

View

Online


Export
Citation

RESEARCH ARTICLE |  SEPTEMBER 05 2023

Measuring carrier diffusion in MAPbI3 solar cells with
photocurrent-detected transient grating spectroscopy 
Zhenyu Ouyang  ; Zijian Gan  ; Liang Yan  ; Wei You  ; Andrew M. Moran  

J. Chem. Phys. 159, 094201 (2023)
https://doi.org/10.1063/5.0159301

 0
2
 J

u
n
e
 2

0
2
4
 1

7
:1

7
:1

2

https://pubs.aip.org/aip/jcp/article/159/9/094201/2909255/Measuring-carrier-diffusion-in-MAPbI3-solar-cells
https://pubs.aip.org/aip/jcp/article/159/9/094201/2909255/Measuring-carrier-diffusion-in-MAPbI3-solar-cells?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-9549-0353
javascript:;
https://orcid.org/0000-0002-3751-5249
javascript:;
https://orcid.org/0000-0003-4122-7466
javascript:;
https://orcid.org/0000-0003-0354-1948
javascript:;
https://orcid.org/0000-0001-7761-7613
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0159301&domain=pdf&date_stamp=2023-09-05
https://doi.org/10.1063/5.0159301


The Journal

of Chemical Physics
ARTICLE pubs.aip.org/aip/jcp

Measuring carrier diffusion in MAPbI3 solar cells
with photocurrent-detected transient grating
spectroscopy

Cite as: J. Chem. Phys. 159, 094201 (2023); doi: 10.1063/5.0159301

Submitted: 22 May 2023 • Accepted: 15 August 2023 •

Published Online: 5 September 2023

Zhenyu Ouyang, Zijian Gan, Liang Yan, Wei You, and Andrew M. Morana)

AFFILIATIONS

Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599, USA

a)Author to whom correspondence should be addressed: ammoran@email.unc.edu

ABSTRACT

Conventional time-of-flight methods can be used to determine carrier mobilities for photovoltaic cells in which the transit time between
electrodes is greater than the RC time constant of the device. To measure carrier drift on sub-ns timescales, we have recently developed a
two-pulse time-of-flight technique capable of detecting drift velocities with 100-ps time resolution in perovskite materials. In this method,
the rates of carrier transit across the active layer of a device are determined by varying the delay time between laser pulses and measuring
the magnitude of the recombination-induced nonlinearity in the photocurrent. Here, we present a related experimental approach in which
diffractive optic-based transient grating spectroscopy is combined with our two-pulse time-of-flight technique to simultaneously probe drift
and diffusion in orthogonal directions within the active layer of a photovoltaic cell. Carrier density gratings are generated using two time-
coincident pulse-pairs with passively stabilized phases. Relaxation of the grating amplitude associated with the first pulse-pair is detected
by varying the delay and phase of the density grating corresponding to the second pulse-pair. The ability of the technique to reveal carrier
diffusion is demonstrated with model calculations and experiments conducted using MAPbI3 photovoltaic cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159301

I. INTRODUCTION

Knowledge of carrier transport mechanisms facilitates the
development of materials used for optoelectronic applications.1±17

Because drift and diffusion are related physical processes,18,19 exper-
imental techniques targeting either class of transport mechanism
may be employed for materials characterizations based on the con-
venience of implementation. For example, charge carrier mobili-
ties can be measured within photovoltaic cells using a variety of
methods.4,11,20±23 In a conventional time-of-flight experiment, car-
rier drift is initiated when the active layer of a photovoltaic cell
absorbs a laser pulse in the vicinity of a transparent electrode,
whereas the carrier transit time to a second electrode is reflected
by the delayed rise of the photocurrent.20±23 The mobility of the
material is determined by establishing the dependence of the drift
velocity on the potential applied to the device.1,2 Alternatively,
the complexities of device fabrication can be avoided by exam-
ining the diffusion of photoexcited species in isolated materials.
For example, carrier diffusivities are obtained by measuring the

photoluminescence efficiencies and excited-state lifetimes for mate-
rials interfaced with electron and/or hole quenching layers.24,25

In addition, transient absorption microscopies yield direct images
carrier diffusion in films and crystals.2,9,10,12,17,26,27 While these con-
ventional approaches provide valuable insights, the development of
methods capable of simultaneously probing drift and diffusion is
motivated by studies of heterogeneousmaterials and/or systemswith
coexisting photoexcited species (e.g., excitons, free charge carriers).

For studies of various perovskite systems, we have recently
developed a time-of-flight technique, termed nonlinear photocur-
rent (NLPC) spectroscopy, in which carrier drift velocities are
determined by applying two laser pulses to a photovoltaic cell with
an experimentally controlled delay time.28±33 In this approach, the
nonlinearity in the response of the device originates in recombi-
nation processes involving carriers photoexcited by separate laser
pulses31±33 rather than a nonlinear optical effect.34±41 The first laser
pulse initiates drift of electrons and holes to their respective elec-
trodes, whereas the second pulse ªprobesº the transient concentra-
tions of carriers remaining in the active layer as a function of the
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delay time. Unlike a conventional time-of-flight method,22,23 the
time resolution of the NLPC technique is limited by the timescale
of carrier recombination (∼100 ps) rather than the RC time constant
of the device (0.1±1 μs).42±44 The versatility of the NLPC method
has been leveraged in studies of perovskite photovoltaic cells with
active layer thicknesses of 50±500 nm and carrier transit times of
2±50 ns.28±32

Recent applications of NLPC spectroscopy demonstrate that
conducting time-of-flight experiments with two laser pulses offers
several advantages in information content.28±33 For example, in
studies of layered perovskite systems, the wavelengths of the two
laser pulses can be tuned into resonance with quantum wells pos-
sessing different thicknesses to reveal the specific phases of the
material occupied while the carriers drift to the electrodes.28±30 Spec-
troscopic signatures of charge transfer observed inmultidimensional
NLPC experiments resemble those associated with two-dimensional
Fourier transform spectra.45±52 In addition, NLPC experiments can
be conducted with both co-propagating and counter-propagating
beam geometries to characterize the amount of drift velocity dis-
persion accumulated by a charge distribution as it traverses the full
thickness of the active layer.32 Much like nonlinear optical effects
are diminished when laser pulses propagate in dispersive media,53

the NLPC signal generation mechanism is sensitive to broadening
of the charge density during transport because the response of the
photocurrent depends nonlinearly on the carrier density.31,32

In this work, we present an experimental method in which a
diffractive optic-based transient grating (TG) technique54±57 is com-
bined with NLPC spectroscopy to simultaneously probe diffusion
and drift in orthogonal directions within the active layer of a pho-
tovoltaic cell. As illustrated in Fig. 1, carrier transport mechanisms
are initiated when time-coincident laser pulses photoexcite periodic
density gratings in the active layer of a device. The amplitude of the
density grating diminishes with time due to carrier diffusion into
the valleys between concentration maxima. Unlike conventional TG
spectroscopy, the nonlinear response is induced when a second den-
sity grating is generated by a delayed pulse-pair in the TG-NLPC
technique. Because the phases of the two density gratings are con-
trolled with interferometric precision, signatures of diffusion are
encoded in the efficiencies of recombination processes involving car-
riers photoexcited by separate pulse-pairs. Below, we first extend
a numerical model developed for two-pulse NLPC spectroscopy to
define the TG-NLPC signal generation mechanism and establish a

method for interpreting the experimental data.31,32 In addition to
confirming the signal generation mechanisms with control experi-
ments, the sensitivity of TG-NLPC spectroscopy to carrier diffusion
is demonstrated with MAPbI3 photovoltaic cells.

II. EXPERIMENTAL METHODS

A. Materials and device fabrication

Hydriodic acid (HI) (57 wt. % in water without stabilizer) and
n-butylamine in ethanol (1:1 by volume) were combined at 0 ○C in
an ice water bath for 1 hour to produce CH3(CH2)3NH3I (BAI).
The crude product was obtained by slowly evaporating the solvent
under reduced pressure at 60 ○C for 1 h. The white powder form of
BAI was then recrystallized in ethanol and washed with diethyl ether
three times before drying it in a vacuum oven at 60 ○C overnight.
The powder was stored in a glove box with a nitrogen environment.
Hydriodic acid (57 wt. % in water without stabilizer) and methy-
lamine solution (40 wt. % in H2O) were combined to synthesize
CH3NH3I (MAI).

