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ABSTRACT: Interest in photovoltaic devices based on layered perovskites is
motivated by their tunable optoelectronic properties and stabilities in humid
conditions. In these systems, quantum wells with different sizes are organized to
direct energy and charge transport between electrodes; however, these relaxation
mechanisms are difficult to distinguish based on conventional transient absorption
techniques. Here, two-dimensional “action spectroscopies” are employed to
separately target processes that lead to the production of photocurrent and energy
loss due to fluorescence emission. These measurements show that energy transfer
between quantum wells dominates the subnanosecond time scale, whereas
electron transfer occurs at later times. Overall, this study suggests that while the
intense exciton transitions promote light harvesting, much of the absorbed energy
is lost by way of spontaneous emission. This limitation may be overcome with
alternate layered perovskite systems that combine smaller exciton binding energies
with large absorbance cross sections in the visible spectral range.

Interest in organohalide perovskites is motivated by their
potential for use in optoelectronic devices. Although

perovskite solar cells had been considered previously,1 the
development of all-solid-state architectures initiated a rapid
increase in the efficiencies of these systems from 11% in
20122,3 to more than 25% by 2019.4 Organohalide perovskites
can be processed from solution5 and have absorbance spectra
that are readily tuned with control of the halide ratio6 and
metal cation.7 Toxicity of Pb and long-term stability are two
challenges that still face these materials;8 however, recent work
suggests that quantum-confined two-dimensional (2D) perov-
skites may be employed to address the problem of long-term
stability while maintaining solar cell efficiencies on the order of
18%.9−12

In layered perovskite films, the thinnest and thickest
quantum wells are most concentrated at the glass- and air-
sides of the films, respectively.12−14 While this layering effect
has been established with purely optical techniques,15−17

recent FIB milling experiments show that the distribution of
quantum wells changes only slightly with respect to depth in a
film.18 Nonetheless, as indicated in Figure 1, the concentration
gradients may direct energy and charge transport processes
between interfaces due to monotonic changes in the average
values of the band gaps and energy levels. For example, the
quantum wells investigated in this work are described by the
formula (BA)2(MA)n−1[PbnI3n+1], where MA is methylammo-
nium and BA is n-butyl ammonium.13,19 The excitons in

quantum wells with n = 2, 3, and 4 absorb light near 570, 600,
and 640 nm, respectively, thereby promoting a cascade of
energy-transfer transitions from the glass- to air-sides of a
film.14 In addition, the staggered valence and conduction bands
promote electron and hole transport in the same and opposing
directions in systems with type I and II electronic structures,
respectively. For example, type I and II band alignments are
represented with shaded and open rectangles in Figure 1a.
Direct measurements of the energy levels in pure-phase n = 1
and bulk systems suggest a type I electronic structure,20,21

whereas transient absorption studies have assumed a type II
configuration.15,22 In addition, heterogeneity in the band
alignment induced by thermal fluctuations has been inves-
tigated in a recent theoretical study.23

In this work, we use complementary “action spectros-
copies”24−31 to distinguish energy- and charge-transfer
dynamics in layered perovskite systems. First, nonlinear
photocurrent spectroscopy (NLPC) is applied to photovoltaic
cells based on layered perovskite films.28 As shown in Figure 1,
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the nonlinear response of a device to a pair of color-tunable
laser pulses is measured as a function of the delay between
pulses. The present study differs from our recent application of
the NLPC method to a separate layered perovskite system32 in
that the current films possess larger quantum wells with smaller
binding energies, thereby making charge-transfer pathways
more apparent. Second, nonlinear fluorescence (NLFL)
spectroscopy is used to selectively probe energy-transfer
mechanisms. The NLFL technique is conducted using
essentially the same procedure as that employed for a NLPC
experiment; however, fluorescence emission is collected in the
700−750 nm range rather than processing the photocurrent.
Assuming that radiative recombination is a primary mechanism
for energy loss in a photovoltaic device, NLFL and NLPC
spectroscopies account for the majority of processes initiated
by light absorption. To this end, it is worth noting that the
NLFL and NLPC techniques can be compared on the same
footing from the perspective of time-dependent perturbation
theory, whereas transient absorption spectroscopy is described
by a lower-order response function. Nonetheless, it is useful to
consider that these action spectroscopies possess terms
analogous to ground-state bleach, excited-state emission, and
excited-state absorption signal components in transient
absorption spectroscopy.26,29−31

