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ABSTRACT: We investigate the origin of the broadband visible emission in
layered hybrid lead-halide perovskites and its connection with structural and
photophysical properties. We study (001) oriented thin films of hexylammonium
(HA) lead iodide, (C¢H;4N),Pbl,, and dodecylammonium (DA) lead iodide,
(C;HysN),Pbl,, by combining first-principles simulations with time-resolved
photoluminescence, steady-state absorption and X-ray diffraction measurements
on cooling from 300 to 4 K. Ultrafast transient absorption and photo-
luminescence measurements are used to track the formation and recombination
of emissive states. In addition to the excitonic photoluminescence near the
absorption edge, we find a red-shifted, broadband (full-width at half-maximum of
about 0.4 V), emission band below 200 K, similar to emission from (110)
oriented bromide 2D perovskites at room temperature. The lifetime of this sub-
band-gap emission exceeds that of the excitonic transition by orders of
magnitude. We use X-ray diffraction measurements to study the changes in

crystal lattice with temperature. We report changes in the octahedral tilt and lattice spacing in both materials, together with a
phase change around 200 K in DA,Pbl,. DFT simulations of the HA,Pbl, crystal structure indicate that the low-energy emission
is due to interstitial iodide and related Frenkel defects. Our results demonstrate that white-light emission is not limited to (110)
oriented bromide 2D perovskites but a general property of this class of system, and highlight the importance of defect control for

the formation of low-energy emissive sites, which can provide a pathway to design tailored white-light emitters.

B INTRODUCTION

Lead halide perovskite solar cell and light-emitting diode
(LED) efficiencies have increased substantially in recent
years,' > but their instability in air’ and ultraviolet light’
challenges commercial application. Whole or partial substitu-
tion of the standard cation amines in the 3D bulk perovskites®’
with longer aliphatic chains was suggested to alleviate the
instability. Use of such larger-cation amines changes the crystal
structure into a 2D perovskite” with semiconducting lead-halide
perovskite sheets separated by a layer of insulating aliphatic
chain (organic spacer). Recently, examples of 2D perovskite
LEDs® and 2D/3D mixed perovskite solar cells have been
reported, but the solar cell efficiencies still fall behind their pure
3D analogues, even 2D/3D mixtures, which allow for
separation of initial excitonic states.”"?

In recent years, there have been several accounts of white-
light emission from (110) oriented 2D perovskites'' ' and
one example from (100) oriented 2D perovskites.'® White-light
emission is the formation of a red-shifted broad emission peak
below the band gap. White light emission from phosphors is an
attractive feature in LEDs as it allows for application in
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domestic lighting. However, the detailed mechanism of white-
light emission has a complex origin. In particular, white-light-
emitting hybrid perovskites contain widely differing organic
spacers and show large differences in crystal structure. This has
so far limited controlled studies into the white-light emission in
hybrid perovskites, in particular with regard to compositional
and structural effects.

Here we report on white-light emission in two (001)
oriented 2D-perovskite materials, hexylammonium lead iodide
(HA,PbL,) and dodecylammonium lead iodide (DA,PbL,). We
study the steady-state and transient optical behavior of these
materials from room temperature down to 12 K and find that
below 200 K charge recombination results in white-light
emission. We use temperature as a parameter to explore the
origin of the white-light emission. Steady-state optical
absorbance and XRD measurements, in the range from 300
to 12 K, demonstrate that the low-energy emission does not
originate from a new bulk phase. Ultrafast photoluminescence
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and ultrafast transient absorption measurements confirm the
excitonic origin of the emission and demonstrate that the sub-
band-gap state is not transiently populated at room temper-
ature. First-principles calculations indicate that the broad, long-
lived emission seen at low temperatures in is due to the light-
induced formation of localized trap states, associated with
interstitial iodide and iodide Frenkel defects that act as color
centers in the crystal. Our results provide a rational approach to
develop new perovskite compounds with tunable color centers
for eflicient white-light emitting LED devices.

