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and with low trap-state densities. [ 3 ]  This 
enabled the fabrication of perovskites 
solar cells that convinced the solar cell 
community with high performances 
such as power conversion effi ciencies 
of over 20%, [ 4,5 ]  while offering the pos-
sibility for low cost production, e.g., by 
solution-processing. [ 6 ]  Meanwhile, fur-
ther device applications for organic–inor-
ganic mixed halide perovskites have been 
discovered. For example, in 2014, low 
threshold levels for amplifi ed spon-
taneous emission showed that mixed 
halide perovskites can also be used 
for the facile fabrication of lasers with 
high quality factors. [ 7–10 ]  Furthermore, 
it is known that most halide perovskite 
materials can exist in different crystal 
structures, depending on environmental 
conditions such as temperature. [ 11–13 ]  
Here, we show that a coexistence of 
tetragonal and orthorhombic phases 
within apparently the same crystalline 
grain can be optically induced into the 

halide perovskite CH 3 NH 3 PbI 3  at low temperatures, leading 
to amplifi ed spontaneous emission (ASE) simultaneously at 
two distinct wavelengths. The ASE feature associated with 
the (high temperature) tetragonal phase can be reproducibly 
written, read-out, and erased at 5 K by choosing appropriate 

 The photoluminescence in a lead halide perovskite is measured for different 
temperatures (5–300 K) and excitation fl uences (21–1615 µJ cm −2 ). It is found 
that amplifi ed spontaneous emission (ASE) is observed for an excitation den-
sity larger than about 1 × 10 18  cm −3  for both the tetragonal phase above 163 K 
and the orthorhombic phase below about 163 K. The fl uence that is required 
to obtain this excitation density depends on temperature and phase since the 
nonradiative decay of excitations is temperature activated with different acti-
vation energies of 85 20±  and 24 5 meV±  for the tetragonal and orthorhombic 
phase, respectively. The ASE from the tetragonal phase—usually prevailing at 
temperatures above about 163 K—can also be observed at 5 K, in 
addition to the ASE from the orthorhombic phase, when the sample is 
previously exposed to a fl uence exceeding 630 µJ cm −2  at a photon energy 
of 3.68 eV. This additional ASE can be removed by mild heating to 35 K 
or optically, by exposing the sample by typically a few seconds with a fl u-
ence around 630 µJ cm −2 . The physical mechanism underlying this optically 
induced phase transition process is discussed. It is demonstrated that this 
phase change can, in principle, be used for an all-optical “write–read–erase” 
memory device. 
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  1.     Introduction 

 Organic–inorganic mixed halide perovskites received enormous 
attention over the last few years. They allow for the produc-
tion of crystalline fi lms with a high structural stability [ 1,2 ]  

Adv. Optical Mater. 2016, 4, 917–928

www.MaterialsViews.com
www.advopticalmat.de

http://doi.wiley.com/10.1002/adom.201500765


918 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FU
LL

 P
A
P
ER

FU
LL

 P
A
P
ER

FU
LL

 P
A
P
ER

laser fl uences or raising the temperature. Finally, we show to 
which extend our fi ndings can be exploited for use as an all 
optical data storage device. 

 The paper is structured as follows. Section 2 briefl y intro-
duces the spectral features observed in the photoluminescence 
spectra for excitation at low and at high fl uence as a function of 
temperature. In Section 3 we show that ASE of the tetragonal 
phase—usually prevailing at temperatures above 163 K—can be 
observed at 5 K provided the sample was previously exposed to 
high intensity illumination, and this feature can be removed by 
mild heating or illumination at moderate intensity. We discuss 
the underlying physical mechanism. Section 4 demonstrates 
that this phenomenon could, in principle, be used toward 
an all-optical 2D “write–read–erase” random access memory 
device, though its technological exploitation is limited by the 
associated low (<35 K) operational temperature. Our fi ndings 
are summarized in Section 5, and experimental details are 
detailed in Section 6.  

  2.     Spectroscopic Characterization 
of the Emission 

  2.1.     Results 

 We synthesized a pore free and compact crystalline 
CH 3 NH 3 PbI 3  layer consisting of micrometer sized grains by 
slightly modifying a published procedure. [ 14 ]  To characterize 
the emission from this fi lm, we carried out temperature 
dependent steady state photoluminescence (PL) measure-
ments at different excitation fl uences. Using a  low  excitation 
fl uence of 0.75 µJ cm −2 , we observe the broad and featureless 
emission centered at about 1.60 eV at 300 K that is associ-
ated with the radiative decay of excited states in the tetragonal 
crystal structure ( Figure    1  a). [ 15,16 ]  On cooling the sample to 
140 K, a higher energy emission appears around 1.68 eV along 
with the existing emission at 1.57 eV. On further cooling to 
40 K, the emission shifts to 1.64 eV and it dominates the spec-
trum. Upon excitation with a  higher  fl uence of 85 µJ cm −2  we 
observe the same behavior of the broad and featureless emis-
sion bands upon cooling. However, in addition to these bands, 
sharp peaks emerge, and strongly grow in intensity, upon 
cooling (Figure  1 b). Like the broad emission bands, the narrow 
peaks also show a red shift with decreasing temperature down 
to 1.61 eV at 5 K. For ease of reference, characteristic emis-
sions obtained for low and high fl uences are displayed on a 
linear scale in Figure  1 c for a temperature of 170  and 40 K, 
respectively. The fl uence dependence of the integrated photo-
luminescence intensity and of the full width at half maximum 
(FWHM) of the emission are displayed in  Figure    2  a,b for three 
different temperatures. The associated spectra are detailed in 
the Supporting Information (Figure S1). These data show a 
characteristic threshold behavior, and we fi nd that t he lower 
the temperature, the lower the value of the threshold fl uence . Vice 
versa, for the fl uence of 85 µJ cm −2  chosen here, the threshold 
temperature for the narrow peak at 1.56 eV to appear is ≈210 K 
in case of the “high-temperature” regime, and for the “low-
temperature” range the narrow peak at 1.65 eV appears below 
135 K (see Figure  2 c,d).    

