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Advanced spectroscopic techniques for
characterizing defects in perovskite solar cells
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Shivani Choudhary?, Daksh Agarwal®, Anand Singh3®7™ Soumitra Satapathi®,
Raju Kumar Gupta?37/8% Ashish Garg3/™ & Kanwar S. Nalwa3/™

There is currently substantial interest in commercializing perovskite solar cells as they offer
superior properties over silicon-based solar cells, such as ability for bandgap tuning, higher
absorption coefficients, and potentially lower manufacturing costs. However, trap states
originating from ionic vacancies, imperfect interfaces, and grain boundaries have hampered
their performance and long-term stability during operation. Identifying and quantifying
defects in perovskite solar cells becomes inevitable to address these challenges and mitigate
the deteriorating effects of these defects. This Review focuses on recent developments in
optical and electrical characterization techniques employed for the investigation of defects in
halide perovskites and the techniques to understand ion migration in devices. We focus on
sample preparation, advantages, limitations, and the nature of information obtained from
each of the spectroscopic techniques. This Review will enable the researchers to understand
and identify suitable characterization techniques for characterizing defect concentrations and
their energetic and spatial distribution in perovskite solar cells.

favorable characteristics such as tunable bandgap, high absorption coefficient, low exciton

binding energy, balanced and long-range ambipolar transport properties, and high charge
carrier mobilities! 3. These excellent optoelectronic properties have enabled perovskite solar cells
(PSCs) to achieve remarkably high-power conversion efficiencies (PCE) of 25.7% within a span
of ten years since they were first demonstrated in 2009 with a PCE of 3.8%*°. Ease of solution
processing, simple film fabrication steps, and soft nature of perovskite thin films offer promise
for large-scale PSC module development for commercialization in the near future®. Despite these
advantages, the soft structure of halide perovskite results in a significant level of unintentional
defects that hamper its optoelectronic properties, thereby adversely affecting the PCE and long-
term ambient stability of the PSCs”. These defects originate mainly from the disorder in the
structure of the perovskite crystals and significantly modulate the energy levels and their spatial
distributions, critically impacting the photophysical properties of the perovskites®. The reported
PCE of the PSCs is still lower than the Shockley-Queisser thermodynamic (SQ) limit of 31% for
single-junction devices, which is attributed mostly to the shallow and deep-level defects formed
during the perovskite film crystallization. These defects lead to hysteresis, nonradiative

The development and study of perovskite solar cells is a contemporary area due to their
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recombination, charge trapping-detrapping, and ion migration in
perovskite thin films, thus leading to poor photovoltaic perfor-
mance and ambient stability in PSCs®~12. The low energy of the
formation of ionic defects in halide perovskites leads to the for-
mation of jonic vacancies and hence contributes to ion migration.
Ion migration, in turn, causes the screening of the effective
electric field inside the perovskite layer, leading to inefficient
charge carrier extraction and hence hysteresis and degradation in
the devices!>14. Hence, it is vital to understand and characterize
these defects and appropriately find ways to mitigate them.
Moreover, charge carrier dynamics is a key factor that influences
the efficiency and stability of devices. The trap levels within the
bandgap of the semiconductors, introduced due to the defects, act
as Shockley-Read-Hall (SRH) nonradiative recombination centers
for the carriers, thereby negatively impacting the charge carrier
dynamics!®. Defects in PSCs emanate mainly from the external
and intrinsic factors that lead to their degradation!>-17. The
intrinsic factors correspond to the intrinsic structural and che-
mical instability of perovskite material and its interfaces with the
transport layers. On the other hand, the external factors are
moisture, heat, light, and oxygen, which affect the stability of the
PSCs!8-20, Upon exposure to moisture, water molecules form
strong hydrogen bonds with organic cations of perovskite,
resulting in the distortion of the perovskite crystal structure,
which results in faster deprotonation of the organic cation and,
ultimately, degradation of the PSCs?l. An intrinsically high
concentration of iodide vacancies in perovskite promotes the
adsorption of atmospheric oxygen and its diffusion in both bulk
and at the surface of the crystallites. Adsorption of molecular
oxygen at the vacant sites results in electron trapping, which
forms highly reactive and charged superoxide O,. This phe-
nomenon results in deprotonated A-site gas, the creation of
water, and PbI,22. Furthermore, illumination causes photo-
induced ion migration, which results in the creation of charge-
trapping domains and compositional changes in the PSCs,
thereby leading to structural instability of perovskites and device
degradation?3. Further, the literature shows that the perovskite
films degrade under thermal stress through volatilization of
organic cation and halide species, primarily in
methylammonium-based perovskites?»?>. The stable formation
energy values of a MAPbI; perovskite structure typically range
from 0.1-0.3eV2%27 (0.11-0.14eV as per DFT calculations24).
Remarkably, these values correspond well to the average esti-
mated thermal energy for solar cell operation at 85 °C (0.093 eV).
Consequently, when the perovskite solar cells are annealed to
such temperatures, the individual unit cells can become unstable,
leading to their decomposition over time. The thermal degrada-
tion occurs predominantly on the surface, then proceeds to the
bulk of the perovskite and affects the interface between the per-
ovskite and the charge transport layers, thus giving rise to a large
number of defects?®. Since, degradation pathways of PSCs are
mediated by the formation of defects, developing a deeper
understanding of the defect formation mechanisms during
degradation is essential, which can be made possible by the use or
development of appropriate defect characterization techniques
and will be vital to improving the ambient performance and
atmospheric robustness of the PSCs. Moreover, investigating the
nature of defects, the spatial and energetic distribution of traps,
and the consequent impact of defects on charge carrier dynamics
and jon migration by utilizing suitable characterization tools
would enable us to achieve higher carrier lifetimes, limit carrier
recombination, and mitigate perovskite degradation, which are
the pathways to achieving highly efficient and stable devices.
Characterization techniques that have been used to study
defects are broadly classified into three categories: optical, elec-
trical, and ion migration techniques. Optical techniques employ a

pump to first excite the carriers, followed by a probe to study
their interactions as they relax. Electrical techniques measure the
current density or capacitance as a function of voltage or fre-
quency, that can be used to measure the defect density and their
spatial and energetic distribution. The ion migration techniques
employ either applying an electric field or optical excitation or a
combination of both electric field and optical excitation to
investigate the spatial and temporal dynamics of ion migration at
the interfaces, grain boundaries, and bulk. Figure 1 schematically
exhibits the different categories of defect characterization tech-
niques for PSCs.

This review chronicles the recent developments in the char-
acterization techniques used to investigate the defects in the
halide perovskites and their efficacy in understanding the charge
carrier dynamics and ion migration. It begins with an overview of
the origin of defects, and their types in the halide perovskite,
followed by a discussion on the impact of these defects on the
performance of PSCs. Further, the review critically assesses the
optical and electrical defect characterization methods, including
techniques used to investigate ion migration in PSCs. Finally, an
outlook and perspective are provided into implementing these
defect characterization techniques, accurately investigating defect
properties in PSCs, and developing new techniques that can help
improve the stability of PSCs, leading to faster commercialization.

Defects in metal halide perovskites

Defects in crystalline semiconductors are broadly classified as
crystallographic defects and impurities in the crystal lattice.
Crystallographic defects can be either point defects, such as ionic
vacancies, interstitials, and antisite substitutions, or higher-
dimensional defects, such as grain boundaries, dislocations, and
precipitates. Crystallographic defects are generated in the crystal
structure during crystal growth and/or the post-treatment pro-
cess. Point defects are thermodynamically stable defects, and their
formation energy depends on the atomic bond energies as well as
thermodynamic parameters such as enthalpy and entropy of the
reaction, while their concentration strongly depends on the
processing conditions such as temperature. Defects in semi-
conductors are often considered detrimental as they adversely
impact semiconductor properties such as charge carrier mobility,
conductivity, and carrier lifetimes°.

Charge recombination centers, also known as trap states, are
formed within the bandgap of semiconductors due to point
defects in the crystals. These trap states can exist as either shallow
or deep electron traps, and their specific positions are determined
by the energy levels in relation to the valence band maximum
and/or conduction band minimum. The extensively researched
perovskite compound, methylammonium lead triiodide
(MAPbDI;) exhibits a diverse range of intrinsic point defects,
amounting to a total of 12 distinct types. These defects include
vacancies (Vya, Vpp, and Vi), interstitials (MA;, Pb;, and I;), and
antisites (MApy, MA}, Pbya, Pby, Ina, and Ip,)2027:30-32, Theo-
retical investigations have indicated that the point defects present
in MAPbI;, which give rise to deep-level defects within the
bandgap, possess relatively higher formation energies. Conversely,
point defects with lower formation energies are associated with
shallow trap states2”-30, At room temperature, shallow point
defects in the crystal structure of the material lead to uninten-
tional doping. The defects acting as acceptors include Vya, Vpp,
I;, MApy, Ipa, and Ip,, whereas the defects functioning as donors
consist of Vi, MA;, Pb;, Pbya, MA}, and Pb3L. Similar to the case
of deep-level defects under certain growth conditions, shallow
defects with low formation energies (Vpp, Vaa, MApy, and I are
acceptors, and MA;, Vi, and MAy, are donors®1:32, The precise
control of growth conditions allows for the intrinsic doping of
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Fig. 1 Pie chart demonstrating electrical, optical, and ion migration techniques used for defect characterization in perovskite solar cells. a Various
defect characterization techniques are categorized under optical, electrical, and ion migration. b Schematic summarizing the various defect characterization

techniques.

MAPDI; to undergo a transition from p-type to n-type. This
transition is made possible by the presence of shallow donors and
acceptors with low formation energies. Further, under stoichio-
metric growth conditions, defect formation in halide perovskites
is dominated by the Schottky defect3.

Among higher dimensional defects, grain boundaries can act as
a source of shallow traps in perovskites®4, leading to hysteresis
that should be minimized. This effect of ion migration is also
more dominant along the grain boundaries and interfaces than in
the bulk film3>. Furthermore, the existence of shallow electronic
traps arising from ionic vacancies in perovskites carries the risk of
transforming into deep traps upon interaction with moisture and

oxygen. Because the absorption of water and oxygen molecules at
these vacant sites is significantly more favorable than on pristine
surfaces, perovskite degradation is accelerated through the
vacancy-assisted decomposition mechanism3. Perovskite devices
with fewer grain boundaries, a bigger grain size, and fewer defects
in perovskite films have better performance, higher ambient
stability, and lower hysteresis37-38.

