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In this work, we demonstrate that time-resolved photoluminescence data of metal halide perovskites can
be effectively evaluated by combining Bayesian inference with a Markov-chain Monte-Carlo algorithm
and a physical model. This approach enables us to infer a high number of parameters that govern the
performance of metal halide perovskite-based devices, alongside the probability distributions of those
parameters, as well as correlations among all parameters. Via studying a set of halfstacks, comprising
electron- and hole-transport materials contacting perovskite thin films, we determine surface recombina-
tion velocities at these interfaces with high precision. From the probability distributions of all inferred
parameters, we can simulate intensity-dependent photoluminescence quantum efficiency and compare it
to experimental data. Finally, we estimate mobility values for vertical charge-carrier transport, which is
perpendicular to the plane of the substrate, for all samples using our approach. Since this mobility estima-
tion is derived from charge-carrier diffusion over the length scale of the film thickness and in the vertical
direction, it is highly relevant for transport in photovoltaic and light-emitting devices. Our approach of
coupling spectroscopic measurements with advanced computational analysis will help speed up scientific
research in the field of optoelectronic materials and devices and exemplifies how carefully constructed
computational algorithms can derive valuable plurality of information from simple datasets. We expect
that our approach can be expanded to a variety of other analysis techniques and that our method will be
applicable to other semiconductors.
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I. INTRODUCTION

The photovoltaic performance of the most efficient
metal halide perovskite-based solar cells are within 80%
of the detailed balance limit [1–4]. Understanding the ori-
gin of performance losses is now crucial for making the
final advances in efficiency and to sustain performance
over years and decades of operation. However, more losses
exist in wide-band-gap perovskite cells, which are required
for highly efficient multijunction cells, necessitating a bet-
ter understanding of losses in these materials and devices.
In this context, perovskite thin films are commonly studied
to understand the degradation of the material itself, while
“half-stacks,” a reduced selection of layers from the mul-
tilayer device stacks, are used to understand the impact of
interfaces and interfacial losses. A common methodology
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to study these interfaces is to assess the photolumines-
cence (PL) via photoluminescence quantum efficiency
[5–7] (PLQE) and time-resolved photoluminescence [8,9]
(TRPL) measurements.

For TRPL, the sample is illuminated by a short laser
pulse and the PL is measured and recorded in a time-
correlated manner. The PL intensity typically decays over
a time period of nanoseconds to tens of microseconds after
the pulsed excitation. An initial fast drop, often observed,
has been ascribed to early-time diffusion [10–12], trap fill-
ing of shallow defects [13,14], and spatial heterogeneity
[15] in the optoelectronic properties of the material. The
shape of the decay can thus give insights into material
properties to varying complexity, but it is usually difficult
to disentangle the different processes responsible for PL
decay. The most common and simplest approaches are to
use either a biexponential decay, from which two lifetimes
can be extracted, or a stretched exponential decay, from
which a lifetime and stretching factor can be extracted [15–
18]. In some exceptional cases, a triexponential [19,20]
decay has been used, where physical meaning was given
to all three extracted lifetimes. This can lead to confusing
and even contradictory interpretations of results.
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The simplest physical model for charge-carrier recombi-
nation is the continuity equation without drift or diffusion:

d�n(t)
dt

= −k1�n(t) − k2�n(t)2 − k3�n(t)3,

PL(t) ∝ k2�n(t)2,
(1)

where k1, k2, and k3 are linked to mono-, bi-, and tri-
molecular recombination processes, respectively; �n(t) is
the photogenerated charge-carrier density as a function of
time; and IPL(t) is the PL that is measured as a function of
time. Analytical solutions have been described; however,
it can also be solved numerically and fitted to data using
a least-squares approach. With this model, a set of TRPL
measurements with changing �n, achieved by varying
laser fluences, can be used to accurately extract physically
meaningful recombination parameters. Still, the model is
a gross simplification and the dynamics of the early-time
decay of the PL trace, as well as the heterogeneity of
parameters, cannot be captured by this model.

To further our understanding of the processes that gov-
ern the transient PL behavior in metal halide perovskites,
we can formulate a model that includes diffusion and
recombination via shallow defects using eight device-
relevant parameters [µvert, the vertical (or out of plane of
the substrate) mobility; kc and ke, the rates of electron cap-
ture into and emission from a shallow defect, respectively;
kd, the nonradiative recombination rate via a deep bulk
defect; krad, the radiative recombination constant; Stop and
Sbot, the surface recombination velocities at the top and
bottom interfaces, respectively; peq the equilibrium hole
density under pulsed excitation (which could interchange-
ably be electron density if we assumed that holes were the
predominantly trapped carrier type)] to describe the TRPL
response. However, this large parameter space can result
in a nonidentifiable model (often wrongly termed “overfit-
ted”), meaning there are multiple degenerate solutions that
describe the observations equally well.

Here, we use Bayesian statistics to mitigate these limita-
tions of applying a multiparameter model. Each parameter
is described by a probability distribution rather than a sin-
gle value. Initial knowledge about a parameter is encoded
into a prior distribution (it can be a uniform distribution if
no prior knowledge is present). A set of values for each
parameter known as a sample is drawn from the prior.
Based on these parameters, the model is evaluated and the
resulting simulated TRPL trace is compared to experimen-
tal data with the help of a likelihood function. It determines
how well the parameters describe the data based on the
physical model. Bayes’ theorem [21],

P(A|B) = P(B|A)P(A)

P(B)
, (2)

where P(B|A) is the conditional probability of B occur-
ring, given A (likelihood), and P(A) and P(B) are the

