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Mapping Transport Properties of Halide Perovskites via Short-Time-Dynamics
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The excellent optoelectronic and transport properties of halide perovskites have led to the rapid
development of perovskite-based optoelectronic devices. A fundamental understanding of charge-carrier
dynamics, as well as the implementation of physical models able to accurately describe their behaviour, is
essential for further improvements in the field. Here, combining advanced modeling and characterization,
a method for analyzing the short time dynamics of time-resolved fluorescence imaging (TRFLIM) decays
is demonstrated. A theoretical scaling law for the time derivative of transient photoluminescence decays as
a function of excitation power is extracted. This scaling law, computed from classical drift-diffusion equa-
tions, defines an innovative and simple way to extract quantitative values for several transport parameters,
including the external radiative-recombination coefficient. The model is notably applied on a set of images
acquired with a temporal shift of 250 ps to map the top-surface recombination velocity of a triple-cation
mixed-halide perovskite thin film at the microscale. The development of high-time-resolution imaging
techniques coupled with a scaling method for analyzing short time dynamics provides a solid platform for
the investigation of local heterogeneities in semiconductor materials and the accurate determination of the
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main parameters governing their carrier transport.
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I. INTRODUCTION

Over the last decade, lead-halide perovskites solar
cells have proved to be a serious candidate for reaching
large-scale photovoltaic solar-energy conversion, a much-
needed solution to meet climate targets and move towards
a low-carbon economy. However, despite this emerging
technology having recently reached a record power con-
version efficiency of 25.5% for a single-junction device
[1,2], several open questions persist in the scientific com-
munity, ranging from the nature and densities of the defects
in the absorbers [3—5] to the optimal design for interface
energetics in a full device [6,7] and long-term stability
[7-9].

The optimization of device performances goes along
with a complete understanding of complex recombination
processes occurring both in the bulk and at interfaces.
Due to the interplay of several chemical and physical
parameters in these hybrid compounds, such studies often
require the use of advanced characterization methods.
Among these, time-resolved photoluminescence (TRPL)
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is widely used to probe halide-perovskite transport prop-
erties [10,11]. If the TRPL experiments are rather easy to
perform, difficulties lie in the correct physical interpreta-
tion of the signal [12,13]. To date, two main approaches
are employed in the literature: one based on phenomeno-
logical fitting of the decays and the other on the use of
drift-diffusion equations. In the first case, fitting functions,
such as monoexponential, biexponential [14], stretched
exponential [7,15,16], and triexponential [17], are arbitrar-
ily chosen. Though fitting the decays with these custom
chosen functions often yields close correspondence with
the observed signal, the fitted time constants and parame-
ters have no strict physical meaning. The second method
relies on a microscopic drift-diffusion model to describe
the dynamics of carrier transport and recombination [18—
23]. This approach is also employed as the basis for the
development of more complex models, with the aim of
investigating in-depth diffusion [19,24] or photon recy-
cling [25,26]. However, this interpretation method has
multiple drawbacks. First of all, these models assess a
large number of microscopic parameters from the fitting
of a handful of decays, such as the diffusion coefficient,
recombination rate constants, interface properties, and
device geometry. Therefore, questions arise about the

© 2021 American Physical Society
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number of independent parameters that can be determined
with this method. Another major drawback stems from
the fact that multiple sets of parameters can account sat-
isfyingly for the same measured signal [27]. Moreover,
uncertainty computations are not often detailed, and the
correlation between fitted parameters are rarely reported.
Another important issue concerns the treatment of large
datasets acquired by time-resolved imaging setups, such
as time-resolved fluorescence imaging (TRFLIM). Indeed,
fitting decays with drift-diffusion models can be time-
consuming, and therefore, performing fits for every pixel
of an image requires intense computational power. Thus,
to accurately map local transport parameters, alternative
approaches in modeling and data treatment are required.