Glass substrates patterned with indium-doped tin oxide (ITO)
with sheet resistances of 20 Ω/square were purchased from South
China Science and Technology Company, Limited. The substrates
were cleaned with an ultrasonic bath using deionized water, ace-
tone, and 2-proponal (15 min for each solvent in the sequence).
Subsequently, the substrates were dried under a stream of nitro-
gen gas and treated with UV-Ozone for 15 min. Hole transport
layers were prepared using either PTAA [poly(triaryl amine) from
Sigma-Aldrich] in toluene (2 mg/ml) or PEDOT:PSS [poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate CleviosTM P VP Al
4083 from Heraeus] aqueous dispersion in air. The solutions or
dispersions were spin-coated onto the ITO substrates at 4000 rpm
for 30 s and baked at either 100 ○C for 10 min in a nitrogen-filled
glove box (for PTAA) or 150 ○C for 15 min in air (for PEDOT:PSS).
After cooling down to room temperature, substrates coated with
PEDOT:PSS were transferred into glove box filled with nitrogen
gas. The perovskite precursor solution was then spin-coated onto
substrates coated with PTAA or PEDOT:PSS under the nitrogen
atmosphere.

Perovskite precursor solutions were prepared by dissolving
PbI2 and MAI in DMF:DMSO (9:1) to fabricate MAPbI3 perovskite
solar cells. The concentrations of Pb2+ required to produce 280- and

FIG. 1. Transient grating and nonlinear photocurrent techniques are combined to probe drift and diffusion in orthogonal spatial dimensions within photovoltaic cells. Non-
collinear time-coincident laser pulses produce periodic carrier densities with passively stabilized phases in the active layer. The transient grating diminishes as carriers diffuse
in a direction normal to drift between electrodes. Carrier diffusion processes are probed using a second density grating generated with a delayed pulse-pair (not shown).
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480-nm thick films were 0.8 and 1.3M, respectively. The MAPbI3
precursor solution was spin-coated onto a PTAA- or PEDOT:PSS-
coated substrate (pre-wet by spin-coating pure dimethylformamide
twice at 2000 rpm for 3 s for the PTAA-coated substrate) at 2000
rpm for 2 s and 4000 rpm for 20 s. The MAPbI3 precursor solution
(0.3 ml) was then drop-cast for 8 s in the second step of spin-coating.
The sample was sequentially annealed at 65 ○C for 10 min and
100 ○C for 10 min. Finally, the electron transport layer and copper
electrode were fabricated by thermally evaporating 40 nm of C60,
4 nm of BCP (Bathocuproine), and 23 nm of copper at a base pres-
sure of 3 × 10−7 Torr with evaporation rates of 0.1±0.3, 0.1, and
0.1±0.2 Å/s, respectively. The active area of 0.13 cm2 was controlled
by a shadow mask.

The photovoltaic cells considered in this work are grouped
according to the targeted active layer thicknesses of 280 and 480 nm.
Like our previous work,32 SEM measurements were used to con-
firm the active layer thicknesses with an estimated uncertainty of
∼15% (see the supplementary material). Device characterization was
carried out under AM 1.5 G irradiation with an intensity of 100
mW/cm2 (Oriel 91160, 300W). A Keithley 2400 digital source meter
was used to obtain current density vs voltage (J-V) curves. The scan
rates were 0.05 V/s.

B. Transient grating photocurrent spectrometer

The NLPC experiments reported in this work employ the
PicoQuant diode laser system described in Ref. 32. The diode
lasers are controlled with a single PicoQuant laser driver module
(SEPIA II SLM 828) housed in a mainframe (PDL 828-L SEPIA
II) and produce 400-nm, 40-ps laser pulses with energies of 100 pJ
(LDH-P-C-405). Although the repetition rates of the lasers range
from single shot to 80 MHz, all experiments are conducted at

5 kHz to ensure the Stanford Research Systems 570 current ampli-
fier employed for signal detection reestablishes a baseline in the
200-μs time interval between laser shots. The delay times between
pulses produced by separate diode lasers are varied with a min-
imum step size of 24 ps using a PicoQuant oscillator module
(SEPIA II SOM 828-D).

The diffractive optic-based interferometer depicted in Fig. 2
is used to conduct TG-NLPC experiments. Like a four-wave mix-
ing experiment with interferometric signal detection,54±57 the +/− 1
diffraction orders of the laser beams are imaged from the diffractive
optic (Holoeye) to the sample position using a 4 F optical configura-
tion. The custom diffractive optics (Holoeye) utilized in this work
produce angles of either 4○ or 8○ between the +/− 1 diffraction
orders at 400 nm. To minimize the spot sizes at the sample posi-
tion, the diameters of the two laser beams are expanded by factors
of 3 with telescopes incorporating lenses with −5 and +15 cm focal
lengths before arriving at the interferometer. The beams are focused
onto the diffractive optic using a 50-cm focal length spherical mirror
with a silver coating. The vertically deflected +/−1 diffraction orders
are then relayed to the sample with a 20-cm focal length, silver-
coated spherical mirror placed 40 cm from the diffractive optic (i.e.,
at the 2 F position of the interferometer). The beams are directed
to the sample position by tilting the 20-cm focal length mirror off-
axis by ∼10○. Pulses with energies of 10±30 pJ pulses are focused to
FWHM spot sizes of 60 μm at the sample position, thereby produc-
ing fluences of 0.35±1.05 μJ/cm2 for each of the four beams in the
TG setup.

Passive phase stabilization of the pulse-pairs generated by
the diffractive optic is achieved with this type of experimental
setup.54±57 For the first pulse-pair, the phase of the laser inten-
sity profile at the sample position is controlled by placing a
microscope coverslip at Brewster’s angle in the path of the −1

FIG. 2. (a) TG-NLPC measurements are conducted with a diffractive optic-based interferometer. The phase difference between the carrier density gratings produced by the
first and second pulse-pairs is controlled with a microscope coverslip mounted on a motorized rotation stage. (b) The nonlinear response is defined by acquiring signals under
four conditions: pulse-pairs 1 and 2 [S1+2(τ)], pulse-pair 1 only (S1), pulse-pair 2 only (S2), and all pulses blocked (S0, not shown).
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diffraction order (i.e., lower beam) and adjusting its orientation
with a motorized rotation stage (Zaber X±RSW60A-E03). Rotat-
ing the glass coverslip by 0.23○ induces a 360○ phase shift of the
carrier density grating within the active layer of a device, which
has a negligible effect on the beam alignment. This approach for
controlling the phase of the grating takes inspiration from inter-
ferometric signal detection methods employed in conventional
diffractive optic-based TG experiments.56,58±60 Notably, an identi-
cal coverslip with a fixed orientation is placed in the path of the
beam associated with the +1 diffraction order (also at Brewster’s
angle) to ensure time-coincidence of the two pulses at the sample
position.

As in earlier applications of our nonlinear action
spectroscopies,29±33 signals are acquired with a sequence of
four conditions: pulse-pairs 1 and 2 [S1+2(τ)], pulse-pair 1 only
(S1), pulse-pair 2 only (S2), and all pulses blocked (S0).

