
RESEARCH ARTICLE
www.small-methods.com

Imaging of Recombination Rates and Lifetime in Perovskite
Thin Film Processing
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Large-scale fabrication and optimization of high-quality polycrystalline
perovskite thin films present significant challenges in scientific research and
industry. Shifting from single-spot measurements to imaging techniques
facilitates the transition from laboratory-scale to large-scale processing. While
single-spot photoluminescence (PL) methods provide high-depth insights into
local optoelectronic characteristics, they are insufficient for assessing reliable
information on homogeneity and spatial characteristics. Currently, no
PL-based imaging method delivers a comparable level of information depth on
charge carrier dynamics to single-spot PL methods. In response, this work
introduces a non-invasive imaging technique based on double-pulse
excitation. Varying the time delay between the pulses gives rise to spatial
information on relative photoluminescence quantum yield (rPLQY) in thin
films, yielding fundamental optoelectronic characteristics such as external
radiative and effective non-radiative recombination rates and charge-carrier
lifetime. Compared to traditional PL-imaging and k-imaging demonstrates the
superiority of rPLQY-imaging in revealing charge carrier dynamics. This
technique proves applicable across various sample configurations,
irrespective of the presence of electrodes and charge transport layers. In
addition, the method can estimate surface recombination velocity and
variations in escape and parasitic absorption probabilities. Overall, the
rPLQY-imaging method emerges as a valuable tool for scientific research
aimed at characterizing and optimizing large-area perovskite thin films.
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1. Introduction

Perovskite thin film photovoltaics sus-
tain tremendous attention due to their
excellent power conversion efficiencies
(PCEs), tunable bandgaps, and cost-
effective fabrication methods.[1] Single-
junction perovskite solar cells achieve
PCEs exceeding 26%,[2] rendering
them competitive with the established
silicon-based technology.[3] Moreover,
silicon-perovskite tandem solar cells
(TSCs) demonstrate remarkable PCEs
surpassing 34% on a laboratory scale,[4]

highlighting the enormous potential of
the technology. Mitigating non-radiative
recombination processes, detrimental
to the open-circuit voltage (VOC), consti-
tutes a promising approach to further
improve the device’s performance.[5]

Achieving such improvements requires
a deeper understanding of the underly-
ing physics of charge carrier transport,
recombination dynamics, and material
degradation mechanisms.[6] Photolu-
minescence (PL) based characterization
techniques are non-invasive and provide
insights into excited charge carriers’ ra-
diative and non-radiative recombination
processes.[7–9] These methods enable

an understanding of recombination dynamics, which are cru-
cial for sample characterization and optimization.[10] Moreover,
PL-based imaging techniques provide access to spatial variations
within the sample, a crucial attribute for large-scale thin film
characterization. In contrast to spin-coated samples, large-scale
solution-processed perovskite thin films deposited via blade or
slot-die coating often exhibit increased inhomogeneity and de-
fect density.[11] Scalable characterization methods are therefore
essential for achieving a comprehensive evaluation of thin film
quality and homogeneity. Established techniques such as tradi-
tional PL and intensity-dependent PL imaging differ in their rou-
tine of sample excitation, leading to different degrees of infor-
mation depth on optoelectronic characteristics. However, both
methods provide only qualitative information on recombina-
tion rates[11] (see Figure 1). In this work, we introduce relative
photoluminescence quantum yield (rPLQY) imaging, a novel
and complementary PL-based imaging methodology that is
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Figure 1. Schematic comparison of traditional photoluminescence (PL)-, intensity-dependent PL, and relative photoluminescence quantum yield
(rPLQY)-imaging for their respective information depth with regard to several characteristic parameters. The yellow and green circles indicate quali-
tative and quantitative information on the characteristics delivered by the respective imaging method.

capable of directly determining the rate constants. To demon-
strate the advance of rPLQY-imaging compared to traditional and
intensity-dependent PL imaging, we briefly review the methods,
as detailed below:

1) Traditional PL imaging typically involves exciting the sample
with a predefined intensity and wavelength, followed by im-
age acquisition using a scientific camera. A long pass filter
effectively blocks the excitation light, ensuring accurate detec-
tion of emitted PL signals. The measurement can be affected
by various sources, such as stray light, reflections, or uneven
illumination, which can compromise the result’s reliability.[12]

Additionally, different excitation conditions are reported in
the literature, which complicates comparisons between dif-
ferent setups as PL signals are typically measured in arbitrary
units. Moreover, only qualitative assessments of non-radiative
recombination can typically be made based on such data.[13]

Higher PL intensity is often associated with a lower extent
of non-radiative recombination rates, suggesting better film
quality. However, interpreting the results can be challenging
due to additional factors, such as photon in- and outcoupling
at the film surface.[14]

2) Intensity-dependent PL imaging provides further insight into
recombination kinetics, as PL intensity typically follows a
power law relationship PL∝Ik with the parameter k and illu-
mination intensity I. When free charge carriers govern the
photon emission, the parameter k ranges between 1 and 2.
A k-value of 1 signifies a dominant radiative recombination
path or non-radiative surface recombination, whereas a k-
value of 2 indicates a predominance of non-radiative chan-
nels. Since the k-parameter does not provide absolute recom-
bination rate values, interpreting variations in k is ambigu-

ous. Consequently, k-values offer qualitative insights into the
effective non-radiative and external radiative rate constants
knon-radiative, eff, and kradiative, ext.

[15–17] The k-imaging technique
provides quantitative results comparable to other experimen-
tal techniques. Moreover, it shows robustness against inho-
mogeneous illumination or reflection effects, enhancing in-
formation depth and reliability in contrast to conventional PL
imaging.[11]

3) Relative photoluminescence quantum yield imaging, introduced
in this work, is based on double-pulse (DP) excitation with
variable delay time between the pulses and directly provides
the quantitative values of both rate constants, knon-radiative, eff
and kradiative, ext. Since PL-imaging offers qualitative informa-
tion about knon-radiative, eff and k-imaging about knon-radiative, eff
and kradiative, ext, the direct quantification of recombination
rates in rPLQY-imaging establishes it as the most reliable
method by unambiguously assessing the quality of a sam-
ple and showing the highest information depth among these
three PL-based imaging techniques (see Figure 1).

