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that could pave the way for their use in 
photovoltaic devices with efficiencies sur-
passing that of the Shockley–Queisser 
limit.[6]

But the photophysics of LHP are dic-
tated by a series of complex processes 
taking place over several timescales from 
the generation, diffusion, and recombi-
nation of photo-excited carriers to slower 
processes involving the migration of ionic 
species. The latter processes are known to 
lead to photobrightening and photodark-
ening phenomena. Further, many of these 
processes are known to be strongly influ-
enced by the surrounding atmosphere.[7] 
While the ultimate mechanism behind 
these photo-induced changes is still under 
debate[8] they play a key role in the emis-
sion properties as well as the long-term 
stability of LHP and thus on the perfor-
mance of these materials in optoelectronic 
devices. These phenomena have been 
widely studied for LHP in the shape of 

single crystals and polycrystalline films comprising crystallites 
having sizes from hundreds of nm to a few microns, but their 
role in LHP nanostructures have been barely considered.[9,10] 
Such study, involving the understanding of the interaction of 
light and matter in LHP for nanoscale systems, is usually an 
issue since most NCs are synthesized employing colloidal-
based methods where NCs are dispersed in a liquid medium 
and surrounded by ligands that passivate defects, prevent 
their aggregation and control size and shape. Recently a novel 
approach based on the synthesis of LHP NCs within a dielectric 
porous matrix has been presented leading to the formation of 
ligand-free LHP NCs with outstanding emitting properties.[11–15] 
Further, NCs fabricated following this approach have demon-
strated enhanced stability as compared to their bulk counter-
parts. These LHP nanostructures represent an excellent plat-
form to study the photophysics of ligand-free NCs as their size 
is reduced down to the quantum confinement limit.[16]

Here we present a study of the photophysics of ligand-free 
MAPbBr3 NCs of different size grown within SiO2 nanoporous 
matrices and exposed to different levels of atmospheric oxygen. 
Photoactivation and photo-darkening processes are observed to 
take place simultaneously and the dominance of either is shown 
to strongly depend on the size of the crystal and the presence of 
neighboring crystals, pointing to the presence of surface-related 
degradation and bulk-related photo-activation. To further under-
stand the role of the atmosphere on the two optical processes, 
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1. Introduction

The potential for lead-halide perovskites (LHP) as light emitters 
stems from their enhanced binding energy upon a reduction 
of its size, making its excited species of an excitonic nature and 
improving its radiative efficiency.[1] This turns LHP nanocrys-
tals (NCs) into a key element for applications in light emitting 
devices,[2] whose potential is further enhanced by other aspects 
such as the possibility of tuning its electronic bandgap across the 
entire visible by appropriate combination of its halide compo-
nent[3,4] or a slow cooling of hot carriers in LHP nanostructures[5]  

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the 
 Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
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structural information is retrieved from X-ray photoemission 
spectroscopy (XPS) measurements. Finally, the existence of two 
photo-induced processes involving different timescales and of 
different nature are unveiled. This study highlights the particu-
larity of the photophysics of LHP NCs as compared to those of 
the bulk material, as well as the relevance of NCs grown within 
nanoporous matrices, which allows studying the optical proper-
ties of LHP nanostructures in the absence of any external ele-
ments such as ligands.

2. Results and Discussion

2.1. Photophysical Characterization

MAPbBr3 NCs of two different sizes (2.35 and 2.57 nm dia-
meter) were grown within SiO2 nanoporous matrices following  
a previously reported procedure.[17,18] The size of the NC, 
which determines its optical properties, can be controlled via 
the concentration of the precursors in the solution spin coated 
on the SiO2 matrix (see Section S1, Supporting Information). 
The photoluminescence (PL) from the different NCs matched 
with the onset of absorption (see Figure S3, Supporting Infor-
mation)[17] and a blueshift of the PL peak was evident as the 
amount of precursor on the synthesis solution was reduced 
(Figure 1a). Next the emission properties of the samples 
were monitored as the amount of oxygen in the surrounding 
atmosphere was controlled in a precise manner. For this, the 
samples were placed inside a chamber where the atmosphere 
could be brought down to ultra-high vacuum (UHV) condi-
tions (10−8 Torr) or filled with controlled amounts of oxygen. 
To assess the role of the latter, the emission was studied under 
UHV as well as under different oxygen pressures (2, 4, 6, 8 
and 10  Torr). Figure  1b,c shows selected PL spectra from a 
2.57 nm  NC sample at different irradiation times under the 
two extreme cases of UHV and 10 Torr, where the role played 
by oxygen becomes patent as changes in the PL intensity but 
also in the spectral position.

