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However, to push the efficiency of this 
material class further, it is important to 
understand nonradiative recombination 
pathways upon photoexcitation under 
inert conditions as well as in the presence 
of atmospheric gases. Photoluminescence 
(PL) quantum efficiency, along with time 
resolved photoluminescence, provides 
easy-to-access key parameters that assess 
the quality of perovskite materials. Such 
techniques have been adopted by a vast 
number of groups to study the physical 
properties of MHP materials of different 
composition.[5–7] Yet, the effect that H2O, 
O2, and other gases have on the MHP 
PL has mostly been investigated under 
high power illumination with photon 
flux densities surpassing 1020 photons s−1 
m−2, i.e., the equivalent of 100 suns and 
more.[5,6,8] Most of these studies focus on 
the degradation mechanisms of the mate-
rial and the long-term stability of devices 
under diverse environmental conditions. 

However, the immediate and reversible PL quenching (PLQ) in 
MHP by different atmospheric molecules, at discrete pressure 
points and at low excitation densities of 1–10 suns, have not 
yet been looked at systematically. Given the fact that solar cells 
mostly operate at such moderate excitation density conditions, 
it is therefore obligatory to study the ongoing photophysical 
processes in more detail within this low excitation regime.

In this report, we present a systematic study on the nature 
of second-order PLQ effects of O2, N2, Ar, and H2O on the 
so-called triple cation perovskite, or CsMAFA, containing 
cations of cesium, methylammonium (MA), and formami-
dinium (FA) as well as a mixture of bromide and iodide as 
anions. CsMAFA was chosen as a model material due to its 
superior film formation and stability, as opposed to the more 
common methylammonium lead triiodide (MAPbI3).[9,10] We, 
however, note that all findings presented here also hold true 
in MAPbI3 under low excitation densities.[11] By examining the 
PL emission and PL lifetimes, second-order quenching pro-
cesses induced by the tested gas molecules, namely O2, N2, 
and Ar, as well as for H2O, are investigated quantitatively. The 
Stern–Volmer (SV) analysis is then applied to PL emission 
and lifetime measurements at different partial pressures for 
each gas to identify the nature of the quenching process and 
the underlaying diffusion kinetics.

Metal halide perovskites (MHP), as used in photovoltaic (PV) applications, 
show a rich photophysics in inert and ambient atmosphere. The presence 
of atmospheric molecules leads to processes that enhance as well as reduce 
their photoluminescence (PL) emission. Various phenomena are previously 
described for a wide variety of gas molecules and different classes of MHP, 
with a particular interest on the long-term stability for PV applications. How-
ever, reversible PL quenching (PLQ) processes, which may be regarded equally 
important for the performance of PV and other optoelectronic applications, 
are neglected in other studies. This holds true for O2 and H2O, but espe-
cially for low-reactive gases such as nitrogen and argon. Using low excitation 
densities, it is shown that noticeable—and reversible—PLQ, in addition to 
PL enhancements, can already be observed for O2, N2, and Ar as well as for 
H2O at low concentrations of 1 mbar. The nature and origin of the quenching 
processes are further elucidated by applying the Stern–Volmer analysis, also 
employed to determine whether static and dynamic PLQ processes happen for 
the different quenching gases. The strongest static PLQ is found for O2 and 
H2O. MHPs in N2 and Ar atmospheres display a moderate PLQ effect.
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1. Introduction

In recent years, the photovoltaic (PV) community has concen-
trated on the development of metal halide perovskite materials 
(MHP), leading to a deeper understanding of the material prop-
erties and a rapid improvement of solar cell efficiencies.[1–4] 

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution  
License, which permits use, distribution and reproduction in any 
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2. Incremental Quencher Concentrations and PLQ

Figure 1 shows the effect that O2, H2O, N2, and Ar have on the 
PL emission of a 600  nm CsMAFA thin film at different par-
tial pressures. Starting from a vacuum level of 3 × 10−2 mbar, 
the integral PL is monitored for 2 min. This process is repeated 
at increasing discrete pressure values up to ambient pressure. 
Water-enriched argon, containing 100  ppm of H2O, was used 
to study the influence of H2O. All gases, including H2O, dis-
played a substantial PLQ effect, being O2 the strongest and Ar 
the weakest. The effect of O2 is already noticeable at the low 
concentration of 0.3 mbar, rapidly reaching 70% of the PL of 
a pristine sample at a mere 1 mbar of pressure. The PL emis-
sion is further quenched to 26% when the chamber is filled to 
1000 mbar of O2. Similarly for H2O, an equivalent PLQ trend 
is visible reaching a minimum of 37% of its initial PL emis-
sion at a pressure of 1000 mbar. Molecular nitrogen also shows 
a noticeable PLQ, decreasing by almost 15% at a pressure of  
1 mbar. This reduction of PL emission continues down to 51% 
at a pressure of 1000 mbar. Here, N2 displays a considerable 
quenching effect at small partial pressures that has previously 
not been reported. Finally, Ar first shows a minor increase of PL 
emission at pressures of 0.1 and 0.3 mbar. Afterward, there is a 

