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Metal halides with perovskite crystalline structure have given rise to efficient optoelectronic and photonic de-
vices. In the present work, we have studied the light emission properties of single CsPbBr; and CsPblz semi-
conductor perovskite nanocrystals (PNCs), as the basis for a statistical analysis of micro-photoluminescence
(micro-PL) spectra measured on tens of them. At room temperature, the linewidth extracted from PL spectra
acquired in dense films of these nanocrystals is not very different from that of micro-PL measured in single
nanocrystals. This means that the homogeneous linewidth due to exciton-phonon interaction is comparable or
larger than the inhomogeneous effect associated to the micro-PL peak energy dispersion due to the nanocrystal
size distribution defined by the chemical synthesis of the PNCs. Contrarily, we observe very narrow micro-PL
lines in CsPbBr3 and CsPbIz PNCs at 4 K, in the range of 1-5 meV and 0.1-0.5 meV, respectively, because
they are limited by spectral diffusion. Aging of PNCs under ambient conditions has been also studied by micro-PL

and a clear reduction of their nanocube edge size in the order of the nm/day is deduced.

1. Introduction

Semiconductor nanocrystals are crystalline structures with size at the
nanoscale (1-100 nm), which possess electronic and optical properties
according to their semiconductor condition (bandgap energy, energy
band dispersion, absorption coefficient, exciton lifetime, etc.), in addi-
tion to a possible quantum confinement effect of carriers/excitons due to
size reduction. Particularly, if they proceed from direct bandgap semi-
conductors, efficient light emitters devices [1], and even quantum light
emitters at room temperature (RT) [2], can be developed, among other
applications. The structure of perovskite nanocrystals (PNCs) are com-
pounds with general formula ABX3, being A an inorganic or organic
bulky cation, B a metal cation such as Pb?* or Sn?" and X the halide
anion, in the case of metal halide perovskites. Taking into account the
chemical synthesis of these perovskite materials [3], a wide range of
possibilities can be achieved in terms of their crystalline structure:
different phases (cubic, orthorhombic, ...) [4], morphology (nano-
platelets [5,6], nanowires [7] and nanocubes [8]) and chemical
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composition [6,9,10]. The optical properties of metal halide perovskites
are susceptible to all these modifications, being the basis of their
application in various optoelectronic devices, as the case of electrolu-
minescent diodes [11,12], photodetectors [13] and solar cells [14-17],
whose progress has been spectacular in the recent ten years, as the
25.5% of record efficiency under sun illumination [18]. A remarkable
point of the CsPbX3 PNCs is the tuning of their band gap, and conse-
quently of their light emission spectrum, by modifying the composition
of the halide anion (X): their peak wavelength is observed at around 400
nm (near UV), 510 nm (green) and 680 nm (deep red) for X = Cl, Br and
I, respectively, in addition to the Cl,Bryl; x.y combinations with 0 <x, y
<1 [9]. When talking about the photoluminescence (PL) in PNCs and, in
general, in any bulk or low-dimensional semiconductor, it is necessary to
speak about their efficiency or PL quantum yield (PLQY), which refers to
the number of photons emitted with respect to those absorbed by the
material, or the ratio between radiative to the total rate, radiative and
non-radiative. Specifically, in CsPbX3 PNCs, the PLQY is greater than
40% [19], although with the appropriate treatment, values close to
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100% [20] can be achieved in colloidal suspensions for X = Br [21], X =
I [22] and X = Cl [23]. Moreover, it is noteworthy to mention that light
emission of these PNCs is characterized by high color purity, with PL Full
Width at Half Maximum (FWHM) as low as 20 nm for CsPbBr3 (green
emission) [21] and less than 15 nm for those of CsPbCls (emission in
blue-violet) [23]. Due to aforementioned outstanding features of CsPbX3
PNCs, they can be potential candidates not only in photonic applications
[24-27], but also in quantum light technologies, as a single photon
sources [28-30].

