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Abstract

Lead-halide perovskites are semiconductor materials with attractive properties for
photovoltaic and other optoelectronic applications. However, determining crucial electronic
material parameters, such as charge-carrier mobility and lifetime, is plagued by a wide range of
reported values and inconsistencies caused by interpreting and reporting data originating from
different measurement techniques. In this paper, we propose a method for the simultaneous
determination of mobility and lifetime using only one technique: transient photoluminescence
spectroscopy. By measuring and simulating the decay of the photoluminescence intensity and the
redshift of the photoluminescence peak as a function of time after the laser pulse, we extract the
mobility, lifetime, and diffusion length of halide perovskite films. With a voltage-dependent
steady-state photoluminescence measurement on a cell, we relate the diffusion length to the

external voltage and quantify its value at the maximum power point.



Introduction

The mobility-lifetime product of a semiconductor is one of the most decisive properties
governing its suitability as a photovoltaic absorber material.(1-8) However, determining
mobilities, lifetimes, and the resulting diffusion lengths requires different methods that are often
inconsistent(9) due to the different injection conditions used. Furthermore, especially in the case
of mobility measurements, huge differences(10) can result from different types of mobilities that
are probed, e.g. intra-grain vs. inter-grain mobilities or in-plane vs. out-of-plane mobilities.(11-
13) The reported mobilities of FAPDbI3(14-18) and MAPbI3(14, 19-32) films across various
literature sources vary from 107! to 10° cm?®VvIsl In the case of lifetime measurements,
inconsistencies can result from strong injection-level dependence of apparent lifetimes in
situations where the decay dynamics are power-law rather than exponential(33, 34) as well as
capacitive effects in devices that can be misinterpreted as recombination lifetimes.(35-39) Thus, it
would be desirable to develop a method that allows measuring both mobility and lifetime with the
same approach and enables the determination of lifetimes as a function of injection conditions.
Spectrally resolved transient photoluminescence has the potential to fulfill these requirements.
Photoluminescence (PL) essentially tracks the product of the electron and hole densities as a
function of time. As recombination is reducing both the electron and hole density in a
semiconductor, PL has always been one of the most essential methods to study recombination in
lead-halide perovskites(19, 40-45) or other semiconductors with sufficient luminescence
emission.(46-54) In recent years, the rapidly advancing field of perovskite solar cells and LEDs
has garnered significant research interest and investment, leading to increasing utilization of PL
techniques. These techniques include steady-state PL,(55, 56) time-resolved PL,(19, 57) voltage-
dependent PL,(58) temperature-dependent PL,(59, 60) fluence-dependent PL,(55, 61) and others.
Quantifying charge-carrier transport with PL is comparatively more difficult. Because the initial
photogenerated charge carrier density inside the film is a function of depth due to Lambert-Beer-
type effects and because lead-halide perovskites are generally lowly doped,(62) diffusion of
electrons and holes will homogenize the carrier profile and thereby lead to a reduction in PL
intensity(63) as well as a redshift of the PL peak due to an increase in reabsorption. This increase
in reabsorption is caused by the average depth of emission moving from the front towards the
middle of the device. The phenomenon of reabsorption transforms this spatial dependence of

emission sites within the emitting perovskite film into a spectral dependence of the emission, a



concept that has previously been exploited for instance in Si solar cells.(64, 65) In the context of
halide perovskites, this phenomenon is pronounced and well-visible in thick single crystals.(66)
The effect on films is, however, rather tiny and more difficult to notice and quantify. Thus, it has
only recently been employed(11) to quantify out-of-plane diffusion coefficients in different halide
perovskite films.

