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As research on both bulk and low dimensional metal halide perovskites (MHPs) continues to grow, the tools necessary to
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gain insights into their exotic and highly convoluted optoelectronic features must also expand. Electroabsorption (EA) is a

modulation spectroscopy technique that is exceptionally valuable at deconvoluting overlapping spectral features as well as
discerning between different electronic environments in semiconductors. This review outlines the critical shortcomings of
traditional optical spectroscopy has in determining essential properties such as the bandgap and exciton binding energy. We
provide a brief overview of the working principles of EA, focusing on the differences between bound and unbound charge
carriers that result in unique behavior when interacting with an applied electric field. We discuss key studies highlighting the
unique characterizations available when coupling EA spectroscopy with traditional steady-state optical tools to investigate
interesting and complex optical features in MHPs. We conclude that EA is a crucial tool for pushing the boundaries of our
understanding of the optoelectronic properties of MHP thin films. When other optical characterizations fall short in the
richness of data provided, EA can bridge the knowledge gap to provide a complete optoelectronic characterization of novel
MHPs and deepen the understanding of current structures and compositions as a function of their structural and

morphological dimensionality.

Introduction

A feature of metal halide perovskites (MHPs) that is vital to their
performance success is their tunable optoelectronic properties.!
However, this flexibility comes at the cost of complexity, both
structurally and optically. From an optical perspective, distinguishing
between different charge carrier types, continuum vs. excitonic
features, or precisely identifying a critical state's energy can be very
challenging due to the complex absorption broadening mechanisms
which result from the dynamic activity of the MHP lattice.>* To
properly investigate some of the optical features in MHPs, traditional
optical characterization tools such as absorption and
photoluminescence spectroscopies must be complemented with
more comprehensive optical techniques that can provide fingerprint
signatures pertaining to convoluted exciton and bandgap features.
Modulation spectroscopy, specifically electroabsorption (EA), yields
derivative-like spectral features that provide much richer
information on the nature of the absorbing states within
semiconducting materials. As such, EA is a powerful tool for the
investigation of many different properties in MHP thin film and
crystals, including ion migration,>” degradation mechanisms,® charge
carrier interactions,® exciton reduced mass measurements,®
dielectric confinement effects,’! and most commonly, fundamental
electronic properties such as exciton binding and bandgap
energies.'222 EA spectroscopy is routinely left out of the toolbox of
characterization techniques used to understand materials
properties, and we believe it is underutilized within the MHP
community.? This review highlights some of the challenges faced
when using traditional optical spectroscopy characterization in the
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study of MHP materials. We also briefly review the fundamental
mechanism of EA spectroscopy and present applications where this
tool has been critical for understanding the optoelectronic features
of MHPs.
Challenges associated with traditional
characterization tools

The accurate determination of the optical properties of MHPs is
of paramount importance for their future optoelectronic device
applications. Unfortunately, there is considerable variability in the
optical properties of MHPs reported in the literature. Tian et al.
investigated the effects that the optical technique (ordinary
spectrometer, integrating sphere, and a microscopy-based
approach), film thickness, surface coverage, and surface scattering
have on elucidating the absorption characteristics of
methylammonium lead iodide (MAPbI;) perovskite thin films.2*
When comparing the optical technique, the team found that using
an ordinary spectrometer to characterize the absorption of MAPbI3
thin films yield significant differences that are highly susceptible to
variations in film coverage (Figure 1A). To circumvent this issue, the
authors proposed the standardization of an ordinary spectrometer
coupled with an integrating sphere. Such modification significantly
increases the band-edge's sharpness by better accounting for
scattering effects but grossly flattens the spectra in the UV region of
the spectrum. Moreover, it is found that the classic featureless, flat,
step-like absorption spectrum of MAPbI; is strongly dependent on
the film quality (coverage, scattering coefficient, and thickness) as
opposed to being dependent on the optoelectronic properties of the
absorber. For example, as depicted in Figure 1B, by merely changing
the thin film coverage, defined as the ratio of area covered by
MAPbDI; versus the substrate's total area, it is possible to artificially
alter the optical density below 500 nm by almost an order of
magnitude. This change in optical density is also found to be heavily
dependent on light scattering. Given the likelihood of
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over/underestimating the absorption properties of MAPbI; thin films
when using traditional absorption spectroscopy, extreme care needs
to be taken to account for artifacts that can radically change the
shape and location of key optoelectronic features. Therefore, a
consistent probe of the optoelectronic features of MHPs is necessary
to avoid irreproducibility in photovoltaic device design and
efficiency.

Given that EA is a modulation-based spectroscopy technique,
physical artifacts, such as surface states or reflections, that can
adversely affect the extracted optical properties do not impact the
measurements acquired using this technique. The misrepresentation
of surface states that lead to exotic optical features in MHPs can play
a critical role in photovoltaic device design and could lead to device
efficiency miscalculations. In the next section, we will highlight
challenges in determining specific optoelectronic properties (e.g.,
bandgap and exciton resonance energy) as they also play an
important role in the future of MHP applications.
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Figure 1. (A) Absorption spectrum for a MAPblI; thin film acquired
using an ordinary spectrometer, an integrating sphere, and a
microscope. Inset: micrographs showing the crystal under
investigation. (B) Change in optical density due to coverage ratio (B)
of MAPbI;. Reproduced with permissions from J. Phys. Chem.
Lett. 2015, 6, 17, 3466—3470 (ref. 24). Copyright 2015 American
Chemical Society.?*

Determining the bandgap of MHPs

The bandgap of a semiconductor (Eg) can be experimentally
determined through absorption spectroscopy in a method
developed by Tauc in 1966,2°> which was further developed by Davis
and Mott.26 The Tauc method is based on the relationship:?”

This journal is © The Royal Society of Chemistry 20xx

(a-h)"=B(hv—E,) (1)

where @ is the energy-dependent absorption coefficient, h is the
Planck constant, V is the photon's frequency, B is a constant, and E4

is the bandgap. M accounts for the type of electron transition; for
direct bandgaps, n = 2, and for indirect bandgaps, n = % By plotting
a linear fit of the steep bandgap onset of @ in a "(a - hv)" vs. hv"
plot, the bandgap is extrapolated from the x-axis intercept.282°
However, a few fundamental assumptions are often made that add
significant uncertainty to the E, value extracted for direct bandgap
materials. First, electron-hole Coulomb interactions are not taken
into account, which, at lower temperatures, can cause an
enhancement of &, therefore modifying the steepness of the E; and
the resulting x-axis intercept. Second, defect states and impurities
that absorb below the E, are often neglected. Third, the Tauc method
assumes a paraboILc-Iike band structure shape that is valid only at
minimum energy, k = 0, which is not applicable at high excitation
energies (hv> Eg) or in certain types of crystal structures.2930
Lastly, MHPs often exhibit above-gap absorption peaks which arise
from the exciton’s continuum of states overlapping with secondary
VB/CB band minima.3! When present, these peaks obfuscate the
band-to-band transition and render the Tauc method ineffective.
Thus, when selecting and justifying the region for linear fit analysis
for constructing a Tauc plot from the absorption spectra, one must
assign the area of the spectrum that will most accurately represent
the absorption onset, which is often non-trivial. This can be seen in
the Tauc plot constructed from the absorption of butylammonium
lead iodide [(CH3(CH;)3NHs),Pbls; also known as (BA),Pbl,] thin films
displayed in Figure 2. This spectrum contains two dominant features
i.e., the exciton peak at 2.43 eV and the absorption edge onset
beginning at ~2.60 eV. The dotted linear regression lines represent
the fits of three different regions. The red line fits well (R2 = 0.99) to
the upper portion of the absorption onset, while the green line fits
well (R2=0.99) to the lower portion of the absorption onset. The blue
line has the poorest fit (R? = 0.92) along the middle part of the
absorption onset. The labelled energies are the X-intercepts,
representing the predicted bandgap from the Tauc plot. By selecting
different linear regions based on the absorption onset, the
extrapolated Eg value varies by 0.22 eV. This is an issue that does not
have a robust fundamental solution and the choice of the linear
region is commonly placed on the individual researcher.
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Figure 2. Tauc plot for (BA),Pbl, thin films with three distinct regions
chosen for linear fit analysis.