In this work we have analyzed single nanocrystals by means of
micro-PL spectroscopy. We have deduced an average peak energy for the
excitonic optical transitions of 2.414 and 1.830 eV for PNCs of CsPbBr3
and CsPblg, respectively, in freshly prepared samples. However, a blue
shift of these energies is clearly observed when PL measurements are
made one or more days after sample preparation. We attribute this effect
to an effective decrease of the (individual) nanocrystal size due to the
interaction with ambient humidity. The measured dispersion in the
excitonic transition energies (in fresh samples) can be accounted for by a
simple cubic quantum dot model with finite potential barriers applied to
the size distribution of PNCs. On the basis of this model applied to the
data sets of CsPbBrz PNCs, we are able to deduce size reductions for
aging under ambient conditions in the order of 1.5 and 0.8 nm/day. We
have also demonstrated that the FWHM of the PL measured in a dense
layer of PNCs is not far from the average value of this magnitude found
from micro-PL measured in single nanocrystals (i.e., their homogeneous
linewidth), around 68 meV, which is limited by exciton-phonon inter-
action at RT. This is explained because PNCs are subject to weak
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quantum size confinement and size dispersion (even if important, 0.8-2
nm depending on the synthesis method) is not determinant to define a
noticeable inhomogeneous contribution to the PL. FWHM and hence
dominates the exciton homogenous linewidth. We also did similar
investigation on single PNCs by micro-PL characterization at low tem-
peratures (4 K), where the homogeneous linewidth of excitonic optical
transitions is much smaller than the inhomogeneous value associated to
the size dispersion of PNCs. The average energy for the excitonic optical
transitions were found at 2.325 and 1.830 eV, whereas their excitonic
homogenous linewidths were in the range of 1-5 meV and 0.1-0.5 meV,
for CsPbBr3 and CsPblz PNCs, respectively, whose difference is ascribed
to another broadening effect: spectral diffusion, dominating at low
temperatures.

2. Results

Details on synthesis of CsPbBrs and CsPblz PNCs, preparation of
samples with dispersed single nanocrystals and experimental micro-PL
setups at RT and 4 K are given in section S1 of the Supplementary
Info. Fig. 1 shows three micro-PL images (top panels) and spectra
(bottom panels) at RT in three different areas of the sample containing
CsPbBr3 PNCs. In these images each single PNC is distinguished as green
light circles. The micro-PL spectra at the bottom panels correspond to
the four bright green circles selected in the two top images, the blue
dashed circle in the first image schematically shows our collection spot
size. The black continuous lines in plots of Fig. 1 (bottom panels)
correspond to the best fittings to a Lorentzian profile. These fits are the

Fig. 1. (top panels) Micro-PL images at room tem-
perature captured with the C-MOS camera (2s expo-
sure) from two different regions of the sample
containing CsPbBrs PNCs emitting at green wave-
lengths (green circles that have been boxed and
marked with numbers 1 to 4). These circles of green
light have a repetition image beneath them, due to
the second surface of the quartz plate (1 mm thick)
that is being used as a signal beam splitter. The
different single-color points observed in the images
correspond to individual pixels of the camera due to
background noise. (bottom panels) Experimental
micro-PL spectra (green dotted lines) corresponding
to the CsPbBr3 PNCs selected in top panels. Contin-
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basis of our statistical study in CsPbBrs PNCs. The micro-PL spectra in
freshly prepared samples with PNCs of the first synthesis (see
morphology and size distribution in top panels of Figure S1 in Supp.
Info.) are centered typically at around 2.4 eV (or 516 nm) and have a
FWHM from 70 to 100 meV (15-21 nm), which accounts for the size
distribution of these PNCs. These values are consistent with those ob-
tained in Refs. [9,31] for films of CsPbBrs PNCs with similar size. It is
worth mentioning the case of some brighter green spots in Fig. 1, where
the PL intensity is higher (may be more than one PNC is emitting
simultaneously at this spatial location), but with very similar shape and
FWHM.

For calibration purposes, we have also measured PL spectra in a
sample containing a continuous uniform layer of CsPbBrg PNCs
(Figure S4). As can be seen in the image captured by the CCD camera
(see inset in Figure S4), the PL of discrete nanocrystals cannot be
distinguished anymore. In spite of this high-density ensemble of PNCs,
its PL spectrum is not very different from those measured in single
nanocrystals (Fig. 1). Even a Lorentzian fit (black continuous curve in
Figure S4) is reasonably good for the continuous layer, obtaining a peak
energy of 2.422 eV (512 nm) and a FWHM = 105 meV (22 nm). Possibly,
the PL peak energy dispersion (inhomogeneous broadening) observed in
single PNCs would be smaller than their homogeneous linewidth at RT,
as will be discussed below.

