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ABSTRACT: The study of the photophysical properties of organic−metallic lead halide
perovskites, which demonstrate excellent photovoltaic performance in devices with electron-
and hole-accepting layers, helps to understand their charge photogeneration and
recombination mechanism and unravels their potential for other optoelectronic applications.
We report surprisingly high photoluminescence (PL) quantum efficiencies, up to 70%, in
these solution-processed crystalline films. We find that photoexcitation in the pristine
CH3NH3PbI3−xClx perovskite results in free charge carrier formation within 1 ps and that
these free charge carriers undergo bimolecular recombination on time scales of 10s to 100s
of ns. To exemplify the high luminescence yield of the CH3NH3PbI3−xClx perovskite, we
construct and demonstrate the operation of an optically pumped vertical cavity laser
comprising a layer of perovskite between a dielectric mirror and evaporated gold top
mirrors. These long carrier lifetimes together with exceptionally high luminescence yield are
unprecedented in such simply prepared inorganic semiconductors, and we note that these
properties are ideally suited for photovoltaic diode operation.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Organo−lead mixed halide perovskite-based solar cells
have shown a breakthrough in power conversion

efficiency.1 Solution-processed devices with power conversion
efficiencies of 10−12%2−6 were reported in 2012 and have
more recently exceeded 15% in devices processed by
evaporation7 and sequential deposition.8 There is evidence
from optical studies9,10 that the diffusion range for the
photoexcitations can be substantial, up to 1 μm, and this
allows efficient light harvesting across the thickness of the
perovskite layer (typically 400 nm). Nevertheless, it has not
been clear whether the mobile species is a neutral exciton or
free charge, nor is the origin of the high open-circuit voltages
clear. As was shown by Lee et al.,6 the mixed halide perovskite
is capable of both electron and hole charge conduction,
consistent with the excellent performance of evaporated planar
heterojunction structures reported by Liu et al.7 It was also
demonstrated by Burschka et al.8 that the triiodide perovskite is
an efficient sensitizer and can even operate as a hole conductor,
sustaining reasonable efficiencies without a hole-acceptor
layer.11 Two-dimensional layer structures with PbIx layers
separated by organic ligands have been extensively investigated
by Mitzi et al. and show luminescent properties with excitonic
character.12−16 However, the perovskites used in the present
study are three-dimensional semiconductors. A fundamental
question is whether the photoexcitation in the perovskite
remains as a bound exciton and is later ionized at the electron-

and/or hole-accepting heterojunctions (either distributed or
planar) or whether charge generation occurs in the pristine
perovskite material. In order to address this and also to study
the long-time recombination/luminescent processes, we carried
out transient photoluminescence (PL) and transient absorption
(TA) measurements on spin-coated perovskite films spin-cast
onto glass substrates and also of working devices comprising
mixed halide perovskite on a compact titanium dioxide
electron-accepting electrode with a hole-acceptor layer formed
by spin-coating the hole transporter 2,20,7,70-tetrakis(N,N-di-
p-methoxyphenylamine)9,90-spirobifluorene (spiro-MeO-
TAD).
For sample preparation, methylamine (CH3NH2) solution

(33 wt %) in absolute ethanol was reacted with hydroiodic acid
(HI, 57 wt %) in water with excess CH3NH2 under nitrogen
atmosphere in ethanol at room temperature. Typical quantities
were 24 mL of CH3NH2, 10 mL of HI, and 100 mL of ethanol.
Crystallization of methylammonium iodide (CH3NH3I) was
achieved using a rotary evaporator; a white-colored powder was
formed, indicating successful crystallization. CH3NH3I and
lead(II) chloride (PbCl2) were dissolved in anhydrous N,N-
dimethylformamide at a 3:1 molar ratio of CH3NH3I to PbCl2
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to produce a mixed halide perovskite precursor solution. Thin
film samples were prepared by spin-coating followed by
annealing on a hot plate at 100 °C for 60 min (full details
are given in the Supporting Information (SI)).
PL from these materials is emitted in a relatively narrow band

centered at 1.6 eV, just below the absorption edge, as shown in
Figure S1 (SI). Figure 1a shows the photoluminescence
quantum efficiency (PLQE) as a function of excitation fluence
for a thin perovskite film on glass.
The PLQE is relatively low at low fluences (<25 mW/cm2)

