Downloaded via UNIV OF NORTH CAROLINA on May 2, 2023 at 20:08:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Uncovering Transport Mechanisms in Perovskite Materials and
Devices with Recombination-Induced Action Spectroscopies

Meredith G. McNamee,” Zhenyu Ouyang,# Liang Yan, Zijian Gan, Ninghao Zhou, Olivia F. Williams,
Wei You, and Andrew M. Moran*

Cite This: J. Phys. Chem. C 2023, 127, 2782-2791 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Although valuable insights are derived from
conventional spectroscopic approaches, the understanding of a
photovoltaic device’s operation mechanisms can be limited in ex
situ measurements. For example, the signals measured in transient
absorption experiments reflect the concentrations and extinction
coefficients of all photoexcited species in a material regardless of
functional relevance. Elimination of such ambiguities has
motivated the development of various “action spectroscopy”
techniques in which the response of a photovoltaic device to a
sequence of laser pulses is directly detected. The class of action
spectroscopies described in this Perspective leverages recombina-
tion-induced nonlinearities to distinguish lossy (fluorescence) and
productive (photocurrent) processes within the active layers of
photovoltaic cells. Although recombination processes are problematic in alternate approaches for conducting action spectroscopies,
our experiments show that this type of nonlinearity can be exploited to reveal transport mechanisms on nanosecond time scales.
Applications to mixtures of layered perovskite quantum wells are presented to demonstrate signatures of energy funneling and long-
range carrier drift in photovoltaic devices.

B INTRODUCTION can be exploited in creative ways to characterize photoinduced
dynamics.

Higher order perturbative responses have been targeted in
most previous applications of action spectroscop-
jes; 77101272531 | gyever, alternate signal generation mech-
anisms can be advantageous depending on the material and
desired information.”* > For example, two- and four-pulse
implementations of nonlinear action spectroscopies are
compared in Figure 1. In Figure la, a sequence of four laser

The development of two-dimensional (2D) Fourier transform
electronic spectroscopies has enabled physical insights into
processes ranging from solvation in liquids to light harvesting
in photosynthesis.' > Knowledge of sub-ps dynamics can be
gathered by detecting coherent light emission in conventional
spectroscopic approaches; however, the signals are weighted by
the concentrations and extinction coefficients of all photo-

excited species in the focal volume regardless of their pulses with experimentally controlled phases (€;) is used to
functional significances. For example, due to their neutral isolate signal components resembling the ground state bleach,
charges, excitons do not drift in response to a built-in potential excited state emission, and excited state absorption responses
within a photovoltaic cell but may produce spectroscopic present in conventional transient absorption and 2D electronic
signals with greater magnitudes than coexisting electrons and spectroscopies.”” The first and second pair of laser pulses
holes. To reduce ambiguities in experimental interpretations, accomplish the “pump” and “probe” processes in this type of
action spectroscopies have been developed in which technique. Such four-pulse, Fourier transform methods are
spontaneous processes such as the fluorescence and photo- well-suited for studies of femtosecond light harvesting and/or
current generated by a device are measured instead of coherent charge transfer dynamics because the time resolution is limited
light emission. Nonlinear fluorescence action spectroscopies

have been employed in studies of molecular aggregates Received: December 18, 2022 L f ;
exhibiting Frenkel exciton electronic structure.””"” In addition, Revised:  January 23, 2023 e : 5 g
nonlinear photocurrent spectroscopies have been used to Published: February 2, 2023 %
uncover ultrafast dynamics (e.g, exciton dissociation, charge ‘
transfer)'®™>° and long-range drift in photovoltaic cells.>6™° Nra=.

These earlier works demonstrate that spontaneous processes
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i (a) Higher-Order Perturbative Response Reveals Femtosecond Dynamics
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Figure 1. Functionally significant dynamics are selectively measured
with nonlinear action spectroscopies applied to materials and
photovoltaic devices. Experimental approaches may target either (a)
higher order perturbative or (b) recombination-induced signal
generation mechanisms. Laser pulse width-limited time resolution is
achieved with phase cycling and/or phase modulation methods when
higher order perturbative responses are probed, thereby enabling
studies of femtosecond energy and charge transfer processes.
Alternatively, recombination-induced nonlinearities can be exploited
for studies of slower, long-range transport dynamics in devices and
semiconductor films.

by the laser pulse durations. Like pump—probe methods,
Fourier transform action spectroscopies can also be to study
processes on longer time scales by introducing a delay between
the two pulse pairs.