Defects within the perovskite layer have an adverse effect on
carrier transport, carrier recombination, and the band alignment
between perovskite and charge transport layers, which degrades
device performance. Both bulk and interfacial defects play a sig-
nificant role in enhancing the nonradiative recombination in the
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Fig. 2 Mechanistic diagram of transient absorption spectroscopy and related instrumental setup. a The energy band diagram showing the carrier
excitation in TA, which results in the different bands in TA spectra (GSB, SE, and PIA). b Schematic illustration of typical TA spectra showing the PIA, GSB,
and SE. ¢ Schematic illustration of ultrafast transient absorption instrument. Reproduced with permission from ref. 40, copyright (Multidisciplinary Digital

Publishing Institute, 2020).

device, and thus lowering its performance3. Therefore, to achieve
PCE close to the theoretical maximum in PSCs, it is critical to
synthesize perovskites with the lowest possible defects. This
requires the ability to characterize and quantify the defects so that
further improvement directions can be suggested to mitigate the
formation of these defects. The improvement in PSC efficiency
and stability could be achieved by optimization of processing
parameters, the introduction of chemical additives, interfacial
engineering, or fine-tuning the composition, but will be guided by
the detailed evaluation of defects in the perovskites. In the fol-
lowing section, various techniques for defect characterization
have been summarized along with recent results and advances.

Optical techniques

Carrier dynamics strongly affect the photovoltaic device perfor-
mance of the perovskite materials, and the diffusion and trans-
port of these carriers are extremely sensitive to the defect states
present in the system. Optical techniques employ a pump to first
excite the carriers, followed by a probe to study their interactions.

Transient absorption (TA) spectroscopy. TA spectroscopy is
another pump-probe technique used to visualize ultrafast carrier
dynamics and investigate defects and traps#0-43. In this techni-
que, the change in reflection (AR/R), absorption (AA/A), and
transmission (AT/ T) of a sample excited by a pump beam is
measured by the time-delayed probe beam*4. The system is sti-
mulated by a laser pulse (pump), while the response of the excited
state is monitored by a second delayed pulse (probe). Depending
on the method of collecting the probe beam, changes in probe
intensity (AI /I) induced by the pump can be quantified and

4

COMMUNICATIONS MATERIALS | (2023)4:52 | https://doi

presented as (AA/A) (change in absorption), (AR/R) (change in
reflection), and (AT/T) (transmission change). Typically, tran-
sient absorption spectra exhibit both positive and negative signals.
Negative regions in a plot of (AA/A) versus wavelength indicate
stimulated emission (SE) from an excited state and ground state
bleaching (GSB), while positive (AA/A) values correspond to
photoinduced absorption (PIA). The mechanistic diagram of how
these bands appear is shown in Fig. 240-44,

G. Motti et al. demonstrated the defect activity in the MAPbBr;
and MAPbI; perovskites thin films using TA spectroscopy. In this
work, the authors have compared the band-to-band recombina-
tion dynamics to the TA dynamics for these perovskite films
probed at the band edge at 525 nm for MAPbBr; film and 770 nm
for MAPbI; film. A photobleach signal was observed in both films
due to the state-filling by the photoexcited species. The
photobleaching signal observed can be linked to the combined
densities of electrons in the conduction band and holes in the
valence band. Consequently, this signal enables the examination
of both radiative and nonradiative recombination pathways,
including trap-assisted recombination. While the trapped carriers
do not directly contribute to the photobleaching, their presence
can result in an imbalanced charge in the opposite band,
indirectly contributing to the observed photobleaching signal. In
the MAPDBr; film, the photobleaching kinetics show fast and
slow lifetime components, as shown in Fig. 3a, which correspond
to the band-to-band decay and the sub-band-gap emission in the
IR range (trapped carrier recombination), respectively. Within
the MAPDI; film, a broad emissive band with a peak around
1000 nm (1.2 eV) was observed, characterized by a relatively short
lifetime lasting only a few nanoseconds. However, the photo-
bleaching dynamics depicted in Fig. 3b indicate the existence of
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www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00379-y

REVIEW ARTICLE

o 3 -
(a 1075 e —— TA-525nm (C) ——5-10ns
] MAPDBT; —— PL-1000nm [ ——10-20
. —— PL-530nm [ 2+ 20-50
ki & 50-100
N S 100-200
g =1 200-500
£ = 500-1000
2 g ——1000-5000
=3 MRS o B /o >
= O RN Ao
1 1 mg/ml
r 600 650 700 750 800
0o 1 10° 10® 1077 10" 1075 107 Wavelenethifnm
le-10 Delay (s) Ly
(b) 10° —— TA-770nm [ (d) 1.0% ’
MAPbDI; —— PL-780nm i
5 S 0.8}
N 1071 o 3 —_—
g : E osf
5 o
= N 0.4}
E 1024 L o Pump 532 nm
= E ~
< 3 ~ o Control
] = 0.2 0 mg/ml
1[b = & 1 mg/ml
< 0.0~ - -
1073 r 10 100 1000
-5 0 10-8 1077 10-© 1073 1074
182 Delay (s) Pump-probe delay (ns)

Fig. 3 Probing charge carrier dynamics using transient absorption (TA) spectroscopy. a Overlapped figure of TA dynamics of a MAPbBr3 thin film

probed at the band edge (525 nm, dark blue), PL dynamics at the band edge (530 nm, light blue), and 1000 nm (red). b TA dynamics (dark blue) of a
MAPbI; thin film probed at the band edge (770 nm), overlapped with the PL dynamics at the band edge (780 nm, light blue). Reproduced with permission
from ref. 45, copyright (Wiley-VCH Verlag GmbH & Co., 2019). ¢ TA measurements of the sample treated with 1mg/mL FAI (at various time delays).
d Comparison of the decays of ground state bleach in all three studied samples. Reproduced with permission from ref. 46, copyright (American Chemical

Society, 2020).

trapped carriers in MAPDI; that undergo decay on the
microsecond time scale. The photobleaching dynamics observed
in both MAPbBr; and MAPDI; films demonstrate the presence of
trapped carriers’ decay on microsecond time scales. However,
these trapped carriers are either weakly emissive or deeply
trapped®®. Further, Xin et al. demonstrated the defect healing in
the MAFAPbI;_,Br, perovskites using TA spectroscopy. In this
study, thin films of MAFAPbI;_,Br, were treated with solutions
of formamidinium iodide/isopropyl alcohol (FAI/IPA) at con-
centrations of 0 mg ml~! (pure IPA) and 1 mg ml~!. Three
films without treatment (controlled film), treated with pure IPA
(0mg ml~1), and treated with 1 mg ml~! (FAI/IPA solution)
were excited using a pulsed laser with a wavelength of 532 nm,
operating at a pulse energy of 12 nJ and a frequency of 500 Hz.
The authors observed a GSB signal at around 780 nm, shown in
Fig. 3(c), which indicates the presence of free carriers due to
nearly complete absorption (>99%) at 532 nm. The decay curves
of the GSB signal averaged within 770 and 780 nm, were
presented for all three samples in Fig. 3(d). The average lifetime
was obtained as 71,,=1595ns for controlled, 1629 ns for
0 mg ml~1, and 1910 ns for 1 mg ml~! film. From the TA
lifetime analysis, the authors observed the longest 7,,, in the FAI-
treated sample, which indicates the defect density is significantly
reduced after FAI-healing treatment#°.

Transient absorption microscopy (TAM). TAM is a technique
that combines TAS with optical microscopy, enabling the visua-
lization of recombination, spatial variations in carrier cooling,
and transport with high temporal and spatial resolutions. A
spatially resolved TAM technique is a powerful tool to char-
acterize the trap state locations in photoactive perovskite layers.

TAM exhibits sensitivity to both non-emissive and emissive
photoexcited species, which are predominantly populated and can
be identified before they relax to the electronic ground state or
populate trap states. This capability is achieved through mea-
surements taken at short delay times. Snaider et al. performed
carrier transport TAM imaging to image the spatial distribution
of the sub-bandgap states in polycrystalline thin films of MAPbI;
with two different grain sizes: film 1 (larger grain size >1 um) and
film 2 (smaller grain size ~200 nm)#’. The TAM imaging for both
film 1 and film 2 was performed at two different wavelengths: (i)
755 nm (bandgap wavelength) and (ii) 785 nm ((~60 meV below
the bandgap), as shown in Fig. 4a (film 1) and 4b (film 2). The
TAM image reveals that the presence of sub-bandgap states is
more prominent at the interfaces and grain boundaries. Grain
boundaries were found to have considerably higher AT intensities
than grain interiors, indicating that sub-bandgap states are more
common at the edges. At the 785 nm probe, film 2 shows a high
intensity of AT on larger areas than film 1, suggesting a higher
density of grain boundaries. Film 1 exhibited a shorter carrier
lifetime at the grain boundary than the grain at the 755 nm probe
wavelength, as shown in Fig. 4c. Besides, at 785 nm (probing the
sub-bandgap state), film 2 exhibits slightly faster decay than
film 1, as shown in Fig. 4d, likely due to increased charge
recombination in film 2, which can be attributed to the smaller
grain size and more defect/trap states at the grain boundaries.
The combination of TAM with PL emission microscopy works
in a noninvasive and contactless mode, which can directly
quantify and visualize the spatial distributions of emissive species
with all electronic excitations. Additionally, the spatial location of
the perovskite film’s trap states can be mapped through this
technique. In this manner, Simpson et al. demonstrated
combined TAM with PL emission microscopy and performed
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Fig. 4 Investigating charge carrier dynamics at grain boundaries and within the bulk of perovskite films using transient absorption microscopy.
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dynamics probed at 785 nm at the boundary for film 1 and film 2. Reproduced with permission from ref. 47, copyright (American Chemical Society, 2018).
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Fig. 5 Time-integrated PL mapping using transient absorption microscopy. a, b Time-integrated PL images and ¢, d femtosecond TAM images at 5 ps
delay of annealed MAPbI5 perovskite thin films. Images (a) and (¢) are taken for 1h annealing and images (b) and (d) are taken for 2 h annealing. The scale
bar for each image is 5 pm. Reproduced with permission from ref. 48, copyright (American Chemical Society, 2016).

the spatial mapping of electronic trap states in thermally annealed
MAPbDI; perovskite thin films (with 1-h and 2-h annealing)#$. In
comparison to the TA amplitude, the PL intensity varies
significantly at different regions, indicating the presence of traps,
as shown in Fig. 5. The variation in PL intensity also implies that
the electronically excited states in the perovskite film relax in a
spatially dependent radiative and nonradiative manner. The

authors proposed that increasing the thermal annealing duration
from 1 to 2 h can greatly minimize the spatial variability of the PL
and reduce dense trapping locations by about fivefold. As a result,
it can be concluded that combining PL emission microscopy with
TAM is a powerful method for probing the spatial distributions of
traps and defects in perovskite films by looking at the emission

propensity.
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Time-resolved photoluminescence (TRPL). TRPL is a technique
employed to investigate the radiative recombination of charge
carriers by monitoring photoluminescence?*->3. The decay
observed in TRPL is affected by a range of competitive radiative
and nonradiative recombination processes taking place within the
system. Consequently, TRPL can provide valuable insights into
these processes and extract relevant information about them>4->7.

