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efforts to improve the fi lm quality and the 
device architecture led in a few months to 
breakthrough performance in thin-fi lm 
solar cells, with solar-to-electricity conver-
sion effi ciencies of over 19%. [ 7 ]  

 Despite the rapid increase in effi ciency 
associated specifi cally with improved dep-
osition techniques and device architecture, 
and the importance of a better under-
standing of the photophysics of the mate-
rial for further device improvements, only 
a limited number of works have attempted 
to gain a thorough understanding of the 
photophysics of these materials. Most of 
these few investigations have focused on 
the nature of the photoexcitations and on 
the value of the exciton-binding energy. 
Absorption experiments at low tempera-
ture have indicated a binding energy of 
about 50 meV, [ 8 ]  which is in agreement 
with previous reports at  T  = 4.2 K, ranging 
from 37 to 45 meV. [ 9,10 ]  The closeness of 
these values to the room temperature  kT  
made the authors speculate that bound 
excitons (BEs) and free carriers coexist 
upon photoexcitation. A recent theoret-

ical study by Even et al., [ 11 ]  indicated that these values may be 
affected by an imprecise determination of the dielectric con-
stant, and depicted a landscape where free carriers are photoex-
cited at room temperature whereas the Wannier–Mott excitons 
are dominant at low temperature. [ 9–11 ]  This is in agreement with 
recent experimental reports showing room-temperature band-
to-band transition and diffusion lengths of up to a micron. [ 12–15 ]  

 Although the nature of the photoexcitations in CH 3 NH 3 PbI 3  
appears to have been partially clarifi ed, many questions related 
to the photoexcitation landscape and transport properties of 
the pristine perovskite material have been scantily investi-
gated and are poorly understood. An important bottleneck in 
the investigation of these hybrid perovskites is the variability 
of their properties not only from lab to lab but also depending 
on processing conditions. D’Innocenzo et al. [ 8 ]  have reported 
inconsistencies of the optical signature of hybrid perovskites 
that depend on both the crystallinity and support on which the 
material is deposited. 

 In this work, we aim to shed light on the excitation land-
scape and dynamics of the photoexcitations of the model 
hybrid perovskite CH 3 NH 3 PbI 3  by investigating single-crystal 
samples. The study of the photoexcitation landscape and of 
the recombination mechanisms is fundamental to understand 
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  1.     Introduction 

 Solution-processable organic–inorganic hybrid perovskites were 
reported in the 80s to display a direct bandgap, large absorption 
coeffi cient, and strong photoluminescence (PL) as well as high 
charge-carrier mobility. [ 1 ]  More recently, CH 3 NH 3 PbX 3  (where X 
is usually iodine) made its debut as a light-harvesting material 
for solar cells in 2009, [ 2 ]  then from 2012 imposed itself by ena-
bling superb power conversion effi ciencies both in mesoscopic 
and in planar heterojunction solar cells. [ 3–6 ]  Large international 
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and control the loss mechanisms in hybrid perovskite solar 
cells. Single-crystal measurements are especially important 
because large variations in the physical properties are related 
to the microstructure and to small differences in stoichiometry. 
The single crystals that we synthesized were evidenced to be of 
high quality by X-ray diffraction. X-ray diffraction also demon-
strated an extremely sharp transition at 163 K from a twinned 
tetragonal I4/mcm phase to a low-temperature phase character-
ized by complex twinning and possible frozen disorder. Tem-
perature-dependent steady state and time-resolved PL measure-
ments allow the depiction of a complex photoexcitation land-
scape. Although above the transition temperature, the PL is in 
agreement with a band-edge transition with a similar tempera-
ture dependent shift to the absorption spectra, below the phase 
transition three different emission peaks arise, one of which we 
attribute to a free exciton transition and the other two to BEs. 
The BEs are characterized by a decay dynamics of about 5 µs 
and by a saturation phenomenon at high pump intensity. The 
experimental results are discussed in terms of free and bound 
Wannier excitons at low temperature, whereas a bimolecular 
band-to-band spontaneous recombination model is in good 
agreement with the room temperature data. Therefore, the 
importance of the temperature-dependent induced screening 
(dielectric constant variation) of the excitons that was theoreti-
cally predicted is confi rmed.  

