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Abstract: Bandgap tunability through ion substitution is a key feature of lead halide perovskite
nanocrystals (LHP-NCs). However, the low stability and low luminescent performance of CsPbCl3
hinder their full-color applications. In this work, quantum confinement effect (QCE) was utilized
to control the bandgap of CsPbBr; NCs instead of using unstable CsPbCl3, which possess much
higher emission efficiency in blue spectra region. Studies of microstructures, optical spectra and
carrier dynamics revealed that tuning the reaction temperature was an effective way of controlling
the NC sizes as well as QCE. Furthermore, the obtained CsPbBr; NCs were encapsulated in a PDMS
matrix while maintaining their size distribution and quantum-confined optoelectronic properties.
The encapsulated samples showed long-term air and water stability. These results provide valuable
guidance for both applications of LHP-NCs and principal investigation related to the carrier transition
in LHP-NCs.
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1. Introduction

Lead halide perovskite (LHP) crystals, be they hybrid organic—inorganic MAPbX3
(MA = CH3NH;*; X = C1~, Br~ and I™), FAPbX;3 (FA = CH(NH,)?*) or their fully inorganic
counterpart CsPbX3, have been attracting widespread attention since Kojima et al. [1]
demonstrated their high potentials in photovoltaic (PV) applications in 2009 [2—4]. Based
on their excellent optoelectronic properties such as large absorption coefficients, long
diffusion length and high charge carrier mobility, they have come under the spotlight
in numerous fields far beyond thin-film absorber layers in PV devices in the past few
years [5-7]. Colloidal perovskite nanocrystals (CPNCs) are the most recent type of LHP
material [8], which differ from the previous epitaxially grown perovskite thin film materials.
The facile solution-phase synthesis processes for CPNCs make them superior to traditional
epitaxial thin films in the applications of new generation low-cost, flexible and large-scale
lighting and display devices [9-15]. Furthermore, CPNCs are suitable to combine other
solution-processable materials such as other NCs, polymers or molecules to obtain special
optoelectronic, magnetic or catalytic properties.

Perovskites are direct-bandgap semiconductors, spectrally tunable through composi-
tional control of halides. For example, by controlling the Cl:Br or Br:I ratio in halides, the
photoluminescence (PL) peak can be tuned from 400 nm to 850 nm, covering the whole
visible range [16,17]. Therefore, one of the advantages of perovskites is the excellent ability
to tune their optoelectronic properties by ion substitution. Unfortunately, the stabilities
and luminescent efficiencies of LHPs with different halides are different. The cubic-phased
CsPbBrj crystals show green emission with photoluminescent quantum yield (PLQY) up
to 90% and long-term stability, whereas cubic-phased CsPbClz or CsPbCl;_Bry crystals
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are not stable at room temperature and show violet to blue emission with PLQY close to
1%, which also easily degrade in few hours [17]. These divergences are intrinsically based
on differences in radii of the halide ions, which lead to difficulty in fabricating blue and
violet light sources based on CPNCs and hinder their full-color applications. However, it is
worth noting that besides ion substitution, particle size control can be another method to
tune the bandgap. If the CPNC diameter is comparable or smaller than the exciton Bohr
diameter, the quantum confinement effect (QCE) will lead to the broadening of bandgap
and splitting of quasi-continuous in-band energy levels [18]. This method has been proved
effective in traditional IV, II-VI and III-V group semiconductor NCs [19-22]. In the case of
CPNCs, Protesescu et al. [8] for the first time reported that the sizes and optical bandgaps
of square-shaped CsPbBrs NCs could be well-controlled by reaction temperature and the
bandgaps. Alivisatos et al. [23] and Manna et al. [24] reported the layer-by-layer growth of
LHP nanoplatelets (NPLs) and their tunable emission due to QCE.

