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Abstract:

The dynamics of photogenerated carriers and mobile ions in an operational cesium lead
halide (CsPbl3) perovskite solar cells (PSC) under working conditions are studied using
nanoscale resolved photoluminescence (PL) lifetime imaging microscopy. The temporally and
spatially resolved PL changes in the perovskite film during and after bias light soaking are
dynamically monitored. By analyzing the dynamic variations of PL intensity and PL lifetime
of an open-circuited PSC, the impacts of light soaking are revealed by a dynamic model of
photogenerated charge carrier and mobile ions. We confirmed the different behavior from
morphological domains interiors and domains boundaries during light soaking, which shed
light on the engineering of the domain interiors in additions to the commonly considered
domain boundary strategies. This work provides a full picture of the photogenerated process in
an operating PSC and therefore guides the design and operation of perovskite-based
optoelectronic devices.
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Since the first successful integration of hybrid halide perovskite in solar cells,1 this class of
photovoltaic devices has archived impressive power conversion efficiency exceeding 25% in
only a decade.2 Besides excellent properties in photovoltaics, perovskites have attracted
immense attention in the applications of lasers, LED and detectors due to their intriguing
optical-electronic properties and low-cost fabrication.3-s Perovskites behavior under different
situations has been intensively investigated and applied to improve cell performance. It has
been a consensus that both combined effects of charge carriers (electron and hole) and mobile
ions migration occur in perovskite and determine the device performance. These complicated
physical mechanisms, together with the dynamic timescale spanning from nanoseconds to
hours and nanoscale micro-processes, seriously impede the physical understanding, especially
in working condition, which is the key issue to accelerate commercialization of perovskite-
based optoelectronic application.

Carrier dynamics is one of the most principle questions because it is closely relevant to the
performance of the devices. Charge carrier extraction, transportation, and collection have
crucial implications to photovoltaics device in terms of performance and stability. On the other
hand, as hybrid halide perovskites have been confirmed to be mixed electronic-ionic
conductors, mobile ions play a critical role in the stability of the devices.s The mobile ions,
essentially being defects in the lattice, response much slower than that of photogenerated
carriers7, creating complicated behavior, especially under working conditions where light
illumination and the bias voltage applied. The effects of light soaking in perovskites have been
intensively investigated.s-15 Xing et al.16 reported that ion accumulation at the interface could
act as recombination traps and inhibit electron and hole transportation. Xiao et al.17 suggested
that switchable photovoltaic effect in perovskite solar cells is related to the drift of ionic

vacancies in perovskite.



It is well known that the grain and grain boundary behaves very differently in solution
fabricated perovskite solar cells.1s However, recent reports identify that these “grain” observed
by SEM without diffraction information might consist of sub-grains with different crystal
orientations identified by electron back-scattered diffraction (EBSD),19 which is technically
inaccurate to be termed as “grains” in crystallography definition. In this context, the term
“morphological domain” is specifically referred to the “domain” identified as “grain” in SEM
in previous investigation.

Time-resolved PL with spatially resolved microscopy down to micrometer resolution can
provide invaluable information for the deep understanding of the device operation.2021 In
perovskite-based devices, instead of the intrinsic bulk recombinations, the charge carrier
extraction, and interface recombination dominate the PL dynamics.22-24 In previous studies,
photoluminescence (PL), fluorescence lifetime imaging microscopy (FLIM) and I-V
characterization have been shown to be powerful approaches to determine the quality of
perovskites and the performance of perovskite solar cells. 2526 Mosconi et al.s combined PL
measurement and computational modeling to explain the light-induced elimination of Frenkel
defects in lead iodide perovskite. Zhao et al.10 employed time-dependent PL to study light
soaking effect in bulk perovskite and the interfaces between perovskite and carrier transport
layers. They proposed that the decrease of charge accumulation at the interfaces is caused by
the filling of generated carriers into surface defects or by ion migration induced internal electric
field. However, in addition to PL quenching caused by the electron and hole transport layers
in operational solar cells, the high reflection of the gold electrode and bias illumination
significantly increase the difficulty for the FLIM measurement.