B RESULTS

HA,Pbl, and DA,PbI, thin films were synthesized from
solutions of alkylammonium iodide salts and lead iodide. The
room-temperature structures of both HA,PbI,"” and DA,PbI,*
have previously been reported from single-crystal measure-
ments. We find good agreement with the reported diffraction
peaks and our room temperature XRD measurements on thin
films. In both cases, the structure consists of sheets of corner-
sharing PbI,>~ octahedral (Figure la), which are separated by

a 9 Carbon
() Hydrogen £10
© Nitrogen 308
© lodine Eo6
(-] Lead %0_4 L

S/ I
‘ , 310F s
‘ E=<ar

0950 375 500 525 550 575 600
Wavelength (nm)

Figure 1. Chemical structure and optical properties of layered hybrid
lead-halide perovskites. (a) Polyhedral model showing the connectivity
of the PbI,>~ sheets in HA,Pbl, and DA,PbI,. (b,c) Ball and stick
models showing the chemical structures of dodecylammonium and
hexylammonium, respectively. (d) Steady-state optical absorption
(dashed line) and photoluminescence (solid line) of the 2D
perovskites at room temperature. (e) Steady-state real (1, solid line)
and imaginary (k, dashed line) parts of the refractive index of the 2D
perovskites.

alkylammonium spacers (Figure 1b,c). We find substantial
preferential alignment with lead iodide layers parallel to the
glass substrate (Supporting Information Figures 1, 2, and 9).
To enable quantitative analysis of the crystal structure, powder
samples were prepared from drop-cast films. Rietveld analysis™’
was carried out using the TOPAS program22 on the room-
temperature data demonstrating that, at room temperature,
HA,Pbl, powder belongs to the monoclinic P2;/a space
group'” with lattice parameters of a = 8.693(5) A, b = 8.911(5)
A, ¢ =16.338(10) A, and = 94.85(3)° which corresponds to
low-temperature film measurements by Billing and Lemmer-
er.'” DA,PbI, belongs to the orthorhombic Pbca space group’
with lattice parameters a = 8.843(2) A, b = 8.5023(18) A, ¢ =
48.988(9) A. Tables summarizing the Rietveld analysis are
included in the Supporting Information (Tables 4 and 5), as
well as representative XRD spectra and the respective Rietveld
fits (Supporting Information Figure S14).

Steady-state optical properties of the thin films are shown in
Figure 1d,e. The primary steady-state photoluminescence peak

is at 525 nm for HA,Pbl,, and 500 nm for DA,Pbl,, however
both show a slight broadening in the emission below the main
narrow peak. The photoluminescence quantum efficiency
(PLQE) at room temperature was measured in an integrating
sphere to be 3.2% for DA,Pbl, and 0.37% for HA,Pbl,. The
optical constants were measured with ellipsometry (Figure le)
and agree with previous reports.””** Both show one dominant
oscillator near the band edge, in agreement with a strongly
excitonic, phase-pure system.

We used temperature to tune the structural and optical
properties of the materials. Steady-state and time-resolved (TC-
SPC) photoluminescence measurements were taken at temper-
atures between 300 to 4 K (Figure 2). From room temperature

- a b

£ 1.0 50K —50K

£ HA,PbI, O LU —

2 o8 200K

3 —— 300K

a

o

I

[l

<)

2

=

525 625 725 500 600 700
Wavelength (nm) Wavelength (nm)
c d

= 1

E ]
g oa 300 K ]
> ———HA (525 nm)
‘@ 0.01 ———DA (500 nm)

c

2
£ 50 K
i HA (500nm) ———HA (600 nm)
o ———HA (525nm) DA (600 nm)

0 10 20 0 10 20

Time (ns)

Time (ns)

Figure 2. Temperature-dependent transient PL of (a) HA,Pbl, and
(b) DA,PbI, thin films from TC-SPC measurements. The spectra
show a dominant PL peak at room temperature, with the appearance
of a low-energy PL feature with a broad peak between 600 and 650 nm
at lower temperatures. PL kinetics at (c) 300 K and (d) SO K for
selected emission wavelengths.

down to 200 K the PL spectra are dominated by emission close
to the optical band edge of the materials, which we attribute to
the recombination of photoexcited excitonic states. Below 200
K we find the appearance of a broad feature that is red-shifted
from the room-temperature PL by 0.2 eV for HA,Pbl,, and 0.4
eV for DA,PbI,. The feature has a fwhm of around 0.4 eV and
is centered at roughly 625 nm for both materials (~0.7 eV
below the electronic band gap of HA,Pbl, as estimated by
Tanaka et al.>®). We take this as a first indication that the low-
energy emission shares a common origin in both materials,
despite the differences in crystal structure and spacing between
the inorganic perovskite layers. The time-resolved PL decays
(Figure 2c,d) show that the red-shifted feature exhibits a
significantly longer lifetime than the excitonic recombination
near the band edge, with residual emission present after several
hundreds of nanoseconds (Supporting Information Figure 4).
The formation of the low-energy emission cannot be resolved
within the resolution (120 ps) of our TC-SPC measurements,
which sets an upper bound for the transfer time of the initially
excited states near the band edge to the red-shifted, lower-
energy state. Lifetimes of the room temperature PL are 0.2S ns
in HA,Pbl, and 0.47 ns in DA,PbI, At 50 K the main PL peak
decays with a time constant of 0.75 ns in HA,Pbl, and 0.5 ns in
DA,Pbl, Supporting Information Figure 4). The lifetimes of
the low-energy emission increase for both materials for lower
temperatures however the lifetime exceeded the range of the
measurement so cannot be accurately determined (Supporting
Information Figures S and 6).
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The emission intensity from the low-energy feature is
temperature dependent (Figure 2a,b) and increases by 3 orders
of magnitude from 200 to 50 K. The temperature dependence
of the integrated emission is shown in Supporting Information
Figure 3. By comparing the PL spectra at S0 K obtained from
TC-SPC to room-temperature TC-SPC and PLQE measure-
ments we extrapolated the PLQE at S0 K to be 6.1% in
DA,PbI, and 2.9% in HA,PbI, at 50 K. In DA,Pbl,, 32% of the
emission came from low-energy emission and in HA,PbI, this
proportion was 15%