In this work, CsPbBrz NCs with high PLQYs were fabricated by solution-phase hot-
injection process. During the fabrication processes, the size of CsPbBrz NCs was tuned in
the range of 4-10 nm by controlling reaction temperature at 80-160 °C. It was found that
the NCs remained in the cubic phase even with a reaction temperature as low as 80 °C and
showed tunable absorption and emission bands which both blueshifted with decreasing
NC size. The broadening of bandgaps was well-matched with the quantum confinement
model of effective mass approximation (EMA). Furthermore, based on the time-resolved
PL spectrum results, decay lifetimes of Wannier-Mott excitons were found increasing
following the decrease of NC sizes. These results clearly indicated the contribution of QCE
that led to the bandgap enlargement, which provided a well approach for tailoring the
emission wavelength of CPNCs that are with stable structure. More importantly, this result
implies that, as the exciton lifetime can be prolonged as a strong confinement region, the
QCE may also bring in other special optoelectronic behaviors, such as multiple exciton
generation effect (MEG), which requires extra high energy level at least twice the bandgap
to absorb incident photons and limited carrier relaxation rate. For further enhancing the
chemical stability of obtained CsPbBr; NCs, we encapsulated them into polymer matrix
(polydimethylsiloxane, PDMS) to form stable functionalized mixtures while maintaining
the NC size distribution and optoelectronic properties. The encapsulated NCs showed
extra stable luminescence in air or in water for months. This result provided good guidance
of applying the bandgap tunable CsPbBrz NCs in optoelectronic devices.

2. Materials and Methods
2.1. Material

Chemicals. Cesium carbonate (Cs,COj3, 99.9%), lead (II) bromide (PbBr,, 99.9%),
octadecene (ODE, 90%), oleylamine (OAM, 90%), oleic acid (OA, 90%) and n-hexane
(HEX, 90%) were purchased from Aladdin. PDMS Sylgard 184 was purchased from Dow
Corning. All chemicals were used as received without any further purification.

Synthesis of Cs-oleate precursor. In a typical synthesis, 0.814 g of Cs,CO3, 2.5 mL
of OA and 40 mL of ODE were mixed in a four-neck flask and dried under vacuum at
120 °C for 30 min, then they were heated at 150 °C under N, environment until Cs,COs3
was totally dissolved. 15 mL of ODE and 0.207 g of PbBr, were mixed in a four-neck flask
and dried under vacuum at 120 °C for 30 min.

Synthesis of CsPbBr;. 1.5 mL of OA and 1.5 mL of OAm were injected at 120 °C
under N flow. Then, heating was continued at 120 °C until PbBr; was totally dissolved.
Afterward, 1.2 mL of Cs-oleate precursor, which was also pre-heated at 100 °C, was injected
into the prepared solution. By controlling the temperature of PbBr,, the precursors were
controlled between 80 °C and 160 °C during injection for the purpose of tuning the size of
final NC products. After 5 s, the four-necked flask was placed in an ice bath and cooled to
room temperature.

Encapsulation of CsPbBr3. A mixture of polymer and curing agent in a ratio of 10:1
and CsPbBrz NC solution were mixed to form PDMS precursor. The mixture was stirred
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uniformly and then was kept under vacuum for 2 h. After that, the samples were cured in
an oven at 60 °C for 10 h.

2.2. Characterization

The transmission electron microscopy (TEM) (FEI TECNAI G2 F30, Hillsboro, OR, USA)
images were acquired on a FEI TECNAI G2 F30 transmission electron microscope. The
obtained structure and phase of the CsPbBrs NCs were characterized through X-ray powder
diffraction (SMARTLAB3KW, Cu K« radiation A = 1.5418 A) (Rigaku SMARTLAB3KW,
Tokyo, Japan). The ultraviolet-visible (UV-Vis) absorption spectra were collected by using
a Shimadzu UV-2700 (Shimadzu UV-2700, Kyoto, Japan) in transmission mode at room
temperature. The nanocrystals were dispersed in n-hexane. PL and fluorescent decay
curve measurements were conducted utilizing the Edinburgh FL51000 spectrophotometer
(Edinburgh FLS1000, Livingston, UK) equipped with 375 nm laser as excitation source.