By contrast, the nonlinear response detected with the two-
pulse approach presented in Figure 1b originates in
recombination processes involving species photoexcited by
separate laser pulses.”” Consequently, the time resolution
depends on the nature of the material, laser intensity, and

recombination mechanism. For example, the authors of the
present work have leveraged two-body recombination
mechanisms®® to extract time-of-flight information from
photovoltaic cells based on perovskite materials.””~** Thus,
although recombination processes are regarded as experimental
artifacts in Fourier transform approaches,”'"'>'*** they can
be leveraged for studies of transport mechanisms on nano-
second time scales. Whereas theoretical descriptions of four-
pulse Fourier transform spectroscopies have been discussed in
several recent publications,”'>** signal generation mechanisms
associated with recombination-induced nonlinear action
spectroscopies are at an earlier stage of development.””** In
this Perspective, we aim to clarify the potential of such two-
pulse action spectroscopies for studies of long-range transport
mechanisms in devices and semiconductor materials.

B SIGNALS GENERATION MECHANISMS IN
NONLINEAR ACTION SPECTROSCOPIES

Higher order perturbative and recombination-induced non-
linearities are distinguished with energy level diagrams in
Figure 2 to clarify the signal generation mechanisms associated
with the techniques represented in Figure 1. In Figure 2a, we
present diagrams in which the pulse-pairs are represented with
single arrows to capture essential aspects of the field-matter
interactions as a detailed theoretical description of Fourier
transform 2D action spectroscopy is beyond the scope of the
present work. Although we have simplified the physical picture,
it can be understood that the first and second pulse-pairs to
arrive at the sample in Figure la correspond to “pump” and
“probe” events because two field—matter interactions are
required to change the population of an electronic state in this
type of experiment.”> The probe laser pulses interact with a
photoexcited species in a higher order perturbative response,
thereby enabling spectroscopic transitions between excited
states. For example, the energy level diagram shown in Figure
2a represents an excited state absorption process. Conventional
pump—probe experiments correspond to third-order in time-
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Figure 2. Technical distinctions between alternate signal generation mechanisms. (a) The probe pulse interacts with a photoexcited species in a
higher order perturbative process. (b) In contrast, each laser pulse interacts with the equilibrium system in techniques that target recombination-
induced nonlinearities (8 is a two-body recombination coefficient). (c) For example, exciton—exciton annihilation saturates the density of
photoexcitations in layered perovskite materials. (d) Recombination time scales decrease as the magnitudes of two-body coefficients increase. (e)
The integrated densities of photoexcited species scale nonlinearly with the laser fluences.

2783

https://doi.org/10.1021/acs.jpcc.2c08851
J. Phys. Chem. C 2023, 127, 2782—-2791


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c08851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(a) Absorbance of
layered perovskite film

(b) NLFL detection of
energy funneling

1.0 N n=2 Sistate
§ }\l—b n=2 \
g —
505 n=3 A,
: / . -

5 Energy
o Detect -
500 550 600 650 A

Wavelength nm

(c) NLFL signal generation mechanism in
layered perovskite material
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Figure 3. Nonlinear fluorescence spectroscopy has been applied to mixtures of layered perovskite quantum wells in recent literature. (a)
Absorbance spectrum of a layered perovskite film exhibits exciton peaks associated with quantum wells composed of 2 and 3 layers of lead-iodide
octahedra. (b) Nonlinear fluorescence experiments reveal energy funneling processes on time scales of 100s of ps. (c) The first laser pulse initiates
energy funneling, whereas the second pulse probes transient populations of quantum wells through exciton—exciton annihilation processes.

dependent perturbation theory,”” whereas the class of 2D
action spectroscopies depicted in Figure la involves a fourth-
order perturbative response because the signal is spontaneously
generated after the second pair of laser pulses arrives at the
sample. Theoretical treatments of such higher order
perturbative responses have been presented else-
where 212222435