Here, we establish a theoretical relationship that allows
for the direct determination of physical parameters without
using drift-diffusion fitting. This method directly outputs
coefficients that are related to physical parameters via the-
oretical formulae. Our approach is based on a scaling law
we derive for the time derivative of the transient PL signal
computed just after the laser pulse. Other groups use the
derivative of the PL signal to describe different physical
phenomena. For instance, Krogmeier and co-workers [28]
defined a differential lifetime of a halide perovskite closely
linked with such a derivative [18]. Saba and co-workers
displayed the initial derivative as a function of laser flu-
ence studied on methylammonium (MA) lead triiodide
(MAPDI;) and MAPbI;_,Cl, perovskite [29]. However,
in only a few publications [21,30] were the theoretical
components of the PL derivative directly associated with
their physical origin, i.e., carrier diffusion and recombi-
nation in the bulk or at interfaces via traps and radiative
recombination. In these publications, the derivative is com-
puted in a general and thus integral form. As no specific
analytical form for the inhomogeneous photogenerated
carrier-density profile, An(z, ), is considered, the integrals
are not computed.

We propose to compute the expected derivative and inte-
grals a “short time” after the pulse, when one can make an
assumption about the photogenerated carrier-density spa-
tial profile based on Beer-Lambert’s law. We obtain a law
that is linear in laser fluence. Starting from this law and
from the observation of the short time derivative of the PL
signal, it is possible to extract accurate values of physical
parameters, such as the external radiative-recombination
coefficient or top-surface recombination velocity. This
method can also be applied for the analysis of three-
dimensional datasets, acquired with both imaging systems
and confocal PL setups, although a very precise signal is
needed for local application. One of the benefits of consid-
ering only the beginning of the decays is found in the high
signal-to-noise ratio of the curves in this temporal window.

This paper is arranged as follows. We first discuss the
theoretical approach we use to derive the scaling law at
a short time. Then, we experimentally validate the model

by determining the main transport parameters of a state-
of-the-art triple-cation lead-halide perovskite thin film.
Using this dataset, we show that this technique allows the
transport properties, such as the top-surface recombination
velocity, to be accurately mapped. Finally, we comment
on the range of validity of the technique, as well as on
the quality of its output-parameter values, and compare
this approach to the usual drift-diffusion fitting technique
to highlight their complementarity.

II. MODEL DESCRIPTION
A. The drift-diffusion model

In this section, we introduce the theoretical concepts
leading to the scaling law we establish. The first hypoth-
esis we make is to tackle the case of intrinsic materials.
We consider a slab of intrinsic semiconductor material of
thickness L. As the material is intrinsic, and the electric
field is not considered, we assume that the electron and
hole local densities are equal at any time and position,
meaning n.(z, t) = ny(z,t) = n(z, t). The sample is illumi-
nated by a pulsed laser from its top surface. The pulse
duration of the laser used later in this study is in the order
of tens of picoseconds. However, the time resolution of
the gates of the TRFLIM setup is in the order of nanosec-
onds; therefore, we model the pulse as an initial condition
for the excess carrier density, An(z, ), and not as a time-
dependent generation function. This kind of approximation
has been previously used in the literature, for instance, by
Maiberg and Scheer [21]. For the initial spatial profile of
the excess carrier density, we assume Beer-Lambert’s law:

An(z,t =0) = n,ae”*, (1)

with 7, as the fluence of the laser in ph cm ™2 per pulse
and « in cm™! as the absorption coefficient of the material
at the excitation wavelength, X, of the laser.

From this initial state, the system will relax towards the
equilibrium solution, An = 0. The drift-diffusion equation
is used to describe this relaxation. We write it in the fol-
lowing form, which is valid at each position z inside the
absorber and time ¢ > 0 [31]:

0an = DEA R @
4 = —I(Z — 4
at 9 azz 9 b 9

with D as the diffusion coefficient in cm?s~!, and R(z, f)
as the recombination rate in cm~>s~! at position z and
time ¢. We consider two main types of bulk recombi-
nation: recombination via traps or Shockley-Read-Hall
(SRH) recombination [32,33] and radiative recombination.
The recombination rate is therefore

(An)?

An + Nk

+ ky(An)?, 3)
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where we introduce the nonradiative recombination rate
coefficient, k;, in s~! and the external radiative recombi-
nation rate coefficient, k>, in cm?s™!. Npux accounts for
the case of defects that have an energy close to one of the
bands; see more details in Sec. 1.1 within the Supplemen-
tal Material [34]. Notably, in Eq. (3), the intrinsic carrier
density, n;, is neglected with respect to An, leading us to
approximate n> — ”12 ~ An.

