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1. Introduction

In recent years, perovskite materials have garnered signif-
icant attention due to its potential to rival the efficiency
of silicon-based solar cells[""71. Determining trap density is
imperative in improving the quality of thin films, which
is critical to enhancing the efficiency of solar cells[®10l,
Numerous techniques have been employed to quantify this
parameter, such as transient capacitance, photoconduc-
tivity decay, and thermal admittance spectroscopy '3,
However, extracting parameters from photovoltaic mea-
surements can be a complex process due to various factors
that may affect the accuracy of the results, including the
deactivation of excitons at the cathode, non-ohmic elec-
trode contacts, filter effects, and pinhole defects in the
photoactive layers'4. In order to perform a quantitative
analysis of traps, it is essential to introduce optical charac-
terization strategy rather than electrical detection method.
This non-destructive optical approach not only preserves
the film’s integrity but also enables monitoring of its qual-
ity prior to device fabrication. Notably, the optical method
does not necessitate a specific sample area size, rendering it
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Determining the trap density in the absorbing layer thin film of perovskite solar cells is a critically important
task, as it directly influences the efficiency of the devices. Here, we proposed time-resolved photoluminescence
(TRPL) as a non-destruction method to assess trap density. A model was constructed to investigate carrier
recombination and transition in perovskite materials. The model was utilized for numerical calculations and
successfully fitted TRPL signals of perovskite materials. Furthermore, a genetic algorithm was employed to
optimize the parameters. Finally, statistical methods were applied to obtain the parameters associated with
the trap states of the material. This approach facilitates the successful determination of trap densities for
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suitable for the characterization of large-area thin films. It
can efficiently assess film quality by individually examining
small regions, as well as perform a lattice-based inspec-
tion to evaluate the uniformity of the entire film, thereby
maximizing its commercial value.

Time-resolved photoluminescence (TRPL) is an opti-
cal tool that researchers extensively use to study the
carrier dynamics of various materials, including semicon-
ductors, metallic oxides, two-dimensional nanomaterials,
nanowires, and quantum wells*> 9. Moreover, this tech-
nique has been widely used to assess the quality of
perovskite materials. TRPL offers the flexibility to be
performed under various excitation conditions, including
different wavelengths, intensities, and temperatures. As a
result, it has gained widespread usage in the field as a reli-
able tool for evaluating perovskite quality and identifying
avenues for performance enhancement 207231,

Generally, the information that can be directly extracted
from TRPL images is fluorescence lifetime rather than trap
density. The lifetime can be obtained by analyzing the
fluorescence decay curve and performing a bi-exponential

Chinese Optics Letters xx(x), xxxxxx (2024)



Vol. xx, No. x | April 2024

fit,
I=Ae 7 +Ae = (1)

, resulting in two fluorescence lifetimes, 7, and 7.
Researchers typically assessed trap density indirectly by
comparing T,, which is longer than t,, of different films.
Because the longer 7, is considered to indicate a smaller
proportion of non-radiative recombination, and thus a
smaller trap density 4.

However, there are two issues here: a principal issue
and a precision issue. In terms of the principal issue, T,
alone does not provide a straightforward indication of
the magnitude of trap density. The two fluorescence life-
times do not correspond one-to-one with the decay rates
of carriers associated with different recombination paths;
they are intrinsically coupled®®. In addition, electrons
captured by trap states could undergo transitions to the
conduction band, increasing the likelihood of recombina-
tion with holes through band-to-band recombination, a
process known as detrapping, which can extend the value
of 7, and potentially complicate the determination of trap
density. Concerning the precision issue, the presence of
parameter adjustment space in bi-exponential fitting lacks
a standardized method for selecting the most reliable set
of parameters. As a result, the same curve can yield differ-
ent interpretations, diminishing the method’ s credibility.
Therefore, it is necessary to reexamine the processing pro-
cedure of TRPL data to enable accurate quantification of
defect parameters.

In this study, we addressed the principal concern by
establishing corresponding models based on carrier recom-
bination and transition mechanisms in perovskite mate-
rials. Furthermore, we introduced a genetic algorithm
(GA) combined with statistical methods to address the
precision issue[®?!. The parameters obtained through this
new fitting strategy are more accurate than conventional
fitting results, as they represent the most probable val-
ues extracted from the distribution of collected data.
Consequently, this innovative approach holds significant
importance in the field of trap density engineering as it
enables precise determination of trap density, optimiza-
tion of device performance, and provides a more accurate
and efficient method for assessing the quality of perovskite
films.

