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years. In addition to the development of 
suitable film production methods, pro-
gress in understanding the relationship 
between the perovskite crystal struc-
ture and electronic structure, i.e., optical 
properties, is an important building 
block for their success.[1–3] In this con-
text, the prototypical halide perovskite 
MAPbI3 has developed as model system, 
as it also exhibits a temperature induced 
phase transition between tetragonal and 
orthorhombic crystal structure at around 
160  K, which clearly affects its optical 
properties.[4–7] Various parameters have 
been identified which can influence this 
phase transition, such as the exact stoi-
chiometry of the perovskite[8] or external 
constraints.[9] Also, the phase transition 
was found to proceed differently with tem-
perature, depending on whether a single 
crystal or a thin film is investigated. In the 
case of thin films, aspects such as strain, 

disorder or polycrystallinity were reported to play an impor-
tant role in inhibiting the phase transition, i.e., it takes place at 
lower temperatures and/or over a wider temperature range.[10] 
Accordingly, the existence of tetragonal phase even far below 
160  K was reported, mostly based on temperature-dependent 
optical investigations.[4,11,12] In contrast, studies on single crys-
tals, often based on scattering investigations, suggest that the 
phase transition is complete at higher temperatures, i.e., it 
proceeds in a small temperature range of a few Kelvin.[13,14] In 
contrast to scattering methods, the investigation of the phase 
transition by temperature-dependent optical spectroscopy is rel-
atively easily accessible. It exploits the fact that tetragonal and 
orthorhombic phases have different band gaps and thus exhibit 
distinct optical signatures. However, several additional peaks 
and/or shoulders are often observed in the photoluminescence 
(PL) spectra during the transition and at lower temperatures 
for single crystals.[4,13,15] The exact origin of these additional 
PL signatures is still under debate and thus no precise under-
standing of the phase transition has evolved yet. In general, it 
has been shown that self-absorption effects can play an impor-
tant role and need to be considered when analyzing measured 
PL spectra.[16–22] We recently demonstrated that self-absorption 
can even lead to additional peaks in measured PL. With a rel-
atively simple optical model it was possible to reproduce and 

Here, the phase-transition from tetragonal to orthorhombic crystal structure 
of the halide perovskite methylammonium lead iodide single crystal is investi-
gated. Temperature dependent photoluminescence (PL) measurements in the 
temperature range between 165 and 100 K show complex PL spectra where 
in total five different PL peaks can be identified. All observed PL features can 
be assigned to different optical effects from the two crystal phases using 
detailed PL analyses. This allows to quantify the fraction of tetragonal phase 
that still occurs below the phase transition temperature. It is found that at 
150 K, 0.015% tetragonal phase remain, and PL signatures are observed from 
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Urbach Energy, implying a high degree of structural disorder. The results 
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of semiconductors.
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1. Introduction

The unique development of optoelectronic components based 
on halide perovskites has attracted much attention in recent 
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analyze the additional peaks in the case of pure tetragonal or 
orthorhombic crystal phases.[23]

Encouraged by these findings, we investigate in detail the 
tetragonal-orthorhombic phase transition of a MAPbI3 single 
crystal using temperature-dependent PL spectroscopy. In the 
temperature range from 160 to 100 K, we observe complex PL 
spectra with five different PL peaks. By systematic investiga-
tion and detailed modelling of optical effects, it is possible to 
differentiate the PL signatures of electronic states from those 
caused by optical effects. This allows quantifying the fraction of 
tetragonal phase with a high sensitivity, where we find residual 
tetragonal phase to be present down to 120 K even in the case 
of a single crystal. Our work thus emphasizes the limited phase 
purity upon structural changes of hybrid perovskites even in 
the case of single crystals and sheds further light on how to 
analyze and interpret PL spectra consisting of multiple peaks.

2. Results

Figure  1 shows the temperature dependent PL spectra of a 
MAPbI3 single crystal in the temperature range between 200 
and 100  K, grouped into temperature ranges comprising sim-
ilar spectra. The temperature for the tetragonal to orthorhombic 
phase transition was identified to be at 163  K in the case of 
single crystals.[24,25] Thus, the spectra in Figure  1a at 200 and 
165 K are associated with the tetragonal phase. They show two 
peaks centered at about 1.55 and 1.48 eV. In a previous study we 
could clarify the origin of the two peaks,[23] where the higher 
energy peak (PLtetra) at 1.55  eV is due to PL that leaves the 
crystal without significant self-absorption, such as PL generated 
close to the crystal surface. In contrast, the lower energy peak at 
1.48 eV (PLfiltered) results from an inner filter effect, i.e., it is due 
to PL that suffered significant self-absorption as it experienced 
a longer optical path through the perovskite bulk. Here the rel-
atively high probability for reflections at the inner surfaces of 
the crystal can significantly boost the length of the optical path 
that the filtered PL experiences (also see Figure S1 in the Sup-
porting Information for details).

