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Understanding Power-Law Photoluminescence Decays and
Bimolecular Recombination in Lead-Halide Perovskites

Ye Yuan, Genghua Yan,* Chris Dreessen, and Thomas Kirchartz*

Transient photoluminescence is a frequently used method in the field of
halide perovskite photovoltaics to quantify recombination by determining the
characteristic decay time of an exponential decay. This decay time is often
considered to be a single value for a certain perovskite film. However, there
are many mechanisms that lead to non-exponential decays. Here, it is shown
that photoluminescence decays in many lead-halide perovskites are
non-exponential and follow a power-law relation between PL intensity and
time that is caused by shallow defects. Decay times therefore vary
continuously as a function of time and injection level. In situations where
recombination is bimolecular and decays follow a power law, the differential
decay time equals the time delay after the laser pulse for long time delays and
therefore completely lacks quantitative information about the recombination
rate. Quantifying recombination using transient PL measurements, therefore,
requires analyzing the lifetime as a function of injection level rather than time.
As an alternative to the continuously varying decay time, a bimolecular
recombination coefficient can also be determined, which correlates with the
photoluminescence quantum efficiency. Finally, the influence of the repetition
rate and the background subtraction method on the analysis of power-law
type PL decays is discussed.

1. Introduction

The combination of ease of fabrication[1] with outstanding
electronic properties[2] has made lead-halide perovskites an
extremely popular research topic for applications in photo-
voltaics and optoelectronics.[3] The most remarkable feature of
this material class is the relatively low share of non-radiative
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recombination, which manifests exper-
imentally in high photoluminescence
quantum yields[4] and high open-circuit
voltages relative to the bandgap of the ab-
sorber material.[5] The characterization
of recombination in halide perovskite
films, layer stacks, and devices is primar-
ily achieved using transient and steady-
state photoluminescence methods that
are used in a large share of experimental
publications on halide perovskites.[6] In
particular, transient photoluminescence
(tr-PL) is a frequently used and likely
also frequently misinterpreted method.
Despite the abundant use of the method
in the literature, there are no standards
on how to analyze the experimental
data so far. This is a situation that is
strikingly different from the state-of-
the-art, for example, in silicon photo-
voltaics, where lifetime spectroscopy
has been largely standardized after
the development of the quasi-steady-
state photoconductance technique.[7]

The basic idea of tr-PL is to excite
the sample (typically a perovskite film on

glass) with a laser pulse and to record the photoluminescence as
a function of time. The decay is often analyzed using exponen-
tial or multi-exponential fitting[8] and charge-carrier lifetimes are
extracted, which are used as figures of merit for non-radiative
recombination.[9] The measurement equipment is nearly always
based on the time-correlated single-photon counting (TCSPC)
technique, which makes use of a high number of repetitions of
the same measurement to build up statistical data about the time
delay between the laser pulse and the detection of a photon.[10]

Thus, high repetition rates are useful to achieve good signal-to-
noise ratios and short measurement times. The inverse repeti-
tion rate, that is, the time between two pulses, is an important
consideration as it cuts off the decay and may lead to a pile-up
of charge carriers, thereby affecting the physics and the analy-
sis of the measurement.[11] As lead-halide perovskites have ex-
tremely low doping densities,[12] recombination is typically non-
linear with charge-carrier density. Only in the limiting case where
the decay is dominated by recombination via a midgap defect
would tr-PL decay exponentially. In the presence of radiative
recombination,[13] shallow defects,[14] and diffusion effects,[15] re-
combination decays non-exponentially, and the decay may of-
ten resemble a power law between photoluminescence intensity
and time.[14,16] In this situation, the determined lifetime critically
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depends on the excitation density[14] and repetition rate, and the
consideration of these two parameters is crucial for a meaningful
analysis and interpretation of the data as we will outline in detail
in this article.

The starting point of this work is our recent observation that
the transient PL curves of typical lead-halide perovskites are dom-
inated by higher-order recombination. From the solution of the
differential equation for a recombination rate that is quadratic
in carrier density, one immediately arrives at the conclusion that
they should exhibit a power-law decay for high fluences and an
exponential decay only for low fluences.[14] Based on our em-
pirical evidence obtained so far (shown in this work and from
references[14,17]), this observation seems to be general for a vari-
ety of different lead-halide perovskite compositions measured at
sufficiently high fluences. The power law only becomes visible if
the measurement is performed over a sufficient dynamic range
and the data is plotted on a double-logarithmic scale. As litera-
ture data is rarely measured with a high dynamic range and the
used fluences are often rather low, this observation of power-law
decays is difficult to make by studying the existing literature.

In this article, we discuss the consequences of power-law de-
cays both experimentally and analytically. A mathematical conse-
quence of this effect is that the extracted decay time changes de-
pending on the charge-carrier concentration and the delay time.
The consequence of this finding is that a determination of sin-
gle lifetimes for a lead-halide perovskite film would not contain
any meaning except the carrier density at which the lifetime is
taken was stated. As this is not typically done, lifetime values
determined from tr-PL decays would rarely be suitable to pro-
vide a quantitative measure of recombination. Furthermore, un-
like PL quantum efficiencies that can be used to compare sam-
ples across different publications, a meta-analysis of published
charge-carrier lifetimes only poorly correlates with actual elec-
tronic quality as the measurement conditions would likely vary
from paper to paper.[6a] We show that the use of effective bimolec-
ular recombination coefficients can be a viable solution to sim-
plify data analysis and inter-sample comparisons in those situ-
ations, where the decay is following a power law rather than a
single or multi-exponential decay.

2. Theory of Charge-Carrier Recombination and
tr-PL Decays

In the following, we will briefly discuss why the PL intensity of
a lead halide perovskite film as a function of time after a laser
pulse could decay exponentially, as a power law, or a combina-
tion of both. We furthermore explain how such decays can be
quantitatively analyzed. Given that lead-halide perovskites behave
like intrinsic semiconductors,[12] the luminescence is generally
measured under high-level injection. At time 0 after the excita-
tion pulse, the electron concentration n and hole concentration p
are equal, n = p. Afterward, unequal trapping of charge carriers
may change that and lead to photodoping. Neglecting Auger re-
combination for simplicity, we consider radiative recombination
and Shockley-Read-Hall (SRH) recombination[18] as recombina-
tion mechanisms. For SRH recombination, we look here at the
two simplified cases of deep defects and shallow defects.