Here, we combine the quantification of peak shifts with our recently developed high dynamic
range transient PL spectroscopy method based on the use of intensified gated CCD cameras, where
several measurements using different gain settings are superimposed. We have recently shown that
the differential decay times resulting from tr-PL measurements performed at different initial
fluences differ in their early time decay but converge to a fluence-independent but carrier-
concentration-dependent decay time at later times. Thus, the decay time is a unique function of
carrier densities — as expected for recombination of a spatially homogeneous distribution of
electrons and holes — only at longer times, while at earlier times it retains a memory of the laser
fluence. Here, we show that the regions where decay times retain the information on the initial
fluence are identical to the parts of the decay where a peak shift in the PL spectrum is visible.
Thus, these regions are dominated by changes in the number of reabsorbed photons and are
therefore indicative of the times, when the electron and hole concentrations are still a function of
depth within the film. Consequently, we can distinguish the part of the decay that is affected by
diffusion from that affected by recombination alone.
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Fig. 1. Schematic illustration of carrier diffusion and spectral shift process based on
simulated results. (A) After the laser pulse hits the sample, the generated carriers in the film will
diffuse from one side of the film to the other, while recombination occurs simultaneously. (B)
Time-dependent photoluminescence spectra show an obvious red shift with time, which indicates
the reabsorption of photoluminescence along with carrier diffusion in perovskite. (C) By plotting
the ratio R as a function of time, we can quantify the influence of mobility and diffusion

coefficients on the spectral shifts.

Results
Capturing Carrier Kinetics

There are essentially two options for how to detect both time-dependent and spectral
information during a transient photoluminescence measurement. Option 1 is to perform two
measurements with different sets of filters and then compare the two measurements. This option

is easy to implement with traditional time-correlated single photon counting equipment and has



recently been used by Cho et al.(11) Option 1 could be implemented by doing two measurements
in series but it could also be done simultaneously using a beam splitter and two photodetectors.
Option 2 involves using a detector, which directly captures the whole spectrum for each time delay.
Here, one could use intensified CCD cameras with a variable gate or streak cameras. For the
current study, we use option 2 using a gated intensified CCD camera from Andor. The investigated
samples are triple-cation Cso.o0sFA0.73MA0.22Pbl2.56Bro.4s perovskite films directly prepared on
Corning glasses with a band gap of 1.63 eV and thickness of 550 nm.

A schematic representation of the experiment is shown in Fig. 1. After excitation,
photocarriers are generated primarily close to the front side of the perovskite film. The initial
carrier distribution (at point t = 0) is determined by the absorption coefficient « of the film (Section
2 of Supporting Information) and the wavelength A of the excitation laser (here, o = 4x10° cm™*
and A =343 nm, respectively). Here, we intentionally use a UV laser with a low wavelength where
the perovskite has a high absorption coefficient. The lower the wavelength, the higher the
absorption coefficient of the perovskite layer at the laser wavelength and the more abrupt the initial
carrier profile will be as a function of depth within the film. Driven by the concentration difference,
the carriers diffuse from the front towards the back side of the film until the carrier concentration
is approximately independent of position. Depending on the recombination velocities at the two
surfaces, gradients of the concentrations of electrons and holes towards the surfaces may remain.
The time it takes for the carrier concentrations to homogenize depends on the mobility of electrons
and holes. In the example situation presented in Fig. 1A, where we chose a mobility of 1 cm?/Vs
for electrons and holes, we see that carrier diffusion mainly occurs in the first tens of nanoseconds.
After 100 ns, the carrier concentrations are nearly perfectly flat and from then onwards
recombination is the only driver of a further reduction in both photoluminescence and carrier
densities. Using a gated CCD setup, we can obtain a series of time-dependent photoluminescence
spectra, which we later transform to a transient PL decay curve. The transient decay curve provides
information about charge-carrier recombination, while the time-dependent photoluminescence
spectra reflect the process of carrier diffusion. The schematic illustration of the measurement
technique is shown in Fig. S1. As shown in Fig. 1B, the simulated time-dependent
photoluminescence spectra corresponding to the carrier profiles seen in Fig. 1A show a redshift
with time caused by diffusion and photon reabsorption.(66) In our measurements, the detector is

positioned on the same side as the excitation laser. The photoluminescence caused by radiative



recombination must pass through the film before being detected and thus being reabsorbed.
Reabsorption primarily reduces the luminescence on the high-energy flank of the spectrum,
thereby reducing the peak energy. As the charge carriers diffuse deeper into the film, more
photoluminescence is absorbed. Thus, the spectra exhibit a redshift over time.