Two-dimensional NLPC spectra acquired at delay times
ranging from 1 to 2000 ps are shown in the top row of Figure
2. The spectra are dominated by broad features that are

superposed with narrow (∼20 nm widths) exciton resonances
on the diagonal of the spectrum near 570, 600, and 640 nm (n
= 2, 3, and 4 quantum wells). The prominence of features with
broad line widths is consistent with large contributions from a
continuum of excited states.32,33 As discussed in recent work,28

this aspect of the NLPC spectra differs significantly from
transient absorption signals, which are dominated by excitons
and have relatively small contributions from continuum
states.16,17 Excitons in the n = 4 quantum wells dissociate on
the nanosecond time scale as evidenced by the disappearance
of the diagonal peak near 640 nm by τ = 2000 ps; the decay of
this diagonal peak is not assigned to spontaneous emission
because the time scale is relatively short and all signal
components are weighted by the production of photocurrent
in NLPC spectra. In contrast, the broad components of the
signal persist for a length of time far longer the delay range
accessible with this instrument. Interestingly, signal intensity
accumulates in a cross peak near λ1 = 570 nm and λ2 = 600−
640 nm as the delay time increases. In principle, such red-
shifting of the signal intensity along the λ2 axis may represent
either energy or electron transfer as both processes can lead to
the production of photocurrent depending on assumptions
made about the relaxation scheme. For example, energy-
transfer processes initiated in the n = 2 system may first
concentrate electronic excitations in the larger quantum wells,
where exciton dissociation is more probable.
In order to understand the competing relaxation mecha-

nisms in this system, the NLFL spectra shown in the bottom
row of Figure 2 are acquired at the same four delay times
employed for the NLPC measurements. To begin, like
transient absorption signals,16,17 it is clear by inspection that
the exciton resonances are far more prominent in the NLFL
spectra. In earlier work, we have suggested that enhanced
contributions of continuum states in linear external quantum
efficiency and NLPC signals originate in a greater propensity
for charge separation.28 Intense peaks associated with the n = 3
and 4 quantum wells are located on the diagonal of the
spectrum near 600 and 640 nm at τ = 1 ps. The peak
associated with the n = 2 quantum well is smaller because of its
concentration and lower probability of directly transferring
energy to the n > 5 quantum wells from which fluorescence
emission is detected (i.e., a significant fraction of excitons in
the n = 2 quantum wells relax by way of radiative
recombination).16 The 600 nm diagonal peak persists at all
delay times, whereas the relative intensity of the 640 nm
diagonal peak decays on the subnanosecond time scale. As this
behavior is observed with both the NLFL and NLPC
techniques, we hypothesize that the excitons in the n = 4
quantum wells dissociate more rapidly because the binding
energies decrease as the value of n increases.33 Consistent with
this interpretation, marked differences in the free carrier
concentrations associated with the n = 3 and 4 quantum wells
have been detected using transient absorption microscopy.18

NLFL cross peaks between the n = 3 (λ1 = 600 nm) and n =
4 and 5 (λ2 = 640 and 680 nm) quantum wells are detected
above the diagonal at τ = 1 ps delay. Such cross peaks appear
on pulse width-limited time scales because the n = 4 and 5
quantum wells directly absorb portions of the 600 nm laser
beam via their continua of excited states (i.e., these cross peaks
do not necessarily reflect nonradiative transitions induced by
light absorption). Compared to the diagonal peak at 600 nm,
the relative intensities of the cross peaks above the diagonal
grow as the delay time increases as a result of energy transfer

Figure 1. NLPC and NLFL techniques are used to probe charge- and
energy-transfer processes in layered perovskite systems. (a) Band gaps
of the quantum wells decrease as the index of the quantum well, n,
increases. Electron and energy transfer are promoted toward the
largest quantum wells. The direction of hole transport is still under
investigation because a consensus has not been reached regarding
whether the system possesses a type I (shaded rectangles) or type II
(open rectangles) band alignment. (b) In NLPC spectroscopy, the
nonlinear response of the photocurrent is isolated by chopping two
color-tunable laser pulses with an experimentally controlled delay
time, τ. NLFL spectroscopy is conducted with a similar experimental
setup; however, fluorescence emission is detected in the 700−750 nm
range.
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between quantum wells. For example, the relative intensity of
the cross peak between the n = 3 and 4 quantum wells
increases between the 1 and 500 ps delay times as evidenced
by the change in contour lines (i.e., green at 1 ps and yellow at
500 ps). The cross peak between the n = 3 and 5 quantum
wells grows more slowly because the n = 5 quantum wells are
populated by way of a sequence of energy-transfer transitions
(i.e., the n = 4 quantum well may be populated as an
intermediate in the transfer of energy from the n = 3 to n = 5
quantum wells).16,17

