Single Oxygen Molecule Sensitivity of Organolead Halide Perovskite Photoluminescence
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ABSTRACT

The photoluminescence (PL) of organolead halide perovskites (OHPs) is sensitive to its surface
conditions, especially surface defect states, making the PL of small OHP crystals an effective way
to report their surface states. At the ensemble level, when averaging a lot of nanocrystals, the
photoexcitation of OHP nanorods under inert nitrogen (N2) atmosphere leads to PL decline, while
subsequent exposure to oxygen (O2) results to reversible PL recovery. At the single-particle level,
individual OHP nanorods photoblinks, whose probability is dependent on both the excitation
intensity and the O2 concentration. Combining the two sets of information, we are able to
quantitatively evaluating the interaction between a single surface defect and a single O2 molecule
using a kinetic model. This model provides fundamental insights that could help reconcile the
contradicting views on the interactions of molecular O2 with OHP materials and help design a
suitable OHP interface for a variety of applications in photovoltaics and optoelectronics.
Keywords: Nanorod photoblinking, photo-knockout, single-molecule gas absorption and
desorption kinetics, super-resolution optical imaging

1

Organolead halide perovskites (OHP) have emerged as a promising material for
applications in photovoltaics and optoelectronic devices.1–6 More recently, photoblinking has been
reported in OHP nanoparticles, i.e., the photoluminescence (PL) from each particle blinks over
time during light excitation. It is believed that photoexcited free charge trapping/detrapping on
highly-efficient PL quenchers at the surfaces of OHPs is responsible for this phenomenon.7,8 Thus,
PL blinking has been found to be sensitive towards surface adsorbates such as ligands or gases.9–
15