unconditional probabilities of observing A (prior) and B
(data), which can be used to estimate the posterior dis-
tribution [P(A|B), the conditional probability of A occur-
ring, given B] of the parameter after data have been
assessed. To reduce the computational demands, in this
work, we use a Markov-chain Monte-Carlo algorithm to
select random samples from the prior distribution of the
parameters. We call the combination of Bayesian inference
and Markov-chain Monte-Carlo (MCMC) algorithm, the
“Bayes-MCMC” approach. In Fig. 1 we show a schematic
of the Bayes-MCMC algorithm. In short, the MCMC
algorithm picks a random sample of parameters from the
prior distribution. For each pick, the entire TRPL decay
is calculated from our physical model. Then, the experi-
mental data are compared to the calculation and assigned
a likelihood (between 0 and 1). If the likelihood is larger
than a random number generated by the MCMC, then the
parameters are stored, otherwise they are discarded. A new
combination of parameters (sample) is drawn. Over many
iterations, the stored samples will generate the posterior
distributions for each parameter. In theory, this approach is
not limited to a certain number of parameters, but the out-
come is determined by the number of available data points
and MCMC steps. This approach was previously utilized
on limited sets of measurements, and the total time of cal-
culation was quite long (multiple tens of hours) [23,24]
due to the use of an MCMC algorithm following the clas-
sic implementation of Metropolis and Hastings [25]. In
our work, we improve upon this by making use of more
modern state-of-the-art gradient-based MCMC algorithms,
namely, the “no-U-turn” (NUTS) [26] sampler (“PyMC”
library [22]). Gradient-based MCMC samplers explore the
posterior distributions much more efficiently. Instead of
>103 steps, the gradient-based samplers can achieve con-
vergence of multiple chains within only 103 samples. For
this work, we use the NUTS sampler with 103 tuning steps,
during which the parameters of the sampler (such as the
step size) are optimized, as well as 103 steps that are stored
for later use. The time of a typical calculation was cut
down to less than 2 h on a professional grade workstation
or 2–3 h on a consumer quad-core mobile CPU.

We initially tested our approach on a set of TRPL
data from formamidinium lead iodide (FAPbI3) thin
films on glass to disentangle the different processes that
affected the early-time decay, and then we extended
our approach to study half-stacks comprising FAPbI3
thin films interfaced with the electron-transport material
SnO2 or the hole-transport material 2,2′,7,7′-tetrakis[N,N -
di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-
OMeTAD) to understand the influence of interface
recombination. Losses at heterojunctions are key limiting
factors in solar cell performance, and engineering the sur-
face to passivate defects has been the topic of the most
recent works that claim the highest efficiencies in photo-
voltaic cells [27,28]. The assessment of half-stacks is not
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FIG. 1. Schematic of the Bayes-MCMC algorithm. Each parameter is defined by a prior distribution, which encodes the knowledge
about them (for example, each parameter used in this work needs to be >0; see SI.4 in the Supplemental Material [36] for more
details). Markov-chain Monte-Carlo algorithm (here, a Metropolis-Hastings algorithm is used) picks a random sample from the prior
distribution of each parameter. Corresponding TRPL decay is calculated, and an acceptance probability is determined based on Eq. (2).
Sample is only accepted, if the acceptance probability is larger than a random threshold value (optimized by the PyMC’s NUTS sampler
[22]). Upon acceptance, the sample is saved, and a new sample is randomly selected. Over time, the saved samples will approximate
the posterior distribution in the multidimensional parameter space.

a simple task, and usually the number of free parameters
needs to be reduced by fixing some of them to known
values from other experiments. For instance, to assess a
half-stack, a “bare” perovskite thin film on glass can be
used to determine the “bulk recombination” parameters
(assuming that the surface recombination is negligible)
first. Then a half-stack is measured and the difference in
recombination is assigned to the newly introduced inter-
face [8,29–31]. This is a viable approach to get an estimate
of the surface recombination; however, it has some limi-
tations in the case of perovskite materials, as the under-
lying layer can affect the crystallization and final film
morphology, which, in turn, will affect the bulk and sur-
face properties and recombination parameters [32,33]. Our
methodology, with the complete physical model, allows
us to measure these samples directly. The results give
insights into the underlying optoelectronic mechanisms
that govern the transient charge-carrier behavior in these
samples.

II. THE PHYSICAL MODEL

The main aims of the methodology we have developed
are to differentiate between early-time trapping and charge-
carrier diffusion in the TRPL response of perovskite thin
films, and to disentangle interface and bulk recombina-
tion in half-stack stacks and complete devices. The model
described here builds upon work from Maiberg et al.
[34,35]. To estimate the time-resolved PL behavior in any
semiconductor, the radiative recombination rate needs to
be calculated. Assuming homogeneity in the x-y plane, the
time-resolved PL response [PLobs(t)] is

PLobs(t) ∝
∫ d

0
Rrad(t, z)dz + εPL; εPL < 0.01PLobs ,

(3)

where Rrad is the total radiative recombination rate, d is
the film thickness, and εPL is the noise floor of the TRPL
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measurement. The total radiative recombination rate can
be written as

Rrad(t, z) = krad�n(t, z)(�p(t, z) + peq), (4)

where krad is the radiative recombination rate constant;
�n(t, z) and �p(t, z) are the photogenerated electron-
and hole concentrations, respectively, as a function of
time t and film z-coordinate; and peq is the equilibrium
or background charge-carrier concentration (carried over
from the previous excitation pulses). Equation (4) assumes
that radiative recombination is dominated by bimolecu-
lar band-to-band recombination. We test this hypothesis
by estimating the fraction of excitonic species for the
material (FAPbI3) studied in this work. We find that, for
the excitation fluences used in our TRPL experiments
(<5 × 1011 cm−2), less than 3% of the photogenerated
species are excitonic (see SI.2 in the Supplemental Mate-
rial [36]). We also note that the exciton and free carrier
population in poly(crystalline) semiconductors are consid-
ered as an equilibrium. Therefore, all charge carriers show
free-carrier and exciton characteristics, but, in this case, are
vastly dominated by their free carrier nature. Thus, Eq. (4)
accurately described the radiative recombination for this
work.

To be able to use Eq. (4), we first estimate �n(t, z)
[and �p(t, z)] by solving the one-dimensional diffusion
equation numerically. Here, we use the Crank-Nicolson
method [37,38] to estimate the charge-carrier density over
time and space. It includes the vertical diffusion quanti-
fied through the ambipolar vertical charge-carrier mobility,
µvert, inside the studied material, as well as the surface
recombination velocities at the two interfaces, S1 and S2.
The approach is a finite-difference method and is described
in more detail in SI.3 in the Supplemental Material [36]. In
short, at each point in time, diffusion is calculated based
on the charge-carrier gradients throughout the film thick-
ness and the mobility. Simultaneously, surface and bulk
recombination are taken into account. The latter can be
written as

