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ABSTRACT: Alloyed triple A-cation perovskites containing a mixture of
Cs, methylammonium (MA), and formamidinium (FA) cations are
attracting intense attention because of their high photovoltaic perform-
ance and relative stability. However, there is limited fundamental
understanding of their vacancy defect behaviour and influence of
molecular oxygen on their electronic and stability properties. In this
combined computational—experimental study, we investigate the

(FA,MA,Cs)Pb(1,Br); model system with its simulated atomistic structure

presented for the first time and supported by X-ray diffraction data. We examine how iodide vacancies and O, molecules
influence the local geometry and electronic structure. Our calculations, supported by Kelvin Probe contact potential
difference and photoluminescence measurements, show that introduction of O, leads to a p-doped triple-cation perovskite
and passivates iodide vacancies, resulting in enhanced luminescence efficiency. These results have important implications
for the performance and stability of mixed-cation perovskites in optoelectronic devices.

ybrid organic-inorganic halide perovskites have
H generated tremendous excitement in the field of

photovoltaics and are starting to be considered as
industrially deployable solar cell absorbers.'™” Recently, the
combination of Cs*, methylammonium (MA") and formami-
dinium (FA") at the A-site has proven to be particularly
successful,* ™! giving improved thermal,"* moisture,"> and
photo-stability®"* with respect to MAPbI,. Furthermore, these
mixed systems have higher crystalline quality,'> longer charge
carrier lifetimes and diffusion lengths,12 resulting in decreased
charge recombination'” and improved photocurrent over their
MAPbI; counterparts.'® Mixed-cation perovskites have also
been successfully incorporated into perovskite—silicon tandem
devices with a photon-to-electron conversion efficiency of
more than 26%."

In order to exploit the full potential of perovskites, parasitic
nonradiative charge carrier losses must be eliminated. Previous
studies have suggested that there are sufficiently deep trap
states in perovskites that still limit the sample photo-
luminescence quantum efficiency (PLQE) under carrier
densities typical for an operating device.'*™* It was proposed
that the effect of light and oxygen adsorption can significantly
reduce the density of these trap states in MAPbI, *°~** Hence,
oxygen and iodide vacancies are intrinsically important for the
performance and stability of perovskite devices, so it is crucial
to understand the effect they have on their properties.”
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However, the influence of iodide vacancies and oxygen have
not been fully addressed for triple-cation perovskites, even
though several of the highest performing, perovskite solar cells
are based on these materials.”*™”

In this work, we examine the structural and electronic
properties of triple-cation halide compositions using a
combination of X-ray diffraction (XRD), density functional
theory (DFT), Kelvin Probe contact potential difference
(CPD), and photoluminescence (PL) techniques. We simulate
the energetics of iodide vacancies and their occupation by O,
species. Our computed band structures, impurity charge
transition levels, CPD, and photoluminescence measurements
demonstrate that the introduction of O, molecules into
vacancies leads to a p-doped perovskite material with enhanced
luminescence. The work paves the way to a better under-
standing of the electronic properties of these alloyed perovskite
systems.

First, in Figure 1 we show the XRD pattern of a solution-
processed film of FAy,0MA,;sCsqosPb(IygsBros)s (see
Supporting Information for methods). This material has a
lattice parameter of 6.22 A assuming a cubic structure, which is
slightly smaller than the values of 6.32—6.36 A measured for a-
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Figure 1. Structural properties. (a) X-ray diffraction pattern of a
FAy,sMAg 15Cs0.0sPb(IgssBro1s); perovskite thin film. (b) Atom-
istic structure of the model FA  gsMA, ;,Csg o,PbI; system showing
Pbl, corner-sharing octahedra with MA*, FA', and Cs* at A-sites.
(The ionic radii of the A-site cations are indicated in brackets.)

FAPbL,”" ™ as expected with the smaller Cs and MA cations
at the A-site. In order to gain insight into these structural
properties using a computationally feasible structure, we
simulate a FAjgsMA ;;Csgo4Pbl; model system. Our calcu-
lations indicate that the average energy differences between a
range of A-site configurations shown in the Supporting
Information (Figure S1, Table S1) were found to be negligible
(of the order of a few meV), suggesting no long-range ordering
in the pristine bulk structure. All subsequent calculations were
performed on the lowest energy configuration shown in Figure
1b, with the Crystallographic Information File (CIF) available
in the Supporting Information.

