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Photon recycling has been proven to be an important process in metal halide perovskite thin films. We
propose a model of photon recycling based on the photon diffusion concept that can interpret experimen-
tal observations on the photoluminescence and transient spectroscopy in perovskite layers. Our model
shows how the photon recycling can enhance the apparent photocarrier lifetime and thereby slow down
the photoluminescence decay dynamics. We also discuss the interplay between photon recycling and the
photocarriers diffusive transport and demonstrate that at high carrier concentrations, photon recycling
dominates the diffusion, conveying the carriers inside the absorbing layer over long distances. We also
provide a quantitative determination of a diffusion length that is considerably expanded by the photon
recycling process. The effect of the photon recycling process on the Auger recombination rate is also
addressed here. The results provide insights for both interpreting the experimental observations and also
designing experimental schemes.
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I. INTRODUCTION

Recently, metal halide perovskites have attracted con-
siderable attention for optoelectronic applications owing
to their excellent light absorption and electronic proper-
ties [1]. Efficient radiative recombination in metal halide
perovskites is one the most important properties of these
materials, introducing them as good candidates for both
photoluminescent and photovoltaic devices. Generally, the
photons created by the radiative recombination of the
charge carriers may be reabsorbed again before being able
to escape from the system and subsequently reemitted. The
first evidence on the photon reabsorption in the halide
perovskites was reported in the work by Yamada et al.
in which the photoluminescence (PL) dynamics in sin-
gle crystals halide perovskite was explained by the photon
reabsorption effect [2]. This process, usually called photon
recycling (PR), has been demonstrated to have a unique
impact on the charge and energy transport length scales in
perovskite layers, and also on the open circuit voltage of
the perovskite solar cells [3].

Recently, transient spectroscopy and time-resolved PL
measurement have been used to investigate the PR effi-
ciency in perovskite thin films [4–9]. It has been observed
in these studies that by changing the light out-coupling
feature of the film (via changing the thickness or optical
design of the system, for example), one can manipulate the
externally measured (apparent) radiative recombination
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coefficient; an observation that is directly attributed to the
PR in the system. A similar result was already reported for
GaAs thin films in which thicker devices were observed to
show considerably longer PL lifetimes in comparison with
the radiative lifetime theoretically expected [10]. How-
ever, it should be noted that the PR efficiency for solar
cell applications (where the device is irradiated by 1 Sun
illumination) has been evaluated to be as low as < 0.5%
[11], although the benefit in the open circuit voltage of the
cell from the PR effect has been estimated to be as high as
50–80 mV [12].

The evidence mentioned above suggests that the PR
effect cannot be neglected in the advanced simulation
of perovskite optoelectronic devices, especially at high
carrier densities where the radiative bimolecular recom-
bination becomes the dominant recombination channel.
Detailed modeling of the PR has been reported in recent
works in which ray optics in combination with the detailed
balance considerations are used to calculate the probability
of the photon absorption, emission, and losses in the opti-
cal system [6,8,13]. However, a physically intuitive model
in which various absorption and loss mechanisms of the
photons and the charge carriers can be easily incorporated
into the model is not available for research groups. Here,
we present a different approach in which the population
of the photons in the system is resolved by a continuity
equation coupled to the continuity equation of the charge
carriers. Results of the model are in agreement with the
experimental trends reported for halide perovskites thin
films.
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II. MODEL AND METHOD

We consider an absorbing layer of thickness d, absorp-
tion coefficient α(E), and refractive index nr, that is illu-
minated from the left (the front side) by a monochromatic
(continuous or transient) flux I0 of photons of energy E.
For simplicity, the energy of the photons is considered to
be near the absorption edge of the layer. However, the
model can straightforwardly be extended to an arbitrary
(monochromatic or spectral) illumination source. Taking
into account the probability of the PR in the system, the
continuity equation for the electrons created by the incom-
ing photons inside the layer can be written as (there is also
a similar equation for the holes)

∂n
∂t

= −∂jn
∂x

+ I0αe−αx − B′
radnp − n

τSRH
− kAgrn2p (1)

where n = n(x, t) and p = p(x, t) are the densities of
the electrons and holes in the layer, respectively, jn =
−Dn ∂n/∂x is the electron mass current with Dn being the
diffusion coefficient, B′

rad is the apparent radiative recom-
bination coefficient, and τSRH is the Shockley-Read-Hall
(nonradiative) recombination lifetime. Auger recombina-
tion (∝ n3) is also included in the model via the rate
constant kAgr, although it is important only at high charge
densities n � 1018 cm−3 [14].