Upon further cooling, the PL spectra become more complex. 
In the range from 160 to 150 K, a new peak appears at 1.67 eV 
that shifts by about 5  meV to lower energies during cooling 
to 150  K. Furthermore, there is a shoulder (“peak  B”) around 
1.57 eV at 160 K that becomes weaker with cooling, and a peak 
at 1.53 eV (“peak C”) that shifts by 30 meV to higher energies 
and increases in intensity by about 60%. We can readily assign 
the peak at 1.67 eV to an optical transition in the orthorhombic 
phase (PLortho).[26–28] In contrast, the origin of peaks B and C is 
not as straightforward and needs more detailed investigation. 
Upon further cooling (Figure 1b), peaks B and C seem to merge, 
and in the temperature range from 140 to 120 K (Figure 1c), a 
new sharp peak at 1.60 eV appears and gains intensity (peak D). 
At 110 and 100  K, (lowest temperature we investigated), only 
PLortho and peak D remain (Figure 1d). We always observed the 
above-described PL evolution for different MAPbI3 single crys-
tals, suggesting that it is a general behavior.

To identify the origin of the various peaks, we take a twofold 
approach. First, we consider PL spectra collected from a dif-
ferent angle. This allows us to identify self-absorption effects, 
as we found the relative intensity of PLfilter to be sensitive on 
the measurement geometry.[23] Second, we model the optical 
spectra under consideration of optical effects such as reflection 
and reabsorption.
Figure  2a shows the PL spectra taken at 160  K for two 

measurement geometries, which slightly differ in the angles 
between single crystal and the incident laser beam. The 
difference between the two spectra is also shown (orange 
shaded area). It is obvious that the spectra differ only in 
the intensity of peak  C, indicating that peak  C stems from 
filtered PL due to self-absorption effects. Likewise, the PL 
spectra taken under varied geometries at 100  K (Figure  2b) 
differ in the intensity of peak D, so that we assign peak D to 
filtered PL of the orthorhombic phase (see Figure S2 in the 
Supporting Information for all measured spectra between 
165 and 100 K).

To underpin the assignment of peak C and peak D to filtered 
PL, we attempt to reproduce the spectra by optical modelling as 
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Figure 1.  a–d) Temperature-dependent photoluminescence of a MAPbI3 
single crystal from 200 to 100 K, grouped in different temperature regions.
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presented in our earlier work.[23] In brief, we consider the one 
dimensional charge carrier distribution generated in the crystal 
by our 337 nm laser excitation. This charge carrier distribution 
leads to PL that can travel either to the front or to the back of 
the crystal, where it is transmitted or reflected at the interface 
of the perovskite and its surrounding media. The probability 
for this is determined by the refractive index of the perovskite 
and the surrounding media, in our case helium. On the way 
through the crystal, the PL is absorbed by the perovskite. Con-
sidering a possible mismatch of excitation and detection spot, 
the PL leaving the crystal after multiple reflections (filtered PL) 
can be amplified by a constant factor in our model. The crystal 
length is set to 1 mm, in accordance with the size of the used 
crystal. The reflection probability at the perovskite-helium inter-
face is estimated to be 0.85 by using the Fresnel equations and 
averaging over all incident angles. For the absorption spectra of 
the tetragonal phase of MAPbI3, we combine the room temper-
ature absorption coefficient reported by Crothers et al.[29] with 
the temperature-dependent absorbance data of the Urbach tail 
reported by Ledinsky et al.[30] Since during the phase transition 
tetragonal and orthorhombic phase coexist, the total absorp-
tion spectrum of the crystal is a combination of a certain frac-
tion of tetragonal phase absorption and orthorhombic phase 
absorption. For the latter, the absorption coefficient is approxi-
mated by absorption data from thin films and an extrapolated 
Urbach tail based on transmission measurements of a single 
crystal (see Section  S3 in the Supporting Information for full 
details of the modelling approach).[6,23] In principle, and sim-
ilar to absorption, the total PL spectrum is the sum of tetrag-
onal and orthorhombic PL. Since energy transfer from the 
orthorhombic to the energetically lower tetragonal phase can 
occur easily,[31,32] the tetragonal PL is expected to appear over-
proportionally intense in the measured spectra. Furthermore, 
the different PL features, including filtered PL and the intrinsic 
PL peaks of tetragonal and orthorhombic phases, typically 
overlap spectrally. This makes the modeling of the measured 