28±31 The
individual laser beams are turned on and off using LabVIEW
software interfaced with the PicoQuant control system to cycle
through the four conditions. Unlike NLPC experiments con-
ducted with an amplified femtosecond laser system,28±31,33 it is
not necessary to chop the beams on a shot-to-shot basis due to
the superior stabilities of the PicoQuant diode lasers.32 The signal,
SAction(τ) ≙ S1+2(τ) − S1 − S2 + S0 represents the component of
saturation induced by recombination processes involving carriers
photoexcited by separate pulse-pairs. Therefore, only the signals
detected with both pulse-pairs present, S1+2(τ), depend on the
experimentally controlled delay time. The signal-to-noise ratio
is optimized by cycling through the four pulse sequences, 50
orientations of the microscope coverslip (with 0.024○ steps),
and 20±30 delay points a total of 5±12 times (depending on the
signal quality) and averaging the data. Cycling through the full
set of conditions 5 times results in a minimum data acquisition
time of 4 h; however, the average data acquisition time for all
datasets is equal to 7 h. Signals are saved for each cycle of the
experimental conditions to confirm the devices do not degrade
during the experiments (see the supplementary material). In
addition, we do not observe phase instability on the timescale of
several hours, which is consistent with our previous experience
using similar diffractive optic-based interferometers in the same
laboratory.61,62 The overall time elapsed after the first pulse arrives
at the device, t′, is decomposed into an experimentally controlled
delay time, τ, and current integration or ªdetectionº time, t
[see Fig. 2(b)].30,31

The total amount of charge produced by a device is determined
by time-integrating the amplified photocurrent. The photocurrent
pulses are broadened to ∼20 μs with the 2-μA/V sensitivity and gain
mode (low noise) settings of the Stanford Research Systems 570 cur-
rent amplifier employed in the present measurements. As discussed
above, the bandwidth of the current amplifier ultimately limits the
5-kHz repetition rate of the laser system because it is necessary to
reestablish a baseline between laser shots. In contrast, all photoex-
cited carriers are cleared from the active layers of the photovoltaic
devices within ∼1 μs after light absorption. Signals are processed
using a National Instruments data acquisition board (NI USB-6361)
with a 1-MHz sampling rate (interval of 1 μs between points). The
total amount of charge collected from a device is computed by mul-
tiplying the time-integrated voltage output by the current-to-voltage
amplification factor.

III. MODELING NONLINEAR PHOTOCURRENT
SPECTROSCOPY WITH TRANSIENT DENSITY
GRATINGS

In previous work, we presented a numerical model for simulat-
ing NLPC signals in both co-propagating and counter-propagating
laser beam geometries.31,32 Our approach, which takes inspiration
from conventional TOF literature,21,22,63,64 accounts for carrier drift,
two-body recombination, and trap-induced velocity dispersion. For
the present experiments involving transient density gratings, we
introduce a more efficient numerical model in this section to facil-
itate calculations of NLPC signals with two spatial dimensions in
the active layer of a device. Below, we first present an improved ver-
sion of our model for two-pulse NLPC spectroscopy, then adapt the
numerical approach to a transient grating beam geometry.

A. NLPC spectroscopy with two laser beams

Light enters the active layer of the device through a transpar-
ent electrode at x ≙ 0. The carrier density initially possesses an
exponential shape,

ρ(x,ω j , t
′) ≙ Θ(x)Θ(d − x) f α(ω j)

h̵ω j
exp [−α(ω j)x − t′/tl], (1)

where Θ is a Heaviside step function, d is the active layer thickness,
ωj is the frequency of laser pulse j (j ≙ 1 or 2), α(ω j) is the absorbance
coefficient, and tl is the phenomenological lifetime of a free car-
rier. Whereas the initial distribution of charge is determined by the
absorbance coefficient, the carrier densities subsequently decelerate
and broaden while drifting to the electrodes because of trap-induced
velocity dispersion. It is understood that accumulation of carriers
at trap sites reduces the average drift velocity during transit across
the active layer. For example, multiple-trapping models for carrier
drift suggest the intrinsic, μ0, and effective, μTOF(t′), mobilities are

related by22,63,64

μTOF(t′) ≙ μ0 Nfree(t′)
Nfree(t′) +Ntrap(t′) , (2)

where Nfree(t′) and Ntrap(t′) are time-dependent populations of

free and trapped carriers, respectively.22,63,64 To capture dispersive
effects, we assume the drift velocity possesses an exponential decay
profile,31

vdrift(t′, ttrap) ≙ v0 exp (−t′/ttrap), (3)

where ttrap is written as a variable to account for a heterogeneous dis-
tribution of trapping times. The displacement in the carrier density
at time, t′, is given by

Δx(t′, ttrap) ≙ −∫ t′

0
vdrift(T)dT

≙ v0ttrap[1 − exp (−t′/ttrap)]. (4)
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The hole and electron densities photoexcited by the first (p̃1 and
ñ1) and second (p̃2 and ñ2) laser pulses are written as

p̃1(x,ω1, t
′) ≙ 1

ξ
√
2π
∫
∞

0
exp
⎡⎢⎢⎢⎢⎣
−

(ttrap − t trap)2
2ξ2

⎤⎥⎥⎥⎥⎦
× ρ(x − Δx(t′, ttrap),ω1, t

′)dttrap, (5)

ñ1(x,ω1, t
′) ≙ 1

ξ
√
2π
∫
∞

0
exp
⎡⎢⎢⎢⎢⎣
−

(ttrap − t trap)2
2ξ2

⎤⎥⎥⎥⎥⎦
× ρ(x + Δx(t′, ttrap),ω1, t

′)dttrap, (6)

p̃2(x,ω2, t
′) ≙ Θ(t′ − τ)

ξ
√
2π
∫
∞

0
exp
⎡⎢⎢⎢⎢⎣
−

(ttrap − t trap)2
2ξ2

⎤⎥⎥⎥⎥⎦
× ρ(x − Δx(t′ − τ, ttrap),ω2, t

′)dttrap, (7)

and

ñ2(x,ω2, t
′) ≙ Θ(t′ − τ)

ξ
√
2π
∫
∞

0
exp
⎡⎢⎢⎢⎢⎣
−

(ttrap − t trap)2
2ξ2

⎤⎥⎥⎥⎥⎦
× ρ(x + Δx(t′ − τ, ttrap),ω2, t

′)dttrap, (8)

where ttrap is the mean trapping time and ξ is a phenomenological
width set equal to ttrap/2 in this work. Convolution of ρ with a dis-
tribution of trapping times eliminates nonphysical flat edges on the
trailing sides of the carrier densities.21,30 Although dispersive effects
were incorporated differently in our earlier model, the calculations
discussed below show that the present approach yields densities
with similar shapes.30±32 We have neglected two-body recombina-
tion dynamics associated with carriers photoexcited by individual
laser pulses in Eqs. (5)±(8) to reduce computational expense. This
approximation has minor effects on the shapes of the carrier densi-
ties because roughly 5% of carriers relax by two-body recombination
under our experimental conditions.32 Moreover, the signals are
time-integrated during the detection process, which makes the mea-
surements relatively insensitive to the precise shapes of the carrier
densities.

To minimize the computational cost associated with
recombination-induced reshaping of the density profiles,31,32

two-body recombination processes involving carriers photoexcited
by separate laser pulses are incorporated using

p1(x,ω1, t
′) ≙ p̃1(x,ω1, t

′) − p̃1(x,ω1, t
′) ⋅ β ⋅ Δt′

⋅

t′

∫
τ

∫ d
0 p̃1(x,ω1,T)ñ2(x,ω2T)dx
∫ d
0 p̃1(x,ω1,T)dx dT, (9)

n1(x,ω1, t
′) ≙ ñ1(x,ω1, t

′) − ñ1(x,ω1, t
′) ⋅ β ⋅ Δt′

⋅

t′

∫
0

∫ d
0 ñ1(x,ω1,T)p̃2(x,ω2,T)dx
∫ d
0 ñ1(x,ω1,T)dx dT, (10)

p2(x,ω2, t
′) ≙ p̃2(x,ω2, t

′) − p̃2(x,ω2, t
′) ⋅ β ⋅ Δt′

⋅

t′

∫
τ

∫ d
0 ñ1(x,ω1,T)p̃2(x,ω2,T)dx
∫ d
0 p̃2(x,ω2,T)dx dT, (11)

and

n2(x,ω2, t
′) ≙ ñ2(x,ω2, t

′) − ñ2(x,ω2, t
′) ⋅ β ⋅ Δt′

⋅

t′

∫
τ

∫ d
0 p̃1(x,ω1,T)ñ2(x,ω2,T)dx
∫ d
0 ñ2(x,ω2,T)dx dT. (12)

