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Abstract

The recent dramatic increase in the power conversion efficiencies of organic-
inorganic tri-halide perovskite solar cells has triggered intense research worldwide and
created a paradigm shift in the photovoltaics field. It is crucial to develop a solid
understanding of the photophysical processes underlying solar cell operation in order
to both further improve the photovoltaic performance of perovskite solar cells as
well as to exploit the broader optoelectronic applications of the tri-halide
perovskites. In this short review, we summarize the main research findings about the
binding energy of excitons in tri-halide perovskite materials and find that a value in
the range of 2-22 meV at room temperature would be a safe estimate. Spontaneous
free carrier generation is the dominant process taking place directly after
photoexcitation in organic-inorganic tri-halide perovskites at room temperature,
which eliminates the exciton diffusion bottleneck present in organic solar cells and
constitutes a major contributing factor to the high photovoltaic performance of this

material.
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1 INTRODUCTION

Over the last 3 years, the photovoltaics research community has witnessed an
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unprecedented breakthrough in the field of hybrid solar cells based on organic-inorganic tri-halide
perovskite as the light absorbing semiconductor, to the extent that many scientists nowadays
believe that we are living in the 'Perovskite Era'. This revolution has been driven by the
compelling need for low cost and high efficiency solar cells, which seems to be readily achievable
by perovskite solar cells (PSCs) that have already exhibited certified power conversion efficiencies
(PCE) close to and exceeding 20%.'

When first introduced, PSCs were designed to follow the excitonic solar cell concept, in
which absorbing nanoscale perovskite crystals (instead of a dye) sensitized the surface of an
electron-transport layer such as mesoporous TiO; and a hole transport layer was then infiltrated
into the sensitized TiO2.>~" Later on, it was found that PSCs also work in planar configurations,
similar to those used in thin film semiconductor solar cells, with comparable efficiencies.® Despite
the outstanding success of PSCs in a relatively short time frame, several fundamental questions
remain to be fully understood with regard to the photophysics of PSCs. Some material properties
are reported throughout the literature with a wide range of values, while operating mechanisms of
the perovskite solar cell device remain controversial, awaiting further studies to confirm or negate
currently available proposals.

To help researchers be on top of all these rapid advancements and recent updates related to
this revolutionary class of material from different aspects and its many applications, review articles
and perspectives’® are necessary to make it easier for the perovskite research community to be
aware of all the corresponding details and how different studies relate to each other and illustrate
the discrepancies in the findings of various related studies, if any.

Among the open questions in the PSC operation is the value of the exciton binding energy.
In general, upon light absorption, species called excitons are generated, which are simply bound
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states of electron-hole pairs due to coulombic attraction.?” In inorganic solar cells, due to the high
permittivity and low effective mass of the semiconductors typically used, the binding energy of
these excitons (called Wannier-Mott excitons) is very small (a few meV),?® which is less than the
thermal energy at room temperature (25 meV), due to which Wannier-Mott excitons are dissociated
instantaneously to free charge carriers. In organic semiconductors, on the other hand, the exciton
binding energy is relatively high (around 1 eV) due to the correspondingly low permittivity and
high effective mass. The understanding of the exciton nature within the PSC and its binding energy
are crucial for further development of high efficiency terrestrial solar cells, space solar cells,
photodetectors, non-linear optical devices, etc. It is important to know whether free charges are
generated upon excitation, or rather excitons are produced which dissociate either in the perovskite
layer or at the heterojunction interface.

1.1 Exciton Binding Energy in PSCs

There has been a dispute in the perovskite research community in estimating the exact value for
the binding energy of excitons in PSCs, and values ranging from 2 meV to 55 meV have been
reported.>*>! A variety of spectroscopic techniques have been exploited leading to different
conclusions, to the extent that some researchers in their recent work invalidated their own previous
research findings.*!" 5> 3 This disagreement between reported values is not only due to using
different techniques and how the results are interpreted, but also due to differences in the quality of

the perovskite material being studied.
1.2 The Contribution

In this mini-review, we try to summarize different pieces of evidence from the literature to

understand the exciton nature in PSCs and the origin of dispute in the reported values.