Another source of error in analyzing the absorption features
using a Tauc plot is the lack of "sharpness" in the absorption edge. In
thin film samples, low energy sub-gap states cause large, exponential
tails in the absorption, known as Urbach tails.3233 Urbach tails are
indicative of structurally disordered, amorphous, or poorly
crystalline phases within a thin film and are common in MHPs.34
Similarly, surface roughness can cause significant scattering errors in
the absorption edge onset location and, therefore, adversely affect
how the resulting plot is analyzed. Finally, Tauc plots do not account
for the overlap of excitonic features and band-to-band
transitions.'22 In polycrystalline MHP thin films, exciton absorption
resonances can be strongly broadened, especially at room
temperature, and are often merged with the continuum states in the
absorption due to surface artifacts and phonon scattering.3> This
significantly complicates the accurate determination of E; in
MHPs.1238 While the E, of an MHP determines the range of light that
can be utilized in a photovoltaic device, the exciton binding energy
determines whether excited charges exist as bound excitons or free
carriers at room temperature. This exciton binding energy factor has
considerable implications on the function of solar cell devices. The
following section will discuss how the exciton binding energy value is
determined with traditional optical spectroscopy and how it could be
miscalculated.

Determining the exciton binding energy of MHPs

When a photon with energy equal to or higher than the bandgap
is absorbed in a semiconductor, an electron-hole pair, or exciton, is
typically formed. This quasiparticle is held together by attractive
Coulomb interactions determined by the dielectric environment
surrounding the exciton and is known as the exciton binding energy
(Ep).3738 The Wannier—Mott exciton model, which is generally the
model accepted for explaining charge carrier interactions in 3D
MHPs, is described by the nth excitonic resonance (E,) in terms of the
hydrogen model:

En=Eg— < (2)

where Ejg is the bandgap, Ry is the Rydberg energy constant, and n*
is the excitonic level. Ideally, E, can be experimentally measured by
resolving the energy separation of the Rydberg series (n = 1, 2, etc.)
in the absorption spectrum.3® However, even for high quality MHP
single crystals at cryogenic temperatures, the exciton absorption
resonances are significantly broadened and cannot be accurately
resolved. Thus, Ey, is often determined by:

Ep= Eg_Eres (3)

where Er¢sis the 1s exciton resonance energy. In traditional optical
spectroscopy experiments, surface artifacts, photo reabsorption,
and microstructure in MHP thin films contribute to spectral
broadening and the appearance of several peak shoulders that
further complicate the determination of the E; and E. energies.?’
Given the challenges associated with determining E; and E, Ep is
often wrongfully assigned in MHPs. A case in point is the significant
disparity in the experimental E, value reported in the literature for
MAPDbI;, which has sparked a heated debate in the photovoltaics
community as to whether charge carriers in MHP are primarily bound
electron-hole pairs or free electrons (or holes) at room
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temperature.*10.12:3%-42 Many researchers have explored this open-
ended uncertainty using traditional steady-state absorption
spectroscopy and have determined that the E, values range from 5-
30 meV at room temperature.'®43 The optical methods used to
determine E, values rely on gathering indirect results obtained from
inadequate fitting procedures which assume homogenous linewidth
broadening of a Gaussian exciton peak in the absorption spectra.**
An alternative method, such as magneto-absorption, provides
consistent and reproducible results only at cryogenic temperatures.
This is because magneto-absorption does not have the resolution
needed to distinguish between band-to-band transitions and exciton
interactions at room temperature.3%3745 Furthermore, magneto-
absorption relies on a hydrogenic model (equation 2) which should
be treated as an approximation for MHPs. In contrast, EA
spectroscopy can provide sensitive and sharp spectral features at
critical points in the density of states that allow for model-
independent determination of E;and Es.#® For example, in MAPbI3,
the sensitivity of the EA line shape to the curvature of the dielectric
function allowed for a measurement of E, = 7.4 meV at room
temperature.l® Given that the separation between E, and E, is less
than the thermal energy kgT ~ 25 meV at room temperature, it is
understandable that traditional spectroscopies would fail to obtain
an accurate measurement. This small binding energy is one of the
fundamental attributes of MAPbI; that allows it to perform so well
when incorporated into photovoltaic devices compared to other
solution-processed semiconductors such as organic semiconductors
or inorganic quantum dots.

EA spectroscopy: working principles

In an EA experiment, the absorber layer within a thin film device
is subjected to an externally applied AC voltage. The voltage can be
applied in a lateral or perpendicular orientation with respect to the
substrate. Because the applied voltage per unit area required to
modulate the dielectric function (€) can be tens of kilovolts per
square centimeter, factors such as Joule heating must be taken into
account to avoid sample degradation. To minimize thermal effects
due to Joule heating, various EA studies have resorted to the use of
patterned interdigitated electrodes where the distance between
electrodes can be modified on the order of tens of microns.1247.48

EA spectroscopy measures the change in absorption (44) in the
presence of an applied external field as per the following equation:

AA(E) = Afie1d(E) — Ano fietd(E) (4)
where E is the photon energy and A(E) is defined as:
A(E) = —log10(T(E)) (5)

where T(E) is the transmittance. From a physical point of view, when
an electric field is applied to a material, the charge densities and
dipoles within the material shift and reorient, hence modifying the
nuclear configuration and ultimately the electronic structure. Solving
for the field-induced energy shifts of the absorbing states is clearly
outside the scope of analytical solutions, and therefore, the analysis
of the EA spectra is divided into two broad categories of
approximations based on the type of absorbing state that is being
modulated, i.e., bound or unbound states, as discussed below.