By contrast, the pump and probe laser pulses are both
absorbed by the equilibrium system in the signal generation
mechanism associated with the technique in Figure Ib.
Consequently, resonances between excited states cannot
contribute to the response, and the time resolution of the
technique depends on the rate at which recombination
processes saturate the fluorescence or photocurrent produced
by a device. Recombination-induced nonlinearities are seen as
a nuisance in studies of molecular aggregates because they are
incapable of resolving femtosecond energy transfer dynamics
and do not provide insights into biexciton electronic structure.
The type of process shown in Figure 2b, which has been
referred to as incoherent and/or a mixture of linear
responses,””' '>!%** is not regarded as a “true nonlinear
signal” in studies of femtosecond dynamics;g’36 however, this
signal generation mechanism can be leveraged in studies of
slower, long-range processes in materials and devices. Notably,
the nonlinearity represented in Figure 2b is fundamentally
different from a cascade of lower-order responses, such as
those observed in off-resonant 2D Raman spectroscopies’ >
because it provides dynamical information that is not available
when a material absorbs a single laser pulse. For example,
recent studies of layered perovskite systems demonstrate that
recombination-induced nonlinearities can be exploited to
resolve energy and charge funneling dynamics in layered
perovskite systems on time scales of 100s of ps.'¥*°™*’

Recombination processes saturate the total amount of
photocurrent or fluorescence collected from a material as the
laser intensity increases (e.g., layered perovskite quantum wells
in Figure 2c). To illustrate the relevant time scales, we
compute dynamics in the density of a photoexcited species
subject to a two-body recombination process using

dp(t, f)

dt - —yp(t,f) _ﬁpz(t)f)

(1)

where f is the laser fluence, 7~ !is a lifetime, and S is a two-
body recombination coeflicient. To approximate the behaviors
of layered perovskite systems, the lifetime is set equal to 5 ns,
whereas the two-body recombination coefficient ranges from
1078-10"° cm®/s in Figure 2d,e.** In these calculations, the
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initial concentration of photoexcitations is estimated by
averaging the densities at the two interfaces of a thin film,

af
p(0,f) = 7[1 + exp(—al)] 2)

where a is the absorbance coefficient (4 um™") and [ is the film
thickness (100 nm). The carrier density is also time-integrated
in Figure 2e to characterize the magnitude of the nonlinearity:

I(f) = fomp(t,f) dt 3)

Beginning with initial values of 10'® cm™, the densities in
Figure 2d decay by 50% at times of 3.5, 0.8, and 0.1 ns when j
is set equal to 0, 10™%, and 10™® cm?/s, respectively. These
dynamics reflect the time scales and efficiencies of the probing
processes associated with recombination-induced nonlinear-
ities. For the class of action spectroscopies depicted in Figure
1b, the delay time between laser pulses is known with pulse
duration-limited precision, whereas the signal is subsequently
generated as recombination processes accumulate and saturate
the fluorescence or photocurrent produced by a device. In
experiments conducted on layered perovskites, we have
observed dynamics on the 100 ps time scale and shown that
the same energy funneling time constants can be obtained with
conventional femtosecond transient absorption and nonlinear
fluorescence action spectroscopies.15’26’39

In Figure 2e, the magnitude of the nonlinearity is
characterized by time-integrating the densities with S equal
to 0, 107°, and 107® cm?®/s (see eq 3). The nonlinear
dependence of I(f) on the laser fluence represents the signal
generation mechanism associated with the technique repre-
sented in Figure 1b. These experiments are conducted by
measuring the total amounts of photocurrent or fluorescence
generated with the individual laser pulses, S; and S,.*° The
signal measured with the sample exposed to both laser pulses,
S142(7), additionally depends on the experimentally controlled
delay time, 7. The nonlinearity induced by recombination
processes involving species photoexcited by separate laser
pulses is then obtained by evaluating the linear combination,
Saction(T) = Sia(t) = S — S, + S, where S, is the
“background” measured when the sample is not exposed to
light. For example, with # = 107 cm’/s, the values of I(f)
computed with laser fluences of 1 and 2 yJ/cm? are 1.0 X 10"
and 1.7 X 10" cm™>ns, respectively. Thus, the magnitude of
the response corresponds to a saturation percentage of ¢ =
14%, where ¢ is given by

https://doi.org/10.1021/acs.jpcc.2c08851
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_ 20(f) - 1)
21(f) (4)

Because the magnitude of Suuon(7) reflects the curvature of
I(f), the signals must decay as the concentrations of species
photoexcited by the first laser pulse decrease in 7.