In general, defects can be charged and can thereby change
the ratio of electron and hole densities even in a semiconductor

that is undoped in the dark. While this concept of photodoping
will be important to understand power-law decays, let us initially
study the simplified case, where the density of deep defects is
sufficiently low that its charge density does not affect the Poisson
equation and thereby the charge neutrality condition of our per-
ovskite film. In this simple case, the condition n = p will always
be fulfilled, and we do not need to distinguish between electrons
and holes. The time derivative of the carrier concentration for a
combination of radiative recombination and SRH recombination
via a deep defect is then given by[6a]

− dn
dt

=
[

kradn2 + n
𝜏SRH

]
(1)

where n, krad and 𝜏SRH are the electron concentration, radiative re-
combination coefficient and SRH lifetime, respectively. The SRH
lifetime is the sum of the electron SRH lifetime and the hole SRH
lifetime, 𝜏SRH = 𝜏SRH,n + 𝜏SRH,p. The solution of Equation (1) for
n(t) can be written as[6a]

n (t) =
n (0) exp

(
−t∕𝜏SRH

)
1 + n (0) krad𝜏SRH

[
1 − exp

(
−t∕𝜏SRH

)] (2)

where n(0) is the initial carrier concentration after the infinitely
short laser pulse has been absorbed. The PL intensity should then
scale with the square of the time-dependent carrier density given
by Equation (2). For low values of the SRH lifetime 𝜏SRH (corre-
sponding to high non-radiative recombination), the carrier den-
sity decays exponentially as only the numerator matters and the
denominator is approximately one, leading to

n (t) = n (0) exp
(
−t∕𝜏SRH

)
(3)

However, for higher values of 𝜏SRH (corresponding to low non-
radiative recombination via deep defects), the second term in the
denominator will dominate. If the SRH lifetimes are long enough
to Taylor-expand the exponentials, we would obtain

n (t) =
n (0)

1 + n (0) kradt
≈ 1

kradt
(4)

whereby the term after the ≈ sign is for the case, where the time
t ≫ 1/[n(0)krad]. Thus, Equation (2) describes a continuous tran-
sition from an exponential decay to power-law decay depending
on the values of krad and 𝜏SRH. Despite this fact, the overwhelm-
ing majority of experimental data on halide perovskite films is
analyzed assuming exponential decays without validating the as-
sumption. Often, an equation of the form y = y0 + A1e−x∕𝜏1 +
A2e−x∕𝜏2 is fitted to the data. This does not reflect the mathemat-
ics of Equation (2) but it is understandable from a practical point
of view as single- and multiexponential fitting is often quite sta-
ble and already pre-implemented in many data analysis tools.
Furthermore, the constant offset y0 takes care of the apparent
noise floor and enables a good fit even if no efforts were invested
in measuring and subtracting the noise. A downside of the ap-
proach is that there is no obvious physical meaning of the pa-
rameters y0, A1, A2, 𝜏1 and 𝜏2. They could not, for instance, be
directly related to parameters such as krad and 𝜏SRH.
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An alternative to directly fitting the PL decay is to first deter-
mine a quantity that is easier to interpret and that can be directly
derived from experimental data, that is, without fitting or assum-
ing any physical model. Previously, we have therefore introduced
the differential decay time 𝜏diff that is defined as[17]

𝜏diff ≡ − 2dt
dln𝜙 (t)

(5)

Note that the differential decay time is intended to be a direct
result of the experimental observables PL intensity ϕ and delay
time t and that physical models (e.g., rate equation models) can be
fitted to the differential decay time to further corroborate physical
explanations. Furthermore, the logic of Equation (5) is extremely
similar to the approaches that have been used, for example, in the
silicon photovoltaic community for decades.[19] Here, we inten-
tionally only use the word “lifetime” for model-based parameters
such as 𝜏SRH to distinguish them from the decay times derived
directly from the experiment. The definition provided in Equa-
tion (5) originates from the idea that in an intrinsic semiconduc-
tor without photodoping (n = p), the PL intensity is proportional
to n2. Hence, the differential decay time follows from Equation (1)
via

𝜏diff = −
n (t)
dn(t)

dt

= 1

kradn (t) + 1
𝜏SRH

(6)

And thereby directly assigns physical meaning to the depen-
dence of the differential decay time to the charge carrier density.
The prediction is that the decay time has two components, one
that inversely depends on carrier density and that results from the
power-law part of the decay and one that is independent of carrier
density and represents the exponentially decaying part of the PL
with 𝜏SRH. However, the differential decay time can be applied to
any decay as it has the advantage that it does not impose any phys-
ical model a priori but rather gives indications of which model
may be the correct one to use based on the dependence of the de-
cay time on carrier density. Note that one can define the electron
and hole lifetimes 𝜏n ≡ −n(t)/(dn(t)/dt) and 𝜏p ≡ −p(t)/(dp(t)/dt)
which are equal to 𝜏diff for the assumed case of n = p.

As we will see in the following, the simplified analysis done
above has one key shortcoming which lies in the assumption that
the defects are deep and do not contribute any charge density to
the charge neutrality condition. In the case where shallow traps
are present in the material, Equations (1) to (3) will not describe
the decay anymore and there is no universal analytical equation
anymore to describe the complete time dependence of the elec-
tron density. The difference between shallow and deep defects is
that detrapping to the nearest band is more likely to happen. At
early times after a laser pulse hits the semiconductor, trapping
and detrapping occur at different rates, resulting in complicated
charge carrier dynamics. After a certain time that depends on the
depth of the trap, the rates of trapping and detrapping to the near-
est band will have become similar and the decay will proceed in
a fashion that can approximately be described using analytical
equations. These equations depend on assumptions such as the
density and charge state of the defects. Contrary to the case of
deep traps, we discuss here the case of a high density of traps, so
that trapped charges affect the charge neutrality condition and

photodoping may occur (n ≠ p). In the case of a high density
of shallow acceptor-like traps close to the conduction band, the
differential equation determining the electron density follows as
(see Note S2, Supporting Information for derivations),

− dn
dt

=
1 + krad𝜏SRH,pn1

𝜏SRH,pn1
n2 = knn2 (7)

where n1 = NCexp[(ET − EC)/kBT], and NC, ET, and EC are the
effective density of states for the conduction band, the energy
level of the trap, and the energy level of the conduction-band, re-
spectively. The second part of the equation follows from the def-
inition of kn as a total recombination coefficient, kn ≡ − dn

dt
∕n2 =

(1 + krad𝜏SRH,pn1)∕(𝜏SRH,pn1). The recombination coefficient kn for
the decay of electrons is importantly not the same as the recombi-
nation coefficient kp for holes as the trapping will create an asym-
metry between electron and hole densities. However, the two pa-
rameters will be closely related, that is, if we define kp via−dp/dt=
kpp2, then kp = (1 + krad𝜏SRH,pn1)/(𝜏SRH,pNt) = knn1/Nt, where Nt
is the trap density (see Figure S13, Supporting Information for
more information). The important feature of Equation (7) is that
neither kn nor kp depends on the electron or hole density in the
case of bimolecular recombination. The solution for the time-
dependent electron density now becomes

n (t) =
n (0)

1 + n (0) knt
≈ 1

knt
(8)

where the ≈ sign requires n(0)knt to be sufficiently large to be able
to neglect the 1 in the denominator, which happens at long times,
t ≫ (n(0)kn)−1, or alternatively high fluences. A similar equation
could be written down for the hole density. Thus, the dependence
of carrier density on time is the same as for purely radiative re-
combination (see Equation (4)) but the meaning of the recombi-
nation coefficient has changed. While krad represented radiative
recombination only, kn represents both radiative band-to-band re-
combination and non-radiative recombination via shallow traps.