continuous decrease of the PL emission, reaching a minimum 
of 66% of the initial PL intensity at a pressure of 1000 mbar. 
Importantly, PL intensities shown by the pristine sample are 
recovered and surpassed when samples are set back to vacuum 
conditions for all gases, with exception of O2 were only 80% of 
the initial PL can be regained.

Our samples showed a clear, but reversible, PLQ effect with 
all gases. However, to account for possible artifacts induced 
by low pressure conditions, a supplementary experiment was 
performed. In this new experiment, the changes in PL emis-
sion by the gases were measured under a constant pressure of 
1 atmosphere, as shown in Figure 2. Here, the samples were 
first placed under a constant flow of argon. 360 s later, the flow 
was immediately switched to either O2, water-enriched argon or 
N2 for additional 6 min, and finally back to a constant flow of 
argon. At first, all samples show an unchanging PL emission 
during the constant argon flow. Then, a rapid reduction of the 
PL emission is noticeable when O2 and water-enriched argon 
are added into the chamber, reaching 13% and 57% of the ini-
tial PL, respectively. When the flow is switched back to a pure 
argon flow, the PL fully recovers over a time of 360 s for both O2 
and H2O, indicating the reversibility of the process. Neverthe-
less, by closely examining the PLQ trend induced by these two 
gases, a clear difference is apparent. For O2, the PL emission 
drops to 13% as soon as the gas is added and stays constant 
while O2 flows into the chamber. In the case of H2O, the PL 
emission rapidly decreases to 57%. However, the PL starts to 
recover almost immediately back to the level of the pristine PL 
while H2O is still flowing into the chamber. This effect indi-
cates a difference in the quenching process and dynamics of 
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Figure 1.  Emission intensity of perovskite under O2, H2O, N2, and Ar 
atmospheres. Columns represent the gases pressure in mbar, with scale 
on the right. PL emission was measured for 2 min at pressures of 0.03, 
0.1, 0.3, 1, 3, 10, 30, 70, 100, 300, 700, and 1000 mbar. All emission curves 
are normalized to the average value of the first measurement, in vacuo, 
where the sample is still pristine. For reference, partial pressures of O2, 
H2O, N2, and Ar in atmospheric air are marked as orange columns at 210, 
30, 781, and 9 mbar, respectively.[12]

Figure 2.  Resulting PL emission of samples from changing the atmos-
phere of the chamber from a constant flow of argon, then either to O2, 
H2O, or N2, and finally back to Ar. Each flowing step lasted 360 s. The 
strong quenching effect caused by O2 and H2O is proportional to the 
one shown in Figure 1, where the sample was initially held in a vacuum.
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these two molecules that will be further discussed in Section 3. 
Finally, the effect of N2 is almost indistinguishable from that 
of argon. This is because, as discussed for Figure  1, the PLQ 
effect of Ar and N2 on the MHP is proportionate. This makes 
the change on PL emission from switching atmospheres from 
one to the other barely noticeable.

Previous reports have shown that existence of volatile com-
ponents in the MHP crystal lattice at the surface and bulk of 
the crystallites could incur into significant changes of the 
optical properties under vacuum conditions.[13,14] Yet, this exper-
iment demonstrates that the PLQ phenomena measured on 
both conditions—in vacuum and at atmospheric pressure—are 
analogous.

At this point it is important to note that the excitation light 
used on these experiments had a mean photon flux density 
of 1019 photons s−1 m−2. The range of illumination intensities 
achievable by our instrument are shown in Figure S1 in the 
Supporting Information. Nevertheless, the excitation density 
used in our experiments corresponds to 1016 cm−3, which is 
within the trap density found in triple cation perovskites.[15,16] 
The MHP samples showed an average PL quantum yield of 
3.5%. Additionally, even though some of these gases have 
shown to alter the band bending at the perovskite surface, it 
has also been shown that flat band conditions can be achieved 
using excitation sources of either UV or visible light.[17]