¢

B ENERGY FUNNELING DYNAMICS IN LAYERED
PEROVSKITE SYSTEMS REVEALED BY NONLINEAR
FLUORESCENCE SPECTROSCOPY

As shown in Figure 1b, the photocurrent and fluorescence
generated by a photovoltaic cell can be measured in tandem to
distinguish productive and lossy relaxation mechanisms.”® We
have presented detailed simulations of nonlinear photocurrent
experiments in recent works””*’ but have not applied this type
of model to nonlinear fluorescence (NLFL) spectroscopy.
Therefore, to clarify the information provided by recombina-
tion-induced nonlinearities, we next compare experimental and
simulated NLFL signatures of energy funneling for a mixture of
layered perovskite quantum wells. The components of the
material are described by the chemical formula
BA,MA,_ Pb,1;,,,, where BA is butylammonium, MA is
methylammonium, and the subscript n represents the number
of stacked lead-iodide octahedra within the quantum wells.*>*”
For example, quantum wells with n = 2 and 3 exhibit exciton
peaks at 570 and 610 nm in the linear absorbance spectrum
shown in Figure 3a. Light absorption initiates energy funneling
processes wherein excitations transfer to successively thicker
quantum wells until they reach a quasi-3D phase of MAPDI;-
like material”*****™** In our experiments, the two color-
tunable laser pulses, A; and 1, target the initial and
intermediate locations of the electronic excitations in the
500—650 nm wavelength range, whereas fluorescence is
detected at Ag = 725 nm to make the signal specific to energy
funneling processes terminating in the quasi-3D layer (n = oo
in Figure 3b).

In Figure 3¢, we illustrate the processes that occur during the
experimentally controlled delay time, 7, and the detection time,
t. The first laser pulse initiates an energy transfer process
between the n = 2 and 3 quantum wells, which are most
concentrated in the system considered in Figure 3a. The time
constant for this energy transfer process is 100—1000 ps
depending on the distribution of proximities between quantum
wells arising from the fabrication conditions. 37> Notably,
the NLFL signals are sensitive to the overall time scale in
which excitons accumulate in the n = 3 quantum wells and
reflect exciton diffusion when the systems are not in close
proximity due to differences in concentrations and film
heterogeneity. The excitons photoexcited by the second laser
pulse “probe” the excitons associated with the first laser pulse
by way of recombination processes, thereby saturating the total
amount of fluorescence collected from the film. Energy
funneling dynamics can be time-resolved in layered perovskite
systems because a significant amount of exciton—exciton
annihilation occurs on the 100 ps time scale (see Figure 2d).*®

In Figure 4, we present two-dimensional (2D) NLFL data
acquired with a pair of color-tunable 300 fs laser pulses with 2
uJ/cm?® fluences and 4 nm spectral widths. The signals are
acquired using the same experimental setup and conditions
applied to films composed of larger quantum wells in ref 26.
The present layered perovskite film, which is primarily a
mixture of n = 2 and 3 quantum wells, exhibits the linear
absorbance spectrum shown in Figure 3a. At a delay time of 7
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Figure 4. Experimental (a)—(d) and calculated (e)—(h) NLFL
spectra are displayed for a layered perovskite system primarily
composed of n = 2 and 3 quantum wells. Delay times of 7 = 1, 500,
1000, and 2000 ps are specified in the respective panels. The
experimental data exhibit broader line widths due to a pulse width-
limited spectral resolution of 4 nm. Signals are expressed as
percentages using eq 8. Detection of fluorescence at 725 nm makes
the nonlinear response specific to processes that funnel energy into
the thickest quantum wells.

= 1 ps, the 2D NLFL spectrum possesses diagonal peaks
(A1=4,) associated with the n = 2 and 3 quantum wells at 570
and 610 nm, respectively. These diagonal peaks represent a
sequence in which the initially populated systems are probed
with the second laser pulse before energy transfer occurs. In
agreement with transient absorption data obtained for similar
films,”” the magnitude of a cross peak at 4, = 570 and 4, = 610
nm increases on the sub-ns time scale due to energy funneling
processes.”” Thus, although both pulses interact with quantum
wells in their ground electronic states, the NLFL data reveal
energy funneling dynamics by way of the recombination-
induced mechanism illustrated in Figure 3c. Whereas transient
absorption experiments conducted on layered perovskites
reflect all energy funneling dynamics regardless of the terminal
energy '<1cceptors,3’9 the NLFL spectra shown in Figure 4 are
specific to relaxation processes that ultimately concentrate
excitations in the thickest quantum wells because the signals
are detected at 725 nm (see Figure 3b).

