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Organic-inorganic perovskites are attracting increasing attention for their use in high-performance solar
cells. Nevertheless, a detailed understanding of charge generation, interplay of excitons and free charge
carriers, and recombination pathways, crucial for further device improvement, remains incomplete. Here,
we present an analytical model describing both equilibrium properties of free charge carriers and excitons
in the presence of electronic subgap trap states and their time evolution after photoexcitation in
CH3NH3PbI3−xClx. At low fluences the charge-trapping pathways limit the photoluminescence quantum
efficiency, whereas at high fluences the traps are predominantly filled and recombination of the
photogenerated species is dominated by efficient radiative processes. We show experimentally that the
photoluminescence quantum efficiency approaches 100% at low temperatures and at high fluences, as
predicted by our model. Our approach provides a theoretical framework to understand the fundamental
physics of perovskite semiconductors and to help in designing and enhancing the material for improved
optoelectronic device operation.
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I. INTRODUCTION

The recent unprecedented increase in perovskite solar-
cell efficiency suggests that organic-inorganic metal-halide
perovskites may be the required “disruptive” technology to
deliver widespread affordable solar power [1,2]. These
perovskites exhibit not only strong absorptions across the
solar spectrum [3,4], but also efficiently transport photo-
excited species, with electron and hole diffusion lengths
much longer than the film thickness required for complete
light absorption [5,6]. Device power-conversion efficien-
cies have exceeded 16% in architectures where nanostruc-
tured electrodes are infiltrated with a perovskite absorber
[7–10] and even when the perovskites are incorporated into
simple planar heterojunction architectures [11–17]. Despite
the rapid increase in device performance, there are only a
handful of reports on the fundamental properties of the
materials [5,18–26].
The usefulness of a semiconductor as a solar-cell

material largely depends upon its ability to generate free
charge carriers, have low electronic disorder, and sustain a
large density of charge carriers under continuous illumi-
nation. The latter is proportional to the electron lifetime,
which is strongly influenced by the mode and means of
electron and hole recombination. The recombination rate Γ
of electrons and holes is proportional to the rate at which
electron and holes meet each other and the probability of

subsequent recombination versus separation. The Langevin
theory for recombination stipulates that Γ is proportional to
the product of the electron and hole number density (ne×h)
times a coefficient, γ (or Reh), which takes into account the
charge mobility and dielectric properties of the semicon-
ductor [27,28]. If the electron and hole number densities ne
and nh, respectively, vary comparably, then Γ scales as ne2,
and recombination is termed bimolecular. If nh is approx-
imately constant, for example, due to p doping in excess of
the photogenerated free-carrier density, Γ scales propor-
tionally to ne, and recombination is termed monomolecular.
Wehrenfennig et al. find that bimolecular recombination
rates in these materials are 4 orders of magnitude lower than
expected from the Langevin theory [24]. Deschler et al.
demonstrated a bimolecular photoluminescence (PL) decay
in CH3NH3PbI3−xClx, suggesting that recombination of
free electrons and holes is responsible for radiative decay,
although near-monomolecular recombination is observed at
low excitation fluences, which remains unexplained [20].
Remarkably, these three-dimensional perovskites have
been found to be highly emissive, and lasing has been
observed at room temperature [20,23,29]. The thermal
generation of free charge and low levels of nonradiative
recombination are critical properties if perovskite solar
cells are to approach the Shockley-Queisser efficiency
limit, where detailed balance stipulates that all recombi-
nation is radiative [30]. However, the photoluminescence
quantum efficiency (PLQE) is maximized at high excitation
intensities, suggesting dominance of nonradiative decay
pathways [23] under typical charge densities present during
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solar-cell operation. Determining the origin of the non-
radiative decay and a detailed understanding of charge
generation and exceptionally slow recombination within
perovskite absorbers are essential both to further our
understanding and to reach the ultimate potential for
these materials in both photovoltaic and light-emitting
applications.
Here, we combine PL measurements from pulsed and

continuous excitation of CH3NH3PbI3−xClx thin films with
a theoretical model. We find that at low excitation fluences,
including those relevant to solar cells, the evolution of
photoexcited species is significantly affected by electronic
traps. At high excitation fluences, when all the traps
become filled, the evolution is dominated by radiative
bimolecular recombination. Our model also predicts the
ratio between exciton and free charge populations, which
deviates considerably from classical thermodynamic
considerations, which do not account for traps and
“photodoped” carriers.