To date, no concept has been established to perform rPLQY-
imaging. In response, this study introduces the rPLQY-imaging
methodology and the fundamental physics underlying this tech-
nique. We validate its reliability by comparing results with the es-
tablished time-correlated single photon counting (TCSPC) tech-
nique. We highlight the advantages of obtaining spatially re-
solved quantitative values of rate constants for scientific appli-
cations. Numerical experimentation illustrates the broad range
of compatible sample configurations and outlines inherent limi-
tations. Furthermore, application on strategically designed sam-
ples gives rise to an estimation of surface recombination veloc-
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Figure 2. rPLQY-imaging methodology. a) Schematic transient PL decay of a single (left) and double-pulse (center) excited sample. Illustration of
transient PL decay with varying delay times in different blue shades (right). b) Exemplary rPLQY versus delay time including fitting and resulting rate
constants. c) PL-images for varying delay times (left) and schematic illustration of charge carrier distribution before the first pulse (<t1, pulse), directly
after the first excitation pulse (t1, pulse), before the second excitation pulse (tdelay-𝛿t) and directly after the second excitation pulse (tdelay) (right). d)
Exemplary raw camera image without excitation. Images, derived by the rPLQY method, show lifetime, external radiative, and effective non-radiative rate
constant after applying pixel-wise fitting.

ity and variation in escape and parasitic absorption probability.
Overall, this study showcases the suitability of this methodol-
ogy for scientific purposes and future integration in industrial
processes.

2. Results

2.1. Methodology

In the first step, we introduce the methodology of rPLQY-
imaging. The advanced image-based characterization technique

is tailored for thin film processing and facilitates an in-depth
understanding of charge carrier dynamics and absorber quality.
This technique is based on a double-pulse excitation routine with
varying delay times between pulses. The rate constants are ex-
tracted after analysis using a model developed by Kaiser et al.,[18]

A schematic of the working principle is illustrated in Figure 2a.
Single pulse (SP) excitation initiates an exponential PL decay,
which is immediately reset by a second pulse after a specified
time delay (tdelay) (see Figure 2a). With increasing tdelay of the
second pulse, the electron density in the trap states decreases
until all electrons have recombined into the valence band. For
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tdelay → ∞ the two decays will resemble those of two individual
excitation pulses (see Figure 2a right, green traces). By systemat-
ically varying the delay time and observing the PL intensity from
single and double-pulse excitation, we can probe the free charge
carrier dynamics initiated by the first pulse, at different excitation
levels introduced by the second pulse (see Figure 2a right, blue
traces). As shown in our previous work, the rPLQY can then be
determined by the ratio of the time-integrated PL intensity fol-
lowing double-pulse excitation B to twice the time-integrated PL
intensity following single-pulse excitation A.[18]

To intuitively understand the dependence of rPLQY on the rate
constants, Figure 2c illustrates the excess charge carrier concen-
tration in the states at each point in time during double-pulse ex-
citation. Prior to the first pulse, all electrons remain in the valence
band. During the first pulse, absorption excites electrons to the
conduction band, leaving holes in the valence band. After excita-
tion, electrons start to recombine with the holes either radiatively
or non-radiatively via trap states.[19,20] As charge carriers continu-
ously recombine, the excess charge carrier concentration changes
dynamically. Therefore, the concentration at the moment of the
second pulse depends on the delay time. Consequently, varying
the delay time enables access to the charge carrier dynamics.

Based on the description above, the rPLQY depends on the
effective non-radiative and external radiative rate constants,
knon-radiative, eff and kradiative, ext, the delay time tdelay and the initial
density of the excitation pulse N0, A, and N0, B. The effective non-
radiative rate is the sum of Shockley-Read-Hall (SRH) recombi-
nation and, if applicable, surface recombination ksurf.

[21] To min-
imize correlation in the fitting process, parameters of additional
detailed mechanisms influencing SRH recombination rate, such
as detrapping from shallow traps,[9] are not explicitly determined
in the model. However, these effects are implicitly included, as
the model determines the overall effective non-radiative rate. The
external radiative recombination is the product of internal radia-
tive recombination kradiative, int, and the sum of escape and para-
sitic absorption probability (pe + pa).[22] Given that N0, A, N0, B, and
the delay time are experimentally accessible parameters, appro-
priate fitting allows for deriving the rate constants from a rPLQY
data set, as detailed by Kaiser et al.[18] In the following, we provide
a brief overview of the main pillars of the model.

For the emission of free charge carriers, the PL intensity is
directly proportional to the square of the charge carrier density n,
expressed as PL = kradiative, ext ∙ n2.[23] Introducing a second pulse
after a given delay time tdelay, the PL can be split into two parts:
PL(t ≥ tdelay) and PL(t< tdelay). The PLQY for the single and double
pulse scenario of a free carrier is the ratio of the total PL emitted
and the initial density,[24,25] hence described as:

PLQYSP = ∫∞
0 PL dt

N0,A
= A

PLQYDP = ∫∞
0 PL dt

N0,A+N0,B
= B

(1)

Consequently, the rPLQY is expressed as:

rPLQY
(
tdelay

)
=

PLQYDP

(
tdelay

)

PLQYSP

(
tdelay → ∞

) = B
2 ⋅ A

(2)

The complete mathematical expression is provided in Equa-
tion S1 (Supporting Infomation). Applying this model to the data

leads to the rate constants of the sample investigated. Further in-
sight into kinetic characteristics enables the lifetime 𝜏 expressed
as 𝜏 = knon-radiative, eff

−1.[21]

Given the important role of charge carrier dynamics in eval-
uating perovskite film quality, we aim to transform this model
into a spatially resolved imaging technique covering large areas.
This method aims to enable precise characterization and trou-
bleshooting of the perovskite layer during its fabrication process.
To meet laboratory requirements for an effective characterization
imaging method, our setup focuses on ease of implementation,
rapid data acquisition, and adaptability for large-scale sample ar-
eas. Detailed descriptions of the setup and analysis procedure are
available in the methods section below. Achieving a fully spatially
resolved charge carrier dynamics characterization of thin films
(see Figure 2d) requiring only a delay generator, two pulsed light
sources, and a camera emphasizes the scientific applicability of
this method. Avoiding spectral resolution eliminates the need for
a spectrometer, highlighting its ease of implementation while si-
multaneously reducing space and costs. Moreover, adjusting the
camera zoom allows flexibility in the investigated area, while data
acquisition and analysis times depend on acquisition parame-
ters and region of interest (ROI) size. With further software op-
timization and tailored system configurations, rate-constant im-
ages could be generated within minutes.