2. Results and Discussion
2.1. Comparative Experiment

In this study, methylammonium lead triiodide (MAPbDI;)
thin films were used as test samples, and anilinium
hypophosphite (AHP) was used as an additive for film
modification. Previous research has confirmed the effec-
tive improvement of film quality through this modification
method ?7. Two types of film samples were prepared: a
control group without AHP and a target group with AHP.
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Two randomly selected samples were taken from each
group, labeled as Control 1 and 2 for the control group,
and Target 1 and 2 for the target group. Their trap density
of states (tDOS) was measured using thermal admittance
spectroscopy (TAS) and the results are shown in Fig.la.
Since tDOS can be integrated to obtain trap density, we
can infer from these results that the overall trap den-
sity of the devices decreased after the addition of AHP.
Considering that the only difference in the device struc-
ture is the absorbing layer film, it can be concluded that
the main reason for the decrease in trap density is the
reduction in the trap density of the thin film 2%,

Based on this premise, one sample was randomly
selected from each group, and TRPL measurements were
conducted under high and low excitation intensities. The
results are shown in Fig.1b. After fitting the TRPL sig-
nals in Fig.1b using a bi-exponential fitting method, it
was found that under low excitation conditions, the tar-
get sample had a shorter 7, (452.87 ns) compared to the
control sample (639.75 ns), while under high excitation
conditions, the target sample had a longer 7, (383.18 ns)
compared to the control sample (365.43 ns). This indicates
that the numerical value of 7, cannot be directly used as a
basis for judging the trap density under a single excitation
intensity.

Considering this phenomenon, we further explore and
optimize the use of the TRPL method.
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Fig. 1. Comparative experiment. (a) Trap density of states
(tDOS) of the device obtained before and after addition. (b)
Comparison of TRPL signals between the control group and the
target group at different excitation light intensities .

2.2. TRPL Model

In the model established by Maiberg et al. in 2015, the
transition rates derived from SRH theory are applied to
a trap state located within a p-type semiconductor 2931,
In order to represent it visually, the carriers’ transition
demonstrated by Eq.2 is illustrated in Fig.2a.

d
—n=G—R,+e,—e.

dt

ip:G—R +he —h, (2)
dt ?

d

Tk =e.—€e.+h.—h.
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Fig. 2. Mechanism of carrier recombination and its TRPL simulation. (a) Scheme diagram of the original model of charge carrier
trapping, detrapping, and recombination in MAPbI;. Solid blue circles represent electrons, and hollow red circles represent holes. (b)
Comparison of TRPL signals for different quality films with a trap depth of 0.1 eV. (c) Comparison of TRPL signals for different quality

films with a trap depth of 0.2 eV .

Where G represents the generation rate, R denotes
the radiative recombination rate, e, signifies the electron
emission rate, e. stands for the electron capture rate, A,
indicates the hole emission rate and h, refers to the hole
capture rate.

In this study, we simplify the model by using p-doped
MAPDI;, which implies that the trap levels are primar-
ily concentrated near the conduction band. For simplicity,
we consider all potential wells as a single-level trap state,
which we refer to as the trap distribution maximum.
Therefore, we will focus on e, e, h., and h. related to the
potential well at the donor level. C e, and h.. By adopting
this simplified approach, we aim to accurately capture the
trapping dynamics and non-radiative processes that influ-
ence the film’s overall performance. In TRPL experiments,
the generation term should be zero, and carriers created by
excitation can be incorporated into boundary conditions.
The recombination terms R, , are considered radiative
terms based on our previous assumption. Subsequently,
each term is expanded.

d

o= —B(np —nypy) + opvan*ng — oyvan (N, —ny)
d

777 = ~Bnp —nopo) + 05y, p" (Ne —n) — Opvp pe
d G, vant (N, ) — Cpvan”

—n, = oV (Ny —y) — Cuvpi'n

dt t t t t

3)