Bound states

When an electronic state’s binding energy is much greater than
the perturbation of the applied field, as is the case for tightly-bound
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excitons or molecular orbitals, a perturbation theory approach is
valid. In such cases, the small change in energy (4E) caused by the
applied electric field is determined by the relative change in
polarizability (Aa) and dipole moment (4u) for an electronic
transition from the ground state to an excited state. Modulation of a
tightly-bound state results in linear and quadratic Stark shifts
proportional to 4 and 4a, respectively, as described by Stark
theory:

1
AE o< —ApF —5AaF? (6)

where F is the applied electric field.**>! The change in transition
dipole moment (Ap) can be thought of as the amount of charge-
transfer associated with an optical transition, whereas the
polarizability represents the transition’s sensitivity to an applied
field. Assuming the states are tightly bound, the applied field can be
treated as a small perturbation and the EA signal (AA) can be
approximated by a Taylor-series expansion around a small AE:1452

A 194 2 19%4 2
AUF _MTAQF + ZaEZ(A#F) (7)

M= —5
In an isotropic material, the transition dipole moments are randomly
oriented and therefore the first term, which is dependent on the field
direction, averages to zero. Thus, the experimentally observed EA
spectrum scale in amplitude according to the applied field square (F?)
and resemble first and second derivatives of the absorption
spectrum.
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Figure 3. (A) Interaction of an applied electric field with two different
orientations aligned with and against the field. (B) Corresponding
band broadening and (C) resulting change in absorption. (D)
Interaction of an applied electric field on a transition that has a
change in polarizability. (E) Peak with (red) and without (black) an
applied electric field. (F) Resulting EA spectrum due to a change in
polarizability.

Analysis of the EA line shape allows one to interpret the

fundamental characteristics of the bound electronic states that are
being modulated by the electric field. Bublitz and Boxer described

This journal is © The Royal Society of Chemistry 20xx

the relationships between the first and second derivatives of the
absorption and EA spectra for tightly bound charges through the
Stark effect as illustrated in Figure 3.%° These relationships were
initially derived for molecular systems, such as donor/acceptor -
conjugated systems, but can be applied to any system with discrete
absorption bands.1#%354 |n a system with randomly oriented electric
dipole moments (K) with respect to the applied electric field (F), the
absorption of that transition is broadened. For example, if a sample
contains two different orientational subpopulations, the electronic
transitions will be shifted differently depending on their dipole
direction (Figure 3A). In the presence of an electric field, the
subpopulations will shift to higher or lower energies. An ensemble of
randomly distributed transition dipole moments will therefore
broaden the absorption (Figure 3B) and the EA spectrum
correspondingly resembles the second derivate of absorption (Figure
3C). Examples of absorption features with large Au values are
molecular states with large dipole moments, charge-transfer
excitons, and excitons with asymmetric charge density due to
morphological disorder such as defects or amorphous grains.>®
Conversely, a field-induced dipole due to a state’s polarizability (4a)
is always aligned with the applied field, as shown in Figure 3D.
Therefore, rather than broadening the absorption, the difference in
polarizability between the two states, Aa, uniformly redshifts the
absorption to a lower energy according to the quadratic Stark effect
(Figure 3E) resulting in a first derivative line shape, as shown in Figure
3F. Examples of systems that experience a quadratic Stark effect are
polarizable molecules and Wannier excitons. A Stark shift of the
latter is formally analogous to the hydrogen atom’s Stark shift and is
one of the few systems for which EA spectrum has been solved
theoretically.>®

The EA response of a bound state includes another phenomenon
worthy of mention that is not accounted for by equation (7), that is
field ionization. When an applied field ionizes a bound state, the
state’s lifetime decreases and its spectra correspondingly broadens
according to the time-energy uncertainty principle. Fortunately, a
second derivative line shape due to field-ionization can usually be
distinguished from one caused by a large Ap with careful
consideration of the absorption band in question. First, broadening
due to field ionization of a bound state below a continuum (such as
an exciton) will be asymmetric, as the state will favor ionization into
the conduction band.5” Second, the likelihood of observing field
ionization can be readily determined by comparing the applied field
strength to the binding energy of the state in question. In the case of
an exciton, this is most aptly done by calculating the ionization field
(F1), or the field required to create a potential drop of 1 Ep across
the exciton’s radius (ap):

Fy=Eg/lelap (8)

The value of Fis on the order of ~ 106 V/cm for 3D MHPs,° but
is on the order ~ 108 V/cm for 2D MHPs. Since experimental fields are
typically on the order of 10° V/cm, a contribution of spectral
broadening due to field ionization is expected in 3D MHPs, but far
less likely in 2D MHPs.

Lastly, when considering low-dimensional systems such as
multiple quantum wells or quantum dots, there is another relevant
effect that must be considered when the field is applied in the
direction of quantum confinement, namely, the quantum-confined
Stark effect (QCSE). Similar to the quadratic stark effect, the shift in
energy due to the QCSE is negative and scales with the field strength
squared. As a result, the exciton resonance redshifts and the EA line
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shape has a first derivative shape that scales quadratically with field
strength.

At the conduction band-edge, however, the continuum states are
not bounded and a fundamentally different approach is needed to
understand these spectral features.

Unbound states

For unbound states, the EA signal response is described by the
Franz Keldysh (FK) effect.!>17.1958 |n brief, due to the fact that
unbound continuum states are free to accelerate along field lines,
the Bloch states turn to Airy states. The EA spectrum oscillates
according to an Airy function with an argument that is the electron’s
kinetic energy E — E4 normalized by an electro-optic energy, 6, as
follows:

E—E
IEHES) (9)
3 (ehF)?

where E is the photon energy, E; is the bandgap, p is the reduced
mass at the band-edge.l%%°¢1 While the EA spectrum should
resemble a derivative-like line shape in the exciton region, the
spectrum oscillates according to the form of the Airy function above
the band edge where electrons are excited into the conduction band
continuum, as depicted in Figure 4A-B. Exactly at the band-edge the
Airy state leaks into the forbidden gap, creating a unique interband
oscillatory period that smoothly transitions into the FK oscillations.
These above-gap FK oscillations broaden proportional to 78 < F*3

and increase in amplitude proportional to \/EO( F/3_ This field-
dependent behavior makes such features easily discernible from the
Stark-shifted exciton states below the bandgap, which exhibit field-
invariant line shapes and amplitudes that scale quadratically with
« F2, Herein lies the effectiveness and the scientific beauty of EA
spectroscopy. By a simple determination of the power-relation
between EA amplitude and applied field strength, EA spectroscopy
can be easily used to distinguish between bound and unbound
states.

In traditional low defect semiconductors, such as GaAs, clear FK
oscillations have been resolved for multiple oscillatory periods
spanning a wide spectral range of ~ 0.5 eV.52 However, observing FK
oscillations in MHPs has been proven to be challenging.1%1263 Various
factors affect FK oscillations, such as energy-dependent broadening
effects, surface effects, non-uniform modulation, non-flatband
modulation, photovoltage effect, and Coulomb effects.>® Heesel et
al. demonstrated that electron-hole Coulomb interactions in GaAs,
even at fields as high as 30 kV/cm, can decrease the amplitude of FK
oscillations by a factor of 2.54 Therefore, it is not surprising that FK
features are weak in the highly ionic MHPs lattice wherein electron-
phonon scattering events frequently occur.5>% These scattering
events disrupt the wavefunction coherence required to distinguish
multiple FK oscillations; hence, experimentally, only the first
oscillation is typically observed.®’-71 The contribution of the FK effect
to the EA signals remains a topic of open debate. We believe the
debate could be easily addressed if there were more efforts devoted
to developing theoretical models that could help describe
convoluted FK oscillation features in MHPs.