II. RESULTS AND DISCUSSION

Thin (approximately 260 nm) CH3NH3PbI3−xClx per-
ovskite films are solution-processed on glass [5] (see
Supplemental Material for experimental methods [31]).
The PL spectrum of the perovskite [Fig. 1(a)] is centered at
the onset of the absorption spectrum, which is characteristic
for direct band-gap semiconductors [5,22]. Upon illumi-
nation [Fig. 1(b)], the PL rises slowly over a time scale of
seconds. This time scale matches the rise in the open-circuit
voltage of a complete planar heterojunction perovskite
solar cell upon illumination with simulated (air mass 1.5)
sunlight [Fig. 1(b)], suggesting that the same mechanism is
involved and justifies the relevance of PL to solar cells. We
postulate that there is a distribution of subgap trap states.
These slow rises are consistent with a slow filling and
stabilization of these charge trap states by injected or
photogenerated electrons, raising the quasi-Fermi-level
for electrons (and hence VOC) and reducing the availability
of trap sites to mediate nonradiative recombination. The
very slow rise times may be indicative that ionic motion
(presumably halide or methylammonium) is also contrib-
uting to the reduction in trap site density over time under
illumination or to stabilization of the trapped charge.
To probe the depopulation of trap states, we monitor the

transient voltage decay of a device following a perturbing
pulse (0.1–1 μs) by using a method described previously
[32,33] [Fig. 1(c)]. The sample is held at low steady-state
background light bias (0.01 sun equivalent) to ensure
availability of trap states prior to the perturbing pulse, as
seen by observing that the voltage (i.e., quasi-Fermi-level
in the perovskite) in this experiment is in the same range as
that in which trap filling seems to dominate the voltage rise
upon illumination [Fig. 1(b)]. We observe a fast initial
component that approaches the system resolution (time
constant of approximately 10 μs) and a long tail

(approximately 100 μs–1 ms), the latter of which may
be related to the time scale for trap depopulation.
In order to probe the postulation that the trap sites

strongly influence the PL and device characteristics, we
develop a model taking into account the time and temper-
ature dependence of the PL. Here, we consider only

(b)

(c)

(a)

FIG. 1. (a) Absorption spectrum, and steady-state PL spectrum
when photoexcited by a cw 532-nm laser, of a perovskite sample.
(b) VOC rise over time (black line) following illumination of a full
device with an intensity approximately equivalent to full sunlight
from a white-light LED array source, matching the PL rise over
time (red data) for a flat film photoexcited with an equivalent
intensity to full sunlight (532-nm cw laser, approximately
60 mW=cm2). (c) VOC decay following a perturbing pulse
(equivalent to approximately 1 sun intensity) for a device under
a low white-light bias (0.01 sun equivalent). A biexponential fit to
the data is shown in red and time constants reported on the plot.
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electronic traps, though the same formalism holds for hole
traps. Under the steady state, i.e., when the PL signal has
reached a constant value, an optical pulse excitation
generates an electron-hole pair density of Nð0Þ. There
areNT electron traps, nT of which are filled, leaving nT free
“photodoped” holes in the valence band such that the
concentration of free holes at each point in time is

nh ¼ ne þ nT , where ne is the concentration of free
photogenerated electrons. The total concentration of photo-
generated species N ¼ ne þ nx is thus comprised of con-
centrations of free electrons and excitons nx but excludes
trapped electrons and corresponding photodoped holes.
In Fig. 2(a), we show transient PL decays at room