2 EARLIER STUDIES
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The study of different materials belonging to the family of organic-inorganic lead tri-halide
perovskites, especially methylamonium (MA) lead iodide (bromide), dates back to the 1980s.>*
Those earlier studies focused primarily on studying the crystal structure, energy band, and related
parameters such as the Bohr radii, binding energies, reduced masses, and oscillator strengths of the
excitons in this family of crystals.

2.1 Magneto-absorption (MA) and luminescence studies

Forming some of the earliest studies, Hirasawa et al.>

investigated the magneto-absorption
spectra of the lowest energy exciton in MAPbIz at magnetic fields up to 40 T at a constant
temperature of 4.2 K. In conjunction with the optical studies, the researchers extracted an exciton
binding energy (R*) of 37 meV for MAPDI3 synthesized from MAI and Pbl> in acetonitrile
solution, which resulted in microcrystals of perovskite. The accuracy of this R* value was doubtful
due to the magnetic-field induced photoluminescence (PL) which the MA spectra suffered from.
Using the same synthesis procedure of MAPbI; and in the same year, Ishihara>® reported a study on
the temperature dependence of luminescence for MAPbI3, from which an R* value of 45 meV was
estimated. Nine years later, Tanaka and co-workers®’ re-measured the MA spectra of a randomly
oriented polycrystalline MAPbI3 film on a quartz substrate with a higher accuracy than the earlier
mentioned study. This time, the researchers first compared the optical properties of their perovskite
film to single crystal samples before doing MA measurements on the film to confirm that the
optical properties were the same, and their measurements gave the intrinsic value for R*, which
they estimated to be 50 meV. This was based on the exciton diamagnetic coefficient measurement
in MA spectra, and subsequently calculating the binding energy based on the hydrogenic model.

The main concern with those reported R* values, extracted from the MA spectra presented earlier,

was the assumption of a magnetic field independent R*, which was found to be an inaccurate
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assumption.*! Moreover, the high frequency dielectric constant (¢x) used in the calculations of R*
was only a choice of the model used by the researchers and not experimentally determined.’® In
the next section, we will shed light on more recent experimental investigations as well as
theoretical calculations of the exciton binding energy, aiming to get a more in-depth understanding
of the fundamental photophysical processes in the perovskite material related to the solar cell

operation.

3 RECENT STUDIES

It was not until the recent surge in high efficiency PSCs that researchers started to inquire
again into the reported values of R in halide perovskite films.
3.1 Optical absorption studies

Petrozza et al.’? estimated R* using the temperature-dependent absorption linewidth of the
observed excitonic transitions in polycrystalline films of CH3NH3Pbl;_xClx and CH3NH3Pbls. Fig.
1 shows the corresponding results, where the sharp peaks at lower temperatures were attributed to

an excitonic transition.
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Figure 1. (a) Temperature dependence (290 - 4.2 K) of the absorption spectra for CH3NH3Pbl; and (b)
CH3NH3Pbls Cly. Reprinted with permission from ref. 47, V. D’Innocenzo, G. Grancini, M. J. P. Alcocer, A. R.
S. Kandada, S. D. Stranks, M. M. Lee, G. Lanzani, H. J. Snaith, and A. Petrozza, Excitons versus free charges
in organo-lead tri-halide perovskites. Nat Commun 5, 582-587 (2014). Copyright@Nature Publishing
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Group.

At a temperature of ~ 170 K, the evolution of a second peak is observed, which is mostly
due to the phase transition in perovskite from orthorhombic to tetragonal around this
temperature.’® ® Based on this experimental data, Petrozza and co-workers estimated an R* value
of 55 + 20 meV in CH3NH3Pbl3xClx perovskite, and the corresponding value of R* in the
CH;3NH;3PbI3 film was missing and not reported. The problem with this estimation of R* is the
assumption of a temperature-independent value, which turned to be inaccurate.*! Another key
finding from the researchers was that under PV operating conditions, free charge carriers are
predominant over excitons after photoexcitation at room temperature, whereas at low temperatures
(LTs) (specifically below 120 K) the exciton population becomes dominant over free charge
carriers. A theoretical calculation of R* using density functional theory (DFT) in CH3NH3PbI;
predicts a value of 48 meV®! based on the Wannier-Mott model with .. Nevertheless, in the case
of a sufficiently long exciton lifetime (which is the case in CH3NH3Pbl3), this result of 48 meV for

R* is inaccurate and overestimated, requiring the R* value to be recalculated.®!