2.2. Validation

2.2.1. Experimental Validation of Perovskite Thin Film Rate
Constants

We show the method’s reliability by comparing its results against
the established TCSPC technique. This comparison highlights
the capability of our technique to capture the charge carrier dy-
namics of perovskite thin films.

Three different perovskite thin film com-
positions Cs0.17FA0.83Pb(I0.92Br0.08)3 (8%-Br),
Cs0.05MA0.1FA0.85Pb(I0.9Br0.1)3 (10%-Br) and
Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3 (23%-Br) with a thickness
of (400–500) nm are deposited directly on the glass to isolate
their pure kinetic characteristics without interference from ad-
ditional functional layers such as electrodes or charge transport
layers (CTLs). TCSPC measurements are conducted using a
532 nm pulsed laser at varying intensities, leading to initial den-
sities N0 of 1.7 × 1017 cm−3, 4.0 × 1017 cm−3, and 1.0 × 1018 cm−3

around the sample center, as indicated by the red ROI (see Figure
3a–c). Using three different initial densities is essential for per-
forming global fitting (see Equation S2, Supporting Infomation)
to obtain accurate recombination rates.[9,26] Given the disparity
between laser spot and sample size, limiting comparisons to
the red ROI ensures accuracy (see Figure 3a–c). Comparing
results obtained by rPLQY-imaging and the benchmark method
shows a congruent trend within the acceptable margin of error,
confirming its validity (see Figure 3d).

Next, we present a detailed comparison of the rate con-
stants obtained from rPLQY-imaging and TCSPC measure-
ments, revealing deviations ∆ki, j (i ∈ {non-radiative eff, radia-
tive ext} and j ∈ {8%-Br, 10%-Br, 23%-Br}) in the effective non-
radiative and external radiative recombination rates across the
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Figure 3. Experimental validation of perovskite thin film rate constants. a–c) Images of external radiative and effective non-radiative recombi-
nation rate obtained by rPLQY-imaging of glass/perovskite stacks and PL decays at different initial densities obtained by time-correlated single
photon counting (TCSPC) measurements. a) Cs0.17FA0.83Pb(I0.92Br0.08)3, labeled as 8%-Br b) Cs0.05MA0.1FA0.85Pb(I0.9Br0.1)3, labeled as 10%-Br c)
Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3, labeled as 23%-Br d) Comparison between rPLQY-imaging and TCSPC results of each stack.

investigated perovskite thin films. The 8%-Br and 23%-Br per-
ovskite show minimal deviations for both rate constants below
10% with: ∆knon-radiative eff, 8%-Br = 1% and ∆kradiative ext, 8%-Br = 8%,
and ∆knon-radiative eff, 23%-Br = 9% and ∆kradiative ext, 23%-Br = 7%, re-
spectively, as shown in Figure 3d. Meanwhile, the 10%-Br per-
ovskite shows the highest deviations in effective non-radiative
(∆knon-radiative eff, 10%-Br = 10%) and external radiative recombina-
tion (∆kradiative ext, 10%-Br = 20%). Rate constant errors up to 20%
are common in literature, indicating acceptable measurement
success.[27,28]

Previous research by Ruiz–Preciado et al.,[29] compared the
performance of the 10%-Br and 23%-Br perovskite, favoring 10%-
Br due to its ability to achieve a perovskite / CuInSe2 (CIS) tan-

dem device PCE approaching 25%. Even though the 23%-Br per-
ovskite exhibits an over 50% higher radiative recombination rate
than 10%-Br (see Figure 3d), the superior performance of the
10%-Br perovskite can be attributed to its lower non-radiative
recombination rate.[30] These findings show the importance of
quantitatively determining rate constants for drawing direct and
accurate conclusions regarding sample quality. In addition, the
rPLQY-imaging technique provides a notable advantage over the
single-spot TCSPC method, as illustrated in the case of the 23%-
Br perovskite, which exhibits the highest variance of the rPLQY-
imaging results. We attribute this aspect to an inhomogeneous
thin film deposition (see Figure 3c,d). Imaging helps detect inho-
mogeneities in the absorber film, which are of critical importance
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in the processing of large-area devices. TCSPC measurements at
various spots across the sample cannot achieve our setup’s 7.9 μm
spatial resolution precision, given that the TCSPC laser spot size
is 1 mm2. Even TCSPC systems capable of achieving this resolu-
tion fail to deliver results in a reasonable timeframe, particularly
considering the variability in initial densities required for global
fitting. Given the potential presence of defects in the thin film
sample, selecting statistically relevant areas becomes essential to
maintain the accuracy of mean results. This circumstance is ad-
dressed by our rPLQY-imaging method’s ability to reveal such
imperfections.

In summary, this section highlights the validity and accuracy
of rPLQY-imaging, as it provides results consistent with those
obtained by TCSPC measurements. This agreement underscores
the suitability of the rPLQY-imaging method for scientific appli-
cations. Ultimately, these findings highlight the significance of
proper experimental techniques and data analysis in advancing
our understanding of perovskite materials for various applica-
tions.

2.2.2. Validation of Rate Constants in Complex Sample
Configurations via Simulation Study

In this section, we emphasize the ability of our imaging charac-
terization method to derive charge carrier dynamics from various
half-stack configurations – an essential aspect for industrial and
scientific applications. We demonstrate this by conducting nu-
merical experiments, showcasing the method’s effectiveness in
extracting these crucial optoelectronic thin film characteristics.

We opted for a numerical experiment over traditional exper-
imentation due to its inherent capability to efficiently explore
a wider array of scenarios. Unlike conventional experiments,
which are time-consuming and constrained by resources, numer-
ical simulations offer the flexibility to model various conditions
comprehensively. Given the diverse effects of different perovskite
compositions, electrodes, and CTLs on kinetic properties,[21] we
aim to establish a range of possible knon-radiative, eff and kradiative, ext
combinations. Demonstrating the functionality of our model
within this range implies its suitability for various half-stack con-
figurations.