Thus, we have now established that the decay of n(t) after a
laser pulse could follow an exponential decay if deep traps dom-
inate or a power-law decay if either radiative recombination or
shallow defects dominate. Figure 1 depicts the schematic of the
charge carrier kinetics for all the cases. Furthermore, for low flu-
ences and shorter times (t ≪ (n(0)kn)−1), it could follow the un-
abbreviated version of Equation (8) that includes the “+1” in the
denominator. These effects can be superimposed, whereby the
power law should be relevant at higher carrier densities and the
exponential decay visible at lower carrier densities. If we observe
a power law at longer times after the pulse, we expect that n(t)∝1/t
and – for an intrinsic semiconductor – the photoluminescence in-
tensity ϕPL(t)∝1/t2. Other slopes would not follow from the sim-
ple model outlined above.

Given the shortcomings of studying power-law recombination
with the methodology of exponential decays, it is a valid approach
to attempt to determine experimental bimolecular recombina-
tion coefficients also directly from experimental data. To quan-
titatively evaluate the recombination, we define a bimolecular
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Figure 1. Schematic diagram of charge carrier kinetics of a) deep-trap dominated recombination, b) radiative recombination dominated and c) shallow-
trap dominated recombination in a semiconductor film. Auger recombination is neglected for simplicity. In case of deep-trap dominated recombination,
the carrier density decays exponentially if the non-radiative recombination is high. The decay only follows a power law relation when the non-radiative
recombination is (extremely) low and the overall decay is dominated by radiative recombination. When shallow traps dominate, detrapping cannot be
ignored, which complicates the charge carrier dynamics. This leads to the situation that at longer times (or alternatively higher fluences), the carrier
density follows a power law decay.

recombination coefficient kdiff, which is calculated by the follow-
ing equation,

kdiff = − 1
2
√

np
⋅

dln𝜙PL

dt
(9)

where n, p is the electron, hole concentration, respectively. For the
definition of kdiff we only used quantities accessible by tr-PL such
as the PL intensity and the np-product but did not use quantities
such as n and p individually that are inaccessible. The meaning
of kdiff and its relation to kn and kp are discussed in Note S2 (Sup-
porting Information).

3. Results

3.1. Experimental Observation of Power-Law Decays in
Lead-Halide Perovskite Films

Having established the possibility of power-law decays due to
non-radiative recombination, we now study a variety of experi-
mental data on perovskite films that are measured with a high
dynamic range. Figure 2a shows the normalized decay curves
of four different typical lead-halide perovskites. We observe that
all the decays are consistent with a power-law decay rather than
an exponential decay at long delay times, indicating that shallow
traps dominate the recombination dynamics while truly exponen-
tial decays are absent even if the data is measured over six to nine
orders of magnitude dynamic range. However, at the early stage
of the decays (e.g., the first 50 ns depicted in Figure 2a), the de-
cays can hardly follow a power-law relation. According to Equa-
tion (8), the n(t) only exhibits power-law decay when n(0)knt ≫1,
which is challenging to satisfy at early times (i.e., t is small). Thus,
not only the time and the recombination coefficient but also the
initial carrier concentration affects n(t) at early times.

We can now determine the differential decay times of these
power-law decays using an approach described previously.[17] We
use Equation (5) to calculate the decay times and plot them as
a function of the Fermi-level splitting ΔEF, which represents
the injection level that is changing as a function of time dur-
ing the measurement. This approach is suited to compare data
taken with different fluences as shown in ref. [14,17] The ini-
tial Fermi level splitting just after the laser pulse (t = 0) is
hereby estimated usingΔEF(t = 0) = kBT ln(Δn(0)2∕n2

i ), where
Δn(0) is the initial carrier density estimated from the laser
power density and ni is the intrinsic carrier density. For later
times, we know that ΔEF(t) − ΔEF (0) = kBT ln(ϕPL(t)/ϕPL(0)),
that is, every order of magnitude drop in PL intensity leads to
a reduction in Fermi-level splitting of kBT ln(10). We use the
Fermi level splitting as the x-axis instead of the carrier con-
centration because the ratio Δn(t)/Δp(t) may be changing dur-
ing the transient. In addition, the Fermi-level splitting ΔEF with
unit eV enables easier comparisons with voltages; that is, it
is straightforward to determine the differential decay time at
voltages that correspond to Voc or Vmpp in a solar cell. Fur-
thermore, it is straightforward to compare optical techniques
such as tr-PL with electrical techniques as shown, for instance,
in ref. [20]

In Figure 2b, all samples show a continuously increasing
𝜏diff, which is varying several orders of magnitude from high
to low Fermi-level splitting ΔEF. The different sets of 𝜏diff val-
ues are changing with an approximately constant slope, where
𝜏diff∝exp(− ΔEF/(2kBT)), as indicated by the dashed line. If any
type of power law recombination dominates, we expect 𝜏diff =
1/(kn(t)) to hold and hence 𝜏diff∝exp(− ΔEF/(2kBT)). While this
could be an indication of radiative recombination, we conclude
that it is likely affected by non-radiative recombination that is
quadratic in electron density such as recombination via shallow
defects.
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Figure 2. a) Normalized PL decays of perovskite films on a double-logarithmic scale measured using high fluences of 7.2 μJ cm−2 (MAPbI3, MA is Methy-
lammonium), 2.83 μJ cm−2 (Cs0.05FA0.73MA0.22PbI2.56Br0.44, FA is Formamidinium), 2.74 μJ cm−2 (CsPbBr3) and 0.78 μJ cm−2 (Cs0.05FA0.95PbI3). Refer-
ence line ϕ∝t−2 is plotted for comparison. b) Differential decay time 𝜏diff versus Fermi-level splitting ∆EF corresponding to the decays shown in (a). Ref-
erence line 𝜏∝exp(−ΔEF/(2kBT)) is shown for comparison. c) Decay times, 𝜏diff plotted as a function of time t. The solid line indicates the relation 𝜏diff =
t. d) Bimolecular recombination coefficient kdiff versus ∆EF of different perovskite samples. The red lines indicate the behavior of bimolecular recombina-
tion at long times. The experimental data of MAPbI3 film (the initial carrier concentration n(0) ≈ 7 × 1017 cm−3) were redrawn from ref. [17]. The structure
is glass/MAPbI3/n-trioctylphosphine oxide (TOPO).The experimental data of Cs0.05FA0.95PbI3 (n(0) ≈ 3 × 1016 cm−3), CsPbBr3 (n(0) ≈ 8 × 1016 cm−3)
and Cs0.05FA0.73MA0.22PbI2.56Br0.44 (n(0) ≈1017 cm−3) were redrawn from ref. [14]. The structures are glass/Cs0.05FA0.95PbI3, glass/CsPbBr3, and
glass/poly (methyl methacrylate)/Cs0.05FA0.73MA0.22PbI2.56Br0.44/n-octylammonium iodide (OAI), respectively. All experimental data were measured
by gated CCD (charge-coupled device) tr-PL setup.

