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Inhibition of light emission from the metastable
tetragonal phase at low temperatures in island-like
films of lead iodide perovskites†

Raquel Chuliá-Jordán, *a Natalia Fernández-Delgado,b Emilio J. Juárez-Pérez, c

Iván Mora-Seró, c Miriam Herrera,b Sergio I. Molinab and Juan P. Martínez-Pastor *a

Photonic applications based on halide perovskites, namely CH3NH3PbI3 (MAPbI3), have recently attracted

remarkable attention due to the high efficiencies reported for photovoltaic and light emitting devices.

Despite these outstanding results, there are many temperature-, laser excitation power-, and morpho-

logy-dependent phenomena that require further research to be completely understood. In this work, we

have investigated in detail the nature of exciton optical transitions and recombination dynamics below

and above the orthorhombic/tetragonal (‘O’-/‘T’-) temperature phase transition (∼150 K) depending on

the material continuity (continuous-like) or discontinuity (island-like) in MAPbI3 films. At low temperatures,

continuous thin films of the perovskite can exhibit strain inhomogeneities associated with the formation

of different ‘T’-defective domains leading to an energy spread of states over more than 200 meV. On the

other hand, a single photoluminescence line peak related to the perovskite ‘O’-phase (associated with the

distortion of the [PbI3]
− anion) is observed in the island-like sample that we attribute to strain relaxation

for this morphology. Moreover, the predominantly radiative recombination dynamics of the continuous-

like sample mainly originates from nongeminate electron–hole formation of excitons in the ‘O’-phase

and the internal dynamics with carrier trapping levels. This observation is in strong contrast to the free

exciton recombination dominantly found in the island-like sample.

1. Introduction

Despite the great achievements in photovoltaics, as well as in
photonics,1–3 an efficient room-temperature compact hybrid
plasmonic nanostructure, which might enable active function-
alities in photonic and plasmonic circuitry, has yet to be devel-
oped. Latest studies suggest that a new candidate is required
that would not just allow the construction of plasmon wave-
guides with highly concentrated light fields and very low
propagation losses, but could be integrated on a silicon sub-
strate. Most of the QD-based nanomaterials need femtosecond
pulsed laser excitation to achieve population inversion due to
the important non-radiative Auger losses (≈10 ps) observed,
while organic materials display poor heat conductivity, limited
wavelength tunability and bleaching (see introduction in ref. 4

and others therein). Recently, amplification of the spon-
taneous emission (ASE) has been observed in optimized
hybrid lead halide perovskite-poly(methyl methacrylate)
(MAPbI3-PMMA) waveguides on a silicon architecture, because
the losses were compensated for along the entire waveguide
due to a weak attenuation of the pump under end-fire coup-
ling. Furthermore, the high confinement of light in this photo-
nic structure was the origin of a threshold for ASE as low as
30 μW inside the waveguide and a net gain of 10 dB cm−1 was
obtained in waveguides 1 mm long.4 These results suggest that
MAPbI3 perovskites could also be future aspirants for Si-hybrid
photonics that might open up an avenue towards tightly inte-
grated photonic and plasmonic circuits.