While photon recycling is shown to play an important
role for thick perovskite absorbers [35,36], the impact of
this process on thin films is still under debate. One way
to take photon recycling into account is by introducing a
factor applied to the internal radiative recombination coef-
ficient [37], namely, k, = pesckizm, with pese < 1 being the
probability of escape for a photon, and 5" as the inter-
nal radiative-recombination coefficient. A more advanced
way of modeling was proposed by Ansari-Rad and Bis-
quert, who considered an effective drift-diffusion equation
for photons coupled with those of the carriers [38]. We
use their model to evaluate the impact of photon recy-
cling and light outcoupling in the case under study. The
details are presented in Sec. I.LE within the Supplemental
Material [34]. The main conclusion is that photon recy-
cling plays almost no role in the present case because
we consider thin layers relative to the absorption length
at the emission wavelength. It could, however, in other
cases, have an impact by modifying the observed exter-
nal radiative-recombination coefficient. We therefore leave
k to represent the external radiative-recombination coeffi-
cient for a general model, even though our experimental
conditions correspond to a case where it close to the
internal radiative-recombination coefficient.

Auger recombination is not considered, as it is relevant
only at very high carrier densities, > 107 cm™, at least
for MAPbI; perovskites [39]. However, as detailed in Sec.
L.D within the Supplemental Material [34], Auger terms
can be taken into account. Our observations conclude that
they are negligible in the case under study.

From the definition of the radiative-recombination rate,
we can set the PL intensity received by the detector at time
tas

L
IpL(t) = A / An*(Z, 1) dZ, 4)
0

with 4 being a proportionality factor that describes the
precise losses and geometry of the measurement setup.

Recombination processes occurring at the interfaces are
proved to critically affect device performance [40,41]. We
thus introduce surface recombination at the top and bottom
interfaces into the model. At the top interface,

_g  Ane=007
= topAn(z — O,I) +M0pa

p2A" 0.0 (5)
0z

where Sy, is the top-surface recombination velocity, and
Niop is the corresponding defect-related density, similar to
Npuk- A similar expression (with a minus sign) is con-
sidered at the bottom interface at z = L, with Sy, being
the bottom-surface recombination velocity and Ny, as the
corresponding defect-related density.

B. The scaling law a short time after the pulse

Guided by the fact that all driving forces are present at
the initial time, we compute analytically the time deriva-
tive shortly after the pulse of the PL signal normalized by
its maximum value:

dlgp™ _ 1 dlpL
dt |_, IL@t=0) dr|_,

(6)

To go further, we make the following and main approxi-
mation. We assume that, shortly after the pulse, the carrier
density is both close to its initial Beer-Lambert-like state
and all the while respecting the drift-diffusion equation.
Using this approximation, along with the definition of the
PL [Eq. (4)] and the drift-diffusion equation [Eq. (2)], one
can compute the theoretical value of Eq. (6). A general
form can be computed, as demonstrated in Sec. 1.2 within
the Supplemental Material [34]. This extended form can be
further simplified with additional assumptions: (i) the exci-
tation wavelength is strongly absorbed (e ™% « 1) and (ii)
the defect-related densities are negligible compared to the
excitation densities (1, & > Nyui, Niop). More details on
the approximation validity are given in Sec. [.B within the
Supplemental Material [34]. Under such approximations,
we obtain the following scaling law:

drg™ ’ 4
— =-2 [k1 +a‘D + 2aSmp] — = [kaln,. (7)

dt | 3

This equation relates the derivative of the normalized
decay curve just after the laser pulse to the model param-
eters, notably, to the experimentally accessible parame-
ters: the fluence, n,, and the laser-wavelength-dependent
absorption coefficient, & (1). The slope of this linear behav-
ior gives direct access to the product ak,. The absorption
coefficient can be measured via other methods, such as
Fourier-transform photocurrent spectroscopy [42,43] or
ellipsometry [44]. Therefore, one can extract a direct mea-
surement of the external radiative-recombination rate, k,.
The intercept of the scaling gives direct access to the
quantity & + a?D + 2aS,p. There is a major difference
between the intercept of the scaling at a short time and
the (long-time) observed lifetime: the spatial distribution
of the carriers. For the short-time intercept, it follows Beer-
Lambert’s law, while for the lifetime a more homogeneous
distribution is reached (not entirely homogeneous due to
surface recombination). These two distributions explain
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the difference, in terms of theoretical formulae, between
these two characteristic times of the system.