+0o,v,p’ (N, —ny) — OpVp Py

We simplify these equations as follows:

d

En = —B(np —nypy) + 6,vut* N, f — 6, vnN; (1 — f)
d

2P = ~Bp —nopo) + 0y, p N (1 = f) = 0 v, pNf )
d

Ef =ovn(l—f)—o,v.n'f

+0opv,p’ (1-f)— NN

Where B represents the radiative recombination rate, N;
denotes the trap density, o, signifies the capture cross-
section, and v, ;, indicates the thermal velocity of electrons
and holes. Moreover, f represents the probability that a
trap will contain an electron while n;, equals N, multiplied
by f. Furthermore, it is n* = Nce’% the electron density
and p* = N,e” “ the hole density if the Fermi-level lies
at the trap level E;, the parameter N, is referred to as
the effective density of states function in the conduction
band, while N, is known as the effective density of states
functions in the valence band. Additionally, E. represents
the conduction band level, E, describes the valance band
level, and E; illustrates the trap level. In the following, we
define AE as E, — E,.

Next, we establish the boundary conditions for p-doped
MAPDI;,

£(0) = L )

£ AE—kTIn 0
i

1+1exp (kT"
n(0) = ny+ Any
p(0) = po+Any

()

Where E, represents the band gap, AE denotes the trap
depth, k is the Boltzmann constant, T is the temperature
in Kelvin, n; stands for intrinsic carrier concentration, and
ny,po represent initial concentrations of electrons and holes
respectively. Any, and Ap, indicate generated concentrations
of electrons and holes by excitation.

Additionally, Table 1 presents the fixed parameters
utilized in the simulation. By incorporating these fixed
parameters, we significantly enhance the accuracy and
reliability of the fitting results.

The present model can be utilized for conducting simu-
lation analysis. The parameters can be classified into two
major groups, each of which can be further subdivided into
two subgroups based on trap density. This classification
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Table 1. Value of fixed parameters used in all simulations if not
stated otherwise.

Fixed parameter Value

107 cm s~ BY]

2x 10" cm™3 B

Thermal velocity v,,v,

Effective density of states func-
tion in the conduction band N,

Effective density of states func- 3x10'® cm3BY

tion in the valence band N,
Absorber bandgap E, 1.55 eV 132

Device temperature T 300K

facilitates a comprehensive analysis of TRPL performance
across diverse parameter settings. The parameters for the
main groups can be found in Table S1, where the arrow
within the trap distribution maximum column (AE) dis-
tinguishes between the two parameter sets, providing clear
differentiation.

Fig.2b clearly shows that when different trap depths
are set, low-quality films exhibit distinct decay trends
compared to high-quality films. To provide a quantitative
explanation, we perform curve fitting on the plotted data
in the figure:

[ =—3.76+1.29¢ 7% 42 44¢ w0
I =—3.4241.20e 55 +2.16¢ @

,for low trap density

,for high trap density

(6)

It can be observed that the 7, extracted from the low
trap density films is shorter than that of high trap density
films. Similarly, we subjected data in Fig.2c to the same
processing, obtaining the corresponding fitting equations.

I=-372+1.18¢ @% +2.52¢ 7 for low trap density

I=—3.07+1.60¢ 52 +1.39¢ et@  for high trap density

(7)

In contrast to Eq.6, it is evident that in Eq.7, the 7,
extracted from low trap density films is longer than that
of high trap density films. Through this simulation, it is
clear that the traditional method of determining lifetime
may not accurately reflect the underlying quality factors,
necessitating the development of alternative techniques for
assessing sample quality.

2.3. Genetic Algorithm

In this work, when processing the TRPL signal obtained
at a single excitation light intensity, we found that a
single TRPL curve can be fitted with many different
combinations of parameters. To address this issue, we

Chinese Optics Letters

simultaneously fitted three curves of a sample under differ-
ent excitation intensities. To improve the fitting efficiency,
we introduced a genetic algorithm to optimize the fitting
process and constrain the parameter range.
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Fig. 3. Schematic diagram of the fitting process. (a) Original
TRPL data of MAPDbI; with different excitations. (b) Fitting curves
of MAPbI; with different excitations. (c) The process of using
genetic algorithm to find a reasonable combination of parameters.
(d)-(e) The statistical distribution of (d) trap densities and (e) trap
depths, values are extracted by hundreds of fitting processes and
the number of these values falling within each interval is counted.