Important efforts in this direction have been made by
different research groups. The perovskite material, which does
not seem to present any significant disorder-induced broaden-
ing as inferred from the low Urbach energy measured (slope ≈
15 meV), will not suffer from the Staebler–Wronski effect,5 as
occurs in amorphous silicon.6,7 A reduction of the exciton
binding energy from ca. 15 to 5 meV has been reported, for all
the spectra above the orthorhombic/tetragonal (‘O’-/‘T’-) phase
transition temperature, TC (160 K).8 This result is consistent
with recent estimations, in which a decrease from 29 ± 6 to
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13 ± 5 meV has been recently reported.9 Hence, a certain
portion of free electron–hole pairs will be in thermal equili-
brium with excitons in MAPbI3 at room temperature since the
exciton binding energy is smaller than kBT (∼26 meV).8 On the
other hand, not only a contradictory exciton binding energy of
62.3 meV, extracted from photoluminescence (PL) intensity
quenching at high temperatures, but also the appearance of a
PL band ascribed to MAPbI3 in its tetragonal phase subsisting
below TC has been reported.10 Lastly, it has been proved that
although the relative volume fraction of low-energy states
(inclusions of crystallites with the tetragonal phase) is very
small, they provide the dominant radiative recombination path, as
compared to the states of the ‘O’-phase that can be also observed
in the PL spectra.11 More recently, in a very nice study, Jones and
co-workers12 demonstrated a linear correlation between compres-
sive strain measured locally (grains of the MAPbI3 polycrystalline
film) and the increase of the relative defect density contributing to
carrier non-radiative losses. The latter relation is still an open
question, but the appearance of strain-related defects is probably
due to the particular solution processing conditions to form
MAPbI3 films (in the cubic phase at 100 °C, as compared to the
tetragonal phase at room temperature).

In the present work we have analysed the influence of the
film morphology (continuous-/island-like) and underlying crys-
talline (‘O’-/‘T’-) structure of the MAPbI3 layer on the energy
spread of states below the intrinsic excitonic optical tran-
sitions. To that end, we have studied in detail these optical
transitions and their recombination dynamics below and
above the ‘O’-/‘T’- phase transition temperature under different
fluence excitation conditions. This was done by using steady-
state and time-resolved PL spectroscopy. Remarkable changes
in the exciton recombination are observed below and above TC.
Particularly interesting is the case of the island-like structures
(island height of around 100 nm) where a single narrow PL
line related to the MAPbI3 ‘O’-phase is dominant below 160 K.
This behaviour can be attributed to the strain relaxation taking
place in perovskite islands inhibiting the low energy PL bands
associated with ‘T’-phase crystallite inclusions (as a possible
origin) at temperatures lower than TC, as referred in the litera-
ture.11 Therefore, our results demonstrate that future improve-
ments in the growth of MAPbI3 and other perovskite materials
leading to the elimination of strain inhomogeneities will be
fundamental to reduce the presence of carrier trapping centres
below the bandgap and hence the basis to obtain high-per-
formance optoelectronic, photonic and plasmonic devices
based on perovskites.

2. Methods and materials
2.1. Sample preparation and description

The different steps of the growth process have been already
explained in ref. 4 and 9. Briefly, the structure of the samples
consists of a commercial Si/SiO2 (2 µm) substrate, a TiO2

compact layer (40 nm) deposited on it, whose mission is to
enhance the residence time and adherence of the perovskite

solution during the spin coating procedure, an active layer of
MAPbI3 and a poly-methyl methacrylate (PMMA) capping layer
(0.5–1 µm) in order to protect the sample under ambient con-
ditions (see Fig. 1). These materials were deposited by spin-
coating at 2000 rpm for 60 s and post-processed at different
heating temperatures and in air: TiO2 at 500 °C for 30 min,
MAPbI3 at 100 °C for 1 h and PMMA with two heating steps at
80 and 150 °C for 2 min each. The two kinds of samples con-
sidered here, continuous and discontinuous or island-like
films, have different average MAPbI3 thicknesses, 550 and
100 nm, respectively. The different morphology is achieved by
diluting the spin-casted perovskite solution from 40% (con-
tinuous thin film) to 10% (w/w) (island-like film). The samples
for transmission electron microscopy (TEM) measurements
were prepared in a conventional manner using ion-thinning
(FISCHIONE, PIPs 691 GATAN). Given that the sample prepa-
ration could be affecting the structural quality of the perovskite
layer under study, two different voltages for the ion milling
processes were applied, 5 kV and 3–2.8 kV.