Due to the possibility of photon reabsorption after the
radiative recombination events, the term I0 αe−αx is not
a correct generation term in the equation. To account for
this, one must use an apparent radiative coefficient, B′

rad,
in the modeling. B′

rad is different from the intrinsic radia-
tive recombination coefficient Brad, and is a function of
the optical and geometrical properties of the layer. On
the other hand, as a result of the detailed balance princi-
ple, Brad is linked to the absorption coefficient of the layer
as [15]

Brad(E) ≈ 4bπ

n2
i

α(E)E2e−(E/kBT)dE (2)

where bπ = 2πn2
r/h3c2 with h being the Planck con-

stant and c the speed of light in the vacuum. n2
i =

NcNv exp(−Eg/kBT) where Nc and Nv are the conduc-
tion band and the valence band density of states, respec-
tively, kBT is the thermal energy, and Eg is the band
gap. We assume a negligible probability for the parasitic
absorption in our model. Photons generated by the radia-
tive recombination events, therefore, may either escape
from the layer with a probability Pesc, or be reabsorbed
again. It is assumed that the ratio between the apparent
and intrinsic radiative recombination coefficients gives the
escape probability as [9]

Pesc = B′
rad

Brad
(3)

According to Beer’s law, when the layer is illuminated
by a collimated beam of photons, an exponential profile
of photocarriers is generated through the system. On the
other hand, however, radiative recombination of the carri-
ers results in a population of noncollimated (isotropically
emitted) photons in the layer. Following Pazos-Outón et al.
[3], we model the kinetics of these secondary photons in
the layer as a diffusion process with appropriate creation
and annihilation terms. Based on this approach, we write
the following coupled continuity equations for the carriers
and photons:

∂�

∂t
= −∂j�

∂x
− β� + Bradnp , (4a)

∂n
∂t

= −∂jn
∂x

+ I0αe−αx + β� − Bradnp − n
τSRH

− kAgrn2p . (4b)

Here, � = �(x, t) is the number density of the secondary
photons, j� = −D� ∂�/∂x is the photon current, and β =
αc/nr is the photon absorption rate constant that is the
inverse of the lifetime of the photon. D� = c/nrα is the
photon diffusion coefficient [3,16,17]. Note that in con-
trast to Eq. (1), this is the intrinsic radiative coefficient that
appears in Eq. (4), because now the possibility of the PR
is explicitly included in the model. To generally analyze
the problem, one has to consider the coupling between the
populations of the photons and photocarriers through the
set of Eq. (4) in combination with appropriate boundary
conditions. For the carriers, in the case of a photovoltaic
device, for instance, the boundary conditions are straight-
forwardly determined according to the mode of the device
operation.

Setting boundary conditions for the secondary photons
is an important step in our modeling because any bene-
fit from the optical design should be introduced via the
boundary conditions. Here, for the first time, we propose
partially reflecting boundary conditions, as

j�,x=0 = −Sf �x=0 (5a)

j�,x=d = Sr�x=d, (5b)

where velocities Sf and Sr are defined as measures of the
strength of the emissivity of the layer at x = 0 (front sur-
face) and x = d (rear surface), respectively. Note that by
setting these boundary conditions, in contrast to Ref. [3],
the escape probability will be an output of our approach.
These parameters are of great importance in our model
because one can take different degrees of photon confine-
ment into account by imposing different escape velocities
in the model. Here, we use Sf = Sr = c/2nr in our sim-
ulations, but from an experimental point of view, one
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can treat these velocities as fitting parameters. Monte
Carlo simulation can also be utilized to determine these
velocities for a specific optical design [18]. Also note that
the quantity S� is, in fact, the PL emission of the layer
in response to the external radiation. Therefore, in addi-
tion to the photocarrier and secondary photon profiles, as
an important and valuable output, our formalism can also
give the quantitative PL emission from the front (Sf �x=0)

and rear (Sr�x=d) sides of the layer.
Three coupled continuity equations (for n, p, and �)

have to be solved in order to obtain the local carrier and
secondary photon densities in the layer. In order to simu-
late a photovoltaic device, one may also need to consider
the Poisson equation. We, however, found that introduc-
ing the electric field does not add new physics to our
problem. Boundary conditions for the photons are given
in Eq. (5). For the carriers, we use the perfect reflecting
boundary conditions, as jn,x=0 = jn,x=d = 0 for the elec-
trons, and similarly for the holes. These conditions imply
that at the steady state, the carrier density can, with a good
approximation, be considered uniform. Therefore, in the
following, we use the average carrier densities to calculate
the PL internal and external efficiencies. For the transient
conditions in Secs. III B and III C, we also use the average
values to obtain the various internal efficiencies. (While the
local efficiencies can also be calculated, they are not com-
mon in the literature. However, we confirm that although
the local efficiencies exhibit more complex dynamics, the
trends obtained using the average densities still remain
valid). As we discuss in section “Results and Discussion,”
there are two methods to calculate the apparent radiative
coefficient, B′

rad. In the traditional method, one uses the
continuity Eq. (1) to estimate B′

rad. To do this, we first solve
coupled Eq. (4) to obtain the true densities n and p. Then
we find B′

rad in a way that the same average densities are
established in the system.