To more rigorously demonstrate the information provided
by recombination-induced nonlinearities, we calculate the 2D
NLFL spectra in Figure 4e—h using parameters obtained from
global fits of conventional transient absorption data (e.g.,
exciton resonance frequencies, energy transfer rates, life-
times).>” The exciton and higher energy continuum line
shapes associated with the quantum wells are parametrized
using experimental linear absorbance spectra acquired for pure-
phase crystals, A, (@) (see the Supporting Information).”’ The
exciton density in quantum well n at time-zero is given by

o flo) e A (@)
c(w, T=0) o] [1-10 ] )
where f(w) is the laser fluence, @ is the frequency of the laser
pulse, d is the film thickness, and ¢, is the fraction of
absorbance associated with quantum well #n at frequency w.
The dynamics occurring in the experimentally controlled delay
time, 7, are simulated using a system of differential equations
developed for fitting transient absorption data:*’
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Figure S. Summary of relaxations mechanisms modeled during the (a) experimentally controlled delay time 7 and (b) detection time . The NLFL
response originates in annihilation processes associated with excitons photoexcited by separate laser pulses. Recombination-induced nonlinearities
are problematic in Fourier transform action spectroscopies; however, the present measurements and calculations demonstrate that recombination
can be leveraged for studies of transport mechanisms on nanosecond time scales.
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90,
= kd”n - Reane/ n=2-5
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(6)

Briefly, k,, is the rate constant for energy transfer from
quantum well n to quantum well m (with reverse rates
accounted for using detailed balance), f§ is the exciton—exciton
annihilation coefficient, and R, is the radiative recombination
rate for the n = co system. The model also accounts for defect-
assisted recombination at “layer edge states.”** The population,

O,

. Tepresents layer edge states in quantum well, n. The rate of

diffusion to an edge state is given by k;, whereas R, represents
recombination. Parameters of the model are illustrated with

schematics in Figure S.
The same processes occur in the delay time, 7, for both

conventional transient absorption and NLFL experiments;
however, calculations of the kinetics must be reinitiated during
the signal detection time, £, in NLFL spectroscopy (see Figure
3c). The initial conditions in the detection time, ¢, are
established by summing the exciton densities photoexcited by
separate laser pulses using &,(@y, 7, @y, t = 0) = 0,(wy, T) +
6,(w,, 0). The population of an edge state at ¢ = 0 is written as
(), T, @y, t = 0) = 6,(wy, T). The same system of equations

is then solved during the detection time, t:
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o0&,
E = nn—1 " kn,n+1 - kd - /;fn)'fn + kn—l,nfn—l + kn+1,n§n+l’
n=2-4
o,
a_ts = (kg — koo = ky = PE)E + Ky b5 + Koo 6o
o,
== = (—kps = Reg = f)deo + ks ool
ot
0%,
? = kdfn - Refne’ n=2-5

)

Energy is funneled to the n oo system from which
fluorescence is detected at 725 nm. Because the emission
rate is proportional to the excited-state population of the n =
oo quantum well, the NLFL signal (i.e., fraction of saturation

in the response) measured at the delay time, 7, can be written
as

(DNLFL(wlr 7, wz)
fODO [é:ao(wp T, Wy, t) - Uao(wp t) - O'oo(wz; t)] dt

/Ooo [o(wy, t) + au(w,, £)] dt

(8)

In Figures 4e—h, the NLFL spectra simulated using eq 8
capture the patterns of resonances in the 2D spectra, dynamics
in the amount of signal saturation, and the time scales of
energy funneling. The calculations are consistent with the
schematics presented in Figure S in that energy funneling
dynamics are revealed despite the “linear” natures of the field-
matter interactions. The differences in the experimental and
simulated NLFL data in Figure 4 likely originate from the 4 nm
spectral resolution of the experiments and the complexities of
the exciton and continuum contributions to the absorbance
line shapes (see the Supporting Information).
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Figure 6. Method for distinguishing dynamics of excitons and free charge carriers in layered perovskite systems. Electrons and holes photoexcited
by the first and second laser pulses drift in the directions indicated by the arrows at delay times of (a) 7 = 0 and (b) 7 = T,,,,/2- (c) Nonlinear
photocurrent and fluorescence signals are detected under the same experimental conditions. (d) NLPC signals are acquired at three potentials to
vary the drift velocities. (e) The carrier mobility is obtained by fitting the drift velocities versus the electric fields to a straight line. These data
represent an average of four data sets acquired with three separate devices. (f) Excitons dominate the fluorescence channel of the experiment and

do not respond to the applied bias due to their neutral charges.

