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Inorganic perovskite nanocrystals have garnered considerable attention since their development in 2015. The material not only has bright tunable emission, but is also
relatively stable, and easy to synthesize. The mechanism laying at the root of the optical properties is not well understood, and many theories have been raised as possible
explanations. Here we explore the optical properties of several size-selected dilutions
of CsPbBr3 and CsPbI3 at cryogenic temperature up to room temperature, with the
goal to gain more insight into the emission processes. Both ensemble spectroscopy, as
well as micro photoluminescence spectroscopy are used. While polaron formation has
been identified in similar materials in relation to their mobilities, the effect in relation
to their emission is explored here, and we find it unlikely to explain all optical properties. Several mechanisms, among which phase change, defect states, and dark states
are explored as well, and while the latter two can be identified, we can only speculate
over the existence of a phase change. Ultimately, dark nanocrystals are identified to
play an important role in room temperature emission. This chapter lays out important
possibilities that are explored, in order to finally identify the emission properties.
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8.1

Introduction

With the recent development of all-inorganic cesium lead halide perovskite nanocrystals (CsPbX3 with X = Cl, Br, and I; IP-NCs) [7] the field has exploded in popularity. The material combines the advantages of perovskites with those of nanocrystalline
systems. Besides the added bandgap tunability offered by the nanocrystal system,
these materials offer higher stability than the bulk and organic counterparts. Many
studies have been devoted to the remarkable optical properties of IP-NCs, yet, it seems
the understanding as to the mechanism of room temperature emission properties is still
insufficient. Recent work on single dot spectroscopy at cryogenic temperatures has
provided a greater understanding for the low temperature emission properties (sub-ns
lifetimes) [154] using the singlet/bright triplet framework. Yet, this framework does
not extend to explain all observed phenomena at cryogenic temperatures, as well as
the properties observed at room temperature (RT). RT photoluminescence (PL) spectroscopy of these materials reveals a single peak which can be approximated by a
Gaussian distribution. At cryogenic temperature (CT) the optical properties are far
from trivial, with PL spectra showing highly asymmetric peaks, containing several
contributions. While the RT emission mechanisms are hidden behind the thermal effects, at low temperature, the photo-physics underlying the emission could be revealed
and studied in more detail.
There are several extensive studies of CT PL properties of CsPbX3 in which the
underlying radiative mechanisms are debated. [155–163] Among the discussed mechanism we find: a crystal structure temperature dependent phase change, [158] and the
lack thereof [161], trap states/bound excitons either at lower or higher energy than
free exciton state, [155, 158, 159, 162] as well as strong electron-phonon (EP) interactions, [157] have all been called to explain to observations. Here we give our own take
on similar CT PL investigation performed on CsPbBr3 and CsPbI3 NCs.
The goal we have in mind is to explore the possible mechanisms contributing to
the CsPbX3 NCs PL spectra observed. We explore here the mechanism named above
as well as contributions of both electron-phonon coupling, and defect states. Besides
those mechanisms named above, other mechanisms can also be named and in the
master thesis of Ten Have [164] these are explored in more detail.

8.1.1

EP coupling – polaron

In the perovskite crystal, free carriers can couple to the strong ionic polar components of the lattice. Referred to as electron/carrier-phonon coupling, this Coulombic
interaction will influence the spectral properties, carrier stability, carrier effective mass
and therefore the mobility. [157,165,166] The importance of understanding this effect
is crucial for future applications.
This kind of coupling can be described by the Fröhlich interaction between the
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Figure 8.1: Polaron model Lattice potential u1 (x), exciton u2 (x) and polaron ũ2 (x).
Transitions occur from the states (red lines) in ũ2 (x) to the states in u1 (x), giving rise
to transitions equally spaced by ~ω.
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carrier and longitudinal optical- (LO) phonons. Depending on specifics of the system
– described by the Huang-Rhys factor, we get a spatial displacement of the nuclei,
leading to coupling to different phonon modes. In other words, when the e-h pair
recombines, it could be accompanied by one of several possible phonon emissions.
This can be observed as a change in the spectrum and might include one or several
phonon side bands, often referred to as phonon replicas. A more specific case is the
formation of a polaron, a quasi-particle formed by a strong carrier-phonon interaction.
A model potential is considered, in which the dispersion of excited carrier is shifted
with respect to the ground state (Fig. 8.1). The distinct peaks with varying intensity
are related to phonon-assisted transitions and could have a higher intensity than the
main, no-phonon, excitonic recombination, a remarkable effect for a direct bandgap
semiconductor. Furthermore, all radiative transitions are then expected to be separated
by phonon energy ~ω. This has implications on the low temperatures PL spectrum
where replicas should be clearly visible. Lastly, besides the strong signature in the CT
PL spectrum, at higher temperature, EP coupling could enable strong non-radiative
recombinations, therefore yielding in the temperature dependent PL intensity.
Moreover, besides the emission properties, the polaron quasi-particle has a larger
effective size than the bond-length and an increased effective mass. [167] This could
lead to reduced possibility of scattering with phonons and defects, resulting in lower
non-radiative recombination rates. [167,168]. The emission red-shift and complex and
distinct structure in the emission spectra has been widely observed in NC ensembles
at CT, yet only scarcely has it been attributed to strong EP coupling. [157]
While the CT PL properties can be understood with strong EP coupling, such
an effect is inherent to each single nanocrystal and therefore should be observed in
CT single dot spectroscopy. In this chapter we study ensemble as well as single dot
spectra of CsPbBr3 , with the goal of clarifying the role of different physical effects in
the emission mechanism of CsPbBr3 NCs.

8.2

Experimental details

8.2.1

Sample preparation

CsPbBr3 and CsPbI3 nanocrystals in colloidal dispersion were synthesized via
a modified version of the hot-injection protocol described by Protesescu et al. [7]
The full synthesis details of CsPbBr3 and CsPbI3 NCs, were published elsewhere.
[164, 169] After synthesis the samples were purified according to the protocol and
eventually stored in 3.5 mL quartz cuvettes. For the purpose of low temperature measurements, the colloidal dispersion was dropcast on a SiO2 substrate.
Size selected precipitates of CsPbBr3 were obtained by use of anti-solvent induced
size selective precipitation. [170] An anti-solvent, acetone, was added to the ensemble
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dispersion, until the solution turns cloudy. After centrifugation, the super-natant is
removed, the left over precipitate, containing the largest NCs, is re-dispersed, and
the super-natant can undergo another size selection cycle. This was repeated until 6
precipitates were obtained, with decreasing size.