There are different ways to quantify the spectral shift. The most intuitive option might be to
plot the PL peak as a function of time after excitation. However, for noisy data, the peak itself is a
poor indicator of spectral shifts as it relies on one single point of the spectrum (the highest point).
A better option would be to use the whole spectrum for quantifying the shift. This could be
achieved e.g. via calculating the center of mass or via determining the photoluminescence intensity
ratio of the low-energy region to the high-energy region. We chose the latter approach which was
already employed previously by ref. (11), because it will be more easily applicable to researchers
using TCSPC setups for the experiment. In Fig. S2, we compare these three methods,
demonstrating that the variation of the center of mass contains the same information as that of the
ratio, while the change in the peak (of the experimental data) is not suitable as an effective indicator

owing to its requirement for high spectral resolution and low noise. Here, we define the spectral

shift ratio as R = [

145 $dE/ f11.'6880¢dE. The exact integration boundaries will always be

somewhat arbitrary and must be adjusted to the spectral position of the PL spectrum. Thus, the
absolute value of R will be largely irrelevant and strongly dependent on the integration boundaries.
However, the relative change in R as a function of the time delay after the laser pulse will be
decisive in quantifying the mobility. When the mobility increases, the ratio increases rapidly until
it reaches a plateau (Fig. 1C), which indicates the equilibrium stage of the carrier distribution. In
Section 2 of Supporting Information, the influence of other factors was investigated. Specifically,
the absorption coefficient affects the initial value of the ratio, while the film thickness and surface
recombination velocity affect the plateau value. We further investigated the influence of shallow
defects, as shown in Section 3 of Supporting Information. The results demonstrate that the
detrapping effect of shallow defects dramatically alters the plateau, whereas it exhibits a negligible

influence in the initial 10 ns.
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Fig. 2. Tr-PL decay and spectral shift of experimental data for different illumination
intensities. (A) PL spectra at all times during the measurement with illumination intensity of 1.79
pd/em? using logarithmic scale. (B) PL spectra at all times during the measurement with an
illumination intensity of 1.79 pJ/cm? using a linear scale. (C) Photoluminescence decay curves.
(D) Decay curves of carrier concentration with shifted time axis. (E) Differential decay time vs.
Fermi-level splitting. (F) Spectral shift ratio vs. Fermi-level splitting. The solid lines in panels (E)

and (F) indicate trends in the experimental data.



Photoluminescence Experiments

In Fig. 2, the tr-PL data measured using the gated CCD setup with different fluences are
displayed. The recorded time-dependent PL spectra in Fig. 2A exhibit an obvious peak shift.
Specifically, the PL spectra at different times are shown in Fig. 2B on a linear scale which is a
more frequently seen way to display PL spectra in the literature. Fig. 2C presents the tr-PL decay
curves, which exhibit a slower decay at lower illumination intensities. In Fig. 2D, the luminescence
is transformed into carrier concentration, and the time axis is adjusted to merge the curves. The
merged curves show two distinct parts that we will refer to as the tail and the envelope. Although
the envelope parts of the different curves generally overlap, the initial parts of each decay (tail

part) are noticeably outside the envelope. In Fig. 2E, the @p vs. t plot (Fig. 2C) is transformed
-1
into the zairr vs. AEF plot based on t4i¢ = (—%dln(qpr)/dt) , AE(0) = kgTIn(4n(0)?/n?),