  2.2.     Discussion 

 The hybrid perovskite CH 3 NH 3 PbI 3  is well known to undergo 
a transition from the tetragonal to the orthorhombic struc-
ture at about 160 K. [ 12,13,17 ]  Using X-ray diffraction (XRD), we 
confi rmed that this transition also takes place in our sample 
(see Figure S2, Supporting Information). At low fl uence 
such as 0.75 µJ cm −2 , we thus attribute the broad emission 
above 160 K centered at 1.60  to 1.75 eV to emission from the 
tetragonal crystal structure, while the broad emission cen-
tered at 1.64–1.68 eV at temperatures below 160 K is attrib-
uted to the orthorhombic phase. The narrow, intense peaks 
that appear in addition upon cooling when exciting at high 
fl uence such as 85 µJ cm −2  are attributed ASE. [ 8,18,19 ]  We base 
our assignment on the observation that, at a given tempera-
ture, these peaks show a characteristic line narrowing with 
simultaneous increase in emission intensity as a function 
of excitation fl uence. This is summarized in Figure  2 a,b and 
further detailed in the Supporting Information (Figure S1). 
For both the tetragonal and the orthorhombic phases, the 
emission shows a roughly linear bathochromic shift, con-
sistent with earlier work, [ 13,20 ]  and an increasing intensity 
upon cooling from 300  to 150 K (tetragonal) and from 
140  to 5 K (orthorhombic). 

 To account for the intensity dependence of the emission at 
low fl uence, we recall that the intensity of emission is given 

by I T
k

k k
I( ) r

r nr
0=

+
, where I0 is the emission intensity in the 

absence of nonradiative decay processes, kr and knr denote 
the radiative and nonradiative decay rates. We measured the 
temperature-dependence of the absorption at the excitation 
wavelength and found it to be independent of temperature 
(Figure S3a, Supporting Information). The Einstein coeffi -
cients then require the radiative decay rate kr also to be tem-
perature-independent. Thus, any temperature dependence of 
the emission must be attributed to knr. This applies to both 
the tetragonal and the orthorhombic phase. If we consider 
a simple thermally activated nonradiative decay process and 

write k k e
E

kT
nr nr

0
B

=
−

, the temperature-dependent emission inten-

sity becomes I T
k

k

E

kT
I( ) [1 exp( )]nr

0

r

B 1
0= + − − . Fitting the experi-

mentally obtained temperature dependent PL intensity we fi nd 
activation energies EB of 85 20±  and 24 5 meV±  for the temper-
ature-dependent nonradiative decay rate in the tetragonal and 
orthorhombic phase, respectively. The temperature dependence 
of the absorption and of the emission as well as the associated 
fi ts is shown in Figure S3 of the Supporting Information. The 
straight lines that are obtained in an Arrhenius-like representa-

tion, where 
I

I T
ln [

(0)

( )
1]−  is displayed as a function of inverse 

temperature, confi rm that a thermally activated nonradiative 
decay process is a valid approach. 

 A thermally activated nonradiative decay process is also the 
mechanism that can account for the temperature-dependent 
ASE. The evolution of ASE in both phases as a function of 
temperature at constant higher laser fl uence is remarkable, 
and it is consistent with the observation that the minimum 
fl uence required to induce the ASE reduces with temperature. 
A prerequisite for amplifi ed spontaneous emission is that the 
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optical gain exceeds the radiative and nonradiative losses in 
the medium. Thus it can only occur at a suffi ciently high den-
sity of excitations. Such a density n builds up if the generation 
rate G, controlled by the fl uence, exceeds the rates of radiative 

and nonradiative decay, i.e., 
dn

dt
G k k T n0 ( ( ))r nr< = − + . From the 

above-mentioned temperature-dependent absorption and photo-

luminescence measurements we found kr and G to be tempera-
ture independent while knr shows a simple temperature-activated 
behavior with activation energies of 85 20±  and 24 5 meV±  for 
the tetragonal and orthorhombic phases, respectively. By com-
bining the fl uence dependence and temperature dependence 

with the activation energy, we can  estimate the threshold exciton 
density n that is required for ASE  to take place in our sample. We 

obtain n (1.02 0.2) 10 cmthreshold
tetragonal 18 3= ± −  for the tetragonal phase 