Our simulation study starts with stage 1, focusing on defining
input parameters that accurately reflect the behavior of the ob-
served sample, followed by raw data simulation. Stage 2 involves
applying the model to the raw data, and stage 3 compares the out-
put to the input. If the deviation between those two is minimal,
the simulation study counts as a success.[31] To determine appro-
priate input parameters for stage 1, we first need to understand
how the kinetics of the perovskite are affected by the addition of
electrodes and CTLs. Typical ranges for knon-radiative, eff are between
105 and 109 s−1 for bulk perovskites, while kradiative, ext typically
ranges between 10−12 and 10−7 cm3 s−1.[32] The presence of elec-
trodes and CTLs introduces complexities, significantly influenc-
ing recombination dynamics, depending on the interface recom-
bination velocity S, perovskite thickness d, and initial charge car-
rier density N0.[21,33,34] After excitation, charge carriers accumu-
late within the CTL and recombine either at the perovskite/CTL
interface, which is more likely for high S or in the perovskite bulk,
which is more likely for low S. The interfacial recombination ve-

locity ranges between 10−2 cm and 103 cm s−1, with S = (10−1–
102) cm s−1 being typical reported values.[21,33,35,36] The input of
the non-radiative rate constant can be described as:

knon−radiative, eff , input = knon−radiative, bulk +
S

2 ⋅ d
(3)

where knon-radiative, bulk represents the bulk non-radiative rate con-
stant, which we set to 1.7 × 107 s−1 and d to 400 nm as it repre-
sents typical perovskite thin film thicknesses.[34,37]

By systematically varying S, we establish input conditions that
encompass a wide range of parameter combinations, thereby fa-
cilitating assessments of half-stack applicability. The simulated
input parameters cover a wide range, with knon-radiative, eff, input span-
ning from 1.7 × 107 to 1.6 × 109 s−1, containing 26 discrete data
points. The kradiative, ext, input is set to 1.7 × 10−9 cm3 s−1 (see Figure
4a) and the initial densities of the lasers log(N0) ranges from 14.0
to 17.0 in 0.2 increments, yielding more than 400 distinct scenar-
ios. The delay time varies from 0 ns to 500 ns, with a resolution of
0.01 ns. Subsequently, decay curves are simulated based on these
parameters following Equation S2 (Supporting Infomation). An
exemplary decay curve for N0 = 1015 cm−3, varying S and a second
pulse delay time of 1 ns, is shown in Figure 4b. Consistent with
theoretical expectations, an increased effective non-radiative re-
combination rate leads to a faster decay process.[21] After the sim-
ulation of the raw data set, the processing is applied according to
Equation (2), resulting in rPLQY curves as shown in Figure 4c,
thereby concluding stage 1.

In stage 2, the data is analyzed using model Equation
S1 (Supporting Infomation), producing knon-radiative, eff, output, and
kradiative, ext, output for each scenario, as illustrated in Figure 4d. A vi-
sual comparison between Figure 4a,d immediately demonstrates
the accurate trend in the results. knon-radiative, eff, output exhibits a
trend of increase with rising S, while remaining unaffected by the
initial charge carrier density, as evident from a consistent color
transition from dark green to yellow along the vertical axis. In
contrast, given the constant kradiative, ext, input, the output color map
should demonstrate uniformity across the applied range, which
holds true for S values ranging from (0–101.2) cm3 s−1 and al-
most all initial densities spanning from 1014 to 1017 cm−3 (see
Figure 4d).

To unambiguously interpret the results, we proceed to stage
3 by comparing the input to the output (see Figure 4e). It is
important to note the logarithmic scale of the color bar, where
darker red and orange regions indicate deviations of less than
1% and 10%, respectively. Notably, regions exhibiting deviations
>50% are illustrated as light yellow, observed specifically for S
≥102 cm3 s−1 across all N0 values and S ≥101.2 cm3 s−1, N0< 1015

cm−3 for kradiative, ext. While these areas represent extreme cases
that push the limits of our model, they are still valuable for under-
standing potential outliers. Typically, decay experiments are con-
ducted with initial densities ranging from 1015 to 1016 cm−3,[38,39]

so these extreme cases are not expected to form a significant prob-
lem. However, it is crucial to consider them in our analysis.

The numerical experiment demonstrates the method’s suit-
ability with half-stack configurations, evident from the mini-
mal deviation between the input and output parameters. These
findings underscore its potential for industrial and scientific
applications.
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Figure 4. Validation via a simulation study. a) Input parameters of external radiative and effective non-radiative rate constants kradiative, ext and
knon-radiative, eff in dependence on surface velocity S for simulation. b) Simulated double-pulse time decays at constant initial density N0 and varying
input parameter S. c) rPLQY curves at constant initial density N0 and varying input parameter S. d) Output parameters of external radiative and effective
non-radiative rate constants with varying initial densities N0 and input parameter S. e) Comparative analysis of output to input parameters knon-radiative, eff
and kradiative, ext in dependence of N0 and S.
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Figure 5. Comparison of PL-based imaging techniques. a) Illustration of the sample configuration and treatment. The left side of the sample is treated
with heat (hot) and the right side with heat and pressure (hot-pressed) b) PL image, c) k-image, d) effective non-radiative and external radiative rate
constant image obtained by rPLQY-imaging acquired from absorber side of the same sample. e) Average values of the characteristics of each area
obtained by PL-imaging, k-imaging, and rPLQY-imaging, respectively.

2.3. Example of Applications for the rPLQY-Imaging Method

2.3.1. Improved Quality Analysis of Thermally Treated and
Hot-Pressed Layers on a Single Substrate Compared to Established
PL-Imaging Techniques

In this chapter, we emphasize two essential attributes of an imag-
ing characterization technique: i) the capacity to distinguish be-
tween selected areas, and ii) the enhanced information depth
compared to other PL techniques, enabling the estimation of vari-
ations in escape and parasitic absorption probabilities. The fol-
lowing study explores these features to conduct a detailed surface
analysis and spatial differentiation.

We employ three distinct imaging techniques—PL-imaging,
k-imaging, and rPLQY-imaging—to analyze the same sample
and compare their respective information depth (see Figure 1).
The sample comprises glass / patterned ITO / 2PACz /
Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3. To illustrate surface quality
disparities across four designated areas (see Figure 5a), half of the
sample is hot-pressed at 90 °C and 80 MPa for 5 min, while the
other half is only subject to the high temperature, as reference.
The areas with and without ITO contain information of ≈380 000
and 168 000 data points, respectively (see Figure S1, Supporting
Infomation). The hot-pressing process is applied to improve the
morphology of perovskite absorber film by increasing its grain
size and decreasing its surface roughness, as described in our
previous work by Roger et al.[40]

During sample optimization, PL-based imaging techniques
are crucial for understanding spatially resolved charge carrier re-
combination. However, information depth varies among meth-
ods. Optical artifacts like stray light, reflections, and inhomo-
geneous illumination can influence traditional PL imaging. As
a higher PL signal of a sample is commonly associated with
higher layer quality,[9] these effects complicate result interpre-
tation. Figure 5b illustrates this difficulty, as the sample shows
inhomogeneities, suggesting differences between the reference
and hot-pressed sides of the sample. We attribute the vertical
line in the middle to a reflection artifact. Furthermore, the hot-
pressed side exhibits spots with enhanced PL signal, signifying
defects that potentially emerged due to the hot-pressing step.
However, comparing the PL values of each area (see Table 1) in-
dicates no significant quality differences between both sides.