As we mention in the beginning of this section, here we
model the PL dynamics for the illumination by photons
with energy near the absorption edge of the layer. In the
experiment, however, the layer is usually illuminated by a
higher-than-band-gap energy photon flux (to ensure a high
absorption), and one also deals with a spectral PL emission
from the layer [2,6,7]. In fact, time-resolved PL spectra
can give valuable information about the PR efficiency of
the layer. Extension of Eq. (4) to model the PL spectra is
straightforward. To this end, one needs to write the conti-
nuity equation for a series of the photon population, as (see
Ref. [3] and supporting information of Ref. [16])

∂�i

∂t
= −∂j�i

∂x
− βi�i + P(Ei)Bradnp (6)

where P(Ei) ∝ exp[−(Ei − E0)
2/2σ 2] is the probability

that a photon with energy Ei is emitted in a radiative
recombination event. E0 is the peak of the PL spectrum

TABLE I. Constants used in the modeling.

Dn 1.7 × 10−2 cm2 s−1

Dp 1.1 × 10−2 cm2 s−1

Nc 1019 cm−3

Nv 1019 cm−3

kBT 0.026 eV
Eg 1.61 eV
α 5 μm−1 (see also Fig. 7)
c 3 × 108 ms−1

nr 2.5
Brad 5 × 10−10 cm3 s−1

1/τSRH 3 × 106 s−1

kAgr 10−29 cm6 s−1 (see also Fig. 5)

in the absence of the PR effect and σ ∼ 0.1 eV. In the fol-
lowing sections, we discuss our results for the solution of
Eq. (4) for both the steady-state and transient conditions.
Parameter values used in our simulation can be found in
Table I.

III. RESULTS AND DISCUSSION

A. Steady-state conditions

To examine whether the model can explain the experi-
mental observations discussed in the introductory section,
we first study the internal and external PL quantum
efficiencies of the layer under steady-state illumination
conditions. By solving the coupled Eq. (4), we are able to
calculate both the internal and external quantum efficien-
cies of the layer, as

ηint = Bradnp
Bradnp + (n/τSRH) + kAgrn2p

(7)

and

ηext = Sf �x=0 + Sr�x=d

I0(1 − e−αd)
≡ ηext,f + ηext,r (8)

Then, since the two efficiencies are generally related to
each other as below, we can find the escape probability
Pesc from our model. In general [9],

ηext = ηintPesc

1 − ηint + ηintPesc
(9)

A completely different method to determine the escape
probability is based on the continuity Eq. (1) and the
definition given in Eq. (3). In this approach, we fit Eq.
(1) to the true solution already obtained from the cou-
pled Eq. (4), thereby we can find coefficient B′

rad that can
recover the true solution. In other words, we consider
the system with the PR effect and the intrinsic recombi-
nation coefficient, but the results are explained using an
apparent radiative recombination coefficient. This method
has been used to obtain the apparent radiative lifetime
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(a)

(b)

FIG. 1. Mapping of the PL quantum efficiency for the front (a),
and rear (b) surfaces of the layer, for a wide range of the illumina-
tion flux I0 and film thickness d, under steady-state illumination
conditions.

(∝ 1/B′
rad) in the experiments where the model Eq. (1) is

fitted to the results obtained from the experimental mea-
surements [8,10]. For a wide range of the illumination flux
(I0) and film thicknesses (d), we find that both methods
result in approximately the same escape probabilities; see
Supplemental Material [19] for detailed results. This is
an important result that indicates the consistency of our
formalism. In the following, we use the first method to
obtain the escape probability, and then using Eq. (3), we
find B′

rad.
Figure 1 shows the map of normalized PL emission from

the front (ηext, f) and rear (ηext,r) surfaces of the layer. In
both cases, by increasing the illumination flux intensity,
the PL efficiency increases. This is because at high inten-
sities, since the density of the photocarrier in the layer
increases (n ∼ 1017 cm−3), the radiative channel becomes
the dominant recombination loss in the layer, and there-
fore, the layer shows a high internal quantum efficiency
(ηint ≈ 0.8); see Supplemental Material [19] for the map
of charge density and internal efficiency. On the other
hand, the front and rear PLs show different behaviors with
respect to the thickness of the layer. By increasing the
thickness, in contrast to the front side, the PL efficiency
from the rear side decreases because, owing to the nonra-
diative recombination channel, the chance for the carriers
and radiatively generated photons to reach the rear side
decreases (as in the limit of a semi-infinite layer, the PL
from the rear side is expected to vanish).

As discussed before, one of the major observations
related to the PR effect in the perovskite layers is that a
change in the light out-coupling of the system alters its
measured (apparent) radiative recombination coefficient.

FIG. 2. Apparent radiative recombination coefficient vs layer
thickness for three different illumination fluxes under steady-
state conditions.

In our model, we can study the effects of different light
out-couplings via changing the film thickness and (or)
the velocities Sf and Sr. Figure 2 shows our results for
B′

rad as a function of the film thicknesses for three dif-
ferent illumination fluxes. In agreement with the exper-
imental observations [8,10], the apparent recombination
coefficient decreases from the intrinsic value (here, Brad =
5.0 × 10−10 cm3 s−1) upon increasing the thickness. This
is because the higher the thickness of the layer, the lower
the chance for a photon to escape from the layer before
being reabsorbed again. Consequently, a radiative recom-
bination event may not really give rise to a loss of the
carriers, leading to a higher apparent lifetime. Also, as can
be seen in Fig. 2, the behavior is independent of the flux
intensity (except for d ≥ 1.2 μm), suggesting that in the
steady-state conditions, the escape probability is a well-
defined parameter of the system, independent of external
perturbations. We revisit this issue in section C where we
show that the escape probability is time-dependent in some
transient conditions, and therefore, cannot be considered as
a constant in the corresponding problems.