  2.     Results and Discussion 

  2.1.     CH 3 NH 3 PbI 3  Single Crystals 

 Single crystals of CH 3 NH 3 PbI 3  (see inset of  Figure    1  d) were 
grown as described in Section 4. A few small crystals were 
selected for optical and X-ray investigations. The space group 
of CH 3 NH 3 PbI 3  between ≈160 K and ≈340 K was previously 
reported to be either non-polar I4/mcm or polar I4cm. [ 16,17 ]  
Figure 1a,c present the  h 0 l  and  hk 0 reciprocal lattice planes 
reconstructed from raw single-crystal X-ray diffraction data col-
lected at 200 K. The sharp spots show the high quality of the 
crystals. A powder diffraction pattern was collected at room tem-
perature from several crushed crystals and is shown in Figure  1 d. 
The pattern was satisfactorily fi tted using the reported I4/mcm 
structure, and no impurity phases were detected. In the recip-
rocal lattice images (Figure  1 a,c), the refl ection condition 
 h  +  k  +  l  = 2 n  is obeyed, corresponding to a body-centered lattice. 
In the  h 0 l  plane (Figure  1 a), as previously observed by Baikie 
et al., [ 17 ]  there appear to be refl ections that violate the condition 
for a  c -glide plane, which is  h 0 l ,  h , l  = 2 n . However, this condition 
holds if pseudo-merohedral twinning is present, forming three 
domains by successive 120° rotations around the tetragonal 
[201] axis (the reciprocal [101]1 axis, Figure S1c, Supporting 
Information). Every second refl ection along the directions 
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 Figure 1.    X-ray diffraction patterns of CH 3 NH 3 PbI 3 . a)  h 0l reciprocal lattice plane reconstructed from raw single crystal diffraction data at 200 K. 
b) Schematic  h 0l reciprocal lattice plane showing refl ections formed by superposition of all three twin domains (fi lled circles) and superposition of two 
domains (open circles). Red arrows indicate directions in which the refl ection condition  h 0 l ,  h , l  = 2 n  for a  c -glide plane is observed. c)  hk 0 reciprocal 
lattice plane reconstructed from raw single crystal diffraction data at 200 K. d) Measured (red data points) and fi tted (green line) powder diffraction 
patterns obtained from crushed single crystals at room temperature. The black tick marks show the allowed positions of peaks in I4/mcm symmetry. 
Inset: photograph of a CH 3 NH 3 PbI 3  single crystal.
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of the red arrows in Figure  1 b is missing; these positions in 
reciprocal space correspond to  h 0 l  or 0 kl  refl ections for which 
 h  and  l  or  k  and  l  are odd in all three domains. When twinning 
was introduced, the quality of fi t improved signifi cantly. The 
fi t in I4/mcm (RF 2  = 0.0486) was much better than for I4cm 
(RF 2  = 0.0599). The orientations of the methylammonium (MA) 
molecules are eight-fold disordered (see Figure S1, Supporting 
Information), slightly different in geometry to that reported 
by Kawamura et al. [ 18 ]  However, the isotropic thermal factors 
of both atoms are high and the atomic coordinates have rela-
tively large uncertainty, which suggests that the MA molecules 
retain essentially spherical orientational disorder in the tetrag-
onal phase. Details of the refi nement and structure at 200 K 
are given in the Supporting Information, Table S1 and S2 (Sup-
porting Information). 

  A sharp phase transition was observed between 163 K and 
164 K both on heating and cooling, evidenced by the appear-
ance of new refl ections that violate the body-centering condi-
tion, as well as by signifi cant changes in intensity and/or 
splitting of existing peaks. This is apparent in the typical raw 
detector frame shown in the Figure S2 (Supporting Informa-
tion). No evidence for an intermediate phase (as postulated by 
Baikie et al. [ 17 ]  on the grounds of symmetry) was found. The 
peak splitting implies that further twin domains are formed 
below the transition in addition to the three described above; 
for example, the 008 refl ection in Figure S2 (Supporting Infor-
mation) splits into a doublet. There is no consensus in the lit-
erature on the low-temperature structure of CH 3 NH 3 PbI 3  and 
as in previous studies, [ 16 ]  we were unable to fi nd a satisfactory 
solution. We observed that many peaks develop diffuse features 
below the transition, which is in agreement with Stoumpos 
et al. [ 16 ]  and might correspond to frozen disorder, involving for 
example the MA rotations.  