The two-body recombination coefficient and numerical time inter-
val are denoted as β and Δt′, respectively. Compared to our previous
numerical model,31,32 the efficiency of the present approach has been
improved by spatial averaging of the targeted recombination rates,
βp̃1ñ2 and βñ1p̃2, in Eqs. (9)±(12). Transient absorption experiments
conducted on similar solution-processed perovskite films revealed
dominant quadratic dependence of the recombination rates on the
carrier densities.27,65,66 Trap-assisted band-to-band recombination
is typically described as scaling linearly in the carrier density because
one of the charges is immobile;67,68 however, this recombination
process involves two photoexcited species and may represent a sig-
nificant contribution to β for NLPC experiments. Quadratic scaling
of recombination rates with the carrier density is also consistent with
radiative and trap-assisted Auger recombination.68

Nonlinear photocurrent signals are obtained by computing the
response of the device under three conditions.29±32 The amounts of
charge collected from the photovoltaic cell with the two individual
pulses are given by

q1(ω1) ≙ eA

Δt′
{∫ ∞

0
dt
′∫

d

d−Δx(t′ ,tv)
ñ1(x,ω1, t

′)dx
+∫

∞

0
dt
′∫

Δx(t′ ,tv)

0
p̃1(x,ω1, t

′)dx} (13)

and

q2(ω2) ≙ eA

Δt′
{∫ ∞

0
dt
′∫

d

d−Δx(t′−τ,tv)
ñ2(x,ω2, t

′)dx
+∫

∞

0
dt
′∫

Δx(t′−τ,tv)

0
p̃2(x,ω2, t

′)dx}, (14)

where A is the area of the laser spot on the device. The amount of
charge collected with both pulses incident on the photovoltaic cell is
written as

q1+2(ω1, τ,ω2) ≙ eA

Δt′
{∫ ∞

0
dt∫

d

d−Δx(t′ ,tv)
n1(x,ω1, τ + t)dx

+∫
∞

0
dt∫

d

d−Δx(t′−τ,tv)
n2(x,ω1, τ + t)dx

+∫
∞

0
dt∫

Δx(t′ ,tv)

0
p1(x,ω2, τ + t)dx

+∫
∞

0
dt∫

Δx(t′−τ,tv)

0
p2(x,ω2, τ + t)dx}. (15)
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Finally, the two-pulse NLPC signal is given by the linear combina-
tion of terms,

ΔqNLPC(ω1, τ,ω2) ≙ q1+2(ω1, τ,ω2) − q1(ω1) − q2(ω2). (16)

Propagation of the hole and electron densities is illustrated
in Figs. 3(a) and 3(b) using the model parameters in Table I. The
carrier density decelerates [see Eqs. (3) and (4)] and broadens dur-
ing transit due to numerous cycles of capture and release at trap
sites [see Eqs. (5)±(8)].22,63,64 The concentrations of carriers pho-
toexcited by the first laser pulse decrease as the species drift to the
electrodes during the experimentally controlled delay time, τ, which
reduces the rates of the recombination processes responsible for sig-
nal generation [i.e., βp̃1ñ2 and βñ1p̃2 in Eqs. (9)±(12)]. Therefore,
time-of-flight information is reflected by theNLPC decay profile [see
Fig. 3(c)].29±32 The effects of trapping and drift velocity dispersion on
photovoltaic device efficiencies have been examined in earlier NLPC
experiments conducted on a variety of perovskite systems.31 Overall,
the calculations in Fig. 3 demonstrate that key aspects of our earlier
model are still captured under the present approximations.31,32

B. NLPC spectroscopy with a transient
grating beam geometry

In this section, we generalize the model presented in Sec. III A
to two spatial dimensions for measurements involving transient
density gratings. As shown in Fig. 4, the light intensity profile is
modulated in the y-dimension (i.e., parallel to the active layer sur-
face) due to interference between noncollinear laser pulses, whereas
drift occurs along the x-axis between electrodes. The grating patterns
gradually diminish due to diffusion, recombination, and injection of
carriers into the electrodes. The TG-NLPC technique is sensitive to

FIG. 4. Transient carrier density gratings are generated and probed using two
phase-stabilized pulse-pairs. (a) The first pulse-pair initiates carrier diffusion in the
y-dimension, whereas drift occurs along the x-axis within the active layer. Although
relative phases of 0○ and 180○ are shown here, the phase difference between
gratings is varied with ∼ten points per cycle in the experimental measurements.

diffusion because the efficiencies of recombination processes involv-
ing carriers generated by separate pulse-pairs depend on the phase
difference between the gratings. For example, the greatest and small-
est amounts of device saturation are found when the two gratings
have phase differences of 0○ and 180○, respectively. Therefore, the
amplitude of the transient grating generated by the first pulse-pair
can be probed by varying the relative phase and delay time for the
second pulse-pair.

FIG. 3. Photoexcited (a) hole p̃1 and (b) electron ñ1 densities are calculated using Eqs. (5) and (6). The color bars are scaled by factors of 1017 cm−3. (c) A two-pulse NLPC
decay profile is computed using Eq. (16) and the parameters in Table I.

TABLE I. Model parameters.

f α(ω j)
h̵ω j

α−1a β κref
a tl v0 ttrap ξ A w Lj

1 × 1017 cm−3 34 nm 10−9 cm3/s 2.67 50 ns 20 m/s 20 ns ttrap/2 2827 μm2 25 μm 1.07 μm

aThe absorbance coefficient and refractive index are obtained from Ref. 69.
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We next present an approach for computing signals in which
periodic carrier densities are photoexcited by separate pulse-pairs.
The y-dimension of the carrier density is given by the product of the
Gaussian laser profile and dynamic grating pattern,

G(y, t′,ϕ j) ≙ χ−1(t′) exp(− y2

2w2 ){1 + exp(− t′

tdiff
)

× [cos2(πy
L
+

ϕ j

2
) − 1]}, (17)

where

χ(t′) ≙ ∫ ∞

−∞

exp(− y2

2w2 ){1 + exp(− t′

tdiff
)

× [cos2(πy
L
+

ϕ j

2
) − 1]} dy. (18)

In Eq. (17), w is the laser spot size on the device, tdiff is the relaxation
timescale for the grating, and ϕj is the phase of the grating generated
by pulse-pair j. The period of the density grating, L, is computed
using the angle between laser beams, θ, and the refractive index for
the material, κref ,

L ≙
λ

2κref sin (θ/2) . (19)

Gratings generated by both pulse-pairs possess the same period, L,
because of their identical wavelengths, λ, and crossing angles, θ.

The grating relaxation time, tdiff , is determined by solving the
diffusion equation,

∂Λ(y, t)
∂t

≙ D
∂
2Λ(y, t)
∂y2

, (20)

with the initial condition given by

Λ(y, 0) ≙ Λ0 exp(− y2

2w2 )cos2(πyL ), (21)

where Λ0 is the peak carrier density, D is the diffusion coefficient,
w is the laser spot size, and L is the period of the grating. The
total density, Λ(y, t), represents a sum of time-evolving Gaussian,
uG(y, t), and periodic, up(y, t), components that reflect the spatial
profiles of the laser beams and grating amplitudes, respectively. To
obtain the relaxation timescale for the transient grating, the car-
rier density is first Fourier transformed into the conjugate domain,
k, with

Λ̃(k, t) ≙ ∫ ∞

−∞

Λ(y, t) exp (−iky)dy. (22)

The Gaussian component of the density grating is then given by the
inverse Fourier transform of the product of Λ̃(k, t) and a Gaussian
apodization function, a(k),

uG(y, t) ≙ ∫ ∞

−∞

a(k) ⋅ Λ̃(k, t) exp (iky)dk. (23)

To separate the Gaussian and periodic components of the density,
the apodization function, a(k), is parameterized with a standard
deviation of 1.29 rad/μm and w is set equal to 25.4 μm. The periodic
component of the carrier density is written as

up(y, t) ≙ Λ(y, t) − uG(y, t). (24)

The value of tdiff is found by least-squares fitting the periodic com-
ponent of the density, up(0, t), to a single exponential function (see
the supplementary material). As shown in Fig. 5, the relationship
betweenD and tdiff is established numerically with this method using
parameters corresponding to the experimental conditions (e.g., grat-
ing period and laser spot size). Because tdiff can be obtained by
fitting experimental data, the calculation in Fig. 5 will be employed
to determine empirical diffusion coefficients in our analysis of the
TG-NLPC data presented below.