The two sets of action spectra provide complementary
insights into photoinduced dynamics. The NLPC signal
components are sensitive to charge-transfer processes because
they are weighted by the amount of photocurrent produced by
the device,26,34 whereas NLFL signal components primarily
reflect energy transfer and the radiative recombination of
excitons. Further insights into the nature of the dynamics may
be gathered by comparing the NLPC and NLFL temporal
profiles in Figure 3. These data show that the processes
observed with NLPC spectroscopy are slower and exhibit
either rising or decaying profiles depending on the particular
set of wavelengths, λ1 and λ2. For example, when λ1 is tuned to
570 or 600 nm, the NLPC signal intensity rises at longer
wavelengths, λ2, on the nanosecond time scale, which signifies
electron transfer from smaller to larger quantum wells. In

contrast, the NLPC signals decay monotonically as the delay
time increases when the system is excited at λ1 = 640 nm,
thereby ruling out type II hole transfer as depicted in Figure 1.
That is, if holes transfer from larger to smaller quantum wells,
the NLPC signal magnitudes at λ2 = 570 nm should rise when
the n = 4 quantum wells are photoexcited at λ1 = 640 nm (see
Figure 3c). It was proposed that such rising signal profiles have
been detected by transient absorption spectroscopy, although
we find no evidence of this in our own transient absorption
data (see the Supporting Information).16,17 Thus, the NLPC
temporal profiles suggest that either the system possesses a
type I band alignment or the efficiency of type II hole transfer
is negligible. In contrast, the NLFL signals decay at all
combinations of wavelengths. This aspect of the NLFL
response is consistent with transient absorption data acquired
for layered perovskite systems which show that energy transfer
occurs in parallel with excited-state deactivation at layer edge
states, thereby inducing an overall decay in signal inten-
sity.14,16,17

As discussed previously,16,17 energy-transfer processes in
layered perovskites are promoted by large exciton binding
energies (e.g., 150 meV for the n = 3 quantum well)33 and
transition dipoles (>10 D)35 as well as the close proximities of
the quantum wells (∼1 nm).36 In addition, it is instructive to
consider that electron transfer is a shorter-range process in

Figure 2. Two-dimensional NLPC (top) and NLFL (bottom) spectra acquired at (a and e) 1 ps, (b and f) 500 ps, (c and g) 1000 ps, and (d and h)
2000 ps. Electron- and energy-transfer processes induce red-shifts along the λ2 axis for the NLPC and NLFL spectra, respectively. For both axes,
peaks associated with the n = 2, 3, 4, and 5 quantum wells are located at 570, 600, 640, and 680 nm. The NLPC and NLFL signals are reported in
units of nA and mV, respectively.
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which the rate decreases exponentially with the distance
between the donor and acceptor,37 whereas the energy-transfer
rate scales as either the inverse fourth or sixth power of the
distance between the donor and acceptor depending on the
geometry of the system.38,39 For example, if the transition
dipole coupling is taken to scale as the inverse cube of the
distance between the donor and acceptor, the Coulombic
interaction between the n = 2 and 3 quantum wells in layered
perovskite can be estimated with 60 meV nm3/d3, where d is
the distance between dipoles in nanometers.16 Thus, transition
dipole couplings on the order of tens of meV, which are on par
with those involving chromophores in photosynthetic light-
harvesting proteins,40 are anticipated in layered perovskites.
These aspects of layered perovskite systems suggest that energy
transfer should readily outcompete charge transfer on short
time scales.
The signals presented in Figure 3 do not contain evidence of

hole transfer from larger to smaller quantum wells as expected
for type II electronic structure (see Figure 1). For this reason,
it should be considered that evidence of type II electronic
structure in layered perovskites is rooted in a controversial
interpretation of transient absorption signals.15−17,22 In these
experiments, photoexcitation of the n = 6 quantum well at 700
nm induces quasi-instantaneous responses in smaller quantum
wells at shorter wavelengths. These cross peaks have been
assigned to ultrafast hole-transfer processes, although the
reported time scales vary by 3 orders of magnitude in recent
literature (0.3−987 ps).15,22 It is our view that the most likely
explanation for these cross peaks has been overlooked despite
the large transition dipole couplings between quantum
wells.16,17 While it is true that cross peaks may be induced