temperature over a range of pulse fluences. We note that the
sample is illuminated at each fluence until a steady transient
emission is achieved. The shape of the decays is nearly
monoexponential at relatively low excitation fluence but
deviates significantly from monoexponential at higher
fluence. We describe this behavior with the aid of the
schematics in Fig. 2(c): In the steady state, there are many
holes already present in the system as “background” or
photodoped charges, because some of the electronic traps
are filled. The degree of photodoping can be rather high
even at low excitation levels due to a very low depopulation
rate Rdep of trapped electrons [Fig. 1(c)]. When the sample
is photoexcited with a low fluence, the concentration of
photoinduced electrons is much lower than the total
concentration of free holes [since nhðtÞ ¼ neðtÞ þ nTðtÞ,
ne ≪ nT], and the recombination of electrons is almost
monomolecular, since the additional photoexcited charge
does not noticeably change the concentration of holes. If
the excitation fluence is high enough, such that the
concentrations of photoexcited electrons and holes from
the laser pulse become comparable to the photodoped hole
density [neð0Þ > nT ∼ NT], then the electron-hole recom-
bination is bimolecular, resulting in a power-law decay
until the free-electron concentration drops below the
photodoped hole density, after which the decay again
becomes monoexponential.
A generic kinetic model, accounting for exciton for-

mation, dissociation into free charges, and trapping of free
electrons, is given by the rate equations [31]

dne
dt

¼ I
d
þ Rdnx − Rfnenh − Rehnenh

− RpopneðNT − nTÞ; ð1Þ

dnx
dt

¼ Rfnenh − Rdnx − Rxnx; ð2Þ

dnT
dt

¼ RpopðNT − nTÞne − Rdepðn2T þ nTneÞ: ð3Þ

The parameters Rf, Rd, and Rx are the rates of exciton
formation, dissociation, and decay, respectively. Reh, Rpop,

and Rdep determine the recombination rate of free electrons
and holes, trap population, and depopulation by electrons,
respectively, where depopulation is exclusively by recom-
bination with either free (photogenerated) or photodoped
holes and we assume the traps are deep enough to inhibit
thermal detrapping to the conduction band; I is the
excitation intensity, d is the film thickness, and NT is
the total trap concentration. Before solving this model, we
make two further simplifications. (i) According to PL
[Fig. 1(b)] and device [Figs 1(b) and 1(c)] measurements,
the accumulation of charges in traps and their depopulation
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FIG. 2. (a),(b) PL decays detected at 780 nm from perovskite
samples at (a) 300 and (b) 190 K, following pulsed excitation
(510 nm, 300-kHz repetition rate) with different initial photo-
excitation densities Nð0Þ. Solid lines are fits from the model.
(c) Schematic to illustrate recombination mechanisms for the
low- and high-fluence regimes. We note that there is likely to be a
distribution of states at different subgap energies, but they are
shown here at a single energy for simplicity.
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take place on a time scale of milliseconds to seconds,
suggesting that the trap concentration nT can be taken as
constant when we consider PL decays on time scales of
microseconds. Therefore, on the time scales for the
evolution of ne or nx, we set nT ¼ const. (ii) Because of
the very fast exciton formation and dissociation, the free
carriers and excitons can be assumed to be in thermal
equilibrium throughout the entire PL decay. Indeed, the
exciton dissociation rate, producing free carriers, can be
estimated as Pdiss ¼ ν exp½− Eb

kBT
� ≈ 1012 s−1 (at room tem-

perature T), where we use Eb ∼ 50 meV [21,34–36] for the
exciton binding energy, v ¼ Eb=h ∼ 1013 s−1 is the attempt
frequency (h is Planck’s constant [37]), and kB is the
Boltzmann constant. Estimated exciton formation rates are
on the order of approximately 1010–1012 s−1 [38,39]. These
estimates provide a general picture of the dynamic equi-
librium for photogenerated species in the perovskite film:
Excitons are constantly dissociating to produce free
charges, while free charges are associating to form exci-
tons. A simple comparison between the dissociation time
and the PL decay lifetime leads to the estimate that each
charge undergoes approximately 10 000 exciton formation
and dissociation events within its lifetime of approximately
100 ns [5]. Similar results to those presented below are also
obtained when using exciton binding energy values on
the lower end of those reported for these materials
(approximately 15 meV [40]; see Supplemental Material
Figs. S10–12 [31]).
The equilibrium between free carriers and excitons