from 200 to 280 K and n (1.4 0.2) 10 cmthreshold
orthorhombic 18 3= ± −  for the 

orthorhombic phase at 135 K. The fact that for both phases 
the threshold exciton density required for ASE is found within 
the same range and essentially independent of temperature 
is a gratifying confi rmation of our approach (Figure  2 e). The 
estimate is based on the notion that, at a certain temperature, 
the density of excitations, n, contributing to ASE is given by 

n =ngenerated Φ = n
I T

I

( )
generated

0

, where Φ is the photoluminescence 
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 Figure 1.    Temperature dependent photoluminescence (PL) spectra recorded with a) fl uences of 0.75 µJ cm −2  and b) of 85 µJ cm −2 . The characteristic 
spectral ranges of tetragonal and orthorhombic PL are indicated by the red and blue areas, respectively. c) The characteristic PL spectra in the tetragonal 
phase at 170 K (red line) and in the orthorhombic phase at 40 K (blue line) for both high fl uence (solid line) and low fl uence (dashed line) on a linear scale.
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quantum yield and ngenerated is the number of excitons generated 

at the excitation intensity in the excitation volume. I T

I

( )

0

 is 

given by 
k

k

E

kT
[1 exp( )]nr

0

r

B 1+ − − . ngenerated is given by the excitation 

energy divided by the photon energy and excitation volume. 
When the threshold energy for ASE is used for the excita-
tion energy, this delivers the threshold density of excitations 

required for ASE. Full details of the calculation are given in the 
Supporting Information (Figure S4). 

 An essential notion in our discussion is the experimental 
fi nding that the nonradiative decay rate is thermally activated. 
From our data, we cannot unambiguously determine the origin 
of this thermally activated nonradiative decay process and its 
identifi cation is not required for the analysis of our results. 
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 Figure 2.    a) The integrated photoluminescence (PL) intensity and b) the full width at half maximum (FWHM) for excitation at 3.68 eV as a function of 
laser fl uence from 21 to 1615 µJ cm −2  at 280, 260, and 200 K. c) The integrated PL intensity as a function of temperature, recorded with a laser fl uence 
of 85 µJ cm −2  for the temperature range between 80 and 160 K, and d) for the temperature range between 160 and 300 K. e) The calculated values of 

thresholdn  as a function of temperature. The average value of thresholdn  between 280 and 200 K is indicated as dashed line. The blue circle indicates the data 
point obtained for the orthorhombic phase, the red diamonds pertain to data points in the tetragonal phase.
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Following the approach by Wu et al., [ 15 ]  Chen et at., [ 21 ]  and 
Savenije et al., [ 22 ]  one might attribute the nonradiative decay 
channel mainly to thermally activated dissociation of excitons 
and associate the activation energies with exciton binding ener-
gies. The values of 85 20±  and 24 5 meV±  that we obtained 
for the tetragonal and orthorhombic phase are consistent with 
exciton binding energies reported earlier on the basis of tem-
perature-dependent photoluminescence measurements. [ 15,22 ]  
We note, however, that exciton binding energies are known to 
vary within a rather broad range between few meV up to 70 
meV, [ 13,15,22–27 ]  and depend on the method chosen for investiga-
tion as well as on the particular crystal structure and composi-
tion of the hybrid perovskite. [ 27 ]    

  3.     Reversible Induced Amplifi ed Spontaneous 
Emission 

  3.1.     Results 

 We observe that the emission recorded under low fl uence excita-
tion is different when the sample had previously been exposed 
to high fl uence excitation.  Figure    3  a shows the photolumines-
cence taken from the sample at 5 K upon low fl uence excitation 
at 21 µJ cm −2  before and after a previous exposure to 100 pulses 

at 15 Hz at a high fl uence of 1615 µJ cm −2 . Even though the exci-
tation fl uence is as low as 21 µJ cm −2 , the emission centered at 
1.61 eV at 5 K is narrow with a FWHM of 9 meV, implying that 
it is due to ASE from the orthorhombic phase. When the sample 
had previously been exposed to high fl uence excitation, a second 
narrow low energy peak at 1.53 eV appears (FWHM of 9 meV) 
at the expense of intensity from the peak at 1.61 eV. The relative 
intensity of the two peaks can be controlled by tuning the pre-
ceding fl uence. Figure  3 b illustrates, on a logarithmic intensity 
scale, that the narrow low energy peak does not appear when 
previously exposing the sample to 100 pulses at 15 Hz with fl u-
ences of 168 or 329 µJ cm −2  and then recording the spectrum 
with excitation at 21 µJ cm −2 . When the sample is exposed to a 
previous pulse train with a fl uence of 627 µJ cm −2 , the spectrum 
recorded under excitation at 21 µJ cm −2  shows a weak shoulder 
to appear at about 1.54 eV. For previous exposure to a pulse train 
with a fl uence of 968, 1304 or 1615 µJ cm −2 , the spectra obtained 
with excitation at 21 µJ cm −2  clearly show a narrow low energy 
peak, centered at 1.530, 1.523, and 1.522 eV, respectively. While 
the intensity of the 1.61 eV peak is not affected by previous expo-
sure at fl uences of 168 or 329 µJ cm −2 , it reduces for previous 
exposure to fl uences from 627 µJ cm −2  onward, whereas the 
intensity of the low energy shoulder or peak increases.  