With this approach for computing the diffusion time, the car-
rier densities photoexcited with a transient grating beam geometry
can be written as

P1(x,ω1, t
′,ϕ1,ϕ2) ≙ p̃1(x,ω1, t

′) − p̃1(x,ω1, t
′)χ2(t′)β ⋅ Δt′

w
√
π

⋅

t′

∫
τ

∫ ∞−∞G(y, t′,ϕ1)G(y, t′,ϕ2)dy∫ d
0 p̃1(x,ω1,T)ñ2(x,ω2,T)dx

∫ ∞−∞G(y, t′,ϕ1)dy∫ d
0 p̃1(x,ω1,T)dx dT, (25)

N1(x,ω1, t
′,ϕ2,ϕ2) ≙ ñ1(x,ω1, t

′) − ñ1(x,ω1, t
′)χ2(t′)β ⋅ Δt′

w
√
π

⋅

t′

∫
0

∫ ∞−∞G(y, t′,ϕ1)G(y, t′,ϕ2)dy∫ d
0 ñ1(x,ω1,T)p̃2(x,ω2,T)dx

∫ ∞−∞G(y, t′,ϕ1)dy∫ d
0 ñ1(x,ω1,T)dx dT, (26)

P2(x,ω2, t
′,ϕ1,ϕ2) ≙ p̃2(x,ω2, t

′) − p̃2(x,ω2, y, t
′)χ2(t′)β ⋅ Δt′

w
√
π

⋅

t′

∫
τ

∫ ∞−∞G(y, t′,ϕ1)G(y, t′,ϕ2)dy∫ d
0 ñ1(x,ω1,T)p̃2(x,ω2,T)dx

∫ ∞−∞G(y, t′,ϕ2)dy∫ d
0 p̃2(x,ω2,T)dx dT, (27)

and

N2(x,ω2, t
′,ϕ1,ϕ2) ≙ ñ2(x, y,ω2, t

′) − ñ2(x, y,ω2, t
′)χ2(t′)β ⋅ Δt′

w
√
π

t′

∫
τ

∫ ∞−∞G(y, t′,ϕ1)G(y, t′,ϕ2)dy∫ d
0 p̃1(x,ω1,T)ñ2(x,ω2,T)dx

∫ ∞−∞G(y, t′,ϕ2)dy∫ d
0 ñ2(x,ω2,T)dx dT. (28)
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FIG. 5. Relaxation timescales for the transient density gratings, tdiff, are computed
using Eqs. (17)±(24) for a range of diffusion coefficients, D, to establish a general
relation between the two quantities. The grating period of L ≙ 1.07 μm corresponds
to 400 nm laser beams, a crossing angle of θ ≙ 8○, and a refractive index of 2.67.

In this notation, the carrier densities associated with the tran-
sient grating configuration are written in upper case to distin-
guish them from the conventional two-pulse NLPC technique [see
Eqs. (9)±(12)]. Importantly, Eqs. (25)±(28) reduce to Eqs. (9)±(12)
when the grating period is much greater than the laser spot size,
L≫ w. Although we have written the full two-dimensional densi-
ties in the denominators of Eqs. (25)±(28), the individual grating
functions, G(y, t′,ϕ j), are normalized according to Eqs. (17) and
(18). Therefore, the targeted interference effect is produced by the
integral over the product of grating functions in the numerators of
Eqs. (25)±(28).

The total amounts of charge generated by the photovoltaic cell
in response to the individual pulse-pairs are given by

Q1(ω1) ≙ e ⋅ A

Δt′
{∫ ∞

0
dt
′∫

∞

−∞

G(y, t′,ϕ1)dy
× ∫

d

d−Δx(t′ ,tv)
ñ1(x,ω1, t

′,ϕ1)dx
+∫

∞

0
dt
′∫

∞

−∞

G(y, t′,ϕ1)dy
× ∫

Δx(t′ ,tv)

0
p̃1(x,ω1, t

′,ϕ1)dx} (29)

and

Q2(ω2) ≙ e ⋅ A

Δt′
{∫ ∞

0
dt
′∫

∞

−∞

G(y, t′,ϕ2)dy
× ∫

d

d−Δx(t′−τ,tv)
ñ2(x,ω2, t

′)dx
+∫

∞

0
dt
′∫

∞

−∞

G(y, t′,ϕ2)dy
× ∫

Δx(t′−τ,tv)

0
p̃2(x,ω2, t

′)dx}. (30)

Notably, the two-beam and transient density grating approaches
yield the same amounts of charge, Q1(ω2) ≙ q1(ω1) and Q2(ω2)

≙ q2(ω1), because the grating functions are normalized and recom-
bination processes involving carriers photoexcited by the individual
pulses are neglected by approximation [see Eqs. (9)±(12)]. The
amount of charge produced with both pulse-pairs incident on the
photovoltaic cell is written as

Q1+2(ω1, τ,ω2,ϕ1,ϕ2)
≙

e ⋅ A

Δt′
{∫ ∞

0
dt∫

d

d−Δx(t′ ,tv)
N1(x,ω1, τ + t,ϕ1,ϕ2)dx

+∫
∞

0
dt∫

d

d−Δx(t′−τ,tv)
N2(x,ω2, τ + t,ϕ1,ϕ2)dx

+∫
∞

0
dt∫

Δx(t′ ,tv)

0
P1(x, y,ω1, τ + t,ϕ1,ϕ2)dx

+∫
∞

0
dt∫

Δx(t′−τ,tv)

0
P2(x, y,ω2, τ + t,ϕ1,ϕ2)dx}. (31)

The nonlinear response in the amount of charge collected from the
device is given by a linear combination of terms,

ΔQTG−NLPC(ω1, τ,ω2,ϕ1,ϕ2)
≙ Q1+2(ω1, τ,ω2,ϕ1,ϕ2) −Q1(ω1) −Q2(ω2), (32)

where we have distinguished the conventional two-pulse (NLPC)
and transient density grating (TG-NLPC) approaches by writing the
charges, Q, in upper case.

Drift and diffusion processes are simulated for a transient den-
sity grating with a period of 1.07 μm in Fig. 6. The two-dimensional
shapes of the densities are generated by multiplying the functions
of x, p̃1 and ñ1, with the periodic function of y, G(y, t′, 0). Like the
calculations presented in Fig. 3, holes and electrons drift to their
respective electrodes along the x-axis; however, the amplitude of the
grating additionally relaxes in the y-dimension due to carrier dif-
fusion on the timescale, tdiff . For example, a density grating with a
period of 1.07 μm diminishes with a time constant of tdiff ≙ 9.8 ns
when the diffusion coefficient is set equal to D ≙ 0.03 cm2/s (see
Fig. 5). Because drift must not outcompete diffusion in a successful
TG-NLPCmeasurement, the total potential applied across the active
layer should generally satisfy the relation

V <
d

α ⋅ μavg ⋅ tdiff
, (33)

where α is the absorbance coefficient, μavg is the average carrier
mobility, and d is the active layer thickness. For example, accord-
ing to Eq. (33), the total potential should not be greater than 0.68 V
for a TG-NLPC experiment conducted using a device with the para-
meters α−1 ≙ 34 nm,69 tdiff ≙ 10 ns, μavg ≙ 0.025 cm2/V/s,30,32 and
d ≙ 500 nm. In principle, an external potential may be adjusted to
improve the sensitivity of TG-NLPC measurements to carrier dif-
fusion depending on the material’s mobility and the active layer
thickness.