and ¢py, x exp (AEx/kgT).(67, 68) The initial carrier concentration An(0) after the laser pulse is
estimated based on the measured laser power densities. Similar to the curves in Fig. 2D, all curves
can be divided into tail and envelope parts. Additionally, the spectral shift ratio R acquired from
the time-dependent photoluminescence spectra is depicted in Fig. 2F. The ratio R can be divided
into a time-dependent and an approximately time-independent part. At early times, the carriers
diffuse from the front of the film into the bulk until they are homogeneously distributed throughout
the film. While the diffusion process occurs, the ratio R is time dependent. Once the
homogenization process is complete, the ratio remains constant. Comparing Fig. 2E and Fig. 2F,
we found that the tail parts of the decay curves correspond to the time-dependent parts of the ratio
R, indicating that carrier diffusion is one of the primary physical processes causing the "tail”
phenomenon. Mathematically, we can understand the tail regime as the part of the decay that is
governed by the solution of partial differential equations in time and position, i.e. n = n(x,t). In
contrast, the envelope part of the decay is governed by the solution of ordinary differential
equations in time where we just need to track the evolution of the average carrier density nayv Vs.
time, i.e. n(X) = nav and nav = nay(t). During the tail part of the decay, it matters whether a given
average carrier density was created 30 ns or 300 ns ago by the laser pulse, because the two cases
will show different n(x) profiles. Thus, the tail part depends on the fluence, while the envelope part

only depends on the average carrier density or the Fermi-level splitting.
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Fig. 3. Experimental and simulation results. (A) Experimental results of AEFr vs. illumination
intensity acquired from steady-state PL results and the corresponding simulation results. (B)
Experimental differential decay time vs. Fermi-level splitting acquired from gated CCD setup and

the corresponding simulated results with different carrier mobilities. On the y-axis(right side), we
calculated Lgigr = /DT qi , Where D = u kT /q and 1 = 2 cm?/Vs. (C) Experimental ratio vs. time

acquired from gated CCD setup and the corresponding simulated results with different carrier

mobilities. Here we shift the R by subtracting a constant to obtain the same starting value. (D) The



corresponding differential ratio value vs. time from the experiment and simulations. (E)
Experimental results of AEF vs. the external bias voltage acquired from the voltage-dependent
photoluminescence measurement under 1 sun light intensity. (F) The relationship between Luift
and external bias voltage, which is acquired from reverse scan result of Fig. 3E and simulated
result (u = 2 cm?/Vs) of Fig. 3B. On the y-axis (right side), we calculated Lgit/d, where d is the

thickness of the film.

Inferring the mobility by numerical simulations

Based on the experimental steady-state and transient photoluminescence (PL) data, we
perform numerical simulation to extract the mobility of our sample. The detailed description of
the numerical models is found in Section 5 of the Supporting Information. To start the work, we
utilized a zero-dimensional (0D) model, which primarily focus on trapping, detrapping and
recombination processes, to simultaneously fit both the steady-state (Fig. 3A) and transient PL
experimental data (Fig. 3B and Fig. S3), as reported in our previous work.(34). Fig. 3A shows that
the calculated AEF from steady-state PL data measured under various illumination intensities
agrees well with the simulated result. Subsequently, to better understand the carrier dynamic
process, we employed a one-dimensional (1D) model, which not only contains the trapping,
detrapping and recombination processes but also incorporates the diffusion and reabsorption
processes and is thereby able to reproduce and fit the PL peak shift. The simulated results are
presented in Fig. 3B, 3C and 3D. Moreover, we compare the fitted zqifr using the two models (Fig.
S3) and find that the two fitted curves are almost overlapping except for the tail part, which is
consistent with the fact that the 0D model does not consider the carrier diffusion process. The
values of fitting parameters obtained from both models are identical, as listed in Table S1. As
depicted in Fig. 3B, both the differential decay time tg4;; and diffusion length Lgier = m
increase with decreasing AEr. From the simulated results for different mobilities, we observe that
the impact of mobility is primarily confined to the tail parts of decay, while the envelope of the
decay remained relatively unchanged. The spectral shift ratio and differential ratio are more
sensitive to the variation of mobility, as demonstrated in Fig. 3C and 3D. Note that as tiny changes
in bandgap energy (1 meV) would result in large differences in the value of R (Fig. S4), we suggest
that the variation trend of R and the value of dR/dt are more important for analyzing carrier

diffusion. Consequently, we determined a mobility . =~ 2 cm?/Vs of our perovskite film sample, as
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well as a diffusion coefficient D ~ 0.052 cm?/s, which was calculated using the Einstein relation
D = ukgT /q where ksT is the thermal energy and q is the elementary charge. Note that the sample
exhibits similar mobility under lower illumination intensities (Fig. S5). Fig. 3E presents the
relationship between AEr and the external bias voltage, which is obtained from the voltage-
dependent photoluminescence measurement performed under 1 sun illumination condition.
Moreover, the diffusion length as a function of the external bias voltage is displayed in Fig. 3F,
which is determined by combining the results shown in Fig. 3B and Fig. 3E. We observe that the
sample exhibits a Lqirr of approximately 2.6 pm at short-circuit condition and maximum power
point and ~2.2 um at open-circuit condition.