In particular, it has been shown that exposure of OHPs to molecular O2 under illumination
results to the enhancement of PL, which is believed to deactivate trapping defects within the bulk
of the material.14 On the other hand, detrimental effects of O2 on OHP PL properties were also
reported owing to the adsorption and intercalation of O2 on OHP surface.10,11 In both cases, the
effects were shown to be reversible to some extent.16–18 In addition to this reversible effect,
exposure of OHPs to O2 under light irradiation have also been associated with permanent
photodegradation, driven by the direct formation and interaction of superoxide species on OHP
surfaces.13,19 The conflicting views on the interaction of O2 with OHP materials warrant further
investigation.
Here we systematically studied the ensemble PL behavior of ligand-protected OHP
nanorods over a series of different excitation intensities and O2 concentrations. To gain
mechanistic insights into our ensemble results, we performed a detailed single-particle analysis of
the PL behavior of individual OHP nanorods. From our ensemble experiments, we found that the
rate of PL decline is positively correlated with the excitation light intensity under very low oxygen
concentration but is negatively correlated with the increase of bulk O2 concentration in the
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environment. Moreover, we showed that the PL decline could recover reversibly upon exposure
of OHP nanorods to higher oxygen concentration. The reversible PL behavior of OHPs is a
consequence of PL intermittency in individual nanorods. These behaviors have been reported in
the literature and we adapted a hypothesis from the literature that this phenomenon is facilitated
by photocharge trapping and detrapping on the surface defects of OHP nanoparticles.7–10,20
Specifically, we propose that adsorbed O2 facilitates passivation of these surface defect states
leading to the brightening of nanorods. While passivation mechanism involving O2 is a reversible
pathway to enhance the PL of the nanorods, we confirmed that passivating the surface traps with
surface ligands “permanently” suppresses photoblinking and essentially eliminates the PL decline
of the OHP nanorods. In the end and new to the literature, we propose a detailed kinetic model to
explain all our experimental results, both ensemble and single-particle data in the simplest way to
us. To validate our proposed model, we fit all the data globally and performed Monte Carlo
simulations and confirmed that our model is consistent with both ensemble and single-particle PL
data.
We first synthesized methylammonium lead iodide (CH3NH3PbI3) nanorods with an
oleylamine/oleic acid ligand-assisted colloidal method8,21 and confirmed that their optical and
morphological properties were consistent with those reported in the literature (Figure S1).8,21
Then, we spread and dried them sparsely on a glass coverslip and made a flow cell to control their
gaseous environment (Figure S1, S4).
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Figure 1. (a) Ensemble PL trajectories of as-synthesized (as) and solvent-washed (sw) nanorods
under N2 and O2. (b) Ensemble PL of as-nanorods under alternating gas with different laser
intensities (top, mid). The black arrow (bottom) indicates when the laser was turned off, and red
when it was turned on for ~2 s to check the PL. (c) Representative single-particle PL from (a). (d)
Ensemble and representative single-particle PL of sw-nanorods under alternating ambient gas.
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Figure 2. (a) Normalized ensemble PL trajectories of sw-nanorods exposed to pure N2 under
various laser intensities (Movie S2), and (b) O2 concentrations at constant laser intensity (Movie
S3). Each halo in (a, b) represents the error bar, the standard deviation of three measurements. (c)
Initial PL-decay rates (first ~10 s) as a function of excitation intensity and (d) O 2 concentrations.
(e, f) Representative single-particle PL trajectories in (a) and (b) and their relative probability
distributions, respectively. Complete series is shown in Figure S9-S10.
In our first measurement, we evaluated the impact of ligand-passivation on the timedependent PL of the nanorods (Figure 1). As-synthesized nanorods (as) are fully protected by
ligands9 when dried, and imperfect ligand protection was obtained by solvent washing (sw)
(S1.1).22 The PL of fully ligand-protected nanorods appears stable under both N2 and O2, except
for an initial decay observed under O2. We further found out that this initial decay is irreversible
under dark or weak illumination, but slightly reversible under stronger illumination. We attribute
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this decay to ligand rearrangement under light and O2. For partially ligand-protected nanorods, the
PL declines rapidly upon illumination under pure N2 but remains relatively more stable under O2.
The PL decline could have been explained by photodegradation of CH3NH3PbI3, however, its
reversibility under different gases and the consistency of its emission spectrum (Figure S2)
suggest a different mechanism.
The significant influence of the surface ligands and the ambient gas on the PL of the
nanorods strongly suggests the presence of surface trap states. These trap states are likely related
to under-coordinated lead ions, methylammonium vacancies, and/or iodide vacancies8,23,24 that are
known to act as effective PL-quenching sites on OHP nanoparticles and thin films.7–9,25 In the
presence of surface ligands, these surface defects are effectively passivated, hence the PL is stable
both at the ensemble and at the single-particle level (Figure 1), consistent with the recent
reports.9,26,27 On the contrary, OHP nanorods with bare or partial ligand-protected surfaces turn
dark under N2 (Figure 1c) due to the activation of the surface defects by photoexcited charge
trapping. The activated traps discharge spontaneously and the nanorods turn bright with no
expected aid from N2 and greatly accelerated by the presence of O2 (Figure 1c). The mechanism
of PL quenching by a trapped charge has been associated with nonradiative Auger-assisted charge
recombination.28–30 The PL can be quenched by light under N2 but can recover by sitting in the
dark under N2 (Figure S7) or flowing-in O2 under light (Figure 1d, Movie S1). The reversibility
of this process agrees well with the weak physicochemical interactions of O2 with OHP.10,24,31
Since no permanent photobleaching is observed under these conditions, we name the temporary
loss of PL under N2 “photo-knockout” (red arrow Figure 1c, blue curve) to distinguish it from
photobleaching.
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The photoexcited charge carriers, which varies linearly with the laser intensity (Figure S8),
activate the surface traps, and O2 helps their relaxation (Figure 2). We observed that the higher
the laser intensity the faster the initial PL decay rate of the nanorods, which has a linear correlation
at low laser power densities under N2 (< 0.5 W/cm2). This dependence has been observed for larger
perovskite microcrystals in the literature.17 On the contrary, the higher the O2 concentration, the
slower the decay rate, for which a linear relationship is observed at relatively low O2 concentrations
(<1% v/v) (Figure 2d). At relatively high laser intensities and low O2 concentrations, we observed
the stepwise photo-knockout behavior of the single nanorods (Figure 2e-f).
Single-nanorod photoblinking analysis (S2.2) on the lifetimes of the ON-state (τON) and
OFF-state (τOFF) further confirms that the photoexcited charges accelerate charge-trapping and the
bulk O2 molecules facilitate the charge-detrapping (Figure 3). Under pure N2, τON is anticorrelated,30 while τOFF is not significantly correlated with increasing laser intensity (Figure 3cd). This suggests that photoexcited carriers activate trap states but is not involved in the detrapping
process. Under constant laser intensity, τON is positively correlated, while τOFF is anti-correlated
with increasing O2 concentration (Figure 3f-g), indicating that the active traps are deactivated and
protected by molecular O2. In addition, single-nanorod super-resolution analysis (SI S2.3) shows
that the traps are randomly distributed along a nanorod (Figure 3b), which are stochastically
activated and deactivated over time (Figure S14−S15). The change on τON and τOFF over time
contributes to the PL decay under O2 but is insignificant under N2 (Figure S13). Under N2, the
photo-knockout lifetime of the nanorods (τKO) is responsible for their ensemble PL decay (Figure
3e). The saturation of τON, τOFF, and τKO at 2.0% (v/v) O2 (Figure 2d, Figure S11) suggests a
diffusion-limited surface adsorption/reaction mechanism.
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Figure 3. (a) A scheme of photoblinking analysis. (b) Spatial distribution of ON (red) and OFF
(blue) states over a single nanorod by super-resolution emission localization. Scale bars = 200 nm.
(c-e), The average dwell-times of ON, OFF, and photo-knockout states under different excitation
intensities and (f-h) O2 concentrations in our measuring window (note, they have power-law like
distribution thus have no global averages).