3. Results and Discussion

According to the method described in the Materials and Methods section, a series of
CsPbBrs samples with different reaction temperatures (80-160 °C) were prepared. TEM
was used to examine the morphology and the particle diameters of CsPbBrs NCs as shown
in Figure 1a,b. The prepared CsPbBr; NCs at 160 °C showed quasi cubic shape with high
monodispersity and formed self-assembled arrays. In contrast, CsPbBrs NCs obtained at
the lowest 80 °C showed more spherical shape with smaller sizes. This indicated the initial
growth of CsPbBr; was more spatially isotropic. The size distribution of the above NC
samples was shown as in Figure 1c,d by counting a group of NC sizes from TEM images.
The results turned out that sizes of both kinds of NCs accorded Gaussian distribution.
The diameter distribution of NC is 10.0 £ 1.5 nm for the sample fabricated at 160 °C and
4.4 + 1.1 nm for the sample fabricated at 80 °C. More systematic investigation revealed
that the obtained NCs with reaction temperature between 80 °C and 160 °C resulted in
NC size in the range of 4.4-10.0 nm, which increased with raised temperature, as shown
in Figure le.

Then, XRD patterns were used to examine the crystalline structures of synthesized
CsPbBr3 NCs with different reaction temperature. As shown in Figure 2, the XRD patterns
of samples synthesized at 80 °C and 120 °C were both ascribable to typical cubic phase
perovskite crystals (PDF#54-0752) without any other miscellaneous phase. It is already
known that bulk CsPbBrj single crystals require a crystalline temperature above 200 °C.
Therefore, here the extra low forming temperature of CsPbBrz NCs may originate from the
surface effect of extra small particles as that large surface energy reduces the crystalline
temperature for the cubic phase. Furthermore, it was found that further increasing the
reaction temperature up to 160 °C led to slight changes in crystalline structures as it became
a monoclinic phase (PDF#18-0364) crystal. This result indicated that overhigh reaction
temperature led to the lattice distortion; in other words, the backbone of corner sharing
[PbCl3] octahedra slightly tilts toward certain directions in high temperature conditions.

The purpose of controlling the CsPbBrz NC sizes is to adjust their optoelectronic
properties, especially to continuously adjust their absorption and emission wavelengths.
Here, these properties were examined by UV-Vis and PL spectroscopies in our samples.
Firstly, as shown in Figure 3a, under 296 nm irradiation of a UV lamp, the CsPbBrs
NC samples showed continuously changing emission color from bright green to dark
blue following the decrease of reaction temperature from 160 °C to 80 °C. Under optical
conditions, The PLQY results turned out to be 80-90%, which were found to weakly depend
on NC sizes. Obviously, the PLQY of samples with blue emission (80-100 °C) possessed
much higher PLQYs than CsPbCl3 or CsPbClz_«Bryx NCs. Their exact emission peaks excited
by 375 nm laser were shown in Figure 3b for quantitative analysis. The peak wavelength
was found blueshifting from 510 nm to 460 nm with shrinking NC sizes. Meanwhile, the
full width at half maximum (FWHM) was found enlarged following the blueshifting peak
position. For instance, the FWHM for NCs synthesized at 160 °C, 120 °C and 80 °C were
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22 nm, 31 nm and 50 nm, respectively. This result indicated that as QCE appears, the
bandgap of a single NC becomes more sensitive to its size. Thus, the overall width of
emission peak tends to be more correlated to the size distribution of NCs compared to bulk
crystals. Another explanation is that splitting of in-band energy levels leads to the in-band
relaxation of carriers becoming forbidden; therefore, their recombination can continue via
several split sub-energy levels, which leads to the broadening of emission peak.
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Figure 1. The TEM images of obtained CsPbBr; NCs with reaction temperature of (a) 160 °C and
(b) 80 °C. The distribution of NC sizes obtained by counting from the TEM images for CsPbBr3 NCs
with reaction temperature of (c¢) 160 °C and (d) 80 °C. Red curves are the Gaussian fitting to the size
data. (e) Reaction temperature dependency of the CsPbBrz NCs diameter.
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Figure 2. XRD patterns of CsPbBr; NCs with different reaction temperatures.
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Figure 3. (a) The appearance of as-prepared CsPbBrs NCs with different reaction temperature, which were dissolved in
n-hexane and irradiated by a 296 nm UV lamp in dark condition. (b) Absprtion spectra (solid lines) and emission spectra
(dash lines) of CsPbBr; NCs with different reaction temperature, in which the samples were excited by a 375 nm laser for
emission spectrum measurements. (c) The relationship of NC diameters and their optical bandgaps obtained from absoption
edges (dark blocks). Red curve shows the EMA fitting of experimental data.
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Furthermore, the optical absorption band of the CsPbBr; NCs was found blueshifting
in the same manner of emission peak. Besides, an extra absorption peak at around 415 nm
was also found after the reaction temperature was lower than 140 °C, whose peak position is
fixed. This absorption peak fixed at the high energy side can be ascribed to the formation of
2D single-layered perovskite nanoplatelets [24]. By Tauc-plot analysis, the optical bandgaps
of CsPbBr3 NCs were found well-matching with their peak energy. This result verifies the
band-to-band transition behaviors stays dominant for the PL processes in NC samples, and
their bandgaps broaden with reduced sizes. It has also been determined that the effective
Bohr diameter of CsPbBrj3 crystal is ~7 nm [8]. Here, the obtained NC diameters are close
to or smaller than this value. Thus, the broadening of NC bandgaps can be estimated
following EMA for 0D isotropic quantum dots as AE = h?7t2 /2m*r?, in which r represents
the NC radius and m* represents the effective mass of excitons. As shown in Figure 3c,
fitting result revealed that the broadening of bandgaps matched the EMA model well in the
NC size range of 4-10 nm. This result indicated that the obtained CsPbBr; NCs possessed
0D confinement structures with lengths in all three dimensions close to or smaller than the
Bohr diameter, which is similar to the behaviors of nanocubes first reported by Protesescu
and coworkers [8], instead of ones of layer-by-layer grown NPLs.