B DISTINGUISHING EXCITONS AND FREE CHARGE
CARRIERS WITH TANDEM NONLINEAR
PHOTOCURRENT AND FLUORESCENCE
SPECTROSCOPIES

In contrast to the spatially localized energy funneling dynamics
revealed by the NLFL spectra in Figure 4, nonlinear
photocurrent (NLPC) spectroscopies can be employed to
study long-range carrier transport in photovoltaic cells.”*~** In
these approaches, the first laser pulse initiates carrier drift
within the active layer of a device and recombination processes
involving the carriers photoexcited by the second laser pulse
enable resolution of the transit time. For example, the holes
(pi) and electrons (n;) associated with pulse k (k = 1 or 2) are
depicted in Figure 6a. The lengths of the arrows represent
spatial distributions of the carrier densities (i.e., the darkest
shades are most concentrated), whereas the directions reflect
electric field-induced drift within the active layer. Transient
absorption experiments suggest that the recombination
processes in layered perovskite systems are primarily two-
body in nature.>”*%°¢ Thus, like the exciton—exciton
annihilation dynamics discussed above, the recombination
rates responsible for the nonlinearity in the photocurrent scale
as the products of carrier densities photoexcited by separate
laser pulses, fp,n, and ﬂnlp.29’30 The magnitude of the NLPC
response decreases as the carrier densities, p; and n,, drift from
the illuminated region of the active layer and inject into the
electrodes during the experimentally controlled delay time.
In recent works, we have presented several approaches for
obtaining time-of-flight information with NLPC experi-
2773 The external biases are cycled in these techniques
to probe the dynamics of free charges; however, excitons are
the dominant electronically excited species in the present
layered perovskite systems. The n = 2 and 3 quantum wells
(i.e., the most concentrated systems in the present material)
have exciton binding energies of approximately 251 and 177
meV, which suggests the numbers of excitons must greatly
outweigh those of the free charge carriers.”” For example, with
these binding energies, Saha’s equation predicts the percen-
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tages of free charge carriers are approximately 1.6 and 3.1% in
the n = 2 and 3 quantum wells, respectively.’” Whereas the
contribution of free charge carriers to the photocurrent is
unambiguous, fluorescence can originate from either excitons
or radiative recombination of free charges. In addition to
fundamental interest in excited state dynamics, knowledge of
the species that contribute to lossy mechanisms in photovoltaic
cells holds practical significance for optimizing materials.

The experimental setup depicted in Figure 6¢ can be used to
distinguish contributions of excitons and free charges to the
photocurrent and fluorescence produced by a device. An
earlier version of this setup was employed to acquire 2D NLPC
and NLFL spectra in ref 26; however, the delay time was
limited to 3 ns and the potential was held constant in this
work. Varying the external bias improves the ability to
distinguish excitons and free carriers because (neutral) excitons
do not drift under the influence of the electric field applied
across the active layer. In contrast, the drift velocity for free
charges is given by vy, = u-V/d, where V is the experimentally
controlled potential, y is the carrier mobility, and d is the active
layer thickness.

The NLPC data presented in Figure 6d demonstrate that the
decay times decrease as the magnitudes of the electric fields
increase due to concomitant increases in the drift velocities. In
our experience, NLPC decay profiles involving small quantum
wells typically exhibit a sub-ns phase of nonradiative decay,
which we refer to as T, followed by a ~10 ns phase of carrier
drift, T,.””7* To extract carrier transit times, the signals in
Figure 6d are fit to sums of exponential functions:

S(r) = A, exp(—7/T) + A, expl(—2/T) ©)
The drift velocities are then computed using v, = @' T,
where a is the 7.48 um™" absorption coefficient of the film with
570 nm incident light (see the Supporting Information). With
inspiration from conventional time-of-flight methods,”**” the
potential is varied to extract a carrier mobility of u = 0.083 +
0.010 cm>/V/s from the data sets presented in Figure 6e.””~*°
Here, the uncertainty of 0.010 cm®/V/s in the mobility is the
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standard error of the regression slope for the three points
shown in Figure 6e. To account for the variability in fabrication
conditions, these three velocities represent averages computed
with four data sets acquired using three separate photovoltaic
cells (see Supporting Information). Unlike the NLPC signals,
the NLFL decay profiles shown in Figure 6f are independent of
the electric field which suggests that excitons dominate
fluorescence emission for this material.