8.2.2

Optical characterization

The MicroPL setup1 consists of a 405 nm diode laser coupled to a home made
micro-spectroscopy set-up with an inverted microscope coupled to an imaging spectrometer (Acton SpectraPro SP-2358i). While the ensemble measurements allow us to
explore the PL intensity as a function of temperature, with the microPL set-up we are
more limited, as thermal expansion effects in the cryostat during temperature changes
will create drastic drifts out of focus. With slow tracking of the particles such measurements are possible but due to the changes in focus, the intensity comparison is not
as reliable as with ensemble measurements.
Defining the full width at half maximum (FWHM) of non-Gaussian peaks is not
easy, in those cases the integral breadth method is used as an alternative. The integral
breadth is defined as the integral (= area) of a peak divided by the height of the peak,
making it equivalent to the width of a rectangle with the same height and area as the
peak.
1

In collaboration with the Nanoscopy group of Prof. Valenta, Charles University, Prague.
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Optical spectroscopy was performed with several different optical setups. A xenon
lamp (L2273 Hamamatsu) coupled to a Solar MSA130 double grating monochromator,
was used as an excitation source for the spectral measurements. While for power dependent measurements an optical parametric oscillator (OPO) pumped by the third
harmonic of a 100 Hz Nd:YAG laser, with a pulse duration of 5 ns was used. The
collected emission was dispersed by an M266 (Solar LS) monochromator coupled to
a silicon CCD (Horiba scientific). The sample was cooled in two different cryostats,
for the PL spectra measured down to 4.2 K an OptistatCF (Oxford inst.) cryostat with
a continuous flow of helium is used. The sample is placed on a cold finger in a static
exchange gas to ensure the temperature setting is obtained. For the higher excitation
power experiments, CCC1104 (Oxford inst.) cryostat was used in combination with a
closed-cycle helium compressor (Cryomech). The latter does not reach liquid helium
temperature at the sample, and we estimate the lowest obtainable temperature to be
approximately ∼ 30 K. We denote the low temperature limit of the measurements
as CT, while the specific temperature can vary, as different optical setups can behave
somewhat differently. Based on the results, we can observe stable behavior with many
thermal effects below ∼ 70 K.
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Figure 8.2: TEM and size distribution Particle size-distribution and TEM images of
CsPbBr3 size-selected precipitates P3,P4 and P6.

8.3

Results

In essence most characterization done in this work revolves around optical spectroscopy. Nevertheless, we can divide it into two approaches, ensemble- and microPL
spectroscopy. The expectation is that the results obtained by both methods should
converge to a consistent description, but the techniques are differently sensitive, each
providing their own strengths and weaknesses.
As size poly-dispersity impairs resolvability of spectral contributions of different
transitions, we opted to size-select the dispersion of NCs in order to get more monodisperse ensembles [170]. Three of the CsPbBr3 precipitates, were chosen for the
rest of this chapter, which will be referred to as P3, P4 and P6, relating to their fraction number in the selection process. The resulting fractions have been characterized
by TEM, as presented in Fig. 8.2 together with the obtained size distributions. The
mean NC size of the precipitates, was determined to be 14.7, 10.2, and 9.5 nm for
precipitates CsPbBr3 P3, P4, and P6 respectively.
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8.3.1

Ensemble spectroscopy

The size selected CsPbBr3 and CsPbI3 samples were studied by measuring the
PL spectra at different sample temperatures. In Fig. 8.3 we present the observed PL
spectra in the temperature range RT down to CT, ∼ 5 K. As we cool down the samples
we can observe several phenomena: (i) an increased PL intensity (Fig. 8.3-(b)), (ii) a
PL red shift (Fig. 8.3-(c,d)), (iii) a modification of the PL spectrum width and shape
(Fig. 8.3-(a)), and (iv) a change in PL lifetime (Fig. 8.4-(c)).
The change in spectral shape of CsPbBr3 can most easily be described as a single
normal distribution at RT, which splits up into several partially overlapping normal
distributions at CT. The changes in intensity and spectral shape, happen in the temperature range from ∼ 70 K to RT. While below ∼ 70 K, the intensity and spectral shape
seem to be relatively stable. As we cool down we can observe a monotonic red-shift
over the whole range of temperatures.
In Fig. 8.4-(a,b) typical time resolved PL (TRPL) transients of sample CsPbBr3 -P3
are shown. The transients do not follow a mono-exponential decay, we therefore opted
to characterize them by the weighted average lifetime of a double exponential decay.
In Fig. 8.4-(c) the average lifetime is plotted at different emission energies. In this way
we attempt to probe any difference in transient behavior of the separate contributions
in the spectrum. We observe faster PL decays as temperature is lowered, in agreement
with previous reports. [154, 161] Having shown the PL properties at CT to RT of NC
ensembles, we now proceed to explore the PL properties of single CsPbBr3 particles
using microPL.

MicroPL Spectroscopy

In Fig. 8.5-(a,b) PL spectra from CT to RT are shown for two selected particles.
Alternatively, these spectra could also come from a cluster of particles, which would
resemble an ensemble spectrum and show a single Gaussian peak. When observing
many different spots on the substrate we expect to find, at each spot, either a single
particle, or (small) clusters. If we were to observe only clusters containing many crystals it is reasonable to expect that we would not find large changes in PL properties
between individual observations, and would recreate the ensemble PL each time, i.e.
an average PL of all particles. Similarly, if we do observe strong changes in PL properties between different observation spot, we can expect to be observing single NCs,
and should be able to observe any spectral structure in a single NC that would arise
from effects such as polaron formation.
In Fig. 8.6-(a) we show the peak position of all the spectra measured in microPL.
We clearly see a wide range of peak positions, spanning the entire range of the ensemble spectrum, which confirms that we are in fact observing single particles, or
at the very least clusters of few nanoparticles that do not represent the average size
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(a)
(b)
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(c)

(d)

Figure 8.3: Ensemble photoluminescence PL spectra of two precipitates of CsPbBr3
(P3 & P4), and of CsPbI3 , measured in the range 5 K to RT. PL characteristics (a)
Integral breadth, an equivalent to the FWHM, (b) integrated intensity and (c,d) peak
position energy, of the four studied samples as a function of temperature. The dotted
lines are fits with equations 8.1, 8.2, and 8.3.
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(b)