The EA response above the bandgap has a different behavior
when the perturbation of the applied field is much smaller than the
material’'s homogenous broadening function, I'. In the low-field limit,

1
when 0 <3T, the EA signal relates to changes in the complex
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dielectric function (A€) through a proportionality constant called the

Seraphin coefficient (a), as follows:
AA = ade (11)

Furthermore, in such a low-field regime, 4£(E) (and therefore the EA

signal) simplifies to a third-derivative line shape of the complex
dielectric function &(E) as follows:>%:72.73

(ho)? d?
257 a B E(E))

Ae(EF) = (12)

where E is the photon energy and F is the applied field. Combining
(11) and (12), it becomes clear that EA and ellipsometry are powerful
complimentary techniques for the low-field regime. Ellipsometry
provides the complex dielectric function €(E) which can then be fit to
the EA signal to obtain 6. Further modelling can yield accurate
measurements of the exciton binding energy that would otherwise
be inaccessible due to the material’s large broadening function and
overlapping spectral features.1°

A 4

Energy

Stark shift of 1s exciton
—|

Interband

— AR

FK oscillations

AA

Figure 4. (A) Cartoon representation of the effect an applied field has
on bound states, such as excitons below the bandgap which are
governed by the Stark effect, or unbound continuum states above
the bandgap, governed by FK oscillations. Exactly at the band edge,
the continuum wavefunction leaks into the gap, creating an
interband feature in the EA spectrum. (B) The resulting difference
(EA) spectrum. When overlapping exciton states and continuum
states are present, it can be useful to plot the amplitude of the EA
signal vs F¥ to help differentiate mixed optoelectronic states. As
discussed, excitons scale linearly to y = 2, whereas continuum states
scale linearly to y = 1/3.

In summary, a quick visual inspection of the line shape of the EA
spectra, when compared to the numerical derivative, can provide
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insight into the optoelectronic characteristics of the carriers affected
by the electric field. There are usually two observed features for
MHPs possessing excitons with high binding energy and continuum
states in quantum well-like crystal lattices: a Stark shift of the exciton
below the bandgap and an FK-type oscillation at the band-edge.” In
confined, low dimensional MHPs, the first derivative-like line shape
is often typical of 1s excitons with large binding energies whose
ionization fields are much larger than the applied electric
field.1517,19.58 Changes in polarizability (4a) can be interpreted as an
electron distribution response to an externally applied electric
field.”> When charge carriers or excitons are polarizable Wannier
excitons, as they are in 2D layered MHPs, the 4« is large and a first
derivative EA line shape is expected. Second derivative line shapes
corresponding to a large transition dipole moment (Ax) are expected
if the bound state is a charge-transfer exciton, has a disorder-induce
dipole moment, or is significantly ionized. Finally, third derivative line
shapes and coherent oscillations are both descriptors that the
excited state is a delocalized continuum.1747.76 Critical points in the
absorption spectrum (such as exciton or bandgap transitions) can be
difficult to deconvolute when they overlap. In EA spectroscopy, these
features cause unique derivative-like curves in the modulated EA
spectrum, therefore allowing for their separation and
characterization.

Critical points

EA spectroscopy has the advantage of providing extremely sharp
spectral signatures related to localized and delocalized states due to
the elimination of optical scattering and background absorption from
broad neighboring critical points.193646 Critical points (also known as
Van Hove singularities) are singularities in the density of states. They
are observed physically in the absorption spectrum as features such
as exciton or bandgap transitions.”” Analyzing MHPs using optical
techniques such as ellipsometry or reflection spectroscopy are
known to be detrimentally affected by scattering and background
absorption; therefore, they require complex surface state analysis to
accurately interpret the data.”®8! For example, given that in MAPbI;,
the exciton binding energy is reported to be less than thermal
energy; therefore, the exciton and bandgap will have considerable
spectral overlap. This means that a discrete excitonic peak cannot be
resolved, even at low temperatures.®? In EA spectroscopy, the
exciton peak's discrete location is either at the zero crossings, for the
first and second derivative features, or at the peak, for the third
derivative features. The relationship of localized carriers (i.e.,
excitons) vs. delocalized carriers (i.e., free carriers in the continuum)
behave differently when subjected to an electric field. Even when the
bandgap and exciton features spectrally overlap closely in steady-
state absorption spectroscopy, they can be easily distinguished using
EA spectroscopy. This makes EA spectroscopy a superior technique
for determining the near-edge optical properties of
semiconductors.83:84

Case studies

The following sections discuss key studies chosen to highlight the
breadth of unique characterization available when coupling EA
spectroscopy with traditional steady-state optical tools to investigate
complex optical features in MHPs.
Comprehensive optical characterization of 2D layered MHPs

Low dimensional MHPs consist of naturally forming quantum
wells that have alternating organic and inorganic sheets. Given the
strong quantum confinement of charge carries arising from the
dielectric constant mismatch between the alternating organic and
inorganic layers, MHP gquantum well heterostructures exhibit unique

This journal is © The Royal Society of Chemistry 20xx

optoelectronic properties such as large exciton binding energies
(>100 meV), tunable bandgaps, strong spin-orbit coupling, and giant
Rashba splitting close to the extrema in the valence and conduction
bands.*”#588 Through a combination of photoinduced absorption, EA
spectroscopy, and theoretical studies, Zhai et al., were able to extract
delicate absorption features from a broad absorption background
using the modulated EA spectrum for phenethylammonium lead
iodide [(CgHsCyH4NH3),Pbly; also known as PEPI] thin films. Figure 5A
depicts the crystal structure for PEPI. Here, the organic
(C¢HsC,H4NH3*) and inorganic [Pblg]* layers naturally arrange to form
a 2D layered structure comprising multiple quantum wells with a
thickness of = 1 nm (organic layer, also known as the barrier) and =
0.6 nm (inorganic layer, also known as the well), respectively. Figure
5B shows that the photoluminescence (PL) and absorption features
in PEPI are dominated by a strong exciton peak around 2.4 eV. The
absorption spectrum has an additional broad onset feature that
slowly rises, starting around 2.6 eV, which appears to be related to
the bandgap. However, it is challenging to precisely identify the
bandgap energy and assign the origin of buried features from this
absorption plot. There is no sharp absorption onset that a Tauc plot
can be applied to, and again, the results would vary significantly
depending on the region chosen in the linear regression.
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Figure 5. (A) Crystal structure, (B) room temperature optical
absorption (red) and photoluminescence emission spectra (black) for
PEPI thin films. Reproduced with permission from Sci. Adv. 2017, 3
(7), 1700704 (ref 19). Copyright 2017 Science Advances.'®

