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ABSTRACT: Two-dimensional coherent photocurrent spectroscopies directly probe the
electronic states and processes that are relevant to the performance of a photovoltaic
device. In this Letter, we apply two-pulse nonlinear photocurrent spectroscopy to a
photovoltaic device based on layered perovskite quantum wells. The method effectively
decomposes the photovoltaic response into contributions from separate quantum wells
and excited-state species (i.e., either single excitons or biexcitons). Our experiments show
that the efficiency of photocurrent generation increases with the size of the quantum well.
Overall, the results suggest that energy funneling processes in layered perovskites, which
are most prominent in transient absorption spectroscopies, are largely irrelevant to the
function of a photovoltaic cell.

Recent years have seen the development of coherent two-
dimensional (2D) photocurrent spectroscopies in which

the nonlinear response of a photovoltaic cell is induced by a
sequence of four laser pulses.1−7 In contrast to purely optical
techniques, coherent 2D photocurrent spectroscopies provide
information that is directly relevant to the performance of a
photovoltaic cell as the signal components are weighted by the
efficiency with which photocurrent is produced (i.e., an action
spectrum). For example, signatures of multiple exciton
generation have been observed in PbS photocells.2 Ultrafast
decoherence and charge separation have also been detected in
a polymer-based system.5 Coherent 2D photocurrent spectros-
copies differ from common optical techniques (e.g., transient
absorption (TA) spectroscopy) in that they correspond to a
fourth-order perturbative response.2 The order of the non-
linearity is important because the interferences between terms
in the fourth-order response function make the technique
particularly sensitive to contributions from biexciton states.2

Thus, coherent photocurrent spectroscopies are specially
equipped to provide information about the types of electronic
excitations that are important for the function of a device (i.e.,
single excitons or biexcitons).
In this Letter, we apply two-pulse nonlinear photocurrent

(NLPC) spectroscopy to a “layered perovskite” photovoltaic
device composed of a mixture of quantum wells. The quantum
wells are described by the formula (BA)2(MA)n−1[PbnI3n+1],
where MA is methylammonium and BA is n-butyl
ammonium.8,9 As the value of n increases, the band gaps and
resonance frequencies of the excitons decrease. For example,
single-exciton resonances of the n = 1, 2, and 3 quantum wells
are found at 515, 570, and 600 nm, respectively. Moreover,
smaller and larger quantum wells are primarily concentrated on

opposite faces of the film in this layered perovskite system,
thereby promoting directional energy and/or charge transfer
from smaller to larger quantum wells.10−13 While such
dynamics have been observed with TA spectroscopies, it is
not clear that the dissociation of excitons effectively out-
competes radiative relaxation in these systems. That is, such a
cascade of energy transfer transitions is not “useful” for a
photovoltaic device if the excitons ultimately relax by
spontaneous emission. The present application of NLPC
spectroscopy to the layered perovskite photocell is motivated
by knowledge of the types of interactions between quantum
wells that lead to the production of photocurrent (e.g., exciton
dissociation, energy transfer, electron transfer).
The NLPC experiment employed in this work is described

by the schematic in Figure 1a. The experiment is conducted
with two narrow-band laser beams (5 nm spectral widths) that
are tunable in the visible spectral range. The nonlinear
response of the photocurrent is isolated by chopping the
beams at different frequencies, as described in the
Experimental Methods section. Unlike coherent 2D photo-
current spectroscopies,1,2,4,5 the waveforms of the coherences
are not measured in the present approach. Thus, with respect
to the sequence of field−matter interactions, the NLPC
technique is more closely related to earlier two-pulse
photocurrent spectroscopies.14−16 Four-pulse photon echo
and two-pulse TA experiments are optical analogues of these
two approaches to NLPC spectroscopies.17−21
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Discrepancies between the linear absorbance and external
quantum efficiency (EQE) spectra for the layered perovskite
suggest that an all-optical technique may overestimate the
importance of excitons to the production of photocurrent. In
Figure 1b, the EQE spectrum, which is produced with a
tungsten−halogen lamp, as described in the Experimental
Methods section, exhibits a steep rise near 625 nm and is
relatively flat at shorter wavelengths. In contrast, the linear
absorbance spectrum possesses well-defined single-exciton
resonances associated with the n = 2 and 3 quantum wells
near 570 and 600 nm. The relatively small contributions of
excitonic resonances to the EQE spectrum indicate that
continuum states produce photocurrent with greater efficiency.
In fact, it has previously been shown that excitation of
continuum states is more likely to result in dissociated charges
capable of producing photocurrent.22 The EQE spectrum
suggests that the responses of the excitons are likely suppressed
by radiative relaxation induced by their large transition
dipoles.23