Regarding the issue of stability, we found that after having 
added a full cycle of partial pressures of gas to the MHP layers, 
the change of PL emission would remain constant during con-
secutive cycles with the same gas. This is shown in Figure S2 in 
the Supporting Information, where the effects of O2 and H2O, 
the strongest PLQ molecules, were monitored during three 
cycles of gas addition. For instance, PL emission decreased by 
20% after the first full cycle of O2 and no evident further changes 
occurred during the two consecutive cycles. This behavior is 
opposite when using water-enriched argon. Here, the PL emis-
sion increased after the first round, keeping this increment 
during the following cycles. Since the change in PL emission 
across all pressures remains essentially the same for both gas 
molecules during the last two cycles, we dismiss any immediate 
degradation of the crystal structure due to O2 or H2O.[7,18,19]

Finally, the H2O condition of these experiments refers to 
water-enriched argon. Water concentrations of <0.5, 10, 50, and 
100 ppm in argon were considered and their effect is shown in 
Figure S3 in the Supporting Information. The quenching effect 
of the two higher concentrations showed almost no difference. 
Thus, to ensure the effect of H2O, all tests were done with a 
concentration of 100 ppm of water in argon.

3. Analysis of PLQ Mechanisms

Earlier reports discussing the effect of environmental gases 
on different perovskite species, mostly MAPbI3, have indicated 
that oxygen molecules can bind to iodide vacancies distributed 
throughout the perovskite lattice, mostly at the bulk.[20] The 
resulting trapped oxygen can later be oxidized further by exci-
tations in the lattice, leading to the formation of superoxide. 
This highly reactive molecule can accelerate the degradation 
of the perovskite crystal.[7,19,21,22] Furthermore, the binding of 

oxygen to the lattice, in both MAPbI3 and MAPbBr3, results 
in an increment of the PL emission. Here, oxygen is filling up 
deep trap states leading to the passivation of sub-bandgap states 
and enhancing the emission.[5,6,23–25] This PL enhancing effect 
by oxygen can be further controlled by adjusting the incident 
photon dose illumination to the samples.[26] However, under 
very intense light conditions these layers undergo other types 
of photoinduced and degradation effects. Although without the 
use of concentrators or high intensity lasers, such conditions 
are hard to achieve.[27–29] By the same token, the formation of 
superoxide has been proposed as a charge-transfer mecha-
nisms from an excited perovskite crystallite to an oxygen mol-
ecule.[18,30] In this regard, Tian and collaborators introduced the 
issue of dynamic and static quenching processes for oxygen in 
perovskite layers.[5]

Additionally, the interaction of water with perovskites has 
also been studied in detail, mainly focusing on how the water 
molecule breaks the crystal structure.[31–34] Nevertheless, it has 
been shown that water physisorbs to the surface of the MHP, 
resulting on an increase of the n-type nature of the material and 
a reduction of the perovskite work function.[35] The opposite 
happens with oxygen, where the n-type character of the surface 
is reduced.[35] Notwithstanding, the resulting band bending at 
the surface caused by these molecules, which could be as high 
as a few hundreds of meV, can be reverted to flat band condi-
tions upon illumination with UV or visible light.[36] Yet, second-
degree quenching effects of molecular nitrogen and argon has 
not been reported in the literature up until now.

Grain boundaries have been widely studied by the commu-
nity, especially for their role in lowering the efficiency of solar 
cells and light emitting diodes.[13,37] Defects at grain bounda-
ries have been imaged using electron backscatter diffrac-
tion, showing that amorphous regions are sites of enhanced 
radiative recombination.[38] Correspondingly, groups have 
successfully mitigated the negative effect of these grain bound-
aries and increased the efficiency of devices by using different 
cations[39–43] and molecules[44–48] as passivators.

Considering the evidence found in the literature and the 
experimental results shown earlier, Figure 3 displays schematics 
of our proposed second-order energy transfer mechanisms 
for O2, H2O, N2, and Ar to MHP crystallites and a discussion 
follows.

In our measurements, a reduction of PL emission was 
recorded after having added O2 to the layers under both condi-
tions—at low partial pressures and under a constant flow of gas 
at 1 atmosphere. This outcome agrees with other reports, where 
O2 diffuses into the bulk of the perovskite crystallites under illu-
mination due to light-induced phase-segregation.[22,25] However, 
as shown in Figure S2a in the Supporting Information, the PL 
emission is permanently reduced only after the first cycle of 
incremental gas addition and these changes remain constant 
during the additional cycles. After this permanent loss of emis-
sion, at least 80% of the initial vacuum PL is always recovered. 
This suggests that the diffusion into the bulk is limited and 
capped at one point.