allows us to express the concentrations ne, nh, and nx in
terms of the total (untrapped) photogenerated species
density N as

nh ¼ − ðA − nTÞ
2

þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðAþ nTÞ2 þ 4AN
q

;

ne ¼ nh − nT; nx ¼ N − ne;
ð4Þ

where A ¼ vx
vhve

exp½−Eb=kBT� and vi ¼ λ3i , λi is the ther-
mal wavelength of the species i, and Eq. (2) is now
satisfied. Equation (4) represents a generalized version
of the Saha equation [21,38,41] for p-type doped semi-
conductors (the n-doped case is obtained by interchanging
the e and h subscripts). The equation for the evolution
of normalized photogenerated species concentration
x ¼ N=ðAþ nTÞ, after the pulsed excitation (I ¼ 0), takes
the form

dx
dt

¼ − Aγ0x
Aþ nT

�

xþ nT
A

þ RpopðNT − nTÞ
γ0

�

;

γ0 ¼ AReh þ Rx;

ð5Þ

where γ0 is the total rate of electronic decay not involv-
ing traps.

The solution to this equation is

x ¼ C1x0 exp½−γt�
C1 þ x0ð1 − exp½−γt�Þ ;

γ ¼ nTγ0
Aþ nT

þ ARpopðNT − nTÞ
Aþ nT

;

C1 ¼
nT
A

þ RpopðNT − nTÞ
γ0

; ð6Þ

with x0 ¼ Nðt ¼ 0Þ=ðAþ nTÞ.
The description is completed by rewriting Eq. (3) for the

concentration of filled traps (and therefore photodoped
holes) nT [31]:

nT ¼ − 1

2
αþ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α2 þ 4βNT

q

;

α ¼
½Aþ Rpop

Rdep
ðA − NTÞ�

ð1þ 1
K þ Rpop

Rdep
Þ

;

β ¼ RpopA

Rdepð1þ 1
K þ Rpop

Rdep
Þ
; ð7Þ

where K ¼ 1
γ0t0

ln½1þ ANð0Þ
NTðAþNTÞ�. The normalized PL inten-

sity is then

IehðtÞ
Iehð0Þ

¼ IexðtÞ
Iexð0Þ

¼ neðtÞnhðtÞ
neð0Þnhð0Þ

¼ 1

ðnT þ Ax0ÞAx0

�

nT þ AC1x0 exp½−γt�
C1 þ x0ð1 − exp½−γt�Þ

�

×
AC1x0 exp½−γt�

C1 þ x0ð1 − exp½−γt�Þ : ð8Þ

We iteratively and globally fit the model to our exper-
imental PL decays and PLQE data for the remaining
parameters [31]. The fit to the time-resolved PL decays
at 300 K shown in Fig. 2(a) leads to the parameter
values Rpop¼2×10−10 cm3s−1, Rdep ¼ 8 × 10−12 cm3 s−1,
NT ¼ 2.5 × 1016 cm−3, and γ0 ¼ 1.4 × 107 s−1, which
accurately capture the range of the experimental data.
We note that the extracted trap density NT agrees well
with results obtained by Xing et al. [23]. This trap density
corresponds to one trap site for every approximately 106

unit cells, which is remarkably low for low-temperature
solution-processed films [42,43].
Figure 2(b) shows the time-resolved PL decays at low