Time [ns]

distribution of the ensemble.
In only a few of the observed spectra do we observe side bands and complex
spectral structure, but most spectra can be represented by a single normal distribution
function. In figures 8.5-(b) and 8.6-(b) one such case is shown in which two side
bands appear at CT. The origin of these side bands in an ensemble could be attributed
to phase change in part of the crystals, phonon replicas, or alternatively different radiative transitions. The different possibilities will be explored in detail in the discussion
section.
The PL characteristics (Peak position, intensity and FWHM) of all the observations have been extracted. While comparing intensities is challenging in the microPL
setting, we can clearly observe a drastic decrease of PL intensity (up to 200x) as temperature is increased. The PL peak position, of a few selected single particles, shown
in Fig. 8.5-(c,d,e), shows a temperature dependent shift with a magnitude of 0.04 eV,
between RT and ∼ 70 K, but does not change much more when cooling down further. While there is a shift in peak position as the NCs are cooled, the shift magnitude
is decreased compared to ensemble observations (in Fig. 8.5-(f)), and does show the
same monotonic behavior. This could have physical reasons, but most likely is due to
the limited cooling abilities of the microPL cryostat, i.e. the sample is not at the set
temperature.
Another test performed was to explore the origin of the observed recombination by
looking at the FWHM values; If radiative processes of different origin are involved in
the observed ensemble emission, it is possible that the different processes will not only
affect their emission energy but correspondingly also their emission width, resulting
in correlation between the two quantities. In Fig. 8.6-(a) the FWHM as a function of
emission peak position is shown, but no clear correlation can be observed. To con-
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Figure 8.4: Time-resolved PL TRPL transients of CsPbBr3 - P3, at (a) RT and (b) CT
for different detection wavelengths. (c) Fitted Mean lifetimes of the TRPL transients,
as a function of detection energy.
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(c) CsPbBr3 - Singledot

(a)

(b)

Peak position [eV]

(d) CsPbBr3 - Singledot

(e) CsPbBr3 - Singledot

(f) CsPbBr3 - Ensemble P6
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Figure 8.5: Micro PL spectroscopy. (a,b) are two single dots (CsPbBr3 ) that were
followed as temperature was altered, and spectra measured. The Peak position of
single dots (c,d,e) and the ensemble (f) is plotted as a function of temperature. For
easier comparison the vertical scale is the same scale on (c,d,e,f).

clude, in the microPL measurements performed on CsPbBr3 NCs, we observe drastic
intensity decrease at higher temperatures, as well as spectral shifts. We conclude that
we can detect single NCs, and observe their emission properties in CT, though in a
limited range of temperatures. Ultimately, only a few of the measured NCs show
structured spectra.
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(a)

(b)

Figure 8.6: Micro PL emission mechanisms. (a) The FWHM as a function of peak
position are plotted for all observed spectra at 77 K. No correlation is observed. (b)
spectrum of single dot at 13 K showing higher energy side bands. This is the only case
where such spectral structure was observed with a repeatable energy separation.

Discussion

The PL observations on ensembles as well as microPL have shown several properties, which we address and attempt to understand here. In essence we are trying to
understand the changes in PL intensity, lifetime, spectral shift and structure within a
suitable framework. Firstly, we look at the observed temperature dependent spectral
shifts, spectral broadening, and intensity changes, and attempt to interpret them within
a variation of effects. The suggested interpretations are well understood in other semiconductors, and therefore are offered as a possibility in perovskite NCs. Secondly,
address specifically electron-phonon coupling as a possible candidate to understand
both the spectral shifts, as well as the spectral structure, and show that this mechanism
eventually fails to explain all the observations. Finally, we discuss the more ”mysteriously” sounding dark states, that is states which do not contribute to emission. The
exact nature of these states and transitions is not identified, and is outside the scope of
this work, but we make a guess and postulate that defects, whether in the core or at the
surface of the NCs are a likely culprit. Properties which are not well understood by
other means can easily be ascribed to dark states; we therefore attempt to give a more
quantitative approach to understand the observations.

8.4.1

Thermal effects – Spectral shift

The spectral shift of PL as temperature is altered is the most clear and the most
consistent observation for all samples. We explore several possible contributions:
(I) thermally induced crystal lattice expansion, (II) electron-phonon interaction, (III) a
crystal phase change, and (IV) different radiative contributions.
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(I) – Thermally induced lattice expansion
Lattice expansion is the accepted explanation in literature, [160, 161] and is often
fitted with the empirical Varshni relation [171], for a limited range of temperatures in
which a linear relation between bandgap energy and temperatures is found. The origin
of a linear relation between bandgap energy and temperature is far from trivial, but is
experimentally observed in many semiconductors. [171]
Deviations from the linear are also observed; at lower temperatures, the lattice
does not contract as much, and therefore the blue-shift decreases. [172] Out of all the
raised possibilities this option is the only one that could produce the linear behavior
as observed, therefore we can already be sure that – thermally induced crystal lattice
expansion is the mechanism dominating a large part of the band-gap shift. At the high
temperature end of the shift is where things get interesting. The linear shifts, and the
deviation from the linear extrapolation, is illustrated in Fig. 8.7, for the three CsPbBr3
samples. The observed peak positions follow a behavior which can be linearly fitted
for the range from 20 K up to 70 K for CsPbBr3 -P6, 120 K for CsPbBr3 -P4, 150 K for
CsPbBr3 -P3, and 130 K for CsPbI3 .
Just as Fig. 8.7 gives the peak position as a function of temperature together with a
linear fit, we can now shift the peaks back according to this thermal expansion effect,
as if it did not take place. This is shown in the right panels of Fig. 8.8 (non-expanding
spectra), with the original spectra on the left. So while initially we focused on why
does PL blue-shift when T is increased, this we can now assign to thermal expansion, and focus on another question, why does the PL red-shift when temperature is
increased in comparison to the linear thermal expansion extrapolation.