but rises rapidly above 50% (by 100 mW/cm2) and reaches a
maximum value of 70% at high excitation densities. This is
remarkably high and indicates few nonradiative decay pathways.
We consider the lower PLQE at low excitation fluence to be
due to the presence of defects through which nonradiative
decay can occur. Radiative recombination becomes dominant
over recombination at high fluences after the defects are filled.
The rise in the PLQE toward higher fluences suggests an
excitation-density-dependent radiative recombination. We note
that comparable PL efficiencies are rarely achieved in untreated
inorganic or hybrid materials; thus, nanocrystalline II−VI
semiconductors show PL efficiencies of below 15% without
special core−shell features, and bulk systems used in solar cells
such as copper indium gallium selenide show lower
efficiencies.17−19 It is therefore extremely unusual to find such
high PL efficiency, and we consider that this points to a high
semiconducting quality and overall low defect density of the
spincoated perovskite materials.
We studied the recombination behavior of the photo-

excitations in films and solar cells with TA and transient PL
spectroscopy on nanosecond time scales to track the excitation
density and recombination rate, respectively. Working solar
cells based on CH3NH3PbI3−xClx perovskites were fabricated
with the structure as shown in the inset in Figure S2 (SI). The
cells were composed of a thin compact TiO2 layer (50 nm)
deposited on an FTO covered glass substrate followed by a thin
(300 nm) mesoporous Al2O3 layer onto which the
CH3NH3PbI3−xClx was deposited by spin-coating.3,20 This
structure was capped with a spiro-MeOTAD layer acting as the
hole acceptor and gold electrodes for charge extraction. Before
taking TA measurements (details of the laser setup are given in
the SI), the power conversion efficiencies of the solar cells were
measured in a solar simulator under AM1.5 conditions, yielding
values around ∼10% (Figure S3, SI). All measurements were
performed at <10 μJ/cm2, which falls within the linear
excitation fluence regime, as verified by a linear response of
the TA signal (at zero delay time) and external quantum
efficiency (EQE) of the devices up to fluences of 50 μJ/cm2. At
times beyond 1 ps, the TA response shows a ground-state
bleaching (GSB) response peaked at 1.65 eV that is spectrally
unchanged out to times beyond 200 ns, as shown in Figure S2
(SI). For comparison, Figure S1 (SI) shows the linear
absorption and PL spectrum. Any spectral signature due to
the spiro-MeOTAD is concealed by the strong perovskite
signal, and we consider that the GSB feature at 1.65 eV can be
used to track the photoexcitation density as a function of time.
We also measured the transient PL of working devices under
open-circuit conditions and also of thin films. PL excitation was
performed at 2.3 eV with fluences in the range of 2−10 μJ/cm2.
The PL (see Figure S1, SI) showed no detectable spectral
evolution with time. At high fluences, we observed a blue shift
of the steady-state PL spectrum, by about 50 meV, and a
broadening toward higher energies, which indicates state filling

of the band structure and emission from higher-lying states21

(Figure S4, SI). We calculated the expected shift in the PL
spectrum from the photoexcitation density (ρexc ≈ 1020/cm3),

Figure 1. (a) PLQE of CH3NH3PbI3−xClx films on spectrosil,
annealed in air and capped with a thin PMMA layer. Excitation was
performed with a cw laser at 2.33 eV. The integrated PL intensity was
taken from 1.77 to 1.46 eV, measured in a Labsphere integrating
sphere. The increase in PLQE with excitation fluence indicates a
competition between bimolecular recombination and monomolecular,
trap-assisted charge recombination. The high values shown here
demonstrate that at higher fluences, the dominant mechanism of
recombination is radiative. (b) Plot of the normalized PL intensity
(integrated from 1.71 to 1.57 eV) and the TA signal versus time for a
working device and film samples. Excitation for PL decays of films and
devices was performed with a pulsed laser at 2.3 eV and fluence of ∼2
μJ/cm2. The pulse length was 100 fs and 400 ps for devices and films,
respectively. For TA measurements, the device was held at open circuit
in a nitrogen-filled holder and was photoexcited at 2.33 eV (10 μJ/
cm2, pulse length 400 ps). The excitation fluence for films was 2 μJ/
cm2. (c) Plot of the normalized PL intensity (integrated from 1.71 to
1.57 eV) versus the square of the TA signal for the samples shown in
(b).
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the crystal unit size volume6 (V ≈ 10−21 cm3), and the density
of states22 (g ≈ 5/eV). We found a calculated shift of ∼20 meV,
which is consistent with the observed shift of ∼50 meV and in
agreement with previous observations of radiative free carrier
recombination in III−V semiconductors.21