As the following step, the intensity and spectral position of 
the emission was monitored for different samples as they were 
irradiated either under UHV or when exposed to 2 Torr of O2. 
Figure 2 shows the evolution of these parameters for the dif-
ferent NC samples as well as a bulk sample. Here it becomes 
evident that under UHV conditions (gray curves) the sam-
ples initially emit poorly and undergo a small PL darkening 
upon irradiation, regardless of their morphology, something 
already observed for bulk LHP materials of different composi-
tion.[19–21] Such changes are not accompanied by any spectral 
variation. But when small amounts of oxygen are introduced 
into the sample chamber (black curves) the optical response is 
modified, changes being strongly dependent on sample mor-
phology. After a small initial fast variation in PL taking place 
within the first minute of irradiation (see below), the bulk 
sample undergoes a strong PL activation followed by a poste-
rior bleach (Figure 2a), similar to previous reports.[21–23] For the 
larger NCs (2.57 nm),  after the initial abrupt change a slower 
rise in PL is observed in a similar time-scale (Figure 2b). Finally 
for the smallest NCs (2.35 nm) only a drop in PL is observed 
(Figure 2c). Contrarily to what is observed for the bulk sample, 

in the case of NCs changes in PL intensity are accompanied by 
a variation in the spectral position of the PL peak, which will be 
discussed later. These trends were observed for several sets of 
samples and over a large range of O2 pressures (see Figure S5, 
Supporting Information).

Regarding the duration of both effects, while photo-dark-
ening could be associated with the permanent degradation 
of the material (see Section S2 and Figure S6, Supporting 
Information) the photo-activation is partially reversible over 
a time-span of several hours (see Figure 3). To asses this, the 
2.57 nm NC sample was irradiated continuously in an O2 rich 
atmosphere (10  Torr) until its PL achieved the plateau just 
before darkening kicks in. Then it was kept in the dark and 
emission spectra were collected for 1 s (a short enough irradia-
tion time in order not to introduce any appreciable activation 
effects) at different intervals: each 30 s initially and each 30 min 
in the last stage. In Figure  3 we can see how after 5 h in the 
dark the sample’s PL has achieved a plateau retaining 75% of 
its maximum PL intensity. Further, we can also see how spec-
tral changes (blueshift) accompanying the activation are also 
retained over the same time period.

Adv. Optical Mater. 2021, 2100605

Figure 1. a) PL spectra of different samples under an oxygen rich atmos-
phere (10 Torr): 2.35 nm NCs (blue), 2.57 nm NCs (green) and bulk mate-
rial in the shape of a thin film (red curve). b,c) PL spectra at different 
times of irradiation for the 2.57 nm NC sample placed under UHV and 
10 Torr O2 atmospheres, respectively.
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2.2. Analysis of PL Activation and Darkening

In order to rationalize the time evolution of the PL curves we 
assumed that the two photo-induced processes commonly 
reported for LHP—trap deactivation/annihilation and material 
degradation—are taking place simultaneously, hence competing 
with each other.[21] The process of photo-activation is modeled 
with a logistic function (Equation (1)) which represents an ini-
tial PL I0 which undergoes an activation with a growth rate kact 
as charge traps introducing non-radiative recombination paths 
for photogenerated carriers are deactivated (Figure 4a). For long 
enough times this population of traps is annihilated and the PL 
reaches a saturation value Isat = I0 + A.

I t I
A

e k t tact c1
0( ) = +

+ ( )− −
 

(1)

As it has been shown before, this process is accompanied by 
a photo-darkening which has been previously associated with 
material degradation induced by the presence of superoxide 
species formed under illumination in an oxygen atmosphere.[21] 
This degradation is assumed to introduce an exponential drop 
in the PL intensity with a rate kdecay (Figure 4b):

I t e k tdecay( ) ∝ −

 (2)

The experimental curves could then be well fitted (see 
Figure  4c) to the product of the logistic and single exponen-
tials from which values for kact and kdecay are extracted. The 
evolution of the two rates is shown in Figure  4d,e as a func-
tion of O2 pressure. For the case of the bulk only pressures 
until 6 Torr are considered as for higher pressures the acti-
vation is too fast to be observed with the present time reso-
lution. Here it can be clearly seen that the activation process 
(see Figure 4d) is clearly faster for the larger crystals present 
in the thin film. For the case of the smallest NCs (2.35 nm 
sample) no data is shown as no activation is present (at least 
within the time range of the experiment). This clearly points 
to activation being a volume-related process that is involving 
the interior of the NC.

