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ABSTRACT: Excitons have fundamental impacts on optoelectronic properties of semi-
conductors. Halide perovskites, with long carrier lifetimes and ionic crystal structures, may
support highly mobile excitons because the dipolar nature of excitons suppresses phonon
scattering. Inspired by recent experimental progress, we perform device modeling to rigorously
analyze exciton formation and transport in methylammonium lead triiodide under local
photoexcitation by using a finite element method. Mobile excitons, coexisting with free
carriers, can dominate photocurrent generation at low temperatures. The simulation results are
in excellent agreement with the experimentally observed strong temperature and gate
dependence of carrier diffusion. This work signifies that efficient exciton transport can
substantially influence charge transport in the family of perovskite materials.

Excitons, electron−hole pairs bound by Coulomb inter-
action, not only strongly influence the optical properties

of semiconducting materials by creating resonant optical
absorption but also play a crucial role in electronic properties
such as how photoexcited carriers are transported in the
materials. Furthermore, fundamental research on excitons has
revealed fascinating and rich physics. Excitons can form more
complicated quasi-particles such as trions, biexcitons,1,2 exciton
polarons,3 and exciton polaritons.4 Excitons may undergo a
gas−liquid phase transition5 and condense into an electronic
insulator or a superfluidic quantum state.6,7 How excitons
interact with free carriers and phonons is essential to
understanding these exotic behaviors. For example, in wide-
bandgap semiconductors with low dielectric constants,
excitons heavily dressed with phonons can be immobilized
by a self-trapping mechanism, such as in the case of metal
halides and one-dimensional (1D) hybrid halide perovskites.8,9

However, in inorganic semiconductors with larger dielectric
constants, electric field screening can result in highly mobile
excitons, exhibiting mobilities as high as 2 × 106 cm2 V−1 s−1 at
1.5 K in Si.10

Hybrid halide perovskites show unique properties that
facilitate unprecedented rapid development in optoelectronic
applications such as solar cells and light-emitting devices.
Halide perovskites have been shown to have a soft lattice with
Young’s moduli approximately 10 times lower than those of
common inorganic semiconductors.11 As a result of the highly
polarizable lattice, a charge carrier can effectively form a large
polaron with a diameter much larger than the unit cell size.12

Large polarons in halide perovskites may account for the

unique optoelectronic properties of the materials, including
electric field screening, defect tolerance, slow hot carrier
cooling, and moderate charge carrier mobility.13,14 Analogous
to charged (electron or hole) polarons, excitons may interact
with the crystal lattice and form polaronic excitons. The
phonon scattering of exciton polarons is fundamentally
different from that of charged polarons and is poorly
understood. The carrier scattering is expected to be dominated
by longitudinal optical (LO) phonons in halide perovskites.15

We recently proposed that the phonon scattering rate of
excitons can be significantly suppressed compared to that of
free carriers and charged polarons, because the electric field
created by a dipole is shorter-range than the monopolar field.16

Briefly, the interaction of an exciton with LO phonons can be
modeled through its induced dipole moment, expressed like
the polarizability of a hydrogen atom, α = 9aex

3/2, where aex is
the exciton Bohr radius.17 The interplay between the excitonic
and polaronic effects in halide perovskites is highly elaborate
and has been a subject of debate in the literature in various
forms. Halide perovskites are highly polar materials with
significantly different values of optical and static dielectric
constants, and they have lower phonon energies due to their
softness. These two properties combine to lead to high
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Fröhlich coupling constants for the charge−phonon inter-
actions. Therefore, the simple hydrogenic model of excitons
does not apply well in these materials. To characterize the
excitons, we use exciton size and binding energy values as
calculated using an effective interaction potential model for
polaronic excitons.18,19 In this model, the rate of scattering of
an exciton from LO phonons is reduced by a factor of

γ =
ε∞

( )a R
R

9
2

2
ex

3
h

ex
4 compared to a hole. Here, Rh and Rex are the

hole and exciton polaron radii, respectively, where the polaron
radius of a quasi-particle of mass m interacting with LO

phonons is given by =
ω
ℏR

m2 LO
. We have estimated that γ ≈

10−3, indicating exciton mobility is significantly higher than
that of free carriers or charged polarons.16

This theoretical prediction is supported by our experimental
observation of the strong temperature dependence of photo-
generated carrier diffusion in single-crystal methylammonium
lead triiodide (MAPbI3) microstuctures, by scanning photo-
current microscopy (SPCM).16 Carrier diffusion lengths were
found to increase much more rapidly than expected from
phonon scattering of charged polarons as the temperature
decreased. Instead, the experimental results can be understood
by the exponentially increased fraction of highly mobile
excitons at low temperatures. Furthermore, carrier diffusion
lengths were found to increase by a factor of 8 with an increase
in majority carrier (electron) concentration under the gate
voltage (VG). This is also consistent with the exciton model, as
the higher carrier concentration increases the probability of
exciton formation,20 leading to a larger exciton fraction and
hence a higher effective mobility.
Here, inspired by the previous experimental work, we

perform device modeling and numerical simulations to
rigorously analyze the exciton formation and transport in