δ�n(t, z)
δt

= RNR,bulk(t, z) + Rrad(t, z), (5)

where RNR,bulk is the nonradiative bulk recombination; Rrad
is the radiative bulk recombination, as described in Eq. (4).
For the charge-carrier densities that are typically reached
during a TRPL experiment (<1018 cm−3), the impact of
Auger recombination is negligible. An equivalent equation
can be written for the change in hole density. RNR,bulk here
includes a shallow electron trap that is not recombina-
tion active, as well as a recombination-active deep trap.
By symmetry, the model can also describe an equivalent
hole trap by swapping n and p. Then, we use two coupled
rate equations [39,40] (one for free electrons and one for

trapped electrons; see SI.3 in the Supplemental Material
[36]). This enables us to obtain information about kc (the
electron capture rate), ke (the electron emission rate), and
kd (the nonradiative recombination rate). The inclusion of
shallow defects in the recombination will impact the long-
term photoluminescence decay via multiple trapping or
detrapping events, or otherwise put, a significant compo-
nent of the electron and hole density at longer times will
be residing in shallow trap states, which have a long life-
time, reducing the free-carrier density and hence radiative
decay rate [41,53]. Trapped charges can accumulate under
pulsed excitation, with corresponding long-lived counter
charges residing in the conduction or valance band states.
A similar effect has been described, for example, by Trimpl
et al. [13] and Kiligaridis et al. [54]. We mimic this effect
via the equilibrium hole density, peq. It is nontrivial to cal-
culate peq in the presence of shallow defects and diffusion
and hence is made a variable parameter in our work.

The PL response can then be calculated via Eqs. (3)
and (4). In SI.3 in the Supplemental Material [36], the
impact of every parameter used in the model on the
observed TRPL decay is summarized. From this, we deter-
mine a minimal set of measurements required to disentan-
gle all effects: two excitation fluences (here, 4.8 × 1010 and
4.8 × 1011 cm−2) from one side and at least one excitation
fluence from the other side.

To test the validity of the model, we calculate the
photogenerated charge-carrier density as a function of
z coordinate throughout the perovskite thin-film thick-
ness. We calculate n(t, z) for different time points
(0.1–104 ns) and different scenarios. In Fig. 2(a), we show
the impact of diffusion without any recombination on the
transient charge-carrier density distribution. The initial
charge-carrier density follows an exponential distribution,
in accordance with the absorption coefficient, α (here,
approx. 3 × 105 cm−1 at the excitation wavelength of the
laser of 405 nm), of the perovskite material. Over time,
we observe that the charge-carrier density homogenizes
throughout the thickness, because of diffusion, and stabi-
lizes at approximately 15% of its initial peak value at t = 0,
z = 0.

In Fig. 2(b), we include bulk recombination as well
via Eq. (5) with a radiative recombination constant (krad)
of 10−10 cm3 s−1, no shallow defect (kc= ke = 0), kd of
106 s−1, and no surface recombination. While the ini-
tial redistribution of charge carriers also happens here, it
does not stabilize after homogenization, but instead fur-
ther decays with a charge-carrier-dependent recombination
rate. In Fig. 2(c), we rerun the calculation, but this time the
nonradiative bulk recombination is suppressed and instead
the surface recombination at z = 0 is set to 104 cm s−1.
This value is higher than most efficient systems rele-
vant for photovoltaic applications (i.e., an unpassivated
perovskite/C60 interface will typically have an surface
recombination velocity (SRV) of >103 cm s−1) chosen
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FIG. 2. Charge-carrier density calculated over time is shown as a function of the z coordinate throughout the thin-film thickness of
600 nm. Impact of (a) only diffusion, (b) diffusion and bulk recombination following Eq. (5), and (c) the combination of all processes
happening simultaneously with a surface recombination of 104 cm s−1 at z = 0. In all cases, the color change from blue to red indicates
increasing time.

here for illustration purposes. Due to this high surface
recombination, the charge-carrier density never reaches a
fully homogenized state, but instead is depleted towards
the quenching surface. All three transient charge-carrier
densities are consistent with our current understanding
of the underlying physics. In the following, we use the
model together with the Bayes-MCMC approach to infer
all parameters and gain insights into the photophysics of
perovskite thin films and half-stack stacks. Additionally,
we include parameters that are specific to the dataset but
are not material parameters. These include the noise floor
of the PL data (εPL) and the width of the Gaussian likeli-
hood function. Additional information on these parameters
is given in the Supplemental Material [36].

We would like to point out at this stage that the Bayes-
MCMC approach, while powerful, is limited by the choice
of physical model employed. As with any other methodol-
ogy used to extract physically meaningful parameters from
experimental data, the underlying physical model may not
fully capture the real transient charge-carrier dynamics.
This error will be directly carried forward by the inferred
parameter values. For this work, we developed a model
that could accurately fit our experimental data and was in
line with the state-of-the-art understanding. In the follow-
ing sections, the outcome of the Bayes-MCMC algorithm
for different types of samples is interpreted with the aware-
ness that the suitability of our model may change when
new research and insights become available.

III. RESULTS

A. Understanding transient photoluminescence in a
FAPbI3 thin film

We use FAPbI3 thin films as a model system to
understand the functionality and limitation of the Bayes-
MCMC methodology. The FAPbI3 thin films studied here

have been optimized to be used as an absorber in the
negative-intrinsic-positive (n-i-p) solar cell architecture,
but for this study, the films were fabricated on bare glass.
A thin layer of Al2O3 nanoparticles was used on top of the
glass to improve the wettability of the perovskite precur-
sor solution and adhesion of the as-crystallized perovskite
films (see SI.1 in the Supplemental Material [36] for details
on the fabrication process).

We used a 398 nm (3.12 eV) picosecond pulsed excita-
tion laser and illuminated the sample from the substrate
and material sides (Sbot and Stop, respectively) to mea-
sure the sample (see SI.2 in the Supplemental Material
[36] for experimental details). Two fluences (4.8 × 1010

and 4.8 × 1011 cm−2 per pulse) were used to disentangle
different recombination pathways from reabsorption and
diffusion. The deep-blue excitation source was used to
induce a strong charge-carrier density concentration gra-
dient throughout the film thickness at early times, which
allowed inference of the charge-carrier diffusion in the z
direction (as shown in Fig. 2). The simultaneous assess-
ment of a complete dataset consisting of four individual
measurements allows for the inference of all parameters of
the physical model (described in SI.3 in the Supplemental
Material [36] in more detail).