by nonradiative transitions, it is also well-established that these
resonances appear in the ground state bleach nonlinearities of
coupled systems.41,42 These technical aspects of the transient
absorption signal generation mechanism are discussed along-
side previously acquired experimental data in the Supporting
Information.
Our NLPC data indicate that the present system either

possesses type I band alignments or that it is type II and the
efficiency of hole transfer is negligible. We reach this
conclusion based on the information provided by separate
experimental techniques. First, as mentioned above, the
suggestion that holes transfer from larger to smaller quantum
wells is based on a questionable interpretation of cross peaks in
transient absorption spectra. Second, the NLPC signals
presented in Figures 2 and 3 contain signatures of electron
transfer from smaller to larger quantum wells but are devoid of
evidence for type II hole-transfer dynamics. NLPC spectros-
copy is specially equipped to establish the directions of charge
flow in a photovoltaic device because, unlike transient
absorption spectroscopy, relaxation processes that ultimately
lead to spontaneous emission do not contribute to the
nonlinear response.
The relaxation scheme summarized in Figure 4 takes into

account earlier transient absorption spectroscopy16,17 and
microscopy18 data in addition to the present NLPC and
NLFL experiments. While it is generally accepted that light
absorption by smaller quantum wells initiates parallel energy-
and charge-transfer dynamics, a consensus has not been
reached regarding the rates and efficiencies of specific
relaxation pathways as they are difficult to pinpoint because
of the complexity of the system. Our earlier analysis of

Figure 3. Temporal profiles of NLPC (top) and NLFL (bottom) signals at various wavelengths, λ1 and λ2. (a−c) The rising NLPC signal strengths
displayed in panels a and b suggest that electron-transfer processes are initiated in the n = 2 (λ1 = 570 nm) and 3 (λ1 = 600 nm) quantum wells,
respectively. Type II hole transfer is ruled out based on the monotonic decay of the signal magnitude in panel c. (d−f) The NLFL signals exhibit an
overall decay as the delay time increases, which is consistent with transient absorption signals previously reported for layered perovskites. In all
panels, the signals are normalized to the points with the largest magnitudes.
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transient absorption data suggests that roughly 50% of the
excitons in the n = 2 quantum well undergo energy-transfer
transitions to larger quantum wells.16,17 The present NLFL
spectra confirm the activities of these energy-transfer pathways
as the growth of cross peaks involving excitons in the n = 3−5
quantum wells is observed on the subnanosecond time scale. In
addition, we have estimated that roughly 50% of excitons
either recombine at the layer edges or dissociate and undergo
subsequent electron-transfer transitions.16,17 The NLPC
technique is far more sensitive to charge-transfer mechanisms
than are purely optical spectroscopies because the signal
components reflect the action spectrum of the device (i.e., the
production of photocurrent).26,27,34 Finally, all experiments
conducted to date suggest that the energy-transfer processes
occur on a shorter time scale (0.1−1 ns) than do electron-
transfer transitions (>1 ns). This separation in time scales is
approximate but justified by available experimental data and an
analysis of the parameters that govern the rates (e.g., the length
scaling of donor−acceptor interactions).16,17
The present system possesses a large absorption cross

section for the same reasons that energy is efficiently
transferred between quantum wells (i.e., large transition
dipoles and binding energies). Transient absorption micros-
copies, which are particularly sensitive to exciton dissociation
processes, show that free charge carriers become prevalent only
in quantum wells with n > 3.18 This aspect of the system is not
ideal because this means that much of the light absorbed at
wavelengths shorter than 640 nm results in radiative loss. On
the basis of these data, we hypothesize that properties
intermediate between those of the present material and a
bulk perovskite are more ideally suited for photovoltaic
applications.
The limitations of the present system may be minimized

with layered perovksites in which the resonances of larger
quantum wells with smaller binding energies are located in the
visible spectral range. For example, layered 2D perovskites in
which iodide is replaced by bromide possess exciton

