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Despite the rapidly increasing efficiencies of perovskite solar cells, the optoelectronic properties of
this material class are not completely understood. Especially when measured photoluminescence (PL) spectra
consist of multiple peaks, their origin is still debated. In this work, we investigate in detail double peak PL
spectra of halide perovskite thin films and single crystals with different material compositions. By different
optical spectroscopic approaches and quantitative models, we demonstrate that the additional PL peak
results from an extensive self-absorption effect, whose impact is intensified by strong internal reflections. This

Received 14th November 2019, self-absorption accounts for the unusual temperature dependence of the additional PL peak and it implies

Accepted Sth January 2020 that absorption until far into the perovskite's Urbach tail is important. The internal reflections entail that even
for thin films self-absorption can have a significant contribution to the PL spectrum. Our results allow for a

clear assignment of the PL peaks by differentiating between optical effects and electronic transitions, which is
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1. Introduction

Halide perovskites, and optoelectronic devices based on them
such as solar cells, LEDs, lasers or detectors, have undergone a
tremendous development in the last few years. For this, their
optical properties, in particular the absorption and photolumi-
nescence (PL) spectra, play an important role when investigat-
ing the perovskite materials such as to derive conclusions about
their electronic structure.'” For example, phase transitions and
different structural states can be identified by the associated
optical spectra, which are experimentally easily accessible.
Furthermore, from the analysis of the spectra, important material
parameters can be determined, such as electron phonon coupling
constants or dynamic and static disorder (in particular by
temperature-dependent investigations).>”® PL signatures of dif-
ferent defect states both at higher and especially at lowest
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a necessary requirement for understanding the optoelectronic properties of halide perovskites.

temperatures were identified,>*'® and the interaction of the

perovskite with its environment (solvent, humidity or atmosphere)
was investigated using PL measurements.'’™ More recently,
spatially resolved PL investigations allowed to associate the
occurrence of defect assisted, non-radiative decay channels
with the grain boundaries of the perovskite."* This has facili-
tated the development of appropriate passivation strategies,
which in turn have led to the last significant increases in
efficiencies of perovskite solar cells.">™”

However, although PL spectroscopy has been used intensively
and versatilely in the past, it is still common for PL spectra
measured under nominally identical conditions to differ from
work to work or from group to group, and in many cases to
exhibit several peaks within a PL band. Hence, there is still an
intense discussion and disagreement about the origin of these
multiple PL features, and a variety of interpretations exists. Some
suggest the additional PL features to stem from the coexistence
of a direct and an indirect bandgap,'® > defect induced recom-
bination of (bound) excitons,”"**"** different electronic structure
between the bulk and the surface,>*™2® coexistence of different
crystalline phases'®?° and to self-absorption effects.**** Evidently,
clarification on the origin of the multiple peak structure is urgently
needed to allow for further understanding of the optoelectronic
structure of lead halide perovskites.

In this work, we demonstrate that the occurrence of double
peak structure is a general phenomenon in lead halide per-
ovskites and not limited to single crystals or a specific material
composition. We systematically address the different existing
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interpretations and show that neither the recombination via
different types of defects, or different electronic states between
the bulk and the surface can account for the double peak structure.
Instead, from temperature dependent one-photon-induced and
two-photon-induced PL measurements, optical modelling, and
a systematic change of measurement geometry, we conclude
that the additional PL feature is due to a surprisingly extensive
self-absorption effect, significantly amplified by internal reflec-
tions of PL. Finally, we show that by changing the refractive
index of the perovskite environment, and thus the internal
reflectivity, the relative intensity of the two peaks can be
modified, further underpinning our approach.

2. Results and discussion
2.1 The double-peak structure

Fig. 1a shows the room temperature photoluminescence (PL) of
four different lead halide perovskites used in this study, namely
a MAPDI; thin film, a MAPDI; single crystal, a single crystal with
a different halide, MAPbBr3;, and a single crystal with a different
organic cation, EA, ;;MA, g;Pbl;. For all samples, we observe the
emission to be structured, i.e. to consist of a dominant higher
energy peak that we will refer to as “Peak 1” and of a weaker
lower energy peak or shoulder, henceforth called “Peak 2”.
This emission structure occurs independently of chemical
composition and film structure for our four model samples,
stressing the general nature of the phenomenon. The energy of
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the emission band varies with sample composition. For the iodide
perovskites, Peak 1 is located at 1.56 eV in the case of the single
crystals, and at 1.58 eV for the thin film. While for the single
crystals, Peak 2 appears as distinct peak at 1.48 eV, in the case of
the thin film Peak 2 is located at 1.53 €V, i.e. less separated from
corresponding Peak 1 and it is thus observed as a shoulder. For
clarity, an alternative version of Fig. 1a with a logarithmic PL scale
can be found in the ESIt (Fig. S1). For MAPbBr;, Peak 1 and
Peak 2 are located at 2.29 eV and 2.21 eV respectively. The relative
PL intensity of Peak 2 compared to Peak 1 is in the range between
30 to 60% for all samples, depending on the position of excitation
and detection spot and the angle of detection (see Fig. S2, ESIT).