Intensity-dependent PL measurements reveal further infor-
mation on recombination kinetics, with PL following PL∝Ik,
where k ranges from 1 to 2, indicating the dominant recombina-
tion path.[15–17] k-imaging is robust against optical artifacts and of-
fers quantitative results, enhancing information depth compared
to conventional PL-imaging.[11] However, interpreting the k-value
remains challenging, as no discernible differences can be visually
recognized between the hot and hot-pressed sides (Figure 5c).
The hot-pressed and heat-treated sides show similar overall k-
values (see Table 1) for both areas with and without ITO. Com-
plexity arises from the fact that the k-value serves as an indicator
of quality, but does not represent the ratio of the rate constants.
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Table 1. PL-imaging, k-imaging, and rPLQY-imaging result distribution of four distinct areas of a half-stack configured sample treated half with heat (hot)
and half with heat and pressure (hot-pressed) (see Figure 5).

Hot Hot-Pressed

w/ ITO w/o ITO w/ ITO w/o ITO

PL [k ∙ a.u.] 11.0 ± 1.8 15.9 ± 4.5 11.3 ± 3.5 13.9 ± 3.6

k 1.42 ± 0.02 1.34 ± 0.02 1.41 ± 0.02 1.33 ± 0.02

knon-radiative, eff [106 ∙ s−1] 3.4 ± 1.2 4.4 ± 1.9 3.2 ± 0.7 4.1 ± 1.1

kradiative, ext [10−10 ∙ cm3 ∙ s−1] 4.5 ± 2.9 6.3 ± 4.2 3.2 ± 1.6 4.7 ± 2.0

The highest information depth is ensured by rPLQY-imaging,
offering direct quantification of both rate constants. Figure 5d,e
exhibit noticeable differences between the hot and hot-pressed
sides, showing a decrease in kradiative, ext for the areas with and
without ITO on the hot-pressed side by 29% and 25%, respec-
tively, while knon-radiative, eff remains relatively constant. Moreover,
the relative standard deviation decreases for the hot-pressed side
by 13%–25% (see Table 1), as evidenced by a smoother distri-
bution in the images. This reduction in deviation is attributed
to reduced scattering effects resulting from an increased grain
size and lower surface roughness on the hot-pressed side (see
Figure S2, Supporting Infomation). Considering that a lower
non-radiative rate promises better quality, it seems contradic-
tory that it stays constant on both sides. The combination of
imaging different areas and acquiring the respective rate con-
stants enables a more detailed analysis to resolve this contra-
diction. Given that the only difference between the sides is the
pressing step, specifically leading to increased grain size and
reduced surface roughness for the hot-pressed area, this sug-
gests that the differences are superficial with no significant im-
pact on the intrinsic perovskite bulk properties.[41,42] The experi-
mentally obtained external radiative recombination is a product
of the internal radiative recombination rate kradiative, int and the
sum of escape and parasitic absorption probabilities, kradiative, ext
= (pe + pa) ⋅ kradiative, int.

[9,43] Assuming consistent material prop-
erties, kradiative, int remains constant. Thus, the observed change
in kradiative, ext must be a result of a variation in the sum (pe
+ pa). Without ITO, kradiative, ext = pe ⋅ kradiative, int, (with pa =
0), because there is no parasitically absorbing electrode.[44–46]

Analysing the relative escape probabilities kradiative, ext, w/o ITO, hot /
kradiative, ext, w/o ITO, hot-pressed = pe, w/o ITO, hot / pe, w/o ITO, hot-pressed = 1.34
(see Table 1) implies that the escape probability decreased by
25.4% relatively on the hot-pressed side. This reduction in escape
probability is attributed to lower surface roughness, leading to re-
duced light scattering at the film surface and consequently lower
photon outcoupling, as discussed in our previous work by Fassl et
al.[14] Repeating these calculations for the area with ITO shows a
reduction in kradiative, ext, w/ ITO, hot-pressed = 0.711 ⋅ kradiative, ext, w/ ITO, hot
by 28.9% on the hot-pressed side (see Table 1). This slightly en-
hanced overall reduction in (pe, w/ ITO, hot-pressed + pa, w/ ITO, hot-pressed)
is attributed to additional parasitic absorption in the presence of
the ITO layer. Thus, the presented rPLQY-imaging technique can
be used to identify relative differences in the escape and parasitic
absorption probabilities of a sample.

This study underscores the superiority of the rPLQY-imaging
technique over other PL-based methodologies. By directly provid-
ing results of the parameters of interest, rPLQY-imaging ensures

high interpretation depth, making it beneficial for various appli-
cations in industry and science.

2.3.2. Estimation of Surface Recombination Velocity at
Perovskite/CTL Interface

We demonstrate the capabilities of the rPLQY-imaging technique
when applied to strategically designed sample configurations.
Investigating a sample partially deposited with C60 allows for
an estimation of the surface recombination velocity at the per-
ovskite / CTL interface. Accessing this parameter emphasizes the
method’s potential for sample optimization.

Non-radiative surface recombination is a common loss mecha-
nism in perovskite solar cells.[21,47–49] This recombination occurs
primarily due to defects at the interface between the perovskite
absorber and the CTL,[50] as well as due to energy level offsets
between these layers.[51] In the case of an electron transport layer
(ETL) like C60, this offset allows charges from the perovskite’s
valence band to recombine with those in the lowest unoccupied
molecular orbital level of the ETL.[51] There have been several at-
tempts to reduce surface recombination by introducing passiva-
tion layers[50,52] or aligning the energy levels of perovskite and
CTLs.[51,53] Quantitively, surface recombination can be described
by its rate

knon−radiative, surf =
S

2 ⋅ d
(4)

where S is the surface recombination velocity and d is the per-
ovskite film thickness.[21] Krogmeier et al.,[33] developed an ac-
curate approach for determining the surface recombination ve-
locity by performing transient PL measurements across a range
of fluences and fitting the resulting data to their model. The ex-
tracted parameters from the global fit are validated through com-
parison with simulations conducted within a specific parameter
space around the fit results. The final parameter set is selected
based on minimizing the overall error across all fluence levels.