Equation (7) suggests two sets of experiments. The
first one consists of measuring decays when varying the
laser fluence at a given laser wavelength. This approach
is widely employed in the literature [20,22,24,28]. In this
case, one could explore how the initial slopes of the rela-
tive decays exhibit a linear relationship with laser fluence.
The other set of experiments would consist of varying the
laser wavelength at fixed laser fluence. Then, as long as
the high-absorption condition, e « 1, is fulfilled, one
expects a polynomial of second order in « for the ini-
tial derivative (a generalized version of the scaling for the
low-absorption case is given in Sec. I.LF within the Supple-
mental Material [34]). Combining the two methods would
give access to most of the model parameters, ki, D, Siop,
and k,, without the use of any complex numerical mod-
els. This second set of experiments will be the subject
of a future study, while we will tackle fluence-dependent
studies in the rest of this paper.

III. EXPERIMENTAL RESULTS ON
TRIPLE-CATION PEROVSKITE

To validate the proposed model, we perform TRFLIM
experiments on triple-cation perovskite thin films [Csg s
(MAy.17FA.83)0.95Pb(Brg.1710.83)3; FA, formamidinium]
deposited on glass substrates. Acquisitions are carried out
by applying a wide-field pulsed illumination (A = 532 nm)
under a protective N, atmosphere at a temperature of 20 °C
to prevent light-soaking effects [45]. Each acquisition is
repeated 3 times and good reproducibility is obtained, as
reported in Fig. S2 within the Supplemental Material [34].
We acquire images with a 3-ns-long exposure gate. To
further improve the time resolution of our measurement,
we acquire one image every 250 ps during 19.5 ns, see
Fig. 1(a). Thus, we obtain subnanosecond-resolved images
and decays. One of the advantages of the subnanosecond-
resolved curves is that they allow verification that the
maximum of the PL decay is not missed by a desynchro-
nization between the laser pulse and the gated camera,
which is critical when normalizing decays. However, for
such temporal resolution, it is necessary to consider the
convolution of the signal with the camera’s temporal-
response function. We also acquire regular data cubes, by
taking one image every 3 ns from ¢ = —21 to 879 ns, as
shown in the inset of Fig. 1(b).

In Fig. 1(b), we plot subnanosecond-resolved decays
acquired at different laser fluences (varying from 4 x 10!!
to 1 x 10! phem~2) and averaged over the whole image.
The corresponding scaling is shown in Fig. 1(c), as blue
dots. The derivative is computed as the slope of a linear
fit of the natural logarithm of the PL between 0.5 and 2.5
ns. Two datasets are considered: in the former, the deriva-
tive is performed on the raw decays shown in Fig. 1(b),

while in latter we compute the derivative on the results of a
deconvolution algorithm applied to the decays. The decon-
volution algorithm uses a Wiener filter and is described in
Sec. 3 within the Supplemental Material [34], along with
the resulting decays. To correctly evaluate the deconvolu-
tion, we measure our apparatus-response function and use
fast-Fourier-transform algorithms to recover the original
signal. A parameter, denoted K, is needed for the Wiener-
filter deconvolution and is taken here to be K = 0.1. Its
influence is discussed in Sec. 3 within the Supplemental
Material [34]. We also test a third method of deconvo-
lution, via an effective fit of a convolved biexponential
with results close to the Wiener deconvolution. Details are
given in the Supplemental Material [34]. For both scalings,
linear behavior for the initial derivative with the laser flu-
ence is observed, as expected from Eq. (7). Then, we fit
linearly the points of Fig. 1(c), to obtain the slope a =
—4/3ak; and intercept b = —2 [ky + a>D + 2aSiop | of the
scaling law. For the raw dataset, we obtain values of a =
—(5.7£0.6) x 107% cm?s™! and b = —(1.24 £ 0.03) x
108 s~!, whereas for the deconvoluted dataset we find
a=—(1.07£0.15) x 107 cm*s™" and b= —(2.06 %
0.08) x 108 s~

We can make three remarks on the impact of temporal
convolution. (i) The order of magnitude of the parameters
is similar for both results after and before deconvolu-
tion. (ii) Characterizing the apparatus-response function
allows the use of deconvolution algorithms; these algo-
rithms are especially efficient in the high signal-to-noise
regions, which is exactly our temporal window of inter-
est when computing the short time derivative. (iii) The
use of deconvolution algorithms is necessary because the
characteristic timescales of the material’s decay are com-
parable to the temporal resolution of our camera. We
want to stress that deconvolution would not be neces-
sary for the study of materials with longer characteristic
timescales.