resonances near 477, 496, and 540 nm for the n = 4, 5, and
∞ quantum wells, respectively.10,43 Moreover, if these
wavelengths are not ideal, the resonances of mixed halide
systems can interpolate between those associated with only
iodide and bromide.44−46 In an alternate approach, 2D and 3D
perovskite phases may be mixed to improve the power
conversion efficiencies of photovoltaic cells.47−49 By optimiz-
ing the ratios of 2D and 3D phases, the layered architecture
(i.e., charge and energy funnel) and resistance to moisture are
maintained without compromising the photocurrents induced
by larger quantum wells and the bulk phase.50,51 While the
present data suggest that these are promising directions,
layered perovskite systems are quite complex, and further
investigations of these relaxation mechanisms will be required
to optimize solar cells based on these materials.
In summary, the present experiments confirm that a cascade

of electron- and energy-transfer processes is initiated by
photoexcitation of smaller quantum wells in layered perovskite
systems. These relaxation mechanisms are difficult to
distinguish with conventional transient absorption techniques
but are selectively detected with NLPC and NLFL experi-
ments. These data show that energy transfer occurs on the
subnanosecond time scale, whereas electron transfer occurs at
later times. In addition, we do not find evidence of type II hole
transport as depicted in Figure 1. This conclusion is
particularly robust because it is directly reflected in the
absence of rising signal magnitudes in Figure 3c; the result
does not require a deconvolution of signal components and/or
acceptance of a particular version of the response function.
Overall, the combination of spectroscopic data that has been
acquired for this layered perovksite system confirms that the
large exciton binding energies associated with smaller quantum
wells favor energy transfer and loss by way of fluorescence
emission. This aspect of the system is undesirable for solar cells
but may be overcome by modifying the chemical compositions
and/or amount of quantum confinement in the material.

Figure 4. Photoinduced relaxation scheme for layered perovskite quantum wells. Energy and electron transfer proceeds toward the largest quantum
wells on time scales shorter and longer than 1 ns, respectively. This scheme suggests that the n = 2 system is initially populated; however, the
competition between energy- and electron-transfer processes applies generally to photoexcitation of all quantum wells. The efficiency of exciton
dissociation increases with the value of n because of a concomitant decrease in the exciton binding energy.
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■ METHODS

Device Fabrication. Precursors for device fabrication were
prepared or obtained as follows. Methylammonium iodide
(MAI) was synthesized by the reaction of stoichiometric ratio
of unstabilized HI solution (57 wt % in water, Sigma-Aldrich,
purified by 0.36 M tributyl phosphate solution in chloroform)
and methylamine solution (40 wt % in water, Sigma-Aldrich)
in an ice bath.18 The crude MAI was precipitated by adding
plenty of ethyl ether and purified by the recrystallization in
ethanol. Butylammonium iodide (BAI) was synthesized by the
reaction of stoichiometric ratio of unstabilized HI solution (57
wt % in water, Sigma-Aldrich, purified by 0.36 M tributyl
phosphate solution in chloroform) and n-butylamine (Sigma-
Aldrich) in an ice bath.17 The crude BAI was obtained by
evaporating the solvent under reduced pressure. Pure BAI was
produced by recrystallization of the crude product in ethanol.
The device fabrication followed our previous work.32 In

detail, indium-doped tin oxide (ITO) coated glass substrates
(20 Ω/sq sheet resistance, from Thin Film Devices, Inc.) were
first cleaned with ultrasonic waves in deionized water, acetone,
and 2-proponal for 15 min each. Nitrogen gas was then used to
dry substrates followed by a 15 min UV−ozone treatment.
After the samples were filtered by a 0.45 μm poly(vinylidene
difluoride) filter, the PEDOT:PSS water dispersion (Clevios P
VP AI 4083 from Heraeus) was spin coated on substrates at
4000 rpm for 60 s to deposit a 40 nm thick hole transport
layer. Films were heated at 130 °C in the air for 15 min. The
2D perovskite precursor solutions were made by dissolving
BAI, MAI, and PbI2 (99.9985%, from Alfa Aesar) in
dimethylformamide (DMF; from Sigma-Aldrich) with stoi-
chiometric ratios of 2:2:3. The precursor concentration of Pb2+

was 1 M. Before spin coating, the precursor solution was
heated at 70 °C and substrates were heated at 150 °C for 15
min. Then the precursor solution was quickly spun cast on
substrates at 5000 rpm for 20 s to form the 2D perovskite
layer. After the deposition of the 2D perovskite layer, a [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) solution in
chloroform with a concentration of 13 mg/mL was spin-coated
on top at 2000 rpm for 30 s. Films were spin-coated on the
PCBM layer with a bathophenanthroline solution in ethanol
with a concentration of 0.7 mg mL−1 at 4000 rpm for 30 s.
Finally, 100 nm Cu was deposited on the film as the top
contact through thermal evaporation at a base pressure of 2 ×
10−6 mbar or lower. The active area of the device was 0.13 cm2.
Fabrication of thin films was conducted as follows. n-