  2.2.     Temperature- and Power-Dependent Photoluminescence 

 In  Figure    2  a, we show a contour map of the temperature 
dependence of the PL spectra of a CH 3 NH 3 PbI 3  single crystal 

(inset to Figure  1 d) obtained under pulsed laser excitation with 
a power density of 0.42 µJ cm −2 . Figure  2 b shows snapshots 
from this plot taken at different temperatures. The PL spec-
trum at room temperature is centered at 770 nm and shifts 
continuously towards the red (805 nm) until about 160 K, in 
good agreement with the temperature shift of the absorption 
edge of CH 3 NH 3 PbI 3  thin fi lms. [ 9,10 ]  The red-shift is accompa-
nied by a reduction of the FWHM. 

  As discussed in detail in the previous section, a crystal-
lographic phase transition occurs at 163 K–164 K, and a 
sudden inversion of the trend of the PL is observed below the 
critical temperature. Between 160 K and 125 K, a blue-shift 
of the signal occurs, which does not correspond to the red-
shift of the absorption spectrum maximum. [ 8,10 ]  Moreover, 
at around 100 K, a new band in the PL spectrum appears as 
a shoulder at about 805 nm, and becomes dominant in the 
30–80 K temperature range. When the temperature is further 
reduced to the 5–30 K range, a simpler PL spectrum charac-
terized by a single peak re-emerges. An increase of two orders 
of magnitude in the PL intensity is observed between room 
temperature and 5 K as reported in Figure  2 c. Assuming 
a quantum yield (QY) of 100% at 5 K and a limited temper-
ature-induced variation of the absorption at the excitation 
wavelength, this results in an estimation of 1% QY at room 
temperature. 

 Whereas the red-shift of the PL between 295 K and 160 K is 
in agreement with the reported temperature dependence of the 
bandgap of CH 3 NH 3 PbI 3 , the complex behavior below 160 K 
needs careful consideration. Since the phase transition is meas-
ured to be extremely sharp, we can rule out the simultaneous 
presence of two different crystalline phases. A very plausible 
scenario is the coexistence of at least two excitonic recombina-
tions, whereas only one excitonic transition was predicted pre-
viously from absorption spectra. [ 8–11 ]  It is noteworthy that the 
low-energy PL maximum (805 nm) in the 30–80 K temperature 
range is located energetically rather far away from the absorp-
tion maximum (740–760 nm). [ 8 ]  

 To further elucidate the nature of the PL below 100 K, we 
investigated the power dependence of the features described 
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 Figure 2.    Temperature dependent PL of CH 3 NH 3 PbI 3  single crystal. a) Contour plot of PL spectra of CH 3 NH 3 PbI 3  single crystal at different temperatures 
under weak excitation density (0.42 μJ/cm 2 ). b) PL spectra at different temperatures as in (a,c) Integrated PL intensity as a function of temperature.
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above.  Figure    3  a shows PL spectra recorded at 150, 100, 50, and 
5 K by varying the laser power density from about 14 nJ cm −2  
to more than 5 mJ cm −2 . Already at 150 K, a shoulder at about 
760 nm (next to the main PL feature at 793 nm) becomes more 
prominent as the power density is increased. At 100 K, the rela-
tive intensity of the broad low-energy shoulder (805 nm) with 
respect to the main peak at 765 nm decreases with increasing 
pump density. At 50 K and low power (14 nJ cm −2 ), the most 
prominent peak is at 818 nm, but on increasing the excita-
tion power density the shoulder at 773 nm increases in inten-
sity and becomes the dominant peak when excited with about 
5 mJ cm −2 . The situation at 5 K is similar, but here the two fea-
tures are very close (780 nm and 798 nm) and the transfer of 
intensity is manifested by a decrease in the low-energy tail of 
the emission at high-power density. 

  Figure  3 b shows the fi tting of the power- dependent PL 
spectra recorded at 50 K. The spectra are well fi tted by three 
Gaussian peaks (Figure  3 b), for which the peak positions 
(Figure  3 c), the FWHM (Figure  3 d) and the integrated inten-
sities (Figure  3 e) for each pump power density are extracted. 
Figure  3 c shows that the high-energy peak (peak I) maintains 
the same energy with increasing power density whereas the two 
lower energy peaks (peaks II and III) are blue-shifted. 