Furthermore, we use the results from the deconvoluted
dataset [krats32 nm = (8.0 £ 1.1) x 107® cm?s™'] to esti-
mate the transport parameters of the perovskite layer.
Assuming an absorption coefficient at the laser wave-
length (532 nm), o = (6.5 4+ 1) x 10* cm™!, from previ-
ous measurements, and in line with literature values for
this composition and laser wavelength [35], we can extract
the value of the external radiative-recombination coeffi-
cient, ky = (1.2 £0.4) x 107'% cm?®s™!, by using Eq. (7).
Moreover, we can provide lower and upper bounds for
the multiple parameters expressed in the intercept coeffi-
cient. The bulk lifetime, t = 1/k;, would, in this regard,
be such that T > 10 ns, which is highly expected for triple-
cation perovskites. The diffusion coefficient would be less
than D < 2.4 x 1072 cm? s™!, corresponding to a mobil-
ity of u < 0.9 cm?s~! 7! at ambient temperature. For the
top-surface recombination velocity, one finds that Sy, <
790 cms~!. All of these conditions are in agreement with
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FIG. 1. Experiments on triple-cation perovskite [Csgos(MAg.17FA.83)0.95Pb-(Bro171p.83)3] thin films under an inert atmosphere.
(a) Scheme of subnanosecond-resolved TRFLIM acquisitions. The 3-ns-long gates slide in time with an interval of 250 ps. For each
gate, an image is acquired. Temporal convolution of the signal with the gates results in a delay between the laser pulse (a few tens of
picoseconds long) and the center of the maximal frame. Top right is the obtained decay averaged over the images. All images share
the same color scale (from 3.5 x 10* to 6 x 10* counts). (b) TRPL intensity, computed as the space integration of the TRFLIM signal,
as a function of time for different fluences acquired with a time shift of 250 ps. Dark curves correspond to lower fluences (down to
4 x 10" phem™2) and red curves to higher fluences (up to 10'> phcm™2). Inset, comparison of subnanosecond-resolved curves (open
circles) with regular decays resolved at 3 ns (line). Only the first 150 ns of the regular and longer decay (that lasts up to # = 879 ns)
are shown. (c¢) Relative slope fitted on the decays between 0.5 and 2.5 ns as a function of laser fluence: blue, measured on raw decays;
yellow, measured on deconvoluted decays. Error bars are given by the fitting function; see Sec. 2 on numerical uncertainty within the
Supplemental Material [34]. Curves are fitted by using a linear function (dotted line): y = ax + b. Parameters found for the raw scaling
area=—(5.740.6) x 107® cm?s~! and b = —(1.24 £ 0.03) x 10® s~!. Parameters found from scalings from deconvoluted decays
area = —(1.07 £ 0.15) x 1075 cm? s™! and b = —(2.06 & 0.08) x 10% s7!.
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literature results on triple-cation perovskites [35] and with
our previous results [24].

This analysis can also be performed locally on images,
as shown in Sec. IV and Fig. S8 within the Supplemental
Material [34]. For each pixel, a binning with the neigh-
boring pixels is performed (10 x 10 pixels, centered), and
a linear scaling is fitted from the derivatives measured
on the local deconvoluted decays. The maps of the slope
and intercept of the scalings are displayed in Figs. S8(a)
and S8(d) within the Supplemental Material [34]. We
can observe local variations that are negatively correlated
between the intercept and the slope; see Fig. S8(c) within
the Supplemental Material [34]. According to our simu-
lations, this anticorrelation can be explained by noise in
the determined derivative of the decays; see Fig. S8(f)
within the Supplemental Material [34]. This means that
local application of the scaling law suffers from high noise
on the local decays in our dataset. With such a level of
local noise, we are unable to output independent maps of
slope and intercept, which would lead to independent maps
of material parameters.