In Figure 2c, the same decay times are now plotted versus the
delay time leading to the rather unpleasant result that all points
are placed around the line of 𝜏diff = t. To understand this find-
ing, let us consider the case of a power-law decay and combine
Equation (4) with 𝜏diff = 1/(kn(t)) for any arbitrary recombination
coefficient k to

𝜏diff = 1
n (0) k

+ t ≈ t (10)

where the ≈ sign holds at longer times. Here, the term “longer
times” is mathematically defined as t ≫ (n(0)k)−1 which implies
that it is a function of the recombination coefficient k, the ini-
tial carrier concentration n(0) and in consequence the fluence.
We must understand that in the situation, where the decay is
described by a power law, all information on the material prop-
erties is contained in k (see Equation (7)); hence k is what we
want to determine. Whereas 𝜏diff plotted versus carrier density
n or Fermi level splitting still contains the information on k,
once 𝜏diff is plotted versus time, n disappears, k cancels out at
longer times, and no information is left as long as the conditions
for the ≈ sign in Equation (10) are met. Thus, the four curves
in Figure 2c still contain the qualitative information that they

originate from a power-law decay but at long times no quanti-
tative information on the material properties remains. A further
consequence of the continuously changing decay time is that ex-
tracting a constant lifetime no longer makes sense. Note that the
clear correlation of 𝜏diff with time as shown in Figure 2c is a con-
sequence of using data obtained with rather high fluences such
that the condition t ≫ (n(0)k)−1 is met over most of the time range
shown. If data is obtained with lower fluences, the first term in
Equation (10) would become more important and the lifetime
would be a function of fluence rather than of delay time. Addi-
tional discussion is provided in Figures S4 and S5 (Supporting
Information). In Figure 2d, the PL decays were used to calcu-
late the bimolecular recombination coefficient kdiff using Equa-
tion (9) which is plotted versus Fermi-level splitting. We observe
that the variation range of kdiff is mostly within 1 order of mag-
nitude, which is much smaller than that of 𝜏diff. For MAPbI3,
the values of kdiff are quite constant over the full range and for
Cs0.05FA0.73MA0.22PbI2.56Br0.44 in the low Fermi-level splitting re-
gion (corresponding to long times), which makes it possible to
extract a representative value for quantitative comparison. Both
display a low value of kdiff, suggesting a low degree of recom-
bination loss. This is consistent with the high photolumines-
cence quantum yields Q lum

e results (for MAPbI3, Qlum
e ≈12%, and
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Figure 3. a) The bimolecular recombination coefficient kdiff versus Fermi-level splitting ∆EF of perovskite film measuring from both TCSPC and gated
CCD setups. The light red triangle indicates the region restricted by the repetition rate and tail subtraction method. The yellow area is affected by early time
effects such as diffusion and trap filling. The green region is primarily affected by recombination. The data were redrawn from ref. [14] and n(0) are ≈1017

cm−3 (gated CCD), 5 × 1016 cm−3 (0 OD), 5 × 1015 cm−3 (1 OD), 5 × 1014 cm−3 (2 OD), 1.3 × 1014 cm−3 (2.6 OD), respectively. The sample structure is
glass/PMMA/Cs0.05FA0.73MA0.22PbI2.56Br0.44/OAI. b) Meta-analysis of photoluminescence quantum efficiency Qlum

e data from either Figure 2 or some
of our earlier papers[5b,14,17] or our homemade perovskite film versus kdiff (see Table S5, Supporting Information). The data includes films, layer stacks
as well as complete devices. The solid line indicates the relation of Qlum

e ∝ 1∕kdiff . Please note that the same ΔEF was used to acquire Qlum
e and kdiff as

they are both a function of ΔEF.

for Cs0.05FA0.73MA0.22PbI2.56Br0.44, Q lum
e ≈2%), which will be dis-

cussed later. From Equation (S10) (Supporting Information), we
know that kdiff is independent of the carrier concentration when
shallow defects dominate the recombination, as indicated by the
dashed line, and therefore, these cases are well described by shal-
low traps. We conclude that the relatively constant behavior of
kdiff with carrier density or Fermi-level splitting indicates that the
lead halide perovskites shown in Figure 2 do not possess deep
defects, but rather shallow defects close to the band edges. The
smaller kdiff signifies shallower energy levels and lower hole cap-
ture coefficient for the traps in case of the traps are close to the
conduction band.[14] In contrast, if the traps are close to the va-
lence band, then the electron capture coefficient should be lower.

3.2. Recombination Coefficients and Luminescence Quantum
Efficiencies

In Figure 3a, we compare the calculated kdiff using the data mea-
sured from the TCSPC and gated CCD setups for one sample. To
enlarge the dynamic range, the TCSPC measurements were per-
formed under different laser intensities (we used different optical
density (OD) filters to adjust the intensities) and then merged. We
observe that the envelope parts of curves from the TCSPC setup
matched well with the data from the gated CCD setup in the ΔEF
range of 1.15–1.43 eV (region highlighted in green). Neverthe-
less, there is an obvious discrepancy at low Fermi-level splitting
(0.95–1.15 eV, highlighted in red), which is caused by the repeti-
tion rate limitation and will be discussed later. At higher Fermi-
level splittings, there is a region highlighted in yellow, where
the TCSPC data is still affected by diffusion and possibly trap-
ping effects, and therefore leads to a different apparent recom-
bination coefficient for every fluence. Figure 3b shows the meta-
analysis of photoluminescence quantum yields Q lum

e as function
of kdiff of our samples (see Table S5, Supporting Information),
which exhibits a clear inverse relationship and thus indicates that
kdiff is a good figure of merit for charge-carrier recombination in
lead-halide perovskites. The MAPbI3 sample exhibited the high-

est Q lum
e = 12% and the lowest kdiff = 1.08 × 10−10 cm3 s−1, in-

dicating an excellent defect passivation, and thus consequently
showing a high Voc for the corresponding device.[5b,17] Addition-
ally, the triple-cation Cs0.05FA0.73MA0.22PbI2.56Br0.44 sample pre-
senting a long-lived photoluminescence decay and a low kdiff =
6.56 × 10−10 cm3 s−1 also possessed a high Q lum

e = 2.11%.[14] The
relationship Q lum

e = Rrad ∕Rtot ∝ kdiff
−1 can be illustrated by re-

calling that the total recombination in steady-state is described
by Rtot = keff np∝kdiffnp (see Figure S13, Supporting Information),
whereby the proportionality sign is valid once (during the course
of a tr-PL measurement) the initial phase of trap filling is over
and the rates of trapping and detrapping toward the nearest band
have become similar. In Figure S11 (Supporting Information), we
show that kdiff can be effectively used for sample-to-sample com-
parison as it exhibits a difference in magnitude for the sample
with and without defect passivation.