spectra in the phase transition region more complex compared 
to the analyses of PL spectra of pure phases. A complete mod-
eling of the spectra, including a clear identification of peak C 
and D, requires first to identify clearly the contributions from 
neat phases. To access the spectral shape of the intrinsic PL, we 
recall that the PL lineshape as a function of photon energy E of 
a classic inorganic semiconductor is described by a generalized 
Planck law, which reads
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Figure 2.  a,b) PL of a MAPbI3 single crystal in a geometry with strongly (black solid) and weakly pronounced (black dashed) self-absorption effect, as 
well as the difference (orange) between both spectra at a) 160 K and b) 100 K. c,d) Modelled PL (green circles) considering self-absorption, decomposed 
in tetragonal (red), orthorhombic (blue), and filtered PL (orange) at c) 160 K and d) 100 K, together with the measured PL spectra (black solid lines).
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Using Equation (3), we fitted PL data of MAPbI3 single crys-
tals and thin film at different temperatures where the material 
is either in the pure tetragonal or pure orthorhombic phase. We 
obtained a good agreement between experimental and fitted 
PL (Figures  S3 and S4, Supporting Information), although it 
was necessary to replace exp(−E/kBT) with exp(−0.825E/kBT) in 
Equation  (3) in the case of single crystals. While the origin of 
this factor is not fully clear, there are indications that it occurs 
from a self-absorption effect as described in more detail in the 
Supporting Information (Section S5, Supporting Information).

Successfully modelling the intrinsic PL spectra of pure 
crystal phases builds the basis for modeling and fitting the 
measured PL at 160  K, where tetragonal and orthorhombic 
phases coexist. While the temperature is given from the experi-
mental conditions, the relative intensities and energetic posi-
tions of the intrinsic PL peaks, the Urbach energies and the 
fraction of tetragonal inclusions are optimized to obtain best 
agreement with the measured spectrum. We use the energetic 
position of the tetragonal PL peak at 165  K, assuming that it 
does not change significantly within the first 5 K of the phase 
transition. The modelled PL with its decomposition in the indi-
vidual contributions is depicted in Figure  2c, showing very 
good agreement with the experimental data. This underpins 
that peak C is due to filtered PL, while peak B appears to stem 
from residual tetragonal inclusions. At 100 K, we model the PL 
assuming that tetragonal inclusions are absent (Figure 2d). The 
modelled PL can nicely reproduce peak  D, further supporting 
that it is due to filtered PL from the orthorhombic phase. How-
ever, the low energy edge, i.e., the PL below ≈1.56 eV, cannot be 
reproduced assuming only orthorhombic PL.

Having understood the individual features in the PL spec-
trum at 160 K, we next attempt to extract detailed information 
about the tetragonal-orthorhombic phase transition by fitting 
the measured PL spectra between 160 and 100 K using our mod-
elling approach. To do so, it is reasonable to investigate how a 
variation of parameters such as the content of tetragonal inclu-
sions, the tetragonal PL intensity or tetragonal PL peak posi-
tion affects the modelled spectra. Figure 3a shows modelled PL 
spectra differing in the content of tetragonal inclusions, while 
all other parameters remained unchanged. Upon reducing the 
content of tetragonal inclusions from 1% to 0.1%, peak C shifts 
from ≈1.52 to ≈1.55  eV and its intensity increases. This PL 
change follows since the reduction of the content of tetragonal 
phase is accompanied by a corresponding change in the absorp-
tion edge, thus influencing the effect of self-absorption on the 
intrinsic PL. This causes the signature of the filtered PL to shift 
more and more toward the spectral position of the intrinsic 
PL of the tetragonal phase. These spectral changes fit nicely to 
the measured PL changes between 160 and 150 K in Figure 1b. 
Here we also want to point out that the above-mentioned rela-
tionship between the fraction of tetragonal phase and the ener-
getic spacing between PLtet,filter and PLtet,intrinsic allows extracting 
the fraction of tetragonal phase from fitting our model to 
the measured PL spectra. Upon cooling, the experimentally 
observed shift of peak C saturates at 1.57 eV (Figure 1b), where 
it becomes indistinguishable from PLtetra, similar to the spec-
tral changes in the modelled spectra for a decreasing fraction 
of tetragonal phase below 0.1% (Figure  3a). Further reducing 
the fraction of tetragonal phase results in an enhancement 