Free charge carriers represent less than 5% of the
photoexcited species in the present layered perovskite systems
because of large exciton binding energies; however, we suggest
that tandem NLPC and NLFL experiments may be leveraged
to distinguish excitons and free charges in materials where
species coexist in a wider range of proportions. For example, as
the thicknesses of layered perovskite quantum wells increase,
the relative concentrations of excitons and free charges
decrease and increase, respectively, due to weakening of the
exciton binding energies.”” Knowledge of the photoexcited
species is essential for understanding transport mechanisms in
layered perovskite materials because parallel energy and charge
funneling processes are initiated by light absorption;>*°
however, coexisting excitons and free charge carriers are also
found in three-dimensional perovskites. For example, long-
range order in MAPDI; nanocrystals boosts exciton stabilities,
whereas free carrier populations dominate smaller domains in
solution-processed films.®"** Although characterizations of
perovskite light harvesting materials can be challenged by the
presence of both excitons and free charges, tandem NLPC and
NLFL experiments are equipped to decompose the species
responsible for productive and lossy fluorescence processes
within photovoltaic cells.

B CONCLUDING REMARKS

In contrast to conventional nonlinear optical spectroscopies,
the action spectroscopies described in this work exploit
recombination-induced nonlinearities to probe transport
mechanisms in photovoltaic cells. Alternate four-pulse action
spectroscopies offer superior time resolution and reveal
spectroscopic transitions between excited states, which are
critically important for studies of femtosecond dynamics;
however, such four-pulse Fourier transform methods are
considerably more challenging and expensive to implement
than the two-pulse approaches demonstrated in the present
work (see Figure 1). Action spectroscopies involving
recombination-induced nonlinear responses are well-suited
for studies of nanosecond processes such as energy funneling
in layered perovskite films and long-range drift in photovoltaic
cells based on a variety of materials. In our experience, NLFL
and NLPC spectroscopies can be successfully applied to
materials with two-body recombination coeflicients on the
order of # = 107 cm®/s with laser fluences of 1—10 xJ/cm*
(see Figure 2e). In addition to ease of implementation, the
signals measured in recombination-induced action spectros-
copies are generally 10°—10° times greater than those
associated with higher order perturbative responses in
perovskite materials.”* For these reasons, we suggest that the
optimal experimental approach depends on the application and
time scale of interest.

Although signal generation mechanisms are the primary
emphasis of this work, the potential for conducting nonlinear
action spectroscopies with low-cost picosecond diode lasers is
a significant practical advantage when nanosecond processes
are under investigation. In addition to affordability, the delay
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times between pulses generated by picosecond diode lasers are
readily controlled with sub-30 ps precision using electronics.
For example, we have recently conducted NLPC experiments
using 40 ps diode lasers in which the delay time between pulses
is scanned over a 100 ns range.’’ Whereas a mechanical delay
line constrained the delay to 15 ns in Figure 6, the time interval
between pulses is limited only by the repetition rate in an
instrument employing picosecond diode lasers (e.g, delay
times up to 1 ms are accessible at 1 kHz). Picosecond diode
lasers with either fixed or continuum spectra may be employed
in recombination-induced action spectroscopies depending on
the desired information. In principle, 2D representations of the
signals such as those shown in Figure 4 can be obtained with a
picosecond continuum light source, thereby avoiding the
complexities of a setup based on a femtosecond laser system.
Development of affordable and low-maintenance instruments
will make these practical techniques accessible to non-
specialists.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08851.

We present further details regarding the numerical
model used to calculate NLFL spectra in addition to all
NLPC and NLFL data sets that contribute to the
averaged signals shown in Figures 4 and 5. With 5§70 nm
incident light, the 130 nm light penetration depth of the
layered perovskite film is demonstrated with an SEM
image and absorbance spectrum measured for a
photovoltaic cell (PDF)
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