However, one advantage of our approach over phe-
nomenological fitting is that it allows us to form a hypoth-
esis based on physical considerations. In the situation
currently under scrutiny, we can assume that the bulk prop-
erties of the film are uniform and that heterogeneities are
caused by local differences in the local top-surface recom-
bination velocity. Under this hypothesis, all local scalings
should have the same slope, since the absorption coeffi-
cient, o, and the external radiative-recombination coeffi-
cient, k,, are considered constant. Indeed, we evaluated
the impact of the local outcoupling on the slope of scaling
via a modification of the external radiative-recombination
coefficient and find it to be less than the sensitivity of our
technique; moreover, the outcoupling is found to have no
impact on the intercept of the scaling. Therefore, under this
approximation, only the intercept of the scalings should
vary locally, and its variation is attributed to a variation
in local surface-recombination velocity, see Eq. (7). We
fix the slope of local scalings to the value we obtain
from the spatially averaged decays, a = —(1.07 £ 0.15) x
10> ecm?s™!, and compute only the local intercept. In
doing so, we obtain a map of the local intercept of scal-
ing. By assuming values for the bulk SRH recombination
parameter, k;, and the diffusion coefficient, D, it is possi-
ble to extract a map of the local top-surface recombination
velocity, S;, as shown in Fig. 2(a). The values we assume
for D and k; are the results of a drift-diffusion fit of longer
decays presented in Sec. I'V. In Fig. 2(b), we show a ver-
tical cross section of the map. We can see variations that
are above the estimated error bars. To justify our assump-
tion that local surface recombination is the origin of the
variation of the intercept, we evaluate, from Eq. (7) and
the chosen parameter set, that top-surface recombination
accounts for 76% of the value of the intercept. We can thus

conclude that the scaling law, combined with the hypothe-
sis for the material under study, allows us to observe local
variations of parameters in a direct way.

To test the technique further, we perform experiments
on inhomogeneous samples: perovskite on glass that was
exposed to an x-ray beam. The application of the scaling-
law technique is shown in Sec. IV.B and Fig. S10 within
the Supplemental Material [34]. In this case, we image
variations of local intercepts that correspond to the x-ray
spot, while the slope of scaling shows little variation. In
this inhomogeneous case, no hypothesis is required, as we
find uncorrelated variations of slopes and intercepts.

IV. DISCUSSION

In this section, we discuss the obtained results. First, we
comment on the values of the parameters obtained with
this technique. Then, we compare this technique with reg-
ular drift-diffusion fitting, and we demonstrate that using
the scaling law leads to a higher level of accuracy in the
determination of parameters. Next, we discuss the valid-
ity of the assumptions leading to Eq. (7), describing the
scaling law. Finally, we discuss the limits of the proposed
technique and possible future improvements.

By following the scaling-law approach, we obtain a
value for the external radiative-recombination coefficient,
ky, equal to ky = (1.2 +£0.4) x 107!1% cm®s~!. According
to Brenes ef al. [35], the internal radiative-recombination
coefficient of Csg05(MAg.17FA.83)0.95Pb(Bro.1710.83)3 per-
ovskite is in the order of k&, = 2.0 x 10719 cm?s~!, while
the external radiative-recombination coefficient, evaluated
by taking into account photon recycling, is in the order
of k&5 = 1.0 x 107" cm?® s™!. First, we can observe that
our technique is able to yield a value close to what is
expected for such materials. Second, the value we find is
close to the internal radiative-recombination coefficient,
as expected by our simulations of the impact of photon
recycling in the present case; see Sec. I.D within the Sup-
plemental Material [34]. The difference between the value
given in Ref. [35] and ours can have different origins. One
is the overall uncertainty of this parameter, which is still
not determined with precision. Second, the obtained value
is dependent on the measurement of the absorption coef-
ficient at the laser wavelength, «. Third, we show that
temporal convolution has an impact on the determination
of the radiative coefficient. This calls for a more detailed
study on the best method to deconvolute the signal and
obtain the most-precise estimate. Therefore, we conclude
that the scaling law allows us to extract a direct value
for the external radiative-recombination coefficient, which,
in the present low-photon-recycling case, is close to the
internal radiative-recombination coefficient.

To ascertain the accuracy of the parameters we
obtain from this measurement technique, we perform a
comparison with the drift-diffusion fit of longer decays.
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FIG. 2. Local determination of parameters. (a) Map of top-surface recombination velocity from fitted local intercepts of local scal-
ings. Seven fluence acquisitons of Fig. 1 are used at a local scale. Binning of 10 pixels is applied, meaning that all pixels are averaged
out over a square of 10 x 10 pixels. For each pixel, seven decays are obtained, corresponding to seven fluences. Derivative of decon-
voluted decays are computed between 0.5 and 2.5 ns. Derivatives are assembled to form the scaling, from which the intercept is fitted.
Slope for all points is set to a = —1.07 x 10~ cm?s~!. To obtain the map of local intercept, we compute locally the average of
the ensemble, £ = (derivative — a x fluence). For the uncertainty, we compute std(E)/+/E,, with E, as the number of elements in
E. Then, we use Eq. (7) and the assumed values for the other parameters to compute the map of Sy, from the map of the intercept.
Parameters are estimated to be D = 3.54 x 1073 em?s™!, k; =9.23 x 10°s™!, and o = 6.5 x 10* cm™!. (b) Vertical cross section of

map (a) atx = 6.5 um.