3.2 Revisited magneto-absorption and optical absorption results
By reexamining Fig. 1, we notice that the excitonic peak is clearly visible in the absorption

spectrum in the LT regime, but the same is not true at room temperature (RT). Recently, the results

53,62

of many studies on tri-halide perovskites carried out at RT were analyzed in the context of free

charge carrier transport, although if the previously reported values of R* at LT (37-50 meV) are the

t63 163

same at RT, we would expect both free charge carriers and excitons to co-exist.”” Even et a
carried out a theoretical investigation by making use of, and modeling, recent and old experimental

data aiming for a better understanding of the exciton nature in lead iodide and mixed-halide

perovskite, especially at RT. Following a rigorous analysis, Even and co-workers®® found that
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optical absorption results from Ishihara®® are best described through calculations assuming a higher
effective dielectric constant (. than the high frequency permittivity (e.) arbitrarily chosen by

1.3 was attributed to a

Ishihara and co-workers. The higher . used in the calculations by Even et a
screening effect induced by vibrations at LT, which led to an estimation of R* in the range of 18-24
meV instead of 37-50 meV at a temperature of 5 K. On the other hand, at RT, an even higher &
was used in the estimation of R*, leading to a value of 5 meV down-shift in the binding energy
from the previous estimate of 15 meV. The higher . at RT was attributed to collective tumbling of
the cation's C-N axis in the perovskite compound.®® Fig. 2 shows the good agreement between both
measured and calculated optical absorption spectra assuming higher ¢, in the calculations for two
different temperatures.5
3.3 Temperature-dependent PL

Following another technique to estimate R*, Sun and colleagues® used temperature-

dependent PL intensities from a solution processed CH3NH;3Pbl3 film with a least square fit of the

data to the Arrhenius equation, which led to an R* value of 19 + 3 meV (Fig. 3).
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Figure 2. Optical absorption spectra for CHsNHsPbls. Experimental data (solid lines) taken from Ishihara’s
paper,>® simulation results based on theoretical calculations (dashed lines) of absorption spectra®® for
different effective dielectric constants (e ). Reprinted with permission from ref. 63, J. Even, L. Pedesseau,
and C. Katan, Analysis of Multivalley and Multibandgap Absorption and Enhancement of Free Carriers
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Related to Exciton Screening in Hybrid Perovskites. J. Phys. Chem. C 118, 11566-11572 (2014).
Copyright@American Chemical Society.

-—

e
-—

Eb=1913mev

PL Intensity (Normalized)

0 50 100 150 200 250 300
Temperature (K)

Figure 3. Temperature-dependent integrated PL intensity of the CH3NHsPbl; film under excitation of a 532
nm continuous-wave laser beam. The solid line is the best fit based on the Arrhenius equation. Reprinted
with permission from ref. 64, S. Sun, T. Salim, N. Mathews, M. Duchamp, C. Boothroyd, G. Xing, T. C. Sum,
and Y. M. Lam, The origin of high efficiency in low-temperature solution-processable bilayer organometal
halide hybrid solar cells. Energy Environ. Sci. 7, 399-407 (2014). Copyright@Royal Society of Chemistry.

This estimation does not use any model of the exciton states and fits well with values of R*
presented earlier using higher &, in addition to other recent calculations.’® The authors have listed
this relatively low R* they estimated as one of the origins behind high performance PSCs,
nevertheless, they insisted still on the importance of an electric field to dissociate all the excitons
generated, in addition to the energy offset at the heterointerface between the perovskite film and
electron- or hole-transporting layers.
3.4 Optical and dielectric constants of CH3NH3PblIs high quality film

At this point, it is of interest to show recent experimental data which has been used to
determine the optical and dielectric constants in CH3NH3Pbl3 film and show the implications of

1'39

these results on the estimation of R*. Lin et al.”” used a combination of spectroscopic ellipsometry,

total transmittance, and near-normal incidence reflectance measurements to determine these
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properties. Fig. 4 shows the real (n) and imaginary (k) components of the refractive index, from
which the complete dielectric constant including both the real (¢') and imaginary (¢") components,
ape calculated for the high frequency regime, which fits quite well with other reported data.® %
More interestingly, the researchers were able to measure ¢’ and ¢” at low frequency using a
combination of impedance analysis and charge extraction by linearly increasing voltage (CELIV)
techniques, leading to an estimate of 70 for the static dielectric constant (&). As highlighted
earlier, the use of &, in estimating R* is inaccurate, which is due to the fact that exciton radius
is larger compared to the lattice constant in tri-halide perovskites, and therefore using &5 will give