 This narrow low energy peak that can be induced by pre-
vious exposure to fl uences above 627 µJ cm −2  appears to be 
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 Figure 3.    a) The emission spectrum of perovskite fi lm at 5 K before (blue line) and after (orange line) high fl uence (1615 µJ cm −2 ) excitation, recorded 
with a fl uence of 21 µJ cm −2 . b) Emission spectra recorded at low-excitation fl uence (21 µJ cm −2 ) after exposure to different high-fl uence excitation. 
c) PL spectra for increasing temperatures, recorded with a fl uence of 21 µJ cm −2  after previous exposure to 1615 µJ cm −2 .
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stable with time when recorded using an excitation fl uence of 
21 µJ cm −2 . We observed no change in intensity in the course 
of our measurements. This is displayed in Figure S5 of the 
Supporting Information for a time scale of 30 min. Although 
the induced peak is stable with respect to time when recorded 
under low fl uence, it is not stable with respect to temperature. 
Figure  3 c shows that upon heating the sample from 5 K onward, 
the narrow low energy peak reduces in intensity and, concomi-
tantly, shifts to higher energies. For temperatures above 35  K  it 
disappears. Modeling the reduction in the low energy peak as 

a thermally activated process, using 
Δ =

− Δ
I

I
e

E

k TB

0

, with Δ I  being 

the change of emission intensity of the tetragonal phase relative 
to its maximum intensity  I  0  at 5 K, yields a thermal activation 
energy of Δ E  = 3 meV for the removal of the narrow low energy 
peak. 

 In order to understand how exposure to high fl uence may 
induce a remaining narrow low energy peak, it is instructive to 
consider the PL spectra recorded  during  exposure to high fl u-
ence.  Figure    4  a shows the emission spectra recorded for, fi rst, 
exposure to a pulse train of 100 pulses at 15 Hz at a fl uence of 
329 µJ cm −2  (dashed line) and then recorded for exposure to 

the same pulse train at a fl uence of 1615 µJ cm −2  (solid line). 
For reference, a Gaussian peak centered on 1.53 eV with a 
FWHM of 9 meV is also shown. Note that the spectra are dis-
played on a logarithmic intensity scale. In addition to the emis-
sion centered on 1.61 eV that is attributed to ASE from the 
orthorhombic phase, the spectrum recorded under a fl uence of 
1615 µJ cm −2  shows an emission band of unusual shape that 
ranges from about 1.58  to 1.53 eV, where its emission intensity 
falls off drastically. This low energy edge of the band perfectly 
matches the Gaussian peak centered on 1.53 eV with a FWHM 
of 9 meV. Figure  4 b displays the spectra that result when the 
sample was  fi rst  exposed to a pulse train of 100 pulses at 15 Hz 
at a fl uence of 1615 µJ cm −2  and  then  recorded using a  single 
pulse  of increasing fl uences from 168 µJ cm −2  onward. It is evi-
dent that the low energy edge of the additional band remains 
identical in all spectra, whereas the high energy edge of the 
band increases in energy with increasing fl uence. The position 
of the maximum intensity in the band, close to the high energy 
edge, is displayed in Figure  4 c as a function of fl uence.  

 Further insight into the origin of the low energy band 
observed  during  high fl uence excitation, and, concomitantly, 
the low energy peak seen  after  high fl uence excitation can be 
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 Figure 4.    a) Emission spectra at 5 K recorded fi rst using a low excitation fl uence of 329 µJ cm −2  (dashed blue line) and then using a high excitation 
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Figure  6 b below.
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gained from time-resolved PL spectra ( Figure    5  ). In Figure  5 a, 
a fi lm at 5 K had fi rst been exposed to an excitation fl uence of 
1615 µJ cm −2 . After that, its emission was recorded at 5 K as a 
function of time for excitation at a fl uence of 630 µJ cm −2  with 
15 Hz. The top panel shows the resulting emission spectra on 
a linear scale at 0.1, 1.0, and 3.5 s after excitation. For all three 
spectra, the ASE peak of the orthorhombic phase at 1.61 eV is 
clearly visible. In addition, there is a low energy emission band 
with a peak that shifts from 1.55 eV to higher energies with 
increasing time. From about 1.0 s onward, it reduces in intensity 
while the 1.61 eV peak increases. This is displayed more clearly 

in the right panel. Similar spectra have been taken for a range of 
recording fl uences, in each case after a previous exposure to a 
pulse train at 1615 µJ cm −2 . The peak position of the low energy 
band as a function of time is shown in Figure  5 b for the different 
recording fl uences. We observe two trends. First, the initial posi-
tion of the low energy peak is at higher energies for higher fl u-
ences. Second, with increasing recording fl uence the blue shift 
in peak position with time increases. While the low energy peak 
remains essentially constant at about 1.532 eV upon recording at 
168 µJ cm −2 , it shifts by about 20 meV to higher energies within 
less than a second when recording the spectra at 810 µJ cm −2 .   

  3.2.     Discussion 

 The observation that a narrow low energy 
peak can be induced in a hybrid lead iodide 
perovskite by previous illumination at suf-
fi ciently high fl uences, and that it can be 
removed by raising the temperature of the 
sample in a moderate way (Figure  3 ) raises 
some questions. First, it needs to be clarifi ed 
what the narrow low energy emission is due 
to. Second, the process of how it forms and 
disappears for various experimental condi-
tions (Figures  4  and  5 ) should be illuminated. 