As validated by the studies performed by Zhai et al., EA
spectroscopy studies were proven to be a viable route for elucidating
the precise nature of the optical properties of PEPLY The
temperature-dependent absorption and low-temperature (10 K)
electroabsorption spectra are presented in Figure 6A-B. Even at low
temperatures, where absorption features often sharpen, there is
insufficient information in the absorption spectra to confidently
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assign the different exciton absorption transitions (Figure 6A). When
comparing the absorption data to the EA data, the forte of the latter
technique is easily realized. As depicted in Figure 6B, the EA
spectrum is divided into two distinct regions, i.e., excitonic features
behaving in accordance with the Stark effect and band-edge features
following the FK effect.#”748% The 1s exciton is strongly perturbed
within the electric field, showing a first derivative-like curve that
crosses zero at 2.38 eV. This is consistent with a Stark shift of a highly
localized state, resulting in a redshift in the presence of an applied
electric field. From the absorption studies, the broad step-like
feature near 2.6 eV may be assigned as the E; for PEPI. However, this
may be improperly assigned given that differentiating between the
2s exciton and the Eg is nearly impossible when using conventional
absorption characterization tools. In the EA spectrum, the 2s and E;
are differentiated critical points, but separating exciton vs.
continuum states requires the electric-field dependence to be
properly established. Furthermore, as stated previously, the Stark
effect scales quadratically with the applied electric field in the form
of voltage (V). By comparing the EA amplitude to V2, Zhai et al. were
able to differentiate excitonic and continuum features (Figure 6C-E).
The EA amplitudes at 2.36 eV, 2.40 eV, and 2.48 eV were all plotted

ARTICLE

against V2. Here, a linear relationship is shown, indicating the
modulation of localized states that can be assigned to excitons.

Evidence of FK oscillations in MHPs is not common because these
oscillations are dampened by crystal defects, grain boundaries, and
other non-uniformities.>® However, some 2D MHPs self-assemble
into highly-oriented quantum well structures that, due to their
anisotropic nature, their EA profile shows clear evidence for the
existence of FK oscillations with a sufficiently high applied electric
field. As previously discussed, FK oscillations are observed
experimentally in EA spectroscopy when the —AT/T vs photon energy
curves as a function of increasing applied voltage do not converge at
zero. Instead, the EA features broaden with increasing voltage and
the zero-crossing points split apart in energy, highlighted in Figure
7A near the labeled point "c". This is in stark contrast to the 1s
exciton derivative feature where all voltages share a common zero-
crossing. In Figure 7B, the labeled point "c" represents the multiple
zero crossings and "d" the blueshift that increases with the applied
electric field. Zhai et al. confirmed that these features are not derived
from the Stark effect by plotting the amplitude vs. V2, shown in the
inset, where there is an apparent deviation from the linear
relationship at high applied field strengths.
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Figure 6. (A) Temperature-dependent absorption for PEPI thin films_ (B) EA spectra measured at 45 K at field strengths ranging from 50 to
325 V. (C-E) V2 dependence of EA amplitude of features below the interband transition edge. Reproduced with permission from Sci. Adv.

2017, 3 (7), 1700704 (ref 19). Copyright 2017 Science Advances.?®
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to 36.4 kV/cm. (C) Linear relationship between the amplitude of EA peaks and the applied field squared. Reproduced with permission from
Solid State Commun. 2002, 122, 249-252 (ref 15). Copyright 2002 Elsevier.1>

To test if the features around 2.7 eV are from the bandgap
modulation, both zero crossings (AE,.) and peak location (AE,q) were
plotted against F¥3® (Figure 7C). The resulting linear relationship
confirms that this feature lies above the band edge; therefore, the
oscillatory period which precedes it was assigned as an interband
feature associated with the continuum wave-function leaking into
the forbidden gap. Pinpointing the exact bandgap energy within this
interband oscillatory period requires careful consideration of the
system in question and often requires modelling. In accordance with
FK theory on 3D direct-gap semiconductors, Zhai et al decided to
assign the first peak of the IB feature as E,.72 Thus, from the EA
spectrum for PEPI at 50K, Zhai et al. were able to assign Eg, 1s, and 2s
excitons and their respective binding energies, resulting in the
schematic depiction of a full electronic energy level diagram (Figure
7D). A recent study by Hansen et al. analyzed the EA spectrum of the

This journal is © The Royal Society of Chemistry 20xx

same material, but complemented the measurement with
sophisticated modelling of a 2D Wannier exciton in a uniform electric
field (or the high-field Franz-Keldysh effect).?® By doing so, the
authors were able to pinpoint the bandgap energy with high
confidence within the IB feature and improve upon Zhai et al.’s
measurement, resulting in an extremely precise exciton binding
energy measurement of 223 + 3 meV for PEP1.%C Thus, it is clear that
the interpretation of some EA features, such as exciton Stark shifts in
this case, are more straightforward than others such as the IB
feature. In some instances, modelling the EA signal according to low-
or high-field Franz-Keldysh effects is necessary for quantitative
analysis of the EA spectrum as the IB feature could be mistaken as
the ionization of the 2s exciton state.
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Derivative line shape analysis

Tanaka et al. investigated the optical features of a similar 2D
MHP material, namely hexylammonium lead iodide ((CgH13NH3),Pbl,)
via EA spectroscopy. The authors used derivative line shape analysis
to show the multiple discrete peaks below the band edge arise from
a quadratic Stark shift of the 1s exciton and its corresponding phonon
sidebands. Figure 8 depicts the absorption and EA spectra acquired
at 5K. By analyzing the absorption data in Figure 8A, the 1s exciton
resonance can be clearly assigned at 2.34 eV with associated phonon
sidebands around 2.40 eV. However, from this data, it is not clear
where the band gap energy is within the broad step-like feature.
From the EA spectra provided in Figure 8B, Tanaka et al. acquire
considerably more information about the optical features for the 2D
MHP system, particularly at higher energies. In the EA spectrum, a
large interband feature appears around 2.60 eV, associated with
wavefunction leaking into the forbidden gap. By plotting the EA
features' amplitude at 2.34 eV and 2.60 eV, they observe both the
exciton and the interband features have quadratic dependence with
applied field (Figure 8C).
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Figure 9. (A) EA spectrum (solid line) and first derivative of
absorption (dashed line) of the 1s exciton and its phonon sidebands.
(B) EA spectrum (solid line) and second derivative of bandgap’s step-
like absorption (dashed line) which coincidentally has the same
functional form as the interband EA feature. Reproduced with
permission from Solid State Commun. 2002, 122, 249-252 (ref 15).
Copyright 2002 Elsevier.1>

By performing the line shape analysis, Tanaka et al. show a near-
identical match between the EA spectrum and the first derivative of
the absorption spectrum in the excitonic region as shown in Figure
9A. Provided instrumental corrections are accounted for, the scalar
relationship between these two spectra can used to measure the
exciton’s polarizability according to equation 7. Indeed, it was this
strong first derivative response that first alerted researchers to the
highly polarizable Wannier-exciton nature of excited states in 2D
MHPs. In another complimentary study, Tanaka et al compared this
in-plane EA spectrum to its out-of-plane counterpart, i.e., with an
applied field perpendicular to the quantum well layers.”” The

This journal is © The Royal Society of Chemistry 20xx
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anisotropy between the two directions was the first clear
demonstration of the excited state’s two-dimensional character,
highlighting the historical importance of EA in elucidating the
fundamental nature of excited states in 2D MHPs and other multiple-
quantum well systems.®®2 As shown in Figure 9B, the second
derivative of the bandgap’s step-like absorption is coincidentally the
same line shape as the interband feature. However, to evaluate this
portion of the spectrum according to equation 7 for bound states
would be incorrect since the absorbing state is an unbound
continuum in the conduction band. This example highlights the
importance of using absorption and EA as complementary
techniques. Knowing that the step-like absorption feature
corresponds to an unbound band-to-band transition helps one avoid
an incorrect assignment of the second derivative feature to a
broadened bound state.