MAPbI3 microstructures under local photoexcitation. The
simulation results agree well with our experimental observa-
tions, including temperature and gate-dependent photocurrent
decay lengths. A similar approach21 has been applied to
simulate the excitonic effects in conducting polymer solar cells,
but excitons were treated as immobile particles. In this Letter,
we instead consider that excitons are significantly more mobile
than free carriers. Another major difference is that the device
geometry examined in the previous work was a solar cell under
uniform illumination, while we consider a point photo-
excitation as used in SPCM. SPCM is a powerful experimental
technique that provides spatially resolved photocurrent
mapping and insights into carrier transport.22−24 In particular,
this method has been recently applied to extract carrier
diffusion length, a crucial optoelectronic parameter in halide
perovskites.16,25−27 However, these previous SPCM efforts
have considered only free carriers, ignoring the contribution of
excitons. We show that excitons can actually dictate the
photocurrent distributions at low temperatures.
We consider three types of coexisting particles in the

material under light illumination: free electron, free hole, and
exciton. To be clear, by “free” we mean the electron and hole
are not bound to an exciton, but they may still be dressed by
phonons, resulting in reduced mobilities. A free electron and a
free hole are bound to an exciton at a rate described by
Langevin recombination (kr), which assumes an exciton forms
once an electron and a hole move within their joint capture
radius28

μ
ε ε

=k
e

r
r 0 (1)

where μ = μn + μp is the sum of electron and hole mobilities
and εr is the dielectric constant. An exciton can also dissociate

Figure 1. Simulated distributions of the electric field, free carriers and excitons, under point excitation at x = 10 μm with a power P = 1 nW and Vsd
= 0 V in a MAPbI3 nanoribbon device. (a) Diagram showing the generation, pairing/dissociation, and recombination processes of coexisting
excitons and free carriers. (b) Schematic drawing of the device configuration under a focused laser and the generation and transport of excitons and
free carriers. (c−f) Distribution of the electric field, free hole density, exciton density, and exciton fraction, respectively, at 80 and 300 K. Eb is set to
10 meV at 300 K and 20 meV at 80 K for all plots. This figure shows the distributions near the contact. The distributions over the entire channel
are shown in Figure S3.
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into a free electron and a free hole at a rate that depends on
local electric field E

=k E k K E( ) ( )d r (2)

At E = 0, the equilibrium constant of exciton dissociation K(0)
is given by29

π
= −K

a
e(0)

3
4

E k T

ex
3

/b B

(3)

where aex is the exciton size and =
πε ε

E e
ab 4

2

r 0
is the exciton

binding energy. In the presence of an electric field, excitons
dissociate at a higher rate given by28

=
−

−
K E K

J b

b
( )/ (0)

(2 2 )

2
1

(4)

where J1 is the Bessel function of order one and =
πε ε

b e E
k T8

3

r 0 B
2 2 .

As depicted in Figure 1a, photogenerated excitons coexist
with free charge carriers via the formation and dissociation
processes described above. Both excitons and free carriers can
recombine into the ground state and drift and diffuse to other
locations. To determine the densities of free electrons (n), free
holes (p), and excitons (nex), one needs to solve the
electrostatic and continuity equations

ε ε∇· ⃗ = + − −E e p N n N( )/d a r 0 (5)

÷ ◊÷÷
= − − − ∇·n

t
k E n k np R J

d
d

( )d ex r SRH n (6)

÷ ◊÷÷
= − − − ∇·

p
t

k E n k np R J
d
d

( )d ex r SRH p (7)

τ= + − − − ∇· ⃗n
t

G k np k E n n J
d
d

( ) /ex
ex r d ex ex ex ex (8)

where Na is the acceptor concentration, Nd is the donor
concentration, Gex is the photoexcitation rate, and τex is the
lifetime of excitons. Gex in eq 8 is set to initially generate
excitons. We note that the simulation results do not change if
photoexcitation initially generates free carriers. The simulated
photocurrent distributions and photocurrent decay lengths
remain the same if Gex is moved to eqs 6 and 7 as shown in
Figure S1b. This is because the excitons and free carriers
quickly reach a balance through the fast pairing and
dissociation process, regardless of whether excitons or free
carriers are generated initially. Furthermore, higher-order
terms such as Auger recombination may have impacts on the
diffusion length as observed in WS2 monolayers.30 However,
we do not consider that in this work as we used a relatively low
laser power and did not observe an increase in diffusion lengths
at higher laser powers in our previous experiments.16 At a high
laser intensity, bimolecular recombination may lead to a
reduced effective carrier lifetime. For the sake of simplicity, we
also ignore this effect. We assume that free carriers recombine
through the Shockley−Read−Hall process at a rate RSRH

