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ABSTRACT: Time-resolved photoluminescence (TRPL) is a
powerful tool to investigate charge carrier recombination processes
in emissive materials. Perovskite materials are extremely promising
for applications in solar cells; however, the interpretation of their
TRPL is arduous due to the complicated nature of the
recombination processes occurring in these materials. We present
here the PErovskite cArrier Recombination Simulator (PEARS)
web tool for effortlessly and quickly fitting TRPL of perovskite
materials using advanced charge carrier recombination models,
allowing for the extraction of recombination rate constants and
trap state concentration. PEARS is flexible and can adapt to
different situations, by ignoring recombination processes or fixing known parameters (e.g., the doping concentration). The tool is
publicly available at https://pears-tool.herokuapp.com.

1. INTRODUCTION
Thanks to their high absorption coefficient and ideal band
gap,1 perovskite materials are excellent candidates for the next
generation of solar cells with an impressive power conversion
efficiency of 25.7% certified.2 However, the development of
perovskite-based solar cells has been impeded by obstacles
such as the degradation of the perovskite layer by oxygen and
moisture under illumination.3−10 Furthermore, (photo) excited
carriers have been shown to be responsible for the intrinsic
instability of the perovskite structure through the formation of
iodine, the photocatalysis of iodine, and the photolysis of lead
iodide among others.7,11

Photoluminescence (PL) spectroscopy measures photo-
excited carrier radiative recombinations and is thus a great
tool for studying charge carrier processes in emissive materials
and solar cells. While steady-state PL consists of recording the
emission intensity of a sample under continuous excitation,
time-resolved PL (TRPL) is a measurement of emission
intensity over time after a short excitation pulse, typically fs-ps.
TRPL allows one to study the transient phenomenon
happening after excitation, including charge carrier recombi-
nations, energy transfer, and, in the case of thin-film materials
containing multiple layers (e.g., solar cells), injection
processes.12−15 However, the measurement and interpretation
of TRPL decay curves of perovskites are usually difficult due to
the complex recombination processes happening in these
materials.16 Like many other semiconductors, due to their low
exciton binding energy, direct electron−hole recombinations
are bimolecular in lead halide perovskites, leading to a
dependency of the carrier concentrations and TRPL on the
excitation fluence.16 This causes TRPL decays to be dependent

not only on the intrinsic properties of the sample studied (e.g.,
trap state concentration) but also on its extrinsic properties
(thickness) and the measurement parameters (laser fluence).
While this behavior is not unique to perovskites, their
sensitivity to external stimuli, and resulting transient proper-
ties, made them somewhat difficult samples to accurately
retrieve quantitative information from. Consequently, TRPL of
perovskite materials is often used as an indicative tool in the
literature, sometimes analyzed using a multiexponential decay
model which does not account for the nonexcitonic nature of
these materials and, therefore, may lead to misinterpretation of
the results.16

Here, we present the PErovskite cArrier Recombination
Simulator (PEARS) web tool allowing effortless and quick fit
of the TRPL of perovskite thin films using proven and tried
physical models. We first discuss the two charge carrier
recombination models available within the tool as well as the
method used to fit the TRPL data. Analysis of the fitting results
through the calculation of the different process contributions
as well as the carrier accumulation is then discussed. Finally,
we go through a step-by-step example of using the tool to
analyze perovskite TRPL data.
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2. MODELS AND COMPUTATIONAL DETAILS
The two charge carrier recombination models available within
PEARS are extensively discussed in our previous paper16 and
only differ by the addition of Auger recombination to one of
the models. PEARS is written in Python17 using the SciPy,18

NumPy,19 and Pandas20 packages for data processing and the
Streamlit, Plotly,21 and HiPlot22 packages for the graphical user
interface and data plotting.
2.1. Models. PEARS allows one to choose between two

charge carrier recombination models that have been
extensively used in the literature:12,15,16,23 the Bimolecular-
Trapping-Detrapping (BTD) and Bimolecular-Trapping-Auger
(BTA, also known as the ABC or k1k2k3 models in the
literature) models. Both models consider direct bimolecular
recombination between electrons and holes but differ in their
treatment of trap-mediated recombination (Figure 1).