3.3. Importance of Repetition Rates for Analyzing Power-Law
Decays

A further consequence of the scaling 𝜏diff = t is that the max-
imum obtained decay time 𝜏diff scales with the time window
over which the decay is observed. This time window depends
either on the repetition rate of the laser or the time at which
the measured counts become indistinguishable from the back-
ground noise. Therefore, it makes sense to study the impact of
the repetition rate and the background subtraction method in
more detail. Some effects of high repetition rates have already
been highlighted in the literature.[11c,21] Two well-known conse-
quences of a TCSPC measurement are the pile-up effect and the
dead-time-related signal distortion.[22] The pile-up effect origi-
nates from the fact that a single TCSPC channel can only record
one photon per signal period. It can be avoided by maintaining
a much lower count rate than the repetition rate. The dead-time-
related signal distortion happens if the repetition rate is faster
than the dead time of the detector used. We assume that these
measurement distortions are well-understood and are handled
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Figure 4. a) Meta-analysis of reported and in-house measured decay times as a function of the repetition rate. The solid red star data points correspond to
our perovskite film using bi-exponential fitting, while the blue points correspond to the differential method with same sample. b) Simulated relationship
between repetition rate and extracted differential PL decay time 𝜏diff as a function of SRH lifetime (of deep traps). The initial carrier concentration n(0) =
1017 cm−3 was used. We subtracted non-existing noise from the simulated data using the tail subtraction method. Data without noise subtraction is
shown in Figure S20 (Supporting Information). c) Normalized PL decay curves and d) extracted differential decay time 𝜏diff versus Fermi-level splitting
of a homemade perovskite film utilizing the tail subtraction method. e) Normalized PL decay curves and f) differential decay time 𝜏diff versus Fermi-
level splitting ∆EF curves of perovskite film without any background subtraction. The structure is glass/PMMA/Cs0.05FA0.73MA0.22PbI2.56Br0.44/OAI. The
measurements were performed with different repetition rates using TCSPC setup where n(0) ≈ 5 × 1014 cm−3 (the specific values are listed in Table 1).

with care. Another – more physical – effect may arise from a high
density of residual charge carriers[23] in the perovskite when the
next laser pulse arrives[11c,21]; therefore, effectively increasing the
charge carrier density at time 0. Due to the non-linear charge
carrier dynamics of the intrinsic perovskites this can lead to a
change in the PL decay. Regardless, the community largely ne-
glects the importance of the repetition rate to the degree that it is
not even reported in an overwhelming number of cases. A meta-
analysis of halide perovskite papers in the journals Science, Na-
ture, Nature Energy, and Nature Photonics reveals that < 30% of
the papers in 2021 and 2022 that report tr-PL data also report the
repetition rate in the methods section (see Note S6, Supporting
Information). Figure 4a shows the data of the literature included

this information as well as our own measurements, where the
decay times are determined using either a bi-exponential fit or
the differential approach and plotted against the repetition rate
frep. We can clearly observe an inverse relationship, where the de-
termined decay times closely follow the inverse repetition rate.
Exceptions include data points using a gated CCD setup with an
extremely slow 100 Hz repetition rate. Both bi-exponential and
differential methods show the same tendency; nevertheless, the
exponentially fitted decay time 𝜏bi is generally lower than the dif-
ferential decay time 𝜏diff, which is partly because the exponen-
tial fitting cannot properly fit decays with a large dynamic range
(Note S1, Supporting Information). This finding can have sev-
eral explanations. One possibility is that the samples had indeed
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deep defects and therefore exponential decays and the repetition
rate was adjusted to resolve the full decay in a time-efficient man-
ner. Then the repetition rate would also scale inversely with the
decay time. However, our findings in Figure 2 suggest that non-
exponential decays are a feature of lead halide perovskites that
can be observed over a wide range of compositions. Another pos-
sible reason is the above-mentioned relationship 𝜏diff = t that
holds for bimolecular recombination after long times. Choosing
a repetition rate frep will therefore limit the maximum decay time
to 𝜏diff = 1/frep. For this to be true, the delay time 1/frep needs
to be longer than diffusion and trapping effects as well as longer
than 1/(n(0)k). The dependence on n(0) shows that the time after
which 𝜏diff = t is valid, depends on the laser fluence and hence on
a measurement parameter. Additionally, this condition depends
on the recombination coefficient of the sample. As can be seen
in Figure S5 (Supporting Information) for our sample, the con-
dition can be fulfilled already after tens of ns for high fluences or
only after tens of μs for low fluences. At lower times t, the decay
time 𝜏diff can be higher than t. As TCSPC measurements are of-
ten carried out at low fluences[24] and high repetition rates,[25] we
assume that the 𝜏diff = t relation is only responsible for a subset
of the data shown in Figure 4a. Nevertheless, it is important to
be aware of seemingly less important, technical aspects of mea-
surements that can have a large influence on the interpretation
of data and the generation of physical insights.

3.4. Background Subtraction and Apparent Exponential Decays

In tr-PL measurements, the signal may decay below the back-
ground level for earlier times than 1/frep. This background level
is often taken into consideration by including a constant y0 in
multi-exponential fits via y = y0 +

∑
i Aie

−x∕𝜏i . Due to the contin-
uously changing decay time, it may however be difficult in some
cases to distinguish a long-lived decay from the background level.
Thus, the constant y0 can swallow part of the decay data and dis-
turb the data analysis. We study the effect of such a background
fitting by using the differential decay time method. The analog
to background fitting is something we call tail subtraction. Here,
the end of the decay curve just before the next pulse is averaged,
and the mean is subtracted from the decay data. Figure 4b ratio-
nalizes the findings of Figure 4a by showing a theoretical rela-
tionship between the differential decay time 𝜏diff and repetition
rate in the simple scenario of radiative recombination combined
with a deep defect with a variable charge-carrier lifetime as given
in the figure. By simulating the data until the inverse repetition
rate and subtracting the apparent noise level (i.e., tail subtrac-
tion), we create many data points where the 𝜏diff is approximately
determined by 1/(2frep) rather than by the actual SRH lifetime.
Once the extracted 𝜏diff is significantly shorter than 1/(2frep), we
would however expect to be able to determine the correct SRH
lifetime (for deep trap) from the extracted 𝜏diff.

Figure 4c illustrates the implications of the tail subtraction for
an OAI post-treated triple-cation perovskite film with a composi-
tion of Cs0.05FA0.73MA0.22PbI2.56Br0.44. We measured tr-PL using
repetition rates ranging from 20 kHz to 1 MHz using the TC-
SPC setup and 100 Hz using the gated CCD setup (see Figure
S3, Supporting Information). The data were cut at a signal-to-
noise ratio of 1 to avoid overinterpretation of the noisy part of the

decay. Furthermore, the background was considered by subtract-
ing the noise level observed before the pulse, that is, tail subtrac-
tion as discussed in Note S4 (Supporting Information). For faster
repetition rates, the decay appears S-shaped, that is, bends down
for longer times, while for slower repetition rates, we observe a
mono-exponential decay over most of the time axis. However,
such mono-exponential decay is an artifact caused by the cut-
off operation. Without the cutoff operation, the raw curves mea-
sured by slower repetition rates also showed an S-shape, like that
with faster repetition rates (see Figure S15, Supporting Informa-
tion). Figure 4d shows the differential decay times as a function
of Fermi-level splitting. We note that 𝜏diff might be interpreted
as constant approaching ≈20 μs for slow frep, whereas they stay
below 1 μs for faster repetition rates. At high ΔEF, the 𝜏diff are
generally shorter owing to the higher order components of the
decay, such as radiative recombination, trap filling, or diffusion.
At lower ΔEF, the 𝜏diff become shorter again for fast frep because
too much background is subtracted in these cases (see the discus-
sion in Notes S4 and S5, Supporting Information). Note that for
the 100 Hz data, the 𝜏diff increase to >100 μs (Figure S3, Support-
ing Information), where the measurable decay time is not limited
by frep but by the dynamic range of the measurement setup. It fol-
lows that even a repetition rate of 20 kHz is too high. Thus, for
a range of repetition rates from 1 MHz to 100 Hz, the extracted
𝜏diff varies by more than a factor of 100, whereby all the data mea-
sured using TCSPC result in 𝜏 ≈ 1/(2frep) (see the data points
highlighted in red and blue in Figure 4a). The discrepancy ob-
served at different frequencies is attributed to the improper use
of the tail subtraction method. When we did not use any sub-
traction (denoted as “w/o sub.” in the figures), the decay curves
and the 𝜏diff versus ΔEF plots with different repetition rates ex-
hibited improved alignment (Figure 4e,f). Furthermore, we ob-
served that the use of the tail subtraction method could lead to
erroneous sample-to-sample comparisons, as demonstrated in
Figures S17–S19 (Supporting Information).