of a PL signal at ≈1.6  eV. This is caused by the fact that the 
small fraction of tetragonal phase has only little influence on 
the absorption edge, which is thus almost exclusively domi-
nated by absorption of the orthorhombic phase. Accordingly, 
the self-absorption effect is mainly determined by the absorp-
tion of the orthorhombic phase, i.e., the feature at 1.6 eV corre-
sponds to filtered PL of the orthorhombic phase. The peak posi-
tion of this PL feature, as well as its growth, fit very well with 
the experimentally observed appearance of peak D between 140 
and 120 K in Figure 1c. So far, we can conclude that the shift of 
peak C and the emergence of peak D observed in the measure-
ments upon cooling from 160 to 120 K can be understood qual-
itatively simply as the result of a reduction in the fraction of 
tetragonal phase. However, from Figure 1b it becomes clear that 
upon cooling the low energy edge (<1.5  eV) of the measured 
PL spectra shifts to higher energies, a spectral dynamic which 
cannot be captured by just changing the content of tetragonal 
phase in our model (Figure 3a). This makes it necessary to also 
allow changing the PL intensity of the tetragonal phase, which 
is reasonable as the fraction of tetragonal phase decreases. 
The impact of changing the PLtetra intensity on the overall PL 
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Figure 3.  Modeled PL for a) different fractions of tetragonal phase, b) 
decreasing tetragonal PL intensities, and c) blue-shift of the tetragonal 
PL peak, using the spectral shapes of tetragonal and orthorhombic PL 
at 160 K.
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spectrum is shown in Figure  3b, where exemplarily PLtetra is 
reduced to a third of its intensity, while the fraction of tetrag-
onal phase is constant at 0.001%. With that, it is possible to 
account for the experimentally observed shift of the low energy 
edge, while it is also obvious, that lowering the tetragonal PL 
intensity always results in a double peak in the spectral region 
between 1.50 and 1.60 eV, consisting of peak C/B and peak D. 
This is at variance especially with the measured PL spectrum at 
130 K (Figure 1c), where we observed only one broadened peak 
in the energy range between 1.50–1.63  eV. Allowing PLtetra to 
shift to higher energies by about 20 meV resolves this deviation 
between modelled and experimental PL (see Figure 3c).

Using the insights gained from Figure 3, we finally modelled 
the measured spectra between 160 and 100 K. To fit the meas-
ured spectra we varied the fraction of tetragonal phase, PLtetra 
peak position and PLtetra intensity. Furthermore from modeling 
the intrinsic PL of tetragonal and orthorhombic phase using 
Equation (3), also the Urbach energies of the two phases Eu,tetra 
and Eu,ortho, were derived. Figure 4 shows an exemplary fit and 
its spectral decomposition for the PL at 140  K, (see Figure  S5 
in the Supporting Information for fits to the PL spectra at the 
other temperatures investigated), from which the good match 
between measured spectrum and modelled PL is evident. From 
Figure  4, it also becomes clear how significant the propor-
tion of filtered PL from the tetragonal phase (red dashed line 
in Figure  4) can be, even though the intensity of the intrinsic 
PLtetra (solid red line in Figure 4) is relatively low.

Fitting the temperature dependent PL spectra yields the tem-
perature evolution of the fit parameters. Figure  5a shows the 
content of tetragonal inclusions and the integrated intensity 
of the direct tetragonal PL (normalized to the value at 165  K) 
between 165 and 100 K. We also extracted the content of tetrag-
onal inclusions based on transmission data of a MAPbI3 single 
crystal from one of our earlier works.[23] This crystal was grown 
via the same synthesis route as the crystal used in this study, 
so that we expect a similar phase transition behavior. Indeed, 
we find that the content of tetragonal inclusions extracted from 

both methods (transmission and PL measurements) agree well, 
supporting our PL analysis approach. Upon cooling, the con-
tent of tetragonal phase drops drastically from 100% at 165 K to 
0.7% at 160 K. From there, it further decreases exponentially by 
about two decades per ten Kelvin to 0.001% at 145 K. At 140 K, 
the content is so low that no PL filter-effect of tetragonal inclu-
sions occurs, so that a precise quantification of the fraction of 
tetragonal phase is not possible anymore. Nevertheless, the 
missing filter effect allows estimating the content of tetragonal 
inclusions to be below 10−4% (indicated as grey shaded area 
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Figure 4.  Measured (black solid line) and modelled (green circles) PL 
at 140 K and spectral decomposition in orthorhombic (blue), tetragonal 
(red), and filtered PL (orange). The dashed lines indicate individual con-
tributions of orthorhombic and tetragonal phase to the filtered PL.