 Various works have shown that the emis-
sion spectra of hybrid lead iodide perovskites 
can consist of different spectral features at 
low temperatures. [ 8,15,16,28,29 ]  Xing et al., [ 8 ]  
Fang et al., [ 16 ]  and Kong et al. [ 28 ]  attribute 
the additional emission features they found 
in addition to the free exciton emission of 
the orthorhombic phase to the transition of 
bound excitons. Their feature is typically at 
about 40 meV below the energy of the free 
exciton transition and it has a spectral width 
in the range of 50 meV with PL lifetimes in 
the µs range. [ 16 ]  In contrast to this, the low 
energy peak we observe, for example, in 
Figure  3 a at 1.53 eV, is separated by about 
80 meV from the emission feature of the 
orthorhombic phase and shows a FWHM of 
9 meV. Time resolved PL measurements at 
low temperature using a STREAK Camera 
Setup further reveals, that the induced emis-
sion feature decays on a ns timescale (see 
Figure S6, Supporting Information). Due to 
these differences in spectral signature and 
dynamics we dismiss emission from the 
bound excitons as a possible explanation for 
the low energy peak. In a similar way, we also 
discard emission from trap states as a pos-
sible origin. Trap states were found to show 
a broadly distributed emission over a spec-
tral range between approximately 1.3 and 
1.5 eV, in contrast to the narrow emission 
we observe. [ 30 ]  As will be shown in Section 
4 further below, the narrow low energy 
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 Figure 5.     a)  Emission spectra taken during illumination with a fl uence of 630 µJ cm −2  as a func-
tion of time. The spectra are recorded immediately after the start of excitation. The fi lm had 
previously been illuminated with high fl uence of 1615 µJ cm −2 . The color indicates the photolu-
minescence intensity. The top panel shows the spectra on a linear scale, obtained after a time 
of 0.1 s (yellow line), 1.0 s (purple line), and 3.5 s (orange line). The right panel shows the PL 
intensity of the peak at 1.61 eV (black line), attributed to the orthorhombic phase, and of the 
peak in the low energy band (pink line), attributed to the tetragonal phase, as a function of time. 
Dashed lines in the central panel indicate these positions. b) The time-dependent evolution 
of the ASE peak in the tetragonal phase taken during illumination with a fl uence as indicated 
in the fi gure. The sample had previously been illuminated with a high fl uence of 1615 µJ cm −2 .

Adv. Optical Mater. 2016, 4, 917–928

www.MaterialsViews.com
www.advopticalmat.de



924 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FU
LL

 P
A
P
ER

FU
LL

 P
A
P
ER

FU
LL

 P
A
P
ER

peak is highly reproducible and reversible, so that any perma-
nent damage to the sample such as a decomposition of the 
organic cation can be excluded. An indication to the origin of 
the low energy peak is its narrow spectral width, e.g., of 9 meV 
at 1.53 eV (Figure  3 a). This is in good agreement with the 
linewidth of about 10–15 meV that we found for the ASE peak 
from the tetragonal phase as shown in Figures  2 b. In fact, the 
energies at which the laser-induced narrow low energy peak is 
observed matches with the energies where ASE from excitations 
in the tetragonal phase could be expected at low temperatures, 
provided that a linear extrapolation of the temperature depend-
ence of the ASE peaks is valid as a fi rst rough approximation. 
 Figure    6  b shows the temperature evolution of the ASE peaks in 
the orthorhombic and tetragonal phases, taken from Figure  1 , 
along with the energies of the laser induced narrow low energy 
peak taken from Figure  3 . Based on the narrow linewidth and 
energetic position we attribute the low energy emission to ASE 
from the tetragonal phase.  

 This assignment raises further questions. First of all, it is 
unexpected to observe a coexistence of peaks from the orthog-
onal and tetragonal phase below 40 K. Naively, one would 
expect energy transfer from the higher-energy peak to the 
induced lower-energy peak to suppress any emission from 
the orthorhombic phase. Evidently, the experimental data sug-
gest that complete energy transfer does not occur, implying a 
somewhat localized character of the fast decaying excitations. 
Second, it is equally unexpected to observe emission from a 
 tetragonal  phase at temperatures as low as 5 K, since this phase 
is known to be the stable phase only above 160 K. 

 To account for the laser-induced existence of a tetragonal 
phase at low temperatures such as 5 K, we propose the following: 
L ocal heating during excitation with high fl uence induces a partial 
modifi cation of the crystal structure toward the tetragonal phase . 
This structure is then kinetically frozen in when the high inten-
sity laser is turned off, thus leading to tetragonal inclusions in 
an orthorhombic matrix. Indeed, a simple estimate of the local 
heating effects during excitation indicates that a temperature 
above 163 K is reached for laser fl uences above approximately 