 The increase in intensity of all three emission peaks with 
laser power (Figure  3 e) and the blue-shift (Figure  3 c) of the 
lower energy features can be explained by different mecha-
nisms. First, one can invoke the interplay of an excitonic 

population (peaks II and III) and a bandedge population 
(peak I); when the excitonic states become saturated, emission 
from the band edge will come into play. However, the low-
energy peaks have FWHMs (Figure  3 d) more than three times 
larger than that of peak I, which is inconsistent with the assign-
ment of peaks II and III to free excitonic (FE) signatures. On 
the other hand, peak I exhibits a red-shift on cooling till 150 K 
(Figure  2 ), in good agreement with the temperature-dependent 
shift of the absorption peak maximum. [ 8–11 ]  

 Alternatively, the blue-shift of peaks II and III (Figure  3 c) 
might be due to the fi lling of trap states and subsequent popula-
tion of a FE level (peak I). To further analyze the plausibility of this 
hypothesis, the integrated intensity of each peak was extracted as 
a function of pump power density, as shown in Figure  3 e. Impor-
tantly, the slope of the power dependence of the three peaks 
ranges from 1.5 for peak I to 1.0 for peak III. These slopes are 
typical for FE transitions or BE transitions (exciton-neutral-donor 
(D 0 X) or exciton-neutral-acceptor (A 0 X)) when the excitation is 
performed with photons of energy above the bandgap, [ 19 ]  as in 
our case. In contrast, both free carrier to bound level transitions 
(hole-neutral-donor (hD 0 ) or electron-neutral-donor eA 0 ) and 
donor-acceptor transitions (D 0 A 0 ) will yield a slope much smaller 
than 1 with a tendency towards 0.5. [ 19 ]  It is important to note that 
FE and BE optical transitions are observed at low temperatures 
in single crystals of PbI 2 . [ 20 ]  In order to properly investigate our 
hypothesis of FE and BE transitions in CH 3 NH 3 PbI 3  below  T  c , 
time-resolved PL measurements are essential.  
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 Figure 3.    Power dependence of the CH 3 NH 3 PbI 3  single crystal PL at different temperatures. a) PL spectra of the CH 3 NH 3 PbI 3  single crystal at 150 K, 
100 K, 50 K, and 5 K are shown in different panels. For each temperature, the laser power density was varied from 14.2 to 5680 nJ cm −2 . b) The PL 
spectra at 50 K measured at different power densities (symbols) are fi tted with three Gaussian peaks: peak I (blue), II (orange), and III (green). The 
overall fi ts are indicated by the red lines. The following parameters are plotted as a function of power density for each PL peak: c) peak position; 
d) FWHM; e) Integrated intensity. Data are represented by symbols, whereas lines are guides to the eye in c and d and linear fi ts in (e).
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  2.3.     Time-Resolved Spectroscopy, Excitation Dynamics 

 We proceed to unravel the dynamics of the complex emission 
processes at different temperatures using femtosecond-pulsed 
photoexcitation.  Figure    4   shows streak camera images from 
room temperature to 5 K, excited with 400 nm excitation pulses 
at a power density of 1.4 µJ cm −2 . At room temperature, the 
emission spectrum shape is invariant with time. The decay is 
slightly bi-exponential with a fast component of about 6 ns and 
a slower one of about 83 ns. The decay becomes slower at lower 
pump intensity (see Figure S3, Supporting Information) with a 
lifetime of 124 ns at 0.7 µJ cm −2 . This intensity dependence is 
in agreement with recently reported data on thin fi lms, which 
were interpreted as indicating bimolecular recombination of 
free carriers as well as electron and hole trapping. [ 15,21 ]  

  The transient PL spectra are dramatically different below 
the phase transition temperature. When looking at the streak 
camera data collected at 50 K, a new ultrafast decay below 
800 nm is evident. This is consistent with the appearance in 

the steady-state spectra of the FE peak named I. The total emis-
sion decay is of the order of a few hundreds of ns (limited by 
the time resolution) and will be analyzed in detail below with 
higher resolution ( Figure    5  ). Beside this component, a new and 
extremely long-lived emission (peaks II and III) with a lifetime 
of several microseconds (5.3 µs) is observed. The streak camera 
data collected at 5 K (Figure  4 c) also show a fast component 
slightly blue-shifted (peak I, as reported in Figure  3 ) and a 
very long-lived component decaying in the 5 µs range. Please 
note that the time resolution of the measurements reported in 
Figure  4 a–c is different because of the different temporal max-
imum scales (time resolution in single sweep mode is about 
1% of the scale). 