After running the Bayes-MCMC algorithm on a set of
four TRPL decays for 2 × 103 steps (103 to tune the NUTS
sampler and 103 to store values), we need to ascertain that
the Markov chains have converged and are in a region
of “good agreement” [high likelihood (L)] between the
experimental and calculated TRPL decays. We therefore
estimate the average negative ln(L)av via Eq. (S23) in the
Supplemental Material [36] at every step of each individ-
ual Markov chain. −ln(L)av is the average ln(L) for each
data point and is used to allow better comparability of
the different samples assessed in this work (see SI.4 in
the Supplemental Material [36] for details). A region of
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good agreement corresponds to a region of low −ln(L)av,
since “perfect” agreement results in L = 1 and ln(L) = 0.
In Fig. 3(a), we show −ln(L)av at each step of the Markov
chain and for each of the ten individual chains. The ten
MCMC chains converge within 100 samples of tuning. We
estimate the median −ln(L)av of the final 103 drawn sam-
ples to be about 0.47. We then store the last 103 samples of
each Markov chain for further calculations, analysis, and
to build the parameter distributions shown in Fig. S9 in the
Supplemental Material [36].

Next, we need to confirm that this high-likelihood region
also corresponds to TRPL decay traces that closely match
the experimental data. We thus show the median of the
final 103 calculated TRPL decays (“median line”) along-
side the normalized experimental data (normalized to the
measured intensity at t = 0 ns) in Fig. 3(b). The median
of the calculated TRPL decays agrees well with the mea-
sured ones across all timescales and all four measurements.
It is worth mentioning that it is a great achievement for
a single methodology and physical model to be able to
describe the early- and late-time decay of the photolumi-
nescence simultaneously and across two fluences and two
illumination directions with such close agreement.

In addition to the calculated TRPL decays, we obtain
the posterior probability distribution of each parameter (the
inferred parameters are summarized in Table S1, and the
distributions are shown in Fig. S9 in the Supplemental
Material [36]) from the stored samples. Having probability
distributions for each parameter has multiple advantages: it
gives us quantifiably a level of certainty over the determi-
nation of a given parameter based on the data presented to
the Bayes-MCMC, and it allows for non-Gaussian poste-
rior parameter distributions to be observed. For instance,
we may determine a wide spread of possible values for
a parameter, indicating a low level of confidence or a
low sensitivity of the TRPL decay to this parameter. It
should be noted that this finding is quite powerful, since
it allows us to understand if a parameter even impacts the
observed data and report possible nonidentifiability [55]
as such. Nonidentifiability of a parameter given a set of
experimental data is a powerful statement and improves
the transparency of scientific reports. Hence, we report all
values as M (Q1–Q3), where M is the median and Q1–Q3 is
the interquartile range. We also note that, even though we
use a repetition rate of only 50 kHz here, a certain fraction
of the trapped charges will live longer than that, especially
in the presence of shallow defects. These lead to an effec-
tive “photodoping” density, peq, which we determine to be
on the order of 1015 cm−3, similar to values reported in
other studies [23,53].

A parameter that we obtain from our modeling is the
vertical mobility (µvert). We want to reemphasize here that
the mobility we obtain is the ambipolar vertical mobil-
ity. Since radiative recombination requires the presence
of both electrons and holes, and intensity is proportional

to the product of the electron and hole number density,
the reduction in the carrier density of either species will
result in a reduction in PL intensity. Since the decay of the
early-time PL signal is driven by the diffusion of charge
carriers away from the surface and into the bulk, the subse-
quently derived mobilities should be limited by the fastest
of the two charge-carrier species [23,53]. The value for
µvert that we determine for our FAPbI3 thin films is 4.1
(4.0–4.2) × 10−1 cm2 (Vs)−1. While this value seems rel-
atively low, in comparison with mobility values derived
from optical-pump terahertz-probe (OPTP) spectroscopy,
later we compare it to the values obtained from other meth-
ods that probe longer-range charge transport and find good
agreement.

We now compare the parameters related to bulk recom-
bination inferred by the Bayes-MCMC approach with a
more common least-squares fit of Eq. (1) (see SI.2 in
the Supplemental Material [36] for details). For the least-
squares fit, we obtain an average k1 of 9.6 × 104 s−1

and a k2 of 8.7 × 10−11 cm3 s−1. With our new approach,
we obtained a radiative recombination rate, krad, of 7.5
(7.4–7.5) × 10−11 cm3 s−1. This value is the internal radia-
tive recombination rate, as reported by others [56–58], and
is close to the obtained k2. From the parameters related to
nonradiative bulk recombination (kc, ke, and kd), we can
estimate an effective recombination rate, kNR,eff, using Eq.
(S16) in the Supplemental Material [36]. We find a kNR,eff
of 1.6 (0.9–2.1) × 104 s−1. The discrepancy between k1 and
kNR,eff is related to the assumptions of the models they
respectively derive from: k1 is the monomolecular recom-
bination rate and is assumed to be constant over the entire
decay, while kNR,eff is impacted by trapping or detrapping
events.

Since kNR,eff does not agree well with k1, we look at
the surface recombination, which also impacts the steady-
state nonradiative recombination rate. We thus convert the
obtained SRVs from our Bayes-MCMC estimations into
surface recombination rates. Assuming that the total SRV
is constant over the time of the measurement, the surface
nonradiative recombination rate can be calculated via [34]

kNR,Si = Si

d
, (6)

where d is the film thickness. We show kNR,S for both Stop
and Sbot alongside the calculated kNR,eff in Fig. S5 within
the Supplemental Material [36]. Both are within a factor of
2 of the extracted k1. As is logical after considering the
nonradiative recombination pathways, k1 obtained from
Eq. (1) contains information on both the surface and bulk
recombination but cannot disentangle the two. The Bayes-
MCMC approach enables us to derive information about
both effects separately, which is even more important when
we study device half-stacks later.
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FIG. 3. (a) Negative ln(L)av for the FAPbI3 sample assessed here as a function of the sample number along 10 individual Markov
chains (shown as individual lines). Lower the negative ln(L)av, the better the agreement between data and model. First 103 samples
are used to tune the NUTS sampler and second 103 samples are stored. (b) Set of TRPL data measured from the substrate (S1) and
perovskite (S2) sides for two fluences (4.8 × 1010 and 4.8 × 1011 cm−2) each. Data are normalized to the initial number of PL counts
(t = 0 ns). Lines indicate the median TRPL calculated from the last 103 samples of the 10 Markov chains (“median line”). (c) Two
surface recombination velocities (Stop and Sbot) are shown in a 2D corner plot. Darker the color, the higher the likelihood of this region.
Faint gray spots indicate the underlying sample values. Dashed line follows Ssum= Stop+ Sbot. (d) Intensity-dependent PLQE, with the
measured (empty circles) and calculated scaled (lines) values shown. PLQE is calculated for 500 random samples out of the 103 stored
parameter sets (to reduce the calculation time) and the median (solid line) and Q1–Q3 range (shaded area) is shown.