Although steady-state PL and absorption have shown clear signs of bandgap adjust-
ments throughout size controls, QCE needs further verification throughout analysis of
carrier dynamics mechanism in the system. As shown in Figure 4a, pumped by a 375 nm
pulse laser and detected at their PL maximums, the PL intensities of CsPbBrs NCs were
found all decaying in periods of tens of nanoseconds, which agreed with the decay be-
haviors of intrinsic transitions found in bulk CsPbBr; crystals. Interestingly, the PL decay
seems to become slower with decreasing reaction temperature or NC size. Ordinarily,
smaller size means larger surface defect density as well as a faster PL decay caused by
shorter non-radiative recombination lifetime at room temperature. However, perovskites
possess an inherent advantage as their defect tolerance factor: defects in CPNCs are benign
to the electronic and optical properties, even being abundant, because defects in perovskites
form states localizing within valence bands and conduction bands, or at worst, shallow
states below conduction bands, so they do not form mid-gap trap states [25,26]. Therefore,
the above result can be only explained as the increase of radiative recombination lifetime.
By fitting the PL decay curves with single exponential decay function, the obtained PL life-
times were summarized in Figure 4b for quantitative analysis. It turns out that PL lifetime
monotonously increases following the shrinking of NC size, and there are two distinguish-
able periods of lifetime evolution: it raises quickly from 1.7 ns to 3.5 ns in the temperature
range from 160 °C to 140 °C, at which the NC size decreased from 10 nm to 7 nm; then, it
raises more steadily from 3.5 ns to 5 ns in the temperature range from 140 °C to 80 °C, at
which the NC size decreased from 7 nm to 4.4 nm. Based on the above discussion, if the
contribution of non-radiative recombination lifetime has been ruled out, the rapid change
of radiative recombination lifetime may indicate a major change in radiative recombination
pathway. Considering that Bohr diameter (~7 nm) is the threshold of weak confinement
regime and strong confinement regime, this major change can be ascribed to the forming
of Wannier-Mott excitons which have a longer radiative recombination lifetime than free
electron-hole pairs. Meanwhile, the slow increase in PL lifetime in a strong confinement
regime is due to the splitting of in-band energy level, which limits in-band relaxation of
hot carriers.
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Figure 4. (a) PL decay curves of CsPbBrs NCs with different reaction temperatures. (b) The relation-
ship of NC diameters and their PL decay lifetimes, in which the PL lifetimes were obtained by fitting
the PL decay curves with single exponential decay function.