Investigating ion migration in MHPs upon perturbation of the
internal electric field

EA experiments are conducted by applying an AC voltage to an
MHP thin film. If there is an internal field due to a change in charged
ion distribution in a sample, this will be seen as a reduction in the EA
amplitude. This is because the quadratic Stark shift relates the local
electrostatic field in the MPH layer to the quadratic field dependence
(F?).%3 Therefore, the square root of the EA signal can provide a direct
measurement of the electrostatic field and be used to monitor any
buried optical changes. Kim et al. cleverly leveraged this relationship
to understand the ion migration properties of MAPbI3:BAI (BAI =
butylammonium iodide) thin films as potential active layers for LED
applications.”

Investigating ion migration effects in their samples was spurred
by their findings that at low current densities (>10 A cm™2), the
external quantum efficiency (EQE) had a strong dependence on the
time of the pulsed optical bias; however, in DC (non-pulsed)
operation, their EQE was significantly lower. They proposed that this
behavior was linked to ion migration within the MHP layer because I-
drift occurs on time scales of milliseconds to seconds.®*®> If ion
migration occurs, then the internal electric field would change due
to charge redistribution. When the authors increased the optical
pulse duration, the EQE ideality factor (n) dropped fromn =2.2ton
= 1.6. The n value provides insight into the type of recombination
that is occurring within the diode architecture. This difference
suggests that the diode shifts from being dominated by trap-
mediated recombination to a more radiative bimolecular
recombination, which would be linked to ion migration.

To determine if there were an internal electric field change due
to ion migration, Kim et al. performed static and time-dependent EA
studies on MAPbI;:BAI thin films. As depicted in Figure 10A, the EA
signal of the MAPbI3:BAI diode is used as an indicator of the external
electric field. In Figure 10B, the time-dependent EA signal (at 730 nm)
in response to a 10 ms voltage pulse mirrors the applied voltage,
concluding that ion migration is not occurring on that time scale.
However, the response changes drastically when the applied voltage
time is increased to 2 s (Figure 10C). The EA signal decays strongly,
indicating that the applied field is internally screened on a 0.5 s time
scale due to ion movement within the MAPblI; layer. lon migration in
MHPs has been both detrimental, causing large hysteresis effects in
photovoltaic devices,’® and advantageous, opening the possibility for
memory devices based on ion motion.%7:%8
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Figure 10. (A) EA of a device based on a MAPbI3:BAI thin film in a
reverse bias of -2 V with a 0.8 V dither at 389 Hz. (B) Transient EA
response resulting from a 10 ms period square wave signal oscillating
between +2V and -2V. (C) Transient EA response resulting froma2s
period square wave signal oscillating between +2V and -2V.
Reproduced with permissions from Nat. Commun. 2018, 9, 4893 (ref.
7). Copyright Springer Nature 2018.7

Quantifying phase heterogeneities in low dimensional MHPs

EA spectroscopy can be used to deconvolute intra-material optical
properties, such as phase heterogeneities of MHP quantum wells.
Ruddlesden-Popper (RP) phase metal halide quantum wells have the
generic formula A A,-1B,X3n+1, Wwhere A’ is a bulky spacer cation that
serves as the barrier layer, A is an organic cation that serves as the
well layer, B is a metal center, and X is a halide. By increasing or
decreasing the quantum well thickness (n), the optical properties of
the material can be tuned from a wide bandgap (n=1, E;= 2.3 eV) to
a low bandgap (n = 5+, E; = 1.7 eV) material, respectively. RP MHPs
form a distribution of quantum well thicknesses (n) when cast into
thin films, rather than creating pure-phase materials dictated by the
stoichiometric ratios of the precursor solution.?®192 The quantum
well thickness only differs by a few angstroms; therefore, their
respective optical properties, such as exciton resonance energy, are
only separated by a few hundred meV. This results in a very complex
and convoluted absorption profile that makes it difficult to pinpoint
the optical properties of each n. The convolution of exciton
resonance is observed in the absorption spectra depicted in Figure
11. For example, (BA),(MA),Pbsly, (blue line) has absorption peaks
from both the n = 2 and n = 3 exciton resonances. Still, due to the

This journal is © The Royal Society of Chemistry 20xx

close energy spacing of these features, it is challenging to accurately
determine the energy just from the absorption data.
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Figure 11. Optical absorption of (BA)y(MA),.1Pbyls.. for different
quantum layer thicknesses (n = 1 - 4). Dashed lines indicate the
exciton absorption resonances. Reproduced with permission from
ACS Appl. Mater. Interfaces 2020, 12, 47, 52538-52548 (ref. 86).
Copyright 2020 American Chemical Society.%®

To elucidate the phase heterogeneity, Amerling et al. performed
low-temperature EA studies on (BA),(MA),.1Pb,l3,:1 quantum wells
(n = 1-4) and MAPblI; thin films, as shown in Figure 12A.88 It is clear
from the observed EA features that the samples are comprised of
multiple excitons related to different quantum well thicknesses
present within the thin film. The authors quantified the phase
heterogeneity by investigating changes to the localized exciton
absorption states as a function of quantum well thicknesses. The EA
data were fit using a linear combination of the zeroth, first, and
second derivative of the unmodulated absorption spectrum
(equation 7). In brief, they determined the precise exciton resonance
energies through the EA spectra utilizing the derivative-like shapes
that result from this experiment. Using the precise exciton resonance
energies, a Gaussian function was used to model the exciton peaks
with an additional polynomial function to account for band-to-band
absorption. Finally, they scaled the Gaussian amplitudes by the
relative oscillator strengths of the different types of excitons present;
this is particularly important when dealing with MHPs because of the
well-known strong absorption cross-sections; therefore, the
oscillator strengths play a crucial role in the absorption intensities.103
The heterogeneity of the quantum well distribution was then
determined by analyzing the relative amplitudes of the exciton
Gaussians that were used to fit the EA and absorption data. The
fitting routine is visualized in Figure 12B.