To illustrate the effect of the subtraction method, we compare
three typical noise subtraction methods, that is, tail subtraction,
(real) background subtraction, and the case without subtraction
using numerical simulations. As shown in Figure 5a, the black
curve is the artificial noise spectrum, which cannot be neglected
because it is comparable to the PL signal at longer times. In this
case, the PL decay curve is the sum of the PL signal and the
noise at long times when nothing has been subtracted, resulting
in a slower decrease at long times (w/o sub., blue curve). Mean-
while, the 𝜏diff exhibits an increasing trend in the low ∆EF re-
gion (Figure 5b). In contrast, the curve shows the opposite trend
(that is, S-shaped decay) when using the tail subtraction method
(purple curve). In this case, only the results obtained using back-
ground subtraction (green curves) were reliable. In Figure S21
(Supporting Information) (Note S5, Supporting Information), we
experimentally demonstrate this phenomenon using our home-
made perovskite sample. Therefore, a proper noise subtraction
method is important for interpreting tr-PL data and should be
employed depending on the measurement conditions. Although
background subtraction is always the most reliable method, it is
usually time-consuming. Fortunately, there are some hints for
choosing the subtraction method that can be observed during
the measurement, which are discussed in Note S5 (Supporting
Information). In brief, tail subtraction can only be effective when
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Figure 5. Comparison of the simulated results of a) PL decay curves and b) 𝜏diff versus ∆EF curves using three different subtraction methods. The
default repetition rate is 20 kHz, the initial carrier concentration is n(0) = 1017 cm−3, radiative recombination coefficient krad = 10−11 cm3s−1, and
𝜏SRH = 120 μs. The simulation and calculation details are given in the Methods Section.

the tail of decay really hits the noise (for samples with a short de-
cay time), while “without subtraction” can only be valid when the
real background noise is much lower than the PL signal of the
tail (for sample with long decay time). In other cases, only back-
ground subtraction is valid, which means that additional noise
measurements are needed under the same circumstances. The
tail shape of the PL decay curve can help determine the relative re-
lationship between the PL signal and noise (see Figures S22–S24,
Supporting Information). The simulations also support the ex-
perimental results shown in Figure 4c,d. Tail subtraction leads
to an S-shaped decay, which is more obvious at higher repetition
rates. In the actual measurement, the lower the repetition rate,
the lower the signal-to-noise ratio, and thus, the greater the ef-
fect of noise. This implies that a larger fraction of the tail part of
the curve is cut off. If we assume that the 20 kHz curve will be cut
off at 35 μs, then the remaining part may be mistaken as mono-
exponential decay, and thus a plateau will appear in the low ∆EF
region in the 𝜏diff versus ∆EF plot.

4. Discussion

Lead-halide perovskites are known for their extremely low dop-
ing density,[12] and the theoretical prediction of a high density
of shallow defects but a low density of deep defects.[14] As re-
combination via shallow defects in an intrinsic semiconductor
leads to power-law decays, the observation that these decays are
present in a range of different perovskite compositions, as shown
in Figure 2a, is a feature consistent with what we know about
lead-halide perovskites. The challenge in detecting power-law de-
cays is that they become visibly distinct from the popular multi-
exponential decays only for data with a significant dynamic range.
Thus, research on the consequences of power-law decays for the
data analysis of PL transients is still in its early stages. This is
understandable because the combination of a low doping den-
sity, shallow defects, and generally slow recombination is a rather
unique feature in the world of optoelectronics. The most impor-
tant consequence of power-law decays is that the concept of a
decay time (or lifetime) that originates from the analysis of ex-
ponential decays becomes complex when applied to power laws.
Here, we distinguish between two different situations. The de-
termination of a differential decay time can still provide insights
into the material properties if the data are plotted versus any as-

say of injection level, that is, either carrier density or Fermi-level
splitting. However, when the data are plotted versus the delay
time after the pulse, the decay time loses all information on the
carrier density, and thereby the recombination coefficient is lost.
This leads to two important issues with respect to the current ap-
proach of showing and analyzing tr-PL data. First, data without
information on the carrier density may be meaningless. Second,
decays fitted on a linear time axis using sums of exponential func-
tions are likely to be strongly affected by the extent of the time
axis, which is often set by the inverse repetition rate. Thus, while
trends between samples may still survive, the absolute values of
“lifetimes” obtained from tr-PL on lead-halide perovskites might
be strongly affected by the chosen repetition rates. The fact that
neither repetition rate nor fluence is typically specified promi-
nently in the data or noted at all (particularly in the case of the
repetition rate) makes it difficult to quantitatively compare pub-
lished data.

One way out could be to move away from decay times as a
figure of merit for those decays that indeed resemble a power
law and that do not eventually approach an exponential decay.
This requires several steps. First, a double-logarithmic plot of PL
versus time will be helpful in identifying power laws. This can be
combined with measurements at different fluences or measure-
ments with a high dynamic range. In such situations, where a
power law is observed, determination of the effective differential
bimolecular recombination coefficient should allow the extrac-
tion of a figure of merit for recombination that does not vary by
orders of magnitude as a function of fluence. Finally, background
subtraction should be carefully considered to avoid both over- or
underestimation of the noise and subsequently risk misinterpre-
tation of the functional form of the PL decay.

5. Suggested Workflow

Based on the insights we have obtained so far, we want to briefly
summarize how a workflow might look like that is considering
the discussed issues with repetition rates, power-law decays, and
background subtraction and that is focused on linking the exper-
imental data to an interpretation based on physical models in a
direct way. Figure 6 provides a visualization of the workflow. The
first step is the measurement of the data that can be done us-
ing either photon counting systems (TCSPC) or a gated CCD
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Figure 6. Workflow for the measuring, processing, plotting, and interpretation of transient photoluminescence data that is applicable to measurements
via photon counting systems or gated CCD cameras. The goal is to identify the type of decay (rather exponential or power law), and then determine
differential lifetimes or recombination coefficients (depending on the data) that can already be interpreted without invoking a model. In the last step,
we suggest comparing the data to a model (e.g., by fitting) to infer parameters of the model such as capture coefficients or trap depths.

camera. No matter which approach is used for detection, the
goal of this first step is to obtain data over a wide range of
carrier densities and thereby to obtain a high dynamic range.
This can always be achieved by varying the laser fluence over
a wide range, which allows covering a range of carrier densi-
ties without requiring a huge dynamic range of any individual
measurement. As the first tens to few hundreds of ns of a de-
cay can be affected by diffusion effects,[26] it is however neces-
sary for the measurement time for any given fluence to signif-
icantly exceed hundreds of ns. In case of the gated CCD cam-
era or any system working with internal signal amplification,
the gain of the amplification[17,20a] can be changed to obtain
a higher dynamic range even without varying the fluence (see
Figure 2).