Physical Processes Underlying the zaitf vs. AEF Plot

There are three essential processes that affect the carrier concentration within a perovskite
film after the excitation by a laser pulse: (1) the diffusion of carriers, (I1) the trapping of free carriers
by shallow defects, and (111) the transition of trapped carriers to the valence band. These processes
correspond to distinct regions in the zgifr vs. AEF plot. In the following, we will elaborate these
processes assuming for simplicity that the shallow traps are closed to the conduction band. For
shallow traps close to the valence band, every instance of the word ‘electron” would have to be
replaced by ‘hole’ and vice versa.

Immediately after excitation, the photogenerated carriers begin to diffuse from the
illuminated side to the other side. As demonstrated in Fig. 4A, carrier diffusion has significant
impact on the onset value of zqifr, which in turn affects the shape of the curve in high Fermi-level
region (1.43-1.5eV). Additionally, trapping by defects is another important physical process that
may affect the PL decay at early times. In Fig. 4C, we adjust the electron capture coefficient g,, of
the shallowest trap, while maintaining a constant trap density N;. Consequently, the electron
lifetime 7, is altered accordingly determining by 7, = 1/(N£,). As shown in Fig. 4C, the
electron lifetime plays a crucial role in shaping the tail part. For a shorter electron lifetime, which
implies more effective electron capture by the defect, the AEr shows faster decrease and the
trapping process is shortened. The impact of the trapping process is primarily observed in the
higher AEr range (e.g. 1.4-1.5 eV). Furthermore, Fig. 4C reveals that although the carrier trapping
process affects the shape of the tail part, it has little influence on the onset point. In Fig. S6, a

simpler scenario where only one shallow trap and a low radiative recombination coefficient is

11



employed, further demonstrating the impact of trapping process on the tail part, which supports
the aforementioned argument. The final stage of the carrier transport process involves the non-
radiative recombination of trapped electrons with holes in the valence band. This process is
primarily dependent on the hole lifetimes, which determines the shape of the envelope. The hole
lifetime is calculated as 7, = 1/(Nf;), where [, is the hole capture coefficient. As shown in Fig.

4E, we adjusted the hole lifetime 7, for Trap 2 (the middle one) and observed that a lower hole

lifetime leads to a smaller zqifr for a given AEr. Since we included three traps in the simulation,
they affect different regions of AEF sequentially. From shallow to deep, the traps influence the

high, middle and low AEF regions, respectively (see Fig. S7 and Fig. S8).

12



>
w

-5

— 10 Q diffusion

2

K 10® 1 o o

> @ 0 0 o

E

= 107 E

>

8 (0]

S 10-8 L O experimental

= —— 1=0.02 cm?/Vs _—
c —— u=0.2 cm?Vs " X
g 10°¢ =2 cm?Ns | ® O o i

£ u=20 cm?/Vs mobility !

S ! o . .

10710k, ) ) ) ) 1 S diffusion
1.0 1.1 1.2 1.3 14 15
Fermi-level splitting AE¢ (eV)
C .
10 5 T T T T T q D

o . @ © 0 0 0 0

= -6 \% C

5 10°%; s 3 |
& -

° QKQN Et J_ < _1_
E 107 Spliny,

>

8

o 8L

= 10 O experimental

g Tn trapl = 5x10°'s

® 10°% — = 1x10°

o 0 Tarapt = 7 ,105 recombination

5 Tn trapl = 5x10~ s

100k, "o © © © o ©

1.0 1.1 1.2 1.3 1.4 1.5
Fermi-level splitting AE; (eV)