In Figure 2, NLPC and TA signals are compared to establish
differences in the information provided by the two
experimental methods. NLPC spectra acquired by scanning
the wavelength of pulse 2 with pulse 1 tuned to 570 and 600
nm are displayed in Figure 2a. Unlike the linear spectra
presented in Figure 1, the NLPC spectra exhibit narrow
features at the single-exciton resonance wavelengths of 570 and
600 nm. The spectra show that the sign of the resonance
associated with the n = 2 quantum well changes when pulse 1
is tuned from 570 (negative sign) to 600 nm (positive sign);
that is, minima and maxima are measured at λ2 = 570 nm when

λ1 is equal to 570 and 600 nm, respectively. Although the
phases of the coherences are not resolved in the present NLPC
technique, the signs of the signal components are still apparent
because of either constructive or destructive interference with
the broad component of the response associated with
continuum states. Similarly, the resonance of the n = 3
quantum well at λ2 = 600 nm changes sign when λ1 is tuned
from 570 to 600 nm. Notably, the signs of the n = 3 resonance
are opposite to those associated with the n = 2 quantum well
(i.e., maxima and minima are found with λ1 tuned to 570 and
600 nm, respectively). The TA spectra presented in Figure 2b
exhibit intense resonances at 570 and 600 nm in addition to
excited-state absorption features induced by single-to-biexciton
transitions. Unlike the NLPC spectra, the signs of the TA
signals at 570 and 600 nm are independent of the wavelength
of the pump pulse. Finally, the temporal profiles of TA and
NLPC signals displayed in Figure 2c make clear that different
processes are detected by the two techniques as the NLPC
signal suggests sensitivity to slower relaxation dynamics. In
previous work, we concluded that TA experiments are
relatively insensitive to charge transfer processes that occur
on time scales longer than energy transfer.12,24 For this reason,
we hypothesize that NLPC is more sensitive to such charge
transfer dynamics.
We present 2D NLPC spectra at four delay times in Figure

3a−d. As in Figure 2a, the spectral line shapes suggest a
superposition of signal components with broad and narrow line
widths. Diagonal peaks corresponding to the n = 2 and 3
quantum wells are located at 570 and 600 nm. In addition, the
spectra possess off-diagonal minima when the wavelengths of

Figure 1. NLPC spectroscopy is motivated by access to information that is not available in conventional measurements. (a) The nonlinear response
of the photocurrent is isolated by chopping two independently color-tunable laser pulses with an experimentally controlled delay time, τ. (b) The
EQE (black) of the layered perovskite photovoltaic cell is overlaid with its transmission spectrum (blue). These spectra suggest that continuum
states, rather than excitons, are most important for generating photocurrent.

Figure 2. Signals acquired with NLPC and TA techniques compared for a layered perovskite. (a) NLPC spectra at 1 ps delay with pulse 1, λ1, tuned
to 570 and 600 nm. Single-exciton resonances of the n = 2 and 3 quantum wells are labeled. (b) TA spectra at 1 ps delay with the pump pulse tuned
to 570 and 600 nm. (c) Temporal profiles of NLPC and TA signals acquired with pulses 1 and 2 tuned to 570 and 600 nm, respectively. The signals
are normalized to −1 at τ = 0 ns.
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pulses 1 and 2, λ1 and λ2, correspond to the n = 2 and 3
resonances (i.e., the diagonal of the spectrum is “pinched”
between the excitons). Contributions of the excitons to the 2D
NLPC spectrum are obscured by the broad component of the
NLPC signal in Figure 3a−d. For this reason, the spectra in
Figure 3e−h have been processed with an algorithm designed
to separate resonance Raman and fluorescence components of
spontaneous emission spectra (i.e., a numerical method for
separating narrow and broad components of a spectrum).25,26