Similar findings are observed in single CsPbls PNCs at RT (see
morphology and size distribution in Figure S2 of Supp. Info.). Fig. 2a
shows the emission from several single nanocrystals (reddish circles in
the image) captured by the microscope camera, whereas a representa-
tive micro-PL spectrum of one of them is shown in Fig. 2b (red data
symbols). Again, this spectrum can be nicely fitted by a Lorentzian line
shape (solid black curve in Fig. 2b). The micro-PL peak energy is found
at around 1.83 eV (680 nm) with a FWHM of around 100 meV (about 40
nm), also very similar to values referred in literature for CsPbl3 PNCs of
similar size [32]. In these samples we observe that micro-PL intensity
decreases rapidly with time under ambient conditions, the more the
greater the power of the excitation laser. In the case of samples with
CsPbBr3 PNCs this phenomenology was not observed until a relatively
high excitation laser power, a fact attributed to the lower black phase
stability for these PNCs [33], which makes more difficult their statistical
study.

In a certain percentage of single PNCs in freshly prepared samples,
we observed the phenomenon of intensity intermittency or blinking.
Figures S5 and S6 of the Supp. Info. shows respectively, a sequence of
micro-PL images in which the off-on-off sequence is observed during 40
s in one of the single PNCs. This phenomenon is an effect clearly asso-
ciated to isolated nanocrystals, as also observed in semiconductor

PL (counts)
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quantum dots and in different types of molecules.

Fig. 3a—c demonstrate how micro-PL spectra of CsPbBr3 (green lines)
and CsPbls (brown lines) PNCs at 4 K, respectively, exhibit very narrow
lines that cover the energy range of the inhomogeneous PL spectra of the
corresponding high-density samples (black curves). In fact, the fre-
quency histograms for micro-PL peak energies measured in 80 and 30
single PNCs of CsPbBr3 and CsPblj clearly overlap with the PL spectra of
their corresponding high-density films, as shown in Fig. 3b-d. Therefore,
the observed PL inhomogeneity in the high-density samples would
proceed from the observed micro-PL peak energy dispersion at 4 K,
which is attributed here to the nanocrystal size distribution in our PNCs
(Figures S1 and S2), as we will further demonstrate below by exciton
energy calculations Figure S1. It is also worth noting that micro-PL
spectra of individual CsPbl3 PNCs are much narrower than the
CsPbBrj3 ones at 4 K, but they are very similar at RT (see Figures S7-S8 in
Supp. Info. for direct comparison). Quantitatively, the linewidths of
CsPbI3 PNCs are mostly below 0.5 meV, whereas the CsPbBr3 emission
can reach values as high as 5 meV (see the frequency histogram in
Figure S9 of the Supp. Info.).

3. Discussion

The emission energy of a single PNC will vary with the nanocube
edge size and hence the observed size distributions (Figures S1 and S2
for CsPbBrsg and CsPbls, respectively) would be the origin of the
observed micro-PL peak energy dispersion (Fig. 3). Moreover, such
dispersion is significantly smaller than the homogenous linewidth of
micro-PL spectra at RT, as it is clearly demonstrated for CsPbBrs and
CsPblI3 PNCs in Fig. 4a—c. Indeed, for 40 single CsPbBrs PNCs measured
immediately after the sample preparation, the dispersion in the micro-
PL peak energies turns out to be in the order of 50 meV (frequency
histogram in Fig. 4a), lower than the homogeneous linewidth of a
representative PNC in this sample (green shaded curve in Fig. 4a), whose
Lorentzian linewidth was ~85 meV and being its average value 94 + 11
meV. Similarly, the dispersion in the peak energies of the micro-PL lines
measured in 20 CsPblz PNCs of the fresh sample was smaller than 40
meV (frequency histogram in Fig. 4c), lower than half of the homoge-
neous linewidth (~100 meV) extracted from a representative micro-PL
spectrum (red-shaded curve in Fig. 4c). The same occurs for PNCs
measured the next day after preparation. However, we also observe a
clear shift of the micro-PL peak energies towards the blue, an effect that
will be discussed below. The fact of a small dispersion of PL peak en-
ergies in PNCs as compared to their homogeneous linewidth would have
a great impact on developing display devices with high color purity
[34].
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Fig. 2. (a) Typical image captured with the microscope camera, (b) A representative micro-PL spectrum of one of the CsPbl; PNCs (red dotted curves) in a fresh

sample at RT, along with the Lorentzian fit (continuous black curves).