The data processing step is necessary to find time zero of the
decay (usually the time, where the counts have a maximum) and
to subtract the background as explained in Section 3.4. In the
case, measurements at different gain settings were taken, the
data processing would also include merging these decays into
one. After processing the raw data, we can now plot the data (PL
vs time) to establish the character of the decay (e.g., power-law or
exponential decay). Here, we recommend plotting the data both
on a semilogarithmic and a double-logarithmic plot. If the data
becomes a straight line on the double-logarithmic plot, it follows
a power law. If this is not the case but the decay becomes linear
on a semi-logarithmic curve, the data is rather following an expo-
nential decay. Of course, mixtures of both situations are possible,
where, for example, higher fluences follow a power law and lower
fluences become more exponential. In situations like the ones in
Figure 2, the plotting would already provide clear information on
the type of the decay (power law) and would affect the strategy for
the next steps.

For data interpretation, we have two options that can be used in
combination. One can either determine differential decay times
or recombination coefficients to interpret the data without invok-
ing a specific model or one can fit the data with a numerical or an-
alytical model. In the latter case, the choice of model may create a
bias toward a certain result while in the former case, this wouldn’t
be the case. However, only the fitting would allow one to infer pa-
rameters of a model such as capture coefficients or trap depths.
In Figure 6, the first approach is the model-free determination
of differential parameters via numerically calculating the deriva-
tive of the raw data via Equations (5) and/or (9). The advantage of
this approach is that it might directly yield effective decay times or
recombination coefficients if parts of the decay are perfect expo-
nentials or power laws. In these cases, effective parameters could
be read out directly from the plot without having to assume a spe-
cific model (e.g., a rate equation model). This approach would be
equivalent to the way lifetime data in silicon photovoltaics are
usually presented.[27] The last step would be the actual fitting of
the data with a model resulting in the quantification of the pa-
rameters of the model. Fitting requires assuming a certain model
which could be a rate equation model (including trapping and de-
trapping) or even a transient drift-diffusion model. The material
parameters inferred from the model could then for instance be
reinserted in forward device models (e.g., in drift-diffusion sim-
ulators) and could be linked to device performance. Instead of
traditional fitting also more advanced methods such as Bayesian
inference could be used for parameter inference.[28]

6. Conclusion

Transient photoluminescence (tr-PL) is a commonly used
method to study recombination in lead-halide perovskites.
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However, the measurement and analysis of tr-PL data lacks a
systematic workflow that supports and facilitates data interpre-
tation. We observe that in many lead-halide perovskite films, PL
decays measured at higher fluences follow a power-law relation
between PL intensity and time, which we attribute to shallow de-
fects. These power law decays result in continuously varying de-
cay times as a function of time and injection level. While plotting
the data versus injection level will still maintain information re-
lated to material properties, plotting the data versus time leads
to a loss in information and can create an unwanted dependence
of the extracted decay time on measurement conditions such as
fluence and repetition rate. The overarching goal of the measure-
ment is to learn about the materials without having measure-
ment conditions affect the interpretation of the data. Thus, we
propose a series of measures to avoid data misinterpretation and
to create a facile workflow summarized in Figure 6 that results in
a sound data interpretation independent of the type of setup or
the properties of the sample.

7. Experimental Section
Materials and Film Preparation: The preparation processes generally

follow the previous work reported in ref. [14]. Methylammonium iodide
(MAI, Greatcell Solar), Formamidinium iodide (FAI, Greatcell Solar), Ce-
sium iodide (CsI, Alfa Aesar, 99.9%), Lead(II) iodide (PbI2, TCI, 99.99%),
Lead bromide (PbBr2, Sigma–Aldrich, 99.999%) N,N-dimethylformamide
(DMF, Sigma–Aldrich, 99.8%) and dimethyl sulfoxide (DMSO, Sigma–
Aldrich, ≥99.9%) were used to prepare the perovskite solution. To be spe-
cific, 0.06 m CsI, 0.264 m MAI, 0.876 m FAI, 0.264 m PbBr2, and 0.936 m
PbI2 were mixed together in DMF: DMSO (3:1 volume ratio) solvent.
Cs0.05FA0.73MA0.22PbI2.56Br0.44 (1.2 m) perovskite precursor solution was
prepared by stirring at 75 °C for ≈2 h. Tiny amounts of poly (methyl
methacrylate) (PMMA, average Mw≈120 000 by GPC) were added to the
precursor (≈0.06 mg mL−1). Before use, the precursor was filtered with a
0.45 μm PTFE filter.

Two types of stacks are prepared for PL measurement.
The first one consists of a structure comprising glass/PMMA/
Cs0.05FA0.73MA0.22PbI2.56Br0.44/OAI, and is referred to as Sample-LT,
as it exhibits a very long differential decay time. The second one is
composed of glass/ Cs0.05FA0.73MA0.22PbI2.56Br0.44, and is referred to as
Sample-ST, as it has a relatively shorter decay time. Corning bare glasses
(2.0 × 2.0 cm2) are used as substrates. They were ultrasonically cleaned
with Seife HellmanexIII (2% in water, 50 °C), acetone (VWR Chemicals,
20 °C) and IPA (Sigma–Aldrich, 99.5%, 20 °C) for 20 min, respectively.
Before being transferred into N2-filled glovebox, the cleaned substrates
were treated with oxygen plasma (Diener Zepto, 50 W, 13.56 MHz,
10 min). For the Sample-LT, a PMMA layer and an n-Octylammonium
iodide (OAI, Greatcell Solar) layer were separately prepared on the lower
and upper surfaces of the perovskite film to reduce the defect density at
the interfaces. Specifically, a, PMMA/chlorobenzene (CB, Sigma–Aldrich,
99.8%) solution (20 mg mL−1) was spin-coated onto bare glass at
3000 rpm for 25 s and then annealed at 100 °C for 10 min. The OAI was
dissolved in isopropyl alcohol (IPA, Sigma–Aldrich, 99.5%) solution at a
concentration of 2 mg mL−1, and then ˜100 μL solution was dynamically
spin-coated on the perovskite film at 5000 rpm for 30 s, subsequently
followed by annealing at 100 °C for 5 min. For Sample-ST, the perovskite
film was directly prepared on the Corning glass without PMMA layer and
was not coated with an OAI layer.

To prepare perovskite film, the precursor solution was dropped onto the
substrate to fully cover it. Subsequently, spin-coating process at 4000 rpm
for 15 s and 6000 rpm for 40 s was employed for Sample-LT, whereas that
at 2000 rpm for 30 s and 6000 rpm for 40 s was used for Sample-ST. 20–
25 s before the end of the spin process, ≈300 μL anisole (Sigma–Aldrich,
99.7%) was dripped onto the film. After the spin-coating process was com-

Table 1. Laser energy density, calculated initial carrier concentration n0,
and initial Fermi-level splitting ΔEF for different repetition rates. The film
thickness was ≈500 nm. These parameters were used to calculate differ-
ential decay time 𝜏diff.