Signals are computed as functions of both the delay time and
phase difference between gratings photoexcited by separate pulse-
pairs in Fig. 7. Calculations are conducted with diffusion coefficients
ranging from D ≙ 0.01±0.06 cm2/s to illustrate the sensitivity of the
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FIG. 6. Carrier drift and diffusion mechanisms are simulated for transient density gratings with 1.07-μm periods using Eqs. (5), (6) and (17). Hole (top row) and electron (bottom
row) densities are represented as G(y, t′, 0)p̃1(x,ω1, t′) and G(y, t′, 0)ñ1(x,ω1, t′) at the times, t′, given in the respective figure panels. The carrier densities undergo
drift and diffusion in the dimensions x and y, respectively. The grating relaxation time assumed in these calculations, tdiff ≙ 9.8 ns, corresponds to a diffusion coefficient of
D ≙ 0.03 cm2/s, whereas the other parameters are given in Table I. The color bars are scaled by factors of 1014 cm−3.

FIG. 7. TG-NLPC signals, ΔQTG−NLPC, are computed as functions of the delay times and phase differences between transient density gratings, ϕ2 − ϕ1. Calculations are
conducted using Eq. (32), the parameters in Table I, and the diffusion coefficients given in the respective panels. The color bars have units of pC.

method to carrier transport in the y-dimension. The periodic com-
ponent of the signal decreases with the experimentally controlled
delay time, τ, as diffusion takes hold in the active layer of the device.
The calculation presented in Fig. 7(a) demonstrates that the experi-
ment is relatively insensitive to diffusion when tdiff (∼30 ns) is much
greater than the transit time of carriers across the illuminated region

of the active layer (∼10 ns). In contrast, relaxation of the periodic
component of the signal is evident in Fig. 7(c) because the 5-ns dif-
fusion time is less than the 10-ns timescale of carrier drift (i.e., the
periodic signal component decays before the carriers are extracted
from the active layer by the electrodes). Under these conditions,
the diffusion coefficient of the material can be determined with an
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experimental measurement by fitting the data to obtain tdiff and
applying the relation established in Fig. 5.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we present TG-NLPC signals acquired with
multiple active layer thicknesses and density grating periods. Con-
trol experiments conducted using devices with thin active layers are
first presented to confirm the predicted periodic saturation effect
under conditions in which drift outcompetes diffusion. Experi-
ments conducted on devices with thicker active layers and smaller
electrical potentials reveal the diffusive processes targeted by the
TG-NLPC approach. Overall, the measurements presented in this
section demonstrate that sufficient reduction of the drift velocity
and/or grating period enable the detection of carrier diffusion.

A. Measurements conducted under conditions
in which drift outcompetes diffusion

To begin, we outline our approach for processing TG-NLPC
signals, which depends on both the delay times and phase differ-
ences between pulse-pairs. As shown in Fig. 8, the periodic signal
component reflects the relative phases of the carrier density grat-
ings photoexcited by separate pulse-pairs, although a portion of the
response persists when the density gratings possess phase differences
of π, 3π, 5π, etc. The TG-NLPC signals are fit with the following
function at time-zero:

F(τ,Φ) ≙ B1(τ) ⋅ sin (B2 ⋅Φ + B3) + B4(τ) ⋅Φ + B5(τ), (34)

where τ and Φ are the experimentally controlled delay time and
coverslip angle, respectively. The frequency (B2) and phase (B3) of
the sine function are fixed after fitting the signal at the first delay
point because these parameters are independent of the time interval
between pulse-pairs. In contrast, the amplitude, B1(τ), and para-
meters associated with the linear baseline, B4(τ) and B5(τ), vary
with the delay time because of dynamics in the carrier densities.

FIG. 8. TG-NLPC signals are fit using Eq. (34) with a laser fluence of 1.0 μJ/cm2

per pulse and grating period of 2.15 μm. The device has a 280-nm thick MAPbI3
active layer, a C60/BCP electron transport layer, and a PTAA hole transport layer.

The phase difference between the density gratings associated with
separate pulse-pairs is given by

ϕ2 − ϕ1 ≙ Φ +
π

2B2
, (35)

where the amount of saturation is maximized when ϕ2 − ϕ1 ≙ 0,
2π, 4π, etc. Within the experimentally sampled range of phases (i.e.,
approximately five cycles), the overall rise of the baseline is much
smaller than the intercept, B4(τ) ⋅ 10π ≪ B5(τ). For example, we
present a fit of a signal acquired with a laser fluence of 1.0 μJ/cm2

and grating period of 2.15 μm in Fig. 8. The amplitude of the peri-
odic signal component is roughly 40% of the total signal magnitude
for this device. Five cycles of the grating are sampled with nine to ten
points per cycle to constrain the fitting parameters.

The overall TG-NLPC signals presented in Figs. 9(a) and 9(d)
must be decomposed into periodic and linear signal components to
extract information from the measurements. In Figs. 9(b) and 9(e),
the periodic contributions to the TG-NLPC signals are isolated by
subtracting linear baselines from the data using

σp(τ,Φ) ≙ ΔQNLPC(τ,Φ) − B4(τ) ⋅Φ − B5(τ)
Q1 +Q2

, (36)

where the right side of the equation is divided by Q1 +Q2 to obtain
the fraction of saturation in the output of the device. For grating
periods of 1.07 and 2.15 μm, these contour plots demonstrate that
the signal magnitudes decrease significantly within 5 ns for this
device. The periodic,

ΔQp(τ) ≙ 2B1(τ), (37)

and averaged linear,

ΔQl(τ) ≙ 1
M

M

∑
j=1
∥B4(τ) ⋅Φ j + B5(τ)∥, (38)

components of the fits are overlaid in Figs. 9(c) and 9(f) to show
that similar decay profiles are obtained with both 1.07- and 2.15-μm
grating periods under these experimental conditions. In Eq. (38),
we note that M is the number of points sampled in the coverslip
angle [see Fig. 2(a)]. The data suggest that contributions of diffusion
to the measurements are negligible because the periodic and linear
signal components relax on essentially the same timescale for both
grating periods. The calculations presented in Fig. 7(a) represent the
corresponding regime in which drift outcompetes diffusion.

To understand the similar decay profiles exhibited by ΔQp(τ)
and ΔQl(τ), the timescale of carrier diffusion can be predicted for
both grating periods using the model presented in Eqs. (17)±(24)
and Fig. 5. Literature values for the diffusivity ofMAPbI3 vary widely
(0.02±1.77 cm2/s) depending on the fabrication conditions andmea-
surement techniques;3,10,24,25,27,70±72 however, transient absorption
microscopy measurements conducted with similar films in our lab-
oratory yielded diffusion coefficients with a maximum value of
D ≙ 0.033 cm2/s.27 If we assume a diffusion parameter of D
≙ 0.033 cm2/s, then the calculated timescales of diffusion will be
equal to ∼9 and 37 ns for a 1.07- and 2.15-μmgrating periods, respec-
tively. Thus, the carrier transit time across the 34-nm penetration
depth of the incident 400-nm light must be at least 9 ns to make
the TG-NLPCmeasurements sensitive to diffusion. However, for the
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FIG. 9. TG-NLPC signals are acquired with grating periods of (a)±(c) 1.07 and (d)±(f) 2.15 μm. (a) and (d) The total signal magnitudes relax due to drift and recombination
processes. (b) and (e) The periodic component of the response is separated from the total signal using Eq. (36). (c) and (f) Both periodic and linear components of the fitted
signals decay within 10’s of ns [see Eqs. (37) and (38)]. The device has a 280-nm thick MAPbI3 active layer, a C60/BCP electron transport layer, and a PTAA hole transport
layer.

four datasets obtained using devices with 280-nm thick active layers
(see the supplementary material), the periodic and linear compo-
nents of the signals decay to 1/e of their initial values within 5 ns,
which explains the insensitivity of the results shown in Fig. 9 to the
grating period. Nonetheless, because this is the first application of a
new technique, these measurements constitute an important control
for confirming that the targeted signatures of diffusivity are absent
when drift outcompetes diffusion.