temperature (190 K) as a function of excitation fluence (see
Supplemental Material Fig. S4 for 250 K [31]). In order to
provide reasonable fits to the data, we assume that the
total trap concentration NT also varies with temperature
(see Supplemental Material Fig. S6 [31]). The fits in
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Fig. 2(b) are shown with a total trap concentration
NT ¼ 0.9 × 1016 cm−3, which is a factor of approximately
3 lower than at 300 K (NT ¼ 2.5 × 1016 cm−3). This
result suggests that the trap states are intrinsic to the
perovskite and vary with temperature. We speculate that
the traps are due to thermally activated atomic vacancies,
a common type of point defect in perovskite structures
[44–46]. In addition, the trap population rate at 190 K is the
same as at 300 K (Rpop ¼ 2 × 10−10 cm3 s−1), but the
depopulation rate is slowed by a factor of approximately
4ðRdep ¼ 2 × 10−12 cm3 s−1Þ such that, for a given exci-
tation density, more traps are filled and there are also less of
them at low temperature.
Next, we consider continuous wave (cw) excitation.

Equation (1) can be solved numerically when I ≠ 0 in
the steady state to obtain the resulting photogenerated
species density N and total filled trap concentration nT
in a perovskite film for a given incident intensity
[Fig. 3(a)]. We note here that, under continuous excitation
equivalent to solar fluences (dashed line), recombination
in the perovskite is in the monomolecular regime
(N ∼ 1015 cm−3 ≪ nT ∼ 1016 cm−3). The system transi-
tions only at high excitation intensities (>100 suns equiv-
alent) to a bimolecular regime, in which recombination is
no longer limited by traps. This finding implies that
perovskite solar cells have not yet reached their full
potential under operating conditions [30].
In Fig. 3(b), we show the steady-state concentration of

excitons nx as a function of total photogenerated species N
at different temperatures. The dashed lines correspond to
the case without subgap states (no photodoping), which is
analogous to the results obtained by D’Innocenzo et al.
using the Saha equation [21,41]. Our results deviate from
those of the undoped material, meaning that even low levels
of trap states can have a strong influence upon the exciton
concentration. Nevertheless, it is clear that the dominant
species are free charges (≤10% excitons) under operating
conditions in a perovskite device at 300 K (below approx-
imately 1015 cm−3). Only at higher charge densities or low
temperatures do we see larger fractions of excitons.
In Fig. 3(c), we show the experimental steady-state

PLQE data as a function of charge density [49]. The
PLQE increases with excitation intensity. This increase is
due both to an increased filling of trap states and, possibly,
to an increasing excitonic fraction of photogenerated
species [Fig. 3(b)]. In addition, for a given excitation
intensity, the PLQE increases as the temperature decreases
(inset), reaching approximately 95% at about 190 K. This
result shows that radiative recombination processes are
dominant at low temperature, and it is consistent with the
earlier results that, at low temperature, there are less traps
and more of them are filled for a given excitation intensity.
It is also consistent with an increased excitonic fraction at
low temperature, which we could assume cannot be trapped
within the Coulomb radius of a charged trap state (e.g., if

the trap was due to an iodide vacancy) due to the exciton’s
net charge neutrality, unless directly adjacent to a trap. We
note that additional nonradiative pathways, such as non-
radiative electron-hole or exciton recombination, must also
occur at temperatures above 190 K, since the PLQE does
not reach 100% at these temperatures even at high
intensities when all of the traps are filled. We also note
that a PLQE close to 100% in a polycrystalline semi-
conductor film simply prepared by solution casting is quite
remarkable [20].