B. Transient conditions

Now, we consider the time-dependent problem in which
the response of the system to a transient excitation (a laser
pulse, for example, as in the transient spectroscopy or time-
resolved PL) is explored by the model. To simulate the
excitation pulse, instead of I0 we use a Gaussian generation
term in Eq. 4(b), as

Ipul√
2πσ 2

t

exp
(

− t2

2σ 2
t

)
(10)

where σt is the pulse temporal width and Ipul is its total pho-
ton fluence. (In the experiments, the total energy fluence
is usually reported, which can easily be converted to the
total photon fluence. For example, a 4 μJ/cm2 energy flu-
ence of photons with an energy of 1.5 eV is equivalent to
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(a)

(b)

(c)

FIG. 3. Time evolution of secondary photon (a), and carrier
local densities (b) for a layer with d = 0.35 μm, in response to
the excitation pulse with fluence Ipul = 1013 photon/cm2. Panel
(c) shows the corresponding normalized PL emission from the
front (x = 0) and rear sides (x = d) of the layer.

Ipul ≈ 1.7 × 1013 photon/cm2.) We use σt = 0.5 ns in our
simulations.

The evolution of the local density of the carriers and
secondary (radiatively generated) photons following the
excitation pulse are illustrated in Fig. 3 for a layer of
d = 0.35 μm. Let us first look at the charge density pro-
file, Fig. 3(b). According to Beer’s law, as time goes on,
an exponential profile of the carriers is generated in the
system. Therefore, the smaller the depth in the layer, the
higher the local charge density n, as can be seen in the
figure. However, after time t ≈ 2σt = 1 ns where the exci-
tation pulse finishes, the spatial distribution of the carriers
tends to be uniform and, as seen, a uniform distribution
is reached at time t ≈ 10 ns. There are two mechanisms
that make this happen: the diffusion process, by which the
carriers spread in the film, and the PR effect, which, even
in the absence of the diffusion process, spreads the carri-
ers over a distance of approximately α−1 in each recycling
event. The role of each of these effects is addressed in the
following and also in Supplemental Material. In summary,
we find that at high excitation fluences (or, equivalently,
high carrier densities of approximately 1018 cm−3) the PR
effect plays the dominant role. Instead, at low fluences
(approximately 1015 cm−3) the diffusion process becomes
the determining factor. Our result, obtained based on the
photon diffusion concept, is also in agreement with the

picture provided by Crothers et al. who studied the PR
effect using the ray-tracing method [8].

As seen in Fig. 3(a), the density of the secondary pho-
tons has its maximum at depth x ≈ 100 nm (and not x =
0), which is the typical radiative diffusion length at den-
sities 1017–1018 cm−3. The photon distribution becomes
symmetric at time t ≈ 10 ns owing to the mechanisms
described above, and also because we have chosen the
same velocities S for the rear and front surfaces. As a
result of this symmetric distribution, the front and rear
PLs are approximately equal at the mentioned time, as
seen in Fig. 3(c). Furthermore, since the generated photons
can escape from the system, the layer is somewhat more
depleted of photons at the boundaries.

The effect of the excitation fluence on the PL dynamics
in the halide perovskite films has recently been experi-
mentally investigated [4,6]. A common observation is that
the PL decay is greatly influenced by the fluence inten-
sity and at high excitation fluences, the decay exhibits a
nonexponential behavior. We note that the PL intensity is
proportional to np ≈ n2, and therefore, one can write

d
dt

PL ∝ 2n
dn
dt

(11)

Furthermore, in the low-density regime, if we neglect
the carrier diffusion, we can write dn/dt ≈ −n/τSRH, and
therefore, an exponential decay is expected, as

PL ∝ e−(2/τSRH)t (12)

Figure 4(a) shows our simulation results for the front
PL under three different excitation fluences. These results
are in agreement with the experimental observations dis-
cussed above. Let us first consider the low-fluence case,
curve (i). Except at short times, the decay is exponential
and can be explained well by Eq. (11), meaning that the
monomolecular recombination mechanism is the dominant
loss channel at this fluence. As a result, the PL decay in
the low excitation conditions can safely be used to deter-
mine the monomolecular nonradiative lifetime, τSRH. An
initial nonexponential decay component can also be seen
in curve (i). In Fig. 4(b), a simulated PL decay for the same
excitation fluence but with Dn = Dp = 0 is shown. The
result clearly shows that the nonexponential part results
from the photocarriers’ diffusion that decreases the initial
local photocarrier density, leading to a fast decrease in the
PL intensity. We also conclude that the PR does not have
a significant effect on the decay dynamics at low fluences.
That is why a simple diffusion equation without the PR
term can reproduce the experimental measurements [20].