Moreover, PLQ by oxygen molecules has been widely 
reported in the literature in a diverse range of nonperovskite 
molecules and compounds.[49,50] As shown in Figure 3a, energy 
transfer is possible due to the two degenerate antibonding 
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π-orbitals formed by the highest occupied molecular orbital of 
the oxygen molecule, creating an electronic ground state in the 
triplet state.[51] In the case of perovskites, electron–hole pairs 
have a low binding energy and do not show an explicit excitonic 
nature in most low bandgap MHP at room temperature.[52] 
According to simple spin statistics, freely recombining dissoci-
ated electron–hole pairs are expected to produce three correlated 
triplets for every singlet state upon meeting. Similar to organic 
materials, these states are regarded as dark states for inorganic 
semiconductors, releasing photons slowly.[53] This means that 
the excited state of the MHP emitter can be transmitted to the 
oxygen ground triplet state by means of a Dexter-type resonant 
energy transfer upon collision with the gas molecules.[54,55] As 
depicted in Figure 3a, this process de-excites the emitter to the 
ground state, quenches the PL, and excites the oxygen molecule 
into a singlet state, the so-called superoxide.[21] This superoxide 
is highly reactive and the additional charge makes it easy to 
bind to other molecules, in the case of the perovskites being the 
most preferred at the iodide vacancies.[20]

In the case of H2O, there are reports that perovskite devices 
show an improvement of power conversion efficiency and 
other optical properties when exposed to small concentrations 
of H2O during preparation.[56–58] At the same time, many other 
publications have focused on the degradation processes that 
these layers undergo when in contact with H2O.[33,34,59,60] Our 
experiments show that H2O has a strong but reversible PLQ 
effect on triple cation perovskites. Moreover, as it will be dis-
cussed below, there is evidence that the quenching process of 
H2O is of a dynamic nature. This means that, differently from 
the other tested molecules, water molecules do not attach to 
excited perovskite crystallites, but de-excite them whenever 
they bounce off the crystals. Correspondingly, as shown in 
Figure  3b, standard reduction potentials for water-splitting 
closely align with the valence and conduction bands of the 
triple-cation perovskite.[61] This shows that it is possible for an 
excited perovskite crystallite to transfer both—electrons and 
holes—to a water molecule via a redox process. Previous results 
by Nickel et al. show that molecular oxygen and hydrogen are 

Adv. Optical Mater. 2021, 9, 2001317

Figure 3.  Quenching mechanism diagrams of O2,[67] H2O, N2, and Ar on CsMAFA layers. NHE stands for normal hydrogen electrode.[61] Valence band 
value of perovskite from Zu et al.[36]
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produced during the degradation of MAPbI3 when exposed to 
oxygen via the generation of a hydroperoxyl radical and meth-
ylamine.[30] In spite of this, water splitting by MHPs is implau-
sible since four electrons are needed to do a full redox cycle, 
in other words, the reduction of two water molecules into 
separated oxygen and hydrogen molecules.[62,63] Instead, a half 
reaction is likely occurring, namely 2H2O + 2e− → H2 + 2OH−, 
which has a potential of 0.83  V.[61] In this respect, hydroxide 
anions are known to have a strong PLQ effect resulting in a 
triplet state quenching and allowing a Brønsted–Lowry type 
proton transfer in larger molecules.[64–66] Moreover, Figure  2b 
presents further evidence that only a half reaction is hap-
pening. After an initial strong PLQ upon exposure to H2O, 
the PL emission increases while under continuous illumina-
tion and a constant stream of water-enriched argon. Based on 
these findings, a redox process mediated PLQ, as depicted in 
Figure 3b, can very well account for the observations made.

The PLQ mechanisms of N2 and Ar are based on Van-der-
Waals (VdW) forces, as depicted in Figure  3c. In the literature, 
argon is known to form VdW complexes with other materials 
under specific conditions.[68–71] These VdW complexes can induce 
a distortion on the electronic orbitals of both, the gas molecule 
and the crystallite, enhancing the probability of converting an 
electronic excitation to vibrational energy.[72] Hence, an induced 
surface dipole is formed with adjacent argon atoms to the perov-
skite crystal, depopulating the excited state of the emitter via an 
electrostatic interaction. However, this interaction is not intense, 
leading to a weak PLQ effect on the emission of MHPs.

Nitrogen, also a low reactive gas, shows a distinguishable PLQ 
among our samples. Similar quenching effects have been found 
for N2 in doped metal oxides, as it is the case for ZnO:Au.[73] Yet, 
the charge transfer mechanisms for this process have not been 
well reported in the literature. Nonetheless, similar to the case of 
argon, N2 may also form VdW complexes with an excited emitter 
resulting in the transfer of electronic excitation to vibrational 
energy. The combined electron cloud of the double nitrogen 
forming the molecule would enhance the VdW interaction with 
the excited perovskite crystallites, leading to a more intense PLQ 
effect than argon, as it is shown in our results. Nevertheless, fur-
ther experiments are needed to unmistakably identify the exact 
nature of the quenching mechanisms shown for Ar and N2.