Within the BTD model, it is assumed that the system
studied is P-type with electron trapping, although the opposite
(N-type with hole trapping) is also valid by simply switching
the notation. Trapping is considered as a bimolecular process
between the free electrons and the available trap states, and
detrapping is considered as a bimolecular process between the
trapped electrons and the free holes12,16 (Figure 1a). The rate
equations of the BTD model giving the variations of the carrier
concentrations over a small period of time are12,16

= [ + ] [ ]
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k n t n t p k n t N n t
d
d

( ) ( ) ( ) ( )e
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B e h 0 D t h 0 (3)

where ne is the photoexcited electron concentration, nn is the
photoexcited hole concentration, nt is the trapped electron
concentration, kB is the bimolecular recombination rate
constant, kT is the trapping rate constant, kD is the detrapping
rate constant, p0 is the dark hole concentration, and NT is the
trap state concentration. These equations are solved using the
fact that the same concentrations of electrons and holes (N0)

are photoexcited just after the excitation pulse while the trap
states are assumed empty.

= = = =n t n t N( 0) ( 0)e h 0 (4)

= =n t( 0) 0t (5)

The photoexcited concentration N0 generated by an
excitation pulse of energy I0 (in photons/cm2) in a thin film
of thickness D and absorptance A can be approximated as16

=N
AI
D0

0
(6)

Finally, the TRPL intensity is proportional to the radiative
bimolecular recombination rate.16

[ + ]I t n t n t p( ) ( ) ( )TRPL e h 0 (7)

The BTA model is a simplification of the BTD model and
assumes that the trap states remain mostly empty, thus
allowing trapping and detrapping to be considered mono-
molecular processes, and that the electron and hole
concentrations are identical at all times (i.e., ne(t) = nh(t) =
n(t)) (Figure 1b). This allows one to simplify the above rate
equations, leading to16

=n
t

k n t k n t k n t
d
d

( ) ( ) ( )T B
2

A
3

(8)

where kT is the monomolecular trapping rate constant, kB is the
bimolecular rate constant, and kA is the Auger recombination
rate constant. The initial condition used to solve this
differential equation is

= =n t N( 0) 0 (9)

The TRPL intensity is calculated from the carrier
concentrations using16

I t n t( ) ( )TRPL
2 (10)

Within PEARS, the user can select the model to fit the data.
The model used should depend on the behavior of the
experimental TRPL decays as previously discussed in ref 16.
We note that, to date, these models have been used on a
specific subset of perovskite materials, such as methylammo-
nium lead iodide and methylammonium lead iodide-chloride,
and therefore may not be suitable for more complex materials
such as mixed-halide perovskites.

The tool is schematically represented in Figure 2 in the case
where the BTA model is used. We now discuss the method
employed to fit the data using the above models.
2.2. Fitting. Fitting of multiple experimental TRPL curves

is carried out using a global least-squares optimization. For a
data set containing M curves, each curve i containing Ni data
points, the optimization residue SSres is

= y F t ASS ( ( , ))
i

M

j

N

i j i j ires , ,
2

i

(11)

where yi,j is the experimental TRPL intensity at time ti,j of point
j of curve i. Ai are the model parameters associated with curve i,
and F is the fitting model given by

Figure 1. Schematic representation of the a) Bimolecular-Trapping-
Detrapping and b) Bimolecular-Trapping-Auger models. Excited
electrons (concentration ne or n) in the conduction band (CB) and
holes (concentration nh with p0 doping or n) in the valence band
(VB) bimolecularly recombine at rate constants kB. In a) electrons get
trapped in trap states (concentration NT) at the rate constant kT.
Trapped electrons (concentration nt) then detrap back to the VB at
the rate constant kD. In b), the trapped electron concentration is
assumed to be negligible, and electrons and holes get trapped in trap
states at rate constant kT. Finally, Auger recombinations happen at the
rate constant kA.
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where I0 is an intensity factor, y0 is an intensity offset, and ITRPL
is calculated using one of the models above. The intensity
factor can be fixed (by default) or left free during the least-
squares optimization, which may improve the accuracy of the
parameters retrieved (Figure S1). The factor 1/(1 + y0i ) allows
normalization of the intensity to I0i after the intensity offset has
been added to the normalized TRPL. The quality of the fit is
estimated using the coefficient of determination R2