Figure 1b shows the comparison between the normalized
decays of the GSB feature at 1.65 eV and the spectrally
integrated PL centered at 1.6 eV.
We find a faster decay of the PL than of the TA. We note

that the PL decay reported at low fluences9,10 is approximately
monoexponential (see also Figure S5, SI), but at the higher
fluences used here, comparable to those for the TA and only
slightly above solar illumination conditions, neither the PL nor
the TA can be described by such a monomolecular exponential
decay. The solid lines in Figure 1b are fits of the TA decays to a
simple bimolecular decay response

=
+ ·

f t
a b t

( )
1

The film shows the slower decay and is well modeled by this
bimolecular rate out to 1 μs. The device shows faster decays
that are modeled by this bimolecular rate only at early times.
The solid lines in Figure 1b are fits for bimolecular rates of 7.4
× 10−11 (film) and 7.3 × 10−11 cm3 s−1 (device). This value is
very close to bimolecular rate constants determined from
terahertz measurements of the loss of mobile charge carriers,23

confirming that the observed PL arises predominantly from
charge recombination for films. We note as a comment that
films prepared fully under nitrogen conditions show faster
kinetics due to intrinsic effects that are reduced when the
sample is prepared in ambient conditions (Figure S6, SI).
Figure 1c shows the data of Figure 1b plotted as the

normalized PL kinetics versus the square of the absolute GSB
kinetics (with time as the implicit variable).
The PL is proportional to the square of the TA for all

samples measured, indicating that the PL emission rate is
proportional to the square of the excitation density or the
product of the electron and hole concentrations (equal for
uncontacted films). It is interesting to note that this
relationship is observed for films as well as devices that show
very different absolute decay rates (see Figure 1b) and different
PL strengths. This indicates that, besides charge extraction,
mixed halide perovskites show few other nonradiative decay
channels in photovoltaic devices, a prerequisite for efficient
photovoltaic performance.24 These results indicate that
luminescence in organo−lead mixed halide perovskites
CH3NH3PbI3−xClx results from bimolecular free carrier
electron−hole recombination and highlight the surprisingly
high semiconducting quality of these spin-coated and
disordered materials.
The evolution of charge generation following photoexcitation

is explored in Figure 2a, which shows the TA spectra of
perovskite films on glass, excited at 2.33 eV with ultrashort (30
fs) broad-band laser pulses.
Three main spectral features are seen. First, there is a large

positive feature that we consider to be GSB that narrows and
persists (centered at 1.65 eV at 3 ps), noting that the position
of this feature coincides with the absorption edge of pristine
CH3NH3PbI3−xClx films. We measure a large oscillator strength
(∼10−17 cm2) for the GSB and consider that it may arise from
phase space filling . There is some evidence for a contribution
on the low-energy edge from stimulated emission and for a
contribution to the signal at higher energies from a change in

refractive index. Second, a broad, negative (PIA) feature
extends toward higher energies (from 1.8 to 2.4 eV), and third,
there is a sharper PIA peak at energies (1.56 eV) just below the
GSB feature. This last feature decays with a time constant of
400 fs and converts to an increased transmission by 3 ps. We
note that the early time spectra are similar to the directly
measured electroabsorption spectrum (Figure S7, SI), which is
caused by a red shift of the band edge. This red shift can arise
through either a band gap renormalization mechanism25 or an
electroabsorption/Stark effect due to correlated charge pair
dipoles setting up a strong local electric field within the
material.26 We note that this signal is only short-lived while the
other features persist on longer time scales, and its relative
intensity (with respect to the bleach at 1.65 eV) increases with
decreasing fluence (Figure S8, SI). We consider the sub-band-
gap PIA to be a signature for the presence of correlated charge
pairs. Similar early time phenomena are observed in III−V
systems, and whether or not these can be described as excitonic

Figure 2. (a) Ultrafast TA spectra of CH3NH3PbI3−xClx films on glass
at varying delay times up to 3 ps after photoexcitation. Excitation is
performed with broad-band laser pulses centered at 2.25 eV with a
fwhm of 0.4 eV, pulse length of ∼30 fs, and fluence of 1 μJ/cm2. The
spectra show a broad increased transmission centered at 1.7 eV, which
gradually red shifts, and a photoinduced absorption (PIA) at higher
energies above the band gap. An additional narrow negative feature is
observed below the band gap at 1.56 eV, consistent with the
electroabsorption spectrum. (b) TA kinetics of CH3NH3PbI3−xClx
taken at 1.56, 1.66, and 2.05 eV. Signals represent sub-band-gap
negative feature, photoinduced transmission peak, and above-band-gap
PIA, respectively, from (a). The sub-band-gap negative feature
increases on ultrafast time scales (∼50 fs) and turns into an increased
transmission within 1 ps. A concomitant increase in the above-band-
gap PIA is observed. The induced transmission peaks 100 fs after the
sub-band-gap PIA and also shows an initial decay up to 1 ps after
which the signal persists.
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populations is actively debated.27,28 Figure 2b shows the kinetic
traces of the main features.
The rise in the broad PIA signal (2.05 eV) is correlated with