600 µJ cm −2 . This is in good agreement with the observation 
that a threshold fl uence above about 630 µJ cm −2  is required 
to induce the 1.53 eV peak (see Figure  3 b). Furthermore, based 
on the heat capacities and thermal conductivities of the lead 
halide perovskite and the supporting quartz substrate, [ 31 ]  a fast 
drop of temperature back to 5 K can be expected on a timescale 
of a few 100 ns. The estimates for laser-induced heating and 
thermal dissipation of heat are detailed in the Supporting Infor-
mation. Thus, the scenario of a remaining, kinetically frozen 
out tetragonal phase within an orthorhombic matrix is con-
sistent with the material parameters. This hypothesis is illus-
trated in Figure  6 a. Since the orthorhombic phase prevails at 
5 K while the tetragonal phase is observed from 163 K onward, 
we consider that the two phases, pertaining to different con-
fi guration coordinates, are separated by an associated thermal 
activation energy of 163 K* k  B  = 14 meV for the orthorhombic-
to-tetragonal phase transition. From the analysis of Figure  3 b 
we learned that a small activation energy of 3 meV is suffi -
cient to convert the tetragonal phase back to the orthorhombic 
phase. This small activation energy for overcoming the barrier 
to the energetically more stable orthorhombic phase is reason-
able given that the structural difference between the tetragonal 
and orthorhombic phase are only minor (lattice parameters: 
 a  =  c  = 8.65 Å,  b  = 12.45 Å at 155 K – tetragonal;  a  = 8.90 Å, 
 b  = 12.67 Å,  c  = 8.65 Å at 150 K – orthorhombic). [ 11 ]  This picture 
also explains why coexisting emission from the tetragonal and 
orthorhombic phase has so far been reported only close to the 
temperature of the phase transition (≈160 K). [ 28 ]  

 Our hypothesis of local laser-induced heating is also con-
sistent with the peculiar photoluminescence spectrum that is 
obtained  during  the high fl uence (1615 µJ cm −2 ) illumination, 
shown in Figure  4 a. In this framework, we attribute the broad 
emission band to a superposition of ASEs from the tetragonal 
phase. Since the overall sample is held at 5 K, yet illumination 
with 1615 µJ cm −2  induces a local temperature well above 163 K, 
we expect a temperature gradient across the Gaussian excita-
tion profi le, resulting in ASEs from tetragonal phases with a 
temperature distribution. From the already obtained correlation 
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 Figure 7.    (Lower panel) Peak intensities at 5 K of the ASE at 1.61 eV 
(blue dots) in the orthorhombic phase and of the ASE at 1.53 eV (red 
diamonds), attributed to the tetragonal phase. The peak intensities were 
recorded using a fl uence of 21 µJ cm −2  ( = “read” mode) after previous 
illumination with pulses at a fl uence of 1615 µJ cm −2  ( = “write” mode) 
or at 811 µJ cm −2  ( = “erase” mode) as illustrated in the upper panel.
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between temperature and peak position of the ASE from the 
tetragonal phase (Figure  6 b), the spectral positions can directly 
be transferred to corresponding temperatures. It is a gratifying 
consistency that the range of the band from 1.52  to 1.58 eV 
matches with a temperature range from 5 to 210 K. 

 This is further supported by Figure  4 b. We consider that the 
preceding pulse train with 1615 µJ cm −2  induces the transition 
to the tetragonal phase that is then kinetically frozen in. For 
subsequent illumination with a low fl uence pulse of 21 µJ cm −2 , 
we obtain the spectrum of ASE in the tetragonal phase at 5 K, 
i.e., a peak at 1.53 eV. Upon raising the fl uence of the recording 
pulse from 168 µJ cm −2  onward, the center of the excitation 
spot raises in temperature, implying a temperature gradient to 
the border of the excitation spot. Consequently, the high energy 
tail of the band shifts to increasingly higher energies with tem-
perature, while the low energy edge at 1.53 eV remains. 

 The energetic position of the high energy edge of the band 
in Figure  4 b is displayed at the time  t  = 0 in Figure  5 b. The 
shift that is observed in Figure  5  in the course of time when 
the spectrum is recorded during continuous illumination with 
15 Hz at different fl uences can easily be accounted for in our 
interpretation in a framework of local heating. It seems that for 
illumination with a low fl uence, such as 168 µJ cm −2 , the heat 
deposited into the excitation spot with each pulse is dissipated 
suffi ciently rapid so that both the temperature of the excited 
spot as well as that of the surrounding material at 5 K remain 
unaltered. For a higher fl uence, e.g., 630 µJ cm −2 , the blue-shift 
of high-energy edge of the band within the fi rst second indi-
cates ASE from a tetragonal phase with an increasingly hot 
center, while the temperature surrounding the excitation spot is 
still suffi ciently cold, i.e., below 35 K, to prevent an annealing of 
kinetically trapped tetragonal phase. This is also confi rmed by 
the unaltered intensity of the ASE peak of the orthogonal phase 
at 1.61 eV. After about one second, a stationary position of the 
high energy edge in the ASE band from the tetragonal phase 
indicates a stationary equilibrium between the heat deposited 
into the excitation spot and the heat dissipated into the sur-
rounding material, i.e., perovskite and substrate. Ultimately, 
this also raises the temperature of the material around the exci-
tation spot beyond the 35 K limit, thus allowing for detrapping 
of the kinetically trapped tetragonal-to-orthorhombic phase 
transition. Accordingly, this is accompanied by an increase in 
the intensity of the ASE from the orthogonal phase at 1.61 eV. 

 The fact that the phase transitions between tetragonal and 
orthorhombic phase can be induced and removed by suitable 
adjusting the fl uence of the laser illumination implies that lead 
halide perovskites could, in principle, be used to build an all-
optical “random-access memory device.”   