Based on observed ensemble and single-particle PL behaviors of OHP nanorods in N2 and
O2, we propose a kinetic model and fitted the data at a high confidence level (R2≈1, Figure 4). In
this model, we hypothesize that the quenching of the PL is solely attributed to the activation of an
exposed surface defect. To begin with, we assume that the series of solvent washing effectively
exposes surface defects that lack ligand-protection, which we label here as, SD, to distinguish them
from ligand-protected surface defects, SDLig. From Figure 1a, we know that exposure of OHP
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nanorods to O2 results in PL recovery due to passivation of surface defects with O2, which we now
note as SDO2. Evacuating O2 and replacing it with N2 under illumination results to a PL decline
(Figure 1d). Hence, illumination (hν) is capable of kicking off O2 molecule from the surface
defects, which provided the basis for a reversible reaction 1 (Figure 4a). The reversible reaction
2 simply illustrates the photoblinking behavior of the nanorods, where SD and SD* represent
natural and activated surface defects, respectively. Since the increasing concentration of O2 results
to decreasing average τOFF, we propose that O2 facilitates detrapping of a charge from SD* as
described in reaction 3 (Figure 4c). Finally, when the fully ligand-protected nanorods were
exposed in O2 under illumination, the PL declines, while no decay is observed under N2 (Figure
1a). These experiments suggest that under illumination, O2 is capable of replacing a surface-ligand
even on the fully ligand-protected nanorods while N2 cannot (Figure 1c). The surface ligand, too
heavy to escape into the ambient gas, could replace back the O2 with the aid of light (Figure 1b).
This process is described in reaction 4 (Figure 4d).

Figure 4. (a-d), Proposed surface reaction mechanism. e, Global fitting of the two sets of data in
Figure 2 using the same parameters from the reaction model. (f,g) Monte Carlo simulated
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ensemble accumulated from 5000 individual particles and the representative single-nanorod PLtime trajectories.

The two sets of data in Figure 2 are globally treated in three steps (S3). Briefly, these three
steps are (1) analytically fitting the data using approximations to obtain the initial estimates on the
parameters shown in Figure 4a-d, followed by (2) numerical fitting, and (3) Monte Carlo singlenanorod simulations. The goodness of the numerical fitting and examples of Monte Carlo
simulated trajectories are shown in Figure 4e-g. The fitting results are shown in Table S2. In this
model, under pure N2, all reactions with O2 as a reactant diminish (i.e. reaction 1, reverse and
reaction 3, forward). Thus, both SD and SD* accumulate under illumination over time. Eventually,
the SD* concentration will reach a point where at the single-particle level it remains above one
per nanorod over time, bringing the nanorod to a photo-knockout state (Figure 4f). In the presence
of bulk O2, the O2-associated reactions in reactions 1 and 4 become significant, which effectively
reduces the concentrations of SD and SD*. Thus, photo-knockout is seldom observed when O2 is
present (Figure 4g, Figure S10) and the average τKO decreases with the increase in O2
concentration (Figure 3h). This model can also kinetically explain the saturation observed in
Figure 2c and 2d, that is, multiple carriers or multiple O2 molecules at a given time in/on the
nanorod create a rate-limiting step.
Interesting information can be obtained from the fitted rate constants (Table S2). For
example, the rate constant of the light-assisted oxygen desorption kd = (k12+k13+k14) is fitted
4.3±0.2×10-2 J-1 cm2. Assuming when a small area, A, on the surface absorbs a photon at laser
power density P, with 90% probability the oxygen desorbed from the surface. This area A is the
effective adsorption cross-section that triggers oxygen desorption. The photon energy of 473 nm
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laser is ε = 4.2×10-19 J, and k = kdP = PA/ε. Thus, A = kd ε =1.8×0-20 cm2. This is a very small
absorption cross-section, suggesting that only the electron adjacent to or at the adsorbed oxygen,
when excited, has the ability to remove the oxygen from the surface while the electrons excited in
the bulk has negligible ability to remove the oxygen.
With these results, we hypothesized a mechanism. According to a recent calculation,11 the
energy level of the surface defect lies between the bandgap of the OHP nanorods and connected
to the bulk with an energy barrier. When an electron in the bulk is excited, it quickly thermally
relaxes to the conduction band edge which still has the ability to go over the energy barrier of a
bare surface defect within a time period of seconds and get trapped. But it cannot penetrate the
raised energy barrier when an oxygen or a ligand is attached to the surface defect. Only those
excited electrons on the defect and carry the extra energy before the thermal relaxation has the
ability to penetrate the raised energy barrier.
In summary, we have shown that photoluminescence could be used to probe the surface
reactions of OHPs. In particular, we showed that exposure of an OHP nanorod to single O2
molecules under illumination could result to the enhancement of its PL by facilitating the
relaxation of an active trap, and effectively passivating it preventing its further activation. These
findings could provide a potential strategy to design a suitable interfacial chemistry for
photovoltaic, optoelectronic devices and gas sensors. We further believe that the approach used in
this report could be extended to probe other surface phenomena, not only in OHPs but also on
other luminescent materials.

Supporting Information
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