By considering both the bandgap broadening that accords to the EMA model and
exciton dynamics, we can confirm that the bandgap control is due to QCE. Furthermore,
these results indicate the possibility of controlling the exciton dynamics, which provides
the platform to investigate other beneficial effects such as MEG’s effect on the perovskite
system. MEG requires an extra high energy level at least twice the bandgap to absorb
incident photons, limited carrier relaxation rate within in-band energy level to prevent hot
carrier cooling and relaxation of momentum conservation, which may be all fulfilled by
QCE [27]. Thus, controlling QCE is one of the prerequisites of realizing MEG in CPNCs.

In practical applications of CsPbBr; NCs, stability is a critical issue, for they easily
deform if contacting polar solvent, moisture, oxygen or are exposed to UV light. There
have been several surface-capping or encapsulation methods developed for solving these
problems [28-32]. However, one difficulty is that most of these techniques may lead to the
growth of NCs in the processes, which will vanish the QCE in the particles. In this work,
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we attempted to disperse and stabilize the as-prepared CsPbBrs NCs in organic polymer
PDMS matrix with maintaining their size distribution and optoelectronic properties. The
final product can be made into functional slides, thin films or powders for several kinds of
applications such as luminescent glass, photovoltaics or phosphors. As an example, the
luminescent properties of the NC sample synthesized at 120 °C are shown as Figure 5a,b.
By optimizing the synthesis process, the as-prepared stabilized NC sample in PDMS can
be found with almost the same emission band with an expansion of FWHM less than
5 nm. This result indicates that the encapsulation process did not induce notable regrowth
or aggregation of NCs. Then, the sample was put under an ambient condition for one
month to examine the air and water stability. Its PL peak showed a redshift of 5 nm and a
broadening of 10 nm. Its PL intensity and PL lifetime was continuously observed during the
month. The PL intensity dropped only 10%, and the PL lifetime was found decreasing from
4.3 ns to 4.0 ns. These results indicate that the encapsulated sample showed outstanding
resistance to oxygen and water.

(a)

e CsPbBr,
e PDMS+CsPbBr,
s PDMS+CsPbBr,

after 30 days

Norm. PL (a.u.)

/ e
400 420 440 460 480 500 520 540
Wavelength (nm)
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= .
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Figure 5. (a) Emission spectra for CsPbBrz NCs synthesized at 120 °C with/without PDMS encapsula-

tion and with exposing under ambient condition. The excitation wavelength is 375 nm. (b) Long-term
stability of PL intensity and PL lifetime for CsPbBr3 NCs synthesized at 120 °C.
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4. Conclusions

In summary, CsPbBrs NCs with 80-90% PLQYs were synthesized by a hot-injection
method. The NC sizes were successfully tuned in the range of 4-10 nm by controlling
reaction temperature at 80-160 °C. The absorption bands and emission peaks of these
CsPbBr3z NCs were found blueshifting with decreasing NC size. There behaviors were
ascribed to QCE, which induces the bandgap broadening following the EMA model
for 0D isotropic quantum dots. The carrier dynamic investigation revealed that exciton
recombination lifetime increased rapidly in the case that the NC diameter shrined below
exciton Bohr diameter, which indicated the forming of Wannier-Mott excitons. Further
decreasing of the NC diameter led to a slow raise of exciton lifetime, which was induced
by stronger size confinement effect. This result indicated that the exciton lifetime was also
controllable by shrinking of NC size.

Furthermore, the as-prepared CsPbBrs NCs were dispersed and stabilized into PDMS
matrix while maintaining their size distribution and optoelectronic properties. The encap-
sulated samples showed long-term air and water stability, which showed high potentials
in optoelectronic applications.
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