=R 1
SS

SS
2 res

total (13)

where SStotal is defined as the sum of the squared difference
between each point and the average of all curves y̅.

= y ySS ( )
i

M

j

N

i jtotal ,
2

i

(14)

The least-squares optimization is solved using a trust region
reflective algorithm as implemented by the SciPy package.18

The optimization is run using guess values that the user can
set. By default, values from the literature are used.15,16 It is also
possible to set fixed values for certain parameters, in which case
these parameters are not optimized during the fitting process.
This allows one to ignore certain processes (e.g., Auger
recombinations) by setting the associated recombination rate
constant (e.g., kA) to zero. After a successful fit, PEARS

calculates the contribution of each recombination process to
the TRPL variations over time.
2.3. Process Contributions. The contributions of each

process (e.g., bimolecular recombination) to the TRPL
variations over time (i.e., how much each process affects the
TRPL decay shape) are calculated from the parameter values
obtained from the fit using eqs 24 and 25 from ref 16 (Figure
2). For the BTA model, the trapping T, bimolecular B, and
Auger A contributions are

=T k n t t( ) dT
2

(15)

=B k n t t( ) dB
3

(16)

=A k n t t( ) dA
4

(17)

Within this model, a low contribution can indicate that the
associated parameter is inaccurately retrieved due to too high
or too low fluences used to measure the TRPL.16 For example,
a low bimolecular contribution suggests that kB is not
accurately retrieved by the fit and that higher excitation
fluences should be used to measure the TRPL. PEARS
automatically highlights contributions below 10% and gives
subsequent recommendations. It is important to note that this
threshold is dependent upon the signal/noise ratio of the data
and therefore it is not an absolute value.16 For the BTD model
the bimolecular, trapping, and detrapping D contributions are

= [ + ][ + + ]B k n t n t p n t n t p t( ) ( ) ( ) ( ) dB e h 0 e h 0 (18)

Figure 2. Schematic representation of the PEARS tool highlighting the processes in the case where the BTA model is used.
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= [ ][ + ]T k n t N n t n t p t( ) ( ) ( ) dT e T t h 0 (19)

= [ + ]D k n t n t p n t t( ) ( ) ( ) dD t h 0 e (20)

Within the BTD model, a non-negligible contribution does
not guarantee that the associated parameter values are
accurately retrieved. This is due to the higher complexity of
this model, which can result in very similar TRPL decays from
different sets of parameters.16 This model thus requires grid
fitting to find any potential local minima, as described below.
2.4. Grid Fitting. Grid fitting is the secondary operation

mode of PEARS and consists of running multiple sets of guess
values to ensure that only a single fit to the data exists (Figure
2). The grid is generated from a list of supplied guess values
(e.g., kB: 10−20, 10−19 and kT: 10−3, 10−2 yields 4 sets of guess
values: (10−20, 10−3), (10−20, 10−2), (10−19, 10−3), and (10−19,
10−2)). A list of guess values is provided by default by the tool;
however, the user can easily modify them. Note that in the case
of the BTD model only sets of guess values satisfying kT > kB
and kT > kD are considered to reduce the computational cost,
as the trapping rate constant is expected to be higher than the
bimolecular and detrapping rate constants in perovskite
materials. Fitting is then carried out using each set of guess
values, as schematically represented in Figure S2.
2.5. Carrier Accumulation. Carrier accumulation happens