In this work, we develop a high resolution, high sensitivity fluorescence lifetime imaging
spectroscopy (FLIM) to investigate a fully operational perovskite solar cell. We achieve

dynamic detection of the operational perovskite solar cells (PSC) under continuous bias light



illumination. This method allows the real-time monitoring of microscopic images of PL
intensity and PL lifetime. Moreover, it is able to extract the information at specific points or
areas, providing a deep insight at perovskites/hole transporting layer interface as well as
perovskite morphological domain interiors and domain boundaries. The carrier and mobile ion
dynamics in a PSC under working condition are studied, and the impact of bias light
illumination and the relevant dark recovery process of the illuminated PSC is revealed.

The CsPbls perovskite solar cells used in this study were fabricated with common meso-
porous structure as described in previous work, except for dissolving Cal2.13 In details,
patterned fluorine-doped tin oxide (FTO) coated glass was cleaned in deionized (DI) water
with 2% Hellmanex, acetone, and isopropanol, respectively, for 20 minutes by sonication.
After drying by N2 gas, it was treated by UV ozone cleaner for 20 minutes. Subsequently,
compact TiO2 (c-Ti0O2) layer was deposited on a clean substrate by spray pyrolysis of titanium
dioxide bis(acetylacetonate) in ethanol solution at 450°C then annealed on hot plate at 400°C
for 20 minutes. To deposit 100 nm meso-porous TiO2 (mp-TiOz2), Dyesol 18 NR-T paste diluted
in ethanol was spin-coated on c-TiO2 substrate at 4000 rpm for 12 seconds. The substrate was
dried at 100°C for 10 min, then annealed at 450 °C for 30 minutes. After cooling, the substrate
was cleaned by UVO for 20 minutes and transferred into glovebox for perovskite deposition.
Csl and Pbl2 precursors were dissolved in a mixed solution of DMF and DMSO, then the
precursor solution was deposit on mp-TiO2 substrate by gas-assisted spin coating. Formed
perovskite film was annealed on a hotplate at 300°C for 10 minutes. Next, hole transport
material (HTM) layer was deposited by spin coating 10mg/ml P3HT solution in chlorobenzene
at 3000 rpm for 30 s. Finally, a 10 nm thin layer of Au was thermally evaporated on top of the
cell. The semi-transparent gold electrode layer allowed the excitation laser to pass through and
perovskite PL to be collected while remaining low resistance for normal cell operation. The

completed cells were encapsulated from ambient atmosphere and humidity. The complete



perovskite solar cells with a structure of glass/FTO/c-TiO2/mp-TiO2/CsPbl3s /HTM/gold used
in this study is illustrated in Figure 1(a).

To achieve PL image of an operational solar cell, fluorescence lifetime images (FLIM) were
acquired by combining time-correlation single photon counting (TCSPC) technique and
confocal laser scanning microscopy (MT200, Picoquant), where the setup is presented in
Figure 1(b). A bias continuous light (Xenon light with a filter of 400-500 nm, intensity is 72
mW/cmz2) was used to illuminate the sample from glass side, whose intensity was equivalent
to 0.72 times of one sun intensity, hereafter referred to as the bias light. An excitation laser
beam with a wavelength of 470 nm and repetition rate of 20 MHz was focused onto the
perovskite solar cells from the thin gold/HTM side via a 60x/NA1.4 oil immersion objective.
The excitation density of the scanning pulsing laser is 200mW/cm2 and the diameter of the
excitation laser spot is estimated to be around 215nm.27 The PL signal from perovskite was
collected from the gold/HTM side via the same objective. The dwelling time at each pixel is
set as short as 2 milliseconds, minimizing the impact of the excitation laser on the perovskite
while ensuring sufficient exposure and high-quality PL signal. Solar cell performance
measurements were conducted via a solar cell I-V testing system with 8A~8mm2 aperture,
which was calibrated using a reference cell from Abet Technologies Inc. (Class AAA solar
simulator) under an illumination power of 100 mWcm-2. All J-V measurements were
undertaken in ambient temperature.