For the case of the PL darkening, in order to compare all 
NC sizes, the smallest 2.35 nm NCs were fitted to a double 
decay and an average kdecay was extracted. Results are shown 
in Figure  4e. Here it is clearly seen that decay is faster for 
smaller samples pointing to photo-induced degradation being 
mainly a surface effect. It must be noted that for the smallest 
crystals, degradation is much faster than for the other NC size, 
not corresponding to their difference in size (see Table S1,  
Supporting Information). This can be related with the fact 
that increasing the precursor amount carries an increase in 
NC size but also of the NC load leading to aggregation and 
thus less surfaces are being exposed to the surrounding 
atmosphere.

Adv. Optical Mater. 2021, 2100605

Figure 2. Time evolution of intensity and spectral position of the PL of samples of different morphology upon continuous irradiation under UHV (gray) 
and 2 Torr of oxygen (black curves): a) bulk, b) 2.57 nm NC, and c) 2.35 nm NC.

Figure 3. Time evolution of the maximum (top) and spectral position 
(bottom graph) of the PL from a 2.57 nm  NC sample in an O2-rich 
(10  Torr) atmosphere during continuous irradiation (I) and after being 
kept in the dark (II) for several hours.
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2.3. Analysis of the Chemical Structure: In Situ XPS 
Characterization

In order to gain insight into the microscopic origin of these 
photo-induced processes we performed XPS studies at different 
stages of the irradiation. While for bulk MAPbBr3 XPS mainly 
provides information on changes taking place at the sample sur-
face due to its limited escape depth (around 3λ = 7.2 nm),[24] in 
the present case the whole NC is probed due to its reduced size 
and thus changes taking place not only at the NC surface but 
also within its interior are expected to show in the XPS spectra. 
Further, in the present case no information on the presence of 
O2 related species at the NC surface can be obtained due to the 
XPS signal being dominated by the O1s signal from the SiO2 
nanoporous matrix (see Figure S7, Supporting Information) 
contrary to the bulk case.[21] The main photoemission signals 
associated with Br and Pb species (associated with Br 3d and 
Pb 4f7/2) can be tracked (see Figure 5a,b) from which informa-
tion on the evolution of the Br/Pb atomic ratio can be extracted. 
This allows us to see that, opposite to previous experiments on 
bulk samples,[15] the NC present a slight over-stoichiometric Br/
Pb ratio (see Table S2 and discussion in Section S3, Supporting 
Information).

Next, XPS spectra were taken for two samples at different 
stages of the irradiation under an oxygen-rich atmosphere of 
10 Torr. In both cases samples containing the highest precursor 
load (i.e. 2.57 nm NCs) were used to ensure a good XPS signal. 
The duration of each cycle was different in order to be in the 
time region where photo-induced PL activation or darkening 
dominates, respectively, which was monitored with the time-
evolution of the sample PL (see Figure S8, Supporting Informa-
tion). In both cases we can see a slight shift to lower energies of 
the Br and Pb signals (Figure 5c,d show data for the degraded 

sample, for the activated one results are shown in Figure S9, 
Supporting Information) upon irradiation, which can be associ-
ated with a difference in charging effects at both the LHP and 
the metal oxide matrix. For the case of the PL activated sample, 
the Br/Pb ratio changes within the variability of XPS measure-
ments for a given sample (see Table S3, Supporting Informa-
tion), which indicates that no significant changes occur. On the 
contrary, for the sample for which irradiation is carried out to 
the point of irreversible photo-darkening, the Br/Pb ratio drops 
by a factor 1.32 (larger than the variability of this ratio for a 
given sample) below the stoichiometric value of 3 (from 3.96 
to 2.74) pointing to a loss of Br during the degradation process 
similar to that reported previously for the bulk material.[21]

2.4. Discussion

As evidenced from the above data, photophysical properties 
of LHP NCs are dictated by simultaneous photo-induced PL 
reversible activation and irreversible darkening. The former 
is clearly a volume-related process becoming more evident 
for the bulk sample (see Figure  4d). Also, it is strongly influ-
enced by the presence of O2, particularly for the bulk sample 
where kact increases with the O2 pressure and eventually satu-
rates. Further, the large variations observed in kact for NCs of 
similar diameter but different concentration points to a pro-
cess that involves intra but also inter-particle phenomena. This 
becomes clear when we consider the two NC samples under 
study, where increasing the precursor concentration by a sev-
enfold factor slightly rises the NC diameter by 10% but should 
increase much more the NC load and thus its connectivity.