To further investigate the two PL peaks, we performed
temperature dependent PL measurements on all samples.
Exemplarily, the results for the MAPDI; single crystal are shown
in Fig. 1b (see Fig. S3 (ESIt) for the results of the other
compounds). Upon cooling from 300 K to 160 K (Fig. 1b), where
MAPDI; is in the tetragonal phase, the PL intensities of both
peaks increase by an order of magnitude. Even without further
analysis, it is evident that Peak 1 shifts to lower energies upon
cooling, while the opposite is the case for Peak 2. Separating
the spectra into the contributions of two individual peaks (see
Fig. S4, ESIt) shows that Peak 1 shifts continuously to lower
energies by 32 meV upon cooling, while Peak 2 shifts to higher
energies by 10 meV until 240 K and then stays energetically
constant (Fig. 1c).

Upon cooling below 160 K, MAPbI; undergoes a phase transi-
tion from a tetragonal to an orthorhombic crystal structure,*
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(a) Normalized PL spectra of four different lead halide perovskite samples showing double peak emission. (b) Temperature-dependent PL of a

MAPbDI5 single crystal between 300 K (red) and 160 K (orange), i.e. tetragonal phase in steps of 20 K (top) and in the orthorhombic phase between 120 K
(blue) and 80 K (green). (c) Temperature-dependent peak position of Peak 1 and Peak 2 from the PL shown in (b) after spectral decomposition.
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which is accompanied by an 100 meV increase of the band gap,
directly impacting on the absorption and PL properties.**’
Until 120 K a transition region exists in which the different
phases coexist leading to PL spectra with more than two PL
features (Fig. S5, ESIt). Between 120 K and 80 K we again observe
two PL-Peaks, which exhibit the same spectral temperature
dependence as Peak 1 and Peak 2 in the tetragonal phase (i.e.
shift to lower (higher) energies of Peak 1 (Peak 2) with decreasing
temperature). Below 80 K additional PL features appear, leading
to relatively complex PL spectra at lowest temperatures (Fig. S6,
ESIt). It becomes obvious that additional well-resolved/distinct
PL bands can be observed over the entire investigated tempera-
ture range, ie. also over different crystal phases.

2.2 Investigating possible structural origins for the double
peak

Several interpretations have been proposed to account for the
structure in the emission bands. We shall evaluate whether
these interpretations are consistent with our data one by one.

2.2.1 Coexistence of radiative direct and indirect transitions.
Several works associated additional PL bands with the coexistence
of a direct and an indirect band gap in halide perovskites."*°
Indeed, Rashba splitting in halide perovskites, from which an
indirect band gap character follows, has been shown.**™*!
However, its extent and impact on the excited state properties
of the perovskites is debated'®*°*® and some more recent
publications suggest an insignificant impact of the Rashba
splitting on the optical properties of the perovskite.***® Theo-
retical works suggested that an impact of the Rashba splitting
on the perovskite PL disappears at higher excitation densities,
namely around 10'® em®.°° The PL spectra in Fig. 1 were
measured with an excitation density of n = 4.8 x 10'® cm™> (see
ESIT for details), so that we do not expect the Rashba splitting
to play a significant role in the PL. Furthermore, Peak 2 is
clearly present even at higher excitation densities (vide infra),
which indicates that Rashba splitting does not cause the
appearance of Peak 2. Moreover, the coexistence of a radiative
direct and indirect transition would imply a competition
between both pathways, as it is e.g. reported for Ge;_,Sn,
alloys.”™* Regarding the temperature dependence, cooling
should favor electron trapping in the energetically lower indirect
bandgap valley, resulting in a decreased relative contribution of
the higher energy direct bandgap transitions. Concomitantly, the
PL intensity should drop for an indirect character of the PL, as
the phonon-assisted radiative recombination is less efficient at
lower temperatures.”’>* This is at variance with the experi-
mental observation shown in Fig. 1. Thus, we can exclude the
double peak emission to be associated with the coexistence of an
indirect and direct band gap.