τ τ
=

−
+ + +

R
np n

n n p n( ) ( )SRH
i
2

p i n i (9)

where Jn⃗, Jp⃗, and Je⃗x are number (not charge) current densities
of electrons, holes, and excitons, respectively. Each current

density has both diffusion and drift components. Explicitly, we
have

÷ ◊÷÷
μ μ= − ⃗ − ∇J nE k T n e/n n n B (10)

÷ ◊÷÷
μ μ= ⃗ − ∇J pE k T p e/p p p B (11)

μ⃗ = − ∇J k T n e/ex ex B ex (12)

where μn, μp, and μex are the mobilities of electrons, holes, and
excitons, respectively. We assume the Einstein relation is held
in all three cases (for example, the diffusivity of excitons is Dex
= μexkBT/e). The drift term in exciton current is absent
because excitons are charge neutral. We ignore the photo-
induced thermoelectric current as the observed photocurrent is
much larger than that expected from such an effect,16

confirmed by previous simulation work.23,24

The equations presented above can only be solved
analytically by making some extreme assumptions. Though
these assumptions are perhaps oversimplified, the analytic
solutions can help improve our understanding of the physical
mechanisms. We will consider three different assumptions
below.
First, we consider that the material is under homogeneous

photoexcitation. In this case, free carriers and excitons are
uniformly distributed so all currents are zero. In addition,
carrier pairing rate kr is estimated to be 10−5 cm3 s−1 using a
mobility of 100 cm2 V−1 s−1, corresponding to a pairing time
τ =

k npair
1

r
of a few picoseconds for n = 1016 cm−3. This is much

faster than the carrier recombination with a time scale of 100
ns. Thus, we can also drop the nex/τex term in eq 8. In the
absence of an electric field, this then becomes an equilibrium
equation

π
= = −np n K

a
e/ (0)

3
4

E k T
ex

ex
3

/b B

(13)

This equation describes the ratio of the free carrier densities
over the exciton density in pseudoequilibrium. We shall see
that this relation is held quite precisely even under
inhomogeneous photoexcitation, as confirmed by the simu-
lation results shown below. We also note that the equation
presented above is similar in form to the Saha−Langmuir
equation,20,31 with the thermal de Broglie wavelength [

λ π= *h m k T/ 2 ex B , where mex* = memh/(me + mh) is the
effective mass of an exciton] replaced by exciton size aex. Both
the Saha−Langmuir equation and eq 13 have been used to
relate the exciton and free carrier densities in equili-
brium.20,21,28,32 Here we choose to use eq 13. As λ and aex
are on the same order of magnitude, this choice is not expected
to change our qualitative conclusions. More exactly in MAPbI3,
λ is estimated to be 5 times larger than aex at 300 K and 10
times larger at 50 K. As a result, the Saha model predicts an
exciton fraction larger than that predicted from the Langevin
model. Understanding this interesting discrepancy requires
further theoretical and experimental work and is beyond the
scope of this work.
Second, we consider a point photoexcitation source but

assume that exciton density is negligibly small when Eb ≪ kBT.
In this case, eqs 6 and 7 are reduced to the continuity
equations for free carriers alone. One can show22 that the
photocurrent decays exponentially as the point photoexcitation
is moved away from the contact (I = I0e

−x/Ld), with a decay
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length that equals the minority carrier diffusion length, for
example, τ=L Dd p p in n-type semiconductors.

Third, a more interesting assumption is that excitons are
much more mobile than free carriers (μn ≪ μex, and μp ≪ μex)
as indicated in our previous work.16 In this extreme case, we
can ignore the drift and diffusion of free carriers (Jn = Jp = 0).
To simplify the discussion, we can assume the material is n-
type and hence RSRH = p/τp at low photoexcitation intensities.
Considering a steady state in which the carrier concentration is
independent of time, summing eqs 7 and 8 yields

τ τ∇· ⃗ = − −J G n p/ /ex ex ex ex p (14)

In the region outside the photoexcitation point, Gex = 0 and
the above equation in one dimension becomes

τ τ= +D
n
x

n p
d
d

/ /ex

2
ex
2 ex ex p (15)

If we can further assume free carriers and excitons reach a
dynamic balance at any position, we can use eq 13 to eliminate
p. In addition, n ≈ Nd is expected to be uniform under low
photoexcitation in n-type devices, so we have

τ τ τ= [ + ] =D
n
x

n K N n
d
d

1/ (0)/ /ex

2
ex
2 ex ex d p ex eff (16)

where τeff is the effective lifetime. The solution to this equation
is a simple exponential distribution of exciton concentration,
indicating that the photocurrent exponentially decays with a
decay length that is determined by the exciton diffusion
coefficient and a hybrid effective lifetime

τ
τ τ

= =
+

L D
D
K N1/ (0)/d ex eff

ex

ex d p (17)

We carry out numerical simulation by a finite-element method
to more rigorously solve the differential equations. We
consider a device configuration similar to that in our previous
experimental work,16 where a microribbon of MAPbI3 is in
contact with two Au electrodes. A Gaussian distributionÄ

Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ{ }= −

σ
−G G exp x x

ex 0
( )

2
0

2

2 is assumed for the photoexcitation

induced by the focused laser beam, where G0 is the maximum
carrier generation rate, x0 is the laser center position, and σ is
the Gaussian width. Because the CW laser scans slowly (a line
scan takes ∼1 s), a steady state can be assumed. We focus on
devices with Schottky junctions at the MAPbI3 and Au
interface, as experimentally shown.16,25 The typical size of the
microribbon is tens of micrometers long, 1 μm thick, and 1 μm
wide. As the longitudinal dimension is much larger than the
lateral dimension in these microstructures, the three-dimen-
sional (3D) charge transport can be simulated by 1D
equations. The photoexcitation absorbed near the top of the
microribbon (typically within the optical absorption depth of
tens of nanometers) and the bottom gate may create
inhomogeneous carrier distributions. However, even with
such inhomogeneity, the 3D carrier transport can be simplified
into one dimension, because the carriers flow parallel to the
channel in most of the transport path in the device channel as
previously shown.23

The device configuration used in the simulation was slightly
different from our previous experimental setup16 because 1D
simulation does not allow for extraction of the photocurrent

distributions outside the source-drain channel. Instead, the
device was composed of a 1D channel between source and
drain contacts as shown in Figure 1b, where we can still extract
the carrier diffusion lengths from the photocurrent decay inside
the channel to compare with our previous experimental results.
To ensure the nature of diffusion, a zero source-drain bias was
used in the simulation. A relatively large, 600 μm channel was
used for the accurate extraction of the long photocurrent decay
length at low temperatures.24

All physical parameters used in the simulation were chosen
to represent the realistic experimental conditions and the
MAPbI3 microribbon properties.16 We assumed an n-type
channel with a donor concentration of Nd = 5 × 1016 cm−3 by
default. The gate effect was considered by directly changing
Nd. Schottky junctions with a barrier height qΦB = 0.35 eV
were used for both contacts, similar to that in real devices. At
the metal contacts, we assume that the recombination occurs
very fast, such that an equilibrium is reached. As a result, both
the quasi-Fermi levels of free electrons and holes are equal to
the work function of the metal, and free carriers and excitons
reach equilibrium, i.e., np/nex = K(Em), where Em is the electric
field at the metal contact and is estimated from the abrupt
Schottky junction equation. Both measured and calculated
values of exciton binding energies in MAPbI3 have been
reported in a broad range from a few millielectronvolts to >50
meV.33 However, it is largely agreed that the binding energy of
excitons is considerably larger in the low-temperature crystal
phase. The exciton binding energy values used in our
simulation were chosen to be 10 meV for the tetragonal
phase and 20−30 meV for the orthorhombic phase below a Tc
of 160 K, consistent with the typical values in previous
reports.34 The justification of values for dielectric constants
and exciton size can be found in ref 16. We set the exciton
mobility to be ∼300 times that for free carriers, and their
values were chosen to match our experimental results. We
chose temperature-dependent mobilities for both free carriers
and excitons (μ ∼ T−3/2), assuming phonon scattering is
dominant.10,35 Lifetimes of free carriers and excitons were
chosen to have a similar power law dependence (τ ∼ T−3/2).36

We note that the simulation results are robust against the
details of the power law dependence of mobilities and
lifetimes, because the dominant factor governing the temper-
ature-dependent diffusion length is the exciton fraction that
exponentially depends on T. The simulated diffusion length is
similar when using a T-independent lifetime (Figure S2).
Simulation parameters are listed in Table 1.
Python with a SciPy library was used as a differential

equation solver. Non-uniform mesh sizes were used, with a
high-resolution 3 nm mesh size near the metal−semiconductor
junctions and the laser injection position, and gradually
increasing mesh sizes to a few hundred nanometers at places
where carrier concentrations slowly varied. We confirmed that
simulations using finer mesh did not show notable changes.
We further cross-checked the Python simulation results with
COMSOL Multiphysics, a commercial finite element solver.
The two methods generated highly consistent results as shown
in Figure S1c. We chose to mainly use Python because of its
flexibility.
We first present the simulated distributions of the electric

field, free charge carriers, and excitons at 300 and 80 K (Figure
1). We set the source-drain bias to zero (Vsd = 0 V) and fix the
focused laser position at 10 μm from the left contact. The laser
intensity is sufficiently weak, and the photoexcited electron
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(majority carrier) density is much lower than that in the dark;
therefore, the electronic band bending is not perturbed by the
light. The electric field is only large in the Schottky junction
near the contact, reaching 3 V/μm (Figure 1c). The electric
field is slightly smaller at low temperatures, likely because of
the reduced effective densities of states (Nc and Nv). This

electric field is on the same order of magnitude as that needed
to split excitons, which can be estimated by Eb/qaex.
The simulation allows us to visualize the distributions of the