The optimized structure of the triple cation system is found
to have an average cubic lattice parameter of 6.38 A, thus
providing a reasonable match to the experimental value and
confirming the pseudo-cubic nature of the system. As expected,
partial replacement of FA in the parent FAPbI; by the smaller
MA reduces the lattice parameter.’’">> The incorporation of
the even smaller Cs* further reduces the lattice parameter,34
and these trends are reproduced by previous computational
work.>

We now consider vacancies and oxygen in these triple-cation
structures. From our ab initio modelling, we first found that
the energetic differences between the structures containing
iodide vacancies were negligible (of the order of 10 meV/
perovskite unit), which suggests that the vacancies are
distributed randomly in the triple cation system. The insertion
of O, into a vacancy is shown in Figure 2. In the lowest energy
configuration, the O, species is inclined with respect to the
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Figure 2. Local structure of FA;gsMA, ;,Cs,Pbl; (a) around the
iodide vacancy site. (b) Iodide vacancy occupied with an O,
molecule.

Pb—I—Pb axis, in which both of the oxygen atoms bond to an
adjacent Pb atom. We stress that calculations on the energetics
at various lattice and vacancy sites in the MAPbI, structure*
have found that the iodide vacancy is the most favorable for O,
and superoxide species.

To investigate the impurity charge states of the iodide
vacancy and the O, species occupying this vacancy, we
adopted the method of Freysoldt et al.* (as detailed in section
A of the Supporting Information). Our results suggest that the
creation of an iodide vacancy introduces shallow donor-like
electronic states into the bandgap of the triple-cation
perovskite. When this vacancy is filled with O,, the &(+/0)
and £(0/—) charge transition levels for such incorporation shift
to just above the valence band maximum (VBM) shown in
Figure S3. We can thus conclude that the occupation of an
iodide vacancy by an O, molecule results in acceptor-like states
in the band gap. This is in agreement with the p-doping effect
induced by the adsorption of O, on MAPbI; surfaces;”**
moreover, we demonstrate here that this effect also occurs in
triple-cation systems.

In accordance with these results, the band structures (Figure
3) indicate that, with respect to the pristine structure, an iodide
vacancy introduces donor-like states near the bottom of the
conduction band. The band structure in Figure 3¢ shows that
an iodide vacancy occupied by O, creates electronic states of a
different nature: acceptor-like states are now found near the
top of the valence band in accord with previous work'” on
MAPbL,

To gain further insights into the nature of the iodide
vacancy, we plot the charge density at the trap state in Figure
4a, which corresponds to the conduction band minimum
(CBM); this figure shows that the charge density is delocalized
over the structure.”® We also find that the Pb p-orbitals that
dominate the CBM point toward each other in the vicinity of
the vacancy. Previous work on halide perovskites such as
MAPbDI; with large Pb—Pb distances have revealed shallow
halide vacancies.”"***" We can thus conclude that the
FA(5sMA 1,Cs04Pbl; system also has shallow iodide vacancy
states. However, when the vacancy is occupied by an O,
molecule, the charge density becomes more localized, as shown
in Figure 4b and is consistent with the deeper character of the
dopant states.

From analysis of the local structure in FAjgsMA ;;Csg 04Pbl;
(Figure 4b), the O—O distance of the O, species in the iodide
vacancy is 1.31 A. Interestingly, this value is close to the typical
bond distance of a superoxide anion (O,”) at around 1.28 A.**
In addition, the O—O bond order is 1.59, in accord with the
typical superoxide bond order (1.50)." These results therefore
strongly suggest superoxide-like character of the oxygen species
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Figure 3. Band structures: (a) pristine FAjgsMA ,Cso4PbL;, (b) with an iodide vacancy, and (c) with an O, species occupying the iodide
vacancy. Adding an O, species to the system makes it spin-polarized. Corresponding densities of states are in Supporting Information Figure
S4. Iodide vacancy states are indicated in orange, while O, species-related states of the spin-polarized system are indicated in red (both spin
up and spin down states). The energy levels were referenced to the Fermi level (marked by a green dashed line).