While it is useful by itself to obtain estimates for all of
these parameters, the Bayes-MCMC approach also allows
for more in-depth analysis of the data. We first demon-
strate this here by looking more closely at the early-time
decay in Fig. 3(b). The photoluminescence decays faster
when the sample is excited from the substrate side (Sbot).
It was postulated in a previous study [59] that this was
a result of charge-carrier diffusion and a higher SRV
at Sbot. Here, the full physical model, together with the
Bayesian inference algorithm, allows us to test this hypoth-
esis more rigorously. In Fig. S9 within the Supplemental

Material [36], we do not find a significantly higher value
for Sbot. However, since the Markov chains have ended up
in a region of high likelihood, we can also learn some-
thing about the correlation of Sbot and Stop, the discrete
surface recombination velocities at the two surfaces. A
two-dimensional (2D) plot is shown in Fig. 3(c), where
the darker color indicates higher probability. The plot is
symmetric about a diagonal line, behavior that had been
previously reported by Fai et al. for the case of one-sided
illumination [23]. We find two solutions, which cluster
around the limiting cases of Stop ≈ Ssum or Sbot ≈ Ssum.
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For the thin film on glass, neither of the two solutions is
clearly favored; however, we see later that this changes
when interfacial recombination between the perovskite and
a transport layer is considered. This analysis exemplifies
how the complex interplay of a number of parameters
generates the TRPL decay.

To further confirm the validity of the physical model
and the Bayes-MCMC method, and its relevance to steady-
state conditions, we used the derived parameters to repro-
duce intensity-dependent PLQE measurements. During the
PLQE measurement, the samples were illuminated from
the substrate side with a 445 nm (2.76 eV) continuous-
wave laser. It is a steady-state measurement, where the PL
response of the sample depends on the ratio of radiative
and nonradiative recombination for any given photogener-
ated population of charge carriers. The PL of the sample is
collected in an integrating sphere using a spectrograph (see
note SI.2 in the Supplemental Material [36] for details).
The measured PLQE values are shown as empty circles in
Fig. 3(d). We can calculate the outcome of this experiment
from the parameter distributions we have obtained from
the TRPL Bayes-MCMC simulation. In short, we solved
Eq. (5) for the steady-state condition under continuous-
wave illumination to obtain the steady-state charge-carrier
density, nSS. The internal PLQE (ηQE,int) is then defined as

ηQE,int = kradnSSpSS

G
, (7)

where G is the charge-carrier generation rate (see SI.2 in
the Supplemental Material [36] for more details). Here,
pSS = nSS + peq, as described in a previous study [60].
We calculate ηQE,int for 500 random parameter draws and
then take the median and Q1–Q3 from them. ηQE,int can be
much higher than the measured external PLQE (ηQE,ext),
due to total internal reflection (low escape probability)
or parasitic absorption [56]. We thus scale the calculated
PLQE to the measured data (we show the unscaled PLQE
in Fig. S2 within the Supplemental Material [36]). We
closely replicate the slope of the PLQE [solid line and
shaded area in Fig. 3(d)] across all absorbed photon fluxes.
This further substantiates our physical model, as well as
validating the Bayes-MCMC approach.

B. Disentangling surface and bulk recombination in
device half-stacks

After having validated the Bayes-MCMC method with
neat FAPbI3 thin films on glass, we now explore its
ability to derive information from device half-stacks,
where the perovskite absorber forms an interface with
a charge-transport layer. Here, we assess the interfaces
SnO2-FAPbI3 (here “SnO2”) and FAPbI3-Spiro-OMeTAD
(here “Spiro-OMeTAD”), which are common in the reg-
ular n-i-p architecture. The fabrication details are sum-
marized in SI.1 in the Supplemental Material [36], but,

in short, the SnO2 layer was fabricated as a TiO2-
SnO2 bilayer and Spiro-OMeTAD was doped with 4-tert-
butylpyridine, lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI), and cobalt bis(trifluoromethanesulfonyl)imide
(Co-TFSI), as commonly used to achieve improved con-
ductivity of the transport layer and optimized efficiency in
n-i-p solar cell devices.

We followed the same methodology from the first
experiment, where each sample was illuminated from
the substrate side with two fluences (4.8 × 1010 and
4.8 × 1011 cm−2), but this time only the higher fluence
could be measured sufficiently for the illumination from
the top side. The resulting experimental data and calcu-
lated median TRPL decay of the last 103 steps of the
ten Markov chains are shown in Fig. 4(a) for SnO2 and
Spiro-OMeTAD (all inferred parameters are summarized
in Table S1 and histograms for all parameters are shown in
Figs. S10 and S11 within the Supplemental Material [36]).

A long PL decay can be observed for the SnO2 sam-
ple, while for the Spiro-OMeTAD sample, the PL intensity
is quickly quenched over the first few hundred nanosec-
onds for all fluences. The latter was previously reported
and ascribed to a high interfacial recombination rate at the
perovskite-Spiro-OMeTAD interface [31]. In both cases,
the calculated median TRPL decay describes the experi-
mental data sufficiently well.

We proceed to investigate how interface and bulk
recombination are affected by the transport layers. In con-
trast to other reports, the Bayes-MCMC algorithm can
clearly disentangle the two interfaces for the SnO2 and
Spiro-OMeTAD samples. This is very powerful, since it
allows us to study the effects of both surfaces and the bulk
of the absorber on the overall recombination and result-
ing TRPL decay, and hence, reveals any changes that may
occur in the bulk as a consequence of processing on the
different underlying layers or the impact of additives in
subsequent layers.

We determine surface recombination velocities of
9 (4–17) cm s−1 for the SnO2-FAPbI3 interface [3
(1–7) cm s−1 for FAPbI3-air] and 1300 (1200–1400) cm s−1

for the FAPbI3-Spiro-OMeTAD interface [100 (60–120)
cm s−1 for glass-FAPbI3]. For comparison, we previously
determined 4 (2–10) cm s−1 for FAPbI3-air and
7 (1–9) cm s−1 for the glass-FAPbI3 interface. The SRVs at
both interfaces are well comparable to values reported for
other perovskite-based half-stacks: 11–270 cm s−1 for the
TiO2-SnO2-PVSK interface [31], and 1400–4200 cm s−1

for the PVSK-Spiro-OMeTADdoped interface [31,61–63].
The increased SRV of the Spiro-OMeTAD sample at
the glass-FAPbI3 interface is unexpected, but it may be
due to the impact of additives in the Spiro-OMeTAD
solution [64].