Yamada et al. utilized TRPL spectroscopy to examine the
kinetics of photocarrier recombination in thin films of MAPDI; as
a function of time since fabrication®8. It was discovered that as
the films were aged for 30h, the PL lifetime was gradually
enhanced. This was attributed to the spontaneous reduction of
defects by room temperature annealing and is the major factor in
the enhanced performance of aged perovskite solar cells. Wen
et al. investigated the defect-trapping states and carrier recombi-
nation dynamics in MAPbI; perovskite. The study focused on
perovskite samples synthesized using two different approaches:
traditional spin coating and gas-assisted solution processing. The
defect trapping is responsible for the fast component, which
dominates the PL decay at extremely low excitations>®. The gas-
assisted sample has a longer fast component and smaller decay
times than the spin-coating sample, which can be attributed to
the effective defect trapping due to the larger concentration of
trap states in the gas-assisted sample than the spin-coating
sample. This work emphasizes the impact of the fabrication
process on the trap density and, thereby, the carrier recombina-
tion dynamics.

Defect-related emission at cryogenic temperatures is a unique
method to study defect states, regardless of emission mechanism.
Dobrovolsky et al. explored defect-related emissions to find the
relation between these emissive states and nonradiative recombi-
nation in MAPbI; films. Two different types of films were
studied: pristine MAPbI; (MAPI), fabricated under ambient
room conditions, and MAPDI; with a certain concentration of Cl
atoms (MAPIC), fabricated in a nitrogen glovebox using
commercial perovskite ink. These two films differed in terms of
surface morphology and grain size (Fig. 6a, b)0. It was found that
at the same excitation, MAPIC showed a longer PL decay lifetime
and higher PL intensity than MAPI (Fig. 6¢). It indicates that the
MAPI film had a higher trap density, leading to more
nonradiative recombination in comparison to the MAPIC film.
The spatial distribution of PL at 295 and 77 K was also analyzed.
When the PL of the sample at 295 K is compared with the sample

T=295K

at 77 K at the same position, a defect density variation is found.
An important observation is that there is no correlation between
PLQY and defect emission at various places within the same
sample. Contrary to that, a clear connection was found between
high PLQY and a low contribution of defect emission at 77 K in
two different samples, as shown in Fig. 6d. In conclusion, it
indicates that the existence of local NR centers within each
sample does not result in a bigger number of shallow defect states
emitting at low temperatures, which means these NR centers need
to have a distinct nature from shallow defect states and may even
be spatially located in separate locations at the nano and
microsites.

The intensity of the photoluminescence signal is directly
related to the trap density, grain size, and quality of the interfaces,
and these factors significantly affect the charge carrier diffusion
length and other charge transport parameters. Furthermore, the
photoluminescence intensity strongly depends on the crystal size
of the perovskite®l. Using super-resolution optical imaging with a
spatial resolution exceeding 10 nm, Y. Tian et al. employed PL
microscopy to demonstrate the light-induced photoluminescence
in MAPbI;, emphasizing its dependence on crystal size%2. The PL
enhancement happens on a sub-second time scale for tiny
crystallites (100 nm or less), but it takes an hour for crystals of
tens of microns to reach PL saturation at one sun excitation
power density in the air. The authors proposed that traps are
deactivated or filled by photogenerated charge carriers under light
illumination, which significantly enhances the PL intensity;
therefore, this phenomenon is strongly dependent on crystallite
size. This concept can be useful for fabricating luminescent
crystals from micron-size perovskite crystals using simple
mechanical grinding.

Optical-pump terahertz-probe spectroscopy (OPTPS). Pump-
probe techniques that involve femtosecond pulsed lasers and
optical delay make it feasible to investigate the exciton dissocia-
tion dynamics, exciton binding energy, and free carrier generation
in perovskite materials®3->. In OPTPS, carriers are first excited
with an above bandgap excitation, followed by a THz probe to
investigate the carrier dynamics. Table 1 shows the charge carrier
mobility and diffusion length in different perovskites and the
corresponding recombination rate constants (k;, ky k3), sug-
gesting the type of recombination behavior dominant in these
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Fig. 6 Time-resolved photoluminescence decay curves of MAPI and MAPIC perovskite films. Scanning electron microscopy image and PL spectral image
at 295K for a MAPIC and b MAPI films. ¢ Corresponding PL decays at 295 K. d Contribution of the sub-bandgap PL to the total PL at 77 K and its

correlation with PL intensity at room temperature in MAPbI3 perovskite film. Blue dots refer to unmodified MAPI film and red dots depict optimized MAPIC
film. The correlation between the defect emission at 77 K and the PLQY of the sample is depicted in yellow. Reproduced with permission from ref. €0,

copyright (American Chemical Society, 2020).
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Table 1 Charge-carrier parameters and recombination rate constants for different perovskites.

Perovskite Carrier diffusion length Carrier mobility Recombination rate constants Ref.
(um) (cm2Vv-1s-1)
" ki (s  k,(em3s™ 1) k3 (cmés~T)
MAPbI5_Cly 2.7 33 12x107  11x10710 23x10-29 66
FAPbI5 3.1 27 6.7x106  11x10-10 22x10-29 €7
FAPbBr3 1.3 14 21x106 11x10-2 15x10-28 o7
FAPbl3 252 752 6.7x106 297x10-10 73x10-28 M9
5% Kl-Cs0.05FA0.8MA015Pb(log3Broaz)s - 16.2 79%x10 32x1072 14x10-28 120

2Data obtained from the fitting of the transient photoconductivity curves up to 8 ns.
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Fig. 7 Optical-pump terahertz-probe spectroscopy in MAPbI;.,Cl, and FAPb(Br,l,.,); perovskite films. a Normalized THz photoinduced absorption
spectra of vapor-deposited CH3NH3Pbls_,Cl, films for time-delays 20 ps and 2 ns (excitation at 550 nm with pulse fluence 280 pJ cm—2). Reproduced with
permission®®. Copyright 2014, The Royal Society of Chemistry. b THz photoconductivity transients of four compositions of FAPb(Bryl;.,)5 for excitation
fluences ranging from 8 to 65w cm=2 at 400 nm wavelength; the initial decay components of the photoconductivity transients gradually become faster on
increasing the bromide content in the films. Reproduced with permission from ref. 67, copyright (Springer Nature, 2021).

perovskites. The charge carriers generated under illumination
undergo different dynamic processes like carrier thermalization,
carrier recombination, hot carrier relaxation, trapping, and
detrapping. The charge carrier recombination kinetics are mainly
governed by the availability of trap states and can be modeled by
the following rate equation:

dn

pri G —k,n — k,n* — kyn®

(M

Here k; represents the monomolecular charge recombination
rate (typically forming immobile species by charge trapping), k, is
the bimolecular electron-hole recombination rate constant, and k3
the Auger recombination rate constant (the recombination of
electron-hole pairs with concomitant energy transfer to a third
charge). The defects or impurities within the bulk and at grain
boundaries play a significant role in governing the monomole-
cular recombination rate, whereas the bimolecular rate constant is
proportional to the charge carrier mobility, which is, in turn,
affected by the defects in the system, which can impede the charge

carrier motion®. These rate constants can be determined from
the fits of the THz photoconductivity transients obtained from
the OPTPS measurements.

Wehrenfennig et al. conducted OPTPS measurements on
vapor-deposited MAPbI; (Cl, films, and the recorded THz
absorption spectra at pump-probe delays of 20 ps and 2 ns are
shown in Fig. 7a. They obtained an enhancement in the effective
charge carrier mobility (from 11 to 33cm? V~!s~1) and
diffusion length (from 2 to 2.7 pm) as compared to solution-
processed films, indicating a reduction in the defect states present
in the vapor-deposited perovskite films. The charge carriers
exhibited a diffusion length on the scale of microns, which can be
attributed to the combination of two factors: non-Langevin
bimolecular electron-hole recombination and the presence of very
low trap-induced monomolecular recombination pathways®®.
Similarly, Rehman et al. used OPTP spectroscopy to determine
the effective charge-carrier mobilities and diffusion lengths in the
FAPb(Br,l;.,); films with varying bromide content. The increase
in bromide content in the perovskite films resulted in the
photoconductivity transients showing faster initial decay
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components indicative of higher-order recombination effects in
the films, as shown in Fig. 7b%7. The pure iodide-based perovskite
films showed better carrier mobility and carrier diffusion length
in comparison to other compositions due to the lowering of the
energetic disorder in the pure iodide system, which led to fewer
trap states compared to I/Br mixed phases.

Yoo et al. studied the carrier dynamics in the a-FAPbI;
perovskite films using OPTPS and observed that the effective
mobility of the perovskite films exhibited an increase when
MAPbBr; was added in amounts ranging from 0 to 2.5 mol%
(26.8-31.2cm? V—1s~1). However, when the addition reached
10 mol%, the effective mobility decreased to 25.9 cm? V151
The improved carrier mobility of the films on MAPbBr; addition
was attributed to the combination of increased perovskite crystal
grain size and two-dimensional passivation of both grain
boundaries and surface defects in the a-FAPbI; perovskite
films©8.

Ultrafast photocurrent spectroscopy (UPCS). The ultrafast
photocurrent spectroscopy technique is employed for the inves-
tigation of the ultrafast dynamics of charge carriers in photo-
voltaic devices by directly measuring the generated carriers as
current. It is employed to examine various processes, including
carrier photogeneration, transport, and recombination. This
technique involves using a series of short optical pulses to initially
excite the system and subsequently modulate the dynamics of the
excited state. The resulting modulation effect is then observed
through the photocurrent. Furthermore, this method enables the
high-resolution measurement of trap states by exploiting their
temperature dependence®®. Kobbekaduwa et al. conducted a
study on the dynamics of charge carrier trapping in MAPDI; films
using the UPCS technique. They utilized temperature as a para-
meter to achieve extremely high-energy resolution and calculated
the activation energies for the active trap states. The trap states
were categorized as ultra-shallow (below 10.15 meV) and shallow
(above 10.15meV). The authors observed that the photo-
generated carriers initially relaxed to the band edge within a
timeframe of less than 1 ps. Subsequently, these carriers transi-
tioned to the ultra-shallow trap states within a timeframe of less

than 25 ps, as shown in Fig. 8a. During the time range of 25 to
100 ps (region I) and 100 to 200 (region II), the carriers under-
went phonon-assisted tunneling in the ultra-shallow trap states.
This tunneling process involved carriers traversing the energy
barrier between the ultra-shallow trap states and the conduction
band. In region III, the carriers followed a hopping mechanism
between the shallow trap states until they settled into slightly
deeper trap states. This behavior indicated a time-independent
thermal activation process®®.