In contrast to the low excitation fluence, at high fluences,
the decay is purely nonexponential in the time range con-
sidered here, curves (ii) and (iii) in Fig. 4(a). In fact, owing
to the high photocarrier density created at these excitation
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(a)

(b)

(c)

FIG. 4. (a) Normalized PL emission from the front side for a
layer with d = 0.35 μm, under excitation fluences of (i) 1011,
(ii) 1013, and (iii) 1014 photon/cm2. Dashed line corresponds to
an exponential decay with decay rate 2/τSRH. (b) Effect of the
carrier diffusion on the decay dynamics at low excitation flu-
ence. Curve (i) is the same as in part (a), but dashed curve shows
the decay when Dn = Dp = 0. (c) Effect of the PR on the decay
dynamic at high excitation fluence. Curve (iii) is the same as in
part (a). Dashed curve shows the decay in the absence of the PR
possibility, that is, simulation with β = 0 in Eq. (4).

fluences, the dominant process in the layer is the bimolecu-
lar radiative recombination of the carriers. We also find that
the carrier diffusion becomes totally irrelevant. As a result
of the efficient radiative recombination, the PR effect is
expected to be significant. Figure 4(c) shows the PL decays
with and without considering the PR effect [by imposing
β = 0 in Eq. (4), we can simulate the response of the layer
in the absence of the PR possibility]. As seen, without the
PR possibility, the decay is faster because the photocarriers
lost by the radiative recombination do not have any chance
to be created again. In other words, in this case, the carrier
population is reduced by the intrinsic rate coefficient Brad
rather than B′

rad. Recently, time-resolved PL spectra of the
single crystal perovskites has revealed a subtler interplay

between the PR efficiency, the diffusion process, and the
nonradiative recombination lifetime [21,22]: in the layers
with a long nonradiative lifetime, the carriers can diffuse
deep in the layer, and consequently, the photons created
by radiative recombination of these carriers may be reab-
sorbed again. Since the higher the energy of the photons,
the stronger the reabsorption, a redshift in the PL spectrum
is observed.

The radiative recombination channel dominates over
the Shockley-Read-Hall mechanism at high excitation flu-
ences, leading to an increase in the internal quantum
efficiency ηint. However, there is still an efficient nonradia-
tive process at these conditions; the Auger recombination.
Solid lines in Fig. 5(a) show ηint as a function of time
for two different Auger rate constants. As seen in the
figure, there is a drop in ηint at initial times, which is then
recovered as time goes on. In Fig. 5(b), we plot Auger
recombination efficiency ηAgr (fraction of Auger to the
total recombination rate),

ηAgr = kAgrn2p
Bradnp + (n/τSRH) + kAgrn2p

(13)

which clearly shows that the reason for the drop in
ηint in (a) is the Auger recombination channel. At later
times, however, owing to the decrease in the carrier den-
sity through different recombination mechanisms, ηAgr
declines, and therefore, a high internal quantum efficiency
is re-established. Figure 5 also shows results of our sim-
ulations with β = 0, that is, without considering the PR

(a)

(b)

FIG. 5. (a) Internal quantum efficiency ηint and (b) Auger
recombination efficiency ηAgr for a layer of d = 0.35 μm, with
(i) kAgr = 10−29 and (ii) 10−28 cm6 s−1, in response to the exci-
tation fluence Ipul = 1014 photon/cm2. Dashed lines, curves (iii)
and (iv) in both panels, show the corresponding results without
the PR possibility, that is, for simulations with β = 0.
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(a)

(b)

(c)

FIG. 6. (a) Time evolution of the carrier local densities for a
layer with d = 0.35 μm, in response to the excitation fluence
Ipul = 1014 photon/cm2. (b) Dynamics of the quantity 
n = n −
nnoPR. Here, n is the density shown in part (a), and nnoPR is
the density obtained from Eq. (4) with β = 0, that is, without
the PR term. High value regions in parts (a) and (b) are sep-
arated from each other by
x ≈ α−1 and 
t ≈ (Bradn)−1 with
n ≈ 2 × 1018 cm−3. (c) Time evolution of the quantity 
n/n.

possibility in the layer (dashed lines in the figure). Inter-
estingly, in the absence of the PR effect, the layer shows a
higher internal efficiency at initial times. This is because
without the PR possibility the carrier density decreases
faster, which in turn, leads to a lower Auger recombina-
tion, as seen from dashed lines in Fig. 5(b). As a result,
the PR effect may increase the high-order nonradiative
recombination efficiency at high densities.