  Figure  5  shows the streak camera data collected at 50 K 
over a 2 ns time range with a resolution of about 12 ps, which 
allows us to analyze the fast decay associated with peak I 
below the transition temperature. The decay of peak I is 
fi tted with an ultrafast component of the order of 200 ps 
and a slower component of about 2 ns (this latter value is 
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underestimated due to the time range of the measurement, 
which was chosen to detect the fast component; the long-
decay component was determined from Figure  4 ). This ini-
tial ultrafast decay, which does not occur for the low-energy 
features (peaks II and III), can be ascribed to a fast transfer 
of the excitation population from peak I towards peaks II 
and III. However, it was not possible to measure the corre-
sponding rise time of peaks II and III in the spectral region 
indicated as TR II in Figure  5 . 

 As shown by the power-dependent PL data, the low-energy 
peaks (II and III) may be attributed to BE transitions rather 
than FE transitions (peak I). [ 22 ]  The observed long lifetimes are 
not compatible with a singlet state origin of the emission, nei-
ther in inorganic nor in organic semiconductors. 

 The explanation for the splitting in energy of peak I from 
peaks II–III involves a singlet to triplet splitting (≈80 meV). 
However, this value is much larger than the theoretical split-
ting value (2 meV) [ 23 ]  for 3D hybrid perovskites, which is close 
to the experimental splitting in PbI 2 . [ 24 ]  Therefore, the most 
plausible explanation is that a FE transition is observed at the 
position of peak I, whereas the triplet state is highly shifted 
because of its bound state (BE) nature (peaks II and III). In the 
purely inorganic PbI 2  crystal, the FE-BE splitting measured at 
low temperature is (≈5 meV) [ 20 ]  smaller than in CH 3 NH 3 PbI 3 , 
and is related to singlet excitons. However, a similar splitting 
of the excitonic lines and evidence of triplet excitons was also 

observed at low temperature in layered hybrid 
perovskites. [ 25–27 ]  This large splitting of the 
excitonic features has been interpreted as 
competition between FE and BE. We may 
explain the occurrence of emissive BE tri-
plet states as due to localization caused by 
site-distribution of the organic cations at low 
temperature. 

 It is also interesting to note that when 
the excitation power is increased at low tem-
perature, although the shorter decay time 
observed for peak I becomes longer, the BE 
triplet emission (peaks II and III) becomes 
faster (from 5.6 to 4.5 ms, see Figure S4b, 
Supporting Information). The slight increase 
in lifetime observed for the FE peak 
(Figure S4a, Supporting Information) with 
the increase of pump intensity can be deter-
mined by the fi lling of traps acting as non-
radiative channels. The nature of these traps 
and of the neutral sites on which the centers 
of mass of BE are localized is diffi cult to iden-
tify. Recently, it has been proposed that in 
thin-fi lms traps are specially localized at the 
grain boundaries, [ 28 ]  but in our case we can 
speculate that the surface of our crystal is the 
main location of the traps. 

 Since the spontaneous emission rate of 
excitonic features is generally proportional 
to the population, shortening of the decay 
times at high-power intensity in the case 
of the BE feature (Figure S4b, Supporting 
Information) might be related to the infl u-

ence of specifi c many-body effects, such as triplet–triplet 
annihilation.  