As a benchmark for monitoring the dynamic variation of an operational solar cell under
illumination condition, FLIM scanning images of the pristine perovskite solar cell (PSC) were
acquired as shown in Figure 1(c). To avoid un-intentional light exposure, the PSC was kept in
the dark chamber before the experiment. Note that in a FLIM image, the brightness/greyscale
represents PL intensity and the color scale represents PL lifetime, and the complete scanning

time of a 20 pum>20 um area in Figure 1(c) is 180 s. The morphological domain distributions



of the perovskite film are clearly recognizable, with some of the grains show higher PL
intensity (brighter pixels) with longer PL lifetime (pixels with green color scale). The general
PL intensity and lifetime distribution also indicate that the excitation laser beam only has a
negligible impact on the PL properties of the perovskite. Figure 1(d) shows a FLIM image of
an identical area when the bias light turning on at time zero To. Within the first 30 s of the
scanning time, the PL intensity dramatically decreases (darker pixels) with PL lifetime
increases (almost all pixels with color turning to green), after which the overall PL intensity
across the sample area maintains at low intensities with longer PL lifetime. Moreover, the
domain distributions of the perovskite film became indifferentiable, as both brightness and

color scale of the whole FLIM image became uniform.
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Figure 1. (a) Schematic diagram of perovskite solar cells; (b) schematic diagram of FLIM
measurement; FLIM images of perovskite solar cells when the bias light is (c) off and (d) on;
(e) photo-current and cell efficiency in relation with light illumination; (f) J-V curves after 0,

15, 30, 45 minutes under light illumination.

The current density and efficiency of the PSC as a function of light soaking time were shown

in Figure 1(e). The photocurrent of the PSCs grows from 0 mA within the first 20 s of light



soaking time and saturates at a high current of 16 mA. The PSC was kept in dark condition for
120 s after 45 s of initial light soaking, followed by the second round of light soaking for 40 s.
The saturated photocurrent (16 mA) and steady-state cell efficiency (12.6%) in the second
round of light soaking are the same as the first round, indicating the excellent repeatability.
However, the initial photocurrent of the second light soaking experiment is not recorded at 0
mA, but a residue photocurrent of 5 mA and an initial efficiency of 4% was observed (Time =
160 s) of Figure 1(e), and the saturation time is shortened to 10 s after turning on the bias light.
Figure 1(f) shows the J-V curves of the PSC with cumulated light soaking times up to 45
minutes. While cumulated light soaking barely increases the short-circuits photocurrent Jsc of
the PSC, the open-circuit voltage Voc increases from 0.72 V to 0.87 V after 45 minutes of bias
light soaking. The correlation of increased Voc and the observed decrease of PL quenching
during illumination is discussed in Note 1 of Supporting Information (SI).

Figure 1 shows that while light soaking of PSC has a cumulated effect on increasing open-
circuit voltage in a time scale of minutes, the change of PL properties and short-circuit photon-
current during light soaking is much quicker, which is within the time scale of seconds.
Therefore, by scanning a smaller area with a faster scanning rate, it is feasible to observe the
PL properties of each perovskite morphological domains as well as their transformation during
and after light-soaking. Figure 2(a-c) show FLIM images of the PSC with an area of 10 pumx10
pm in non-exposure, light-soaking and dark recovery stages, respectively. The scanning time
of each FLIM image is 60 s with a dwelling time at each pixel is still two milliseconds. Two
consecutive FLIM images of the non-illuminated perovskite are shown in Figure 2(a), which
demonstrate exactly the same PL intensity and lifetime with clear morphological domains
boundaries and uniform distribution across the whole area. Therefore, it is safe to state that the
fast laser scanning excitation does not impact the PL properties of the perovskite film. Figure