free hole (minority carrier) density (p) and exciton density
(nex). Both peaked at the laser excitation position and decay
much more slowly at low temperatures, indicating more
efficient diffusion (Figure 1d,e). Both p and nex decrease to
zero at the contact as enforced by the boundary condition of
an infinite recombination rate. Because the photoexcited free
hole density is much larger than the dark hole density (Δp ≫
p0) as under the experimental condition, the free hole density
is almost all from photoexcitation (p ≈ Δp). We can then use
the ratio fex = nex/(nex + p) to evaluate the fraction of excitons
over the total photoexcited carriers. fex ranges from 0 to 1,
where 1 means that photoexcitation produces only excitons.
Though both p and nex change significantly in the channel, the
distribution of fex is uniform in the electric field free zone
(Figure 1f). This is because coexisting excitons and free
carriers reach a dynamical balance governed by eq 13. This
balance is not affected by the diffusion and recombination of
photoexcited carriers, as both the formation and dissociation
rates of excitons are much faster than the diffusion and
recombination processes, as confirmed by simulation (Figures
S4 and S5). We also note that the exciton formation rate is
estimated by the classical Langevin recombination (eq 1) in
this work. A more rigorous treatment that considers phonon
interactions yields a similar or slightly slower exciton formation
rate of up to tens of picoseconds.37 This is still much faster
than the carrier recombination and transport process, and
hence, our conclusion that excitons and free carriers reach a
balance still holds. In the field free region, fex increases from 1%

Table 1. Simulation Parameters

symbol physical meaning value

Eg bandgap 1.61 eV
Nd donor concentration 5 × 1016 cm−3

NA acceptor concentration 0
qΦB Schottky barrier height 0.35 eV
εr dielectric constant 30.4 (T ≥ 160 K)

25.7 (T ≤ 160 K)
aex exciton size 3.37 nm (T ≥ 160 K)

2.95 nm (T ≤ 160 K)
Eb exciton binding energy 10 meV (T ≥ 160 K)

20 or 30 meV (T ≤ 160 K)
me electron effective mass 0.19 m0

mh hole effective mass 0.23 m0

μn electron mobility 96.6 × (300/T)3/2 cm2 V−1 s−1

μp hole mobility 96.6 × (300/T)3/2 cm2 V−1 s−1

μex exciton mobility 27482 × (300/T)3/2 cm2 V−1 s−1

τn electron lifetime 100 × (300/T)3/2 ns
τp hole lifetime 100 × (300/T)3/2 ns
τex exciton lifetime 1000 × (300/T)3/2 ns
L channel length 600 μm
Az cross-section area 0.4 μm2

λ laser wavelength 532 nm
σ laser beam width 200 nm

Figure 2. Simulated temperature-dependent photocurrent distributions in a MAPbI3 microribbon device. (a) Photocurrent as a function of the
photoexcitation location at various temperatures using an Eb of 20 meV below Tc and an Eb of 10 meV above Tc. The solid lines are simulated
values, and the dashed lines are the fitting by a hyperbolic function. (b) Temperature-dependent Ld at different Eb values or in the absence of
excitons. The circles are Ld values extracted from the hyperbolic fitting of photocurrent distributions as in panel a. The solid curves are calculated
using eq 17. The experimental results (green circles, extracted from ref 16) are also shown to compare with the simulation. A semilog plot is shown
in Figure S6. (c) IQE at the photocurrent peak as a function of T. (d) fex in the electric field free region as a function of T. The circles are extracted
from the simulation, and the solid curves are calculated using eq 13. (e and f) Distributions of current density components at 300 and 80 K,
respectively. The vertical yellow lines indicate the photoexcitation positions.
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at 300 K to 9% at 80 K. The reduced fex in the depletion region
is caused by the exciton splitting under the strong electric field.
Next, we simulate the photocurrent as a function of the

photoexcitation position at Vsd = 0 V and across various
temperatures. The photocurrent decays rapidly as the photo-
excitation position moves away from the contact in the high-
temperature phase with an Eb of 10 meV. Below the transition
temperature (Tc = 160 K) when Eb increases, the decay is
much slower (Figure 2a,b). Above the Tc, the photocurrent
decay follows very well an exponential function, from which
decay length Ld can be extracted. Ld only slightly increases
from 10 to 20 μm when T is reduced from 300 to 160 K. The
values of Ld are very close to those expected from free minority
carrier diffusion, indicating exciton diffusion makes a negligible
contribution to photocurrent at these temperatures. This is
consistent with the Eb being significantly below kBT for the
high-temperature phase. Ld then jumps from 20 to 30 μm for
an Eb of 20 meV (40 μm for an Eb of 30 meV) as T drops
below Tc (Figure 2b and Figure S6), caused by the sudden
increase in Eb.
At low T, the photocurrent decays slowly and its profiles