In order to further assess the effect of the PR on
the carrier dynamics, let us see how the PR affects the
density evolution in the layer. Figure 6(a) shows the
carrier dynamics across the film depth in response to
the excitation fluence of Ipul = 1014 photon/cm2 [with
the PL emission already shown in Fig. 4, curve (iii)].
Note that the highest density established in the layer is
approximately equal to 2 × 1018 cm−3, implying a radia-
tive lifetime of (Bradn)−1 ≈ 1 ns. In addition, the photons
resulting from the radiative recombination are expected
to be absorbed after traveling a distance α−1 = 0.2 μm.
On the other hand, without considering the PR possibility
in the model, we get a lower density from the simula-
tion; let us call it nnoPR. The difference between the two
simulations, 
n = n − nnoPR, is shown in Fig. 6(b). Inter-
estingly, the largest difference between the two densities
is found to be about 
t ≈ 1 ns after and 
x ≈ 0.2 μm
away from the region where the photocarrier density is
maximum. This obviously shows how the PR effect can

spread the photocarrier in the layer much faster than that
expected from the diffusive motion. It is clear that as time
goes on, the role of the PR becomes more pronounced,
as can be seen in Fig. 6(c) where the relative difference

n/n = 1 − nnoPR/n is illustrated.

C. Escape probability in the transient conditions

As we discuss in Secs. II and III A, Pesc is the probabil-
ity that an emitted photon in the interior region of the layer
escapes to the outside. It should be noted that although the
secondary photons are emitted at different locations inside
the layer, in the steady-state conditions, there is an effec-
tive escape probability so that once the escape probability
is obtained, it can be used for any photon wherever it is
emitted inside the layer. In fact, in the steady state, a com-
bination of the optical design of the layer in its interfaces
and the thickness of the layer uniquely determines Pesc.
Therefore, as we state in section A, the escape probability
can be considered a well-defined parameter of the layer,
independent of the external illumination. In Supplemen-
tal Material we show the escape probability for a wide
range of the illumination flux and film thickness d under
steady-state illumination conditions. In the following, we
examine the validity of a constant well-defined Pesc in the
transient conditions. We see that because of the dynam-
ical anisotropy in the density of the secondary photons,
the escape probability shows a transient behavior before
reaching its steady-state value at longer times.

We note that the two different methods described in Sec.
III A to determine Pesc, one based on Eq. (3) and the other
based on Eq. (9), are appropriate principally for the steady-
state conditions. We propose a more fundamental way to
obtain the escape probability, appropriate in the transient
conditions, by calculating the ratio of the photons emitted
from the layer at times ≤ t (PL emission of the layer) to
the total photons generated inside the layer (as the result of
the radiative recombination), as

Pesc(t) = ∫t
t0 PL(t′)dt′

∫t
t0

∫d
0 Urad(x, t′)dxdt′

(14)

Here, PL(t′) is the photoluminescence emission from the
front and rear sides of the layer at time t′, given by Eq. (5),
and Urad(x, t′) = Bradn(x, t′)p(x, t′) is the radiative recom-
bination rate in the layer at time t′ and position x. Also,
t0 is the time that the laser pulse is applied [practically,
approximately − 2σt; see Eq. (10)]. It should be noted that
one can also use Eq. (9) in order to obtain the escape prob-
ability in the transient conditions. However, this method
results in an artificial time-dependent behavior for Pesc.
This is because the secondary photons are generated inside
the layer after the time of approximately (Bradn)−1 and
this nonrelevant timescale enters into the problem via the
parameter ηext in Eq. (9). Finally, we note that as a result
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(a)

(b)

(c)

FIG. 7. (a) Escape probability as a function of time for the lay-
ers with d = 0.35 μm and different absorption coefficient α, in
response to the excitation fluence Ipul = 1014 photon/cm2. Pesc
for the cases α = 20 and 40 μm−1 reaches its stationary value at
times of approximately 50 ns, not shown here. (b),(c) Show the
escape probability from the front (f) and rear (r) sides of the layer
for two different α. Solid curves in (b) and (c) are the sum of their
corresponding dashed curves.

of the PL emission from both the front and rear sides
of the layer, Pesc in Eq. (14) can be separated into two
probabilities, as Pesc(t) = Pesc,f(t) + Pesc,r(t).

Figure 7 shows the escape probability as a function of
time for a layer of thickness d = 0.35 μm in response to
the excitation fluence of Ipul = 1014 photon/cm2, calcu-
lated using Eq. (14). As discussed in Fig. 6, the PR effect
becomes an important process at this intensity, enabling
us to efficiently study the escape probability. In Fig. 7(a),
Pesc is shown for layers with different absorption coeffi-
cient values. First, it can be seen that in all cases, the
escape probabilities reach stationary values at sufficiently
long times. These stationary values are, in fact, the same

as one obtains under steady-state illumination conditions
(for example, the result for α = 5 μm−1 is the same as
that obtained from figure 1 in Supplemental Material). For
short times on the other hand, the behavior of the escape
probability depends on the absorption coefficient value:
while for small α (that is, αd < 1) Pesc is time indepen-
dent, the results for large α (αd > 1) show a clear transient
behavior so that at short times, Pesc is higher than its sta-
tionary value. In order to explain the results in Fig. 7(a), we
note that a large absorption coefficient implies a very ini-
tial inhomogeneous density of photons in the layer. Since
most of the secondary photons are initially emitted near
the front side, the probability that the photons can leave
the layer from the front side is high. Although for the same
reason the escape probability is low from the opposite side,
the behavior of Pesc is mainly determined by the front side
because the photons are concentrated near this surface.
This is clearly seen in Figs. 7(b) and 7(c), where the escape
probabilities from the front and rear sides of the layer are
presented for α = 10 and 20 μm−1. As time goes on, the
photons are redistributed in the layer as a result of the PR
effect, leading to a decrease in the escape probability. How-
ever, it should be noted that the anisotropy between the
front and rear sides does not disappear completely even at
long times.