Tahara et al. utilized time-domain photocurrent spectroscopy
to investigate localized states near the band edge of MAPbI,
perovskite. This technique probes localized states, including non-
luminescent states, and provides a comprehensive understanding
of carrier relaxation and sub-bandgap states in perovskite
semiconductor thin films. To observe the ultrafast photocurrent
dynamics, the authors employed a photocurrent beat spectro-
scopy procedure. They generated excitation pulses with a
duration of 46fs and a repetition rate of 93 MHz using a
mode-locked Ti: sapphire laser. Importantly, the excitation
photon energies were chosen to be significantly lower than the
bandgap energy of Pbl,, thereby limiting the photocurrent signals
originating from unreacted Pbl, in the thin film samples. The
excitation configuration employed for the perovskite film is
shown in Fig. 8(b), where the time-domain photocurrent was
measured as a function of the delay time between the two
excitation pulses. By precisely controlling the relative phase
between the two excitation pulses, the authors obtained
constructive (in-phase) and destructive (out-of-phase) interfer-
ence. Through this technique, the wultrafast photocurrent
dynamics displayed a beating behavior corresponding to the
resonance energy of the photocurrent generation sites. The exact
position of the state energy is determined by the Fourier
transform of the in-phase and out-of-phase photocurrent beating
signals. The difference between these signals is shown in Fig. 8c,
indicating the spectrum composed of both beating and non-
beating photocurrent components when the center energy of the
excitation pulse was set to 1.6 eV. The beating component of the
photocurrent provides valuable insights into the generation sites
of localized photocurrent, as denoted by the dashed line in
Fig. 8¢70.
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Differential transient transmission spectroscopy (DTTS).
DTTS is a powerful technique to investigate the dynamics of
charge carriers near the interface between the perovskite layer and
the charge transport layers. In this method, pump-probe trans-
mission measurements are conducted under ambient conditions
using a laser as a light source, with a pulse duration of approxi-
mately 100 fs and a repetition rate of 100 kHz. The pump and
probe beams are focused onto the sample surface at the same
location, with respective spot sizes of 500 and 200 pm in diameter.
To prevent irreversible photodegradation of the sample, the
pump density is maintained at around 0.5 pJ cm~2. By employing
a conventional slow-scan technique, changes in the transient
transmission (AT/T) resulting from the pump pulse are recor-
ded at various time delays relative to the probe pulse. Ishioka
et al. utilized the DTTS technique to study the injection dynamics
of carriers near the perovskite and charge transport layer inter-
face. They measured the transient transmission signals from both
the perovskite side and the hole transport material (HTM) side
(PTAA, PEDOT:PSS, and NiO,) of the sample. For these mea-
surements, a pump light at 400 nm and a probe light at 720 nm
were employed, each with a duration of 150 fs. The pump light
had a shorter optical absorption length compared to the per-
ovskite film thickness («~! =42 nm), while the probe light had
an absorption length exceeding the perovskite film thickness
(a=1=820nm). The resulting transient transmission changes
(AT/T) for the perovskite (ATpyk/T) and the HTM
(ATypy/T) were recorded on different time scales and are
presented in Fig. 9a. Notably, the (ATypy/T) signals for per-
ovskite with HTMs were consistently smaller than the
(ATpyx/T) signals for the same sample at early time delays. This
observation suggests a lower hole population at the interface
between MAPDI; (perovskite) and HTM compared to that at the
interface with PMMA (capping layer). Over picosecond time
scales, the signals from both sides exhibit complex decay and rise
behaviors but ultimately converge on sub-nanosecond time scales,
indicating that both sides of the perovskite films are excited at the
same pump density. The differential transient transmission signal
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(ATg/T = ATpyx — ATyry) is directly proportional to the
difference in the photoexcited hole populations in the perovskite
for the two configurations, represented as Ny (f). The
(ATy/T) signal rises and subsequently decays to nearly zero on
different time scales for various HTMs, as shown in Fig. 9b.

They observed that the hole injection at the interfaces of
MAPbI;/PTAA and MAPDI;/PEDOT: PSS occurred rapidly,
within 1 and 2 ps, respectively. In contrast, hole injection at the
MAPDI;/NiOy interface took significantly longer, approximately
40 ps. Additionally, the devices incorporating a NiOy layer
exhibited higher series resistance and lower shunt resistance,
indicating suboptimal charge transfer at the perovskite interface.
The presence of NiOy introduced more disorder along with
defects in the perovskite film and interface, resulting in slower
hole injection kinetics. Hence, the utilization of DTTS measure-
ments can facilitate the exploration of promising HTM materials
that have the potential to enhance the overall photovoltaic
performance of PSCs’!.

Pump-push-probe spectroscopy (PPPS). PPPS is a transient
absorption technique that involves the application of a second
laser pulse, referred to as the push-pulse, temporally applied
between the pump pulse and the probe pulse. The technique
enables the optical manipulation of changes in excited-state
carrier populations. Pollock et al. used PPPS to examine the
kinetics of electron trapping in the MAPDI; perovskite system.
They utilized a high-energy pump pulse to induce transitions
from deep valence band electrons to trap states within the
bandgap, in addition to exciting free carrier transitions. After a
10 ps delay, a NIR push-pulse was applied to stimulate the
trapped electrons back to the conduction band. This temporal
delay allowed the carriers induced by the pump pulse to equili-
brate and establish a population of trapped electrons at the band
edge, resulting in a distribution of hot carriers. The authors found
that a lower-energy push-pulse (1630 nm) produced hot carrier
effects but was not sufficient to excite the trapped electrons into
the conduction band compared to the 1500 nm push-pulse, as
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Fig. 9 Differential transient transmission spectroscopy for investigating charge carrier dynamics at perovskite/charge transport layer interface in
PSC. Transient transmission changes of MAPbI3 with and without different HTMs, pumped at 400 nm and probed at 720 nm on a picosecond, b sub-
nanosecond, and ¢ nanosecond time scales, respectively. d Differential transient transmission ATg,/T of MAPbI3 with and without different HTMs.
Reproduced with permission from ref. 71, copyright (American Chemical Society, 2017).
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Fig. 11 Time-resolved microwave conductivity measurement in perovskite films with lower background conductivities. a Schematic illustration of the
TRMC measurement. b TRMC transients as a function of the laser power Io. ¢ Transient AG vs time induced by 530 nm laser light (10" photons
cm~2pulse=) for perovskite films with 5 mg mL~" BABr with and without thermal annealing. Reproduced with permission from ref. 74, copyright (American

Chemical Society, 2022).

shown in Fig. 10. This observation revealed that the energy dif-
ference between the conduction band minimum and the upper
edge of the mid-gap trap state distribution in the system is
~0.83 V72,

Time-resolved microwave conductivity (TRMC). The TRMC
technique is commonly employed to examine the dynamics of
photogenerated charge carriers in semiconductor materials
characterized by low background conductivities. TRMC relies on
the interaction between the mobile charge carriers and the electric
field component of the microwaves, allowing for the determina-
tion of photoconductivity without the influence of interfacial
effects between the perovskite film and the metallic electrodes.
The schematic of TRMC measurement is shown in Fig. 11a. In a
typical procedure, a laser pulse is used for the photoexcitation and
generation of free carriers and/or excitons in the perovskite films.
The mobile free carriers in the perovskite material interact with
microwaves within a cavity, leading to the absorption of energy.
This interaction causes a decrease in the microwave signal,
allowing for the measurement of the photoconductance (AG) of

the material’3. When photoexcited charge carriers undergo
recombination or become trapped in defect states, the photo-
conductance (AG) decays. By calculating the product of the
charge carrier yield (¢) and the sum of electron and hole mobi-
lities (Zy), denoted as ¢pZu, we can obtain valuable information.
The change in photoconductance (AG) can be determined using
the following equation’47>:

AG
IyF eB

Where F, is the fraction of laser light absorbed, I, is the laser
intensity, e is the electronic charge, and  is the ratio between the
narrow and broad inner dimensions of the cavity. Yao et al.
employed the TRMC method to investigate the carrier transport
properties of FAgg3Csg17Pbl,;Brg; and butylammonium bro-
mide (BABr)-treated FAg3Csg17Pbl,;Brg; perovskite films
under 530 nm laser pulse excitation at various light intensities
(1019-1013 photons cm ™2 pulse™!) as shown in Fig. 11b. In all the
perovskite films, the ¢Xu decreased while AG decay becoming
faster with increasing laser intensity. This behavior is attributed to

P2y = ()
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Fig. 12 Photo-CELIV measurement of MAPbI; perovskite films. a lllustration of the photo-CELIV technique. Triangular pulse in reverse bias after the
photoexcitation of the sample (above) results in the typical CELIV transient (below) for the calculation of carrier mobility. Reproduced with permission
from ref. 76, copyright (Society of Chemical Industry, 2016). b Photo-CELIV curves of the MAPbI; perovskite with and without iodide-based additive. Inset
shows the slope A calculated from the ramp voltage. Reproduced with permission from ref. 77, copyright (Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim, 2020).

the second-order recombination process occurring within the
samples. However, the BABr-treated annealed films exhibited a
slower decay of AG due to the detrapping process of the trapped
carriers by the BABr-treatment. This ultimately led to an
enhancement in the carrier’s lifetime, as shown in Fig. 11c74.

Photoinduced charge extraction by linearly increasing voltage
(Photo-CELIV). The photo-CELIV technique is commonly used
to investigate charge transport in organic semiconductors. In this
measurement procedure, a voltage that increases linearly is
applied to extract the photogenerated charge carriers from the
perovskite film. These charge carriers have a density denoted as n
and a mobility represented as y. The perovskite film has a specific
dielectric permittivity indicated by € and a thickness denoted as d.
A schematic of the technique is shown in Fig. 12a. The entire
device structure can be conceptualized as a capacitor, with the
perovskite film situated between two electrodes, at least one of
which acts as a barrier. The transient extraction current can be
determined using the following equation:

J@O) = jo + £j () 3)

Where j, = CA represents the average displacement current (C
denotes the geometric capacitance and A represents the slope of
the applied ramp voltage), and Aj corresponds to the average
conduction current of mobile charge carriers within the active
layer. The maximum carrier extraction time (f,,c) occurs when
the films are subjected to a linearly increasing voltage with
blocked contacts. Under the condition Aj<j;, the charge carrier
mobility can be calculated using the equation”®:

o
=340

max

(4)

By performing photoexcitation of the perovskite films prior to
the voltage sweep, the mobility estimation of the photogenerated
charge carriers is obtained. Conversely, the drift mobility of
equilibrium carriers is determined through measurements con-
ducted in the dark’°. Laskar et al. utilized the photo-CELIV
technique to examine the effects of iodide-based additives on
reducing the defect density in MAPbI; perovskite. They measured
the carrier mobility and observed a significant improvement in
the perovskite films with iodide additives compared to pristine
films, as shown in Fig. 12b. The enhancement in carrier mobility,

12

as revealed by the photo-CELIV measurements, can be attributed
to the passivation of defect states facilitated by the use of iodide
additives””.