4. Analysis of PLQ Dynamics Based on Stern–
Volmer Model
It has been widely shown in the literature that charge genera-
tion in perovskites is predominantly in the form of free charges 
at low excitation densities.[74,75] As a result, recombination is 
mostly trap-assisted, making it a first order recombination 
process.[76] However, bimolecular annihilation becomes more 
prevalent when the excitation density increases.[77] The rate 
equation in a perovskite film can be described by[51]

d
d

tr
2

qγ [ ]= − − +n

t
G k n n k Q 	 (1)

where G is the generation rate of electrons and holes, ktr is the 
monomolecular recombination coefficient, γ is the bimolecular 

annihilation constant, kq is the quenching coefficient, n are 
the concentrations of electrons, and [Q] is the concentration of 
quenchers.

During these experiments, the excitation density used on the 
MHP layers was kept on the 1018–1019 cm−3 range. As explained 
earlier, this excitation level is well within the trap density of our 
material. This means that the internal recombination of the 
crystals remained within the monomolecular recombination 
regime, which in turn indicates that the lifetime of the gener-
ated charges is independent of the excitation density. This infor-
mation becomes relevant later for the discussion of Figure  5. 
Notwithstanding, PLQ involves an excited perovskite crystallite 
which transfers either an electron or energy to a quencher. This 
intermolecular process involves two separate parts: an emitter 
and a quencher, emphasizing that the recombination process 
for PLQ is always of the bimolecular type.

Second-order quenching processes like PLQ have been exten-
sively studied with the SV analysis. This is a standard technique 
most commonly used in organic chemistry to study the diffusive 
nature and charge transfer kinetics from a fluorescent emitter 
to a mobile quencher.[78,79] Although this technique is generally 
employed to describe the quenching effect of molecules in solu-
tion,[80–84] it has also been successfully used in the soft-matter 
and solid state. In many of these cases, emitters are distributed 
and immobilized in a gas permeable thin film.[85–90] Generally, 
the SV analysis requires the tracking of either the PL intensity 
or the PL lifetime of an emitting sample that is in contact with a 
quencher at different concentrations. The resulting change of PL 
emission is then interpreted to be dynamic, static or a combina-
tion of both quenching mechanisms. Dynamic quenching, also 
called collisional quenching, refers to a process in which mobile 
quenchers de-excite crystallites in an excited state whenever they 
come into contact. Equivalently, static quenching refers to a pro-
cess where a quencher is physisorbed to an emitter, forming a 
complex with it and quenching it instantly and permanently.[55]

For a standard semiconductor, radiative and nonradiative 
recombination always occur under steady state conditions. This 
can be denoted by γst  = knr  + kr, where γst is the steady-state 
decay rate, and kr and knr are the radiative and nonradiative 
recombination, respectively. Also, the excited state lifetime is 
the inverse of the decay rate as st

1τ γ= − . The concentration of 
fluorescent particles [F]*, without the effect of any quencher, is 
described by

d

d
0st

0
γ( )[ ] = −   =

∗
∗F

t
f t F 	 (2)

where f(t) is the constant excitation function. In the presence of 
quenchers this process becomes

d

d
0st qγ( )[ ]( )[ ] = − +   =

∗
∗F

t
f t k Q F 	 (3)

where kq is the decay rate in the presence of quenchers. The 
SV model is the fluorescence ratio between these two different 
states, expressed as[91]

1 10 0 st q

st
q 0 SV

γ
γ

τ[ ] [ ] [ ]= =
+

= + = +F

F

I

I

k Q
k Q K Q 	 (4)
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where I and I0 are the PL emission with and without 
quencher, respectively, KSV is the Stern–Volmer constant, 
kq is the bimolecular quenching constant, τ0 is the emis-
sion lifetime without quencher, and [Q] is the concentration 
of the quencher. This equation models the behavior of both, 
static and dynamic types of quenching.[55,80] Nevertheless, for 
emitters that are distributed in a layer, as it is the case for 
perovskite crystallites (Figure S5, Supporting Information), 
some emitters are more accessible to the quenchers than 
others due to the size and stacking of the crystals on the film. 
A multiple site quenching model is more suitable for this situ-
ation to properly model the phenomenon. In this context, the 
following equation has been widely used on the quenching of 
polymeric films, which also display different levels of acces-
sibility to the emitters[92–94]