H. Pashaei Adl et al. Journal of Luminescence 240 (2021) 118453

PL (norm.)
o
-]
Frequency

2
'S

8
o

i hlinmn

0 - + i
228 230 231 232 233 234 235
Energy (eV) Energy (eV)

2.3 232 233 234

o
o

[ ATN

o
o

PL (norm.)
f=]
o
Frequency

bl
F

.0
1.68 1.70 1.72 1.74 1.76 1.78 1 Bg
Energy (eV)

1.78

1.72 1.74 1.76

Energy (eV)

'1.68 1.70

Fig. 3. (a—c) Representative micro-PL spectra at 4 K of CsPbBr3 (green curves) and CsPbl; (brown curves) PNCs as compared to the PL spectra (black curves) of the
corresponding high-density samples. (b—d) Statistics obtained for the micro-PL peak energies in around 80 CsPbBr3 (green histogram) and more than 30 CsPbl; (red
histogram) single PNCs. Green and red shadowed curves in (b-d) are the same reference PL spectra as in (a—c).
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Fig. 4. (a—c) Histograms of peak energies extracted from micro-PL spectra measured at RT in 41 (green color) and 20 (red color) of CsPbBr3 (a) and CsPbls (c) PNCs
(first synthesis) in fresh samples, respectively. (b—d) idem for the case of 34 and 18 PNCs of the same samples measured next day. In all cases, representative ho-
mogeneous micro-PL spectra (similar to those in Figs. 1 and 2) are plotted as green- and red-shaded curves for CsPbBrs (a-b) and CsPblz (c-d).
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days after preparation (Day 5), respectively. (c) Dependence of the average micro-PL peak energy with aging time, as extracted from the frequency histograms in (a).

In the micro-PL statistics made on 100 CsPbBr3 PNCs (Fig. 5) coming
from the second synthesis (see section S1 for more details on the two
synthetic routes), the average PL peak energy is around 2.386 eV
immediately after its preparation (DayO panel in Fig. 5a), smaller than in
the case of the first synthesis (2.41 eV, see Fig. 4a), which is attributed to
a larger average size of the PNCs (compare Figures S1b and S1d).
Moreover, the observed dispersion in their micro-PL peak energies is
approximately 20 meV, clearly smaller than their average homogeneous
linewidth, 68 + 4 meV (DayO panel in Fig. 5b). The observed dispersion
in PNCs from the second synthesis is clearly smaller than that exhibited
in the case of the first synthesis (Fig. 4a), which is consistent with their
significantly larger size distribution with a standard deviation of 2.3 nm
(Figure S1b) as compared to the 0.8 nm value for the second synthesis
(Figure S1d).

The analysis of the homogeneous linewidths extracted in single
CsPbBr3 PNCs (freshly samples) deserves special attention and further
discussion. In the case of the second synthesis of PNCs, the data were
highly concentrated around the average value of 68 + 4 meV or 15.0 +
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1.5 nm (DayO panel of Fig. 5b), whereas it is 94 + 11 meV (20 + 2 nm) in
the case of CsPbBr3 PNCs from the first synthesis. This difference could
be tentatively ascribed to a higher sensitivity to ambient conditions of
CsPbBr3 PNCs obtained using the first synthesis. In fact, if one represents
their FWHM versus micro-PL peak energies, a good linear correlation is
obtained (Fig. 6a).

The homogeneous micro-PL linewidth of PNCs can be influenced by
several physical mechanisms [35]:

(1) Fine structure of the excitonic fundamental state, which is related
to crystal anisotropy or defect complexes in individual nano-
crystals [36] and could be several meV. In our case, the contri-
bution of biexcitons is discarded because the excitation power is
quite low. This fine structure could be observed at low temper-
atures. In our samples, only single neutral exciton lines are
measured under weak excitation power conditions (Fig. 3a—c).