1.° recalculated R* based on the

more accurate results.’ % Using a value for & of 70, Lin et a
magneto-optical approaches of Tanaka®’ and others®> %’ and found R* = 1.7-2.1 meV.
3.5 Results from THz spectroscopy

In order to truly reveal the intrinsic nature of excitons in perovskite, it would be
advantageous to observe the dynamics of excitons using a real-time spectroscopy technique in a
single crystal, rather than in a film. That is exactly what Cooke et al.®® did when they studied a
large single crystal CH3NH3Pbls perovskite using the transient multi-THz spectroscopy to
investigate the intrinsic mobile charge generation dynamics. In other words, they used ultra-
broadband THz pulses (4 - 135 meV) to measure the complex dielectric function in the single
crystal perovskite. One major finding of this study is the observation of a short-lived intra-excitonic
transition accompanied with R* of the order of 17 meV at RT under high pump fluence. More

interestingly, the signature of the exciton is found to disappear on a 1 ps time scale, leading to

mobile charge carriers.
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Figure 4. (a) Optical constants of the CH3NH3Pbls: refractive index (n) and extinction coefficient (k), as
determined by employing spectroscopic ellipsometry, near-normal incidence reflectance and total
transmittance; (b) Dielectric constants of CH3NHs3Pbls;, real and imaginary parts, in the optical (high)
frequency regime as determined from n, k and low-frequency and static values from impedance analysis
and CELIV, respectively. Reprinted with permission from ref. 39, Q. Lin, A. Armin, R. C. R. Nagiri, P. L. Burn,
and P. Meredith, Electro-optics of perovskite solar cells. Nat Phot. 9, 106-112 (2015). Copyright@Naure
Publishing Group.

69

Using similar THz spectroscopy techniques, Douhal et al.”” studied another member of the

perovskite family, namely formamidinium (FA) lead tri-iodide perovskite, and they reached the
same conclusion regarding the dissociation of exciton, which can be summarized in Fig. 5.
Although the analysis of the THz kinetics revealed two different rising components (time
constants) in this study of the FAPbI;, it was found that the major part of the mobile charge carrier

population in the film was formed within ~ 1 ps (comparable to temporal resolution in the THz
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spectroscopy setup), which agrees perfectly with the THz results presented above. The difference
in the THz conductivity rise times was attributed to the dissociation of excitons with different R*
values. The importance of this study is that it demonstrated the findings of the results previously
reported for MAPbDI; to be of general relevance to the broader family of organic-inorganic tri-halide

perovskites.
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Figure 5. Schematic representation showing the exciton dissociation process, charge carrier diffusion,
radiative and nonradiative recombination, and the recombination of deeply trapped charges in the studied
FAPbI; film. Reprinted with permission from ref. 69, P. Piatkowski, B. Cohen, C. S. Ponseca Jr., M. Salado, S.
Kazim, S. Ahmad, V. Sundstrom, and A. Douhal, Unraveling Charge Carriers Generation, Diffusion, and
Recombination in Formamidiniurn Lead Triiodide Perovskite Polycrystalline Thin Film. J. Phys. Chem. Lett.
7,204-210 (2016). Copyright@American Chemical Society.
3.6 Very high-field interband magneto-absorption study

Although magneto-absorption studies were amongst the very early techniques to study
excitons in perovskite materials, a recent study by Miyate et al.*! which used a very high magnetic
field revealed new findings. Studying a 300-nm-thick polycrystalline film of CH3;NH3PbI;

deposited directly on a glass substrate, the authors were able to estimate R* = 16 + 2 meV at LT.