2.2.2 Strain-induced defects in the bulk. Recently, the
significance of strain-induced defects and their impact on the
excited state recombination properties of halide perovskites
were reported.>>>® To probe whether recombination at strain-
induced defects may be at the origin of the double-peak
structure, we measured the PL of perovskite thin films that
were deposited either on glass, or on polyethylene terephthalate

This journal is © The Royal Society of Chemistry 2020
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(PET). These substrate materials exhibit different thermal
expansion coefficients in the order of 107> K" (PET),””*® and
107° K ' (glass),” respectively. With the thermal expansion
coefficient of MAPbI; being in the range of (1.6 x 10 *-3.8 x
107" K ',°*%" we expect a larger build-up of strain upon
cooling for the MAPDI;/glass sample compared to the
MAPDI/PET sample.®? The degree of strain in a sample can
be correlated to the temperature at which the tetragonal to
orthorhombic phase transition occurs upon cooling.** We
identify the critical temperature 7. and the width of the tetra-
gonal to orthorhombic phase transition from temperature
dependent absorption measurements following the same
approach as in previous works (also see Fig. S7, ESI1).>** We
find a lower T, and an increased width of the transition for the
MAPDI;/glass sample (T¢glass = 145.9 £ 0.3 K, FWHMgjass =
10.1 £ 0.7 K) compared to MAPbI;/PET (Tcper = 147.2 +
0.2 K FWHMpgr = 8.8 £ 0.6 K). Furthermore, we analyzed the
temperature dependence of the PL peak positions of the two
samples, where we find a shift of 0.25 meV K" for the sample
on the glass substrate and a shift of 0.28 meV K ' for the
sample on the PET substrate. Both, the decrease in 7. and the
reduced temperature dependence of the PL peak position in
the MAPbI;/glass sample imply that there is indeed more strain
in the MAPbI;/glass sample. Fig. 2a shows the normalized PL
spectra of the MAPbI;/glass and MAPDI;/PET samples at 170 K.
This is the temperature where we expect the highest strain to
have built up upon cooling, without already inducing the
tetragonal-orthorhombic phase transition. For both thin film
samples, Peak 2 appears as shoulder, similar to the thin film
sample in Fig. 1. A decomposition of the spectrum into two
peaks shows that Peak 2 is about 10-15% more intense in the
MAPDI;/glass sample (see Fig. S8, ESIt). Upon cooling, the
intensity of Peak 2 relative to Peak 1 increases continuously and,
importantly, in the same manner for both samples (Fig. 2b). If Peak
2 was related to strain-induced defects, it should evolve differently
with temperature in the sample with the larger strain. This is at
variance with the observation of an identical temperature-evolution
for both samples, and thus implies that strain-induced defects are
not the cause for the double-peak structure.

2.2.3 Surface defect states. To address whether surface
defect states, and the associated recombination via bound
excitons, may be responsible for the occurrence of Peak 2,
we passivated the surface of MAPDI; single crystals. We used
either a cyclohexane solution of the electron-accepting benzo-
thiadiazole or the electron-donating, liquid mono-thiophene to
selectively passivate negatively and positively charged surface
defects, respectively.'®® We measured the PL directly before and
after dropping the respective liquids onto the single crystals
(Fig. 2c and d), ensuring that the crystals, the laser and the
detector did not move during this process. When dropping
benzothiadiazole onto the single crystals, both, Peak 1 and Peak 2
remain nearly unchanged in their energy and intensity (Fig. 2c).
This suggests that negatively charged surface defects are either
not present or do not affect the spectral shape of the PL. In the
case of thiophene, the energetic position and the intensity of
Peak 2 hardly changes. However, the intensity of Peak 1 more

J. Mater. Chem. C, 2020, 8, 2289-2300 | 2291
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Fig. 2 (a) PL of MAPblIs thin films at 170 K processed on glass (blue) and on PET (red). (b) Temperature dependence of the PL Peak 2 intensity relative to
Peak 1 intensity of the two thin films processed on glass (blue squares) and PET (red dots). (c and d) Room temperature PL of a MAPbIs single crystal
before (black) and after (red) surface passivation with (c) benzothiadiazole dissolved in cyclohexane and (d) mono-thiophene. (e) Fluence dependent PL
(normalized) of a MAPbIs single crystal at 200 K and (f) corresponding peak intensities as a function of laser fluence, plotted on a double logarithmic scale.

The dashed lines represent fits with slope values as indicated.

than doubles, and the peak position shifts by about 15 meV to
higher energies (Fig. 2d), as expected for a successful surface
passivation (see Fig. S9 (ESIT) for a discussion on the observed
blue shift of Peak 1). Evidently, emission from Peak 1 is affected
by positively charged defects on the surface of the MAPbI; single
crystals, most likely due to iodine vacancies as proposed in the
past,'® while emission from Peak 2 is hardly affected. From this
passivation experiment, we can deduce that the higher-energy
Peak 1 is associated with emission near the crystal surface, while
the lower-energy Peak 2 may be associated with emission that is
predominantly from the bulk of the crystal. However, it is not
clear, whether only the spatial origin of the emission differs for
the two peaks, or whether they also result from actual different
electronic states, as has been suggested in the past.*®%°