(2) Spectral diffusion due to electric field fluctuations associated to
dynamical charge surroundings. This mechanism would also be

FWHM (meV)

180 182 184 186 188 190 192

Energy (eV)

Fig. 6. Linear correlation between FWHM and peak energy extracted from its micro-PL spectrum in the 75 and 38 PNCs of CsPbBr3 (a) and CsPbl; (b), respectively,
studied in the present work. The experimental data points in light green and red (dark green and brown) correspond to the samples of CsPbBrz and CsPbl; measured
immediately (next day) after preparation, respectively, together with the best fits to a straight line (black continuous line).
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as large as several meV [36], depending on the charge environ-
ment and size [37]. In fact, we have measured linewidths from 1
(or slightly smaller) to 5 meV at 4 K in CsPbBr3 PNCs (Figure S9a),
whereas they are smaller than 0.5 meV in the case of CsPbls
(Figure S9b). In the present study, the spectral diffusion was more
important in the first case, CsPbBrs PNCs, but it is highly
dependent on the synthesis conditions and washing procedure.
Exciton-phonon coupling would be negligible at 4 K, but its
importance will increase by increasing temperature, due to the
high coupling constant of excitons to polar optical phonons
(Frohlich interaction). This strong interaction was clearly
demonstrated in studies of micro-PL on single PNCs of organo-
halides FAPbBr3 and FAPbI3 (FA = Formamidinium) within the
temperature range 4-150 K [38,39]. The exciton-phonon mech-
anism would give rise to a homogeneous linewidth of the exci-
tonic optical transition in the order of 50 meV at RT for FAPbBr3
and FAPbI3 by extrapolating results reported in Refs. [38,39].
This estimate is not far from the lowest FWHM values measured
in our PNCs of CsPbBrj3 (Fig. 5b, top panel), which means that the
energy of the optical phonon and the exciton-phonon coupling
constant will not differ significantly between both
organic-inorganic and completely inorganic PNCs.

3

-

On the other hand, it is expected that the exciton-phonon coupling
varies with the size of the PNC. This can be the reason of the approxi-
mate linear correlation between FWHM and peak energy extracted from
the micro-PL spectra of fresh and one day old PNCs (Fig. 6). Theoreti-
cally, the PL peak energy will increase with size reduction (see section
S3 in Supp. Info.). This linear correlation is also telling us that the
exciton-phonon coupling constant would increase with the spatial
quantum confinement in the nanocrystal, given that temperature is
constant, and the phonon energy is not expected to vary until a very
small nanocrystal size (several crystal unit cells).

Considering the observed linear correlation for CsPbBrsz - CsPblg
PNCs in Fig. 6a-b, respectively, we can propose the following evolution
for their Lorentzian homogeneous linewidth:

Tnc 22 Dy + A[EYS — E3*] (€))

where [y is the bulk exciton homogeneous linewidth, A is the slope of
the best fitting straight lines to experimental data (Fig. 6) and EYC, E3k
are the nanocrystal (introducing confinement) and bulk exciton en-
ergies, respectively. At RT we assume negligible the influence of other
broadening mechanisms dependent on the nanocrystal size as discussed
above (experimentally limited to several meV in Refs. [38,40] and our
own results in Figure S9).

Equation (1) applied to experimental results in Fig. 6 would yield
(assuming E§% = 2.34 eV [40] and E{% = 1.746 eV [41] for CsPbBr3 and
CsPbls, respectively):

(2)

I

Tyc 22 59 + 0.41[EYC —2340] meV  (CsPbBrs)
Tye 22 40 + 0.677[EYC — 1746] meV  (CsPbly)

The resulting value of I'pyk ~ 59 (40) meV for bulk CsPbBr3 (CsPbls)
is consistent with the expected value for the bulk exciton coupling with
longitudinal optical (LO) phonons of energy horo ~ 20 (16) meV [40,42,
43], excluded the effect of acoustic phonons that would be present in
single crystals [42] and polycrystalline films of CsPbBrs (where other
inhomogeneities could be also affecting the linewidth) [43], but not in
PNCs [40]. On the other hand, the phonon-related linewidth of the light
emission by a single PNC at 300 K would be directly proportional to the
exciton-phonon coupling, yNS(EYC):