To study the impact of the interface and bulk, we again
use Eq. (6) to estimate kNR,S for the perovskite-transport
layer interfaces. We then compare these values to the bulk
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Time after Pulse [ns] Recombination Rate [s ]

(a) (b) (c)

S1 4.8 × 1010

S1 4.8 × 1011

S2 4.8 × 1011

FIG. 4. TRPL decays of half-devices of (a) SnO2-FAPbI3 and (b) FAPbI3-Spiro-OMeTAD measured from the substrate (S1) and
perovskite (S2) sides with two excitation fluences (4.8 × 1010 and 4.8 × 1011 cm−2). Data are normalized to the initial number of PL
counts (t = 0 ns). (b) Surface (top) and bulk (bottom) nonradiative recombination rates are compared in the same plot for all samples.
(c) Experimental (shapes) and calculated scaled (lines) intensity-dependent PLQEs for the half-devices are shown. For the calculated
PLQE, 500 random samples out of the 103 stored parameters were used.

recombination rate, which is defined as

kbulk(�n) = kNR,eff + krad�npeq, (8)

where kNR,eff is obtained from Eq. (S16) in the Supplemen-
tal Material [36]. We evaluate Eq. (8) at the initial pho-
togenerated charge-carrier density equivalent to one sun
illumination intensity (�n1sun ≈ 2.5 × 1015 cm−3 under our
50 kHz pulsed excitation). The perovskite-transport layer
surface (kNR,S) and bulk (kbulk) recombination constants are
shown side by side in Fig. 4(b). For the FAPbI3 thin film
on glass, we derive a kbulk value of 3.5 (3.4–3.6) × 105 s−1

and a kNR,S value of 1.2 (0.2–1.5) × 105 s−1. Both recom-
bination rates are among the lowest reported values
in the literature and have been associated with high
device performance [31,65,66]. It explicitly indicates that
the bulk and surface recombination processes contribute
equally to electron-hole recombination, i.e., recombina-
tion in the isolated thin films is not surface dominated.
We determine kbulk values of 1.8 (1.1–1.8) × 106 and
2.7 (2.5–2.8) × 106 s−1, as well as kNR,S values of 1.4
(0.6–2.8) × 105 and 2.2 (2.1–2.3) × 107 s−1 for the per-
ovskite interface with SnO2 and Spiro-OMeTAD samples,
respectively. This analysis can be used to understand that
performance losses in a photovoltaic device would stem
from the interfaces, as they change significantly in the
half-stacks, but there is also a nonzero contribution from
changes in bulk recombination.

Again, we estimate the intensity-dependent PLQE for
these two samples using Eqs. (7) and (S4) in the Sup-
plemental Material [36] and compare the results with
experimental data. The measured PLQE data are shown
in Fig. 4(c) for both samples as empty triangles. As
expected, we observe a reduced PLQE for both the SnO2
and Spiro-OMeTAD samples with respect to the FAPbI3

thin films on glass. In addition, both half-stacks show a
steeper slope of the intensity-dependent PLQE increase.
This has been linked to enhanced interfacial recombina-
tion (and increased ideality factor) [67]. Alongside the
experimental data, we show the median of the simulated
PLQE as a solid line and the interquartile range as shaded
area in Fig. 4(c). Again, we needed to scale the calcu-
lated internal PLQE to match the experimental external
PLQE values. Still, we can reproduce the slope of the
intensity-dependent PLQE with good accuracy for both
samples (see SI.2 in the Supplemental Material [36] for
details and the unscaled PLQE). For the SnO2 sample,
there is still a remaining discrepancy at higher intensi-
ties, indicating that there are additional nonradiative decay
mechanisms, which are not included in our current physi-
cal model. For instance, a recent report [68] suggested this
was due to filling of surface traps, which limited the PLQE
at higher excitation photon fluxes. This would mean that
interface recombination at perovskite-transport layer inter-
faces would have to be described by a model similar to
the “shallow defect” model used here for nonradiative bulk
recombination. Then, the effects of charge reinjection and
surface trap filling could be taken into account. This is part
of ongoing work and goes beyond the scope of the work
presented here.

C. Device-relevant vertical mobility

One of the most advantageous aspects of the present
work is the ability to derive an estimation of the vertical
charge-carrier mobility (here µvert) in device-relevant thin
films, with quantified error. The vertical, or out-of-plane,
substrate direction is the one relevant for operating photo-
voltaic devices and light-emitting diodes. We find median
values for µvert of 4.1 (4.0–4.2) × 10−1, 2.2 (0.8–2.4) × 100,
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and 1.3 (1.2–1.7) × 10−1 cm2 (Vs)−1 for the FAPbI3 thin
film on glass, the SnO2 sample, and when coated with
Spiro-OMeTAD, respectively. For the last two, this param-
eter is usually not easily accessible by other techniques.
For instance, electronic measurements can be significantly
influenced if the mobility or conductivity within the trans-
port layer is comparable to the perovskite.

As a confirmation of the result, the shift of the pho-
toluminescence spectrum over time can also be used to
extract a vertical mobility, µvert. Following photoexcitation
of charge carriers, the electron and hole density is a max-
imum near the illuminated surface. As the charge carriers
diffuse into the film away from the surface, electron and
hole band-to-band recombination leads to PL being gener-
ated deeper and deeper into the film. This leads to a redshift
of the photoluminescence spectra, due to self-absorption
of emitted light, which preferentially absorbs the higher
energy photons [69]. Following recent work [42], we used
our TCSPC setup (see SI.2 in the Supplemental Material
[36] for details) and measured the TRPL decay of a sim-
ilar FAPbI3 thin film on glass with a 405 nm excitation
wavelength. We changed the detection wavelength to be
larger or smaller than 808 nm (the central wavelength of
the PL peak) within ±100 nm and determined the PL shift
by calculating the following ratio:

rPL(t) =
∑

λ>808 nm PL(λ, t)∑
λ<808 nm PL(λ, t)

− 1. (9)

We show the results in Fig. 5(a). Following Cho et al., we
fit rPL(t) using the same diffusion model we formulated for
the TRPL data above to independently determine µvert for
the FAPbI3 thin film on glass. Through this, we fit the rel-
ative shift in PL with the diffusion coefficient as the sole
variable, following pulsed excitation. The fitting curves are
shown in Fig. 5(a) as solid lines. The extracted mobility
is 0.42 (0.40–0.46) cm2 (Vs)−1, which is very close to the
values that we obtained from the Bayes-MCMC approach,
giving us high confidence in our extracted parameters.