E F

10_5 T T T T T ;|
s N _o® o o
& 10—6 L > 4 —. _. _°_
° t
£
5
>
S 107 : ¢W
3
= O experimental A e
Z 108F = Tewa= 1x10°s ]
s —— Ty yapz = 5%107
% Ty wapz = 1108 s E

oL, . v e © o o o o

1.0 1.1 1.2 1.3 1.4 1.5
Fermi-level splitting AE; (eV)

Fig. 4. Analysis of factors influencing zdiff vs. AEF plot and corresponding physical processes.
(A,B) Influence of carrier diffusion on the onset value of zdit. The carrier mobility was adjusted.
(C,D) Influence of electron trapping process on the tail part of zqitr. The electron lifetime related
to Trap 1 is adjusted by changing electron capture coefficient £, while maintaining a constant

trap density N;. (E,F) Influence of the hole capture process on the envelope part of zifr. The hole

lifetime related to Trap 2 was adjusted by changing hole capture coefficient g, while maintaining
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a constant trap density N.. We further show the influence of the hole lifetimes related to Trap 1

and Trap 3 in Supplementary Fig. S7 and Fig. S8.

Numerical simulation of device performance
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Fig. 5 Numerical simulation of device performance. The simulated power conversion efficiency

as a function of (A) diffusion length Lgifr and (B) exchange velocity Sexc using Equation (1). The

mobility p in (A) was calculated using Lgigs = /"‘;—deiff by assuming zir=1.26x10° s. The

purple dashed lines in the figures at (A) Laitt =2.55 um and (B) Sexc =2700 cm/s indicate the
approximate experimental values of our sample.

Furthermore, we want to put the obtained parameters into perspective. This can be done using
numerical simulations or alternatively using analytical approximations. For the sake of achieving
a more intuitive approach to the influence of absorber layer diffusion and transport layer mobility
on charge collection, we newly derived an approximative but analytical equation for the current-
voltage curve of a perovskite solar cell. This equation effectively includes the influence of ions by
assuming a perfectly field free absorber layer, where the field is screened by a sufficiently high
ion density. Furthermore, it includes bulk recombination, diffusion within the perovskite and
considers transport through the electron and hole transport layers by an effective exchange velocity
Sexc. This exchange velocity can be easily determined from voltage-dependent PL

measurements(37), whereas the diffusion length and bulk recombination lifetime can be deduced
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from the tr-PL measurements, as shown in Fig. 3. We can then write the current voltage curve as

(see Section 4 of Supporting Information for detailed derivation)

Laise tanh (L)

. n %
J=qd d Lait { ° [exp (q e’“) —~ 1] —~ G} (1)
_Laigr tanh (L) + 1| Taife 2kgT
TaiffSexc Lyitr

where no is the intrinsic carrier concentration, Vext is the external voltage, G is the average
generation rate throughout the perovskite layer and Sexc is the carrier extraction velocity of the
transport layer. Our derivation of Equation (1) is based on earlier work primarily by Sandberg(69)
and Rau(70) and provides a more intuitive understanding of extraction losses as compared to
purely numerical simulation results. Note that Equation (1) contains recombination and transport
as parameters. However, as our experimental assay of recombination originates from a film, the
resulting J-V curve will provide a hypothetical J-V curve in the absence of interfacial
recombination. Thus, the equation predicts a higher Vo than that of the actual device, whereby the
difference is due to interfacial recombination losses.

The prefactor [Lg;¢ tanh(d/Laqisr) /d]/[1 + Laiss tanh(d/ Laige) /(TqiseSexc)] in Equation (1)
can be intuitively understood as a collection efficiency, which is related to Lagitr and Sexc. Note that
Laifr and Sexc represent properties of the perovskite absorber and transport layers, respectively. The
parameter Sexc describes how fast transport of electrons through the ETL and holes through the
HTL is, and at steady state, the Sexc can be extracted from the voltage-dependent PL measurements
via(37)

o =i (229 o0 (2]