NC ( pNC
The = Y10 (Ex ) 3)

ho
LO
e —1

Hence, from Equations (1)-(3), we would obtain:
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hopo

7ot = T [ — 1] % 69 (34)meV  CsPbBr(CsPbI,) (4)

4

{ NC(EXC) = 69 + 0.479[ExC — 2340] meV  (CsPbBrs) ®)

Yo (EYC) = 344 0.580[ENC — 1746] meV  (CsPbl)

The exciton-(LO) phonon coupling constant in bulk CsPbBr; and
CsPblI3 would be around 69 and 34 meV at RT, respectively, which are
not far from values reported in Refs. [42,43], of course within the strong
dispersion reported in literature (see Table S1 in Supp. Info), as obtained
from the application of the above given relations to our set of mea-
surements in successive days (aging is giving rise to smaller size or
higher PL peak energy). In fact, for CsPbBrs PNCs from our second
synthesis, whose average peak energy was 2386 meV, we would expect a
I'ne = 78 meV, around 15% higher than the deduced average value (68
meV). This relative difference is consistent with experimental error,
shape fluctuations (cubic-parallelepipedal) and shape changes with the
ambient influence along the duration of measurements, an influence
which is especially important for PNCs grown following the first syn-
thesis method (Fig. 6). In other words, if we take as more representative
the average homogeneous linewidth of 68 meV for CsPbBrs PNCs, whose
average edge size is 10.8 nm (Figure S1b), we would quantify the
exciton-(LO) phonon coupling constant y5(10.8 nm) ~ 79 meV at RT.

Another interesting aspect in the present study is the blue shift of the
average micro-PL peak energy obtained from the statistical study of
single nanocrystals at RT when the samples were measured the day after
their preparation, as corroborated from histograms of Fig. 4b-d (in
comparison to Fig. 4a—c) for CsPbBrs—CsPbls PNCs of the first synthesis
and Fig. 5c¢ for CsPbBrs PNCs of the second synthesis. In this latter case,
the measured blue shift is around 10 meV/day, nearly a factor three
smaller than the observed blue shift in CsPbBrg PNCs of the first syn-
thesis. This conclusion points out towards a better stability of PNCs
obtained by the modified method of synthesis in Ref. [44]. On the other
hand, the PL blue shift effect could be attributed to deterioration against
environmental conditions, as oxygen and humidity, mainly. The
degradation effect in MAPbI3 (MA = methylammonium) to environ-
mental conditions is known [45,46], usually accompanied of a PL in-
tensity decrease, more important under violet/ultraviolet laser
excitation. At the level of individual PNCs, up to our knowledge there is
only one study carried out on PNCs of CsPbls, in which a net blue shift of
the micro-PL of PNCs was reported [47]. This study concluded that
moisture could be the external agent with the greatest influence on
PNCs, producing its gradual “dissolution”, that is, a reduction of the PNC
size over time. This possible size reduction effect would explain the
observed energy blue shift, A, observed in our present work in one day,
both in CsPbl3 (A ~ 70 meV) and CsPbBr3 (A ~ 25 meV) PNCs. Such PL
peak energy blue shift does not alter our previous important observation
regarding a low dispersion of peak energies as compared to the FWHM of
micro-PL lines in single PNCs (Fig. 4).

These conclusions can be further understood by applying a quantum
size confinement model that translates the nanocrystal size into its
corresponding exciton energy (see Section S3 of the Supp. Info.). For
PNCs of sizes larger than 8 nm the parabolic approximation (constant
reduced exciton mass, p’) represented by Equation S6 is sufficiently
good, as observed in Figure S10a. In this figure we compare the calcu-
lated values to several published data (also listed in Table S3). More-
over, a direct comparison can be made to our experimental micro-PL
peak statistics by converting our size dispersion statistics (gaussian fit in
Figure S1d for CsPbBrs PNCs of the second synthesis) into emission
energy statistics, as made in Figure S10b under the parabolic (orange
shaded curve) and nonparabolic (red shaded curve) approximations.
Clearly, Equation S6 with constant p’ gives a shape as narrow as the
experimental one, as given by the histogram of micro-PL energies (green
bars in Figure S10b). This simple approximation is used in Fig. 7 to
compare with experimental histograms (green bars) of micro-PL
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Fig. 7. Comparison of normalized PL spectra (shaded in blue) 4 K (a) and RT
(b) for the high-density layer of CsPbBrs PNCs (second synthesis) as compared
to the histograms (green bars) of micro-PL peak energies extracted from mea-
surements in the sample just after preparation at 4 K (a) and RT (b) using the
same CsPbBrg PNCs (second synthesis). Red shaded curves stand for the
calculated (Equation S6) emission shape expected from the size histogram in
these PNCs (Figure S1d).