Repetition rate
[kHz]

Laser energy density
[nJcm−2]

n(t = 0)
[cm−3]

Initial ΔEF
[eV]

20 7.945 5.040 × 1014 1.1963

25 7.945 5.040 × 1014 1.1963

50 8.098 5.137 × 1014 1.1973

100 8.149 5.169 × 1014 1.1976

200 8.251 5.233 × 1014 1.1983

500 8.352 5.298 × 1014 1.1989

1000 7.334 4.652 × 1014 1.1922

pleted, the films were annealed at 100 °C for 20 min. The entire preparation
process was conducted in the glovebox.

In addition to Sample-LT and Sample-ST, samples were also pre-
pared with transport layers and electrodes. For the hole-transport layer,
1 mmol L−1 Me-PACz (TCI, > 99.0%)/Ethyl alcohol (VWR Chemicals,
max 0.003% water) solution was spin-coated on ITO glass (Kinetic
2.0 × 2.0 cm2) with 3000 rpm for 25 s. The as-prepared films were then
heated at 100 °C for 10 min. Additionally, 25 nm C60 (Lumtec) and 8 nm
bathocuproine (TCI, > 99.0%) layers were prepared by thermal evapora-
tion at a rate of 0.1 Å s−1. 80 nm silver were also prepared by thermal
evaporation and the rate is 2 Å s−1.

Transient Photoluminescence Measurement: A TCSPC setup equipped
with a 640 nm laser (EPL-640 from Edinburgh Instrument Ltd.) and a de-
tector (H10330C-45-C3 from Hamamatsu) was used for transient photo-
luminescence measurements with a temporal resolution of 2 ns. The laser
spot size was 50 μm in diameter. The repetition rates were adjusted from
1000 to 20 kHz. The detailed information of laser energy density, n0 and
initial ∆EF for each repetition rate is listed in Table 1. With the decrease in
the repetition rate, the measurement times were adjusted from 250 s to
a maximum of 9000 s. For the background noise measurement, the sam-
ple was taken out while other conditions remained the same as the cor-
responding PL measurement, including the lightproof sample holder. All
measurements were performed in a black box to avoid stray light issues.

For the gated CCD setup, a 343 nm laser (FLARE NX 343) was used. The
repetition rate, spot diameter, and light intensity were 100 Hz, 3.07 mm,
and 4.73 μJ cm−2, respectively. The calculated carrier concentration and
∆EF at t = 0 are 1.8 × 1017 cm−3 and 1.49 eV, respectively. An intensified
CCD camera (iStar DH720 from Andor Solis) with a spectrometer (SPEX
270 m from Horiba Jobin Yvon) was used to detect the emitted PL signal.

Steady-State Photoluminescence Measurement: The photolumines-
cence quantum efficiency Qlum

e of the homemade perovskite film sample
was acquired from steady-state photoluminescence measurement using
a setup from QYB Quantum Yield Berlin GmbH (LP20-32). The measure-
ment was conducted with a 532 nm laser under 1 sun illumination. The
spot size is 0.1 cm2. During the measurements, dark spectra were taken
before each illuminated measurement to subtract the background.

Decay Time Extractions: Exponential fit and differential approach are
used to extract the decay time from transient photoluminescence de-
cay curves in the work. The raw data were cut at a signal-to-noise ra-
tio of 1 to avoid overinterpretation of the noisy part of the decay. For
exponential methods, equation y =

∑
i Aie

−x∕𝜏i (i = 1, 2, 3, correspond-
ing mono-, bi- and tri- exponential fitting) is used to fit the curve. Then,
𝜏 =

∑
i Ai𝜏

2
i ∕

∑
i Ai𝜏i is used to acquire a value as decay time.[8a] For

the differential approach, the objective is to plot the 𝜏diff versusΔEF and
kdiff versusΔEF figures which are deduced from the фPL versus t data.[17]

To do that, 𝜏diff is calculated from 𝜏diff = (− 1
2

dln(𝜙PL)
dt

)
−1

and kdiff from

kdiff = − 1
2
√

np
⋅ dln(𝜙PL)

dt
. The data obtained from the TCSPC setup has

many points that lay close to each other with strong relative noise which
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is amplified by the derivative of this data. A generic fit describing the data
(but no physics) is generated by least squares spline fitting the log(𝜙PL)
via the MATLAB function slmengine.[29] The constraints are a fixed ini-
tial point and a monotonically decaying curve. The knots are distributed
so that more knots are at short times where the curve is more dynamic.
Alternatively, rational functions of 4th and 5th degree can be used which
however carry the danger of linearizing the end of the decay, leading to fic-
titious plateaus in the differential decay time. For the data from the gated
CCD setup, the derivative is taken directly without post-processing. As
for the ΔEF, the initial point (t = 0) was first calculated using ΔEF(0) =
kBT ln(Δn(0)2∕n2

i ). This equation is only valid at t = 0. When t >0, it
may not hold as Δn may not equal to Δp anymore due to reasons such
as photodoping or trapping. Note that shallow traps will be more likely
to exist either close to the valance band or the conduction band but not
symmetrical. The relation 𝜙PL ∝ exp(ΔEF∕kBT) was used to calculate the
Fermi level splitting at times after 0.[30] After getting the 𝜏diff versusΔEF
plot, the plateau value of 𝜏diff at lowΔEF region would be acquired as decay
time because this valve will just equal to 𝜏SRH when deep traps dominate
the decay.[17] Since no plateaus appear, the highest value of 𝜏diff is used.

Simulations: A custom-developed MATLAB code was used to perform
the simulations. The initial carrier concentration was set at n(0) = 1 ×
1017 cm−3 and the radiative recombination coefficient was established
at krad = 1 × 10−11 cm3s−1. The repetition rates were varied from 20 to
1000 kHz. The simulation was based on Equation (2). The transient PL
ϕPL can be described as ϕPL∝n2(t). A random noise spectrum was desig-
nated as a function of time and denoted it as 𝜙noise

PL (t). Consequently, the
measured result should be 𝜙measured

PL (t) = 𝜙PL (t) + 𝜙noise
PL (t). Tail subtrac-

tion was employed as the default method unless otherwise specified. To
simulate tail subtraction, the acquired transient PL 𝜙tail sub.

PL (t) can be writ-
ten as 𝜙tail sub.

PL (t) = 𝜙measured
PL (t) − 𝜙measured

PL (end) = 𝜙PL (t) − 𝜙PL(end).
In addition, both (real) background subtraction and w/o subtraction

were simulated, where 𝜙
background sub.
PL (t) = 𝜙measured

PL (t) − 𝜙noise2
PL (t) and

𝜙
w∕o sub.
PL (t) = 𝜙measured

PL (t) = 𝜙PL (t) + 𝜙noise
PL (t). The random noise

𝜙noise2
PL (t) which has the same average value as 𝜙noise

PL (t), was used to sim-
ulate a real experimental situation in which another noise measurement
can never obtain the same noise spectra as that during PL measurement.
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