As pointed out in Sec. II, an alternative way for model-
ing the PR effect, used in Ref. [3], is to use Pesc as an input
of the model by incorporating it directly (as a constant) into
the continuity equation for the photons, as

∂�

∂t
= −∂j�

∂x
− β� + (1 − Pesc)Bradnp (15)

In this case, instead of the boundary conditions introduced
in Eq. (5), one should use a completely reflecting bound-
ary condition for the photons. With the stationary values
obtained for Pesc in Fig. 7, we also obtain the photon den-
sity using the above continuity equation and compare it to
the correct solution based on our model given by Eq. (4);
see Supplemental Material [19] for the results and more
details where it is shown that the two approaches differ
significantly for the cases where Pesc is time dependent.
Therefore, from the results presented in Fig. 7 and Supple-
mental Material [19], we conclude that describing a layer
with a constant (effective) escape probability is not correct
for the time-dependent problems. From the experimental
point of view, the results in Fig. 7 suggest that a progres-
sive redshift of the transient PL spectra should be observed
with time in the perovskite layers. In fact, because accord-
ing to Fig. 7, the probability of the escape of a high-energy
photon (corresponding to a high α) decreases with time, the
PL spectra should show an increasing redshift with time
on the timescale of approximately 20 ns. These results
are indeed in complete agreement with the experimental
observation reported by Yamada et al. [21].
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D. Effective diffusion length

In the early work by Stranks et al. [23], it was found that
the carrier diffusion length LD in the perovskite absorbers
can be as large as 1 μm. This important result was obtained
by transient photoluminescence measurements with pulse
energy fluences of approximately 10 nJ/cm2. As we dis-
cuss above, the dominant recombination pathway at these
excitation energies is the first-order nonradiative loss. At
higher fluences, however, as a result of the efficient radia-
tive recombination and possible subsequent PR event,
the radiatively recombined carriers have a chance to be
retrieved again. Therefore, the effective diffusion length
Leff (the length that a carrier travels before being lost by
a nonradiative recombination event) can be larger than
that traditionally defined as LD = √

Dτ with τ being the
intrinsic lifetime of the carriers,

τ = 1
1/τSRH + Bradn + kAgrn2 (16)

Here, we give an expression for the effective diffusion
length in the steady-state conditions in which the PR effect
is also taken into account. To do that, we write the total
displacement for a carrier as

�L = �LD + ��LPR + ��L′
D + �2�L′

PR + �2�L′′
D + �3�L′′

PR + · · ·
(17)

where � = ηint(1 − Pesc) and LPR ∼ α−1. In writing Eq.
(17), we use the fact that by each PR event (that takes place
with a probability of �), the carrier is virtually transferred
over a distance of approximately α−1 in the layer; see also
Fig. 8. Also note that as seen from figure 1 in Supplemental
Material, Pesc ≈ 0 for thick layers (that is, � ≈ ηint), and
also Pesc ≈ 1 for thin layers. We define the effective dif-
fusion length as Leff =

√
〈L2〉, where 〈 〉 denotes statistical

averaging. As we show in more detail in the APPENDIX,
since the secondary photons are isotropically emitted, we
can do the averaging and get

Leff =
√

Dτ + �2/α2

1 − �2 . (18)

This important result quantitatively shows how the effi-
ciency of the radiative recombination and optical design of
the system can change the effective length that carriers can
travel in the layer. We note that in the case of ηint ≈ 0, or
Pesc = 1, Eq. (18) is reduced to the traditional definition.
Also, note that Leff is not simply given by

√
Dτ ′, where

τ ′ is the apparent lifetime of the carriers. This is because
the PR effect does not merely change the apparent lifetime,
but also transfers the carriers over a distance α−1 at each
recycling event.

Figure 9 shows Leff, calculated using Eq. (18), as
a function of the illumination flux for two different

FIG. 8. Schematic illustration showing how the PR effect can
increase the effective diffusion length of the carriers in the layer.
A carrier after being created by an absorbed photon diffuses in
the layer over a distance LD ∼ √

Dτ . In the case of the radiative
recombination (occurring with the probability of ηint), a pho-
ton is isotropically emitted. This secondary photon may either
escape from the layer (with the probability of Pesc), or may
reabsorbed again, and therefore, the recombined carriers are
recreated. Absorption length of the secondary photon is LPR ∼
α−1. Effective diffusion length is the average distance to the point
where a nonradiative recombination occurs and the carriers are
lost.

layer thicknesses. For comparison, the traditional diffusion
length LD is also presented. At low illumination flux, irre-
spective of the thickness, Leff = LD = √