substantially deviate from a single-exponential function, due to
the decay length becoming comparable to the channel length.
To accurately extract the decay length, we fit the curve with a

hyperbolic function = −I x A( ) sinh x L
L0

/ 2

d

0 , where L = 600

μm is the channel length and A and Ld are fitting parameters.
The photocurrent distributions can be fit very well by this
function. The hyperbolic fitting can be justified by considering
the continuity equation and boundary conditions (see details
in the Supporting Information).
As T is reduced from 160 to 50 K, Ld extracted from the

simulated photocurrent profiles increases sharply, by 11 times
for an Eb of 20 meV and 25 times for an Eb of 30 meV. If
excitons are not considered, Ld increases by only ∼3-fold
(Figure 2b). This comparison signals the importance of the
exciton contribution to the overall carrier diffusion length. The
simulated T-dependent Ld, both the sudden jump across the
phase transition and the rapid increase below Tc, agrees very
well with our previous experimental results, which are also
plotted in Figure 2b. The simulated fex is close to zero above Tc
and reaches ∼40% for an Eb of 20 meV and 80% for an Eb of
30 meV at 50 K (Figure 2d).
Remarkably, both Ld and fex are also in excellent agreement

with that calculated from eqs 17 and 13, respectively, as shown
in panels b and d of Figure 3 (solid lines are calculated curves,
and circles are simulated). This indicates that the assumptions
made when deriving these equations, including (1) excitons
and free carriers reaching a dynamic balance across the channel
and (2) neglecting the free carrier current, are reasonable.
These analytic expressions provide not only a simple method
for estimating the Ld and fex values but also a clear and intuitive
picture of understanding the transport of photoexcited carriers.
Though excitons and free carriers are set to have very different
mobilities and lifetimes, their simulated distributions (Figure
1) and photocurrent profiles (Figure 2a) clearly follow an
exponential (or hyperbolic) function with only one character-
istic decay length (Ld), instead of having multiple components
(such as τDp p and τDex ex ). This is because free carriers and

excitons convert into each other frequently through a
picosecond pairing/dissociation process and hence reach a
pseudoequilibrium with a uniform exciton fraction along the
device channel (except at the Schottky junction). As a result,

the coexisting free carriers and excitons can be regarded as one
species moving at the much higher exciton mobility but with a
hybrid lifetime as in eq 17.
The internal quantum efficiency (IQE), defined as the ratio

of electrons collected to photons absorbed in the microribbon,
is calculated at the maximum current position and plotted
against T (Figure 2c). The simulated IQE first increases when
T is reduced from 300 to ∼250 K and then saturates at ∼40%.
Such an IQE increase is caused by the channel resistance (R)
decreasing at lower values of T. As carrier mobility is assumed
to increase at lower values of T, R decreases, resulting in an
increased IQE. This explanation is confirmed by the simulation
results for a shorter channel device as shown in Figure S7. The
40% IQE (instead of the ideal 50% value for the device with
two Schottky contacts) is also caused by the series channel
resistance.23 If exciton formation is not considered, the
simulated IQE remains high below Tc. In this case, IQE
slightly increases closer to 50% as R decreases at lower values
of T, but when exciton formation is considered, IQE
significantly decreases at lower values of T and drops to 18%
for an Eb of 20 meV and 3% for an Eb of 30 meV at 50 K. This
is because the equilibrium constant of exciton dissociation
K(E) depends on T as shown in eqs 4 and 13. K(E) is reduced
by more than 1 order of magnitude at low values of T as shown
in Figure S8. The reduced photocurrent efficiency at lower
values of T is consistent with previous experimental work.38

Figure 3. Simulated doping level-dependent photocurrent distribu-
tions in a MAPbI3 microribbon device at 80 K. (a) Photocurrent as a
function of photoexcitation location with various donor concen-
trations for an Eb of 20 meV below Tc. The photocurrent distributions
for an Eb of 30 meV are shown in Figure S9. The hyperbolic fittings
for extracting Ld are shown as dashed lines. (b) Donor concentration-
dependent Ld at different values of Eb or in the absence of excitons.
The circles are Ld values extracted from the hyperbolic fitting of the
simulated photocurrent distributions as in panel a. The solid curves
are calculated using eq 17. The inset shows the experimental result
from ref 16. (c) Simulated IQE at the photocurrent peak position as a
function of donor concentration. (d) Simulated exciton fraction
(circles) in the electric field free zone. The expected fex values
calculated by eq 13 are shown as solid lines.
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To better understand photocurrent generation, we plot the
simulated distributions of individual photocurrent components
when the photoexcitation is fixed at x = 10 μm at 300 and 80 K
(Figure 2e,f). The total current is the sum of four components,
including electron drift, electron diffusion, hole drift, and hole
diffusion. Though each component varies along the channel,
the total current must be uniform because of charge continuity
as shown in the plot. In comparison, we also plot the exciton
diffusion current (eJex) as defined in eq 12. Exciton flow does
not directly generate electric current because excitons are
charge neutral, but excitons can be split into electrons and
holes under the electric field in the Schottky junction, where
the efficient charge separation can produce photocurrent. As
shown clearly in the figure, the exciton current at 80 K is much
higher than that at 300 K, because more excitons are formed
with increased exciton binding energy. At 80 K, the exciton
current is much larger than free carrier diffusion/drift
components, indicating the exciton flow dominates photo-
current generation.
To compare with the experimentally measured gate-