2.2.4 Surface versus bulk emission. To follow up the ques-
tion whether the two peaks may originate from emission near
the surface and in the bulk, we performed temperature depen-
dent two-photon-induced photoluminescence (2PI-PL) mea-
surements and compared them with the results from one-
photon-induced photoluminescence (1PI-PL) experiments. In
the more common 1PI-PL experiments, a sample volume near
the surface is excited, determined by the exponential fall-off in

2292 | J Mater. Chem. C, 2020, 8, 2289-2300

the absorbed light well known as Lambert-Beer’s law. In
contrast, for a 2PI-PL experiment, a high excitation intensity
is required, which is typically achieved by focusing of a laser
beam. Thus, only a small, well-defined spot in the sample bulk
is excited.®” Even though the two processes follow different
selection rules and thus excite different transitions, in either
case, electrons and holes are generated that thermalize in the
band and subsequently recombine via the same radiative
transition.’®®® The results of the temperature dependent
2PI-PL-experiment are shown exemplarily for the tetragonal
phase at 200 K and for the orthorhombic phase at 80 K together
with the corresponding scaled 1PI-PL spectra in Fig. 3a and b
respectively. The peak position of the 2PI-PL resembles very
well Peak 2 from the 1PI-PL at both temperatures (i.e. both
crystal phases). This demonstrates that Peak 2 is associated with
the bulk. However, from these results it is still not distinguish-
able whether Peak 2 results from different distinct transitions
occurring at the bulk and the surface, or to which extend self-
absorption effects modulate the PL spectra, contributing to the
observation of Peak 2.

2.2.5 Strain-independent defects in the bulk. To address,
whether Peak 2 may be caused by recombination at defects in

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 One-photon-induced (1Pl) and two-photon-induced (2PI) PL of a
MAPDI3 single crystal, (a) at 200 K (tetragonal phase) and (b) at 80 K (ortho-
rhombic phase). (c) Optical density of a MAPbl3 single crystal in the temperature
range from 300 K to 120 K. The arrow indicates reducing temperature.
(d) Temperature-dependence of the Urbach-tail absorption. Reprinted with
permission from Ledinsky et al,”* Copyright 2019 American Chemical Society.

the bulk that are independent of any mechanical strain, we
recorded the PL at 200 K as a function of laser fluence (Fig. 2e)
and analyzed the corresponding PL intensities of Peak 1 and
Peak 2. This is shown in Fig. 2f on a double logarithmic scale.
For laser fluences up to 120 pJ em 2, Peak 2 grows with a slope
of 1.46, while the intensity of Peak 1 increases with a slope of
1.01. For higher fluences, both peaks grow with a slope of about
1. Usually, when an emission feature results from recombina-
tion at defect sites, its relative contribution to the overall PL
decreases with increasing laser fluence as such traps are filled
up.®'° This would result in a sublinear slope for the defect-
based emission, at variance with our experiment, where we
observe a superlinear slope. This speaks against assigning the
origin of Peak 2 to recombination at defects in the bulk.

This journal is © The Royal Society of Chemistry 2020
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2.3 Addressing optical effects as possible origin for the
double-peak structure

So far, we could establish that Peak 2 results from the bulk while
Peak 1 is associated with PL near the surface. We did not find any
structural causes in the bulk that could account for Peak 2. We
therefore consider whether self-absorption may be associated with
the occurrence of the double peak structure. For this, it is obviously
useful to consider the absorption of the perovskite crystals. Thus, we
determined the temperature-dependent optical density of the
MAPbDI; single crystal by transmission measurements (Fig. 3c). With
our experimental setup, we can reliably determine optical densities
(OD) in the range from about 0.1 to 1.5. This corresponds to
absorption coefficients o in the range of 1 to 30 cm ™", considering
a thickness of 1 mm, which is typical for the single crystals we used.
Such low o-values occur in the Urbach tail of MAPbI;, which has
been characterized in the past using photothermal deflection
spectroscopy (PDS) or external quantum efficiency (EQE)
measurements.”®”> At 300 K, detectable absorption for our setup
starts at 1.44 eV and rises steeply to an OD of 1.5 at 1.5 eV.
Importantly, upon cooling, the detectable absorption shifts to higher
energies and the absorption edge becomes steeper. Below 160 K,
the absorption jumps to 1.63 eV, indicating the transition to the
orthorhombic phase.?*?® This is accompanied by an additional
well-resolved shoulder at 1.58 eV that matches the energy for
absorption of the tetragonal phase of thin films at this
temperature.*”® Evidently, some small residues of tetragonal
phase still prevail at 155 K and 150 K. An estimation considering
a crystal thickness of 1 mm and the absorption coefficient of
MAPDI; as reported by Crothers et al.”® implies that approxi-
mately 0.1% of tetragonal phase are still present at 155 K. The
shift of the measured absorption of the single crystal to higher
energies upon cooling from 300 K to 160 K is opposite to the
trend observed for the absorption edge of thin films. However, it
can be understood when considering which part of the absorp-
tion spectrum we probe with our transmission measurement:
both the estimated values of the absorption coefficient and the
energetic position of the absorption edge indicate that we
measure Urbach tail absorption below the so called Urbach
focus point, which was found for MAPbI; to be around 1.54 €V,
where the absorption coefficient takes a value of o = 500 cm ™ *.6%"*
For absorption coefficients below this point, the temperature-
dependence of the absorption is inversed, i.e. the absorption edge
shifts to higher energies upon cooling, in accordance with our
results. For clarification, the temperature-dependence of the
Urbach-tail, including the Urbach focus point, is displayed in
Fig. 3d, taken from Ledinsky et al”* The arrows indicate the
temperature-evolution above and below the Urbach focus point.
We also would like to emphasize that the measured absorption
edge of the single crystal only represents a small part of the
Urbach tail and cannot be used to determine the optical band gap
of the material and thus does not imply a red shifted band gap of
the single crystal compared to thin films.