2.2. Experimental setup for PL experiments

Samples were characterized by placing them in the cold finger
of a commercial closed-cycle compressed helium cryostat (ARS
DE-202), where the temperature can be controlled from 10 K to
room temperature. For excitation, a continuous wave laser
diode at 405 nm was used for steady-state PL measurements,
whereas a 200 fs pulsed Ti:sapphire laser (Coherent Mira
900D, 76 MHz repetition rate) doubled to 400 nm with a beta
barium borate (BBO) crystal was used in time-resolved PL
(TRPL) experiments. For detection, an Andor Newton 970
EMCCD camera (PL spectra) and a Si Micro Photon Device
single photon avalanche diode (SPAD) photodetector (TR-PL
spectra) were used. The SPAD was attached to a time correlated
single photon counting electronic board (TCC900 from
Edinburgh Instruments).9,13,14

3. Results and discussion
3.1. Morphological/structural properties

An accurate control of the morphology for each of the two
different types of samples (continuous film and islands) is
crucial15–17 to exclude the random signals due to the surface
morphology of spatially inhomogeneous samples. The SEM
and TEM cross-section images can be seen in Fig. 1.

The High Angle Annular Dark Field-Scanning Transmission
Electron Microscopy (HAADF-STEM) technique was used to
obtain the high resolution information of both samples. The
high-resolution interface images revealed the expected 2 µm
thick SiO2 film atop silicon (i.e., substrate material), the 40 nm
thick TiO2 layer and the 550 nm thick MAPbI3 continuous film
(Fig. 1a (right-down)), which is polycrystalline with grains exhi-
biting a tetragonal structure. The HAADF-STEM technique
also showed the 100 nm thick island-like MAPbI3 (Fig. 1b
(right-down)). The (near) cross-sectional Scanning Electron
Microscopy (SEM) images of both polycrystalline perovskite
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samples are shown in Fig. 1a and b (right-up). A more detailed
study of the crystalline structure in both samples shows that the
crystallites, in some areas, have defined geometric shapes, pre-
ferably a hexagonal shape (marked in the images of Fig. 1c)
with an approximate size of about 10 nm. This short-range mor-
phology has been observed both in the island-like (Fig. 1c-left)
and continuous film (Fig. 1c-right) samples. The perovskite
material (MAPbI3) degrades under the electron beam, so that it
may become amorphized.18 In fact, when studying areas where
MAPbI3 is relatively thick, the “material” between crystalline
zones is removed and, although at the beginning it is seen as a
continuum (Fig. 1d), nm-size crystallites are later observed
clearly (Fig. 1e). In other words, it seems that MAPbI3 crystallites
are embedded in some kind of amorphous perovskite material
(Fig. 1d) that disappears under the electron beam irradiation,
leaving the perovskite crystallites visible (Fig. 1e). It is important
to note that neither the size of these crystallites nor their shape
is modified after their continuous observation by TEM.

3.2. Optical properties: excitonic transitions

Optical characterization also offers local information (spatially
averaged) despite the diffraction limit, given that photogene-
rated excitons are extended a few nanometers (i.e., the effective
Bohr radius of the exciton in the material) and act as a kind of
optical probe. Fig. 2 shows different PL spectra acquired for the
continuous thin film (a–c) and island-like (d–f) MAPbI3 samples
at different temperatures for several laser excitation powers. We
observe clear differences in the PL spectra measured below TC
depending on the MAPbI3 film morphology, continuous or
island-like, especially under very low excitation conditions.

The PL band labelled as ‘T’ is located at around 783 nm
(1.58 eV) at room temperature. It corresponds to the excitonic
optical transition at the tetragonal phase of MAPbI3 dominat-
ing above 150 K (see Fig. 2a–c).11,19,20 The ‘T’-band displays a
weak intensity change and energy red-shift as the temperature
decreases from 300 K to 150 K, as previously reported.15 Below
150 K, a second PL band appears at ≈1.7 eV, for both continu-

Fig. 1 Sample description: (a) HAADF-STEM (left) and SEM (right-up) cross-section images and structure (right-down) of the continuous-like per-
ovskite (thickness 550 nm). The continuous-like perovskite is more compact; while in (b) the perovskite sample forms islands (thickness 100 nm–