The final quantification of the phase heterogeneity is shown in
Figure 12C. We can see that the intended phase pure quantum well
distribution varies significantly from the resulting distribution
determined post-synthesis. This was attributed to an interplay
between kinetic and thermodynamic stabilities inherent to the
stoichiometry of the quantum well for the MHPs. As such, EA is a
technique that is sensitive to small changes in the absorption spectra
of heterogeneously dispersed quantum wells within a single thin
film. The analytical approach developed by Amerling et al. uses a
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combination of EA and absorption spectroscopies as a way to
precisely determine the exciton resonance energies and uses those
energies to build a model that fits the absorption spectra to quantify
the quantum well thickness distribution throughout a given thin film.
The enhanced understanding of these MHP thin films allows for
tailored heterostructures that rely on precise control over the phase
distribution. This work is also an example of how researchers can
identify and quantify the exciton heterogeneity (and hence structural
heterogeneities) of many different heterogeneous materials, such as
core-shell quantum dots or bulk heterojunction organic
semiconductor materials.
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Figure 12. (A) EA spectra of (BA),(MA),.1Pb,l3,:1 (n =1 - 4) and 3D
MAPbI; measured at 50K. (B) Example of fitting routine used for
investigating exciton compositions in (BA),(MA),_1Pb,l3,:1 quantum
wells. Here the raw absorption data (i), the linear combination of the
zeroth, first, and second derivatives of Gaussians to represent the EA
curves (ii), the agreement of fits with experimental EA data (iii), and
the resulting absorption exciton fits used to determine the quantum
well heterogeneity (iv) are presented. (C) Pure phase quantum well
distribution determined by the EA fitting parameters. Reproduced
with permission from ACS Appl. Mater. Interfaces 2020, 12, 47,
52538-52548 (ref. 86). Copyright 2020 American Chemical Society.3¢
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Distinguishing excitonic and band-to-band transitions in 3D
MHPs

In low dimensional lattice and molecular systems, such as 2D
layered MHPs, their EA spectra exhibit first or second derivative-like
line shapes, which are attributed to the presence of bound excitons
within the sample.®131517 However, as described by the seminal
work by Aspnes, the EA spectra for 3D MHPs such as MAPbI;
resemble a third derivative-like line shape that is indicative of the
presence of unbound electrons and holes in the crystalline
lattice.>1046 Nevertheless, there are still conflicting results in the
literature when it comes to the expected line shape of the EA spectra
for 3D MHPs. These conflicting results stem from whether charge
carriers are bound or unbound in 3D MHPs and how that influences
the first, second, or third derivative EA line shape.®1% The common
ground between these conflicting results is that researchers struggle
to consider the excitonic effects, no matter how small, when
analyzing the EA spectra. To study excitonic effects in MAPbls, Ruf et
al. performed temperature-dependent EA studies and measured the
fundamental bandgap and exciton binding energy of MAPbl;.12 The
absorption spectrum (black line, Figure 13A) shows the band-edge
onset near 1.6 eV for a 3D MAPbI; thin film. The numerical first,
second, and third derivatives were calculated to determine which
line shape fit showed the strongest qualitative agreement with the
EA signal. Since a phase shift in lock-in detection can reverse the sign
of the EA signal, the first and third derivatives are qualitatively
similar, and both resemble the EA signal. Moreover, the third
derivative should model the EA signal most closely with the
assumption that MAPbl; is a free carrier system. In contrast, an
excitonic system would be expected to have a strong first derivative
signal. Previous studies have analyzed the signal from opposing
perspectives and have arrived at different measured E,, values.1012:16
As illustrated in Figure 13A, Ruf et al. focused on analyzing the EA
signal for a MAPDbI; thin film from the perspective of a first-derivative
response. At 190 K, an exciton resonance is observed at the band-
edge absorption. As evident from the EA spectra for 2D MHPs, the
exciton and continuum responses differ significantly in nature. In 3D
MHPs, the energetic separation between exciton and continuum
states is far less, and the EA spectral features overlap. There is a
compelling level of qualitative agreement in the line shapes of the EA
and first derivative spectra, treating the combined exciton-bandgap
features collectively as a first derivative shift, expected from the
exciton's polarizability. However, it fails to account for spectral
contributions from field-ionization and any portion of electrons that
are excited into the continuum states.

In 2016, a study by Ziffer et al. modeled the EA spectrum of
MAPDbI; according to low-field Franz-Keyldsh theory, where the
unperturbed complex deflection function was obtained via
ellipsometry (Figure 13B).1° First-principles calculations of a Wannier
exciton in an electric field were also carried out to study the
contribution of field-ionization. This field-ionization, or the ionization
of a bound state, may result in a decrease in the carrier lifetime,
which broadens the absorption and results in a second derivative line
shape.®” The validity of their approach was confirmed by accurate
measurements of known values for E, and E; in GaAs. The careful
analysis led to the precise determination of an E,= 7.4 + 1.2 meV for
MAPDbI; thin films.
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Figure 13. (A) Absorption spectrum and calculated first, second, and
third derivative plots compared to the EA spectrum for MAPbI; thin
films investigated by Ruf et al. (B) EA (red line) and third derivative
fit (dashed line) for MAPbI; thin films studied by Ziffer et al. (A)
Reprinted with permissions from Appl. Phys. Lett. 2018, 112, 083902
(ref. 12). Copyright 2018 AIP Publishing. (B) Reproduced with
permissions from ACS Photonics 2016, 3, 1060-1068 (ref. 10).
Copyright American Chemical Society.1%12

Electroabsorption modulators based on quantum confined-
Stark effects

In addition to elucidating the character of excited states, EA
studies also have technological relevance in that each device
functions as an electro-optic modulator (EOM). The merit of the
device is readily determined from the EA signal, without any further
characterization, by calculating the overall change in the absorption
coefficient given a certain applied field strength. This was recently
pointed out in a study by Walters et al. wherein EOM device stacks
were fabricated by casting MHP nanoplatelets onto an architecture
that consisted of a reflective electrode, a MHP layer, a transparent
electrode, as well as insulating layers to prevent charge injection
from the electrodes into the MHP. The authors found that the
absorption change at the peak wavelength was remarkably high at
70 cm! for a field strength of 56 kV cm, representing the largest
reported change in absorption coefficient for a solution-processed
material at room temperature. Given that the device stack generates
field lines perpendicular to the MHP layer, the authors attributed the
large changes in the exciton's absorption coefficient to the quantum-
confined Stark effect (QCSE) rather than the quadratic Stark effect,

This journal is © The Royal Society of Chemistry 20xx
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i.e., the expected response when fields are applied parallel to the
quantum well layers.??2 The quantum-confined Stark effect (QCSE)
occurs when a spatially confined system is subjected to an externally
applied field along the axis of confinement.?1.°2105-107 The applied
field both reduces the bandgap energy and the exciton binding
energy resulting in a redshift of the exciton resonance energy that
scales quadratically with the applied field strength. Thus, the QCSE is
phenomenologically similar to the quadratic Stark effect despite
being fundamentally different in physical origin. Inorganic quantum
well EOM devices have achieved their highest extinction ratios by
exploiting the QCSE.1%7
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Figure 14. (A) Optical investigations for (CgH13NH3),(Cs)Pb,Br; and
(CgH13NH3),(CH3NH3),Pb3Br thin films. (i) Optical spectra, (ii) first
derivative of absorption, (iii) second derivative of absorption, and (iv)
EA spectra at indicated applied electric field where the solid lines are
fits from transfer matrix modeling of changes to the complex
dielectric function of the exciton absorption bands. (B) Nonlinear
dependence of the QCSE for (CgHy3NHs3),(Cs)Pb,Br; and
(CsH13NH3),(CH3NH3),PbsBr thin films. Reproduced with permission
from Nat. Commun. 2018, 9, 4214 (ref. 14). Copyright 2018 Nature.'*