The temperature dependent absorption spectra reveal two
important facts: first, significant absorption, which reduces the
transmission of photons generated deep in the crystal bulk to less
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than 10%, occurs in the same energetic range as the high energy
edge of the 2PI-PL, both for the tetragonal (1.51 eV) and the
orthorhombic phase (1.63 eV) as indicated by dashed lines in
Fig. 3. This is essentially the position of the minimum between
Peak 1 and 2. A similar observation was reported for MAPbBr;
single crystals by Yamada et al. comparing transmission with 2PI-
PL measurements.** Second, the shift of the absorption to higher
energies upon cooling from 300 K to 160 K, matches well with the
temperature dependence of the energetic position of Peak 2 in
Fig. 1c. These two observations are a strong indication that the
occurrence of Peak 2 is correlated to a self-absorption effect.

To test the plausibility of self-absorption as origin of Peak 2,
we modelled our 1PI-PL by explicitly considering the effect that
self-absorption will have on emission generated throughout the
crystal as illustrated in Fig. 4. To do so, we calculated the one-
dimensional charge carrier distribution 7(x) that results from
laser excitation. For this, we considered the absorption coeffi-
cient of MAPDI; at 337 nm, which can be found e.g. in Crothers
et al.,’° and the Beer-Lambert-law. This charge carrier distribu-
tion leads to photoluminescence via bimolecular recombina-
tion. The PL generated by recombination at a site x’ can then
travel towards either to front or the backside of the crystal,
which are taken to be 1 mm apart. This is about the size of the
single crystals examined in this study. On the way through the
crystal, the perovskite absorbs part of the PL, thus attenuating
it. At the interface between perovskite and surrounding media,
the PL is either transmitted or reflected with a certain prob-
ability. A key feature of our model is that we allow for multiple
inner reflections. The PL that is detected at the front surface is
then a superposition of the PL that leaves the crystal at the front
without internal reflections, PLgject(E), and the PL that leaves
the crystal after (multiple) internal reflections, PLgjered(E)-

PLdetected(E) = C’PLdirect(E) + PLfiltered(E)- (1)

n(x)

PL////H/M/ PL[/,7-€L-[<_
Peak 2 Peak 1
% =1

1 )=
0 x’

Fig. 4 lllustration of the optical paths considered in the optical modeling.
From a certain depth in the crystal x’, the PL can either hit the front surface
and escape with a certain probability (red), contributing to Peak 1 (PLgirect).
or can be reflected and travel towards the back surface. There it is
reflected with a certain probability and travels back to the front surface,
where it is either transmitted (purple) and contributes to Peak 2 (PLfitered),
or reflected again. Alternatively, the PL originating from x’ can travel to the
back, being reflected and traveling to the front, where it likewise can either
escape (orange), contributing to Peak 2, or be reflected. On its way
through the crystal, the PL is filtered by the absorption of the perovskite.

depth x L
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The constant C was found necessary to allow for a mismatch
between excitation spot and detection spot. PLgjrect(E) and
PLieered(E) are calculated according to the Beer-Lambert law,

L
PLgirect (E) = JO PLin((E) - n(x)* - (1 — rg) - exp[—a(E) - x]dx

(2)