200 nm; size 1 μm). (c) Both perovskite samples are polycrystalline, where geometric crystals of a similar size have been observed at room tempera-
ture, mostly hexagons (as marked). Observation of the elimination of the material in the island-like (d) and continuous-like (e) sample after the study
of the structure.
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ous (see the PL spectra at 135 K in Fig. 2a–c) and island-like
(see the PL spectrum at 140 K in Fig. 2d) samples, that exhibits
a monotonous red shift with further decrease of the tempera-
ture (Fig. 2), being located at around 1.63 eV at 15 K. This PL
band must be associated with MAPbI3 at the ‘O’-phase. In the
range 150 K > T > 120 K, the PL bands associated with the ‘T’-
and ‘O’-phases are coexisting; the first one (‘T’-band) decreases
in intensity, whereas the second (‘O’-line peak) gains intensity
with decreasing temperature. This behaviour reflects the phase
transition from the tetragonal phase to the orthorhombic
phase of the whole material. It is observed in both samples,
even if TC can be slightly lower in the case of the island-like
sample.

It is important to mention now that the only dominant
emission band at T ≈ 100 K (95 and 96 K spectra in Fig. 2) is
the one associated with the ‘O’-phase in both samples. Below
this temperature, a low energy emission band is observed
below the ‘O’-phase emission line, but only in the continuous-
like sample. It is labelled as ‘DT’ in Fig. 2a–c. This broad and
structured emission band (‘DT’) dominates over the ‘O’-line
peak for the lowest excitation power. In the literature, these
‘DT’-bands have been attributed to different local strain con-
ditions of the MAPbI3 film leading to different transition
temperatures,10,11,21 but also to donor–acceptor pair (DAP)
recombination behaviour.15 In fact, up to four ‘DT’-com-
ponents appear in the PL spectra registered at the lowest laser
fluencies that are extended more than 200 meV below the ‘O’-
line peak, as shown in Fig. 3a, but this extension decreases by

Fig. 2 Steady state PL spectra of the thin continuous-like (a–c) and
island-like (d–f ) perovskite at various temperatures and laser excitation
powers.

Fig. 3 (a) PL intensity depending on the bandgap energy (Eg) for five different fluence excitation conditions (curves 1: 370 nJ cm−2, 2: 23.8 nJ cm−2,
3: 1.43 nJ cm−2, 4: 0.06 nJ cm−2 and 5: 0.003 nJ cm−2) and for a temperature below the tetragonal–orthorhombic phase transition temperature (T
= 50 K). Solid lines correspond to a 500 nm thick continuous-like sample, whereas scattered symbols correspond to the sample of the island-like
film. The PL spectra were normalized at the highest PL peak energy line. (b) PL transients measured at the peak of the highest energy PL line. The
blue line corresponds to the island-like film and the rest to the continuous-like sample at three different fluence excitation conditions. (c)
Phenomenological scheme. (d) Gaussian fitting deconvoluted steady-state PL spectra profile of the continuous-like sample for five different fluence
excitation conditions and at 50 K. Sub-band assignment: blue (orthorhombic, ‘O’), green (‘DT1’), orange (‘DT2’), red (‘DT3’) and brown (‘DT4’).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 22378–22386 | 22381

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
12

/1
3/

20
19

 1
1:

52
:3

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr07543g


increasing the laser excitation power. Phenomenologically, the
observation of the ‘DT’-band/s would be consistent with the
state filling of a very broad energy spread of different energy
levels below the ‘O’-phase bandgap leading to carrier trapping.
The physical origin of these levels would be found in locally
defective ‘T’-phase sites in the continuous sample, which can
arise from strain inhomogeneities (different strain conditions
at different size scales12), as compared to the case of the
island-like sample. In this case, the strain conditions and
inhomogeneities should be relaxed in a great part, because we
observe a negligible contribution to PL on the low energy side
of the ‘O’-line peak (see Fig. 2d–f and 3a). If this is true, the
behaviour of PL in the island-like sample at low temperatures
would be similar to that expected in a single crystal of MAPbI3.
In fact, one can corroborate this asseveration by comparing
the PL evolution in Fig. 2d–f with that in a good quality single
crystal of MAPbI3 in ref. 22. Moreover, the PL kinetics
measured in the island-like sample is clearly associated with
the ‘O’-phase free exciton recombination, as discussed below.