We then compare the mobility values obtained from the
Bayes-MCMC method with the measurement of electronic
contact based transient photoconductivity (TPC) [43,72].
For the TPC measurements, we used a similar FAPbI3 thin
film on glass to that used for the TRPL measurement (three
in total for statistical purposes) and evaporated 80-nm-
thick interdigitated gold electrodes with a 300 μm channel
width on the top (see SI.2 in the Supplemental Material
[36] for details). The samples were illuminated with a
550 nm (2.25 eV) 10 Hz pulsed laser from the substrate
side to induce approximately homogeneous charge-carrier
generation throughout the sample thickness. The technique
yields the photoconductivity in the in-plane direction (with
respect to the substrate) from which the sum of the lateral
mobilities of electrons and holes (�µlat) can be estimated,
which we have identified to be relevant to “long-range”

(tens of nm to microns) transport. In a recent report [72],
we showed how to obtain a µlat value that was largely inde-
pendent of charge-carrier density, and hence, allowed us
to estimate this parameter with high accuracy. We also
showed that the TPC method yielded values similar to
the often-employed time-resolved microwave conductivity
(TRMC). In Fig. 5(b), we show the estimated mobilities as
a function of excitation fluence. We obtain a �µlat value of
2.7 (2.1–3.7) × 10−1 cm2 (Vs)−1 for the FAPbI3 thin film
on glass. Notably, this is comparable to our µvert estimated
from our new Bayes-MCMC approach. It is important
to reemphasize here that lateral and vertical mobility are
defined by the direction of charge-carrier transport with
respect to the underlying substrate and are not necessar-
ily related to the crystallographic planes of the perovskite
material.

In Fig. 5(c), we show all mobilities obtained from the
different methods side by side. We compare them to val-
ues obtained for FAPbI3 single crystals through pulsed
space-charge-limited current measurements [73,74] and
mobility measurements obtained using OPTP [75] tech-
niques. The latter typically probes charge conduction in
perovskites over a length scale of a few to tens of nanome-
ters. Both mobilities are in the range of 27–40 cm2 (Vs)−1

for FAPbI3. We observed a similar difference previously,
when comparing “short-range” OPTP measurements with
in-plane long-range TPC measurements on different three-
dimensional perovskites [43,72]. Here, the mobility deter-
mined from charge-carrier transport in the vertical direc-
tion (the direction relevant for photovoltaic devices) is
still much lower than the short-range mobility determined
by OPTP spectroscopy, but around a factor of about
3 larger than the long-range in-plane mobility obtained
via TPC.

This finding is crucial, since it is common practice
in the field to use the high mobility from single-crystal
measurements, together with a measurement of the PL
decay lifetime (from TRPL), to estimate the diffusion
length of charge carriers within the perovskite material
[76], especially when performing drift-diffusion simula-
tions of perovskite-based photovoltaic devices [70,71,77].
If the results shown here are representative, then this
approach would lead to an overestimation of the diffu-
sion length. Similar mobilities for the vertical charge-
carrier transport in perovskite materials were reported
previously [10,12] but were never highlighted as being
comparatively low. Using our obtained vertical mobility
values, we estimate a diffusion length in the range of
2 μm for all the samples in this work. This is still long
enough not to impact the device performance significantly
for most perovskite-based devices, although PbSn-based
narrow-band-gap devices need thicknesses close to 1 μm
to achieve suitably high short-circuit currents [78,79] and
often struggle to reach current densities of the detailed bal-
ance limit [80]. It will also be interesting to understand, in
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(a)

(c) (d)

(b)

FIG. 5. (a) Spectral shift of the photoluminescence spectrum is estimated by the ratio of the PL above 808 nm and the PL below
808 nm (808 nm was the peak of the emission). Results are shown for measurements from the glass and perovskite sides. Purple lines
indicate the fit, as described in SI.2 in the Supplemental Material [36]. (b) Calculated mobilities from the TPC measurements as a
function of excitation fluence are shown. (c) Extracted mobilities from all methods used in this work are shown side by side, as well
as a literature value for the FAPbI3 material from OPTP [70] spectroscopy and a single-crystal measurement [71]. As the mobility
values obtained from TPC are �µ, we show half of that value (assuming µn= µp) for better comparability. Values obtained from TPC
are measured laterally and over longer distances than the OPTPT measurements. All error bars in this figure are the interquartile range
shown with the median. (d) Cross-section SEM image of the FAPbI3 thin film on glass is shown to illustrate the high material quality.
Single grains can be seen throughout the entire thickness.

future studies, what fraction of the losses due to long-term
degradation originate from transport losses.

It is still not clear what the origin of the observed dis-
crepancy between the vertical single crystal (or OPTP)
and longer range TPC mobility is, even though many
reports have seen similarly low values, when estimat-
ing diffusion in the vertical direction [10,12,69,81–83]. A
recent study [84] combining optical-pump terahertz-probe
spectroscopy, time-resolved microwave conductivity, and
photoluminescence measurements speculated that the dif-
ferences might stem from the presence of grain boundaries
appearing throughout the thickness of the perovskite thin
film.

To investigate this further, we took cross-section SEM
images of the FAPbI3 thin film on glass. One representa-
tive image is shown in Fig. 5(d), where large grains visible
in the SEM images span the entire thickness of the thin
film. We therefore speculate that the reduction in mobility
must come from intragrain defects, which would then be
greatly reduced in single crystals. Recent work on CdSeTe
thin films [44] has shown that a reduction in mobility over
time can also stem from trapping and detrapping events
in the presence of shallow traps, and this may also be
applicable to our system. The change in vertical mobility
for the SnO2 and Spiro-OMeTAD samples, as shown in
Fig. 5(c), may then be interpreted, for instance, as being
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due to different crystallization or additional defect forma-
tion. At this point, the origin of the intragrain (as observed
in the SEM images) traps is not known. More and more
reports show that the grains from SEM are again divided
into smaller regions, with different local orientation [85–
88], PbI2 inclusions [89], ferroelectric domains [90], or the
presence of intragrain impurities [91]. It will need to be the
focus of future research to investigate the nature and origin
of these traps or scattering defects within the grains.