PLgjtered (E) = JO > PLini(E) - n(x)*- (1 = rp) - {4; + B; }dx,
Jj=1

(3)

where A; = r{-r/-exp[—«(E)-(2/L + x)] considers the part of the PL
that propagates from the site of generation, x’, towards the
front surface. Propagation towards the back surface is consid-
ered by B; = r/ "-r/-exp[—a(E)-(2/ — 1)L + (L — x))]. Here, o(E)
denotes the absorption coefficient of the material, rr and r, are
the reflection probabilities at the front and back interface,
respectively, and L denotes the length of the crystal. j denotes
the number of reflections at the back interface. For the intrinsic
PL lineshape PL;,(E), we assume a hyperbolic secant fitted to
Peak 1, see Fig. S4 (ESIt). Even though there is no immediate
physical meaning to this lineshape, this phenomenological
approach reproduced the spectral shape better than a
Gaussian, Lorentzian or Voigt lineshape function. For the
absorption spectrum o(E), we took the spectrum, especially of
the Urbach tail, reported by Ledinsky et al.”* and normalized it
to the absolute values from Crothers et al.,’® which are not
available in the region of Urbach absorption. The average
reflection probabilities ¢ and r;, were calculated via the Fresnel
equations with a refractive index of 2.5 for MAPbI; in the
relevant energy range,”> and of 1 for air. Averaging over all
angles of incidence, we obtain a reflection probability of 0.85
for the perovskite-air interface. This high reflection probability
demonstrates the importance of considering multiple inner
reflections, where up to j.x = 10, an increase of Peak 2 can be
observed. However, for our calculation, we considered j = 20
reflections to be well above ji,.x. We note that this approximation
does not consider that PL reaching the interface with a larger
angle also travelled a larger distance through the material.
However a slightly bigger (smaller) reflection probability can be
easily compensated by a slightly smaller (bigger) crystal to obtain
a similar result. For comparison with experimental PL spectra,
the calculated spectrum PLgetected(E) is finally normalized to the
experimental data. We note that for infinitely large, perfect and
parallel front and back surfaces, photons that hit the surface
outside the escape cone would not be able to leave the sample.
In reality however, when hitting irregularities, such as grain
boundaries in the case of thin films, or when reaching the edges
or side surfaces of single crystals, the photons can escape the
perovskite even after multiple inner reflections.

The comparison between the PL spectrum calculated using
our model (with a value of C = 0.66) and the experimental PL
spectrum of the MAPDI; single crystal at room temperature is
shown by the black squares and the black line in Fig. 5a. The
excellent agreement for this simple model - which only uses a
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single “fitting” factor in the form of C - clearly demonstrates
the significant importance of self-absorption. Fig. 5b indicates
which part of the PL results from the directly transmitted PL,
PLgirect(E), and from PL that suffered internal reflections and
self-absorption, PLgjereq(E). We stress again here the key role of
considering multiple reflections. Effects that are neglected in
our model are carrier diffusion, photon recycling and internal
scattering. Carrier diffusion and photon recycling both have
similar effects insofar that they can generate PL at a site that is
different from the original absorption. While photon recycling
can have significant impact on the PL properties’”” and
should, together with carrier diffusion, enhance the intensity
of Peak 2, we found it was not necessary to include photon
recycling explicitly to model our measured spectra.

To further test whether self-absorption, magnified by reflec-
tion at the crystal back surface, is indeed causing the double
peak structure, we repeated the room temperature 1PI-PL of the
same MAPDI; single crystal while modifying the outcoupling,
and thus the reflection, at the back surface. For this, we placed
a drop of glycerin at the backside of the crystal, while we excited
the sample and detected resulting PL at the front side, identical
to the previous measurement. This measurement was performed
directly after the one without glycerin drop without moving the
crystal or detection, to exclude any influence of a changed
measurement geometry. The refractive index of glycerin is
1.47,”% i.e. higher than the one of air, which reduces the reflec-
tion probability at the backside of the crystal from 0.85 to 0.70.
According to our model, this should lead to a decreased intensity
of Peak 2, accompanied by a spectral shift to higher energies.
The obtained experimental data and the model data (keeping
all parameters identical to before, except of the reflection
probability), are shown as red line and dots in Fig. 5a. We find
the intensity of Peak 2 to reduce to half the previous value and to
shift to the blue by 10 meV. This observation is excellently
captured by our model.

These findings represent compelling evidence that Peak 2
originates from an extreme self-absorption effect, which is

a) T : T T T T T
Glycerine
= PL
]
(8]
—~ 100 AN, O 3
£ a ;
S
£
5 1
o 10 — w/o drop
— w drop
model R:0.85
model R:0.70
10—2 2 1 N 1 i 1
14 15 1.6 17
Energy (eV)
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caused by significant internal reflections in the temperature
ranges investigated in this study. We stress that below about
80 K, the temperature-dependence of Peak 2 changes, probably
due to an increasing contribution of PL of bound exciton
states,”® which becomes increasingly efficient at lower tempera-
tures. In passing we mention that changes in reflectivity for
example due to the addition of thiophene or benzothiadiazole,
or due to different substrates such as Glass and PET can easily
account for the slightly different intensities of Peak 2 that we
observed in Fig. 2a and b.