Of more interest to practical device applications, R* at RT is found in the study to collapse to only
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a few meV, again suggesting spontaneous free carrier generation upon light absorption in the
perovskite film.*! One main reason making this study more accurate over previous magneto-
absorption studies is the fact that its estimation of R* is independent of any assumed values of
effective mass or dielectric constant, which was a major source of uncertainty in previous estimates
of R* based on magneto-absorption spectra. In Fig. 6, the magnetic field-dependent optical density
spectra are depicted for the perovskite film. The main peak near 1.6 eV stems from a hydrogen-like

Is exciton transition, while at higher energies a free-carrier behavior is observed with a series of

interband transitions.
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Figure 6. Magnetic field dependence (0 - 65 T) of the optical density for the perovskite CH3NH3Pbls film.
The optical density spectra is measured during a single long (500 ms) pulse of the magnetic field. The
spectra are offset for easier comparison. Reprinted with permission from ref. 41, A. Miyata, A. Mitioglu, P.
Plochocka, O. Portugall, J. T.-W. Wang, S. D. Stranks, H. J. Snaith, and R. J. Nicholas, Direct measurement of
the exciton binding energy and effective masses for charge carriers in organic-inorganic tri-halide
perovskites. Nat. Phys. 11, 582-587 (2015). Copyright@Nature Publishing Group.

The previous results are extended further by another study published recently by Galkowski
et al.”’ using the same magnetoabsorption/transmission technique to show that an R* in the range
of 14 — 24 meV at LT is an accurate estimate which applies to the broader family of organic-

inorganic tri-halide perovskite semiconductors. This includes MAPbI;, MAPbBr3;, and their
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formamidinium (FA) analogies, i.e., FAPbl; and FA PbBr;. Again, these values of R* drop
significantly at RT.
3.7 Other studies

For the sake of completeness, results from a few other main studies on excitons in
perovskite are briefly summarized next. Through the analysis of monomolecular, bimolecular, and
trimolecular (Auger) recombination rate constants, Beard et al.** estimated R* ~ 13 meV in
CH3NH3PbI; films. Although they did not estimate an exact value of R*, Herz and co-workers 3
interpreted the shape of their transient THz spectra obtained from a perovskite film to be due to
free charge carriers rather than excitons, and that an exciton binding energy of ~ 40 meV would
not be able to explain their observations of the spectra, again suggesting a lower exciton binding
energy with spontaneous free charge carrier generation. Most of the studies focused on the iodide
member (CH3NH3Pbls) of the organic-inorganic lead halide family or its hybrid
(CH3NH3Pblx-3Cly) version due their importance for high efficiency PSCs. Nevertheless, the wide
band gap members of the family, i.e., CH:NH3PbBrx-3Clx and CH3NH3PbCls, were found to be
important in many optoelectronic applications *#¢ and an R* of ~ 50 meV was estimated in
CH3NH3PbCl; thin films.”!

Also, other studies focused on studying the ultra-fast transient absorption (TA) spectra of
perovskite films to unravel the exciton dynamics.”>”’* The common theme of the results from these
studies elucidate that the exciton diffusion into free charge carriers occurs essentially in the sub-
picosecond time scale. Nevertheless, these TA studies ignore one important aspect of the studied
perovskite films which is the polycrystalline nature of these films due to the distinct crystalline
grains. That is what Simpson et al.”> investigated by studying the spatial and temporal ultrafast
charge carrier dynamics using femtosecond TA microscopy (fs-TAM). One of the most exciting
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findings of this study is that the TA dynamics extracted from the fs-TAM images were found to be
extremely sensitive to the spatial position probed within the perovskite film.” Fig. 7 shows the fs-
TAM images for pristine perovskite films and two different perovskite composites. What is
important to notice is the change of the sign of the TA observed signals (positive indicates more
probe light reaching the detector, while negative corresponds to excited-state absorption)’> over the
sample spatial position. From the TAM results, Simpson et al.”” deduced the coexistence of
excitons and free charge carriers under high photoexcitation fluences.

Other important parameters, which are often less studied within the context of investigating
the exciton dynamics, are the effects of sub-bandgap states as well as the density of photoexcited
charges. That is why some studies focused on probing the charge carrier dynamics in the perovskite
film and the modeling of these phenomena under variable excitation fluences.®> 7* 76 77 For
instance, Stranks and co-workers’’ were successful in developing a theoretical model and verified
it experimentally to describe the interplay between excitons, free charges, and electronic subgap
states. Interestingly, they found that under solar-cell operation conditions the fraction of free charge
carriers versus excitons would be increased towards 100% by reducing the photodoping density,
which is considered to be the case due to the existence of subgap states.”® In other words, the
increase in photoexcited charge density leads to a reduction in the density of available trap states,
and to an increase in the fractional time the charges spend as excitons.