As a consequence of the existence of ‘DT’-levels, we observe
that the intensity of the ‘O’-line peak is practically constant in
the island-like sample (Fig. 2d–f ), whereas it increases until
100 K in the continuous film (Fig. 2a–c), just before the
appearance of the ‘T’-band. Moreover, the PL transients
measured at the peak of the highest energy PL line (the ‘O’-
line peak in the island-like sample, but mixed ‘O’-/‘DT’-bands
in the continuous-like one) are notably different in both
samples (Fig. 3b). In the case of the island-like sample the PL
decay is very fast (<1 ns) and independent of the excitation
power, which can be associated with the free ‘O’-exciton
recombination, whereas it is slower when measured in the con-
tinuous-like sample, a signature of a recombination dynamics
dominated by carriers trapped at ‘DT’-levels and their connec-
tion with the ‘O’-exciton recombination path. Therefore, the
low temperature behaviour depicted here in the continuous
sample is consistent with ‘O’-phase MAPbI3 with a certain
energy distribution of shallow ‘trap levels’, whose possible
origin would be the different strain conditions and different
size scales of the strain inhomogeneities in the layer. These
shallow ‘trap levels’ would be sequentially filled (from low to
high energy) by increasing the laser excitation fluency (see
Fig. 3a, where the low energy ‘DT’-PL contribution grows in
importance and shifts to the red by reducing the laser exci-
tation power). By increasing the temperature (15–100 K),
trapped electrons will be ionized towards the ‘O’-phase con-
duction band. This carrier detrapping will partially restore the
radiative exciton recombination channel, i.e., will produce the
observed intensity growth indicated above in the continuous-
like sample.

Until now, it was shown that the orthorhombic phase could
be stabilized through the effect of strain imposed on a thin
film by the substrate23,24 or through external pressure.25 Now,
we have introduced a new perspective. The existence of ‘DT’-
phases in the continuous-like morphology can be imagined as
in the form of strained nanocrystals surrounded by ‘O’-
MAPbI3. For this morphology, the PL from the ‘O’-phase will

be hidden at the lowest excitation powers (see the redshift of
the highest energy PL line in Fig. 3a), where most of the photo-
generated carriers are trapped at ‘DT’-levels. On the other
hand, in the island-like morphology, these ‘DT’-phases are
negligible because of strain relaxation of MAPbI3-grains. For
this morphology, the terms ‘T’–‘O’ as crystallographic phases
and ‘T’–‘O’ in terms of optical transitions observed in PL have
one-to-one correspondence. The origin of ‘DT’-components of
the PL spectra as arising from metastable ‘T’-phase domains at
the nanoscale would be also compatible with the presence of
locally defective ‘O’-phase sites due to locally different
strain conditions. In any case, under both assumptions we
would obtain the same observed emission phenomenology
associated with radiative carrier trap levels.26,27 The phenom-
enology depicted above when reducing the temperature from
300 to 15 K can be summarized in the illustration shown in
Fig. 3c.