(a)

(b)

(c)

FIG. 3. (a) Concentration of filled traps nT and of photo-
generated species N at 300 K as a function of incident intensity
I. The dashed line represents the incident absorbed flux for
the perovskite under AM1.5 100 mWcm−2 irradiance
(I ∼ 1.6 × 1017 cm−2=s). (b) Fraction of excitons as a function
of the total photogenerated concentration N at two temperatures.
The dashed lines show the results using the Saha equation. The
dotted line is an upper bound on charge density in a solar cell at
open circuit. (c) PLQE data at 300 (squares), 250 (circles), and
190 K (triangles) with results from the model [Eq. (9); solid lines]
overlaid by using PLQE and 300-K values for Rx ¼
3.2 × 106 s−1 and Reh ¼ 1.3 × 10−10 cm3 s−1 (see Supplemental
Material Fig. S9 [31]). Inset: PLQE as a function of temperature
through the range in which the perovskite crystal remains in the
tetragonal phase (155–320 K) [21,47,48] under quasi-steady-
state excitation corresponding to N ∼ 2 × 1015 cm−3.
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To calculate the PLQE, we consider the case of radiative decay of excitons and nonradiative decay of electrons and holes
(PLQEx), the vice versa case (PLQEeh), or mixtures thereof. The PLQEs are defined as ratios of the radiative decay rate to
the total decay rate:

PLQEx ¼
nxRx

nxRx þ ðN − nxÞ½ðN − nx þ nTÞReh þ ðNT − nTÞRpop�
;

PLQEeh ¼
ðN − nxÞnTReh

nxRx þ ðN − nxÞ½ðN − nx þ nTÞReh þ ðNT − nTÞRpop�
: ð9Þ

These quantities represent the maximum PLQE values,
because we assume that recombination through each
respective channel (Rx or Reh) is purely radiative.
Therefore, each quantity (or mixture thereof), whose shapes
are indistinguishable, is scalable by a factor representing
the radiative fraction of the respective decay channel(s).
We overlay these quantities on the experimental data in

Fig. 3(c) by using the parameters (NT , Rpop, and γ0)
obtained from the kinetic modeling and the values of nT
and N displayed in Fig. 3(a). The values of Rx and Reh
(Supplemental Material Fig. S9 [31]) are calculated by
taking into account the experimental saturation values of
the PLQE (0.25 for 300 K, 0.45–0.7 for 250 K, and 0.95 for
190 K), i.e., when all trap states are filled. The PLQE as a
function of photogenerated density fits well to the exper-
imental data. We note that the change in the rate constants
Rx and Reh with temperature are more physically realistic
[50,51] when considering emission being preceded by the
formation of an exciton (PLQEx), but this result does not
exclude electron-hole recombination (PLQEeh) as an addi-
tional radiative pathway [31]. However, further work would
be required to confirm this finding.
Based on these combined theoretical and experimental

analyses, the following decay pathways emerge: When free
electrons and holes meet, they may form an exciton, which
will dissociate again into free electrons and holes with high
probability. Occasionally, the excitons (or free electrons
and holes) recombine radiatively, leading to photolumi-
nescence, or nonradiatively. At higher temperatures and/or
lower excitation fluences, the electrons and holes spend
significantly more time as free charge than bound as
excitons, and the free electrons are hence susceptible to
becoming trapped in defect sites, resulting in nonradiative
decay. As the photoexcited charge density increases and/or
the temperature is reduced, the fractional time the charges
spend bound as excitons increases, and the density of
available trap states is reduced. Hence, the competition for
radiative decay increases with respect to charge trapping,
leading to increased PLQE.

III. CONCLUSION

In summary, we have developed a theoretical model that
is able to describe the dynamic interrelations between free

charges, excitons, and electronic subgap states for organic-
inorganic metal-halide perovskites. The model reproduces
the PL decays and PLQE trends. Importantly, the results
suggest that high PLQE values can also be obtained at
lower excitation fluences if the traps were otherwise filled
or removed. In addition, the fraction of free charge carriers
(versus excitons) under solar-cell working conditions
would be increased from 90% towards 100% by reducing
the photodoping density, presumed to occur due to the
presence of subgap states. Future work should therefore
concentrate on methods to switch off the subgap non-
radiative pathways either by preventing their formation or
by filling these states through selective doping or by
chemically passivating the vacancies. This work would
not only lead to solar cells with fewer losses, where all
recombination is radiative [30], but also open up the
possibility of using three-dimensional perovskites as highly
efficient light-emitting devices.
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