CH. 8

(II) – Electron-phonon interaction
At higher temperatures things become more complex, and we find in literature
mostly references to an interplay between thermal expansion and electron-phonon interactions which decrease the bandgap energy. [160, 173, 174] Though, it should be
noted, there is no consensus on the responsible mechanism.
In Fig. 8.3-(c,d) the observed bandgap shift is fitted with the following relation for
the temperatures of the linear range and above, following the reasoning of an interplay
between (I) and an electron-phonon interaction:
2

Eg (T ) = E0 + AT E T + AEP [
e

~ω
KB T

−1

+ 1]

(8.1)

where E0 is the un-renormalized band gap, AT E the coefficient of thermal expansion,
AEP the constant of electron-phonon interaction and ~ω the average phonon energy.
The fit provides us with the parameter values of phonon energy and amplitude, which
are shown in the master theses of Westerveld [169] and ten Have [164], and are mostly
in agreement with other publications, with slight differences which are most likely
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Figure 8.7: Emission peak position The peak of emission plotted against temperature, for the CsPbBr3 precipitates. A linear fit is shown, that takes into account a
linear expansion in the intermediate temperature range, and clearly the peak red-shifts
compared to the linear expansion.
CsPbBr3-P3

CH. 8

CsPbBr3-P4

CsPbBr3-P6

Real emission energy [eV]

Renormalized emission energy [eV]

Figure 8.8: Spectra and renormalized spectra of CsPbBr3 As thermal expansion
creates a linear PL shift, we move back the spectra, in the right panels, as if no thermal
expansion shift has taken place. This is put in comparison to the original PL spectra,
on the left.
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the result of variations in sample preparation and quality. Moreover, not only are
the absolute values, but also the changes in parameter values between the different
samples consistent with literature and indicate a dependence between electron-phonon
interaction and NC size.
Nevertheless, while equation 8.1 can be used to fit the data, the model behind it is
mostly empirical, and no consensus exists on the responsible mechanism.

CH. 8

(III) – Crystal phase change
A crystal phase change is also considered as a possibility, [160] and was even excluded to take place at a limited range of temperatures by Diroll et al. [161]. While
XRD, as used by Diroll et al., is the technique most suitable to study the crystal phase,
it might not have the same abilities in detecting more subtle crystal phase changes
proposed to take place in IP-NCs, moreover the range of temperatures used in their
work was limited to 150 − 300 K for CsPbBr3 . Iaru et al. [157] suggest the existence
of different phases related to different orientations of octahedral distortion of the orthorhombic lattice. Moreover, phase changes from orthorhombic to tetragonal and to
cubic appear in bulk CsPbBr3 and CsPbI3 heated above RT, [175–178] which is not
the case in this study. For CsPbI3 even more phases have been identified. [179]
A temperature related change in crystal structure should normally result in strong
and abrupt changes in optical properties around the phase change transition temperature. However, that notion does not necessarily apply to an ensemble of NCs. It
is possible that NCs of different sizes will have different transition temperatures, resulting in a less abrupt temperature dependence of the phase transition, as the whole
ensemble transforms gradually.
Again we should to consider this effect in combination with thermal lattice expansion. An interplay of the lattice expansion and phase change could only agree with
the experimental results if we assume that the high temperature phase has a lower
bandgap energy than the lower temperature phase. Look at Fig. 8.7 we can assume the
phase transition starts at 70 K for the smallest CsPbBr3 NCs probed in this work, and
at 150 K for the largest NCs. The expected shift is of at least 50 meV, as estimated
by looking at the difference between the extrapolated linear shift, and the actual peak
position of a single sub-peak shown in Fig. 8.9. We find literature values for the energy difference between the cubic, tetragonal, and orthorhombic phase. And while the
exact values vary from study to study, the trend is similar, in Ahmad et al., [180] calculated bandgaps are 2.36 meV for the cubic, 2.30 meV for the tetragonal, and 2.23 meV
for the orthorhombic; i.e. the energies could agree with our energy difference requirements, but the phase ordering does not, indicating the cubic, high energy phase, to be
present at high temperature, and the orthorhombic, low energy phase, at low – in contrast to the results. Lastly, a change of phase will result in a change of band structure
and effective masses, therefore all transitions will again shift in energy, so while we
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have some bandgap estimates, it might still be that the resulting PL properties will not
follow accordingly.
In conclusion, a phase change might play a role in the observed spectral shift, but
for the moment the exact phases, their corresponding energies, and transition temperatures, are unknown.

Lastly, we explore the option of different radiative contributions to the overall observed emission spectrum. Looking at the CT PL shape, as in Fig. 8.3, and especially
in the case of CsPbBr3 -P3 we can see side bands, on both the low and the high energy
side of the main peak. We can hypothesize that at least two contributions are expected,
that of bound exciton (BE) emission and of the unbound free exciton (FE). [181] The
unbound FE has a higher energy and already for this reason we can expect a thermal
population of this state at higher temperatures. Such behavior will produce a shift in
PL towards higher energy as we increase T, which is consistent with the overall shift,
but not with the deviation from the thermal expansion related linear shift. Nevertheless, this is assessed further, and in Fig. 8.9 we present an example of a 3 Gaussian fit
for the CT spectra of CsPbBr3 -P3, and continue the same fitting for several temperatures up to RT. The resulting fit parameters are shown in Fig. 8.10. Here we assume
three peaks, with peak a, the lowest energy peak possibly related to polaron formation
or defect related phonon side bands, which appear as a low energy tail, with possibly
multiple overlapping energy-separated peaks, phonon replicas. Peak b, the main peak,
(≈ 6.6 ± 0.5 meV blue-shifted from peak a) is perhaps the excitonic peak, and peak
c (≈ 21.5 ± 2 meV blue-shifted from peak a) is then the FE peak. Alternatively, state
degeneracies, such as light and heavy hole recombinations, could also be attributed to
the sub-peaks. [159]
While, the possibility of the sub-peaks to contain a BE (peak b) and FE (peak
c), this idea can be as easily abandoned. In all references we find no mention of
exciton binding energies below 40 meV, [7] even though we observe a much smaller
energy difference between sub-peaks. The strong decrease in peak b, as temperature is
increased, does seem to suggest that for a limited temperature range, we can observe
the unbinding of a lower energy state, but the energy difference seems much smaller.
Both the 100 K temperature at which this decrease appears, as well as the energy
difference with other sub-peaks are in rough agreement.
Obviously, the above described peak assignment is quite arbitrary, and is based
on little evidence. Moreover, it is not clear whether the different emission contributions in combination with thermal expansion could explain the observed peak shift.
If the sub-peaks shift according to thermal expansion, and only increase and decrease
in intensity, then we might be able to make an argument in favor of solely the mechanisms (II) & (IV). In the non-expanding spectra, unfortunately only for a limited
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25 K

Peak b
Peak a
Peak c

50 K

101 K

CH. 8

148 K

Figure 8.9: Fitted PL spectra PL spectra of CsPbBr3 -P3 fitted with 3 Gaussian distributions at different temperatures. Peaks a, b, and c are indicated, and all three blueshift with rising temperatures. The 3 sub-peaks can be assigned to different radiative
transitions.
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(a)

