurrent
decays. Here the ligand removal caused by higher annealing
temperatures can create the additional trap states which can
provide more efficient pathways for the extraction of photo-
generated charges. The photocurrent decay times in the range
of hundreds of milliseconds to some seconds, as observed in
Fig. 2d for higher annealing temperatures, are in line with
those observed from NC films of other materials.*!

Conclusions

In conclusion, the evolution of the chemical and optoelectronic
properties on a drop-cast film of CsPbBr; NCs upon annealing
has been described. Below 100 °C, the morphology of the initial
8 nm cubes was preserved and only the organic fraction was
affected. Here, bound and unbound ligands still present in the
pristine film from colloidal synthesis were removed upon
annealing. Annealing above 150 °C led to the coalescence of
NCs, with preservation of their orthorhombic CsPbBr; phase.
These structural and chemical transformations resulted in
drastic changes in the optoelectronic properties of the drop-cast
film. At 50 °C, PLQY increased from 28% to 30% demonstrating a
positive effect from the treatment. However, at higher temperatures
PLQY and PL decay times dropped significantly (2% at 200 °C).
This is related to the creation of trap states at the surface of the
NCs, originated by the stripping of the ligands. Untreated films
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manifested unstable and irreproducible conductivity, and annealing
resulted in a more stable current with lower magnitude. The
photocurrent of the films was increased by more than one order
of magnitude using the annealing treatment. Our findings show that
annealing under an inert atmosphere improves the performance of
CsPbBr; NCs for optoelectronic applications.
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