DτSRH ≈ 0.8 μm.
This is because at these fluxes ηint ≈ 0 and τ ≈ τSRH. This
result is in agreement with the experimental conclusion
reached by Fang et al. [11] that at low illumination flux
(1 Sun, for example), the long carrier diffusion length
originates from a long τSRH and not the PR effect. By
increasing the flux intensity, however, since the carrier
density increases in the layer, the carrier lifetime decreases,
leading to a decrease in the transport length. But by

FIG. 9. Transport length (traditional diffusion length LD and
effective diffusion length Leff) as a function of the illumination
flux I0, under steady-state conditions. Results are for thickness
layers of d = 0.35 and 1 μm.
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increasing the charge density, the radiative recombination
channel also increases, and hence the PR effect becomes
probable. As a consequence, at moderate and high illu-
mination fluxes, we have Leff > LD. Note that the escape
probability Pesc is a function of the layer thickness (the
thicker the layer, the smaller the escape probability; see
Supplemental Material [19] for a complete map of Pesc).
Therefore, as seen in Fig. 9, the thicker layer shows a
higher effective diffusion length.

IV. CONCLUSION

In order to interpret the recent experimental observa-
tions regarding the photophysical behavior of the metal
halide perovskites, one has to consider the PR effect in
the system. The photon diffusion concept we discuss in
this paper shows that apparent recombination and charge
transport dynamics are strongly influenced by photon
absorption and re-emission. The model easily resolves the
complex interplay between the photon reabsorption, carrier
diffusion, and radiative (∝ n2) and nonradiative (∝ n, n3)

recombination pathways. We have seen that complexity
also arises from the fact that the optical design of the sys-
tem (the layer thickness and interfaces) and the carrier con-
centration can also influence the PR impact on the optical
response of the system. In agreement with the experiments,
we show that the PR effect increases the apparent radiative
lifetime of the carriers, and this enhancement is more pro-
nounced for the thicker layers. While a semiconductor has
an intrinsic local radiative recombination lifetime, defined
by the van Roosbroeck-Shockley detailed balance relation,
the photon dynamics before escape from the sample can
substantially modify the experimental observations. The
PL dynamics at low carrier densities is mainly governed
by the carrier diffusion and the first-order nonradiative
loss, and therefore, the effect of the diffusion cannot be
neglected when modeling the PL decay. On the other hand,
at high densities, the diffusion process becomes irrelevant,
and the PR effect has a great impact on the dynamics of
the decay. Interestingly, however, owing to the increase
in the carrier density in the presence of the PR, the PR
effect can also enhance the contribution of the nonradia-
tive Auger recombination, and thereby, cause a decrease in
the internal quantum efficiency. We also find that the PR
effect can enhance the effective diffusion length of the car-
riers through the increase in the carrier apparent lifetime
and also by transferring the carriers over long distances
in the layer. In fact, we derive a general relation for the
transport length that reduces to the traditional diffusion
length in the case where the PR effect becomes irrele-
vant. We think these results can be used as a guide for
further research in order to improve the optoelectronic per-
formance of the metal halide perovskites. The results also
give insights to utilize the PR effect in developing new
application schemes.
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APPENDIX: EFFECTIVE DIFFUSION LENGTH

As we explain in the main text, we can write the total
displacement for a carrier as

�L = �LD + ��LPR + ��L′
D + �2�L′

PR + �2�L′′
D + · · · (A1)

where � = ηint(1 − Pesc), LD ∼ √
Dτ and LPR ∼ α−1,

with τ being the carrier lifetime. Therefore, the length of
the vector �L can be expressed as

L2 = �L.�L = L2
D + �2L2

PR + �2L′2
D + �4L′2

PR + �4L′′2
D

+ · · · + � �LD.�LPR + ��LD.�L′
D + �2�LD.�L′

PR

+ �2�LD.�L′′
D + · · · + ��LPR.�LD + �2�LPR.�L′

D

+ �3�LPR.�L′
PR + �3�LPR.�L′′

D + · · · . (A2)

Now, let us consider the statistical averaging of L2, that is,
〈L2〉. We note that

〈L2
D〉 = 〈L′2

D〉 = 〈L′′2
D 〉 = · · · = Dτ (A3)

and
〈L2

PR〉 = 〈L′2
PR〉 = 〈L′′2

PR〉 = · · · = α−2 (A4)

On the other hand, since the displacements are randomly
directed, statistical averaging of other terms vanishes, that
is,

〈�LD.�LPR〉 = 〈�LD.�L′
D〉 = 〈�LD.�L′

PR〉 = · · · = 0 (A5)

and we get

〈L2〉 = Dτ + �2α−2 + �2Dτ + �4α−2 + �4Dτ + · · ·

= (Dτ + �2α−2)

∞∑
k=0

(�2)k

= Dτ + �2α−2

1 − �2 . (A6)

Therefore, for the effective diffusion length we have

Leff ≡
√

〈L2〉 =
√

Dτ + �2α−2

1 − �2 (A7)
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