Time-resolved Kerr rotation (TRKR). The TRKR technique is
utilized to investigate the coherent spin dynamics of charge car-
riers in semiconductor materials. In a typical procedure, optical
excitation is performed using a mode-locked Ti: sapphire laser
with a repetition rate of 76 MHz and a pulse duration of ~1.5 ps.
The laser beam is split into a circularly polarized pump beam and
a linearly polarized probe beam. Both beams are then focused on
the sample, resulting in a spot diameter of around 100 um. The
sample can be configured in three different geometries: Voigt
geometry (a=0°), 53° tilted-field geometry, and 65° tilted-field
geometry. Here, a represents the angle between the magnetic field
B and the sample plane’8. In the Voigt geometry, where magnetic
fields B< 10T are applied, the pump pulse propagates along the
z-axis, selectively exciting carriers with spins polarized along the
z-direction. The subsequent coherent spin evolution, character-
ized by precession around the magnetic field B, is probed by
analyzing changes in the polarization of the linear probe pulse.
This allows for the examination of the coherent spin dynamics in
the sample”?.

Kirstein et al. applied the TRKR technique to investigate the
coherent spin dynamics of electrons and holes, as well as their
interaction with the nuclear spin system, in a single crystal of
MAPDbI;. Figure 13a shows the typical TRKR signal obtained from
the MAPDI; crystal at a temperature of 7K and a magnetic field
of 0.5T. The signal exhibits two oscillating components with
distinct frequencies, which can be observed in the fast Fourier
transformation (FFT) spectrum displayed in Fig. 13b. The faster
precession corresponds to the electron spins with a Lande factor
g, = +2.72 and a spin-dephasing time T3, of 0.4 ns, while the
slower precession is associated with the hole spin with g, of
—0.56 and T3, of 1.9ns. The TRKR signal is attributed to
resident electrons and holes generated through photogeneration,
followed by their spatial separation and localization8, The same
research group also investigated the electron and hole Landé
factors in FA 9Csg 1 Pbl, gBr , perovskite crystals using the TRKR
technique. They obtained g, = 3.57 and g, = —1.21 with long
spin-dephasing times: T , = 8 ns and T3, = 5.5 ns, respectively.
The spin-dephasing times provide insights into the number of
nuclear spins interacting with resident holes and electrons, as well
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as their localization size. Figure 13c, d display the TRKR signal
obtained from the FA(¢CsyPbl, gBrg, crystal under an applied
magnetic field of 100 mT and the corresponding FFT spectrum,
respectively®l.

Absolute photoluminescence quantum yield (APLQY). PLQY,
or internal radiative efficiency, is a crucial parameter used to
assess the intrinsic optoelectronic quality of a semiconductor film.
It quantifies the ratio of radiatively emitted photons to absorbed
photons, taking into account the refractive index correction. The
presence of trap-mediated nonradiative recombination in the per-
ovskite films reduces the PLQY, directly impacting the open-circuit
voltage and overall conversion efficiency. The absolute PLQY can be
determined by employing an integrating sphere, which collects all
emissions from the sample3283, Sutter-Fella et al. conducted pump-
power-dependent PL measurements on MAPbI; Cl, perovskite
films to extract the absolute internal quantum yield (iQY). They
observed that as the pump-power increased, the iQY also increased,
indicating that trap states lead to low iQY levels at low optical
injection levels, as shown in Fig. 14a, b. The investigation of
luminescence dependence on pump-power yielded significant
results. The pump-power-dependent luminescence study revealed
that at a generation rate of 3 x 1022571 cm—3 or higher, bimolecular
recombination was the dominant process. The slope of the rela-
tionship was proportional to 1, and iQY remained constant over a
range of generation rates spanning almost two orders of magnitude
(observable for the sample with x = 0.1). At higher levels of optical
injection, Auger recombination started to take over, causing a
decrease in iQY. This led to a drop in iQY once the generation rate
exceeded approximately 5x 1024571 cm™3, equivalent to about

500 sun. In contrast, the iQY of the pure bromide sample (x =3)
was nearly 100 times lower compared to mixed halide perovskites.
Furthermore, the iQY increased across the entire range of genera-
tion rates, indicating that dominant monomolecular trap-assisted
recombination occurred in bromide perovskite. This indicates a
higher density of traps in the pure bromide perovskite vis-a-vis the
mixed halides34.

Sub-bandgap external quantum efficiency (s-EQE). Sub-
bandgap EQE or ultrasensitive EQE provides valuable insights
into the sub-band states, traps, and energetic disorders, present in
perovskite semiconductor devices. These sensitive EQE mea-
surements are commonly employed to determine the energies of
charge transfer states and their associated reorganization
energies®®. Cheng et al. conducted an analysis of the sub-gap
region of MAPDI; perovskite solar cells by examining the evo-
lution of the s-EQE spectra. They achieved this by calculating the
difference between the EQE values after and before light soaking,
denoted as As-EQE=s-EQE;,axed—S-EQEgesn. Subsequently, the
obtained spectra were fitted using a Gaussian model used to
define the density of defect states in the perovskite material. The
As — EQE spectra and the Gaussian fit revealed two defect states
in ITO-contact devices and four defect states in Ag-contact
devices, as shown in Fig. 15. The calculated defect energy level for
defect state I (1.40 eV) was attributed to the vacancy and inter-
stitial defects of Vpp,, V, I; and MA,, defect state II (1.22 eV) was
associated with the interstitial defects of I; and Pb;, defect state III
(1.08 eV) was linked to the vacancy and antisite of Vp, and Ip,
and defect state IV (0.95 eV) was ascribed to the interstitial and
antisite of I; and Ij;4. Notably, the introduction of Ag atoms/ ions
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into the perovskite lattice was observed to induce diffusion and
create defects that ultimately impact the s-EQE signal®®,

Electrical methods

Electrical methods are primarily used to characterize the spatial
and energetic distribution of defects, the nature of defects, as well
as defect activation energy (shallow or deep). The identification of
defect passivation strategies is crucial for effectively mitigating the
detrimental impact of defects on the perovskite device’s perfor-
mance. These techniques play a pivotal role in this process by
enabling defect detection and understanding, allowing for the

development of effective strategies to suppress their negative
effects.

Space-charge limited current (SCLC). The SCLC method is a
commonly used defect characterization technique that has been
widely employed to measure the various properties of perovskite
films, such as carrier concentration, carrier mobility, conductivity,
and defect density®’. In this technique, a large electric field is
applied across the semiconductor through ohmic contacts, cor-
responding to the charge injected into the material. Injected
charges are captured by trap states leading to a reduction in the
density of free charges88. The trap density in the semiconductor is
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Fig. 16 Space-charge limited current measurements of MAPbI; perovskite devices. Typical J-V curve of an electron only a HT-TiO, and b MW-TiO,
devices. Reproduced with permission from ref. 38, copyright (American Chemical Society, 2022).

calculated from the dark current vs. voltage (J-V) curve in the
space-charge-injected current region. Usually, the J-V curve is
divided into three different regimes depending on the voltage
range: the ohmic region, the trap-filled limit (TFL) region, and
the Child region. The Ohmic region is obtained at low voltages
where the J-V curve is linearly fitted, and defects are filled by the
injected charges. The voltage at which all the defects are filled by
charges is termed trap-filled limited voltage (Vg ) and at voltages
above Vg, the charges are free to move through the film. This is
marked by the instantaneous jump in the current to a low
resistg;lce state and can be used to calculate trap density as per
Eq. 5%

2ee Vg
Piraps = # (5)
where L, ¢, ¢, and g are the thickness of the film, the dielectric
constant of the perovskite, the permittivity of the vacuum, and
the electronic charge, respectively. Figure 16a, b shows a typical
J-V curve of electron-only microwave annealed (MW)-TiO, and
high temperature annealed (HT)-TiO, devices to calculate defect
density®8. It was revealed from the SCLC method that trap
density in perovskite films based on MW-TiO, reduced to
4.1 x 106 cm=3 compared to those in HT-TiO, (5.4 x 1016 cm™3)
owing to the low-temperature processing of MW-TiO,, which
ensures fewer defects and better interface with perovskite.

Moreover, the SCLC method can measure both the electron
and hole trap densities in perovskite thin films by employing
electron-only or hole-only devices respectively?®l. SCLC
requires the fabrication of multiple devices to characterize the
density of electron traps or hole traps83.

Furthermore, temperature-dependent SCLC measurements can
be performed to determine the energetic level of the defects in the
perovskite films. This technique usually probes the defect energy
level close to both the conduction and valence bands by utilizing
electron- and hole-only devices. The energy level EA of the defect
can be measured using the expression:

d(In))

A=W (6)

Where T, ], and kp are the absolute temperature, current
density, and Boltzmann’s constant, respectively. Adinolfi et al.
conducted the temperature-dependent SCLC measurements to
investigate the trap states close to conduction and valence bands
in MAPDI; perovskite single crystal by employing electron-
injecting and hole-injective devices, respectively, as shown in
Fig. 17a-d. In the case of electron-injecting devices, titanium was
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used on top of the perovskite layer to form an ohmic contact and
favor electron injection. To determine the density of trap states as
a function of energy, it is crucial to establish the relationship
between voltage V and the energy levels of traps filled at the trap-
filled limit voltage (Vpgr). This is accomplished by extracting the
activation energy E, from the temperature-dependent SCLC
curves at various voltage points. The analysis revealed that the
trap density exhibited energy localization, with a prominent peak
observed at ~0.2 eV from the conduction band and another peak
at around 0.1 eV from the valence band. These positions indicate
the locations of the trap states, as shown in Fig. 17¢%2.