1
0 0

SV

1

∑ [ ]
=

+











−
I

I

f

K Qi

i

i

	 (5)

In our case, we use a simplified version of this model, con-
sidering only two general quenching sites, the so-called two-site 
model. In this model, the first type of quenching site is easy to 
reach and is located at the surface of crystallites. The second 
type of quenchers are harder to access and are located at the 
grain boundaries. This two-site model is described by

1
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1
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−
I

I

f

K Q

f

K Q
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where f01 and (1 − f01) are the fraction of total emitters from two 
components of different accessibility, KSV1 and KSV2 are the SV 
constants for the first and second component and [Q] is the 
quencher concentration.
Figure  4 shows the result of fitting the average emission 

value at each pressure point from Figure 1 using Equation  (4) 
(blue line) and Equation  (6) (dashed golden line). To ease the 
visibility of details, Figure S4 in the Supporting Information 
displays these results with the x-axis on a logarithmic scale. 
The parameters resulting from fitting these data with Equa-
tions (4) and (6) are shown in Table 1. The Stern–Volmer con-
stant, KSV, corresponds to the slope at which the PLQ evolves. 
For the normal model it is only possible to fit the values up 
to a pressure of 10 mbar since the linear correlation reduces 
dramatically below 0.93 beyond this point. In general, the 
values yielded by the normal model are quite comparable for 
all gases tested. H2O displays the largest slope with a value of 
3625, closely followed by O2, N2, and finally Ar, which shows 
the smallest increment with a value almost ¼ of that by H2O. 
Comparatively, the two-site model provides more detailed infor-
mation since it encompasses the full range of pressures tested. 
Table 1 also includes a column with the weighted KSV average 
values with respect to the fractional accessibility values that can 
be directly compared with the results from the normal model. 
In the case of KSV,1, the values for all gases are many orders of 
magnitude higher than those of KSV,2, showing that surface crys-
tallites are much more easily reachable. Specifically, N2 shows 
the largest KSV,1, followed by H2O, O2, and finally Ar, while for 
KSV,2, oxygen has the largest value, followed by H2O, N2 and 
finally Ar. By considering the fractional access of quenchers to 

the emitters, f01 and f02, we can see that 67% and 44% of crystal-
lites are rapidly quenched by O2 and H2O, respectively, before 
reaching a pressure of 10 mbar. Correspondingly, 20% and 28% 
are quenched by Ar and N2 in this pressure range. In other 
words, more than half of emitters accessible at the surface of 
the MHP are strongly quenched by O2 and H2O by the time a 
pressure of 10 mbar is reached. On the other hand, Ar and N2 
have a higher influence at higher pressure values, respectively, 
where grain boundaries defects become accessible. Moreover, 
there is evidence of saturation of quenchers, since at higher 

Adv. Optical Mater. 2021, 9, 2001317

Figure 4.  Stern–Volmer plot for the emission of perovskite under Ar, N2, 
O2, and water-enriched argon atmospheres. Solid curve in blue shows 
the fitting of normal SV model, from Equation (4). Dashed golden curve 
shows the fitting of the two-site SV model, from Equation (6). Fitting 
parameters are found in Table 1.

Table 1.  Fitting parameters resulting from applying the normal 
(Equation (4)) and the two-site (Equation (6)) SV models to the curves 
shown in Figure 4.

Normal model Two-site model

KSV f01 KSV,1 f02 KSV,2 KSV-WA
a)

Ar 811.7 0.20 4728.0 0.80 1.17 946.5

N2 2584.2 0.28 26 748.1 0.72 6.58 7494.2

O2 2953.7 0.67 14 975.9 0.33 8.59 10 036.7

H2O 3625.2 0.44 17 303.2 0.56 6.54 7617.1

a)Weighted average.
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pressures the PLQ rate slows down for all gases. The two-side 
model effectively describes the PLQ behavior across all pres-
sure values, emphasizing the unbalanced accessibility of the 
gases into the MHP films.