when an excitation pulse occurs before all photoexcited carriers
have recombined.16 The resulting increased carrier concen-
tration can affect the TRPL decay shape and therefore should
be avoided during experimental measurements by choosing an
adequate excitation repetition period. PEARS simulates only
the first excitation pulse and therefore does not consider carrier
accumulation during fitting due to the high computational cost
required to do so (which can multiply the calculation time
from 2 to 100 times), and it is therefore assumed that the
TRPL decays provided by the user are unaffected by carrier
accumulation. However, the effect of carrier accumulation can
be estimated from the values retrieved from fitting as a self-
consistency check if the excitation repetition period is
provided. Carrier accumulation (CA) is calculated as the
maximum difference between the calculated normalized TRPL
after the first (p = 1) and stabilized (p = s) pulses

i
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1
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TRPL (21)

where the stabilized pulse is defined as the pulse when the
carrier concentrations vary by less than 10−3% of the
photoexcited concentration between two consecutive pulses.

| | <n n Nmax 10p p
X

1
X

5
0 (22)

If the fitting predicts a high carrier accumulation, then the
solution is not self-consistent and the values obtained from the
fit are likely incorrect.
2.6. Sample Manufacturing and TRPL Measurements.

To showcase the abilities of PEARS, we fitted the TRPL of an
MAPI thin film measured with 3 different excitation fluences.

The MAPI perovskite precursor solution was prepared in an
ambient atmosphere from a 1.25 M/1.25 M solution of PbI2
(Sigma-Aldrich, 99%) and MAI (Dyesol) in 4:1 (v/v)
dimethylformamide (DMF) (Sigma-Aldrich, ≥99.8%)/dimeth-
yl sulfoxide (DMSO) (Sigma-Aldrich, ≥99.9%), heated at 60
°C until dissolution. Glass substrates were cleaned using

Hellmanex III, acetone, and isopropanol consecutively. The
substrates were cleaned with an O2 plasma for 5 min just
before spin-coating to improve the spreading of the solution.
100 μL of perovskite solution was spin-coated at 4500 rpm
(4500 rpm/s acceleration) in an ambient atmosphere for 30 s.
200 μL of ethyl acetate was deposited while spinning after 15 s
as an antisolvent treatment to promote crystallization. The film
was then annealed at 100 °C for 10 min. In order to hinder
degradation by moisture during the measurements, a thin
poly(methyl methacrylate) (PMMA) layer was spin-coated on
top of the perovskite layer at 4500 rpm (4500 rpm/s
acceleration) for 30 s from a 1.0 M solution of PMMA
dissolved in toluene. Finally, the film was annealed at 70 °C for
30 min.

The TRPL was measured using an Edinburgh Instruments
Lifespec 2 TCSPC operating in reverse mode and an EPL405
laser (λexc = 405 nm). The sample emission was measured at
770 nm with an emission slit width of 17.5 nm and a laser
repetition period of 1 μs.

Absorptance was measured using a PerkinElmer Lambda 750
UV/vis spectrophotometer coupled to a 100 mm integrating
sphere. The film thickness was measured with a Dektak 6M
profilometer.