This approach, which is outlined in the Supporting
Information, is appropriate for the present application because
(i) the excitons and continuum states possess different line
widths and (ii) the broad line shape associated with the
continuum states is not readily subtracted by fitting the spectra
with phenomenological functions (e.g., sum of Gaussians,
polynomials, etc.). At all delay times, the 2D spectra in Figure
3e−h possess diagonal and off-diagonal peaks at the wave-
lengths associated with the n = 2 and 3 quantum wells (i.e.,
noise induces weaker features at other wavelengths). We
suggest that these four peaks decay on a shorter time scale than
the broad signal component because of exciton dissociation;
excitons that undergo radiative recombination do not
contribute to the photocurrent. Because the off-diagonal
peaks are already present at 1 ps delay, it is unlikely that
these resonances are induced by either energy or electron
transfer processes.12,24 In addition, these signal components
have signs that are opposite to those of the diagonal peaks,
which suggests that excited-state absorption-like signal
components are responsible for these cross peaks.
In Figure 4, we present a schematic that summarizes the

exciton populations associated with various components of the
NLPC signal. The interactions with pulses 1 and 2 are
represented with the first and second sets of colored arrows,
respectively. The first type of pathway, which involves two blue
arrows, is an analogue of the ground-state bleach in TA
spectroscopy; this nonlinearity contributes to the diagonal
peaks in Figure 3e−h. In the GSB-like signal component, the

system evolves in a ground-state population during the delay
between pulses. The second pulse then promotes the system to
an excited state capable of producing photocurrent. The
second class of pathways (blue and green arrows) resembles
excited-state emission-like terms in TA spectroscopy in that
the system evolves in an excited-state population in the interval
between pulses. The two field−matter interactions with the
second pulses do not change the excited state (see Feynman
diagrams in the Supporting Information). Again, these
pathways result in diagonal peaks under the assumption that
the NLPC signals do not carry signatures of energy transfer.
We consider this a good assumption as the accumulation of

Figure 3. 2D NLPC spectra at (a,e) 1 ps, (b,f) 1 ns, (c,g) 2 ns, and (d,h) 3 ns. The directly detected spectra presented in panels (a−d) combine
signal components associated with the quantum wells and continuum states. The broad-band components (i.e., the continuum response) of the
spectrum have been subtracted in panels (e−h) using the algorithm described in the Supporting Information. The 570 and 600 nm diagonal peaks
associated with the n = 2 and 3 quantum wells decay on the nanosecond time scale due to exciton dissociation. The continuum states support
longer-lived signal components.

Figure 4. The NLPC response can be decomposed into three types of
signal components. (a) The first two classes of pathways (blue/blue
and blue/green) have negative signs and contribute to diagonal peaks.
The third type of pathway (blue/red) may populate either a single-
exciton or biexciton state. Thus, the signs of off-diagonal peaks
provide information about the relative amounts of photocurrent
generated by single excitons and biexcitons. (b) Energy level diagrams
showing single-exciton and biexcton energy levels.
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signal intensity is not observed above the diagonal of the 2D
spectra in Figure 3 with increasing delay times. Finally, the
third type of signal component is the analogue of excited-state
absorption in TA spectroscopy; however, the NLPC response
function differs in that either single excitons or biexcitons may
be populated after interacting with the second laser pulse.2

Formally, the sign of the term depends on whether an even
(negative) or odd (positive) number of field−matter
interactions occurs with the bra and ket in the perturbative
expansion of the density operator.2 As these two pathways
destructively interfere, the detection of an off-diagonal peak
with a positive sign indicates that the biexciton produces a
greater amount of photocurrent than does the single exciton,
which is similar to the finding reported for biexcitons in a PbS
photovoltaic device.2