Butylammonium iodide (BAI) was obtained from Sigma; MAI
was purchased from Solaronix, and lead iodide (99.999%) was
obtained from Alfa-Aesar. All chemicals were used without
further purification. Fluorine-doped tin oxide (FTO) sub-
strates (1 in. × 1 in., 7−10 Ω/sq sheet resistance from MTI)
were cleaned via sonication in a series of four solvents: Contrex
AP glassware detergent in deionized water, deionized water,
acetone, and isopropanol for 20 min each. Following the
isopropanol wash, the substrates were dried in a stream of
nitrogen gas.
Cleaned FTO substrates were preheated in air at 100 °C for

30 min. A 150 μL aliquot of the precursor (0.232 g BAI, 0.184
g MAI, and 0.800 g lead iodide dissolved in 2 mL DMF) was
spin coated on the preheated substrates at 3000 rpm (1500
rpm/s acceleration) for 20 s.
NLPC and NLFL Spectroscopy. Action spectroscopies are

conducted using the instrument described in previous work.28

All experiments are conducted with a 45 fs, 4 mJ Coherent
Libra laser system. To begin, 1.5 mJ of the 800 nm
fundamental is focused into a 2 m long tube filled with
argon gas to generate a visible continuum. The two color-
tunable pulses indicated in Figure 1 are produced by filtering 5
nm wide portions of this continuum in a pair of all-reflective
4F setups with a motorized slits at the 2F planes.16 These 115
pJ, 250 fs laser pulses are focused to the spots sizes of 82 μm
on the photovoltaic device, which is consistent with the
fluences employed in other NLPC-like experiments.25,28,52

For NLPC spectroscopy, the photocurrent produced by the
device is amplified at 500 nA/V using a Stanford Research 570
current preamplifier to maximize the dynamic range of the
detection system. Signals are then processed with a National
Instruments data acquisition board (NI USB-6221) that is
synchronized to the laser system at 250 Hz (i.e., divide laser’s
repetition rate by 4). An adequate density of points is obtained
by setting the sampling rate of the data acquisition board to
500 kHz. The two laser beams are chopped at 500 and 250 Hz
to enable signal detection under four conditions: pulse 1 only
(S1), pulse 2 only (S2), pulses 1 and 2 (S1+2), and both pulses
blocked (S0). The NLPC signal, which is reported in units of
nA in Figure 2, is defined as SNLPC = S1+2 − S1 − S2 + S0.

26,28

The signal is averaged over a total of 800 laser shots at each
point. The delays and wavelengths, which are scanned in 5 nm
steps, are cycled 5 times and averaged for a total data
acquisition time of 6 h. The spectra in Figure 2 represent the
average for three separate devices.
NLFL spectroscopy is conducted using the same exper-

imental setup employed for NLPC experiments. Fluorescence
emission from the films is collected using a 5 cm diameter, 5
cm focal length achromatic lens and relayed to 5 cm diameter,
7.5 cm focal length achromatic lens, which focuses the
emission onto a photomultiplier tube (PMT, ThorLabs
#PMM02). The signal is amplified by applying a 0.7 V control
voltage to the PMT before processing with a National
Instruments data acquisition board (NI USB-6221) that is
synchronized to the laser system at 250 Hz with a sampling
rate of 500 kHz. Contributions from scattered light are
minimized using an iris and interference filter (Edmund Optics
#86-955) that is centered at 725 nm with a 50 nm bandpass.
The 50 nm wide bandpass yields sufficient signal-to-noise ratio,
while still allowing the laser beams to be tuned from 500 to
690 nm. The two laser beams are chopped at 500 and 250 Hz,
and the NLFL signal is defined as SNLFL = S1+2 − S1 − S2 + S0.
The signal is averaged over a total of 800 laser shots at each
point. The delay times and wavelengths, which are scanned in
5 nm steps, are cycled 10 times and averaged for a total data
acquisition time of 24 h.
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