Figure 5.  a) Intensity of the tetragonal PL normalized to the value at 165 K 
(black squares) together with the content of tetragonal phase in the crystal 
(orange circles) as a function of temperature. The content of tetragonal 
phase at 155 and 150 K as extracted from transmission measurements 
on similar MAPbI3 single crystals from an earlier work[23] is also shown 
(open black circles). The grey shaded area indicates the upper limit of the 
content of tetragonal phase below 140 K. b) Temperature-dependence of 
the tetragonal PL peak position. c) Temperature dependent Urbach ener-
gies of the tetragonal (blue triangles) and orthorhombic phase (green 
squares) together with fits according to Equation (5).
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in Figure  5a). Similarly, the integrated intensity of the direct 
tetragonal PL decreases roughly exponentially upon cooling, 
reaching 2% at 120 K. Thus, it decreases at a rate of about 0.4 
decades per ten Kelvin, i.e., less drastic than the decrease of 
content of tetragonal inclusions. From 120  K, the intensity of 
the direct tetragonal PL stays roughly constant. However, as 
mentioned before, below 120  K the spectral signatures of the 
tetragonal phase is very weak, so that corresponding fit parame-
ters might exhibit a relatively large error. From the temperature 
dependent fitting of the measured PL spectra, also the peak 
position of the tetragonal PL was extracted, which is shown 
in Figure 5b. Starting from 1.558 eV at 165 K, the PL shifts to 
higher energies, i.e., to 1.562 eV at 150 K. Upon further cooling, 
this shift becomes more intense, so that the peak position of 
PLtetra is 1.580  eV at 130  K. After that it reaches its final posi-
tion at 1.583  eV at 120  K. Figure  5c displays the temperature-
dependence of the Urbach energies of the tetragonal and the 
orthorhombic phase Eu,tetra and Eu,ortho. Here we assume that 
the factor of 0.825 that we needed to introduced in Equation (3) 
(vide supra) has an artificial origin. We therefore corrected the 
Urbach energies obtained by fitting Equation (3) to the PL data 
accordingly (see Section  S5 in the Supporting Information). 
The Urbach energy of the pure tetragonal phase decreases 
linearly from 14.2  meV at 300  K to 8.2  meV at 165  K. In the 
temperature range of the phase transition, this trend continues 
until 155  K, where the Urbach energy of the tetragonal phase 
is 7.7  meV. Upon further cooling, the decrease in Eu,tetra flat-
tens out, changing by only 0.5 meV from 155 to 100 K. At 160 K 
Eu,ortho is 8.2 meV, i.e., similar to the value of Eu,tetra at this tem-
perature. However in contrast to the behavior of Eu,tetra in the 
transition region, Eu,ortho decreases more rapidly, that is, with a 
similar slope as Eu,tetra between 300 and 165 K, reaching a value 
of 5.6 meV at 100 K (Figure 5c). The temperature-dependence 
of the Urbach energy can be expressed as[37]
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where T is the absolute temperature, θ is the Einstein char-
acteristic temperature of the phonons that interact with the 
free charges,[37,38] and σ0 is the so-called Urbach Edge para-
meter.[37] The parameter X  =  〈U2〉x/〈U2〉0, with 〈U2〉0 being the 
zero-point uncertainty of the atomic positions, is related to 
the structural disorder in the system and would be zero for a 
perfect crystal.[37,39] Assuming a perfect crystal (X   =   0), the 
term θ/(2σ0) can be referred to as the static disorder Eu,0, and 
Equation (4) becomes[40]
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Fitting Equation  (5) to the temperature dependent Urbach 
energies of the orthorhombic phase from Figure  5c yields 
Eu,0,ortho   =  (3.5 ± 0.3) meV and θortho   =  (145 ± 13) K. For the 
pure tetragonal phase, (i.e., considering the Urbach energies 
between 300 and 165 K), we obtain Eu,0,tetra   =  (3.6 ± 0.4) meV 
and θtetra  =  (156 ± 19) K. Within the accuracy of the approach, 
these values are identical to the values of the orthorhombic 

phase. The fits are indicated as dashed lines in Figure  5d. In 
case of the tetragonal phase below the phase transition temper-
ature, a clear deviation between the expected Urbach energies 
from Equation (5) and the values obtained from the measured 
PL spectra becomes obvious.