Fig.3a displays the TRPL signals of a sample at different
excitation light intensities, which are computed through
the fitting module depicted in Fig.3c. This module illus-
trates the process of fitting and parameter optimization
using a GA. To achieve success with the TRPL fitting tech-
nique and GA, it is crucial to select the appropriate fitness
function, and in each iteration, the coefficient of determi-
nation (R?) is used to assess the fitness. After inputting
the TRPL data, the parameter set in the model is initial-
ized. It’s worth noting that in the GA, a large number of
parameter sets, referred to as individuals, are generated
and their fitness is evaluated. In subsequent iterations, if
the fitness exceeds a threshold, the individual is retained.
If not, the optimal individual is selected for the next iter-
ation, while the other individuals undergo crossover and
mutation operations before entering the next iteration.
Through this iterative process, a set of optimal parame-
ter combinations is ultimately obtained. Fig.3b showcases
the fitted curve generated by this set of parameters.

The process above is iterated multiple times, generat-
ing numerous parameter sets that can fit the three curves
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Fig. 4. Statistical distribution of the parameters. (a) Statistical distribution of trap density extracted from different signals. (b) Statistical

distribution of trap depth extracted from different samples. The black curves on the graph represent the control group, whereas the red

curves represent the target group.

simultaneously. While individual data points may exhibit
randomness, a more extensive dataset demonstrates sta-
tistical patterns and converges to a specific range. By
evaluating the peak of the distribution, we can effectively
differentiate the quality disparity between different films.

2.4. Determination of Trap Density and Depth

The fitting process involves optimizing several parame-
ters, including the maximum trap distribution (AE), trap
density (N,), electron capture cross-section (0,), radia-
tive recombination rate (B), and incident intensity (Any,
Apy, where we represent intensity using the carrier density
excited by the incident laser). The range of values for these
parameters can be found in Table 2, which is a valuable
reference for setting up the fitting process.

Table 2. Range of varied parameters used for fitting.

Fitting parameter Range

10" ~ 10" cm ™3
0.1~0.4 eV
1077 ~ 1075 cm?
107" ~ 1072 cm?®s™!

10" ~ 10" cm™3

Trap density N,

Trap distribution maximum AE
Electron capture cross-section o,
Radiative recombination rate B

Incident intensity Angy, Ap,

As shown in Fig.3d and 3e, after the iterative fitting
process, we analyzed the large number of obtained param-
eter combinations. We calculated the distribution of the
parameters within various intervals and extracted the sta-
tistical distributions of the trap density and trap depth.
Subsequently, we visualized these distributions by creating
a histogram.

Three samples were randomly selected from each of the
control and target groups for testing. The control sam-
ples were labeled as Control 1, Control 2, and Control 3,
while the target samples were labeled as Target 1, Target
2, and Target 3. TRPL tests were conducted on these
samples under varying excitation intensity conditions, and
the obtained signals were fitted using the fitting program
above. Fig.4a shows the statistical distribution of trap
densities obtained from the fitted results. The most prob-
able trap densities for Target 1, Target 2, and Target 3
were all 3x10' cm™3, while for Control 1, Control 2, and
Control 3, the most probable trap densities were 7.5x10'
cm™3, 7x10"% ¢cm™3, and 5x10' ¢cm™, respectively, consis-
tent with trap densities of existing literature on undoped
MAPDI; films 337351,

Moreover, according to the analysis of trap depth data in
Fig.4b, it can be observed that the control group exhibits
a relatively scattered distribution of trap depths, with a
range of up to 0.12 eV. Based on the comprehensive anal-
ysis of the obtained parameters, we found two changes in
trap density for the target group compared to the control
group. Firstly, the overall trap density in the target group
decreased, with a reduction ranging from 40% to 60% com-
pared to the control group. Secondly, the values of trap
density became more uniform, with the majority of trap
density values distributed within a narrow range close to
3x10' cm—3. Additionally, there were two changes in trap
depth for the target group relative to the control group.
Firstly, the overall trap depth tended to be closer to the
median value compared to the films before AHP modifica-
tion. Secondly, the range of trap depths became narrower.
In conclusion, the numerical results obtained through the
TRPL method indicate that AHP treatment reduces the
trap density of the thin film and improves its uniformity.
This is consistent with previous literature reports and
further confirms the feasibility of this method 7.
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In order to validate the universality of this method, we
applied it to process the TRPL signals of several other
perovskite materials. The corresponding data can be found
in Table S3.