The presented rPLQY-imaging method provides a valuable ap-
proach for estimating the surface recombination velocity by de-
termining the effective non-radiative recombination rate, which
includes bulk and surface contributions (see Equation 3). By
leveraging the spatial resolution of the imaging technique, exam-
ining a sample comprised of glass / (Cs0.22FA0.78Pb(I0.85Br0.15)3
+ 5% MAPbCl3) with C60 deposited on half of its surface
(see Figure 6a), enables investigation of surface recombina-
tion dynamics. Using Equations (3) and (4), the difference of
knon-radiative, eff of both sides leads to knon-radiative, surf, assuming that

Small Methods 2025, 2402119 © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH2402119 (9 of 14)
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Figure 6. Estimation of surface recombination velocity. a) Schematic illustration of sample configuration. C60 is additionally deposited on the left-hand
side of the sample b) k-image of the sample c) Lifetime image of the sample determined by the inverse of effective non-radiative recombination rate. d)
Effective non-radiative and external radiative rate constant image of sample obtained by rPLQY-imaging. e) Average values of each area and parameter
obtained, k-imaging and rPLQY-imaging, respectively.

knon-radiative, bulk is constant throughout the sample. With known
perovskite thickness d, the surface recombination velocity S can
be approximated.

k-imaging of the sample reveals comparable k-values for both
sides (see Figure 6b,e, and Table 2), with only a 1.4% reduction
and twice the standard deviation on the C60 side. This analysis
suggests that both sides demonstrate similar dominant recom-
bination pathways. We note that based on the sample configu-
ration, a more significant decrease in the k-value due to surface
recombination was expected. As previously discussed, interpreta-
tion is challenging since multiple recombination processes can
contribute to a single k-value.

Table 2. k-imaging and rPLQY-imaging result distribution of two distinct
areas of a glass/perovskite sample with additional C60 deposited half on
the sample (see Figure 6).

w/ C60 w/o C60

k 1.35 ± 0.06 1.37 ± 0.03

lifetime [ns] 1110 ± 249 1438 ± 256

knon-radiative, eff [105 ∙ s−1] 9.4 ± 2.0 7.2 ± 1.5

kradiative, ext [10−11 ∙ cm3 ∙ s−1] 3.6 ± 1.3 1.7 ± 0.4

The rPLQY-imaging method enhances measurement accu-
racy by providing quantitative values for the rate constants. The
C60 side exhibits an increased kradiative, ext by a factor of 2.1 (see
Figure 6d,e, and Table 2). Considering that the layer stack is
the same on both sides up to the C60 layer, we assume that
kradiative, int remains constant. Consequently, the observed increase
in kradiative, ext is attributed to variations in the combined prob-
abilities (pe + pa). An increase in kradiative, ext by such factors is
also observed by Krogmeier et al.[33] The escape probability pe
can be described by the geometry of the escape cone, which de-
fines the region from which photons can leave the absorber at the
interface.[54] This geometry is dependent on the refractive indices
ni of the perovskite layer and the overlying material.[55] Since C60
has a refractive index of 2.2, more than twice as nair, the result-
ing escape cone is enlarged. Moreover, parasitic absorption pa is
increased for the C60 side, considering its non-negligible absorp-
tion in the visible wavelength region together with waveguiding
effects.[14,56,57]

The effective non-radiative rate knon-radiative, eff demonstrates an
increase of 28% on the C60 side (see Figure 6d,e, and Table 2).
Quantifying the difference between the mean values of both
sides and applying Equation (4), leads to an estimate of S≈18
cm s−1. As the calculation does not consider possible variations in
knon-radiative, bulk, and inhomogeneities within the sample, the re-
sulting surface velocity serves as a useful approximation for
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subsequent investigations. The decrease in lifetime (see
Figure 6c,e, and Table 2) on the C60 side is attributed to in-
creased surface recombination.[47]

The principal advantage of the presented rPLQY-imaging
method is its capability to quantitatively assess essential
characteristics of charge carrier dynamics. Furthermore, when
applied to strategically designed experiments and samples, this
technique can provide additional insights, such as estimating the
surface recombination velocity. This capability facilitates not only
the optimization of the absorber material but also of the interface
characteristics.

3. Conclusion

This work introduces a non-invasive and scalable PL-based imag-
ing technique for assessing charge carrier dynamics in perovskite
thin films. The technique is based on time-integrated PL-imaging
and double-pulse excitation with varying pulse-to-pulse delay.
rPLQY images obtained from a series of double-pulse excitation
experiments yield essential optoelectronic characteristics of per-
ovskite absorbers, such as external radiative and effective non-
radiative recombination rate constants and corresponding life-
times, all spatially resolved. We demonstrate the capability of
the rPLQY-imaging method to deliver consistent results for per-
ovskite thin films on glass with those obtained by TCSPC mea-
surements. A simulation study further validates the method’s
suitability for complex sample configurations containing addi-
tional functional layers, such as electrodes and charge transport
layers, which can affect the perovskite’s optoelectronic character-
istics. The method’s spatial resolution provides insights into in-
homogeneities and defects within the samples. By directly quan-
tifying charge carrier dynamics, the method allows for a detailed
characterization of perovskite materials.

Additionally, a comparison of the rPLQY-method with tradi-
tional PL-imaging and k-imaging is conducted on a half-stack
sample including patterned ITO which is hot-pressed on one
half, while the other half is only subject to heat. Despite the sig-
nificant recrystallization of the film surface under hot-pressing,
traditional PL-imaging and k-imaging techniques fail to detect
differences. In contrast, the rPLQY-imaging technique effectively
demonstrates a smoother parameter distribution on the hot-
pressed side. Furthermore, it reveals changes in recombination
rates across all areas, leading to the identification of relative dif-
ferences in escape and parasitic absorption probabilities.

Finally, we show that applying this method to samples partially
deposited with a charge transport layer allows for the estima-
tion of surface recombination velocity. Leveraging the spatially
resolved effective non-radiative recombination rate and assum-
ing consistent non-radiative bulk contributions throughout the
sample, enables the assessment of surface characteristics, pro-
viding valuable insights for optimizing interface quality.