The activation of the PL in a semiconducting material is 
associated with the removal of non-radiative recombination 

Adv. Optical Mater. 2021, 2100605

Figure 4. a) Time evolution of a logistic function, b) a single exponential decay, and c) its product when fitted to the experimental data (gray dots) 
for the case of the 2.57 nm NCs sample in a 2 Torr O2 atmosphere. Evolution of the d) activation kact and e) darkening kdecay rate constants as a func-
tion of the O2 atmosphere for the different samples under consideration: 2.35 nm NCs (blue), 2.57 nm NCs (orange) deposited on nanoporous SiO2 
matrices as well as bulk material (red points).
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paths for photo-generated carriers. Such paths are caused by 
trap states located deep within the semiconductor bandgap 
which, for the case of bulk MAPbX3 (X = I, Br, and Cl), have 
been associated mostly with halide-related interstitials.[25–27] 
Several reports have also highlighted the role of surface halide 
traps in quenching the material emission (see below). Further, 
the modification of the defect structure of MAPbX3 under 
external irradiation has been thoroughly studied over the past 
years with an emphasis on the role played by the surrounding 
atmosphere.[19,20,21–23,28,29–35] From this theoretical and experi-
mental work, a complex light-mediated interaction of the LHP 
material with its environment emerges. While some works 
have reported emission quenching of MAPbX3 films in the 
presence of light and oxygen,[36,37] the vast majority of experi-
mental and theoretical work points to the role of oxygen com-
bined with external illumination as the origin of photo-bright-
ening in this material. Regarding the defect structure associ-
ated with deep energy traps, the main mechanisms proposed 
to explain the ubiquitous PL enhancement comprise the direct 
interaction of atmospheric oxygen with halide-related defects, 
either inducing a change in the oxidation state of bulk halide 
interstitials[27,31] or passivating halide vacancies located at the 
sample surface.[29,32,34,38] Other proposed mechanisms com-
prise the formation of secondary species such as H2O2 which 
oxidizes hole trapping atomic lead Pb0.[33] Finally, other routes 
have been suggested where Frenkel pairs comprising halide 
vacancies and interstitials are annihilated upon material irra-
diation.[21,28,35] Such passivation of halide-related defects in 
the presence of oxygen has been further shown to be a means 
of preventing and even reversing the concomitant phase 

segregation effect in mixed LHP[39,40] mediated by these types 
of defects.

While all of the above-mentioned scenarios may be taking 
place in the present case, the dominating PL activation mech-
anism is clearly one involving long-range inter-particle pro-
cesses as evidenced from the lack of activation in NCs more 
prone to be isolated due to the low material load. Therefore 
the migration of halide species across different NCs leading to 
the annihilation of Frenkel pairs is the most plausible domi-
nating mechanism. This coincides with the recent observation 
of halide ions migrating between different bulk LHP crystals 
placed in physical contact[41] although in this latter case the 
driving force for the migration of the halide component was 
the entropy of mixing instead. Being strongly influenced by the 
presence of an O2-rich atmosphere, it is this molecular species 
the one likely to introduce a driving force for such migration, 
probably in the form of a negatively charged layer on the mate-
rial surface as recently demonstrated for the bulk.[21]

PL darkening on the other hand is a surface dominated pro-
cess as, under identical irradiation conditions, its rate increases 
for samples with a larger surface exposed to the environment 
(see Figure  3b). Its rate seems to be independent from the O2 
pressure apart from the case of the small isolated NCs where 
a slight decrease in kact could be due to the presence of a PL 
enhancement too faint to show in the trend of Figure  2c. XPS 
data collected for a degraded NC sample (see Figure 5e,f) shows 
some similarities with the case of bulk samples.[21] While appre-
ciable sign of Pb0 is not seen, this can be due to the overall low 
signal retrieved due to the small amount of material within the 
nanoporous matrix. On the other hand, the Br/Pb ratio drops by 

Adv. Optical Mater. 2021, 2100605

Figure 5. a) Br 3d and b) Pb 4f7/2 photoelectron signals for NC samples having different diameters: 2.35 nm (blue) and 2.57 nm (orange curve). c) Br 
3d and d) Pb 4f7/2 photoelectron signals for the 2.57 nm sample as grown (black solid) and irradiated in 10 Torr of O2 (dashed curves) to the point of 
PL darkening treatment.
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30%, in accordance to the bulk case where bromine was assumed 
to be lost as Br2. While negatively charged oxygen species are cer-
tainly playing a role in PL darkening, inducing the degradation of 
the LHP lattice,[21,42–44] other processes involving the formation of 
molecular halide species that stabilize at the sample surface and 
induce material degradation may be present.[35]

For all-inorganic LHP with general formula CsPbX3, many 
reports have shown a similar phenomenology regarding an 
improved emission in the presence of oxygen and light irradia-
tion[9,45–47] pointing to the universality of these processes. Never-
theless, for the case of NCs with this composition, illumination 
in an oxygen-rich atmosphere leads to a temporary quenching of 
their PL.[10,45,46] The mechanism behind this has been associated 
with oxygen molecules adsorbed to the NC surface acting as elec-
tron scavengers,[10] which could be related with their particular 
surface termination being different from that of larger struc-
tures. The fact that such quenching is fully reversible once the 
surrounding atmosphere is removed points to a different origin 
from the permanent degradation reported in the present work.