The decomposition of the signal outlined in Figure 4
suggests that biexcitons composed of single excitons in the n =
2 and 3 quantum wells are responsible for the cross peaks in
the 2D NLPC spectra. For example, a transition from single
exciton, e2, to biexciton, e2e3, is predicted to produce
resonances at λ1 = 570 nm and λ2 = 600 nm. Moreover,
biexcitons delocalized between n = 2 and 3 quantum wells,
e2e3, were detected in a similar layered perovskite using a four-
wave mixing technique in previous work.27 This is physically
interesting because such delocalization requires significant
interactions between neighboring quantum wells. For refer-
ence, a pair of coplanar transition dipoles with magnitudes of
10 D have a coupling of approximately 495 cm−1/d3, where d is
the distance between dipoles.12 A coupling of 62 cm−1 is
obtained for a distance of 2 nm between the n = 2 and 3
quantum wells.12 Of course, it should also be noted that a
distribution of couplings and distances, d, will be found in a
heterogeneous film.
The dependence of NLPC signals on the action spectrum of

a photovoltaic cell has been discussed in previous work.2 In
effect, each of the pathways in the NLPC response function,
summarized in Figure 4a,b, is weighted by the efficiency with
which a particular exciton produces photocurrent. In the
Supporting Information, we outline an approach for estimating
the relative efficiencies of the n = 2 and 3 quantum wells based
on the linear absorbance and NLPC responses. Briefly, this
approach recognizes that both signals scale linearly in the
concentrations of the quantum wells but have different
dependences on the transition dipoles. Under the assumption
that the n = 2 and 3 systems possess the same transition dipole
magnitudes, the ratio of their efficiencies, ϕ2 and ϕ3, can be
expressed as

ϕ
ϕ

· =
S

S
S

S
3
NLPC

3
Abs

2
Abs

2
NLPC

3

2 (1)

where Sn
Abs and Sn

NLPC represent the linear absorbance and
NLPC signal strengths, respectively. We obtain a ratio, ϕ3/ϕ2,
of 8.9 using the fitting parameters summarized in the
Supporting Information. Qualitatively, the greater efficiency
associated with the n = 3 quantum well is clear based on its
disproportionate contribution to the NLPC response as
compared to the linear absorbance spectrum (see Figures 1
and 3); however, the information derived from the NLPC
signals is required to compute the ratio ϕ3/ϕ2. We suggest that
the difference in efficiencies originates from the discrepancy
between exciton binding energies, which are 260 and 150 meV
for the n = 2 and 3 quantum wells, respectively.28 The present

results indicate that excitons in the n = 2 system are more likely
to decay radiatively before photocurrent can be produced by
way of exciton dissociation.
In summary, we have used a two-pulse NLPC experiment to

measure the nonlinear response of a photovoltaic device based
on layered 2D perovskite quantum wells. The NLPC technique
targets the same nonlinearity probed in coherent 2D
photocurrent spectroscopies but does not resolve the
electronic coherences. Nonetheless, narrow-band laser pulses
can be tuned to construct a 2D spectrum that provides similar
information. In the present application, the NLPC technique
reveals signatures of biexciton states shared between the n = 2
and 3 quantum wells. This observation is interesting because it
is not obvious that such delocalization should take hold with
modest couplings (50−100 cm−1) at room temperature.27 The
signs of the signals suggest that the biexciton, e2e3, produces a
greater amount of photocurrent than do the individual e2 and
e3 single excitons. In addition, we have estimated the relative
efficiencies for photocurrent generation by comparing the
linear absorbance and NLPC signal strengths. This analysis
indicates that the n = 3 quantum well is 8.9 times more
efficient in generating photocurrent than is the n = 2 system,
presumably because of the smaller exciton binding energy
found in the n = 3 quantum well. Overall, these data suggest
that the energy funneling processes detected in earlier TA
experiments conducted on these systems have little relevance
for the function of a photovoltaic device. This conclusion is
supported by the dominance of continuum states in the NLPC
signals and the lack of energy transfer-induced cross peaks
above the diagonal in the 2D spectrum.