Whether used in scientific or future industrial contexts, an
easy, non-invasive implementation and high throughput are cru-
cial requirements for a characterization method. The presented
rPLQY-imaging technique meets these requirements, as it re-
quires only two pulsed lasers, a delay generator, and a cam-
era, making it space-efficient and cost-effective. In conclusion,
the presented rPLQY-imaging technique is a valuable tool for
scientific applications, offering significant advantages in the

characterization and optimization of large-area perovskite thin
films.

4. Experimental Section
Materials: 2PACz (TCI, CAS: 20999-38-6), Lead iodide (PbI2, TCI,

CAS: 10101-63-0), Lead bromide (PbBr2, TCI, CAS: 10031-22-8), For-
mamidinium iodide (FAI, Dyenamo, CAS: 879643-71-7), Methylamonium
bromide (MABr, Greatcell Solar, CAS: 6876-37-5), Cesium Iodide (CsI,
ABCR, CAS: 7789-17-5), Methylammonium chloride (MACl, CAS: 593-
51-1, Lumtec), Lead chloride (PbCl2, CAS: 7758-95-4, TCI), Fullerene-C60
(C60, Sigma–Aldrich, CAS: 99685-96-8), Bathocuproine (BCP, Lumescence
Technology, CAS: 4733-39-5). Solvents including N,N-dimethylformamide
≥99.9% (DMF, CAS: 68-12-2), Dimethyl sulfoxide anhydrous ≥99.9%
(DMSO, CAS: 67-68-5), ethyl acetate (EA, 141-78-6) and Chloro Benzene
anhydrous 99.8% (CB, CAS: 108-90-7) were ordered from Sigma–Aldrich.
Ethanol absolute 99.8% was ordered from VWR Chemicals.

Sample Preparation—Substrates and CTL: (Un-)patterned glass and
ITO substrates (sheet resistance 15 Ω sq−1, Luminescence Technology,
CAS: 50926-11-9) were cut in 16 mm × 16 mm and cleaned by ultra-
sonication using deionized water, acetone, and isopropanol in an ultra-
sonic bath for 10–15 min each. Afterward, the substrates were activated
with oxygen plasma for 3–5 min before deposition. For the HTL, a 1.63
mmol/l 2PACz solution in ethanol was spin-coated at 3000 rpm for 30 sec
and annealed at 100 °C for 10 min in N2 atmosphere. For the ETL 20 nm
of C60 is evaporated using a half-half mask, covering half of the active area
with C60.

Perovskite Fabrication—Cs0.17FA0.83Pb(I0.92Br0.08)3 (see Figure 3): The
perovskite solution was prepared by dissolving PbI2 (444 mg), PbBr2
(46 mg), CsI (46 mg), and FAI (143 mg) in 1 mL DMF:DMSO (4:1 vol-
ume ratio). Then it was spin-coated at 1000 rpm (2000 rpms−1) for 10 s
and 5000 rpm (2000 rpms−1) for 40 s. 20 s after the start of the second
spin-coating step, the substrate was washed with 150 μl chlorobenzene.
The perovskite film was then annealed at 100 °C for 30 min in an inert
atmosphere.

Perovskite Fabrication—Cs0.05MA0.1FA0.85Pb(I0.9Br0.1)3 (see Figure 3):
The perovskite precursor solution was prepared by first dissolving PbI2
(1.3 m, 602.5 mg) in a mixture of DMF:DMSO (4:1 v/v, 800μl:200μl). The
PbI2 solution was kept on a hotplate at 130 °C for 15 min and added to
a mixture of PbBr2 (0.14 m, 51,75 mg), MABr (0.14 m, 15,8 mg) and FAI
(1.2 m, 206 mg). The solution was then stirred until fully dissolved. From
a CsI (1.5 m, 390 mg) in DMSO (1 mL) solution, the Csl (0.07 m, 46,7 μL)
is added to the solution. To spincoat the perovskite films 100 μl of the pre-
cursor solution was dispensed on the substrates, which were then spun
at 1000 rpm (500 rpm s−1) for 10 s and 5000 rpm (2000 rpm s−1) for 20
s. 25 s after the start, CB (150 μL) was dispensed onto the center of the
spinning substrate. The samples were then annealed at 140 °C for 10 min
in a nitrogen atmosphere.

Perovskite Fabrication—Cs0.05FA0.72MA0.22Pb(I0.77Br0.23)3 (see Figure 3):
1.53 M Cs0.05FA0.72MA0.22Pb(I0.77Br0.23)3 perovskite precursor solution
was prepared by dissolving a mixture of PbI2, PbBr2, Csl, MABr, and FAI
in the solvents of DMF:DMSO (volume-ratio being 4:1). The perovskite
layers were deposited by spin coating in a nitrogen glovebox at 1000 rpm
(200 rpm−1s−1) for 10 s and 5000 rpm (2000 rpm−1s−1) for 30 s, as well
as 150 μl ethyl acetate as antisolvent was dropped 13 s before the end of
the second step. Afterward, the perovskite layers were annealed at 100 °C
for 30 min.

Perovskite Fabrication—Cs0.1(MA0.17FA0.83)0.9Pb(I0.83Br0.17)3 (see
Figure 5): Two solutions were prepared. First, CsI (1.5 mol) in DMSO.
Second, FAI (1 mol), PbI2 (1.1 mol), MABr (0.2 mol), and PbBr2 (0.22
mol) in DMF:DMSO with a 4:1 ratio. Afterward, 88.9 μL of CsI solution
was added to the second one, to complete the perovskite solution. The
solution was spin-coated first at 1000 rpm for 10 s and then at 6000 rpm
for 20 s, both steps with 5000 rpm s−1 acceleration rate. After 10 s of the
second step, 100 μL of chlorobenzene was released as anti-solvent on
the spinning substrate. The samples were annealed at 100 °C for 1 h in a
nitrogen atmosphere.
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Perovskite Fabrication—Cs0.22FA0.78Pb(I0.85Br0.15)3 + 5% MAPbCl3 (see
Figure 6): The 1.68eV perovskite absorber solution was prepared with the
precursors FAI, PbI2, PbBr2, CsI, MACl, PbCl2 in DMF and DMSO with the
volume ratio of 4:1 and then spin-coated onto the hole transport layer at
4000rpm for 45 s, 150 μL ethyl acetate was dynamically released as anti-
solvent at 30 sec from the beginning. Samples were annealed at 100 °C for
20 min in N2 atmosphere.