By measuring the PL lifetime of the perovskite at different 
quencher concentrations, the SV-analysis can discriminate 
static from dynamic quenching processes. Similarly to Equa-
tion  (4), the ratio of unquenched lifetime and lifetime influenced 
by a quencher should either show a linear growth behavior, in 
the case of dynamic quenching, or a constant lifetime ratio for 
static quenching.[91] The reason that static quenching results 
in a constant PL lifetime throughout a range of quencher 
concentrations is that unperturbed emitters will continue to 
emit as usual while complexed emitters are just permanently 
quenched. Conversely for dynamic quenching, the PL lifetime 
is affected by the collision rate of the quenchers, effectively 
reducing it at higher concentrations.
Figure  5 shows the change of PL lifetime of a perovskite 

sample with respect to the concentration of gases. Here, the 
lifetime change with increasing concentration for all gases is 
almost negligible, i.e., the lifetime ratio of unquenched and 
quenched crystallites is close to 1, highlighting a predominantly 
static quenching process. It should be stressed though, that this 
effect is reversible not only because the samples recover their 
PL emission after multiple cycles, as indicated earlier, but also 
because they show an increment in their lifetime after going 
back to vacuum, as shown in Figure  5. Additionally, in the 
cases of Ar, N2, and O2, a passivation effect is visible since the 
lifetime ratio becomes lower than 1. This also reveals a minor 
enhancement of charge transport in the crystallites since PL 
lifetime becomes longer. Moreover, the small lifetime fluc-
tuations at different pressure points for all gases signals the 

existence of dynamic quenching processes that are masked by 
stronger static quenching and passivation effects. These results 
are evidence that dynamic and static quenching, in addition to 
passivation, are all playing a role simultaneously in the perov-
skite under the presence of quenchers and that their effect is 
reversible once they are removed.
Table  2 shows the corresponding bimolecular quenching 

constants for each one of the tested gases according to the 
normal (Equation  (4)) and the two-site (Equation  (6)) models. 
Here, the KSV values for the normal and two-site model corre-
spond to those shown in Table  1. The bimolecular quenching 
constant, kq, is the result of dividing the KSV constant by the 
lifetime of the pristine sample, as stated in Equation (4). Here, 
H2O shows the largest bimolecular quenching constant for 
the normal model, while O2 does for the two-site model. In 
all cases, the resulting value for the two-site model are slightly 
higher than those from the normal model because it encom-
passes the full range of pressures, although all values remain 
in the same order of magnitude. Specifically, O2, H2O, and N2 
show a small variation between each other. Ar, on the other 
hand, shows the smallest constant value by one order of mag-
nitude lower. In general, all recombination constants are well 
below the diffusion-controlled limit of 1010 m−1 s−1.[95] In the case 
of O2, a molecule that has been widely tested in other materials, 
the bimolecular quenching constant value of 6.06 × 109 m−1 s−1 
is comparable to the one measured in other organic molecules 
and dyes.[87,88] To our knowledge, the constants have not been 
measured for H2O, N2, or Ar in any other solid state materials.

The results of the SV-analysis show that the PLQ effect of O2 
and H2O are very efficient at the surface, since more than half 
of PLQ occurs at a low pressure. In contrast, Ar and N2 have a 
weaker interaction with the crystallite in general but becomes 
slightly higher at the boundary defects.

These results highlight the negative effect that low concen-
tration of contaminant gases in gloveboxes, namely O2 and 
H2O, can have in the performance of MHP devices since they 
show sensitivities at partial pressures as low as 1 mbar. Never-
theless, these effects are reversible in vacuum conditions and 
are diminished with the use of argon, and to lesser extent with 
nitrogen, atmospheres.

5. Conclusion

To summarize, we investigated the effect that atmospheric 
gases such as argon, molecular nitrogen, molecular oxygen, and 
water-enriched argon have on the PL emission of triple-cation 

Adv. Optical Mater. 2021, 9, 2001317

Figure 5.  SV analysis applied to the PL lifetime of perovskite samples 
under increasing partial pressures of the quenching gases. The average 
PL lifetime of the pristine samples was 1656 ± 234 ns. Dotted lines are 
guides to the eye. Inset shows the typical behavior of dynamic and static 
quenching. Note that the x-axis is displayed in log-scale to match that of 
the main plot, so the expected linear increase of a dynamic quenching 
appears instead as an exponential growth.

Table 2.  SV constants, KSV, and bimolecular quenching constant values, 
kq, resulting from fitting the normal and two-site SV models using 
Equations (4) and (6). For reference, 1 mol L−1 is equal to 1 molar [m].