More quantitative information on the above-presented
picture for recombination dynamics as a function of tempera-
ture in both morphologically different samples will be
obtained after the appropriate deconvolution of their corres-
ponding PL spectra recorded at several laser powers (Fig. 3d),
especially in the case of the continuous-like sample, where
several ‘DT’-contributions are present. In fact, the ‘O’-line peak
energy extracted from the island-like sample will serve as a
reference at every temperature, because it is independent of
the excitation power (Fig. 3a), hence it can be fixed for the con-
tinuous-like sample, whose highest energy PL line is shifted to
the red by reducing the laser fluency, by the influence of the
shallowest ‘DT’-levels, i.e., the ‘DT1’-contribution (green
Gaussian PL line in Fig. 3d). From the multi-Gaussian fitting
under different excitation powers at every temperature (Fig. 3d,
as a low-T example, and Fig. S1† for the other powers and
temperatures) we can extract the temperature evolution of the
integrated intensities and peak energies for ‘O’- and ‘DTn’-
components with temperature (Fig. S2 and S3,† respectively).
From the temperature evolution of the PL integrated intensity
(Fig. S2†) we corroborate our previous description: (i) the ‘O’-
related PL grows slightly with T in the range of 15–100 K,
which is more important in the continuous-like sample at the
expense of ‘DTn’-deactivation, (ii) in the range of 120–150 K
the ‘O’-related PL intensity decreases, while the ‘T’-related PL
appears, and (iii) above 150 K the pure ‘T’-related PL is recov-
ered with an intensity value very similar to that measured
when the pure ‘O’-phase was dominating (≈100 K). Therefore,
we can state that both ‘O’- and ‘T’-related PL lines are mainly
due to radiative recombination until 200 K, approximately,
above which the PL intensity of the ‘T’-phase begins to
decrease due to non-radiative recombination. Interestingly, the
‘DTn’-related PL peak energy approximately follows the evol-
ution found for the exciton recombination at the pure ‘O’-
phase, as observed in Fig. S3.† This observation points
towards a behavior of ‘DTn’-levels as determined by the ‘O’-
phase matrix, like nanocrystals (or QDs) of a different material
with a different size and smaller bandgap (e.g., like InGaAs
QDs in GaAs matrix or core/shell nanocrystals).28,29 The most

Paper Nanoscale

22382 | Nanoscale, 2019, 11, 22378–22386 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
12

/1
3/

20
19

 1
1:

52
:3

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr07543g


likely possibilities, as pointed out above, continue to be locally
defective ‘T’-sites subjected to different strain conditions that
affect the transition to the ‘O’-phase, but also local ‘T’- or ‘O’-
sites with different orientations of the [CH3NH3]

+ cation. In
fact, the coexistence of crystallographic phases30–32 has been
reported in numerous inorganic perovskite materials.23–25,33–35

Now we can discuss more details of the recombination
dynamics for the above-described optical transitions (‘T’, ‘O’
and ‘DTn’) in both samples in their corresponding range of
temperature. For this, it will be interesting to compare the
deduced PL decay times with the slopes deduced from the
power dependence of PL intensity at different temperatures
(see an example of the corresponding linear fittings in
Fig. S4†), as summarized in Fig. 4a–d for the island-like and
continuous-like samples, because we will obtain a very interest-
ing correlation on the nature of the carrier recombination
dynamics. PL decay times were obtained from single exponen-
tial fits to measured PL transients, as those shown in Fig. 3b.
As a reference, in the island-like sample where the ‘O’-phase is
dominant, we observe a decay time of around 400 ps at 15 K
that increases up to 2 ns at 120 K (Fig. 4a), which does not
depend appreciably on the excitation power. At the same time,
the slope associated with the power dependence of the PL
intensity in the same temperature range is very close to unity
(Fig. 4b). The latter observation tells us that free exciton (or
correlated electron–hole) recombination is the main PL decay

mechanism in the ‘O’-phase of MAPbI3, which is dominant in
the island-like sample:36–40

dNX

dt
¼ �NX

τX
:

The first observation corroborates and complements
this statement, given that the free exciton lifetime should
increase with temperature due to the increased average kinetic
energy of the exciton center-of-mass, as observed in other
semiconductors with low density of impurities that impede
bound exciton recombination.41 Furthermore, the fast exciton
lifetime measured in the ‘O’-phase of MAPbI3 reflects a huge
oscillator strength in this material, but in the order of other
direct bandgap semiconductors.41 Given the large exciton
binding energy of MAPbI3 below TC (‘O’-phase), which is near
30 ± 5 meV,9 there is a negligible contribution of free carriers
in thermal equilibrium with excitons contributing to recombi-
nation, under (reasonably) low excitation power conditions.
This behavior (free exciton recombination) is also possible
because of the referred negligible contribution of ‘DT’-levels to
PL. At temperatures above 140 K, the slope of PL intensity vs.
power begins to increase monotonically (≈1.75 at 200 K), as
observed in Fig. 4b. This behavior would be associated with
the growing importance of the bimolecular mechanism due to
exciton dissociation (i.e., higher proportion of free carriers in
thermal equilibrium with excitons), now possible because of
the reduction in the exciton binding energy above TC
(‘T’-phase), which is 13 ± 5 meV:9

dn
dt

¼ �Bn2:

For the case of the continuous-like sample (Fig. 4c and d)
the situation is more complex, because of the presence of
‘DTn’ contributions to PL below 100 K, especially at lower exci-
tation powers. A general picture of most of the mechanisms
explaining carrier recombination dynamics in MAPbI3 (and
other semiconductors) can be found in ref. 42, except non-
radiative ones (Auger and Shockley–Read–Hall) that only play
an important role above 200 K and under very high laser fluen-
cies, out of our studied temperature and power ranges. The PL
decay time measured at the highest PL peak energies (associ-
ated with the ‘O’-phase, dominant at the highest excitation
power, or with the ‘DT1’-states, dominant at lower excitation
powers) increases with decreasing excitation power (solid
symbols in Fig. 4c). This time decay is similar to the ‘DT2’-
states (hollow symbols in Fig. 4c). At the same time, the slopes
of the PL intensities (for the ‘O’-exciton and ‘DTn’-states) vs.
power vary from 1.5 to 2 in the range of 15–150 K (Fig. 4d),
which means that recombination, given that it is predomi-
nantly radiative, mainly originates from nongeminate (uncorre-
lated) instead of geminate (correlated) electron–hole formation
of excitons at the ‘O’-phase. That is, photogenerated electron–
hole pairs at an energy level much higher (3.06 eV) compared
to the ‘O’-phase bandgap (≈1.66 eV) are being distributed
among the different ‘DTn’-levels and ‘O’-excitons by carrier

Fig. 4 Temperature evolution of the PL decay time measured in the
island-like sample (a) and the continuous-like sample (c) at different
excitation fluencies (circles: 370 nJ cm−2, squares: 23.8 nJ cm−2, tri-
angles: 1.43 nJ cm−2). Solid (open) symbols stand for decay times
measured at the highest (lowest) PL peak energy; the lowest PL peak
energy would correspond to ‘DT2’-related emission, whereas the
highest PL peak energy would correspond to mostly ‘O’-related emis-
sion under the highest excitation fluency (370 nJ cm−2) and mostly
‘DT1’-related emission under the lowest excitation fluency (1.43 nJ
cm−2). (b) and (d) correspond to the temperature variation of the slopes
extracted from the power dependence of the PL intensity for the island-
like and continuous-like samples. A key to any symbol in these plots is
provided: solid squares and different open symbols are used for the PL
intensity-vs.-power slopes of the ‘O’- and ‘DTn’-related emission.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 22378–22386 | 22383

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

D
A

D
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
12

/1
3/

20
19

 1
1:

52
:3

2 
A

M
. 

View Article Online

https://doi.org/10.1039/c9nr07543g


trapping/detrapping, hence avoiding a geminate formation of
‘O’-excitons, as the dominant mechanism in the island-like
sample. In spite of this formation origin of ‘O’-excitons in the
continuous-like sample, their lifetime, as measured at the PL
peak energy under the highest excitation power (black solid
circles in Fig. 4a), where most of the ‘DTn’-states are being
filled, is very similar and exhibits a similar temperature depen-
dence to the lifetime for ‘O’-excitons formed geminately in the
island-like sample (solid symbols for two different excitation
powers in Fig. 4a).