3. CASE STUDY
We now go through a step-by-step example of using PEARS to
fit the TRPL data.

A wide variety of data files can be uploaded. The data
delimiter can be chosen among space/tab, comma, or
semicolon. Each column should correspond to either the
time (X, in nanoseconds) or the TRPL intensity (Y). Two data
formats can be read: X/Y1/Y2/Y3/... where the first column
corresponds to the time and others correspond to the TRPL
intensity, and X1/Y1/X2/Y2/... where the time and intensity
columns alternate. For this example, we use “Data set 1”
provided online in the “Getting started” section. This file
contains TRPL decays of an MAPI thin film measured at 3
different excitation fluences (in order: 5.58 × 1015, 1.00 × 1016,
and 2.23 × 1016 cm−3). ① Data are uploaded in the sidebar
(Figure 3). Since the first column of the data is the time and
the other columns are the intensity of each TRPL decay, the
data format “X/Y1/Y2/Y3...” is selected. The data are
delimited with tabs, and the corresponding “Data delimiter”
should be selected. Once the data are correctly loaded, they are
displayed graphically. ② Since the maximum intensity of the
TRPL decays is not at t = 0, the “preprocess data” checkbox is
checked. This option offers a quick way to shift the x-axis data
to zero with respect to each decay’s maximum point and to
normalize the intensity. ③ We then input the carrier
concentrations photoexcited by 1 excitation pulse for each
decay separated with commas (eq 6). ④ Given the simple
behavior of the TRPL, we choose to use the BTA model.16 ⑤
The value of each parameter of the model can be either fixed
or the guess value can be changed. By default, Auger
recombinations are ignored as they tend to be non-negligible
only at very high excitation fluence, and hence kA is fixed to
zero. ⑥ Optionally, we set a 1 μs excitation repetition period to
estimate the carrier accumulation (this can also be done after
the data are fitted). After pressing the “Run” button, PEARS
displays the fitting results, including the raw data and the fitted
curves (Figure 4), the value of each fitted parameter, the carrier
concentrations, and the process contributions at each
excitation fluence (Figure S3). In this example, the fit closely
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matches the input data, with a high coefficient of
determination of R2 = 0.992. A trapping rate constant of kT
= 1.54 × 10−3 ns−1 and a bimolecular rate constant of kB = 70.0
× 10−20 cm3/ns are obtained. The maximum trapping and
bimolecular contributions are, respectively, 39% and 85%,
suggesting that kT and kB have been accurately retrieved. A
maximum of 1.5% difference between the TRPL calculated
after the first and stabilized pulse is predicted, thus indicating
negligible carrier accumulation and that this solution is self-
consistent.

For the second example, we used the BTD model. Running
the fitting optimization yields a very good fit with an R2 value
of 0.997. However, due to the complexity of the BTD model, it
is imperative to ensure that there are not multiple solutions
that can fit the data. Using the “Grid fitting” mode at the top of
the sidebar, the fitting optimization is run for multiple sets of
guess values, and their optimized parameters are then displayed

in an interactive parallel plot (Figure S4). Specific solutions
can be selected using the interactive parallel plot, and the
details of the first fit of the selection are displayed below it. For
this example, multiple solutions of the fit are obtained, all with
good R2 values which do not allow determination of the
correct solution physically representing the sample. In this
case, further analysis of the sample would be required to
determine the value of specific parameters of the model, thus
helping to narrow down the correct solution. It is important to
note that although this method can prove that multiple
solutions to the fitting problem exist for a given data set, it
cannot absolutely prove that a unique solution exists.

4. CONCLUSION
We presented here PEARS (PErovskite cArrier Recombination
Simulator), a free web tool to effortlessly fit the time-resolved
photoluminescence (TRPL) of perovskite materials. PEARS is
based on two models widely used in the literature to simulate
charge carrier recombinations in nonexcitonic perovskite
materials. This tool also offers an analysis of the fit results,
through the calculation of the carrier concentrations, the
recombination process contributions, as well as carrier
accumulation. We showed in 2 examples how to use PEARS
using data available within the tool. A first step-by-step
example demonstrated the use of the Bimolecular-Trapping-
Auger model and how the validity of the recombination rate
constants retrieved can be estimated. A second example
showed the use of the more complex Bimolecular-Trapping-
Detrapping model. However, because of its higher complexity,
this model can lead to multiple solutions, which can be
analyzed using the “Grid fitting” mode of PEARS. Although
PEARS has been developed with perovskite in mind first and
foremost, it can also be used for any nonexcitonic materials
such as undoped semiconductors. We hope that this new tool
will be useful for the community in helping the interpretation
of TRPL data. Future updates will include fitting of time-
resolved microwave photoconductivity data and include more
complex processes, such as charge carrier injection and carrier
diffusion.
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Supporting Information and within the web tool in the
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Figure 3. Screenshot of the results display after fitting.

Figure 4. a) Fitting result and b) associated carrier concentration.
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