■ EXPERIMENTAL METHODS
Methylammonium iodide (MAI) was synthesized by the
reaction of a 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.24 The crude
MAI was precipitated by adding plenty of ethyl ether followed
by recrystallization in ethanol to produce pure MAI.
Butylammonium iodide (BAI) was synthesized by the reaction
of a 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.13 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 that of our previous work.24

In detail, indium-doped tin oxide (ITO)-coated glass
substrates with a sheet resistance of 20 Ω/sq were purchased
from Thin Film Devices, Inc. and then were cleaned with an
ultrasonic wave in deionized water, acetone, and 2-proponal for
15 min each. A stream of nitrogen was used to dry the
substrate followed by treatment of UV−ozone for 15 min. A
PEDOT:PSS layer with a thickness of 40 nm was deposited on
the substrate by spin-coating its water dispersion (Clevios P
VP AI 4083 from Heraeus) at 4000 rpm for 60 s after being
filtered by a 0.45 μm poly(vinylidene difluoride) filter. The
film was baked at 130 °C for 15 min in air. 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 stoichiometric ratios of 2D
perovskite with different n values. The precursor concentration
of Pb2+ was 0.5 M. Before spin-coating, the precursor solution
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was heated at 70 °C and the substrate was heated at 150 °C for
15 min. Then, the precursor solution was quickly spun-cast on
the substrate at 5000 rpm for 20 s to form the 2D perovskite
layer. The precursor solution was heated at 70 °C for 15 min
and then quickly spun-cast on the substrate at 5000 rpm for
20 s. The film was quickly transferred to a hot plate at 80 °C
for 10 s to form the 2D perovskite layer. After the deposition of
the 2D perovskite layer, the [6,6]-phenyl C61 butyric acid
methyl ester (PCBM) was spin-coated on top at 2000 rpm for
30 s from a PCBM solution in chloroform with a concentration
of 13 mg/mL. Then a bathophenanthroline solution in ethanol
with a concentration of 0.7 mg mL−1 was spin-coated on the
PCBM layer at 4000 rpm for 30 s. Then, 100 nm of Cu was
finally 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.
Solar cell performance was carried out under AM 1.5G

irradiation with an intensity of 100 mW cm−2 (Oriel 91160,
300 W) calibrated by an NREL-certified standard silicon cell in
a nitrogen-filled glovebox. A Keithley 2400 digital source meter
was used to record current density versus voltage (J−V)
curves. The scan rate was 50 mV s−1, and the dwell time was
0.1 s. EQE was detected under monochromatic illumination
(Oriel Cornerstone 260 1/4 m monochromator equipped with
an Oriel 70613NS QTH lamp), and calibration of the incident
light was performed with a monocrystalline silicon diode
(Model No.: Newport 71580). The intensity of the light
source used for EQE measurements was 3.55 and 3.80 μW/
cm2 at 570 and 640 nm, respectively.
TA experiments were conducted using the instrument

described in previous work.12 Briefly, all experiments were
conducted with a 45 fs, 4 mJ Coherent Libra laser system. To
begin, 1.5 mJ of the 800 nm fundamental was focused into a 4
m long tube filled with argon gas to generate a visible
continuum. The pump pulses were produced by filtering 5 nm
wide portions of this continuum. The probe pulse was a visible
continuum generated by focusing a 2 μJ portion of the 800 nm
laser beam into a 3 mm thick sapphire plate. The pump and
probe had 200 μm spot sizes at the surface of the film. The
pump fluence was 10 μJ/cm2, unless indicated otherwise
below. Signal detection was accomplished with a CMOS array
detector that was synchronized to the 1 kHz repetition rate of
the laser system. The signal was averaged over 20 scans of the
delay line, and a total of 20 000 differences was collected at
each delay point.
NLPC experiments were conducted using a pair of

independently color-tunable laser beams, each with spectral
widths of 5 nm. The two beams were produced using replica
4F spectral filters.12 The two laser pulses had 115 pJ energies
and 82 μm spot sizes. The laser fluence of 2.2 μJ/cm2 was on
the same order of magnitude as those employed in earlier
NLPC-like experiments.1,7,16 The photocurrent was amplified
at 500 nA/V using a Stanford Research 570 current
preamplifier. This particular amplification factor maximized
the dynamic range of the detection system. The two laser
beams were chopped at 500 and 250 Hz, respectively. Thus,
signals were acquired under four conditions: pulse 1 only (S1),
pulse 2 only (S2), pulses 1 and 2 (S1+2), and both pulses
blocked (S0). As in previous work,2 the NLPC signal was
defined as SNLPC = S1+2 − S1 − S2 + S0. Each photocurrent
difference was averaged over a total of 800 laser shots (0.8 s).
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