The parameter that our scaling is able to determine is
the radiative-recombination coefficient, k,. Therefore, we
implement two fitting strategies. One, in which &, is used
as a fitting parameter, is named strategy 1, and another,
where we fix k, to the value obtained by the scaling mea-
surement, is named strategy 2. For both, we also fit D,
k1, Noulk> Stop, and Nyop. We fit the seven TRPL curves
together at once and with only one model for all the curves:
no parameter is changed as a function of fluence. The
results of the first fitting are presented in Fig. S6 within
the Supplemental Material [34]. For strategy 2, the fitted
parameters are available in Table S1 within the Supple-
mental Material [34], while the correlations between fitted
parameters are given in Table S2 within the Supplemental
Material [34]. Overall, the correlations are reasonably low.
The highest correlations are between D, Ny, and Ny,
and equal +0.78, indicating that these three parameters
have similar bending effects on the decay curves.

We compare the results of the two fitting strategies:
comparable values for the fitted parameters are obtained
in both cases. In addition, the uncertainties of the fitted
parameters are reduced when considering the value of &,
determined by scaling (see Table S3 within the Supple-
mental Material [34]). In particular, the uncertainty of Ny
goes from 42% when k; is a free fitting parameter to 25%
when k; is fixed. Finally, the value of radiative recombina-
tion from the drift-diffusion fit is A2° = (1.16 £ 0.07) x
1071°, which is fully compatible with the value obtained

with scaling. Therefore, we conclude that the scaling law
is complementary to regular drift-diffusion fitting.

Moreover, the experimental observation of linear scal-
ing proves that our assumptions to obtain it are reasonable.
Namely, four main assumptions lead to Eq. (7). (i) The
intrinsic nature of the perovskite material, which, accord-
ing to this experiment, is doped less than 3 x 10'® cm?.
In a recent study by Feldmann et al. [46], photodoping
of the perovskite was evidenced at timescales in the order
of tens of nanoseconds. Our technique is not sensitive to
such effects, as it relies on the very first nanoseconds of the
decays. (i) At a short time, under our experimental con-
ditions, one can neglect the defect-related densities, Nyyix
and N, in front of the photogenerated carrier density; this
is also confirmed by the values found for these parameters
by the drift-diffusion fitting presented above. (iii) No high-
order Auger-like recombination is observed, as it would
lead to a term, nf,, in the scaling (see the formula of the
scaling in this case and a more detailed discussion in the
Supplemental Material [34]). (iv) At a short time, the spa-
tial profile of the carriers is both close to the Beer-Lambert
initial condition and following the drift-diffusion equation.
Short time is therefore defined as the time during which
this approximation is valid.

However, we also note that our technique has two
main experimental limitations. The first one is due to
the camera’s temporal-response function. To reduce the
gap between experimental measurements and theoretical
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models, we use deconvolution algorithms, as discussed
above. It is worth noting that this limitation is not due to
our method, but it is a common issue to all time-convoluted
signals. The second one is related to the use of the scaling-
law approach to map transport parameters. We observe that
noise on the local decays creates a negative correlation
between the intercept and the slope fitted at a local level.
This renders it difficult to determine the two parameters
independently at the local scale, when the variations on the
sample are in the order of the sensitivity of the technique.
However, the correlation could potentially also occur for
physical reasons, but, to date, our measurements cannot
distinguish the two. This limitation can be surpassed when
hypotheses are proposed on the nature of the material
under study or when the spatial variations are greater than
the sensitivity.