Integrated intensity

Peak a
Peak b
Peak c

(b)

Fit - Eb=22 meV
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(c)

Figure 8.10: Fitted PL spectra parameters The fitted sub-peaks’ spectral position,
integrated intensity, and line-width are shown for the fits in Fig. 8.9. Peaks a and b
have a consistent line-width and intensity, while peak b decreases in intensity with
rising temperatures. It is fitted with Eq. 8.3.
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range of temperature (especially in P3) behavior that could be interpreted like that, is
observed.
Returning to the fitted peak-positions in Fig. 8.10-(a), this same behavior should
mean a parallel and linear shift for each of the three peaks. While a parallel shift is observed, linear behavior is not, and especially above 150 K this becomes very evident.
This implies that the notion of solely different radiative transitions being responsible
for the spectral behavior is not consistent with the results, and would require an additional phase change or other effects. Nevertheless, we can identify peak b, in the fitted
spectra in Fig. 8.9 as an important contributer to changing emission properties.
To conclude this section, we have explored several possibilities for the origin of the
shift in PL peak position as temperature changes. We can conclude that for the largest
part of the temperature range it is understood within the context of lattice expansion,
causing a linear increase in bandgap energy. Above a certain temperature, around the
80-150K mark, we start to observe a deviation from the linear behavior, and a relative decrease in energy. Several possibilities have been explored here, and both a
phase change or different radiative contributions cannot easily explain the observations, while phonon interactions model fit the data without providing us much insight
into the mechanism. We will now proceed to explore other PL properties within the
same models.

CH. 8

8.4.2

Thermal effects – Line-width broadening

The width of the emission peak, contains a lot of information as well, and is often
quantified by the full width at half maximum (FWHM) of the peak. While this quantity is easily defined and determined for a single Gaussian peak, it is very arbitrary
and hard to define for non-symmetric distributions as observed for CsPbBr3 at CT.
Therefore, instead of the FWHM we quantify the integral breadth, and we observe
broadening with increasing temperature. The emission width, will be the product of
the temperature independent inhomogeneous broadening, Γinh , caused by size distribution and crystal in-homogeneity, thermal broadening, and other effects that broaden
the effective emission peak. So while Γinh is fixed, and the thermal broadening is
predictable we focus on what the other contributions are. The options we explore are
somewhat similar to the ones explored in relation to the peak-shift in section 8.4.1.
And so the possible effects explored are: (I) phonon scattering, (II) different emission
contributions, and (III) exciton space quantization.

(I) – Phonon scattering
Scattering of the exciton with phonons, could result in broadening of emission as
some energy is exchanged in the interaction. Both acoustic as well as optical phonons
can contribute to scattering effects but their temperature dependent behavior is differ-
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ent. The following relation is often used to fit the width:
Γ(T ) = Γinh + σT +

ΓLO
e

ELO/K T
b

−1

(8.2)

where σ signifies scattering with acoustic phonons which depends linearly on temperature, and ΓLO the contribution of LO-phonon scattering, with energy ELO to the
spectral broadening. And the fit values obtained are in agreement with other observations. [164,169] But there is one caveat of this approach that should be discussed. The
two phonon terms in Eq. 8.2, should normally apply only to a single recombination of
either the free exciton, the bound exciton, or a defect state, which will all have different phonon interactions. So while phonon scattering is widely accepted and relatively
well understood, it is not clear whether it can explain the results completely.

Just as discussed in section 8.4.1, different emission-bands will also contribute
to overall line-width broadening. As the sub-peaks change intensity and position,
they can affect the overall emission broadening. In fact, as touched upon before, the
FWHM of the whole peak is quite unphysical, and we should be addressing each
sub-peak by itself. Unfortunately, in all samples studied, the sub-peaks overlap considerably, and therefore we have to rely on error-prone fitting techniques to separate
the underlying contributions. As shown in Fig. 8.9, only for precipitate CsPbBr3 P3
this was done, and the FWHM values are shown in Fig. 8.10-(c). We can also observe
a strong decrease of intensity of peak b, and according to the fits, the FWHM of the
sub-peaks can be reproduced with phonon-scattering models (not shown). Still, no
clear onset of bands contributing to the overall emission line-width is observed. The
fitted data for the single sub-peaks, is more physical than measuring the width of the
overall emission peak, because it contains overlapping fits and is also imprecise.

(III) – Space quantization
Quantum confinement in small NCs leads to discretization of the band edge states,
and with this follows thermal excitation of higher states. While the observed peak
shift behavior, requires a mechanism that lowers the bandgap energy, the inclusion
and thermal population of higher states, does not agree with that. Moreover, while
partial thermal population of higher states will broaden emission, it will do so only
on the high energy side, and not symmetrically, like phonon scattering for example.
Nevertheless, in combination with other effects, such as a phase change that shift the
whole emission peak, this mechanism might play a role in the observations and should
therefore be explored.
The idea is that the NC ensemble emission originates from the first or the second
excited state of each NC, the ratio is determined by Boltzmann thermal excitation

123

CH. 8

(II) – Different emission contributions
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of the higher state. To consider this we can roughly calculate the energy difference
between the two states. Taking the particle in a 3D box model, the energy difference
can be derived to be
3π 2 ~2
∆E =
2m∗e,h a2

CH. 8

with m∗e,h the effective mass of electron/hole and, a the NC size. Next, the value can
be estimated, requiring the knowledge of effective mass and NC size. For a 10 nm
particle, and effective masses taken from Protesescu et al. [7], m∗e = 0.15 and m∗h =
0.14, we can calculate ∆Ee = 75 meV and ∆Eh = 80 meV.
This means that partial thermal excitation of the higher states could result in a
broadening of emission of an order of 130 meV by thermal excitation of higher states
of the electron and hole. Though limited by the thermal excitation probability, which
−∆E
even at RT (25 meV) will be small, of order e kT ≈ 0.05 and without taking into
account state degeneracy.
To sum it up, space quantization does not explain the spectral shifts nor the broadening. Nevertheless, if phase changes occur the modified effective masses will influence energies relates to the space quantization, and this will have to be considered in
detail.
To conclude this section, we have explored several possibilities for the line-width
broadening in PL peak as temperature changes. The notion of determining a single
width to what is clearly a complex emission spectrum consisting of several transitions,
is not physical and therefore requires deconvolution. We have attempted to do so,
with the goal of pin-pointing the exact contribution of each peak and have discussed
different possibilities but cannot conclude on a single contribution that explain the
observations besides phonon scattering.