Thermal admittance spectroscopy (TAS). TAS is employed to
measure the distribution of defect density, including both shallow
and deep-level defects, as a function of defect energy level within
the bandgap of perovskite materials by tracing the junction
capacitance. By varying the frequency of the applied AC voltage,
the energy level of defects can be identified by monitoring the
changes in capacitance. TAS measurements are conducted with
the purpose of detecting the defect density and assessing the
distribution of energy levels within the bandgap of
semiconductors'4. As shown in Fig. 18a, the electron trap states
below the Fermi level are occupied by the photogenerated elec-
trons. As the AC voltage frequency changes, charges stored within
these traps are released within each cycle of the AC application,
thereby contributing to the overall admittance. The probability of
charge release is influenced by both the energy depth of the defect
and the temperature, as thermal activation enables the charges to
be released and further contributes to the admittance signal”3.
Consequently, traps with varying defect activation energies (E,)
at different temperatures and modulated AC frequencies are
linked to the junction capacitance. Defective traps have the ability
to capture or emit charges, thus influencing this capacitance. The
defect density (N) can be determined from the capacitance that
depends on the angular frequency according to the following
relationship34:

Vi dCw

Nr(Ba) = - qW dwkyT

@)

Where C, w, V;, W, kg, and T are the capacitance, angular fre-
quency, built-in potential, depletion region width, Boltzmann
constant, and absolute temperature of the semiconductor,
respectively. All these parameters are extracted using the
capacitance-voltage (C-V), capacitance-frequency (C-f), and
Mott-Schottky plots.
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Shao et al. performed TAS measurements for the first time on
MAPbI;-based PSCs to investigate the underlying cause of
hysteresis and its mitigation through fullerene passivation34.
Fig. 18b depicts the density of states (t-DOS) plotted as a function
of the defect energy level, E,; three-band levels were obtained with
a range of E, values: band I (0.35-0.40 eV) and bands II and III
(above 0.40 eV). Band I was indexed to a relatively shallow trap,
while bands II and III were assigned to deeper-level defects. It was
observed that all the[6,6]-phenyl-Cq;-butyric acid methyl ester
(PCBM)-modified devices exhibited significantly reduced deep
traps when compared to devices without PCBM. Meanwhile, the
annealed PCBM devices exhibited a further reduction in the
shallow traps in comparison to unannealed PCBM devices. These
findings suggest that deep traps predominantly exist at the surface
of the perovskite film and can be effectively passivated by PCBM,
even without the need for annealing. On the other hand, shallow
traps are mainly concentrated at the grain boundaries and require
annealing for the activation of PCBM-induced passivation at

16

these grain boundaries. Therefore, TAS is a qualitative method to
compare the defect density in PSCs; however, it cannot
distinguish between valence and conduction bands, which leads
to an overestimation of defect density®+.

Deep-level transient spectroscopy (DLTS). DLTS allows for
improved sensitivity, investigation of a wider range of defects at
deeper energy levels within the bandgap, and ease of operation®.
By capitalizing on the temperature-dependent fluctuations in
defect emission rates, DLTS facilitates the determination of
energy disparities between defect states and band edges. Addi-
tionally, DLTS enables the estimation of the cross-section of
defects®. In DLTS measurement, variations in capacitance with
temperature are measured to investigate the capacitance tran-
sients for temperatures ranging from liquid nitrogen temperature
(between 63 and 77.2 K) to 300 K or above. When a bias pulse is
applied at low temperatures, defects in the system become filled
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by the charges generated by the applied bias. This occurs because
the rate of capture for the defective traps is considerably higher
than their emission rate at lower temperatures. With an increase
in the temperature, DLTS peaks emerge when the emission rate of
the trapped charges falls within the defined rate window. By
completely filling the traps using a pulse of majority carriers or a
saturating injection pulse, the capacitance undergoes a change,
enabling the measurement of the defect density. At a particular
temperature, trap density can be expressed as”®

=2(AC/C)(N4 — Np) ®)

Where AC is the change in capacitance from t=0, and C is
the capacitance of the diode under reverse-biased conditions.
(N, — Np) is the overall acceptor concentration on the p-side of
the junction.

Yang et al. employed DLTS to quantify the density of deep-
level defects within a FAPbI; perovskite film. The analysis revealed
three DLTS peaks, each corresponding to specific defect energy
levels. These peaks were observed at energy levels of 0.78 eV (Al),
0.82 eV (A2), and 0.46 eV (A3), as depicted in Fig. 192%. In the
FAPbI; film, all the identified energy levels were found to be
positioned below the conduction band. These energy levels were
associated with deep-level defects (Al and A2) and semi-shallow
defect (A3). The origin of these defects in the FAPbI3 film can be
attributed to interstitial Pb (Pb;) and antisite defects (MA;, Pby,
Ina, and Ipy). Interestingly, when the FAPDI; films were treated
with triiodide ions, deep-level defects (A1 and A2) were no longer
observed, resulting in a reduction in the overall concentration of
defects. In addition, the triiodide-treated FAPDI; films displayed a
longer carrier lifetime (1105ns) in comparison to the control
films (228 ns) (as shown in Fig. 19b, thus validating the decrease
in the defect concentration. Furthermore, DLTS also provides
information about the defect activation energy (E,), concentra-
tion profile, and electron- and hole-capture cross-section of the
different defects in halide perovskites. However, there are also
some limitations associated with DLTS. In some cases, this
technique may overlook minority charge traps that are unable to
be filled under forward current conditions. Consequently, it only
provides information about the energy level of defects and does
not offer insights into the defect density®>.

Mirap

Thermally stimulated current (TSC). In semiconductors, char-
ges are trapped by defects that have a certain thermal activation
energy; therefore, they can be released thermally. The features of
the defects in the semiconductors can also be reflected by varying
the current in the semiconductor. In principle, the thermally
stimulated current (TSC) technique assumes partial filling of trap
states by electrons that are optically excited at low temperatures.
Subsequently, these electrons undergo thermal excitation in the

dark, transitioning into the conduction band minimum (CBM),
which gives rise to the generation of a current signal, I¢.. The
activation energy (E4) of the charge in the defect state is evaluated
by the following equation:

E,
Ipgc o exp T
B

Where I is the thermally simulated current, kg is the Boltz-
mann constant, and T is the temperature.

The trap density (n,,,) can be calculated by integrating the
TSC spectrum over a period of time using the following
inequality:

(€

S /ITSCdt S qntrapv (10)
Where V refers to the volume of the sample.

For TSC measurements, the device is first cooled to an
extremely low temperature, followed by the optical excitation of
the charges®®. Subsequently, the device is maintained at a
constant low temperature to allow charges to undergo therma-
lization, relaxing into possible trap states within the density of
states. By gradually increasing the temperature at a steady rate,
charges are released from the defect traps, resulting in a current
flow within the device, denoted as Itgc. Baumann et al. utilized
the TSC method to investigate defects in MAPbI; devices. In their
study, two peaks (T; and T,) were observed at very low
temperatures, corresponding to shallow-level defect traps in the
PCBM/Cg electron transport layers. Additionally, a third peak
(T3) was detected at a relatively higher temperature, which was
ascribed to the phase transition of MAPbI;from orthorhombic to
tetragonal phase, as shown in Fig. 20a. Notably, activation
energies were found to be similar for all three device types, as
presented in Fig. 20b: 488 meV without transport layers, 493 meV
with the CuSCN HTL, and 528 meV with the PEDOT:PSS HTL.
This analysis suggests the presence of relatively deep trap states at
around 508 + 20 meV in the MAPbDI; film. Furthermore, a lower
limit of 1 x 102! cm~3 was calculated for the defect density using
the time integral of TSC®.

TSC has certain challenges associated with it that limit its
applications. For instance, TSC measurements provide a lower
limit estimation of the defect density. However, it is important to
note that TSC may not detect certain defects due to factors such
as partial detrapping of charges, incomplete trap filling, and
recombination of the detrapped charges with carriers of the
opposite charge.

Drive-level capacitance profiling (DLCP). The DLCP method
was first employed in the study of amorphous silicon (Si),
Culn, ,Ga,Se;, and Cu,ZnSnSe, to examine the spatial
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distribution of trap states within these semiconductor
materials!?0-192 From the junction capacitance measurements,
DLCP enables the direct assessment of carrier density, including
both the density of free carriers and the density of traps within
the semiconductor’s bandgap. Furthermore, DLCP provides
information about the spatial and energetic distributions of these
carriers and traps. DLCP provides higher resolution than any
other technique because it provides flexibility to tune depletion
region width by varying the applied voltage bias. However, non-
flat depletion interfaces incurred either due to material hetero-
geneity or roughness impact the profiling.

Ni et al. applied the DLCP method to investigate the spatial
and energetic distributions of trap states in single crystalline and
polycrystalline metal halide PSCs®. Furthermore, each DLCP scan
was completed within a few minutes, unlike DLTS measurements,
where a long biasing time is required. When the DLCP
measurement was performed on a single-crystal device based
on MAPbI;, it revealed that the density of traps near the interface
region was approximately ten times higher compared to the trap
density inside the MAPDI; single crystal. Therefore, it was
concluded that the majority of traps are primarily situated on the
crystal’s surface, which could potentially be attributed to the
existence of dangling bonds. Meanwhile, when DLCP measure-
ments were conducted for MAPbI; thin single-crystal devices at
different frequencies, it was observed that the junction capaci-
tance increased as the AC frequency decreased. This observation
indicates the existence of deep traps positioned on the surface of
the thin MAPbI; single crystal. Trap density exhibited a declining
trend as the profiling position was shifted from the interface to
the bulk of the single crystal, indicating that the crystal’s surface
contained a majority of the trap states along with a higher
concentration of carrier density. Figure 21a depicts a mapped
image of the spatial and energetic distributions of the trap states
in the MAPbI; thin single crystal as the profiling distance was
scanned from the surface of the crystal towards the bulk.

Both DLCP and TAS techniques exhibited identical t-DOS
spectra with characteristic trap bands located at E, values of
0.27 eV (band I), 0.35eV (band II), and greater than 0.40 eV
(band III). Therefore, it was concluded that deep traps were
predominantly located at the surface of MAPDI; single crystals,
while the bulk of single crystals contributed to shallower traps, as
can be seen in Fig. 2la. Similarly, DLCP measurements
performed on polycrystalline MAPbI;-based PSCs also showed
that deep trap states (trap band III) were mainly located close to
the MAPDI;/PTAA interface. Table 2 summarizes the minimum
bulk trap density and interfacial trap density of the different
perovskite films and single crystals measured using the DLCP
method8.