  4.     All Optical Write–Read–Erase Cycles 

  4.1.     Results 

  Figure    7   shows a simple proof-of-principle demonstration for 
such an all-optical memory device. As indicated in the top 
panel, the sample was illuminated with consecutive trains of 
100 pulses at 15 Hz at, fi rst, 1615 µJ cm −2  (the “write” process), 
then 21 µJ cm −2  (the “read” process), then 811 µJ cm −2  (the 

“erase” process) and fi nally again 21 µJ cm −2  (the “write” pro-
cess). The intensities of the ASE peaks from the orthorhombic 
phase at 1.61 eV and of the tetragonal phase at 1.53 eV, recorded 
during the “read” process, are displayed in the bottom panel of 
Figure  7 . The reproducibility of the process is clearly evident 
(see also Figure S5b, Supporting Information). After each 
“write” process, the intensities of the two ASE peaks are com-
parable, and after each “erase” process, the orthorhombic ASE 
peak takes a maximum value while the tetragonal ASE peak 
almost disappears. Due to the apparently localized character of 
the excitations associated with the ASE peaks, data writing and 
reading (i.e., a strong tetragonal ASE peak) can be implemented 
in a two-dimensional fashion.  

 The reproducibility of the “write” and “erase” processes is 
also manifested on a microscopic scale.  Figure    8   shows 2D 
intensity maps of the emission spectra for a 5 µm × 5 µm area 
of the fi lm that was acquired at 1.5 K using a home-built con-
focal microscope with a spatial resolution of about 500 nm. The 
color scale decodes overall emission intensity that is spectrally 
integrated from 1.3 to 1.7 eV. The PL spectra, averaged over 
the entire 5 µm × 5 µm area for Figure  8 a,c, and averaged over 
two smaller, 0.3 µm × 0.3 µm areas for Figure  8 b, are shown in 
the bottom panels. In a pristine sample, only the 1.61 eV peak 
for the ASE of the orthorhombic phase is observed, though its 
intensity strongly varies across this area, as also observed by de 
Quilettes et al. [ 32 ]  The size of the bright and darker regions in 
the fi lm matches well with the grain size distribution found by 
transmission electron microscopy (0.2–1.2 µm), see Figure S7 
in the Supporting Information.  

 After a “write” process, we observe fi rst a change in intensity 
distribution across the sample area. Second, we observe that the 
additional 1.53 eV peak, indicative of a tetragonal crystal struc-
ture, has been induced everywhere across the investigated area 
(Figure  8 b), albeit to different degrees. This observation sug-
gests that both phases coexist within the same crystalline grain. 
Sample areas which have lower overall emission intensity have 
a higher relative contribution from the 1.53 eV peak. After an 
“erase” process, the original intensity distribution recovers and 
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we again observe merely emission at 1.61 eV across the entire 
sample area.  

  4.2.     Discussion 

 The write–read–erase cycles shown in Figure  7  clearly dem-
onstrate that, in principle, the phase transition in the lead 
halide perovskite could be used for “all optical random-access-
memory” applications, using the induced tetragonal ASE peak 
as information carrier. The fl uences used in Figure  7  for the 
“read” and for the “erase” process were chosen such as to ensure 
that the sample is not affected by the laser fl uence during the 
“read” process, and to allow for a reasonably fast “erase” pro-
cess. The “write” and the “read” process can be carried out in 
single shot mode, so that the time required for these processes 
is only limited by the pulse width of the laser and its repetition 
rate (see Figure S8, Supporting Information). The “erase” pro-
cess, in contrast, requires sample heating above 35 K in an area 
surrounding the spot size. In the present mode of operation, 
this is achieved by controlling the balance of dose accumula-
tion and heat dissipation. The initial laser energy is deposited 
in the excitation area through optical absorption followed by 
subsequent vibrational cooling, and the resulting heat fl ow into 
the surrounding material generates a temperature gradient. 
The “erase” process, i.e., the tetragonal-to-orthorhombic transi-
tion occurs for the sample area where the temperature is above 
35 K yet below 160 K. An “erase” process with high fl uence 
generates a strong temperature gradient across the excitation 
spot, so that the relevant temperature range is reached after a 
short accumulation time, yet only for a small circumference 

around the hotter center, leading to only partial “erase” of the 
1.53 eV peak. A more complete “erase” process, requiring a 
shallower temperature gradient, can be obtained by using a 
moderate fl uence over a longer period of time. This trade-off 
explains why, in this mode of optical excitation with visible 
light, a single-shot “erase” process is not possible. The situa-
tion may be different for excitation with light in the infra-red 
spectral range. An interesting feature is the option to “write” 
and “read” in a 2D fashion. The entire area could, in prin-
ciple, be “written in” in parallel by using patterning and be 
“read out” by full size illumination combined with a charge-
coupled device (CCD) camera, thus allowing for fast data 
access.   