Finally, a difference in the distribution of defects between 
the two NC populations could contribute to the observed photo-
physical changes. Assuming that the nature and density of 
defects is similar in both cases, as synthesis conditions and 
precursor ratios are maintained, the main difference would be 
in the ratio between surface/bulk defects being related to deg-
radation/activation, respectively. The surface-to-volume ratio 
increases by 10% when going from the large to the small NCs. 
Such difference is not expected to account for the large varia-
tions observed in PL activation/decay (see Figure 4). Neverthe-
less the possibility of smaller NCs, grown from much lower 
precursor deposition, presenting a larger defect density at the 
surface cannot be ruled out as an additional contribution to 
their fastest degradation upon light irradiation

One key ingredient in these photo-induced phenomena is 
the abovementioned presence of a blueshift pointing to a struc-
tural modification of the LHP lattice. This spectral shift, sim-
ilar to that reported for photo-activated microscopic regions in 
single MAPbBr3 crystals,[48] is only present in the NC systems 
(see Figure  2). As activation and darkening take place simul-
taneously, it is difficult to associate this spectral change with 
either process. Nevertheless, the fact that the blueshift follows 
the partial recovery behavior of the activation (see Figure  3) 
makes us think that it is likely related with the passivation 
of deep traps. Further, the absence of spectral changes when 
samples are irradiated in UHV and undergo a small PL drop 
further supports this point. Other light irradiation-related pro-
cesses leading to structural modifications such as the recently 
reported photostriction[49,50] can be ruled out as it involves spec-
tral changes taking place in the opposite direction. Also a tem-
perature induced spectral change, which would also lead to a 
blueshift,[51] is not expected to be behind our observations as 
it would not remain for hours after irradiation is removed (see 
Figure 3). Photo-corrosion, which would indeed lead to a reduc-
tion in NC size, is not likely to be responsible for these spec-
tral changes as it would lead to a reduction in emissive mate-
rial which goes against the drastic PL enhancement observed. 
Hence the observed blueshift is most plausibly related to a 
reduction of lattice parameter accompanying the annihilation 
of crystalline defects. Such spectral change is only observed for 

the case of single crystals, either NCs or micron sized struc-
tures as reported in the past,[48] while for the case of the poly-
crystalline films the presence of grain boundaries may compen-
sate the strain release during defect passivation.

Finally, we would like to point out the existence of a faster 
photo-induced process taking place within the first minute of 
irradiation of the samples (see Figure  2 and Figure S2, Sup-
porting Information) and only visible for high pump intensi-
ties (Figure S10, Supporting Information). Zooming into the 
PL changes in this time region we can see that although the 
variation in PL intensity can be similar to that observed for 
longer times, no spectral change takes place (Figure S11, Sup-
porting Information) pointing to a different origin. While at the 
moment we cannot propose an explanation for these changes, 
its relation with thermal processes or charge trapping can be 
ruled out as the PL can fully recover back to its original value 
(Figure S12, Supporting Information) over times shorter than 
the posterior activation but much larger than those expected for 
material cooling or charge de-trapping.

3. Conclusions

In summary the results here presented lead to a complex pic-
ture following the irradiation of LHP NCs in the presence of an 
O2-rich atmosphere where the dominating processes are a bulk 
defect annihilation and surface material degradation taking 
place simultaneously. The fact that the former is only observed 
for samples where NC aggregation is expected indicates that the 
process leading to trap annihilation, that is, the migration of 
halide-related species, takes place over distances exceeding the 
NC size. Further, the presence of a marked blueshift accompa-
nying changes in PL intensity point to strong structural changes 
that remain over large periods of several hours. As recently pro-
posed,[8] this paves the way to the use of light treatments under 
an adequate and controlled atmosphere to improve the perfor-
mance of LHP by selecting the appropriate irradiation duration 
to maximize the activation of PL. In this sense, further work 
will be needed to understand the structural changes introduced 
in order to retain its duration which has been seen to vary from 
tens of seconds in the case of large single crystals[48] to several 
hours for the case of NCs and polycrystalline films.[29]
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