B. Probing carrier diffusion by reducing drift velocities

The measurements presented in Sec. IV A were conducted with
a device possessing a 280-nm active layer thickness and relatively
optimal electron (C60/BCP) and hole (PTAA) transport layers. These
experiments serve as important controls for confirming the pre-
dicted signal generation mechanism under conditions in which drift
dominates the temporal decay of the periodic signal component. In
contrast, the model calculations discussed in Sec. III show that dif-
fusive processes can be probed with TG-NLPC measurements if the
carrier transit time is greater than the diffusion time, tdiff . Accord-
ing to Eq. (33), the transit time can be experimentally controlled by
applying an external potential to the device; however, we find that
the efficiencies of the photovoltaic cells can degrade when external

potentials are applied over data acquisition times of 4±10 h. There-
fore, we conduct experiments on devices with modified thicknesses
and transport layers in this section to observe diffusion without
applying external potentials. We reiterate that degradations in the
responses of the devices are not observed during data acquisition
when external biases are not applied. The device efficiencies and TG-
NLPC signal line shapes aremaintained over the full data acquisition
times (see the supplementary material).

To extract diffusivities from TG-NLPC experiments, we
employ a photovoltaic device with a 480-nm active layer thickness
to reduce the electric field within the active layer. Notably, the elec-
tric field scales as the inverse of the MAPbI3 active layer thickness
under the assumption that the potential varies linearly with position.
In addition, PEDOT:PSS and C60/BCP are employed as the hole and
electron transport layers, respectively. This combination of trans-
port layers produces an open-circuit voltage of ∼0.7 V, whereas the
devices fabricated with PTAA have open-circuit voltages of ∼1.0 V.
Although the comparison is approximate, we remark that the open-
circuit voltage of the device with the PEDOT:PSS hole transport
layer is in good agreement with the predicted 0.68-V threshold for
detection of diffusion predicted by Eq. (33). Furthermore, an energy
level mismatch between MAPbI3 and PEDOT:PSS may decrease the
rate at which holes cross the interface between materials.73 Most
importantly, these fabrication conditions increase the empirical
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TG-NLPC decay times by close to a factor of 10, which is suffi-
cient for measurements of diffusion in MAPbI3 according to the
estimation discussed in Sec. IV A.

The signals presented in Fig. 10 are processed using the same
approach applied to the data in Fig. 9. The plots employ logarith-
mic delay axes because the signals fully decay over 100’s of ns due
to the inflated carrier transit times. The total signals displayed in
Figs. 10(a) and 10(d) exhibit similar features; however, differences
in the timescales of the relaxation processes are apparent for the iso-
lated periodic signal components, σp(τ,Φ), shown in Figs. 10(b) and
10(e). In Fig. 10 and our additional datasets (see the supplementary
material), we find that the transient density grating persists for
a greater length of time when the period increases from 1.07 to
2.15 μm. For example, in Figs. 10(b) and 10(e), the darker blue and
orange contours in the periodic patterns vanish in less than 10 ns
with a 1.07-μm period, whereas these features persist for more than
10 ns when the period is equal to 2.15 μm. Finally, the periodic and
linear signal components of the fits, ΔQp(τ) and ΔQl(τ), are dis-
played in Figs. 10(c) and 10(f). The shapes of these decay profiles
encode the targeted signatures of carrier diffusion.

Periodic and linear components of TG-NLPC signals are sum-
marized for four pairs of experiments in Fig. 11. The linear com-
ponents of the signals, ΔQl(τ), are fit using a sum of exponential
functions,

Sl(τ) ≙ C1 exp (−τ/T1) + C2 exp (−τ/T2), (39)

where the weighted averages of time constants reported in Table II
are given by

Tav ≙
C1T1

C1 + C1
+

C2T2

C1 + C1
. (40)

These fits reveal that the decay in the linear component of carrier
density occurs in Tav ≙ 32 and 51 ns for experiments performed
with grating periods of 1.07 and 2.15 μm, respectively. Shorter decay
times are measured with the 1.07-μm period due to the dynamic
redistribution of the periodic and Gaussian components of the den-
sity grating in the active layer [see Eq. (17)]. Diffusion diminishes
the periodic part of the carrier density; however, the number of

FIG. 10. TG-NLPC signals are acquired with grating periods of (a)±(c) 1.07 and (d)±(f) 2.15 μm. (a) and (d) The total signal magnitudes relax due to drift and recombination
processes. (b) and (e) The periodic component of the response is separated from the total signal using Eq. (36). (c) and (f) Both periodic and linear components of the fitted
signals relax within 100’s of ns [see Eqs. (37) and (38)]. The device has a 480-nm thick MAPbI3 active layer, a C60/BCP electron transport layer, and a PEDOT:PSS hole
transport layer.
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FIG. 11. Normalized periodic and linear components of TG-NLPC signals are fit with grating periods of (a)±(d) 1.07 and (e)±(h) 2.15 μm. Diffusive processes are evident when
the grating period is equal to 1.07 μm; however, the periodic and linear signal components are indistinguishable when the grating period is 2.15 μm due to the corresponding
increase in the diffusion timescale. These devices have 480-nm thick active layers, a C60/BCP electron transport layer, and a PEDOT:PSS hole transport layer.

carriers associated with the Gaussian part of the TG-NLPC response,
which contributes to ΔQl(τ), simultaneously increases because the
diffusion process conserves the total number of carriers in the active
layer; the integrated area of G(y, t′,ϕ j) is independent of the time
variable, t′, in Eq. (17). Therefore, because the recombination rate
increases with the carrier density, transferring carriers from the peri-
odic to Gaussian components of the density profile accelerates the
decay of ΔQl(τ).

Empirical diffusion times are obtained by multiplying Sl(τ)
with an exponential envelope function,

Sp(τ) ≙ Sl(τ) exp (−τ/tdiff ), (41)

and fitting the periodic component of the signal, ΔQp(τ). The
diffusion coefficient can then be determined by comparing the
empirical value of tdiff to the model calculation presented in Fig. 5.
For the 1.07-μm grating period, an average diffusion coefficient of

TABLE II. TG-NLPC Fitting Parameters.

Parameter 1.07 μm 2.15 μm

Tav 32.44 ± 2.91 ns 50.77 ± 8.66 ns
tdiff

a 11.06 ± 2.44 ns 229.09 ± 76.87 ns
Db 0.028 ± 0.006 cm2/s . . .

aThe uncertainty range for tdiff represents the standard deviation associated with the
four results displayed in Fig. 11. This fitting parameter directly reflects relaxation of the
periodic signal component and does not require solution of a diffusion equation.
bThe uncertainty range in D is translated from tdiff using the relation shown in Fig. 5.
Heterogeneity in the refractive index on the micrometer length scale can additionally
inflate the uncertainty in the D.

D ≙ 0.028 cm2/s is obtained with the four datasets presented in
Fig. 11. Notably, this diffusion coefficient is within the uncertainty
ranges of the diffusivities we have previously determined using tran-
sient absorptionmicroscopies conducted on similarMAPbI3 films.27

In the bottom row of Fig. 11, the TG-NLPC experiments performed
with a 2.15-μm grating period are not useful for determining diffu-
sion coefficients; however, these measurements constitute controls
for confirming that the signature of diffusivity is suppressed when
the grating period increases. It is instructive to consider that the dif-
fusion time for a density grating roughly scales as the square of the
period, L, because carriers diffuse toward the concentration min-
ima from two directions. For example, with a diffusion coefficient of
D ≙ 0.03 cm2/s, we compute diffusion times of tdiff ≙ 10 and 39 ns for
gratings periods of 1.07 and 2.15 μmusing Eqs. (17)±(24). This four-
fold discrepancy in diffusion times is consistent with the behaviors
observed in Fig. 11.