In a related investigation, Ni et al. combined the DLCP method
with electrical poling to examine the charge states and resulting
chemical properties of the mobile defects in the perovskite
materials. Figure 21b shows the variations in the trap density of
states of the MAPDI; thin single-crystal-based solar cell after
applying a reverse bias of —1V for different durations. It was
observed that trap densities in both trap bands I and II
progressively increased with longer biasing periods. The deep
trap bands, band I (0.27 eV) and band II (0.36eV), in MAPbI;
were attributed to the presence of iodide interstitials (I;7andI;"),
similar to FA;Cs; Pbl; and FA{MA, Pbl; perovskites. Fig-
ure 21c, d demonstrate the spatial distribution of trap densities
for I7 and I} in FApo,CsosPbls solar cells under both
illumination and open-circuit conditions.

lon migration and measurement methods

Since ion migration leads to hysteresis and degradation in device
performance, it is important to understand and appropriately
address ion migration!93. The presence of mobile ionic vacancies
screens the effective electric field inside the perovskite bulk layer.
The lower electric field across the perovskite layer leads to inef-
ficient extraction of photogenerated charge carriers!%4. Ion
migration occurs due to the presence of ionic defects inside
perovskite crystals. For MAPbI;, among the three types of I,
Pb2t, and CH3;NH;t vacancies, I vacancies have the highest
concentration along with the lowest migration activation energy.
Eames et al. calculated the activation energies for ionic migration
in MAPDI; from first principles, compared these theoretical
values with kinetic data extracted from the chron-
ophotoamperometry measurements, and attributed the ion
migration to originating primarily from iodide vacancies!%4,
However, the exact mechanism of ion migration and its role in
observed J-V hysteresis behavior are yet to be resolved com-
pletely. Some important characterization techniques to under-
stand the spatial and temporal dynamics of ion migration during
device operation have been discussed below.

Kelvin probe force microscopy (KPFM). KPFM can provide
data about charge distribution and potential variation along the
cross-section of PSCs. This data can be correlated with the
position of different layers with up to 30 nm resolution. The
KPFM probe tip first traces the surface topography using atomic
force microscopy, and then the second pass follows the sample
topography obtained from the first pass at a fixed height of tens of
nanometers (lift mode)19>, The distance between the sample and
tip is kept such that electrostatic forces due to the contact
potential difference (CPD) between the sample and tip become
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Fig. 21 Drive-level capacitance profiling measurements for spatial and energetic distribution of trap states in MAPbI; perovskites. a Mapped image of
spatial and energetic distributions of densities of trap states in the MAPbI; single crystal, acquired using DLCP technique. Reproduced with permission
from ref. 8, copyright (American Association for the Advancement of Science, 2020). b tDOS spectra of a MAPbI5 thin single-crystal device before and
after applying a reverse bias of —1V for different time durations. Spatial duration of the trap densities of ¢ trap band | and d trap band Il in the
FA0.02Cs0.0sPbls device after being illuminated at V.. condition for different duration of time. Reproduced with permission from ref. 131, copyright

(American Association for the Advancement of Science, 2022).

single crystals revealed using the DLCP technique.

Perovskite material

Table 2 Comparison of the minimum bulk trap density and interfacial trap density between the different perovskite films and

Minimal bulk trap density (Nt in)

Interface trap density (cm—3)

(cm—3)

MAPbBr; single crystal (bulk) 6.5x1010 1.8 X102 (Cgp) 1.8 %102 (Au)

MAPbI5 single crystal (bulk) 1.8 x 10" 1.2 %102 (Cep) 1.2x10"2 (Au)

MAPbI; single crystal (thin) 1.9 x10" to 3.2 x 1012 2.0x10B to 1.1x 1010 (Ceo)  1.2x1012 to 1.0 x 101> (PTAA)
Cs0.05FAG.70MAQ 25Pbls film 43x10M 8.6 1015 (Cep) 1.2%x 10" (PTAA)
Rbo.05CS0.05FA0.75MAG15Pb(l0.05Bro 0s)3 film 5.7 x 1014 2.0 x10% (Cep) 11x10" (PTAA)

FAG.02MAg 0sPbls film 7.9 x10M 1.9 %101 (Cgp) 9.0 x10'6 (PTAA)

MAPbl5 film 9.2x10™ 2.2x10% (Cqp) 1.2x 1017 (PTAA)

Cs0.05FA0 sMAG 15Pbo sSNo (1o 85Bros)s film 1.2 x 1015 1.5 %1016 (Cgp) 11x10"7 (PTAA)

Reproduced with permission from ref. 8, copyright (American Association for the Advancement of Science, 2020).

dominant over atomic forces. An AC drive voltage and variable
DC bias are applied between the sample and tip during operation,
and the CDP is obtained!%. The frequency modulation mode of
KPFM is preferred in most studies since it offers a higher spatial
resolution.

Bergmann et al. conducted one of the first studies employing
KPFM to understand space charge distribution inside PSCs!%’. By
comparing the change in CPD before and after illumination, they
were able to observe the accumulation of holes in front of the hole

transport layer. Such accumulation of holes within the cell could
occur due to different charge carrier mobility in different materials
or due to the difference in charge extraction efficiency between
adjacent layers. To unravel the correlation between ion migration
and interface effects, Weber et al. demonstrated a time-resolved
KPFM (tr-KPFM) method to study the transient CPD in the PSCs
(Fig. 22)%°. The tr-KPFM method is based on decoupling the
spatial mapping and recording the temporal evolution of the local
CPD. The time resolution of sub-milliseconds was achieved using

COMMUNICATIONS MATERIALS | (2023)4:52 | https://doi.org/10.1038/s43246-023-00379-y | www.nature.com/commsmat 19


www.nature.com/commsmat
www.nature.com/commsmat

REVIEW ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00379-y

(@)  bulk migration (b) migration at
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Fig. 22 Schematics of Kelvin probe force microscopy measurement.
lllustration of potential (U), electric field (black arrows), and ion
distribution: a lon migration through the bulk of the perovskite layer
forming uniform electrostatic double layers (EDLs) at both electrodes that
screen the external device potential, b lon migration preferentially at the
grain boundaries form the non-uniform EDLs and heterogeneous electric
field distribution, ¢ In time-resolved KPFM, the CPD response to a voltage-
or light-pulse is recorded at different positions on the sample. Reproduced
with permission from ref. 35, copyright (Royal Society of Chemistry, 2018).

this method. Based on the observations, the authors concluded that
as opposed to slow migration of mobile ions, interface formation
and release of ionic charges are responsible for the observed
hysteresis in PSCs. By employing enhanced sampling techniques
and advanced KPFM methods, it is possible to extend the temporal
resolution to the microsecond range.

To investigate the impact of grain boundaries (GBs) on ion
migration, Shao et al. used a combination of electric poling, SEM-
EDS, and conductive atomic force microscopy (c-AFM)!08.
Electric poling followed by SEM-EDS on GBs and bulk grains
confirmed the formation of less perovskite at GBs. Thereafter
c-AFM revealed a large current hysteresis at grain boundaries
compared to grains, which indicates grain boundary dominant
ion migration. Recently, Jakob et al. developed a method to
improve the spatial resolution of KPFM down to 25nml®,
Instead of employing high-amplitude AC voltage, the researchers
developed a technique that utilizes a field-effect transistor (FET)
switch to toggle the electrical connection between the tip and
sample on and off periodically. Additionally, they integrated this
FET-switched KPFM with photoinduced force microscopy
(PiFM) to simultaneously capture spatially resolved chemical
information and surface potential mapping. This new technique
can enable better visualization of the ion migration dynamics in
PSCs and should be used more frequently.

Scanning electron microscopy- energy dispersive X-ray spec-
troscopy (SEM-EDS). SEM is used to obtain information about
grain size distribution, surface morphology, and cross-section
layer thickness of the perovskite layer in PSCs. EDS module of

SEM can be used to obtain the elemental distribution along the
cross-section as well as information on ion migration and element
diffusion between the adjacent layers.

To check the effect of polymer additives on the ion migration
in MAPI PSCs, Li et al. used SEM-EDS to identify the spatial
distribution of multiple ions in aged PSCs!%°. SEM-EDS spatial
mapping of devices initially and after aging under illumination
was compared to reveal the extensive spread of I" and Pb?* ions
within the electron transport layer (ETL) and silver electrode.
Furthermore, silver diffusion into the ETL was also observed,
which highlighted the corrosive nature of ions originating from
the perovskite layer. Similarly, to check the efficacy of their
proposed ions-blocking layer (IBL), Li et al. utilized SEM-EDS on
an inverted device structure (ITO/ P3CT-N / Perovskite/ IBL/
PCBM/ Cgo/ TPBi/ Cu)!'10. In devices with severe ion migration,
the I and Cu element distribution overlap could be observed from
EDS. On the other hand, devices with suppressed ion migration
possessed a clear boundary line between I and Cu signals.

Xing et al. developed a method based on SEM-EDS for direct
measurement of halide ion migration activation energy!'!l. To
obtain the elemental contrast in EDS, a PbBr, particle of 2-5 um
size was placed on top of MAPI. EDS elemental mapping images
of Br-element distribution, along with EDS line scans of
Br-element under both dark and illumination conditions were
compared. Direct visualization of increased Br~ diffusion after
illumination was achieved since the PbBr, particle’s boundary
was blurred due to diffusion into the MAPI layer below. Figure 23
shows that ion migration was suppressed in the case of MAPI
single crystals, whereas both heat and illumination led to
increased Br~ migration into the underlying polycrystalline MAPI
film. The line scan of the Br™ ion distribution was further analyzed
to obtain the Br~ diffusivity and activation energy by following
classical diffusion equations derived from Fick’s laws.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS).
ToF-SIMS is a vacuum-based mass spectrometry technique used
primarily to identify elemental, isotopic, and chemical compo-
nents, by sputtering a confined and focused primary ion beam on
the target. Surface atoms and molecular compounds from the
target overcome the surface binding energy to form secondary
ions (SIs). An electrostatic field accelerates the Sis, which are then
transported to the detector over a drift path. These SIs are then
detected by a time-of-flight (ToF) mass analyzer, as shown in
Fig. 24a. ToF-SIMS can be used to study ion migration, interface
composition, and degradation in PSCs. Dynamic SIMS can enable
3D analysis (both vertically and laterally) with high primary ion
doses, rapid erosion rates, and a depth resolution of a few ang-
stroms. Low ion dose in static SIMS can enable the measurement
of elemental and molecular information while suppressing sample
degradation with a spatial resolution of less than 50 nm over a
surface!12. DeQuilettes etal. used ToF-SIMS depth profiling to
show that photo-irradiated films had low levels of iodide in the
photo-irradiated area while adjacent areas had a higher level of
iodide than the background concentration, suggesting a lateral
migration of iodine away from the illuminated area!l>.

Zhang et al. studied the ion migration effect by exposing PSCs
to 5 h of continuous illumination followed by 2 weeks in the dark
in a glovebox (0% R.H.). The device’s performance was adversely
affected not only by mobile iodide (I") ions from the perovskite
layer diffusing out but also by Ag atoms/ions from the metal
electrode diffusing into the perovskite layer, causing severe
degradation in both MAPbI; and FAPbI; devices (Fig. 24b)!14,
Ton diffusion inside (outside) the HTL without an external
electric field suggests that this process would be accelerated under
an external electric field.
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Fig. 23 Mapping ionic diffusion in MAPDbI; perovskite films using Scanning electron microscopy and energy dispersive X-ray measurements. EDS study
of Br diffusion in MAPI film, a Experimental setup for the ion diffusion study, b, ¢ SEM and EDS Bromine-distribution images of a PbBr, particle without
illumination, d, @ SEM and EDS Bromine-distribution images of a PbBr, particle after illumination, The EDS line scans of the Br-element on the f MAPI
polycrystalline film and h MAPI single crystal with and without illumination, g The EDS line scans of the Br element on the polycrystalline film under
illumination at 293 and 323 K. Reproduced with permission from ref. 1M, copyright (Royal Society of Chemistry, 2016).
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permission from ref. 14, copyright (Royal Society of Chemistry, 2017).