8.4.3

Thermal effects – PL intensity

Lastly, we look at the thermally induced change in integrated PL intensity. As the
temperature is increased, access to non-radiative higher energy processes is enabled,
which lowers the observed intensity. While the system is most likely complex, with
different radiative and non-radiative processes, in practice only the first approximation
is used here to fit the data,
I0
(8.3)
I[T ] =
AeEa/Kb T + 1
with Ea the activation energy of the non-radiative transition. As mentioned this is an
oversimplification, and in case there are several non-radiative transitions each one will
add another exponent term in the denominator. Furthermore, different particles, like a
second population with different recombinations will show up as whole new fraction.
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Nevertheless, this simple model already fits the data decently, and thus shows us that
the variations in non-radiative recombinations are quite minimal.
A more correct approach would be to also here quantify the changes in intensity
per sub-peak. e.g. Sub-peak b, shown in Fig. 8.9, displays a strong decrease in intensity at increasing temperature. The calculated integrated intensities are fitted with
Eq. 8.3, and a binding energy of 22 meV is obtained, as shown in Fig. 8.10-(b). Similar
analysis with the other peaks or spectra did not yield reliable results, and is therefore
not shown.

Electron-phonon coupling

The possibility of electron-phonon (EP) coupling as the mechanism behind the
observations of PL structure and strong variations in PL intensity has been considered
in literature as well. [157] In particular, for CT spectra of CsPbBr3 , a single Gaussian
peak was no longer sufficient to describe the observations. Side peaks, of varying intensity, appearing on both sides of the main peak, hinted on a possibility of a strong EP
coupling and polaron formation. Here we consider the model qualitatively in relation
to the observations.
While some systems display clear separated peaks in their PL spectra, [182] for
NCs the size distribution will play an important role to smear-out such effects and we
therefore are looking at overlapping emission peaks. We fit the observed spectra with
a sum of N Normal distributions, gi (A, σ, µ). Such a fit provides a non-exclusive
solution, we therefore employ constraints as provided by the polaron model. With
emission replicas formed by the spacing of energy states in the harmonic potential, all
emission states are therefore equally spaced with energy ∆E = ~ω. In Fig. 8.11 we
present the emission peak with the regularly spaced fitted peaks, which was also be
expanded to different temperatures (not shown). Using the fitted amplitudes, which are
proportional to the probability of each of the transitions, we could calculate different
parameters of the formed polaron, following Odnoblyudov et al.. [182]
While the above analysis gives reasonable values which are agreement with literature values and theoretical calculations, fitting three or four Gaussians can be done
in many ways, and is far from conclusive. [157] It is therefore that we turned towards
the microPL spectral analysis, and this provided more conclusive results regarding
EP coupling and polaron formation. If taking place, this effect should exist in individual NCs, and considering that in ensemble emission the side peaks are as intense
as the main, we can assume almost all individual NCs should show multiple peaks.
In the microPL observation shown in section 8.3.2, only a few of the individual NC
showed behavior that might be consistent with polaron formation. It is more plausible
to assume that in fact EP coupling and polaron formation, though definitely strong
contenders to explain the mechanism, are in essence not observed in these measurements.
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Intensity
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Figure 8.11: Polaron CT PL spectrum fitted with model of polaron induced equally
spaced emission peaks.

One possibility still is that polaron formation requires lower temperatures that we
were unable to reach with the microPL cryostat. Some studies [157] argue that a phase
transition at low temperatures might help polaron formation, and enhance its effects.
Also, it is possible that defects, or the NC surface play a critical role in polaron-like
Franck-Condon type transitions, which would induce large variability between emission spectra of each observed single NC. Such behavior could explain why some of
the NCs did show some spectral structure. In either case it seems that solely polaron
formation, without an additional mechanism, cannot explain the emission spectra observed in ensembles at CT.

8.4.5

Dark States

Comparison of the PL intensity with the average measured lifetime can also give
hints about the processes in the sample. The decrease in integrated intensity in the
CsPbI3 sample studied is about 1.8 times from 5 K to 293 K, while the lifetime is 3
to 17 times longer, depending on which detection energy one compares. In CsPbBr3 ,
as well as CsPbI3 , lifetimes lengthen more than the intensity decreases. It is this
difference that is the signature of different NC populations, that is explored here. [42]
The two quantities of importance are the PLQY and the IQE, and, will be later
Rr
, and
argued, the number of emissive NCs. The IQE is given by IQE = Rr +R
nr
while the PLQY is not determined, we look at the PL intensity as it is proportional to
the PLQY. For simplicity only two conditions are explored, CT and RT. If the number
of NCs is not altered between CT and RT, then, naively, we assume that a change in
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intensity corresponds to a change in IQE. But, if the number of NCs does change then
intensity and IQE do not need to correspond. The first, a constant number of NCs,
is explored first. To explain a decrease in PL intensity we have two options either: i)
an increased rate of non-radiative recombination, ii) by a decreased rate of radiative
recombination at high temperatures or by a combination of (i) and (ii). We can argue
that (i) appears to be physically the most likely, as thermal energy enables promotion
of carriers to higher non-radiative states (often referred to as trap states), which are
not excited at CT. However, an increase in non-radiative rate should result in an increase in the measured PL rate, and thus a decrease in the observed lifetime at higher
temperatures. The observations show an increase in lifetime at higher temperatures
though.
For the second case, (ii) a change of radiative rates, to be the dominant requires a
decreased radiative rate at high temperature which leads to a decreased total rate. A
possible explanation offered in literature for lengthening the radiative lifetime is the
appearance of a slow radiative process at higher temperatures, in the form of above
band gap radiative trap states (as suggested for CdS, CdSe and ZnS QDs, [183]). These
are state that are thermally excited, and have slow radiative recombination, but are not
affected by the non-radiative transitions. Yet, a higher energy state, should also appear
as a blueshift in the emission spectrum and have slower recombination rates than the
excitonic transition, both of these effects are not observed.
Alternatively, we consider the radiative changes more generally, and based on the
RCT
CT
experimental findings, IQE
IQERT = 2 and RRT = 10 and the radiative rate has to change

We can see therefore that changes in intensity, lifetime and IQE cannot be simply
explained by addition of slow radiative transitions, only speculative ideas that lead to
a 20 fold increase in radiative rate such as phase changes or bound transitions could
clarify the findings. While a phase change, or bound polaron/self trapped exciton state
are possible, we have no direct evidence for their existence. With this conclusion, it
is wise to question our initial assumption; that we have a fixed number of contributing
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R

by a factor Rr,CT
= 20, a value which would not be influenced by changes in the
r,RT
non-radiative rate. Moreover, at CT, the radiative ground states are fast (100 ps − 1 ns)
triplet states [154]. In order to slow down the radiative rate, we can consider thermally
accessible higher energy slower states. With each added state only up to ∼ 1.3×
lifetime lengthening can be obtained. In essence it is hard to compete with a fast
radiative process using a slow radiative process. So from the above mechanisms we
expect to have some effects on lifetime, but a 20 fold increase in Rr is unfeasible.
Within this line of reasoning, the only alternative then is that we completely modify,
and turn off, the CT radiative transition. Perhaps, this can be understood as thermal
dissociation of a highly emissive bound state, such as a polaron, self trapped exciton,
or crystal phase related radiative transition (as discussed in section 8.4.1).