3. Discussion

Several studies have so far investigated the tetragonal to 
orthorhombic phase transition of MAPbI3 thin films, powder 
and single crystals. For thin films, typically a large tempera-
ture range of 20–40  K can be observed in which both phases 
coexist.[4,10,12,41,42] This is argued to be caused by the polycrys-
talline nature of those films, where every grain can have a 
slightly different transition temperature, depending, e.g., on 
the grain size,[43] or the strain induced by the substrate.[10,11,44] 
In powders, the temperature range of the coexistence was 
reported to be smaller with 5–12  K,[10,45] which is likely due 
to the absence of substrate-induced stress on the lose parti-
cles.[10,46] For single crystals, older works suggested that the 
tetragonal-to-orthorhombic phase transition is abrupt and that 
there is no coexistence of the two phases.[13,15] However, more 
recent works suggest that there is a small temperature window, 
in which such a coexistence can be observed. Our finding that 
the fraction of tetragonal phase reduces rapidly by ≈99% within 
the first 5  K of the transition (Figure  5a), thus is in line 
with the observations found in literature. However, the fact that 
we observe PL signatures of tetragonal inclusions down to at 
least 120 K deviates from the expectations from literature. This 
finding suggests that also in the case of single crystals, certain 
structural states in halide perovskites persist even if external 
parameters such as temperature are changed over a wide range. 
In contrast to the rapid decrease of the fraction of tetragonal 
phase below the phase transition, the change in PL inten-
sity of the tetragonal inclusions shows a considerably milder 
decrease (Figure  5a). This implies an efficient energy transfer 
from orthorhombic phase to the tetragonal inclusions in the 
temperature range of the phase transition, which is in line with 
literature reports.[31,32] It also suggests that the tetragonal inclu-
sions can act as highly efficient traps for the excited states of 
the predominant orthorhombic perovskite phase.

We also observed and quantified a blue shift of the PL of the 
tetragonal inclusions by about 20 meV between 155 and 120 K 
(Figure  5b). One cause of such a shift could be strain on the 
tetragonal inclusions due to a mismatch between the lattice 
constants of tetragonal and orthorhombic phase.[47] Based on 
temperature-dependent PL measurements and comparison with 
associated lattice constants, it is possible to estimate the strain 
that would be necessary to shift the PL by 20 meV to higher ener-
gies via the Birch-Murnaghan-equation.[48] With the assumption 
that lattice dilation is the dominant factor for the temperature-
dependent shift of the PL maximum,[6,12] we find tensile strain 
values of 85–165 MPa (see Section S7 in the Supporting Infor-
mation for details). However, recent studies demonstrated that 
the unit cell volume of the orthorhombic phase is smaller than 
the one of the tetragonal phase,[4,45,49,50] and thus there should be 
compressive strain instead of tensile strain to affect the tetrag-
onal inclusions. Room temperature measurements showed that 
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pressure on MAPbI3 leads to a red shift.[51–54] Assuming this to 
also hold true at lower temperatures, strain would not be a satis-
fying explanation of the observed blue shift.

An alternative interpretation of the blue-shift is via a 
quantum confinement effect, where the decreasing domain 
size confines the excited state, leading to a blue-shift of the 
PL.[55] The observed blue-shift of 20 meV implies domain sizes 
of 7–15 nm, based on the correlation between PL peak position 
and crystal size of MAPbI3 nanocrystals found in literature,[56–58] 
and on the assumption that this correlation also applies to the 
tetragonal inclusions. We estimate the domain volume to be 
about (15  nm)3, consider that 0.001% of the crystal is in the 
tetragonal phase (as it is the case at 145 K) and we assume that 
the tetragonal inclusions are distributed homogeneously. From 
this, we obtain a number concentration of 3 × 1012 cm−3 and an 
average distance of about 0.7 µm between the tetragonal inclu-
sions. This is in the range of the charge carrier diffusion length 
reported in literature,[59,60] suggesting that an efficient energy 
transfer from orthorhombic phase to the tetragonal inclusions 
is well possible. This also fits well with our observation that the 
fraction of tetragonal phase decreases more rapidly compared 
to the corresponding PL intensity (Figure  5a). These results 
also emphasize that due to the efficient energy transfer, even 
a low density of domains that deviate regarding their structure 
from the investigated perovskite can have significant impact on 
its PL spectra and thus its photophysical properties.