For our device, the Sexc is around 2700 cm/s within the range of voltages relevant for one-sun
operation (Fig. S9). Other parameters for the calculation are shown in Fig. S10 and Table S2. Fig.
5A and 5B exhibit the variation of power conversion efficiency # along with diffusion length Laifs
and exchange velocity Sexc, respectively. The efficiency was simulated by using Equation (1). As
shown in Fig. 5A, with increasing of Laitf, the efficiency » remarkably increases at the beginning,
but later the increasing rate gradually slows down until it reaches a plateau. It can be observed that
when the mobility increased from 1 to 10 cm?/Vs (i.e. Lgisr increased from 1.81 to 5.7 um), the
efficiency of the sample with Sexc=2700 cm/s (the red curve) can increase by 4.88%. However,
when the mobility dropped off by an order of magnitude (from 1 to 0.1 cm?/Vs, i.e. Lqirr decreased
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from 1.81 to 0.57 um), the efficiency dramatically decreased by 31.49%. Moreover, the decline
would be more severe for the sample with a slower Sexc (blue curve). The situation of the effect of
Sexc on the efficiency is similar. When the Sexc is sufficiently fast, the increasing trend of the
efficiency slows down until reaching a plateau. For a certain Laifr, for instance Lqitr =2.55 pum (the
red curve in Fig. 5B), the efficiency increased by 5.14% when the Sexc increase from 10° to 10*
cm/s, while it dramatically decreased by 25.39% when the Sexc dropped off from 102 to 10% cm/s.

Regarding Equation (1), in case of Lgir=>>d, we can make an approximation of tanh(d/Luir) =
d/Laifs by using the Taylor expansion and hence the collection efficiency can be simplified to

[d/(TaiseSexc) + 1172, Therefore, the current-voltage curve can be written as(37)

1 L) quxt
R o Lo S R B
1 d__ . 1) Taiee P\2k,T ®
TdiffSexc

The Lgirr cancels out such that the result is independent of the bulk mobility, which explains the

phenomenon of the plateau for sufficiently long Laitr. In our case, the ratio d/Lgitr = 0.2, which
satisfies the approximation of tanh(d/Lqitf) = d/Lairs (See Fig. S11), suggesting a collection
efficiency of [d/(tgifSexc) + 1171 . Furthermore, in case of 74Sexc > d, the collection
efficiency approaches 1 (which means sufficiently efficient charge carrier extraction); therefore,
further increasing Sexc would not have an effective impact on the efficiency. In contrast, if Sexc is
getting smaller, the denominator of the collection efficiency will rapidly increase, which explains
the dramatic decrease in the efficiency with decreasing Sexc. In our case, the ratios d/Lgifr ~ 0.2 and
tdifiSexc/d =~ 6804 approximately meet the conditions of Lt >> d and qittSexc >> d, thereby ensuring
good device performance (see Fig. S12). Therefore, while a gain in any of the parameters would
lead to small gains in efficiency, a drop in Laiff and Sexc would have a significant negative impact

on the efficiency.

Discussion

In this study, we investigated the carrier dynamics of perovskite thin films through a detailed
analysis of spectrally- and time-resolved photoluminescence data. The data collected on both PL
decay and PL redshift over time shed light on the carrier recombination and diffusion processes.
Our findings indicate that the onset of time-resolved PL decay is determined by the electron

lifetime with the underlying physical process being the electron capture by shallow defects. After
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excitation, the carriers accumulate on the excitation side, leading to carrier diffusion due to
concentration differences. A "tail" part appears in the PL decay curve during this stage, while the
time-dependent photoluminescence spectra exhibit a significant spectral redshift. This redshift
occurs due to photon reabsorption, and gradually disappears when carriers are evenly distributed
with mobility playing a dominant role in this process. The ensuing “envelope™ in the decay curves
is determined by the SRH recombination, which is determined by the hole lifetime of the traps. In
the zdifr vs. AEF plot, a longer hole lifetime of the trap leads to a smaller zqiff or AEE.