2(b) are the FLIM images of the same area during light soaking at selected time frames. After



the bias light is turned on, the morphological domains gradually become blurred within a
soaking time of 30 s. After 180 s of light soaking, almost all the morphological domains
become unrecognizable. With longer light soaking time, the overall color of the FLIM images
changes from “blue” to “green”, with some particular parts of the area became “red” after 500s.
These changes of FLIM color distribution indicate that the constant increase of effective
lifetime over the sample area during light soaking, and the impact of light soaking on perovskite
is not uniform across the morphological domains area. Figure 2(c) are the 3 FLIM images of
the same area after light soaking, which is the so-called “dark recovery” process. The
morphological domains distributions quickly re-appear within a short dark recovery time (~30
s, Figure 2(c), with PL intensity increased and PL lifetime decreased across the whole sample
area. However, it takes a much longer time (at least 600 s) to recover back to a state with PL
intensity and lifetime comparable to the pristine condition as Figure 2(a). One would raise the
question that whether a similar change of perovskite properties can be observed by changing
the excitation laser power in the absence of bias light. Please note that the change induced by
laser pulse at each pixel will not cumulates to the whole perovskite film as the laser is scanning
across the sample area. Therefore, by simply increasing the laser power, changes of properties

at the level of operational device will not be observed before damaging the perovskite film.
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Figure 2. (a) FLIM images of perovskite solar cells (a) before, (b) during and (c) after light
illumination; (d) PL decay traces in different illumination conditions; (¢) PL Intensity and PL

effective lifetime as a function of time.

To quantitively study the light soaking and dark recovery processes, the time-resolved PL
decay traces at different time stages are extracted, as shown in Figure 2(d). The PL decay traces
can be well fitted using a bi-exponential function I(t) = A; exp(—t/t,) + A,exp (—t/1,)
with effective decay lifetimes given by 7.5 = (4171 + A272)/(A; + Az) .28 Figure 2(¢) shows
the traces of PL intensity and PL lifetime as a function of time, where light soaking time is t=0
to 600 s and dark recovery time is t= 600 s to 1200 s. It is worth noting that: (1) the decrease
of PL intensity during light soaking is accompanied by the increase of PL lifetime, while the

dark recovery is the reverse process of light soaking; (2) the impact of light soaking is fully
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recoverable; (3) For both light soaking and dark recovery, majority of the PL intensity and
lifetime changes happened within the initial 100 s after turning the bias light on/off, followed
by a slow shifting (across the following 500 s). Such PL quenching induced by light soaking
within a timescale of minutes have been previously reported in similar perovskite films and
ascribed to the light-activated mobile ions,7,29 and several methods of binding mobile ions are
demonstrated to be effective to maintain the high quantum efficiency and thus increase the
overall solar cell efficiency.30,31 However, the impact of light-induced PL quenching varies as
perovskite composition changes32, and also depends on the power density of illumination
light.33

To investigate the origin of perovskite morphological domains blurring phenomena during
light soaking and its dark recovery, the nanoscale spatial distribution of PL intensity across
morphological domain boundaries are shown in Figure 3(a) under consecutive light soaking
and dark recovery conditions. Figure 3(b) shows the corresponding boxplots of the PL intensity.
It is found that there is a significant difference in PL change between the domain boundaries
and domains interiors: no noticeable change of PL intensity are observed at domains
boundaries during and after light soaking. On the contrary, the PL intensity of the domain
interior decreases notably during light soaking. The PL intensity of domain interior after 60 s
light soaking (blue curve) is only 50% of that without exposure to the light (red curve). After
540 s of light soaking (yellow curve), the PL intensity of the domain interiors further resuces
and become comparable to PL intensity at domain boundaries, which results in that the domains
become completely unrecognizable in a FLIM image (i.e. the last FLIM image in Figure 2(b),
due to drastically decreased contrast. Moreover, the domain interior accounts for most of PL
intensity increase during the dark recovery. These observations confirm that the light soaking

effect and its recoveries on perovskite PL changes mostly originate from domain interior, while
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the domain boundaries, where a larger amount of non-radiative defects reside, are barely

responsive to the bias light.
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Figure 3. (a) PL intensity as a function of distance across perovskite grains. The inset shows
measurement traces (red bars) across three consecutive domains (white circles); (b) boxplot of
PL intensity at domain boundary and domain interior distribution under difference illuminating

condition.