Chapter 8. CsPbX3 PL mechanisms
NCs at the different temperature regimes. Next we explore the second possibility, dividing our ensemble into different particle populations, which have different possible
transitions.

CH. 8

Bright and dark population
Whether or not a fast transition at CT takes place, to fully explain the observed
trends in lifetime and intensity with changing temperature, different particles in the
ensemble are necessary, i.e. different particle populations. We propose two different
populations in the NC ensemble; a dark and a bright population. While both populations emit at low temperature, at high temperature the dark population never emits,
and is dominated by extremely fast non-radiative processes (at least faster than the experimental resolution). This way a lowered PL intensity at RT is observed, but would
also require the observation of two lifetimes at CT.
Moreover to explain the lifetime and IQE characteristics, we again turn to the
differentiated populations. The bright particles can behave as discussed before, with
some limited changes observed in their lifetime and IQE, but with a lifetime that has
to be at least in agreement with the longer ensemble lifetimes observed at RT. The
dark particles, show two distinct behaviors, at CT, the non-radiative rate is high, but
still radiative transitions are observed from the dark population, with a rate RCT =
Rr + Rnr + Rf astnr . At high temperature, the non-radiative process is so fast, that
no emission is observed anymore. Therefore, at high temperature more and more
particles go ”off”, and their fast non-radiative rate is not measured anymore in the PL
lifetime, RRT = Rr + Rnr . Thus, at room temperature the measured ensemble rate
is lower, which is what we observe.
The above analysis is a way to make sense of the observations, and not necessarily
a physical mechanism. Furthermore, differentiation into populations might seem like
an easy solution, it is also somewhat in agreement with the multi-exponential decays
observed in TRPL, in all temperature regimes, which are a clear signature of different
populations. Though, with the simplest explanation, we would observe at RT only
slow NCs, and at CT slow and fast. Yet, no slow radiative lifetime is observed at CT,
implying that the lifetimes in all situations are still altered. Ultimately, the observation of different populations is also in agreement with the observation of PL spectral
structure in CsPbBr3 . It is possible that this radiative transition might even be peak b,
observed in Fig. 8.9 as a strongly quenched peak as temperature increases.

Bright and dark population: quantification
Having made arguments as to why dark and bright populations is a viable explanation for the observations, we expand this analysis to quantify what fraction of the
ensemble is dark. As discussed before, when we let go of the constraint that the number of NCs is fixed, we actually allow for a difference between IQE and PLQY, which
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is given by the dark population,
N − Nd
IQE = P LQY
N

(8.4)

IQE is further defined as,
IQE =

Rr
τnr
=
Rr + Rnr
τr + τnr

(8.5)

And we now proceed to divide the CT case by the RT case, with the observed rate
Robs = Rr + Rnr ,
IQECT
Robs,RT
=
(8.6)
IQERT
Robs,CT

Filling in the values for CsPbI3 in Eq. 8.7 (Table 8.1 for all samples), 1.8 for the intensity ratio and 6.7 for the lifetime ratio (in the detection window where peak emission
is located, 1.72 eV at 7K (CT) and 1.79 eV at RT), we find that for every radiative NC
at RT, there are 12 radiative NCs at CT. This finding would imply that 1 in 12 NCs
takes part in RT emission, giving an upper bound on PLQY of ∼ 8%, an unusually
small PLQY which does not agree with other observations. [7] In fact, the analysis
assumed that the radiative rate is constant (with negligible influence from an above
band gap radiative trap state) at CT and RT, and therefore is probably an overestimate
of the number of dark NCs. We can therefore extend Eq. 8.7 to include changes in
radiative rate and find the following relation:
rem =

N − Nd,CT
ICT τr,CT τRT
=
N − Nd,RT
IRT τr,RT τCT

(8.8)

τ

Where the radiative lifetime ratio τr,CT
< 1, therefore we can say Eq. 8.7, and the
r,RT
values found before, give an upper limit to the fraction of dark NCs. Especially conτ
sidering the high PLQY of these materials at RT. We can expect for τr,CT
≈ 0.2 in
r,RT
order to obtain more reasonable values of PLQY.
To conclude this section, we have explored the PL lifetime, intensity, and IQE, at
CT and RT. A change in PL intensity can be a result of either a change in IQE, or not;
implying a change in number of emissive NCs. Both of these cases were explored, and
it seems most likely both effects take place a at the same time. We identify, by handling
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where in the above relations, N is the total population of NCs, Nd the amount of dark
NCs. [42] As we did not measure the PLQY at CT, we assume the intensity I is, and
stays proportional to the P LQY when changing sample temperature. We can rewrite
this as
ICT τRT
N − Nd,CT
=
(8.7)
N − Nd,RT
IRT τCT

Chapter 8. CsPbX3 PL mechanisms

Sample
CsPbBr3 - P3
CsPbBr3 - P4
CsPbBr3 - P6
CsPbI3

RT/CT PL
intensity

τRT [ns]

0.5
0.9
0.55
0.55

3
4
5.5
19.6

τCT [ns]

Emissive
NC ratio,
nems,CT
nems,RT

0.4
0.4
0.4
2.9

15
11
25
12

Table 8.1: PL parameters of the four samples studied in this work: the intensity ratio
between integrated RT PL and CT PL. The mean lifetime at CT. The mean lifetime at
RT. The ratio of number of emissive NCs at CT to RT.

each case separately, that the results can not be explained satisfactorily by one effect.
This does not yet identify the exact mechanism but brings us closer to it, as we now
can identify that a mechanism the increases the radiative rate at CT substantially is
needed. Possibilities, that were also discussed before, include crystal phase change,
and highly emissive bound states that thermally dissociate, such as polaron or a self
trapped exciton.
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8.4.6