Figure 4. density of

Band-decomposed
FA,3sMA,;;Csg04Pbl;: (a) iodide vacancy (orange box); (b) O,
molecule occupying the iodide vacancy (indicated with a red
arrow). Isosurface level at 0.0008 au.

charge

in iodide vacancy sites of the triple-cation perovskite,
demonstrating their electron scavenging behavior as found
for oxygen in MAPbI;.'"*"**~*® Such an oxide species is
similar in size to the 1od1de ion, and effectively replaces the
vacant 51te, thus restoring the full octahedral coordination
around Pb.*

To support these calculations, we investigate the impact of
oxygen on the electronic properties (Fermi Level Ep and
relative luminescence yields) of thin films of the experimental
model perovskite FA7sMA ;5Csg06Pb(IogsBrg5)3. Due to the
sensitive nature of these films, we first condition the films in
dry nitrogen, which contain trace components of O, that can
occupy vacancies (see Figure SS for similar results in ambient
air). We use CPD measurements in the dark to show that the
surface Fermi level stabilizes at around —$ eV with respect to
the vacuum level (Figure Sa), concomitant with reasonable
photoluminescence intensities (Figure Sb). Thus, these trace-
O,-exposed films reveal a deep position of the Fermi level with
respect to typical VBM values (~—5.4 eV'’), and p-type
character, consistent with our calculations for acceptor-like
character of the iodide-vacancy/oxygen complex states.

We subsequently apply high vacuum (HV, <107 mbar) in-
situ to remove O, molecules from the film. As the pressure
decreases, the value of Ep increases in magnitude, shifting
towards the CBM and stabilizing in high vacuum at around
—4.7 eV, which is ~0.3 eV above the oxygen-trace level (see
inset Figure Sa). This gradual change is attributed to the
pressure-dependent O, desorption from the perovskite lattice.
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Figure S. (a) Fermi level measurements of FA,,,MA,5CsgosPb-
(IogsBrg.15); thin films ascertained from CPD measurements over
time in darkness: in trace levels of oxygen (orange, N2) and while
in vacuo (blue) to reach high vacuum conditions (<107 mbar).
Pump starts at £+ = 0. (b) PL measurements taken under trace
oxygen conditions and under high vacuum (107 mbar). Samples
were excited with a 532 nm laser at an excitation density of 60
mW/cm2

We therefore conclude that the neat film in the absence of
0, is close to intrinsic but becomes significantly p-doped in the
presence of O,. Furthermore, the PL intensity of the film under
UHYV conditions decreases by a factor of S when compared to
the initial value at the presence of O, (Figure 5), which is
consistent with O, passivating vacancies that can act as
nonradiative recombination centers; we note that the increased
doping may also contribute to the increased luminescence
yields."® These experimental findings qualitatively confirm our
computational results on the dual role of O, species filling the
halide vacancies, as both efficient defect neutralizers and strong
p-type dopants.

Our calculations indicate that the trap densities are not
shallow (>100 meV from the band edges) and hence suggest
that trapped carriers cannot easily de-trap from these states
back to the bands. It is difficult to definitively assign these traps
to be electron or hole traps, and future work will be critical to
elucidate this. It may be possible to saturate such traps at
medium to high carrier densities, but for many films this is
beyond typical charge carrier densities found in solar cells and
photodetectors. Hence, these traps are relevant potential loss
pathways for optoelectronic devices. We note that a detailed
discussion of the quantitative impact of O, on the Fermi level
would require further consideration of electric fields across the
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whole device stack. This would include accounting for O,
concentration gradients through the sample thickness™ and Ey
of the substrate, which are beyond the scope of this work, and
warrants future investigation.

In conclusion, we present a combined computational-
experimental investigation of the effects that O, has on state-
of-the-art triple A-cation iodide perovskites. Three main points
emerge. First, the atomistic structure and CIF file of the model
FA(gsMA, ,Csg04Pbl; perovskite from ab initio simulations
are presented for the first time, and supported by XRD data.
Second, O, molecules can occupy iodide vacancies resulting in
acceptor-like electronic states, which suggests a p-doped
material. Finally, Kelvin Probe contact potential difference
and photoluminescence measurements reveal that even trace
amounts of O, make the triple-cation perovskite a well-
passivated p-doped material. Such passivation will have
important implications for enhancing optoelectronic device
performance, while the ability to sensitively p-dope the sample
with oxygen molecules opens up new device applications
including transistor-based sensors. This work also provides a
critical building block to examine effects occurring in devices
under operation such as carrier trapping and photoinduced ion
migration.
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