Regarding the extracted temperature dependent Urbach ener-
gies of both phases, we find that the values of Eu,0,tetra and θtetra 
agree well with the results from Ledinsky et al.,[40] who quantified 
the temperature dependent Urbach Energies of the tetragonal 
phase of MAPbI3 thin films also on the basis of PL measure-
ments. Also, our observation that θtetra and θortho exhibit identical 
values indicates, that the electronically active phonon modes are 
the same for orthorhombic and tetragonal phase and that their 
energy does not change upon the phase transition. Further, we 
observed that during the coexistence of both phases, the extracted 
values for Eu,tetra deviate from the ones expected according to 
Equation  (5). Since θ appears to be constant, the higher values 
of Eu,tetra indicate a higher static disorder in the tetragonal inclu-
sions, increasing with decreasing domain size. This is reason-
able, when considering that the orthorhombic and the tetragonal 
unit cells have different lattice constants,[4] implying the build-up 
of strain in the tetragonal inclusions (see above). The strain leads 
to a distorted crystal structure, so that X (being a measure for the 
static disorder) in Equation (4) increases.

Finally, we note that the PL in the temperature range from 
160 to 120  K can be modelled with tetragonal, orthorhombic 
and the corresponding filtered PL and no additional peaks 
are necessary. This suggests in particular that there is no sig-
nificant contribution of bound excitons and defects to the PL 
spectra down to 120 K.

4. Conclusion

In summary, we investigated the tetragonal-to-orthorhombic 
phase transition of MAPbI3 single crystals using temperature 
dependent PL measurements. We carefully considered and 
modelled optical effects to distinguish between optical features 

and intrinsic electronic transitions in measured PL spectra. We 
quantified the fraction of tetragonal phase during the transition 
with a high sensitivity, where we find that the tetragonal frac-
tion at 150 K has reduced to 0.001%. Additionally, we can still 
identify PL signatures of tetragonal phase down to 120 K, where 
its spectrum shifts to higher energies, being indicative of a con-
finement effect of the last bit of tetragonal inclusions. Overall, 
this work demonstrates that the phase transition in MAPbI3 
single crystals is not abrupt, but extends over 40 K, and PL of 
bound excitons does not play a role above 100 K in our experi-
ments. Furthermore, our results show that even smallest con-
tents of structurally different inclusions in the perovskite can 
have significant impact on its opto-electronic properties. This 
aspect will be also relevant for perovskites with mixed stoichi-
ometry, where the structural homogeneity and its influence on 
the optoelectronic properties is still unclear but crucial for the 
further development of highly efficient perovskite solar cells.

5. Experimental Section
Sample Preparation: MAPbI3 single crystals were prepared following 

the inverse temperature crystallization technique.[61] In brief, the 
synthesis started with a 1–1.3 m solution of MAI (from Dyesol-Limited, 
Now GreatCell Solar) and PbI2 (Sigma-Aldrich) in gamma-Butyrolactone 
(GBL, Sigma-Aldrich). The precursors dissolved in GBL after 30 min of 
vigorous stirring at 60  °C. Upon filtering the solution using 0.22  µm 
PVDF filters, the stock solution was then distributed into small vials with 
3–4 mL of solution each. The vials were kept undisturbed in an oil bath 
for 34 h at 110 °C. Once the desired size of the crystals was achieved, the 
crystals were removed from the synthesis solution, washed quickly with 
fresh GBL, dried with a N2 flow.

Photoluminescence Measurements: The temperature-dependent PL 
measurements were performed using a home-built setup. The sample 
was put in a continuous flow cryostat (Oxford Instruments, Optistat CF)  
with an automated temperature controller (Oxford Instruments 
ITC503S). The sample was excited with a 337  nm nitrogen laser (LTB 
MNL 100). The signal was collected via a charge-coupled device (CCD) 
camera (Andor iDus DU420a-OE) coupled to a spectrograph (Andor 
Shamrock SR303i).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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