Normal model Two-site model

KSV [m−1] kq [m−1 s−1] KSV [m−1] kq [m−1 s−1]

Ar 811.7 4.90 × 108 946.5 5.72 × 108

N2 2584.2 1.56 × 109 7494.2 4.53 × 109

O2 2953.7 1.78 × 109 10 036.7 6.06 × 109

H2O 3625.2 2.19 × 109 7617.1 4.60 × 109
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perovskite layers. Using the SV-analysis, we found that the 
perovskite crystals are mostly statically quenched by all the gases 
and that the effect is reversible. Additionally, dynamic and static 
quenching, along with passivation of boundary defects, occur 
simultaneously for all gases at different pressures. The strongest 
PLQ effects were displayed in atmospheres of O2 and H2O, where 
PL emissions were reduced by more than 20% at a low partial 
pressure of 1 mbar. O2 quenches more than half of the accessible 
emitters at a pressure of 10 mbar, showing that its effect mostly 
occurs at the crystallites surface via excitation energy transfer to 
O2, forming a singlet oxygen. For H2O, we find the MHP energy 
levels closely align with the redox potential for water splitting, 
making it possible for charges to be transferred from an excited 
perovskite crystallite to a water molecule leading to the observed 
PLQ. Lastly, Ar and N2 showed a notable PL quenching effect due 
to VdW complex formation. At 1000 mbar of pressure, O2, H2O, 
N2, and Ar reduced the PL emission of pristine samples by 74%, 
and 63%, 49% and 34%, respectively. These findings highlight 
the importance of controlling and minimizing the access of con-
taminant gases inside of gloveboxes during preparation and char-
acterization of perovskite samples. Furthermore, they emphasize 
the importance of using low photon flux illumination sources to 
avoid the emergence of artificial physical effects.

6. Experimental Section
Sample Preparation: The triple-cation perovskite samples were 

prepared as described in ref. [9]. Lead iodide and lead bromide 
were purchased from Tokyo Chemical Industry Company Limited, 
formamidinium iodide and methylammonium bromide were 
purchased from Dyenamo AB, and cesium iodide from Abcr GmbH. 
Dimethylformamide, dimethylsulfoxide, and ethyl acetate were purchased 
from Sigma-Aldrich. All samples were spin coated on microscope glass 
slides (VWR) at 4000  rpm for 35 s, with an acceleration of 5 s. Ethyl 
acetate was used as antisolvent after 25 s of starting the process. 
Annealing was done at 100 °C for 45 min. Samples were stored in vials 
sealed inside of a nitrogen-filled glovebox before PL characterization.

Characterization Methods: PL emission and PL lifetime were analyzed 
with an Edinburgh FLS980 spectrometer, equipped with a 450 W xenon 
arc lamp. Numerical fitting is done via an exponential tail fit analysis 
provided by Edinburgh instruments Ltd. The lifetime analyses are done 
by intensity-weighted averages of the lifetimes emerging from the 
double-exponential fit. The equation is of the form

a a
a a

1 1
2

2 2
2

1 1 2 2
τ τ τ

τ τ= +
+ 	 (7)

where a1 and a2 are the amplitudes of the fitted lifetimes τ1 and τ2. These 
terms are part of the double-exponential decay function

F t a e a et t
1

/
2

/1 2( ) = +τ τ− − 	 (8)

The resulting average lifetime τ corresponds to an approximation of a 
single exponential fit. We also would like to emphasize that this lifetime 
is not power dependent, as shown in Section 4.

Samples were excited at 510  nm and recorded at 760  nm. Lifetime 
measurements used a picosecond pulsed diode laser EPL-510 with a 
period of 10 µm. All samples were briefly exposed to air before being 
fixed into a cryostat where the measurement would take place. After 
securing a sample, Ar was flushed into the cryostat for 10 min. Then, 
the chamber was emptied down to 0.02 mbar and filled with Ar three 
times to ensure a quencher free atmosphere on the sample. The effect 
of each gas was later measured at different pressures, starting from 
as low as 0.017 mbar up to 1000 mbar. For the samples measured at  

1 atm, the samples were fixed on a sealed chamber where the same gases 
were constantly flushed at an overpressure no larger than 5 mbar. Power  
intensities of the Xenon lamp and laser were measured with a Thorlabs 
PM100A power meter. Scanning electron microscopy images were done 
with a cold emission gun S4100 by Hitachi. X-ray diffraction analysis was 
done in air with a Bruker D8 Advance using Bragg Brentano geometry 
and equipped with a Cu-Kalpha anode.

Information on Gases Used: All gases were purchased from Air Liquide: 
“Argon Alphagaz 2 Ar” contains impurities of <0.5 ppm-mol of water and 
<0.1 ppm-mol of O2, KW, CO, CO2, and H2; “Nitrogen Alphagaz 2 N2” 
contains <0.5 ppm-mol of water and <0.1 ppm-mol of O2, KW, CO, CO2, 
and H2; “Oxygen N48” contains <2 ppmv of water and <0.2 ppm-mol of 
KW, CO, and CO2. Special versions of “Argon N50” (with 5, 2, and 
0.5 ppmv of N2, O2, and KW, respectively) were prepared by Air Liquide 
upon request with 10, 50, and 100 ppm-mol of water.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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