  5.     Concluding Summary 

 We have shown that for this lead halide perovskite ampli-
fi ed spontaneous emission occurs for an excitation density 
exceeding 1 × 10 18  cm −3 . Whether this excitation density can 
be sustained depends on the balance between excitation fl u-
ence and sample temperature. At temperatures below the 
tetragonal-to-orthorhombic phase transition temperature of 
163 K, high intensity laser pulses can locally heat the excitation 
spot thus resulting in a local orthorhombic-to-tetragonal phase 
transition that can get trapped kinetically if the surrounding 
material is at a temperature below 35 K. Detrapping is pos-
sible by mild heating above 35 K. This temperature can also be 
reached in the material surrounding the excitation spot by suit-
ably adjusting the illumination fl uence and time. In principle, 
this phase change could be employed to make an all optical 

0 1 2 3 4 5
0

1

2

3

4

5

Position (μm)

Po
si

tio
n 

(μ
m

)

after erase

0 1 2 3 4 5
0

1

2

3

4

5

Position (μm)

after writea

0 1 2 3 4 5
0

1

2

3

4

5
before write

Position (μm)

cb

0.0

0.2

0.4

0.6

0.8

1.0

PL
 in

te
ns

ity
 (n

or
m

)

1.3 1.4 1.5 1.6 1.7

0

1

PL
 in

te
ns

ity
 (n

or
m

.)

Energy (eV)

1.3 1.4 1.5 1.6

0

1

Energy (eV)

1.4 1.5 1.6 1.7 1.3 1.4 1.5 1.6 1.7

0

1

Energy (eV)
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which shows that only the orthorhombic phase prevails.
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write–read–erase memory device, yet in practice the low tem-
perature associated with the phase change limits its potential.  

  6.     Experimental Section 
  Materials : All materials were purchased from Sigma-Aldrich and used 

as received. 
  CH 3 NH 3 I Synthesis : Methylammonium iodide (MAI) was synthesized 

as discussed elsewhere. [ 33 ]  In short, MAI was synthesized by reacting 
24 mL of methylamine (33 wt% in absolute ethanol) and 10 mL of 
hydroiodic acid (57 wt% in water) in a round-bottom fl ask at 0 °C for 
2 h with stirring. The precipitate was recovered by putting the solution 
on a rotary evaporator and carefully removing the solvents at 50 °C. The 
white raw product MAI was redissolved in 80 mL absolute ethanol and 
precipitated with the addition diethyl ether. After fi ltration, the step was 
repeated two times and white solid was collected and dried at 60 °C in a 
vacuum oven for 24 h. 

  CH 3 NH 3 PbI 3  Film Preparation : The quartz substrates were cleaned 
with detergent diluted in deionized water, rinsed with deionized water, 
acetone, and ethanol, and dried with clean dry air. After cleaning, the 
substrates were transferred in a glovebox under nitrogen atmosphere. 
For perovskite formation, PbI 2  (1  M ) was dissolved in  N , N -dimethyl 
formamide overnight under stirring conditions at 100 °C and 80 µL 
solution was spin coated on the quartz substrates at 2000 rpm for 50 s, 
and dried at 100 °C for 5 min. Powder of MAI (100 mg) was spread out 
around the PbI 2  coated substrates with a petri dish covering on the top 
and heated at 165 °C for 13 h. To avoid that the samples were affected by 
air and humidity, 40 mg mL −1  poly(methylmethacrylate) (PMMA; Aldrich) 
in butyl acetate was spin-coated on top of the perovskite at 2000 rpm for 
30 s. All steps were carried out under a nitrogen atmosphere in a glove 
box. See Figure S7 of the Supporting Information for morphology of the 
perovskite fi lm showing the micrometer sized crystalline grains. 

  Temperature Dependent Emission Measurements : Emission spectra 
were recorded with a home-built setup. For cooling, the sample was 
put into a continuous fl ow cryostat (Oxford Instruments, Optistat CF) 
and excited by a Nitrogen Laser (LTB, MNL 100) with 337 nm pulses 
and a repetition rate of 15 Hz. Changes in the laser output energy were 
achieved by a controllable polarization attenuator, which led to available 
fl uences in the range between 0.75 and 1615  µL cm −2 . The generated 
laser pulses were coupled into an optical fi bre and directed toward the 
sample while being refocused by a lens. Emission from the sample was 
collected by another lens, focused to a spectrograph (Andor Shamrock 
303i, spectral resolution ≈2 nm) which was coupled with a cooled CCD 
camera (Andor iDus), acting as the detection unit. Measured spectra 
were corrected for CCD and grating responsivity. 

  Spatially Resolved Emission Measurements : For the spatially resolved 
PL spectroscopy, we used a home-built low-temperature confocal 
microscope. The sample is mounted in a liquid-helium bath cryostat at 
1.5 K. To read out the ASE from the perovskite fi lms, we used a diode 
laser (BCL-020-405, CrystaLaser) operating at 405 nm. This laser light 
was directed to the cryostat, and focused by a microscope objective (NA 
= 0.85, Microthek) that was immersed in liquid helium. The combination 
of a motorized scan mirror and a telecentric lens system in front of the 
objective allowed to move the focal spot laterally across the sample 
in well-defi ned steps. The PL was collected by the same objective and 
passed the beam splitter and dielectric long pass fi lters to suppress 
residual laser light. Finally, it was focussed onto the entrance slit of a 
spectrograph (SpectraPro-150, Acton Research Corporation), spectrally 
dispersed by a grating (150 lines mm −1 ), and imaged onto a CCD-
camera (Pixelfl y, PCO).  

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