dependent Ld, we simulate photocurrent distributions with
various Nd values at 80 K, as both doping and gate can change
the Fermi level. If only free carriers are considered, the
simulated Ld values remain approximately the same in a large
range of Nd values (Figure 3b), inconsistent with the
experimental results that Ld changes by a factor of 8 under
gate (Figure 3b, inset).16 The slight increase in Ld at low Nd
values is caused by the longer SRH recombination lifetime at a
low doping density (eq 9). On the contrary, if excitons are
considered, the simulated photocurrent decays much more
slowly as Nd increases (Figure 3a,b), which is consistent with
the experimental results. The simulation again agrees well with
eq 17, except at very low values of Nd, because the n-type
assumption no longer holds at such low doping concentrations.
A higher Nd, and hence a higher electron density, increases the
probability of exciton formation, leading to a larger exciton
fraction as shown in eq 13. The larger fex is confirmed directly
by simulation and agrees well with the calculation by eq 13
(Figure 3d). The simulated peak IQE drops at a higher Nd
(Figure 3c), presumably because the excitons are less likely to
split after reaching the contact due to a larger exciton fraction
and smaller contact band bending. IQE also drops at lower
values of Nd because of a more resistive channel. We note that
at high Nd values or a high laser intensity, Eb may be reduced
because of strong field screening.39 This effect is not
considered in our simulation.
Photon recycling via re-absorption of emitted photons by

the material has been proposed as a possible mechanism for
extending the propagation of photoexcitation energy.40 We
now consider this effect using numerical simulation. To
account for this effect, we add an internal generation term in
the continuity equations (eqs 6 and 7) in addition to the
external generation term by laser, similar to the previous
work41

=G k nppint rad r (18)

where krad is the radiative recombination coefficient and pr is
the re-absorption probability. We take pr to be 0.9 and krad to
be 2 × 10−10 × (T/300)3/2 cm3/s, which corresponds to a
radiative lifetime that equals the minority carrier lifetime used
in SRH recombination (τrad = τp) at any temperature. We turn
off the exciton effect by letting kd(E) and kr be zero in eqs 6

and 7 and add a radiative recombination term. The new hole
continuity equation in the steady state then becomes

÷ ◊÷÷
+ − − − ∇· =G G k np R J 0ex int rad SRH p (19)

The electron continuity equation is similar, but Jp⃗ is replaced
by J ⃗n. The simulated photocurrent distributions when
considering photon recycling effects show an increase in Ld
of ∼40% (Figure 4b). This result indicates that while photon

recycling certainly can have an effect on modifying Ld, the
major contribution to the experimentally observed much
longer Ld is likely not from this effect. Equation 19 can be
simplified under the reasonable assumptions that photocurrent
is dominated by minority carrier diffusion and the photo-
excitation intensity is low so that n = Nd. In the region outside
of photoexcitation of a 1D channel that is free of electric field,
the equation becomes

τ τ= [ + − ]D
p

x
p p

d
d

1/ (1 )/p

2

2 p r rad (20)

This leads to an exponential photocurrent with a decay length
given by

τ τ
=

+ −
L

D

p1/ (1 )/d
p

p r rad (21)

The simulated photocurrent decay lengths are consistent with
this expression as shown in Figure 4b.
In summary, we have performed rigorous finite-element

simulations to model the transport of coexisting excitons and
free carriers locally excited by a focused laser. The device
modeling shows that highly mobile excitons become important
and dominate the photocurrent decay profiles at low
temperatures in halide perovskites. Our simulations are highly
consistent with our previous experimental results.16 The main
conclusions are as follows. (1) the effective diffusion length of
photogenerated carriers, as evaluated by the simulated