The lower mobility estimated from the TPC measure-
ments, as compared to µvert we estimate here, must origi-
nate from scattering centers or planes on a longer distance
scale than the film thickness, which are likely to origi-
nate from scattering from grain boundaries, in addition to
intragrain defects.

IV. CONCLUSIONS

In this work, we have combined Bayesian inference
with a MCMC algorithm to realize a powerful method-
ology to extract physically meaningful parameters from
experimental data of metal halide perovskites. We used
TRPL, an often employed and common measurement tech-
nique, and a physical model based on previously reported
theory to infer up to 8 material- and sample-specific param-
eters (µvert, kc, ke, kd, krad, Stop, Sbot, and peq). After
verifying the approach with a FAPbI3 thin film on glass,
we assessed half-stack structures with SnO2 and Spiro-
OMeTAD as electron- and hole-transporting materials,
respectively. Via previously applied methods, it was dif-
ficult to assess these structures directly, due to interfacial
recombination and substrate-dependent perovskite crys-
tallinity [32,92,93]. From our methodology presented here,
we could infer all parameters for these structures, with
corresponding estimated levels of certainty.

One important finding is that the mobility value for ver-
tical charge-carrier transport is lower in magnitude than the
values obtained from short-range techniques (from OPTP
spectroscopy or single-crystal measurements) and closer
to those from the long-range techniques (TPC or TRMC).
Our understanding is that this is the relevant mobility value
for understanding and describing real perovskite-based
optoelectronic devices, which are composed of polycrys-
talline thin films and where charge transport is in the ver-
tical direction. As such, we expect that our Bayes-MCMC
approach will be employed to help accelerate the develop-
ment of perovskite-based optoelectronic devices, such as
solar cells and light-emitting diodes. Furthermore, we hope
that the methodology will be extended to other techniques,
where a multitude of parameters govern the outcome of an
optoelectronic measurement, and other materials.
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[82] A. Bou, H. ÄĂboliņš, A. Ashoka, H. Cruanyes, A. Guer-
rero, F. Deschler, and J. Bisquert, Extracting in situ charge
carrier diffusion parameters in perovskite solar cells with
light modulated techniques, ACS Energy Lett. 6, 2248
(2021).

[83] M. C. Gélvez-Rueda, N. Renaud, and F. C. Grozema, Tem-
perature dependent charge carrier dynamics in formami-
dinium lead iodide perovskite, J. Phys. Chem. C 121, 23392
(2017).

[84] H. Hempel, et al., Predicting solar cell performance from
terahertz and microwave spectroscopy, Adv. Energy Mater.
12, 2102776 (2022).

[85] S. Jariwala, H. Sun, G. W. P. Adhyaksa, A. Lof, L. A. Mus-
carella, B. Ehrler, E. C. Garnett, and D. S. Ginger, Local
crystal misorientation influences non-radiative recombina-
tion in halide perovskites, Joule 3, 3048 (2019).

[86] M. U. Rothmann, J. S. Kim, J. Borchert, K. B. Lohmann,
C. M. O’Leary, A. A. Sheader, L. Clark, H. J. Snaith, M.
B. Johnston, P. D. Nellist, and L. M. Herz, Atomic-scale

013001-15

https://doi.org/10.1021/acs.chemmater.3c00145
https://doi.org/10.1039/D2TA02588D
https://doi.org/10.1038/s41560-024-01470-5
https://doi.org/10.1039/C7EE00358G
https://doi.org/10.1038/ncomms8961
https://doi.org/10.1021/acsenergylett.2c01766
https://doi.org/10.1002/aenm.202000502
https://doi.org/10.1002/pip.3767
https://doi.org/10.1038/s41467-017-00567-8
https://doi.org/10.1016/j.heliyon.2022.e11471
https://doi.org/10.1038/s41598-021-82817-w
https://doi.org/10.1038/s41467-022-31569-w
https://doi.org/10.1021/acsenergylett.6b00002
https://doi.org/10.1021/jacs.3c01531
https://doi.org/10.1002/adma.201502969
https://doi.org/10.1021/acs.jpclett.5b02052
https://doi.org/10.1039/C9EE02020A
https://doi.org/10.1038/nenergy.2017.18
https://doi.org/10.1038/s41467-019-12513-x
https://doi.org/10.1002/aenm.202303173
https://doi.org/10.1126/science.1243167
https://doi.org/10.1021/acsenergylett.1c00871
https://doi.org/10.1021/acs.jpcc.7b09303
https://doi.org/10.1002/aenm.202102776
https://doi.org/10.1016/j.joule.2019.09.001


MANUEL KOBER-CZERNY et al. PRX ENERGY 4, 013001 (2025)

microstructure of metal halide perovskite, Science 370, 548
(2020).

[87] W. Liu, Y. Liu, J. Wang, C. Wu, C. Liu, L. Xiao, Z. Chen,
S. Wang, and Q. Gong, Twin domains in organometallic
halide perovskite thin-films, Crystals 8, 216 (2018).

[88] L. A. Muscarella, E. M. Hutter, S. Sanchez, C. D. Dieleman,
T. J. Savenije, A. Hagfeldt, M. Saliba, and B. Ehrler, Crystal
orientation and grain size: Do they determine optoelec-
tronic properties of MAPbI3 perovskite?, J. Phys. Chem.
Lett. 10, 6010 (2019).

[89] A. Alberti, C. Bongiorno, E. Smecca, I. Deretzis, A. L.
Magna, and C. Spinella, Pb clustering and PbI2 nanofrag-
mentation during methylammonium lead iodide perovskite
degradation, Nat. Commun. 10, 2196 (2019).

[90] A. D. Schulz, M. O. Schmitt, M. Braun, A. Colsmann,
M. Hinterstein, and H. Röhm, Ferroelectricity and crystal
phases in mixed-cation lead iodide perovskite solar cells,
Sol. RRL 6, 2200808 (2022).

[91] S. Cai, Z. Li, Y. Zhang, T. Liu, P. Wang, M.-G. Ju, S. Pang,
S. P. Lau, X. C. Zeng, and Y. Zhou, Intragrain impurity

annihilation for highly efficient and stable perovskite solar
cells, Nat. Commun. 15, 2329 (2024).
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