Device Fabrication: The cleaning of glass substrates, the spin-coated
HTL, perovskite film, and PDAI2/BAI surface passivation are the same as
the half-stack samples described above. For the electron transport layer
(ETL), 20nm C60 was thermally evaporated on the perovskite film under a
high vacuum of 10−7 mbar, then 5nm BCP was thermally evaporated as a
hole-blocking layer. Finally, 100 nm Ag electrode was evaporated under a
high vacuum of 10−7 mbar.

Characterization Techniques—Relative Photoluminescence Quantum
Yield (rPLQY)-Imaging: The experimental setup for rPLQY-imaging
consisted of two pulsed 532 nm lasers (SL-PICOLOYAG-10, SL-HGA-
PICOLO-2, InnoLas Laser), synchronized by a delay generator (DG535,
Stanford Research Systems) acted as the master for temporal alignment.
The polarization of one of the lasers was rotated by 90° via a lambda half
plate (zero-order half-wave plate 532 nm, Thorlabs). Subsequently, both
lasers were overlaid on a common path by use of a polarizing beamsplit-
ter (laser-line polarizing beamsplitter 532 nm, Thorlabs). To excite the
whole sample the beam diameter was increased using a beam expander
unit (compact beam expander 10x @ 532nm, Topag). Detection of the
PL signal was done via an industry-grade complementary metal-oxide-
semiconductor camera (MC089MG-SY-UB, Ximea). It was positioned
perpendicular to the sample surface to avoid distortions. The camera
acquisition time was set to 100 ms and a 600 nm long pass filter (red
filter, 54–762, Edmund Optics) positioned in front of it blocks scattered
excitation light (see Figure S3, Supporting Infomation). The camera was
placed ≈20 cm away from the sample and, with a 75 mm fixed focal length
objective, 7.9 μm spatial resolution was achieved. The camera captured
images with a maximum detection window of (1264 × 1264) pixels. All
measurements were performed at room temperature to ensure stable
PL-signal detection and consistent temperature dependency of the rate
constants (see Figure S4, Supporting Infomation). The initial density was
maintained at ≈1.2 × 1016 cm−3. The delay time for laser pulses ranges
from (5–50) ns, depending on the sample, and typically involved image
acquisition at 30 different delay times, leading to a total delay time range
of 0 ns to (150–1500) ns. To ensure all electrons return to the valence
band before each first pulse, a 1 ms window was employed for every
double-pulse excitation. This resulted in 100 double-pulse excitations per
camera acquisition. Considering the above-mentioned maximum ROI
size and acquisition approach, this setup generated roughly 1.6 million
data points per run.

Characterization Techniques—rPLQY-imaging data processing: The
rPLQY-imaging routine began with a calibration step. This was performed
by taking a picture of an unexpanded laser spot with known intensity
directed to a white reference. Now the measured signal of the camera
with the excitation intensity could be correlated. Then a picture of the
expanded beam on the white reference was taken to determine the initial
density for each pixel. A Lee-filter correction was applied to smooth out
the speckle pattern. (see Figure S5, Supporting Infomation). Next, the
sample was placed on the sample holder and an image in the dark was
captured for background correction followed by a PL image at single
pulse excitation. Subsequently, double-pulse excitation was conducted to
obtain 30 images at different double-pulse excitations, with all images
being background corrected pixel-wise by subtracting the dark image.
The rPLQY images were obtained by pixel-wise dividing all double-pulse
images by twice the single-pulse image according to Equation (2) (see
Figure S6, Supporting Infomation). To extract rate constants for the entire
sample, the mean values of each rPLQY image were plotted against
the corresponding delay time and fitted with Equation S1 (Supporting
Infomation). The fitting was performed pixel-wise to obtain rate-constant
images.

Characterization Techniques—rPLQY-Imaging Fitting Routine: The fit-
ting routine employed a curve simulation approach to determine the ini-

tial parameter values for the non-linear equation fitting. This approach
helped avoid fitting local minima by simulating varying kradiative, ext and
knon-radiative, eff combinations. The simulated curves (see Figure S7, Sup-
porting Infomation) were compared with the actual data and the combina-
tion with the least root mean square error (RMSE) (see Figure S8, Support-
ing Infomation) as the initial parameter values were selected. Initially, 1900
curves were simulated for kradiative, ext ranging from (10−12–10−6) cm−3 s−1

and knon-radiative, eff from (105–1011) s−1, with a threshold of RMSE< 0.1.
Then, the procedure was repeated for the best rate constant combination
by adding and subtracting one order of magnitude each, with a stricter
threshold of RMSE< 0.05 and 9800 simulations. The selected kradiative, ext
and knon-radiative, eff combinations were then used as the initial parameter
for fitting (see Figure S9, Supporting Infomation). Finally, the extracted
rate constants were imaged, and the lifetime for the applied initial density
was calculated using 𝜏 = knon-radiative, eff

−1. Data acquisition took less than
a minute, while data analysis required ≈20 min with these parameters.

Characterization Techniques—Power-Law Parameter k-Imaging: Two
467 nm LED bars (LDL2-170/30-BL2, Creating Customer Satisfation Inc.,
Puchheim–Germany) were symmetrically aligned for homogeneous sam-
ple illumination. The resulting PL signal was recorded by a sCMOS camera
(CS2100M-USB–Quantalux 2.1 MP Monochrome sCMOS Camera, Thor-
labs, Bergkirchen–Germany). The maximal detection window of the setup
was (135 × 75) mm. The camera was perpendicular positioned 25 cm
from the sample. Excitation light was blocked by a 715 nm long pass fil-
ter (50.8 mm, SQ 715 nm, LongPass Color Filter, Thorlabs, Bergkirchen–
Germany) positioned in front of the camera. Images were acquired at 18
different intensities in the range of 0.01–0.1 suns in 0.005 sun steps. A
background correction was performed. The k-parameter was determined
pixel-wise by plotting the PL signal toward the corresponding excitation
intensity Iin and then fitting by PL = Const. × Iin

k.
Characterization Techniques—Time-Correlated Single Photon Counting

(TCSPC): TCSPC measurements were conducted on an FLS920 fluores-
cence spectrometer (Edinburgh Instruments Ltd 2006). A 532 nm laser
(SL-PICOLOYAG-10, SL-HGA-PICOLO-2, InnoLas Laser) was directed to
the sample at a 1 kHz repetition rate and 1.3 ns pulse length. The fo-
cused beam radius was 1 mm with excitation intensities of 0.10, 0.24, and
0.61 mW resulting in initial densities of 1.7 × 1017 cm−3, 4.0 × 1017 cm−3,
and 1.0 × 1018 cm−3 respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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