With the insight provided by our results on the different
origin of Peak 1 and 2, we can understand the different
temperature dependence of Peak 1 and 2 in their PL spectra,
with Peak 1 shifting to the red spectral range and Peak 2 to
the blue upon cooling. Peak 1, resulting from PLgjeei(E), is
modified by reabsorption only from the point where it was
created, to the front surface. Reabsorption thus occurs over a
typical lengthscale of about 50 nm, depending on the wave-
length of excitation. A significant attenuation, say, to a level of
10% of transmitted intensity, would be then obtained for
absorption coefficients above about of 5 x 10> em™". If diffu-
sion of charge carriers is considered, the lengthscale increases
to the pm range, and the relevant absorption coefficient
decreases to about 10* ecm™'. In contrast, reabsorption for
Peak 2 occurs over a length scale exceeding the crystal thickness
of 1 mm, thus becoming relevant for absorption coefficients as
low as a few 10 cm ™', Fig. 3d, taken from Ledinsky et al., shows
the evolution of the Urbach tail with temperature.”* The two
arrows indicate the typical absorption coefficients associated
with self-absorption for PLgjrec(E), which causes Peak 1, and
for PLgjereq(E) that gives rise to Peak 2. One can see that the two
ranges for the absorption are on different sides of the Urbach
focus point. As a result, cooling causes a blue-shift for Peak 2
due to filter effects, despite Peak 1 shifting to the red due to the
decreasing bandgap of the perovskite.

In the framework of filtered PL which we present here, also
the dependence of the relative intensity of Peak 2 from the

b) E— T T T T T T T3

; Peak 1 3

[ Peak 2 ]
—~ 10° L Sum i
= B ]
2 . ]
= ’ ]
o 10-‘I E 3

10—2 1 1 1 1 1 1 1
1.4 1.5 1.6 1.7

Energy (eV)

Fig. 5 (a) PL spectrum of a MAPblI3 single crystal in air at room temperature (black solid line) together with the modelled PL with an internal reflection
probability of 0.85 (black open squares). The PL spectrum of the same crystal with a drop of glycerin at the back is displayed as red solid line,
together with the modeled PL with an internal reflection probability at the back interface of 0.7 (red open circles). (b) Decomposition of the modelled
PL into the contribution of the PL coming directly from the excitation spot (PLgirect, Peak 1, red) and the PL after internal reflections and self-absorption

(PLfiterea. Peak 2, orange).
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excitation spot and/or the detection angle can be understood
easily. Due to the high refractive index of the perovskite, the
direct PL is limited to its escape cone at the spot where the PL is
generated. In contrast, the filtered PL can travel large distances
and thus can also leave the crystal far away from the excitation
spot or at the side surfaces of the crystal. This is in agreement
with a very recent study by Kojima et al., where the authors
demonstrate by angle dependent PL of a MAPbBr; crystal, that
direct PL is limited to a small escape cone, whereas filtered PL
is also detected from the side and the backside of the crystal.*’

If we apply our model to fit the PL of the MAPDI; thin film
from Fig. 1a, it turns out that we need to set the sample
thickness to 3.5 pm to model the experimental data satisfyingly.
However, the actual thickness of the sample is 0.7 pm, indicating
that our model is over-simplified for the application for thin
films. This points towards the importance to also consider the
lateral component of the propagation direction of the light.

We finally note that the long optical pathways in halide
perovskites can also impact their photocurrent measurements.
For excitation in the spectral range of the Urbach tail, penetra-
tion lengths can be on the length scale of mm, so that the entire
sample volume is excited and contributes to charge carrier
generation. This can overcompensate the higher density of
generated charges for excitation at higher photon energies,
where the absorption coefficient is bigger, but the penetration
length is limited to tens of nanometers. A peak of the photo-
current in the spectral region of the Urbach tail would be the
consequence, bearing danger of misinterpretation if optical
effects are not considered.

3. Conclusion

In summary, we have shown that the often observed double
peak PL spectra of halide perovskites result from a significant
self-absorption effect, which is amplified by the high internal
reflection probability of PL in the sample, with Peak 1 being the
emission directly outcoupled, and Peak 2 being emission that
suffered multiple internal reflections and pronounced self-
absorption. This effect not only impacts on the spectra of single
crystals but also occurs in thin film spectra, and it is not limited
to a specific perovskite composition, thus rendering it a general
phenomenon. We found absorption from the Urbach-tail of the
perovskite to be highly relevant for the self-absorption-effect,
because optical paths in the sample can easily be on the length
scale of millimeters. By controlled reduction of the reflection
probability at the back side of a single crystal we could experimen-
tally alter the intensity of the additional PL peak, thus providing
compelling evidence for our conclusion. Using a relatively simple
quantitative model, we were also able to simulate the PL spectra
including the additional peaks and the spectral shifts that were
observed in the experiment upon changing the reflectivity. Our
results will help to interpret photoluminescence spectra of lead
halide perovskites correctly by delivering a better understanding
of the effects and importance of self-absorption and internal
reflections in this material class.
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4. Experimental section
4.1 Sample preparation

MAPDI; single crystals were prepared following the inverse
temperature crystallization technique.®! In brief, the synthesis
started with a 1-1.3 M solution of MAI (from Dyesol-Limited,
Now GreatCell Solar) and Pbl, (Sigma-Aldrich) in gamma-
butyrolactone (GBL, Sigma-Aldrich). The precursors dissolved
in GBL after 30 minutes of vigorous stirring at 60 °C. Upon
filtering the solution using 0.22 um 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 3-4 hours 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 N, flow.