The diffusion coefficient determined with the TG-NLPC tech-
nique, D ≙ 0.028 cm2/s, can be put in perspective with consid-
eration of the μ ≙ 0.025-cm2/V/s mobility measured with NLPC
spectroscopy for MAPbI3 devices in our laboratory.30,32 Under the
assumption of a sufficiently weak electric field within the active
layer, the diffusion coefficient is related to the carrier mobility by
the Einstein±Smoluchowski equation,

D ≙
μ ⋅ kBT

qe
, (42)

where qe is the electrical charge.
18,19 Thus, the diffusion coefficient

predicted with the empirical mobility,D ≙ 0.0006 cm2/s, is ∼44 times
smaller than the measured value of D ≙ 0.028 cm2/s. Considering
that diffusivities can vary by orders of magnitude depending on

J. Chem. Phys. 159, 094201 (2023); doi: 10.1063/5.0159301 159, 094201-13

Published under an exclusive license by AIP Publishing

 0
2
 J

u
n
e
 2

0
2
4
 1

7
:1

7
:1

2



The Journal

of Chemical Physics
ARTICLE pubs.aip.org/aip/jcp

the measurement technique,5 we attribute this discrepancy to differ-
ences in the length scales and directions of transport associated with
conventional NLPC and TG-NLPC measurements.5 In the present
TG-NLPC measurements, the diffusivity reflects lateral motions of
carriers (i.e., orthogonal to the direction of drift) on the length scale
of 1.07 μm for the smallest grating period. In contrast, the mobili-
ties obtained with conventional NLPC spectroscopy are sensitive to
transport between electrodes on the length scale of the light pene-
tration depth (e.g., 34 nm for MAPbI3 at an incident wavelength of
400 nm).32,69 For these reasons, we suggest that the carrier mobilities
and diffusivities determined NLPC and TG-NLPC spectroscopies
will generally carry complementary information.

C. Practical considerations for generalizing
the TG-NLPC method to other materials

Model calculations and control experiments have been used to
characterize TG-NLPC signal generation mechanisms in the present
work. In this section, we summarize the practical implications of our
results for applications to other materials.

First, we clarify that TG-NLPC experiments possess a low tech-
nical barrier compared to femtosecond nonlinear spectroscopies. As
discussed in our recent work,32 the present NLPC setup employs a
pair of synchronized 40-ps, 400-nm diode lasers, whereas our initial
NLPC experiments were based on an amplified titanium±sapphire
laser system.29±31 Therefore, it is not necessary to compress the laser
pulses, and the delay time is varied without a mechanical translation
stage. The entire path from the laser system to the sample includes a
total of ten mirrors. The TG-NLPC interferometer, which is adapted
from diffractive optic-based four-wave mixing approaches,54±57 is
straightforward to align and maintains passive phase stabilization
for at least 24 h. Moreover, the saturation response targeted by
the technique is typically 1%±5% with 1-μJ/cm2 laser fluences, two-
body recombination coefficients on the order of 10−9 cm3/s, and
excited-state lifetimes exceeding 1 μs.33

Second, we have shown that diffusion cannot be detected if car-
riers drift to the electrodes on a shorter timescale. For this reason, the
transport layers of the devices were altered in this work to reduce the
carrier drift velocities, whereas the timescale of diffusion was varied
using the density grating periods. To generalize the method to arbi-
trary materials and devices, we suggest that the grating period can
be reduced to ensure that the timescale of diffusion is always shorter
than the carrier transit time between electrodes. For example, diffu-
sion times less than 5 ns can be achieved with a grating period of
500 nm assuming the diffusion coefficient is at least D ≙ 0.03 cm2/s.
The method will then be compatible with perovskite photovoltaic
devices possessing active layer thicknesses of ∼100 nm (i.e., carrier
transit times exceeding 10 ns).29±31

Third, whereas the linear optical properties of MAPbI3 films
have been fully characterized,69 the refractive indices must be mea-
sured for all newly developed materials (e.g., with ellipsometry) to
compute the periods of density gratings using Eq. (19). Like con-
ventional transient grating spectroscopies, the refractive index of the
sample must be known to determine diffusion coefficients with the
TG-NLPCmethod. In contrast, the diffusion timescales are found by
fitting the TG-NLPC signals and do not require modeling the signal
generation mechanism (see Fig. 11).

Fourth, because the time resolution of the technique reflects
a sub-ns ªburstº of carrier recombination,33 it is not necessary
to numerically deconvolute recombination dynamics from slower
drift and diffusion processes. For example, the model presented in
Sec. III suggests that relaxation of the periodic signal component
(see Fig. 8) directly reflects diffusion if recombination processes
accumulate on a shorter timescale. The same principle applies to
carrier drift and has been verified with time-of-flight measurements
conducted under a variety of conditions.29,30,32,74 While NLPC spec-
troscopies are compatible with studies of nanosecond transport
mechanisms, they have limited use for studies of picosecond electron
and energy transfer mechanisms.33 Multidimensional photocurrent
spectroscopies based on higher-order perturbative responses are
capable of femtosecond time resolution but are more challenging to
implement.34±37,75±77

V. CONCLUDING REMARKS

In recent years, we have developed multi-pulse photocurrent
spectroscopies in which recombination-induced nonlinearities are
leveraged for studies of long-range transport mechanisms in per-
ovskite photovoltaic cells.28±33 These methods take inspiration from
traditional four-wave mixing techniques78±80 and Fourier transform
multidimensional photocurrent action spectroscopies,34,35,40,75±77

where a nonlinear polarization is induced within a material using
a sequence of laser pulses. Such nonlinear polarizations, which are
described using higher-order time-dependent perturbation theory,81

encode information regarding transient populations and resonances
between excited states. The recombination-induced nonlinearities
targeted in the present work can be viewed as a nuisance in Fourier
transform photocurrent spectroscopies because of differences in
time resolution and information content.36,38,41,82 Nonetheless, we
have demonstrated that NLPC signals yield dynamical informa-
tion unlike the cascades of lower-order responses observed in
two-dimensional off-resonant Raman spectroscopies.83±86

Although recombination-induced nonlinearities cannot reveal
resonances between excited states or femtosecond dynamics, the sig-
nals mimic spectroscopic signatures observed in conventional multi-
dimensional optical spectroscopies on longer timescales. For exam-
ple, two-dimensional NLPC spectra acquired with a pair of color-
tunable laser pulses exhibit dynamic growth in cross-peaks due to
charge carrier funneling in mixtures of layered perovskite quantum
wells.30 In addition, energy funneling processes yield similar spec-
troscopic features in recombination-induced two-dimensional fluo-
rescence spectra acquired for layered perovskite systems because of
related signal generation mechanisms.28,33 Whereas the magnitudes
of cross-peaks represent transient occupations of specific quantum
wells in NLPC experiments, saturation of the photocurrent induced
by carrier recombination processes partly flattens the spectroscopic
line shapes. In addition, the time resolution of the NLPC method is
limited by rate at which recombination processes accumulate in the
active layer.31±33 For example, the time resolution for NLPC spec-
troscopy is near 100 ps for experiments conducted with 1-μJ/cm2

laser fluences and materials with recombination coefficients of
β ≙ 10−9 cm2/s.32,33 Therefore, NLPC experiments are best-suited
to studies of long-range transport on nanosecond timescales.

Like two-dimensional NLPC experiments,30 the TG-NLPC
technique introduced in this work combines nonlinear optical and
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time-of-flight concepts to establish a comprehensive understand-
ing of the dynamics occurring within the active layer of a device.
Although drift and diffusion are subject to a fluctuation±dissipation
relation,19 complementary information regarding the two transport
mechanisms is obtained with the TG-NLPC method because the
dynamics are probed in orthogonal directions. The direction of car-
rier transport is significant because the grains sizes and crystalline
structural orientations can vary within the active layers of MAPbI3
devices depending on the fabrication conditions.4 Moreover, the
present experiments are sensitive to drift on the length scale of
the light penetration depth (34 nm in MAPbI3 with an incident
wavelength of 400 nm),32,69 whereas diffusion is probed using den-
sity gratings with periods of at least 1.07 μm. Although we have
focused on the dynamics of free charge carriers in this work, the TG-
NLPC approach can be supplemented with a fluorescence detection
channel to probe exciton diffusion in systems such as layered per-
ovskite quantum wells, where excitons constitute more than 90% of
the photoexcited species and dominate spontaneous emission.28,33

Experiments conducted with dual photocurrent and fluorescence
detection channels28,33 can enable a rapid characterization of trans-
port mechanisms for both free charge carriers (drift and diffusion)
and excitons (diffusion) in heterogeneous materials.

SUPPLEMENTARY MATERIAL

We present background related to the transient grating beam
geometry, calculations associated with the model for diffusion, TG-
NLPC data acquired for additional devices, SEM images displaying
the active layer thicknesses, and data demonstrating the stabilities of
the devices during data acquisition.
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