  2.4.     Theoretical Description of the Recombination Dynamics 

 Our previous study has shown the importance of the spin-orbit 
coupling effect in the conduction band (CB), leading to optical 
recombination between a nondegenerate spin-orbit split-off 
CB and a nondegenerate valence band (VB). [ 29 ]  This situation 
is simpler than in III–V semiconductor materials where great 
care should be taken to account for VB degeneracy as well as 
the balance between VB spin-orbit coupling energy and the 
electronic bandgap. Here, we compute the spontaneous bimo-
lecular optical recombination rate at room temperature using a 
band-to-band mechanism: [ 30,31 ] 
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 Figure 5.    PL dynamics of the fast component at 50 K. The images were taken by streak camera 
with synchroscan mode exciting the sample with a power density of 1.4 µJ cm −2 . The lifetime 
for TR I can be fi tted by biexponential decay with  t  1  = 250 ps (64%) and  t  2  = 1983 ps (36%).
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and VB Bloch functions. After averaging over light polarization, 

the oscillator strength yields m E

6
0 p  where the standard Kane 

energy of conventional III–V  E  p  appears as a key parameter. A 
Kane energy equal to 6.3 eV was calculated for CH 3 NH 3 PbI 3  
in our previous density functional theory (DFT) study. [ 11 ]  This 
value is a little smaller than the one (23–25 eV) reported for 
GaAs but of the same order as that (5.5 eV) computed for lay-
ered hybrid perovskites. [ 32 ]  The total spontaneous emission rate 
is obtained by considering parabolic electronic dispersions in 
the CB and VB and integrating R �ω( )sp : [ 30,31 ] 

 
R R Bnp� �∫ ω ω= =( )d( )sp sp

   

 Here the bimolecular recombination rate  B  is given by 

B
m m

C E T E=
+

1

( )
( , , )

CB VB
3/2 g p , which depends on the CB and 

VB effective masses and on a function  C , dependent on tem-
perature, the Kane energy, and electronic bandgap. Assuming 
effective masses equal to 0.15 and 0.12 in the CB and VB, 
respectively, the formula yields a bimolecular recombination 
rate equal to 1.1 × 10 −10  s −1  cm 3  at room temperature, in good 
agreement with the experimental values of 1.7 × 10 −10  s −1  cm 3  
and 1.3 × 10 −10  s −1 cm 3  in previous studies, [ 15 , 21 ]  but smaller 
than other experimental values (9.4 × 10 −10  s −1  cm 3 , 13 × 
10 −10  s −1  cm 3 , and 2.3 × 10 −9  s −1  cm 3 ) reported, respectively, 
in previous studies. [ 33–35 ]  As quoted by Ishihara et al., [ 25 ]  the 
experimental determination of the B value strongly depends on 
the minimization of carrier trapping, and thus the crystalline 
quality of the sample. 

 We note that a fundamental understanding of the room tem-
perature recombination process is crucial, since large mobili-
ties and reduced recombinations are important for the devel-
opment of effi cient photovoltaic devices. Room temperature 
experimental results have been discussed up to now within 
the framework of the diffusion-limited bimolecular recombina-
tion model, widely used for the analysis of organic solar cells. 
However, available experimental results for hybrid perovs-
kites, including the present work, are several orders of mag-
nitude lower than expected from the Langevin theory. [ 21,34,36 ]  
This paradox is solved when one rather considers spontaneous 
radiative emission as the limiting process for bimolecular 
recombination. Good transport properties as well as effi cient 
light emission are indeed simultaneously observed in the case 
of III–V semiconductors like GaAs, InAs, or InP. The good 
agreement obtained with the experimental values is consistent 
with a picture where electronic excitations involve Bloch elec-
tronic states. [ 11,29,32 ]  The bimolecular recombination rate of 
hybrid perovskites is then related to the values of the effective 
masses, both in the CB and VB, and to the large value of the 
Kane energy, although this parameter is a little smaller than 
in conventional III–V semiconductors. Since low-temperature 
optical measurements exhibit clear FE and BE signatures, we 
may expect that the diffusion-limited approach is still relevant 
for this temperature range. 

 The FE spontaneous emission time  τ r   relevant for the low-
temperature phase dynamics can be estimated from the recom-
bination rate computed at the band edge: [ 31 ] 

 
R

e n E E

m cr

r

�τ πε
= =

1

6
sp

2
p gap

0 0
3 2

   

 This approximate formula yields a spontaneous emission time 
equal to 2.7 ns for CH 3 NH 3 PbI 3  and 0.6 ns for GaAs at the 
same level of theory. The lifetime of the FE of CH 3 NH 3 PbI 3  
appears to be underestimated. However, precise modeling of 
the FE spontaneous emission time would require a complete 
determination of the excitonic enhancement of the optical 
absorption as well as the broadening mechanism.   