The above-mentioned FLIM observations demonstrate the impact of light soaking on the
carrier dynamics in an operating perovskite solar cell, as well as the corresponding variations
of device performance. Essentially, the charge carrier dynamics occur in the nanosecond
timescale, which includes (1) Shockley-Read-Hall recombination, (2) -electron-hole

recombination and (3) carrier extractions by the electron transport layer and hole transport layer
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for an operational solar cell.34,35 An effective carrier transport is prerequisite for high-efficiency
solar cell. Therefore, a much shorter PL lifetime is usually observed when active layers
(perovskite) are covered by a hole transport layer, which is dictated by charge-carriers
extraction.20,36 On the other hand, the slow response in macroscopic time (milliseconds to
hours) has been attributed to the activation, migration, accumulation, and depletion of mobile
ions,37,38 specifically including both iodide interstitials ion (/-) and halide vacancies (V7+), due
to their low activation energy (hundreds of meV)s39.40 and high mobility.23,41.42 The mobile
ions migration timescale is consistent with the observation of PL changes appeared under bias
light soaking here and in the literature.43 Moreover, it has been a consensus that the mobile ion
distribution in the active layer of perovskite and interfaces will significantly impact the charge
carrier dynamics. During these light soaking and dark recovery processes, there are interactions
between charge carriers and mobile ions through Coulomb interaction, which is detectable by
monitoring the PL intensity and PL lifetime.

Taking into account the combined effect of charge carrier and mobile ions, we proposed a

dynamic model in the CsPbI3 PSC to explain the consecutive observation of PSC performance
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Figure 4. In initial dark condition (
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Figure 4(a)), the perovskite in the PSC maintains its as-fabricated electronic properties with

a low density of ions. Note here the laser for FLIM imaging has a negligible effect on the

charge carrier dynamics, therefore the observed PL is essentially the working properties of the

PSC at pristine condition.
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Once bias  light (wide-field) illuminates an  open-circuited PSC  (
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Figure 4(b)), the photogenerated electrons and holes are effectively transferred/extracted into
the electron transporting layer (ETL) and hole transporting layer (HTL), respectively, which
produces an internal electric field across the solar cell within a timescale of nanoseconds.44
With continuous illumination, large number of phonons are generated in the perovskite lattice
because the hot carriers photogenerated by the high energy photons can effectively emit the
extra energy and relax to the conduction band edge.4s These phonons couple with the atoms in
the lattice and result in the activation of mobile ions in the perovskite, most likely including
both I- and Vr+.46 While the phonon coupling is within ultrafast timescale(fs-ps), the impact of
mobile ions is to take effect via a cumulated timeframe (in terms of seconds). Such an impact
of cumulated mobile ions in the timescale of seconds is more pronounced in the case of light-
induced phase segregation in mixed halide perovskite which is also found to be related to

phonon-electron coupling and lattice distortion on activation of mobile ions.42,4748 The
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emergence of these mobile ions increases the nanometer-scale local electric field, which partly
screens the internal electric field generated by the photogenerated charge carriers. On the other
hand, it has been shown that such mobile ions will quench the radiative recombination of
electron and hole locally, thus macroscopically decreasing PL intensity (Figure 2(e)).
Meanwhile, PL lifetime of the perovskite, dictated by hole extraction rate to HTL, is increased.
This is ascribed to the hole extraction from perovskite layer becomes slower due to an enhanced
energy barrier at the interface during light soaking. It has been confirmed that perovskites are
mixed electronic-ionic conductors; and thus the overall current can contribute by both charge
carriers and mobile ions.49 . - drifted to the HTL side while V7+ migrated to the opposite ETL
site with different mobilities. The directional migration of these mobile ions counters the
charge carrier current of the PSC, which results in the slow rise of Isc of PSC under light soaking
(Time = 0-20 s in Figure 1(e)). The current saturates as the mobile ions establish a stable
distribution under illumination, and directional ionic shift terminates. In other words, the

observed slow rise of /s originates from the concurrence of charge carriers’ movement and