Through simulations of the PL decay and PL redshift results, we determined parameters for
both carrier recombination and diffusion. Our findings suggest that the mobility and diffusion
coefficient of the perovskite thin film are approximately 2 cm?/Vs and 0.052 cm?/s, respectively.
Additionally, we found that the lifetime increases with a lower AEF value, resulting in an anti-
correlation between mobility-lifetime products and injection-level. It is worth noting that we
assumed acceptor-like defects close to the conduction band in our discussion. If the traps are donor-
like defects close to the conduction band, the electron-hole types mentioned above would be
swapped. This study provides a comprehensive understanding of the carrier kinetics of perovskite
thin films and presents a unified method for measuring carrier mobility and lifetime.

Materials and Methods

Materials

All chemicals were used as received, and the details are as follows: Methylammonium iodide
(MAL, Greatcell Solar); Formamidinium iodide (FAI, Greatcell Solar); Cesium iodide (Csl, 99.9%,
Alfa Aesar); Lead(ll) iodide (Pblz, 99.99%, TCI); Lead bromide (PbBrz, 99.999%, Sigma-
Aldrich); Cesium bromide (CsBr, 99.999%, Sigma-Aldrich); Anisole (99.7%, Sigma-Aldrich),
N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich); Dimethyl sulfoxide (DMSO, >99.9%;
Sigma-Aldrich); Poly (methyl methacrylate) (PMMA, average Mw~120000 by GPC, Sigma-
Aldrich) .

Sample preparation

The typical procedure for preparation was generally consistent with previous work.(34)
Specifically, quartz glass substrates (Corning, dimensions: 2.0 x 2.0 cm?) were utilized in the

study. These substrates were thoroughly cleaned using Seife Hellmanex 111 (2%, 50 °C) solution,
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acetone (20 °C), and isopropyl alcohol (20 °C) for 20 minutes. Afterwards, they underwent further
cleaning using an oxygen plasma (Diener Zepto, 50 W, 13.56 MHz, 10 minutes). The solutions
and films were prepared in a No-filled glovebox. The perovskite solution was prepared by mixing
Csl (0.06 M), MAI (0.264 M), FAI (0.876 M), PbBr2 (0.264 M), and Pbl> (0.936 M). The mixture
was stirred in a DMF:DMSO (3:1 volume ratio) solvent at 75°C until it was fully dissolved. ~0.06
mg/mL PMMA was added to the solution, which was then filtered through a PTFE filter (0.45 um)
prior to use. The precursor solution was spin-coated onto the substrates at 2000 rpm for 30 seconds
(acceleration time = 3 seconds) and at 6000 rpm for 40 seconds (acceleration time = 5 seconds).
The films were then treated with ~280 ul of anisole, which was dropped onto the film for 25

seconds prior to the end of the process. The films were finally annealed at 100°C for 20 minutes.
Photoluminescence measurement

Spectrally- and time-resolved resolved photoluminescence measurements were conducted
using a gated CCD setup that comprised a pulsed UV-solid-state laser (dye laser, 343 nm
wavelength, 100 Hz repetition rate), a spectrometer (SPEX 270M from Horiba Jobin Yvon), and
an intensified CCD camera (iStar DH720 from Andor Solis). The applied excitation fluence, initial
carrier concentration, and initial AEr were approximately 1.79 uJ/cm?, 5.61x10'® cm™, and 1.44
eV, respectively. Additional information about the gated CCD setup can be found in ref. (34).
Steady-state photoluminescence measurements were performed using a LuQY Pro setup (LP20-
32, QYB Quantum Yield Berlin GmbH). Voltage-dependent photoluminescence measurements
are carried out using a custom-made setup(33, 71) comprising a power supply, a Keithley 2400
SMU, a bias light source, and a CCD camera. The perovskite solar cells, with an active area of 3.0
x 3.0 mm?, were illuminated with blue LED light (470 nm) of an intensity of 1 sun. During the
measurement process, the CCD camera recorded the photoluminescence intensity at various
voltages along with current-voltage (J-V) curves. Initially, the background was measured, followed
by a flat-field correction to obtain the corrected PL intensity. The J-V curves were measured in
both forward and reverse directions, with a voltage step of 0.02 V.

Numerical Simulation

Simulations were performed using self-developed MATLAB scripts. The detailed description

is shown in Section 5 of the Supporting Information.
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