It is worth mentioning here that the exact R* value is expected to vary from one study to
another simply due to the low ambient stability of materials which may introduce a source of error
in optical measurements widely used to estimate R*. Moreover, theoretical and experimental
techniques used for estimating R*, developed originally for inorganic semiconductors, may not be

adequate to accurately enough extract R* in these organic-inorganic hybrid perovskite materials.”
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Also, it should be noted that exciton characteristics are sensitive to parameters such as the method
of synthesis and structural details, which clearly differ, even if little, from one study to another

leading to unavoidable discrepancies between reported values.

a) Pristine Perovskite b) Perovskite-PCBM c) Perovskite-Spiro
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Figure 7. fs-TAM images taken for the same are in (a) pristine perovskite, (b) perovskite-PCBM, and
perovskite-Spiro-OMeTAD films at different delay times. Reprinted with permission from ref. 75, M. J.
Simpson, B. Doughty, B. Yang, K. Xiao, and Y.-Z. Ma, Spatial Localization of Excitons and Charge Carriers in
Hybrid Perovskite Thin Films. J. Phys. Chem. Lett. 6, 3041-3047 (2015). Copyright@American Chemical
Society.

4. THE EFFECT OF THE HALIDE ON EXCITON BINDING
ENERGY

In this section, the effect of the halide component of the CH3NH3PbX3 perovskite (X = Cl,

Br, I) on R* is briefly highlighted. First, Fig. 8 shows the effect of the halide in the CH3;NH3PbX3
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system on the exciton peak position in the absorption spectra (400 nm for X = Cl, 530 nm for X =
Br, 770 nm for X =1).%8°

The fundamental electronic structures for all three halides are essentially the same, with a
blue-shift of the whole structure for a substitution with a smaller halogen atom. Nevertheless, the

dielectric constant gets reduced with a smaller halogen atom which leads to reduced dielectric

1.57

screening of the Coulomb interaction between the electrons and holes. Tanaka et al.”’ compared R*

for CH3NH3PbBr3; and CH3NH3Pblz based on MA spectra of both, and estimated an R* of 76 meV

1

and 50 meV, respectively. The same behavior was observed by Beard and co-workers®!' as they

estimated R* of ~ 13 meV and ~ 40 meV in CH3;NH3Pbl; and CH3;NH3PbBr; thin films,

respectively.
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Figure 8. Optical absorption (dashed lines) and room temperature PL (solid lines) of CHsNHsPbXs (X = Cl, Br,
I) platelets. Reprinted with permission from ref. 80, S. T. Ha, X. Liu, Q. Zhang, D. Giovanni, T. C. Sum, and Q.
Xiong, Synthesis of Organic—Inorganic Lead Halide Perovskite Nanoplatelets: Towards High-Performance
Perovskite Solar Cells and Optoelectronic Devices. Adv. Opt. Mater. 2, 838—-844 (2014). Copyright @ WILEY
Publishing Group.

In the mixed halide case, i.e., CH3NH3Pbl;_xClx, an R* of 62.3 + 8.9 meV was estimated

using low temperature PL, which is higher than reported values for CH3NH3Pbls and is attributed
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to Cl substitution and the resulting hindered collective molecular motions, leading to higher R*.
Using the fitting of integrated PL spectra, another R* value of 98 meV for CH3NH3PbI;_«xClx was
reported®® which could be different from the previous value (62 meV) due changes in the

composition.

5. EXCITON BINDING ENERGY IN NANO-PEROVSKITES

The discussion so far concerning R* has focused on 3D lead tri-halide perovskite systems
(perovskite microcrystallites also represent 3D/bulk properties). Nevertheless, the study of low
dimensional, i.e., 2D, 1D, and 0D, similar perovskite systems and the corresponding R* in these
systems have been also of interest since the early 1990s°* 828 That is mainly due to the enhanced
R* in these low-dimensional systems when compared to the corresponding 3D ones. For instance,
using semi-empirical as well as ab initio band-structure calculations, Koutselas et al.’* estimated an
R* in the range of few hundreds of meV for 2D, 1D, and OD lead iodide systems, an order of
magnitude higher than in the 3D case. In these calculations, ¢» was again adopted and a good
agreement was found between both calculated and experimentally estimated values of R* based on
available experimental data by that time.