It is also interesting to highlight that the measured PL decay
times for the ‘O’-phase (below TC) and ‘T’-phase (above TC)
decrease when approaching TC, as indicated by the continuous
lines (a guide for the eyes) in Fig. 4a–c. This effect is associated
with the intensity drops for both phases (Fig. S2†) when they
are coexisting and appearing/disappearing. Therefore, it is clear
that optical data allow a reliable comparison with structural
ones. Again, if we compare the results obtained in X-rays by
Weller et al.45 with the analysis made from our PL measure-
ments (continuous wave and time resolved) for the island-like
sample, we observe many similarities:

(a) First, and independently of the fluence-excitation, we
found that the orthorhombic phase is stable and exists alone
for temperatures below 100 K, while the tetragonal phase is
stable and exists alone for temperatures above 160 K and both
are coexisting in between these temperatures, as it was dis-
cussed above and illustrated in Fig. 3c. This nearly pure ‘O’-
phase at low temperatures has not been reported previously in
MAPbI3 and, as demonstrated in this work, it is due to the
morphology in the form of 1 µm size isolated islands, where
crystalline grains can partially relax their strain during the
island formation, as occurs in the case of the perovskite
powder for which the X-ray diffraction study was carried out.43

(b) Secondly, the linewidth of the perovskite PL line can be
strongly linked to the disorder in the orientation of the cation
MA+, while the existence of the ‘O’-phase PL line is associated
with and accounts for the distortion of the anion [PbI3]

−.
Specifically, at low temperatures, the frozen orientation of the
MA+ cation would be mostly ordered, which can be the reason
for a very narrow PL linewidth (15 meV), as observed in
Fig. S5.† In contrast, in the tetragonal phase, stable between
165 K and 327 K, the MA+ cation is disordered over four sites
directed toward the faces of the distorted cubic [PbI3]

− frame-
work and migrates towards the cavity centre with increasing
temperature. As a result, the linewidth of the ‘T’-phase emis-
sion line is clearly much broader, near 50 meV at 200 K
(Fig. S5†).

Therefore, our optical results for T > 70 K match the X-ray
diffraction observations43–45 and complete the structure
picture expected below 70 K.

4. Conclusions

Morphological differences between samples (continuous-like
and island-like) influence the optical properties and recombi-

nation dynamics with temperature. While continuous films
exhibit strain inhomogeneities, this strain is relaxed in island-
like samples. The PL spectra and carrier dynamics at low temp-
eratures in the continuous-like sample are consistent with
carrier trapping by energy levels extended more than 200 meV
below the dominant orthorhombic, ‘O’-phase bandgap.
Contrarily, this effect is practically absent in strain-relaxed
island-like films, where a single PL line is mainly observed at
low temperatures that is associated with the ‘O’-phase exciton
recombination. Such an important difference between both
sample morphologies would allow one to attribute carrier trap-
ping levels to defective tetragonal, ‘T’-phase sites in the con-
tinuous-like sample of MAPbI3 (standard polycrystalline thin
films usually prepared by wet chemistry for the fabrication of
solar cells and other optoelectronic devices). These defective
‘T’-phase sites can originate under different strain conditions
at different size scales due to multiple twin domains with
different frozen orientations of the MA+ cations. Additionally,
the recombination dynamics in the continuous-like sample is
more complex than the free exciton recombination of the
island-like sample, because of the presence of such defect/trap
contributions (‘DTn’) to PL below 100 K, especially at lower
excitation powers. Although it is predominantly radiative until
200 K, it mainly originates from nongeminate (uncorrelated)
electron–hole formation of excitons at the ‘O’-phase. This work
suggests that strain inhomogeneities can influence the per-
formance of the perovskite properties with an ulterior effect on
the optoelectronic device performance. Our study points to the
elimination of strain inhomogeneities as a fundamental way to
reduce the presence of carrier trapping centres below the
bandgap and hence a basis to obtain high-performance opto-
electronic, photonic and plasmonic devices based on halide
perovskites.
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