energies measured for CsPbBr3 PNCs (second synthesis) at 4 K (a) and RT
(b). As anticipated above, the nanocrystal size distribution (Figure S1d)
is the origin (red shaded curves) of the micro-PL energy dispersion
(green bars) at both temperatures, which is below 30 meV, but only
explains the inhomogeneously broadened PL of the high-density
ensemble of PNCs at 4 K (blue shaded curve in Fig. 7a). This is not the
case at RT, where the PL shape of the high-density sample (blue shaded
curve in Fig. 7b) is clearly influenced by the large homogeneous line-
width due to exciton-phonon interaction, as previously discussed. It is
worth noting the fact that the calculated shape at 4 K was done using an
exciton energy for bulk of 2.289 eV, instead of 2.309 eV (see Table S2),
even if this value was measured in a thin film [48]. More precise
investigation on bulk CsPbBrj3 crystals would be needed to elucidate this
discrepancy.

Finally, once validated the model for the estimation of exciton en-
ergies as a function of the cubic nanocrystal size, we can also corrobo-
rate that aging of single PNCs in ambient conditions is producing an
effective reduction of their size. In fact, Figures S11-S12 demonstrate
how aging in single CsPbBrs PNCs of the second synthesis (with a narrow
size distribution) produce an effective reduction of their edge size by
around 0.8 nm per day (for days 1 and 2), as observed in Figure S11 and
S13a. In the case of PNCs from first synthesis the aging effect is more
drastic, producing a size reduction of the order of 2.5 nm (see
Figures S12 and S13b).
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4. Conclusions

In this work, we have studied single CsPbBrs and CsPblg PNCs by
means of micro-PL spectroscopy. We have deduced average energies for
the excitonic optical transitions of 2.414 and 1.83 eV for PNCs of
CsPbBrs and CsPbls, respectively, in freshly prepared samples. In mea-
surements taken after one day from the preparation of the samples, a
blue shift of 25 and 70 meV was observed in the PL peak of CsPbBr3 and
CsPblIs, respectively. This effect was explained by an effective reduction
of the nanocrystal size in the order of the nm per day, probably due to
the ambient humidity, as deduced by applying a cubic quantum dot
model with finite potential barriers, which is also the base to obtain the
expected peak energy dispersion (some tens of meV) from the PNC size
distribution.

It is also noteworthy that for RT we have obtained the lowest values
reported to date for the homogeneous micro-PL linewidth: 68 meV or 15
nm, in average, for isolated CsPbBrs PNCs. This value is characteristics
of the exciton-phonon coupling interaction at RT in PNCs, whose con-
stant y.o can be as large as 69 (34) meV for bulk CsPbBrs (CsPbl3) and
79 meV for CsPbBrs PNCs with average edge size 10.8 nm. In the case of
excitonic optical transitions at low temperatures (4 K), we have
measured micro-PL linewidths in the range of 1-5 meV and 0.1-0.5 meV
for CsPbBrs and CsPblz PNCs, respectively. This indicates that CsPbBrs
PNCs are more affected of spectral diffusion (internal electric field
fluctuations). In any case, these linewidths are much smaller than the
observed dispersion of micro-PL peak energy (inhomogeneous broad-
ening expected in PNC ensembles), which is in the range of 30 meV,
contrary to the case of RT, where the intrinsic exciton-phonon interac-
tion is greater than the inhomogenous contribution produced by the size
distribution. This effect allows to maintain the purity of color in dense
layers of PNCs, of special relevance for applications to emitting devices.
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