Along with the intensive research being done on PSCs recently, there has been a revived
interest in studying nano-perovskites, e.g., perovskite nanoparticles and nanoplatelets, examining
their electronic properties, including the determination of R*, as well as investigating the
applications of these perovskite-based nanomaterials.*®: - 80- 8594 T compare the electronic
properties of organic-inorganic lead tri-bromide (CH3NH3PbBr3) nanocrystals (NCs) in contrast to
bulk crystals (BCs), Zheng and co-workers*® applied temperature dependent photoluminescence

measurements and X-ray spectroscopy techniques to study both perovskite NCs and BCs which,
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for instance, revealed R* of 0.32 £ 0.10 eV for NCs versus 0.084 + 0.010 eV for the BCs. Fig. 9
shows the UV-Vis absorption spectra of CH3NH3PbBr3 in 3D (bulk) and OD configurations.®® In
the 3D case, CH3NH3PbBr3 exhibits an excitonic peak at 546 nm, where for the 0D (nanoparticle)

case, the excitonic peak is observed at 527 nm.
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Figure 9. UV-Vis absorption spectra of CH3;NH3PbBrs; in toluene, left) bulk 3D material, right) OD material
(nanoparticle). Reprinted with permission from ref. 85, L. C. Schmidt, A. Pertegas, S. Gonzalez-
Carrero, O. Malinkiewicz, S. Agouram, G. M. Espallargas, H. J. Bolink, R. E. Galian, and J. Pérez-
Prieto, Nontemplate Synthesis of CHsNHsPbBr; Perovskite Nanoparticles. J. Am. Chem. Soc. 136,
850-853 (2014). Copyright@American Chemical Society.

Due to the high R* values in these nano-perovskite systems which result from quantum size
effects®® and the concomitantly high PL quantum yield®, it was intuitive to exploit these nano-
perovskites in light emission applications such as light emitting diodes (LEDs) and lasers.”>® The
main reason for this enhanced R* in perovskite nanostructures, as for other semiconductors, is the
weaker dielectric screening effect when compared to the bulk materials. In bulk perovskite, which
has a large dielectric constant,”® the Coulomb interaction is highly screened between electrons and
holes, leading to reduced R*, where in nanostructures, the dielectric constant gets reduced leading
to lowered screening between electrons and holes, and consequently, higher R*. Also, these

1 100

perovskite nanostructures found their way into high efficiency PSCs. Park et a reported a
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CH;3NH;3PbIz nanowire perovskite solar cell with the best performing device delivering a PCE of
14.71% (not an optimized device) at standard AM 1.5G solar illumination. Fig. 10 shows a TOC
figure from the above mentioned paper, highlighting the perovskite NW, PSC device structure, and
the achieved performance. This outstanding performance was attributed to the enhanced hole
injection from perovskite to the hole transport layer (HTL) in addition to the higher lateral

conductivity of nanowire film.

Nanowire CH;NH,Pbl,

N
o

LY
O

NW MAPbI,
= 19 12 mAIcm

=105gv

\,.

E
G
<
.
>
.

. K9

Figure 10. TOC graphic from Park et al.1® showing SEM image of the perovskite nanowires, with the PSC
device structure and the corresponding J/V performance and main cell parameters. Reprinted with
permission from ref. 100, J.-H. Im, J. Luo, M. Franckevicius, N. Pellet, P. Gao, T. Moehl, S. M. Zakeeruddin,
M. K. Nazeeruddin, M. Gratzel, and N.-G. Park, Nanowire Perovskite Solar Cell. Nano Lett. 15, 2120-2126
(2015). Copyright@American Chemical Society.

6. CONCLUSION

In summary, the exciton binding energy in organic-inorganic tri-halid perovskite is clearly difficult
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to measure directly and has been a matter of intense debate, with values reported in the literature
covering a broad range from 2 to 55 meV. The very early studies using magneto-optical spectra
estimated values of R* around 45 meV using &» in the calculations. More recent studies using a
wide variety of techniques suggest lower R* with values from 2 to 22 meV at RT for the MAPbI;,
which is more accurate. Despite the exact value of R*, there is a growing agreement between the
studies on the idea of spontaneous free charge carrier generation after photoexcitation in the
perovskite within the timescale of a couple of picoseconds, which in turn makes the operation of a
PSC predominantly non-excitonic. This conclusion is considered one of the main reasons behind

the spectacular performance of PSCs.
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