From this point of view, TRPL can facilitate the multi-
dimensional characterization of physical parameters ger-
mane to the film, which are pivotal in determining its
overall properties. This method enables a comprehensive
assessment of the relevant physical parameters to fully
comprehend the film’s properties.

3. Conclusion

This study effectively addressed the principal limitations
of the fitting process through the formulation of a robust
physical model. Moreover, we enhanced the precision of the
fitting process by integrating advanced statistical method-
ologies. By employing iterative fitting, we successfully
identified a prominent peak in the trap density distribu-
tion curve, signifying the most probable trap density value.
Leveraging these advancements, we accurately quantified
the trap density of diverse samples and achieved satis-
factory outcomes. Additionally, the observed variation in
decay rates among the undoped films can be attributed
to the trapping-detrapping phenomenon, which is associ-
ated with a broad range of trap depths. In summary, this
innovative approach holds significant implications for trap
density engineering as it enables precise determination of
trap density, optimization of device performance, and pro-
vides a more accurate and efficient means of assessing the
quality of perovskite films.

4. Experimental Section
4.1. Materials

We procured the following materials: Poly(bis(4-
phenyl)(2,4,6-trimethylphenyl)amine) (PTAA, Mn 7,000
10,000), bathocuproine (BCP), lead (II) iodide (Pbl,,
99.99% trace metals), Methylammonium iodide (MAI),
and Methylammonium chloride (MACI) from Xi’ an
Polymer Light Technology Corp. N, N-dimethylformamide
(DMF, 99.9%), Dimethyl sulfoxide (DMSO, 99.9%), 2-
methoxyethanol (2-ME, 99.8%), chlorobenzene (CB,
99.8%), anilinium hypophosphite (AHP), and L-a-
phosphatidylcholine  (L-o-PC) from Sigma-Aldrich.
Additionally, we purchased C60 from Advanced Election
Technology CO., Ltd and ITO-coated glass substrates (15
Q - sq7") from South China Science & Technology Co. Ltd.
All materials were utilized without further purification,
and copper for thermal evaporation was sourced from
ZhongNuo Advanced Material (Beijing) Technology Co.,
Ltd.
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4.2. Precursor Preparation

For the PTAA solution, PTAA powder was dissolved in
CB at a concentration of 6 mg/ml. The precursor solu-
tions for MAPbDI;, with a concentration of 2.0M, were
prepared by dissolving MATI and Pbl, in 2-ME and stirring
overnight. Prior to blade coating, these precursor solutions
were diluted to 1.1M. To create the pristine films, addi-
tives such as L-a-PC (0.4 mg/ml), MACI (0.2 mg/ml),
and DMSO (2.8% v/v) were introduced into the precur-
sor solution. In the case of the optimized films, an AHP
solution (20 mg/ml) was prepared by dissolving AHP in
2-ME and added to the precursor solution as an additional
additive (4% v/v).

4.3. TRPL

Time-resolved photoluminescence (TRPL) measurements
of perovskite samples were conducted using a 405-nm
picosecond pulsed diode laser in conjunction with a laser-
scanned fluorescence lifetime/intensity imaging system
(FLRM300, Time-Tech Spectra, LLC). TRPL lifetime
measurements were performed using a time-correlated sin-
gle photon counter setup with a laser repetition rate of 0.5
MHz. The samples were tested at room temperature, and a
laser with a power of 1.69 uW was used. Two optical filters
were employed to obtain three different orders of incident
intensity, resulting in intensity values of 1.69 uW, 0.169
UW, and 0.0169 uW, respectively.

4.4.tDOS

During the tDOS measurement, a fixed DC bias of 0 V,
accompanied by an AC bias amplitude of 20mV. The fre-
quency dependence of the capacitance was then recorded
within the range of 1 kHz to 5 MHz. The tDOS (Nr (E,))
is calculated from C-f measurements using an equation
Ny (Ey) = — iz % 5. The depletion width (W) and built-in
potential (V,;) are derived from the Mott-Schottky analysis
of C-V measurements. The calculation of the demarca-
tion energy E, involves the use of an equation E, =
kT1n (%), wherein @, represents the angular frequency of
an attempt-to-escape event, which is equal to 27wv,T>.

Supplementary Information

Supplementary Information is available from the Optica
Publishing Group or from the author.
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