17



mobile  ion  migrations. @ With a  longer bias light illumination  (

(@) Non-exposure (b) mitial Light Soaking
[] P3HT ” P3HT
# ®
#|Ti0,  CsPblg : TiO,  CsPbls o
. hv i 8
#

# # @
hv |# ®

" rava €]

# h . g

# v ;

” AT ;

#

# hv #

# f\/\?l

“ #

#

(C) Cumulated Light Soaking (d) Dark Recovery

7] P3HT
— #
# P3HT #|Ti0,  CsPbl,

# 7
#|Ti0,  CsPbl, 8 N
# &%
hv b g .
AT |, ® )
hv |# ] #
e va”: A 8 #
# P
hv % @ i
AN $ :
hv |” #
/\/‘\Z!' #

# @ hole @) lodine lon

©electron (@ Halide Vavancy
Figure 4(c)), the increased ion population near the interfaces creates another electric field,
countering/screening the existing internal electric field, which eventually leads to a steady-
state internal electric field with the lower overall field strength. The migration of mobile ion
under internal electric field and cumulation at the two ends are relatively slow. One might
consider the impact of illumination on the change of interface between perovskite and charge
carriers transport layers, which have been previously investigated and discussed in Note 2 of

SI.
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Figure 4(d)), the internal electric field induced by bias-light-generated electrons and holes
immediately dissipates. With the internal electric field ceases, ion distribution significantly
deviates the equilibrium established during light soaking. Driven by such a non-equilibrium,
the mobile ions gradually leave the perovskite/transport layer interface. Part of the interstitial
and vacancy recombines and results in dissipation, tending to recover the initial equilibrium in
the dark. However, migration of the light-activated mobile ions is even further slower as they
are now merely driven by ion diffusion without the electric field. Consequently, the dark
recovery process occurs slowly. Therefore, the residue photocurrent, observed in the second
round of light soaking (Time = 160 s of Figure 1(e)), can be explained by the mobile ions not
yet recovered in the dark.

Mobile ions have a significant role in the working dynamics driven by light soaking.so,51 It
is also a consensus in the literature that these morphological domain boundaries of

polycrystalline perovskite work as migration highway for these mobile ionsis,s2. Therefore, the
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engineering of perovskite morphological domain boundaries is often emphasized. However, in

this study, it is observed that morphological domain distributions become indifferentiable in

the FLIM images with cumulated light soaking, which is ascribed to the quenching of the PL

intensity of the domain interiors (Figure 3). These observations bring attentions to the facts that

in an operating PSC under working conditions, the impact of mobile ions/charge carriers would

eventually apply on the whole perovskite films, and engineering of the planar defects and

“crystallography grains”s3,s4 in the perovskite morphological domain interiors are essential to

improve the performance of PSCs.
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Figure 4. Illustration of charge carriers and mobile ion migration during light soaking and

TECOVEery processes.
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In summary, using high resolution and high sensitivity FLIM, we have observed dynamic
PL intensity and PL lifetime for operating perovskite solar cells during light soaking and
recovery processes, which provided a deeper insight at perovskite/hole transport layer interface
as well as grain interior and grain boundary of full-functional working solar cells. The changes
in the solar cell photocurrent and voltage, together with the perovskite PL changes, are ascribed
to the photogenerated internal electric field, which also drives the migration of mobiles ions.
In contrast, the dark recovery after cumulated light soaking is relatively slow, driven only by
reverse ions movement. While grain boundaries might be preferred by mobile ion migration,
the bias-light-induced mobile ions affect the performance of the grain interiors, which must be
considered when constituting device improvement strategies. Based on this understanding,
alternative techniques could be generated to maximize and stabilize perovskite solar cells
performance. Meanwhile, the characterization method developed based on FLIM to
dynamically monitor the perovskite materials in a solar cell working condition is widely
applicable to study other solar cells’ performance with similar structures, providing detailed
information on the photophysics of the materials.
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