Figure 4. Simulated photocurrent distributions to take into account
photon recycling effects in a MAPbI3 microribbon device. (a)
Simulated photocurrent profiles through a range of temperatures both
below and above Tc for a pr of 0.9. Each curve is fitted with an
exponential function, shown as a dashed line overlaying the
corresponding curve. To clearly demonstrate the fitting quality, we
show the photocurrent distributions only near the right contact. The
left contact mirrors the right but with the opposite current polarity.
(b) Diffusion length Ld as a function of temperature for the baseline pr
of 0 (in the absence of photon recycling) and for a pr of 0.9. The
circles are Ld values extracted from the hyperbolic fitting of the
simulated photocurrent distributions as in panel a. The solid curves
are calculated using eq 21.
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photocurrent decay length in SPCM, rapidly increases below
the phase transition temperature (Figure 2). The simulated Ld
increases much faster than expected from phonon scattering of
free carriers, due to the exponentially increased fraction of
highly mobile excitons at lower temperatures. (2) The
diffusion length increases at higher doping levels as the higher
majority carrier concentration promotes the formation of
excitons (Figure 3). (3) The temperature and doping level-
dependent photocurrent decay lengths both agree quite well
with the analytic result expressed in eq 17, which is derived
under the assumption that excitons and free carriers reach a
dynamic balance and hence the exciton fraction remains
constant through the device channel. (4) The photocurrent
quantum efficiency can be tuned by temperature and doping
level. The decrease in efficiency at low temperatures or at high
doping levels can be understood by the difficulty of exciton
splitting. (5) The simulated photon recycling effects based on
internal re-absorption do not appear to generate a sufficient
increase in the decay length to explain the experimental results.
Our work sets up a rigorous simulation method for
understanding the role of excitons in the transport of
photogenerated carriers. The simulation also provides a more
accurate interpretation of the experimental results obtained
from a widely used spatially resolved optoelectronic technique.
We expect this modeling method to be used in a variety of
materials beyond halide perovskites, such as two-dimensional
materials with a large excitonic binding energy.
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Alsari, M.; Snaith, H. J.; et al. Photon recycling in lead iodide
perovskite solar cells. Science 2016, 351, 1430−1433.
(41) Kirchartz, T.; Márquez, J. A.; Stolterfoht, M.; Unold, T.
Photoluminescence-based characterization of halide perovskites for
photovoltaics. Adv. Energy Mater. 2020, 10, 1904134.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c00507
J. Phys. Chem. Lett. 2021, 12, 3951−3959

3959

https://doi.org/10.1088/0034-4885/72/6/066501
https://doi.org/10.1088/0034-4885/72/6/066501
https://doi.org/10.1126/sciadv.1701469
https://doi.org/10.1126/sciadv.1701469
https://doi.org/10.1126/sciadv.1701469
https://doi.org/10.1038/ncomms11755
https://doi.org/10.1021/acs.jpclett.9b03643
https://doi.org/10.1021/acs.jpclett.9b03643
https://doi.org/10.1103/PhysRevB.16.4480
https://doi.org/10.1103/PhysRevB.16.4480
https://doi.org/10.1103/PhysRevB.68.045313
https://doi.org/10.1103/PhysRevB.68.045313
https://doi.org/10.1038/ncomms4586
https://doi.org/10.1063/1.3259367
https://doi.org/10.1063/1.3259367
https://doi.org/10.1063/1.3259367
https://doi.org/10.1142/S0217984913300184
https://doi.org/10.1142/S0217984913300184
https://doi.org/10.1021/acs.jpcc.8b06734
https://doi.org/10.1021/acs.jpcc.8b06734
https://doi.org/10.1021/acs.jpcc.8b06734
https://doi.org/10.1021/nl2018806
https://doi.org/10.1021/nl2018806
https://doi.org/10.1021/acs.nanolett.6b03782
https://doi.org/10.1021/acs.nanolett.6b03782
https://doi.org/10.1021/acs.jpclett.6b01308
https://doi.org/10.1021/acs.jpclett.6b01308
https://doi.org/10.1021/acs.nanolett.7b01665
https://doi.org/10.1021/acs.nanolett.7b01665
https://doi.org/10.1063/1.447243
https://doi.org/10.1063/1.447243
https://doi.org/10.1103/PhysRevLett.120.207401
https://doi.org/10.1103/PhysRevLett.120.207401
https://doi.org/10.1098/rspa.1921.0029
https://doi.org/10.1038/s42005-020-0309-3
https://doi.org/10.1038/s42005-020-0309-3
https://doi.org/10.1038/s42005-020-0309-3
https://doi.org/10.1002/aenm.201903659
https://doi.org/10.1002/aenm.201903659
https://doi.org/10.1002/adma.201806671
https://doi.org/10.1002/adma.201806671
https://doi.org/10.1103/PhysRevB.96.195202
https://doi.org/10.1016/0038-1101(92)90184-E
https://doi.org/10.1016/0038-1101(92)90184-E
https://doi.org/10.1103/PhysRevB.55.1333
https://doi.org/10.1103/PhysRevB.55.1333
https://doi.org/10.1021/acs.jpclett.6b02432
https://doi.org/10.1021/acs.jpclett.6b02432
https://doi.org/10.1021/acs.jpclett.6b02432
https://doi.org/10.1021/acs.jpclett.6b02432
https://doi.org/10.1103/PhysRevB.90.075203
https://doi.org/10.1103/PhysRevB.90.075203
https://doi.org/10.1126/science.aaf1168
https://doi.org/10.1126/science.aaf1168
https://doi.org/10.1002/aenm.201904134
https://doi.org/10.1002/aenm.201904134
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00507?rel=cite-as&ref=PDF&jav=VoR