In addition to characterizing the EOM devices' merit, the EA
signals collected by Walters et al. also furthered our fundamental
understanding of the MHP layer. An anomalous trend was observed
in the EA signals of the (CgHi3NHs3),(A),-1Pb,Brs,.1 nanoplatelets
when the A-site cation was changed from a Cs* atom to the dipolar
CH3NH3* molecule, given that the exciton's EA response was inverted
(Figure 14A). In the case of (CgH13NH3),(A)n-1Pb,Bransy with A = Cs?,
the exciton absorption peak responded with a redshift expected for
the QCSE. However, when A = CH3NHj3*, the exciton absorption peak
is instead blueshifted. The quadratic energy shift in opposite
directions is summarized in Figure 14B where the
(CsH13NH3)2(A)n-1Pb,Bran.; with CH3NHs* or Cs* display opposing EA
amplitude changes at their extrema, representing blue and redshifts,
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respectively. The authors complement their EA studies with first-
principles DFT calculations to propose a new 'dipole mediated' QCSE.
The rotational alignment of the CH3;NHs;* molecule's dipole parallel
with the applied field decreases the exciton binding energy
sufficiently to overcome the redshift of the QCSE and even reverse
its direction. Overall, this study proves that tunable modulation via
cation tailoring is obtainable in MHP nanoplatelet thin films. From a
combination of EA and optical absorption spectroscopies, the
authors were able to identify blue and redshifts of the excitonic
features and identify future materials for electro-optical modulators
that possess a unique set of tunable properties.

Experimental challenges of EA spectroscopy

While modulation spectroscopies such as EA produce normalized
difference signals (i.e. AT/T) that have many inherent advantages
and are generally free of any instrument response function, there are
still experimental artifacts, challenges, and limitations in EA
spectroscopy that interested researchers should be cognizant of. We
herein provide a brief summary of common challenges that should
be considered when applying EA spectroscopy to MHP systems.

The first category of challenges deals with optical effects that
result from differences in sample thickness and measurement
geometry, (i.e. reflectance AR/R vs transmission AT /T as well as the
angle of the incident radiation). In their EA analysis of the well-known
MAPbDI;, Ziffer et al. found that in the reflection geometry, the line
shape of the AR/R signal was sensitive to sample thickness as well
as the angle of incident radiation and in some cases, resembled
changes in the sample’s refractive index An more closely than
changes in the absorption coefficient Aa.1 In contrast, the AT/T
signal in a normal-incidence geometry produced consistent,
thickness-invariant EA line shapes which closely matched the A« line
shape that the authors expected from computational modelling.
However, it is still possible for changes in refractive index to influence
AT/T signals at normal incidence. Similarly, it is possible for thermal
effects, i.e. Joule heating via the electrodes, to influence the EA
signal. Therefore, it is recommended that such effects be considered
before straightforwardly interpreting EA signals as arising solely from
the modulation of the absorption coefficient. For a guide on how to
calculate the contribution An and Joule heating to the EA signal, we
refer readers to the work by Jeglinski and Liess et al..*3>3 In a similar
vein, large electric fields can cause dielectric breakdown of the MHP
layer and therefore care should be taken to monitor the modulating
voltage across the sample with an oscilloscope.

As a second category of challenges, we address the
demodulation of the EA signal via lock-in detection. Interested
researchers should be aware that a phase shift of 7 in the input signal
will invert the sign of the EA signal, and therefore, the absolute phase
of the experimental set up must be rigorously established before
assigning meaning to the sign (+/-) of the EA signal. Alternatively, the
sign can be assigned if the system’s EA response is known
beforehand. It should also be noted that lock-in amplifiers detect the
RMS amplitude of a single frequency component (i.e. @ or 2w) within
the input signal. Therefore, if the amplitude of the EA spectrum is
needed, then it is necessary to multiply the lock-in detected signal by
an instrumental correction factor that accounts for the Fourier
coefficient of the waveform of the modulating voltage.?%108 For
example, in the case for derivative analysis wherein the ratio
between the EA and absorption amplitudes is used to qualitatively
determine the excited state’s properties, this is a necessary step.
Qualitative analysis of the EA signal wherein the field strength F is
required can also prove challenging for MHPs. This is because the
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field strength experienced by excited states will depend on the
material’s dielectric constant at the frequency of the modulating
voltage. Given that MHPs have highly frequency-dependent
dielectric functions and experience ion migration effects that depend
heavily on sample morphology,’® obtaining an accurate
measurement of the dielectric constant is an additional step that
may be challenging for those interested in quantitatively analyzing
the EA response of MHPs.

Conclusions and outlook

This review discusses how traditional absorption spectroscopy
falls short of characterizing the optoelectronic features of MHPs due
to surface artifacts, thin-film coverage, or even spectrometer setup.
EA spectroscopy provides a depth of knowledge about charge carrier
type and the electric field environment felt by that carrier through
simple line shape analysis —information that is often unobtainable
by other optical methods. In a similar vein, EA spectroscopy can
differentiate between randomly dispersed and well-oriented
excitonic features providing a complementary technique to
structural characterization. Through changes in the internal electric
field, EA spectroscopy can be used to characterize ion migration in
MHPs, a crucial hurdle for photovoltaic devices. EA spectroscopy can
also be used to deconvolute phase heterogeneities within a thin film,
providing critical insight into fundamental material properties to
tailor MHPs for highly specific device applications. Overall, EA
spectroscopy is a crucial tool for pushing the boundaries of
understanding the optoelectronic properties of MHP thin films.
When other optical characterizations fall short in the richness of data
provided, often times EA spectroscopy can bridge the knowledge gap
to afford a complete optoelectronic description of MHPs. The
reviewed studies herein have leveraged EA spectroscopy to deepen
the fundamental understanding of current complex materials in the
form of heterostructures, quantum wells, and/or quantum-confined
MHP structures.

As we look into the future of EA spectroscopy, we believe a few
crucial areas of interest will be best utilized with this technique. First,
there is considerable interest in the field for integrating exotic and
optically active m-conjugated organic cations into low dimensional
MHP structures.110-117 These cations have a HOMO/LUMO level near
the bandgap of the metal halide lattice, often forming a charge
transfer complex at the heterojunction.!? EA spectroscopy has been
used extensively to investigate the optoelectronic properties of
charge-transfer complexes in organic semiconductor donor-acceptor
systems, such as their large dipole moments or binding
energies.8118-121 \We see EA spectroscopy as a critical tool to fully
elucidate the novel charge transfer optoelectronic properties in
MHPs as well as for their low dimensional analogs.!1? Second, a
promising future application for MHP materials is phase-change
memory devices.'?? This requires precise knowledge about the
optoelectronic properties at a range of critical temperatures when
these phase changes are induced. EA spectroscopy can provide the
precision necessary over a range of temperatures while also showing
the evolution of new phases.”” Lastly, there is still considerable work
to be done on providing comprehensive models to fit and predict EA
features such as FK oscillations, as well as ongoing debates about
expected line shapes in the EA spectra of 2D and 3D MHPs. Although
the groundwork has been laid, there needs to be a further
exploration into these challenges in order to provide a theoretical
basis for many complex physical phenomena in MHPs.
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