  3.     Conclusion 

 The temperature-dependent structural and optical properties of 
high-quality single crystals of CH 3 NH 3 PbI 3  have been investi-
gated. X-ray diffraction demonstrated an extremely sharp tran-
sition at 163 K from a twinned tetragonal I4/mcm phase to a 
low-temperature phase characterized by complex twinning and 
possible frozen disorder. Temperature-dependent steady-state 
and time-resolved PL allow the depiction of a complex photo-
excitation landscape. Whereas above the transition tempera-
ture, the PL is in agreement with a band-edge transition with a 
similar temperature-dependent shift to the absorption spectra, 
below the phase transition three different emission peaks arise, 
one of which is attributed to a free-exciton transition and the 
other two peaks to bound excitons. The bound excitons are 
characterized by a decay dynamics of about 5 µs and by a satu-
ration phenomenon at high pump intensity. We attribute this 
extremely long lifetime to the BEs having a triplet-state nature. 
This not only clarifi es the photoexcitation landscape of hybrid 
perovskites but also has large relevance for the future devel-
opment of optoelectric devices (e.g., Lasers). The importance 
of the previously predicted temperature-induced screening is 
experimentally confi rmed. Finally, the photophysics of hybrid 
perovskite materials is compared in this work to that of con-
ventional III–V semiconductors, giving great hope for what to 
expect for future solar cell effi ciencies.  

  4.     Experimental Section 
  Materials Preparation : MAI was synthesized by mixing 24 mL 

methylamine (33% in ethanol) and 10 mL HI (57% in water) in 100 mL 
ethanol (in an ice bath) with constant stirring for 2 h. After evaporation 
at 60 °C on a hotplate, the resulting white powder was washed three 
times with ethyl ether and dried in vacuum at 60 °C overnight. Equimolar 
mixtures of PbI 2  and MAI in gamma-butyrolactone were left to stir 
overnight at 60 °C, yielding a homogeneous yellow solution. Single 
crystals were obtained by drop casting the solution on glass substrates, 
which were heated at 100 °C for 20 min. 

  X-Ray Diffraction : Powder X-ray diffraction data were collected using 
a Bruker D8 Advance diffractometer in Bragg-Brentano geometry and 
operating with Cu Kα radiation. The data were fi tted using the GSAS 
software. [ 37 ]  Single-crystal X-ray diffraction was performed using a Bruker 
D8 Venture diffractometer operating with Mo Kα radiation and equipped 
with a Triumph monochromator and a Photon100 area detector. The 
sample was mounted in a nylon loop using cryo-oil and cooled using 
a nitrogen fl ow from an Oxford Cryosystems Cryostream Plus. The data 
were processed using the Bruker Apex II software. The structure was 
solved and refi ned using the SHELXTL software. [ 38 ]  
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  Optical Spectroscopy : For the PL measurement, the samples were 
excited at approximately 400 nm by the second harmonic of a mode-
locked Ti:Sapphire laser (Mira 900, Coherent) or a 405 nm continuous 
wave laser diode. The laser power was controlled by a variable neutral 
density fi lter. To vary the repetition rate of the exciting pulses, an optical 
pulse selector was used. For low-temperature steady-state and time-
resolved PL measurements, the crystals were sandwiched between 
quartz substrates and loaded into a continuous fl ow helium cryostat 
(Optistat Oxford). The PL decays were recorded by a Hamamatsu 
streak camera working in single sweep or a synchro-scan mode. The 
instrument response function was varied between 2 ps (synchroscan 
mode) and several ns (1% of the temporal window in single sweep 
mode) depending on the time range of the specifi c experiment. The PL 
spectra were corrected for the spectral response of the setup using a 
calibrated light source. 

  Fitting and Data Analysis for Optical Measurements : Steady-state 
spectra are fi tted with Gaussian functions (the average goodness-of-fi t 
was determined by the chi squared ( χ  2 ) test). Lifetimes were fi tted using 
exponential functions such as  I  = ∑ i  A  i  exp(− t / τ  i ). When only one lifetime 
is reported, the best fi t could be achieved with a mono-exponential 
function; otherwise a bi-exponential function was used.  
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