V. CONCLUSION

We present a method for acquiring and interpret-
ing TRPL (or TRFLIM) data from the combination of
advanced modeling and characterization of intrinsic mate-
rials. This method relies on the observation of the deriva-
tive of the PL decay a short time after the laser pulse. The
derivative is analyzed as a function of the laser fluence,
with expected linear behavior. This scaling is obtained
from a simple analytical model and applied to triple-cation
lead-halide perovskites with TRFLIM measurements to
investigate the transport properties. A value of the exter-
nal radiative-recombination coefficient is extracted and
then confirmed by a single drift-diffusion model for seven
different excitation powers. Moreover, the scaling allows
for the local determination of the top-surface recombina-
tion velocity under the hypothesis of spatially constant
bulk properties of the thin film. Most importantly, this
approach represents an important step towards more direct
measurements of various physical parameters. This is cru-
cial for the determination of the transport properties of
perovskite materials, which are still under intense debate
in the community. Moreover, the scaling-law technique
improves classical drift-diffusion fitting, as it allows the
uncertainties on the fitted parameter to be reduced.

As previously mentioned here, another set of experi-
ments can be performed by varying the laser wavelength.
This would lead to the observation of scaling as a func-
tion of the absorption coefficient, «(}X). Together with a
power study, this excitation study could allow for the
determination of most of the parameters without using
a single drift-diffusion code. Finally, the scaling law is
valid for probing short time dynamics, but it does not suf-
fice to correctly model phenomena occurring over long
times. Notably, some of the model parameters matter only
at a longer timescale. This arouses our interest in the
theoretical investigation of long timescale dynamics,
where complementary physical information is contained.

VI. MATERIAL FABRICATION

A double-cation perovskite solution, (MAg 7FAs3)Pb
(Bro.1710.83)3, 1s prepared by dissolving 1.10-M Pbl, (TCI
Chemicals), 0.20-M PbBr, (Alfa Aesar), 1.00-M for-
mamidinium iodide (FAIL, Dyesol), and 0.20-M methy-
lammonium bromide (MABr, Dyesol) in a mixture of
dimethylsulfoxide (DMSO)-dimethylformamide (DMF)
1:4 in vol.-vol. as the solvent. To obtain the triple-cation
perovskite, i.e., Cspos(MAg.17FA083)0.95Pb(Bro.1710.83)3,
Cs™ is additionally injected from a 1.50-M precursor solu-
tion of Csl (Sigma-Aldrich) in DMSO. The solution, after
2 h of stirring in a magnetic mixer, is spin-coated onto
glass substrates by following a double plateau. First, 35 uL
of the perovskite solution is spin-coated at a rotation of
2000 rpm for 10 s at an acceleration of 1000 rpm/s. Then,
100 nL of chlorobenzene is spin-coated at a speed of 6000
rpm for 30 s. After deposition, the perovskite films are sub-
mitted to an annealing treatment at a temperature of 100 °C
for 30 min in a nitrogen glovebox. The thickness of the
perovskite thin films is approximately 500 nm.

VII. EXPERIMENTAL METHODS

Wide-field illumination imaging is realized with a
TRFLIM setup. The system is composed of a Talisker
pulsed laser (A =532 nm, f =40 kHz), an intensified
electron-multiplied CCD camera (em-ICCD, PIMAX4,
Princeton Instruments), and a home-built optomechanical
excitation-collection setup. The gate width of the camera
is set to 3 ns. For the subnanosecond-resolved curves, the
camera gating time is varied in 250-ps steps from —5.5
to 19.5 ns. For the regular curves, the camera gating time
is varied in 3-ns steps from —21 to 879 ns. Photolumi-
nescence is collected through a Nikon 50x high-working-
distance objective with NA = 0.80. The sample is placed
in a cryostat chamber set at 20 °C and filled with nitrogen.
The PL is filtered through short-pass and long-pass filters
(DMLP650R and FES750, Thorlabs). Each acquisition is
repeated 3 times in a row, with a 5-s pause in between.
Acquisitions are post-treated using MATLAB.

VIII. SIMULATION METHODS

Simulations are performed using a home-made MAT-
LAB code. The PDEPE function is used to solve the drift-
diffusion equation for the photogenerated excess carrier
density, An. This code is validated against the SILVACO
Atlas simulation tool. For fitting, the convolution of the
simulated decays with the apparatus-response function is
performed with the phenomenological fit of the response
function, see the section on deconvolution in the Supple-
mental Material [34]. For fitting, all seven fluence curves
are fitted at once and compiled into a two-dimensional
matrix of experimental data. The fitted curves are the natu-
ral logarithm of the normalized PL decays. For each curve,
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only the points where the normalized PL level is greater
than 5 x 10~* are used for fitting.
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