the decay of the PIA feature at 1.56 eV, and on that same time
scale, there is an enhancement in the GSB at 1.65 eV. The
response then remains constant after 900 fs, out to times as
long as microseconds9 (Figure S1, SI). The early time spectrum
is consistent with the presence of correlated charge pairs, and
the observed loss of this signal within a subpicosecond is similar
to the time scale of phonon-driven ionization observed in III−V
systems.25 We therefore assign the later time spectrum to that
of free charges, which are formed within 1 ps after
photoexcitation. This assignment is further supported by the
correlation between the kinetics of this feature at longer times
and current extraction transients measured in devices (Figure
S9, SI).
As a test of the high photophysical quality of the

CH3NH3PbI3−xClx perovskite semiconductors, we have con-
structed a vertical cavity optical structure in which a perovskite
film is sandwiched between a gold mirror and a standard
dielectric stack mirror29 with a reflectance band from 1.77 eV
(see the SI for details on fabrication and measurement). Laser
excitation at 2.33 eV with 0.4 ns duration pulses reveals the

presence of cavity modes spaced by about 9.5 THz, as shown in
Figure 3a.
Above a threshold of 0.2 μJ/pulse, we observe an order of

magnitude increase in the slope of the output curve (Figure
3b), line narrowing (Figure S10, SI), and the intensity being
transferred to the mode closest to the PL emission peak.
At high fluences, we also observe amplified spontaneous

emission (ASE) in thin films (Figure S11, SI), with a
significantly broader spectral width compared to the cavity
modes. The faster cavity ring down time of the lasing mode
compared to the side bands, of order 5 ns, can be seen in Figure
S12. Pulsed intensity correlation measurements (Figure 3c and
S13) show photon bunching at zero time delay for low
excitation densities below the lasing threshold, which is
consistent with amplified spontaneous emission. In contrast,
similar measurements under high excitation densities (Figure
3d) show a strong suppression of photon bunching, which
manifests the high coherence of the emission and therefore
lasing. In comparison with previous reports in two-dimensional
perovskite systems,30 we observe lasing at room temperature
and do not find a pronounced shift in the PL spectrum
compared to low fluences, which rules out previously observed
biexcitonic effects.

Figure 3. (a) Emission spectrum of a vertical microcavity with the structure as shown in the inset using a perovskite film as the gain medium. The
thickness of the perovskite layer was around 500 nm, and it was around 1 μm for the PMMA layer. Excitation was performed with a pulsed laser (400
ps) at 2.33 eV and fluences as stated. At low fluences, three modes are resonant in the cavity with a mode spacing of ∼9.5 THz. At sufficiently high
fluences, the mode at 1.6 eV is amplified. (b) Correlation between the intensity of the 1.6 eV mode and the pump laser energy showing a lasing
threshold at around 0.2 μJ/pulse. (c,d) Intensity correlation measurements of the cavity emission under excitation with 2.33 eV pulses (pulse width
of 68 ps, repetition rate of 80 MHz) selectively probing the lasing mode. The positions for zero time delay (red diamond) and the following laser
pulses (black diamonds) are indicated. The blue line gives the average peak height, excluding the peak at zero time delay. The yellow area shows the
4σ range. At low fluences (c) a pronounced correlation at zero time delay is found, which indicates photon bunching. At fluences above the lasing
threshold (d) the photon bunching effect vanishes, indicating lasing.
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In summary, we find a very unusual set of characteristics for
the mixed halide perovskite CH3NH3PbI3−xClx that indicate
surprisingly clean semiconducting behavior and give excellent
PV performance. Free charges are formed within 1 ps of
photoexcitation at room temperature and are long-lived, with a
bimolecular decay that gives rise to remarkably efficient PL,
particularly at high excitation densities. This indicates that
multiple electron−hole collisions can occur within the sample
without nonradiative decay. This is a necessary criterion for
photovoltaic operation close to the Shockley−Queisser limit,24
indicating significant future scope for these perovskite solar
cells to reach the very highest solar power conversion
efficiencies. The high room-temperature PLQE also reveals
the potential to use this class of three-dimensional perovskite
semiconductors in light-emitting devices because they provide
easy injection and transport of both electrons and holes,
together with very high luminescence efficiency. These are the
properties required for LEDs and injection lasers.
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