EA, 1;MA, g3PbI; single crystals were grown using the antisolvent-
vapor diffusion assisted crystallization method, as reported
elsewhere.®>% In brief, the precursor solutions were prepared
by dissolving proper amount of methylammonium iodide,
ethylammonium iodide and PbI, in y-butyrolactone in a ratio
of 0.15 M:0.15 M:0.1 M. The precursor solutions were then
loaded in a small crystallizing dish with aluminum foil cover,
which was then placed in a bigger dish with antisolvent, namely
dichloromethane, loaded. The whole setup was sealed with an
aluminum foil cover. The inner cover was left with a ~0.5 mm
hole to let the antisolvent vapor diffuse inside the precursor
solution. The growth process usually takes 4-6 days.

For the Synthesis of the MAPbBr; single crystals, a 1 M
solution of MAPbBr; in DMF was prepared by mixing equimolar
amounts of MABr and PbBr, in DMF over a period of 1 h.
5-10 ml of the solution were filtered over a 200 nm PTFE filter
and placed in a glass Petri dish. The Petri dish was placed on a
hotplate and set to 47.5 °C. The heat was increased slowly until
the first nuclei were forming outside the mould. Then the
temperature was increased to 75 °C with a rate of 5 °C per
hour. The crystals were removed from the hot solution and
washed with ether.

For fabrication of the MAPDI; thin films, the substrates were
cleaned with detergent followed by sonication in deionized
water, acetone and ethanol for 10 min each, and dried with
clean dry air. After ozone treatment (at 50° for 15 min with 2 1 per
min O3 flow), the substrates were transferred in a glovebox under
N, atmosphere. For MAPbI; formation, we adapted a published
procedure®® and optimized it as follows. Pbl, (1 M) was
dissolved in N,N-dimethyl formamide overnight under stirring
conditions at 100 °C and 80 pl solution was spin coated on the
quartz substrates at 2000 rpm for 50 s, and dried at 100 °C for
5 min. 100 mg MAI powder (see ESIt for details) was spread out
around the Pbl, coated substrates with a Petri dish covering on
the top and heated at 165 °C for 13 h for full conversion.

4.2 Photoluminescence and absorption measurements

The temperature-dependent 1PI-PL of all samples and the
fluence-dependent PL were performed using a home-build
setup. The samples were put in a continuous flow cryostat
(Oxford Instruments, Optistat CF) connected to a temperature
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controller (Oxford Instruments ITC503S). The sample is excited
with a 337 nm nitrogen laser (LTB MNL 100). The signal is collected
via a charge-coupled device (CCD) camera (Andor iDus DU420a-OE)
coupled to a spectrograph (Andor Shamrock SR3031i).

The passivation experiments and the experiments with the
glycerin drop at the back of the crystal were performed on air at
room temperature. The crystals were excited using the nitrogen
laser (LTB MNL 100) and the emitted PL was collected with an
optical fiber and detected by a CCD camera (Andor iDus
DU420A-OE) coupled to a spectrograph (LOT Oriel MS125).
For both measurements, the sample was not moved between
initial and final measurement. For the passivation measure-
ment, it was ensured that all liquid evaporated before the final
PL measurement by waiting for five minutes.

For temperature-dependent 2PI-PL measurements, the
perovskite crystals used for this experiment were placed in a
continuous flow cryostat, connected to a temperature controller
(Oxford Instruments MercuryITC). For excitation, we used a
mode-locked titanium-sapphire laser (Coherent Chameleon Ultra),
with its emission center wavelength adjusted to 1000 nm. The laser
power was reduced to 26 mW at 4.73 MHz and focused to a spot
with a beam waist of 0.01 mm at the position of the sample. For
the transmission measurements of the single crystal, a broadly
fluorescent material was placed in the cryostat and its PL was
measured once without and once with crystal in front of it. This
technique has the advantage against conventional transmission
measurements that diffraction effects that deflect the transmitted
light from the optical axis play only a little role.

For each set of experiments, a new crystal was used to exclude
any influence of degradation effects by previous measurements
on the results of the experiment. All PL data were corrected by
the corresponding setup efficiency.
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