Probing radiative states

Having argued that there are different populations of CsPbBr3 NCs that behave
differently at cryo- and room-temperature. We can try and probe the different populations more directly, in order to study them. We do this by varying the excitation power
and observing the PL of the different populations.
In Fig. 8.12-(a) we present the CT PL spectra of CsPbBr3 ensemble studied in
this way. When normalizing the intensity of spectra, we can more clearly observe
the change in spectral shape and underlying contributions, and though it might look
like the lower energy peak is decreasing in intensity, this is merely the normalization;
both peaks are increasing in intensity as excitation power is increased. By fitting the
spectra with the sum of two Gaussian distributions we can quantify the contribution of
each as a function of excitation power. In Fig. 8.12-(b) we show the observed intensity
of each of the contributions as a function of excitation power. Using a power law to
fit the different regimes, [184] I = CP k , where I is the integrated intensity of the
contribution, P the excitation power, and k the fitted coefficient. At lower excitation
power we find both contributions to increase in intensity almost linearly (k = 1) with
excitation power. At a certain threshold power we observe the contributions changing
their behavior, and the lower energy contribution becomes strongly sub-linear (k < 1).
Such power dependent behavior of different contributions can tell us something
about the origins of the contributions. The results are consistent with a lower energy
saturating transition, and a higher energy non-saturating transition, so how does this
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Figure 8.12: PL Power dependence Left, spectrum of CsPbBr3 ensemble PL, at three
different excitation powers. Right, intensity of the two fitted contributions within the
power dependent spectra, with the dashed lines indicating power law behaviors as
comparison.

Having ruled out two plausible mechanisms we can find support for the model of
defect related emission. Defects in crystal structure, at the core, surface, or due to the
ligands; are often linked to similar observations. Defect transitions can appear aboveor below the band-gap. A sub-linear transition (k < 1), is more likely to come from
defects, as these are likely localized, and therefore saturate more quickly. While these
is definitely not conclusive evidence, it is a possibility. Why then do we observe different spectral shapes, and different behaviors from the different precipitates studied
(CsPbBr3 , P3-P6), and the ensemble shown in Fig. 8.12-(a). The defect states are
highly dependent on the quality and production parameters of the sample studied. The
size of the crystal, defines the surface to volume ratio, and depending on the location
of the defect affecting PL, each NC size might have a different concentration of defects. Furthermore, the sample quality can vary greatly from batch to batch, due to
variabilities in the synthesis, and will strongly depend on sample age in combination
with environmental effects such as moisture content, and light exposure. [169] Diroll
et al. [161] do not observe such distinct side bands, and claim this is the result of
their unique synthesis method. In essence, the strength of inorganic perovskites NCs
is their facile synthesis, which undoubtedly enables many kinds of defects in these
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compare with different emission models. If we consider phonon side bands due to
polaron formation, we do not expect them to show such different power dependence
between the different side bands. Moreover, higher order transitions due to multiexcitonic transitions are also not consistent with the results. A multi-exciton will
behave super-linearly as the regime of two (or more) absorbed photons per NC is
reached.
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complex crystals, and it is exactly this strength that hinders us from pinpointing the
exact defect mechanism.
Another remark regards the higher energy transition. While we attribute the sublinear lower state to defect related emission, the higher state as well shows a sublinear character. The most important finding here is in fact, the difference in behavior
between the states, which strongly indicates different emission mechanism. The distinction of linear/sub-linear character suffers from the technical difficulty which is the
laser beam in-homogeneity. Even an ideal laser beam (which we do not have), has
a Gaussian profile, thus exciting part of the ensemble with higher powers than other
parts. This results in a mixture of regimes, measured at once, and in many cases the
mixture contains the linear and the saturated regime appearing together as an averaged
sub-linear regime. We therefore conclude that the lower lying state has a different and
is saturating more strongly.
In literature reports of power dependence PL studies at CT show comparable results. [185] report similar behavior, though on CsPbBr3 nanosheets, with quite similar
interpretation of the mechanism. While [157] also presents similar findings their interpretation differs slightly but also attributes the lower energy peak to a bound carrier
transition.
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8.5

Conclusion

This chapter studies the PL properties of CsPbBr3 and CsPbI3 NCs, at RT and
CT, with the goal of probing the underlying radiative and non-radiative recombination
mechanisms. Some of the PL properties at CT and RT can be understood within
existing frameworks, in which thermal expansion and phonon interactions control the
observed behavior of emission intensity, line-width broadening, and spectral shifts
as a function of temperature. Nevertheless, the explanations are inconclusive and
potentially require added contributing factors.
We identify that the temperature dependent spectral shift is dominated by linear
red-shift of the emission energy, and an additional blue-shift at temperatures for the
80 − 150K range. While the linear part is understood within a lattice expansion, the
origin of the blue-shift is unclear. We expand the analysis from the envelope emission
peak, and focus our attention on the behavior of the sub-peaks within it. Using this
approach, we identify a quenched transition (peak b) that might explain the decreased
intensity at RT.
The long PL lifetimes at RT are harder to understand within those frameworks,
and require us to introduce the complication of different populations of NCs within
the ensemble. Taking this analysis further, and quantifying the changes in PL intensity
and time resolved PL at different temperatures, it is possible to give rough estimates
on the relative populations of dark and bright crystals, and observe that the majority
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of nanocrystals become dark at RT.
Additionally, the PL ensemble spectra have been compared with those of single
NCs, obtained by microPL. In microPL we did not observe the signature effects of
polaron formation, with large Huang-Rhys factors. We postulate that the side bands in
PL spectra of CsPbBr3 NCs are most consistent with a combination of a few radiative
transitions and defect states. While these findings argue against polaron formation,
still we can speculate as to whether it can form under the right conditions.
Ultimately, while we have considered many mechanisms, there exist more possibilities: a low temperature phase change or a more exotic bound state, such as a
polaron, self trapped exciton, or a defect state. According to our results, it is possible that the local environment, crystal size, and specifics of the surface and defects,
have big implications on the optical properties, varying greatly from NC to NC, and
therefore making their identification elusive. We have proposed several frameworks
through which PL properties can be analyzed, and the right combination of contributing factors can be found. At this stage the complete understanding of the plethora
of experimental observations remains elusive. The presented research provides some
general frameworks in which the results should be considered, but clearly further research is necessary to resolve all the microscopic aspects of emission from IP-NCs.
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