Time-resolved time-of-flight secondary ion mass spectrometry
(tr-ToF-SIMS) can be used to investigate the time evolution of
ion distribution in perovskites under light illumination. Light-ON
and OFF-field response was used with tr-ToF-SIMS to show that
MA™ migration hysteresis is more illumination-dependent than
I migration and allowed direct observation of the real-time
dynamics of ions (such as MA™ and I))!1°.

Photothermal-induced resonance (PTIR). The static TOF-SIMS
signal is strongly influenced by the chemical surroundings and is
primarily sensitive to the top surface layer, typically a few nan-
ometers in depth. In contrast, PTIR data can penetrate several
hundred nanometers into the sample. The PTIR technique inte-
grates the use of a pulsed infrared (IR) laser for excitation and an
AFM operating in contact mode as a local detector. This allows
for the measurement of the sample’s expansion caused by light
absorption. In PTIR measurements, a tunable laser beam is
focused on a particular spot of the sample, which leads to thermal
expansion, which is then measured as an oscillation of the AFM

cantilever. PTIR is particularly effective in measuring materials
characterized by significant thermal expansion and low thermal
conductivity! 16, PTIR can also measure the mechanical properties
of the sample, like stiffness, elasticity, and damping, with
nanometer-scale spatial resolution. The PTIR technique enables
the mapping of chemical species distributions, such as MA™ in
MAPbI;, by leveraging IR spectroscopy to identify key moieties.
Yuan et al. employed PTIR microscopy to map the spatial dis-
tribution of MA™ ions in MAPbI; perovskite. The authors con-
firmed that the migration of mobile ions induced doping in the
perovskite film near the two electrodes. Figure 25a shows the
representative PTIR spectra showcasing the IR absorption peaks
corresponding to MA™ ions in the perovskite film. The AFM
topography image and PTIR image of the CH; asymmetric
deformation of the MA" ion exhibit uniformity, as shown in
Fig. 25b, c. Following electrical poling of the films with an elec-
trical field of 1.6 V um~! for 100 and 200 s, the topography images
demonstrate no significant changes, as shown in Fig. 25d, f.
However, the corresponding PTIR chemical maps in Fig. 25(e, g)
reveal an increase in the MA™ absorption intensity in the vicinity

COMMUNICATIONS MATERIALS | (2023)4:52 | https://doi.org/10.1038/s43246-023-00379-y | www.nature.com/commsmat 21


www.nature.com/commsmat
www.nature.com/commsmat

REVIEW ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00379-y

~
&
o
w

o
N4

PTIR signal (a.u)
o

3000 2800 2600 1400 1200

Wavenumber (cm’')

(h)

E
s
With T
PCBM 2
o
E
o
With
PTAA After poling RS

10 um E

¥ 100 nm

Height
PTIR signal (a.u)

0nm

100 nm

Height
PTIR signal (a.u)

w5 0nm

$ 100 nm

Height
PTIR signal (a.u)

Onm

Fig. 25 Photothermal-induced resonance measurements for mapping elemental composition under illumination in MAPbI; perovskite films. a PTIR
absorption spectrum recorded at the center of the MAPbIs device. Topography maps (80 um x 80 um) of the MAPDbI; film of the same sample area before
(b), after 100 s (d), and after 200 s (f) electrical poling, respectively. ¢, e, g Corresponding PTIR images for the CHs asymmetric deformation absorption of
MAT™ ion obtained before (), after 100 s (e), and after 200 s (g) electrical poling, respectively. All scale bars are 20 um. Reproduced with permission from
ref. 17, copyright (Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2015). h PTIR mapping of MAPbl; film as well as those covered by PCBM and PTAA,
at the same location before and after poling under illumination. Reproduced with permission from ref. 132, copyright (Springer Nature, 2018).

of the cathode as a function of the poling time. These PTIR maps
indicate redistribution of the MA™ concentration due to electrical
poling, providing direct evidence of MA™ ion electromigration
towards the negatively charged electrode.

Similarly, Lin et al. utilized PTIR microscopy to investigate the
redistribution of organic cations during the poling process. In
their study, PCBM-covered MAPbI; samples were subjected to
poling under an electric field of 1 V um~! while being illuminated
for 60s (30mW cm~2, 532nm). As a result, an observable
increase in the content of MA™ ions was identified at the cathode
side, indicating the migration of MA™ ions from the anode to the
cathode, as shown in Fig. 25h. Yan et al. studied the ion migration
effect on the lateral structure of perovskite using PTIR
microscopy. It was observed that the MA™ group displayed rapid
rotational dynamics, characterized by a relaxation time of several
picoseconds at room temperature. This observation suggested a
weak interaction between MA™ ions and the inorganic frame-
work. Additionally, no redistribution of I~ or Pb** ions was
observed in the devices. However, in the presence of an electric
field, a redistribution of MA™ ions occurred. Due to increased
strain caused by an applied field, the energy barrier for the ion
migration (MA") was reduced, promoting device
degradation!17-118,

Conclusions and outlook

Probing the bulk and surface defects in semiconductors using
ultrafast spectroscopic characterization techniques has gained
attention in recent times, leading to the development of several
composite techniques. The investigation of crucial dynamic
processes in semiconductors, including carrier recombination,
trapping, and detrapping, involves the utilization of optical
pump-probe techniques. These techniques employ a pulsed laser

and an optical delay to study these processes in detail. The probe
radiation (THz wave) used in these techniques has low energy but
possesses strong penetrating power. This characteristic enables
the non-destructive detection of samples. While THz waves do
not directly excite charges, they can induce oscillation or generate
fundamental excitation in carriers. Furthermore, the sub-
picosecond resolution enables detailed observation of the intri-
cate interactions between defects and charge carriers in semi-
conductors. However, the data obtained from these ultrafast
spectroscopic characterization techniques are highly sensitive to
sample preparation and experimental setup; therefore, precau-
tions should be taken during the handling of distinct perovskite
samples. Pump-push-probe techniques offer several advantages,
including the ability to manipulate the populations of excited
state carriers and investigate the energetics and kinetics of elec-
tronic trap states in perovskite materials. However, the signal
generated from the push-pulse can have interference from addi-
tional effects due to the distribution of hot carriers near the band
edge, which must be subtracted to get the response from trapped
carriers. While ultrafast techniques are well-suited for studying
charge carrier dynamics in perovskite systems, their spatial
resolution is limited to tens of microns due to the diffraction limit
of the probe radiation, resulting in poor spatial resolution.
Therefore, achieving spatial resolution better than 10 nm will
further enhance the measurement accuracy of carrier dynamics
on very short length and time scales. From the perspective of
device characterization techniques, characterizing the charge-
carrier dynamics of a functioning cell under specific voltage and
illumination conditions still remains a challenge for the research
community. Some of the electrical techniques, such as TAS and
TSC, are unable to distinguish between conduction and valance
band states, while others, such as SCLC and DLTS, have higher
error margins, which could lead to inaccurate defect density
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measurements. Moreover, techniques such as DLCP have not
been explored enough because the data extraction and analysis
are rigorous and complicated. Therefore, efforts should be
focused on developing a framework to improve the data extrac-
tion capability, which would help in the widespread adoption of
DLCP. In tr-KPFM, by employing a faster sampling rate of AFM,
temporal resolution in the microsecond range could be obtained,
which would allow for a better mechanistic understanding of ion
migration in PSCs. Since ion migration is one of the key reasons
for the intrinsic instability of perovskites, a deeper understanding
of the underlying mechanism can help mitigate ion migration and
therefore bolster the ambient stability of PSCs. Additionally, in-
situ methods that can monitor ion migration in real time are also
scarce. Some of the ion migration techniques, such as c-AFM and
SEM-EDS, involve intensive sample preparation techniques and
are destructive in nature, which limits their application. There-
fore, user-friendly techniques involving easier sample preparation
or that are non-destructive would enable wider adoption and
more data to be generated. One of the ways to estimate mea-
surement errors, especially in electrical methods, is by calculating
parameters such as defect density using ultrafast optical techni-
ques, which would help understand the shortcomings of the other
measurement techniques. This would facilitate the generation of
reliable data and contribute to a deeper understanding of the
underlying physics, robust model generation, and accurate
directions for the improvement of device performance and
stability.

Future advancements in perovskite device performance heavily
rely on endeavors to comprehensively understand, identify, and
regulate the bulk and interfacial defects within the perovskite
materials. These defects play a crucial role in nonradiative
recombination processes and have a significant impact on band
alignment. In addition, the instability of perovskite materials
under ambient conditions is a major hindrance in the long-term
application and commercialization of perovskite devices. A better
understanding of charge carrier dynamics, as well as fabrication
procedures to fabricate defect-free structures, need to be devel-
oped to further improve the power conversion efficiency. The
device performance can be adversely affected by interfaces, grain
boundaries, and ion migration, which highlights the need for
meticulous engineering of these defect structures to overcome
their detrimental effects. Furthermore, defect passivation techni-
ques such as additive engineering, compositional optimization,
and interfacial modification must be developed to suppress the
defect concentration and improve the device’s performance. To
establish the efficacy of these defect passivation techniques, it is
imperative to measure the defect density accurately before and
after treatment. Moreover, time- and spatially resolved mea-
surements of defect density are also needed in solar cells to
investigate the degradation mechanisms and mitigate the degra-
dation pathways. In this regard, this review will play a significant
role in informing the research community about the suitability of
different characterization methods for the measurement of defect
states directly and/or studying the charge carrier dynamics in
perovskite materials. Table 3 summarizes different characteriza-
tion techniques along with their features and limitations. It
highlights which techniques reveal the time-resolved concentra-
tion of carriers (indicating the rate of recombination) while also
indicating the techniques that provide the spatial distribution of
defects. The table also identifies the techniques that have sensi-
tivity for very low defect concentrations, while pointing out the
ones that are only useful when the defect concentrations are
reasonably high. Therefore, this table provides a comprehensive
overview of the advantages, disadvantages, and appropriate use
case scenarios for each of these techniques. We anticipate that
this review will be instrumental for the researchers in this field,
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Table 3 (continued)
Technique name
Scanning electron
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serving as an initial guide to help answer the question, i.e., Which
defect characterization technique is most suitable for my
research?
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