To further investigate the origin of the red-shifted emission
feature and a possible structural cause we collected optical
absorption spectra (Figure 3) and powder XRD spectra (Figure
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Figure 3. (a,b) Temperature-dependent optical absorption spectrum
under cooling from 300 to 12 K for (a) HA,Pbl, and (b) DA,PbIL,.
(¢,d) Temperature-dependent changes in the absorption peak region
from 300 to 12 K for (c) HA,Pbl, and (d) DA,PbI,.

4) over the same temperature range as was used for the TC-
SPC. In the absorption, we find a slight broadening of the
absorption spectra at very low temperatures, but there is no
evidence for the formation of a strong additional absorption
feature at lower energies for either material. For HA,PbI,, the
main absorption peak gradually red-shifts with reducing
temperature. Further, we see the main absorption peak splitting
at 175 K, with an energy difference between the peaks on the
order of 50 meV. No such splitting is observed for DA,Pbl,, for
which the absorption peak shows a gradual blue-shift with
reducing temperature.

A continuous contraction of the unit cell volume is observed
on cooling (Figure 4). In DA,Pbl, a previously unreported
transition to a lower symmetry P2,/a monoclinic phase is
observed at around 200 K which results in a dramatic change in
the lattice parameters. The low-symmetry phase transition
involves a change in the stacking of PbL,>~ sheets from eclipsed
to staggered. The change in stacking is also associated with
puckering of the PbI,>" sheets out of the ab-plane. This
symmetry-lowering transition may be the origin of the
broadening of the absorption peak in DA,Pbl, below 200 K.
The Pbl,>” plane stretching different amounts in the [100] and
[010] directions causes the octahedra to tilt, which can be seen
in the ratio of lattice parameters a to b, and in the angles
between the lead and iodide ions. This can be seen in DA,PbI,
but not HA,Pbl, (Supporting Information Figures 7 and 8).
Octahedral tilting has been recorded as the cause of blue-
shifting of bulk 3D organic—inorganic lead halide perovskite in
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Figure 4. (a) Parameters from Rietveld fits to temperature-dependent
powder XRD measurements with lines as guide to the eye. The y-axes
in figure (a) show the variation in the product of a and b lattice
parameters, the interlayer spacing (c, or ¢/2 in the case of the Pbca
phase) and formula unit volume (Vypq,)- There is a smooth change
in the parameters up to 200 K where there is a phase change in the
DA,Pbl, from monoclinic P2;/a at low temperature to orthorhombic
Pbca above 200 K, while HA,Pbl, appears to exist as the P2,/a phase
up to room temperature. b) and c) schematic representations of the
arrangements of lead iodide octahedra in the P2,/a and Pbca phases,
respectively. (d, e) Structural models for the P2,/a phases of HA,PbI,
and DA,Pbl, respectively. (f) Structural model of the Pbca phase of
DA,PbL,. PbL,>™ are shown as green octehedra. Carbon, nitrogen and
hydrogen atoms in the aliphatic chains are shown as black, blue and
white spheres, respectively.

the past.”® This might explain why blue-shifting is seen in
DA,Pbl, but not HA,Pbl,.

Our results exclude the formation of a low-temperature phase
common to both materials as the origin of the low-temperature
broadband emission, since we do not find evidence for a
significant structural transition below room temperature in
HA,Pbl,. In order to investigate if the state responsible for red-
shifted broad emission is accessible at room temperature, but
decays nonradiatively on ultrafast time scales compared to the
more eflicient, higher-energy, emission, we took ultrafast
transient PL and transient absorption (TA) measurements
(Figure S). The PL spectra at 1 ps after excitation show one
main peak close to the band edge at 520 nm (HA,Pbl,) and
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Figure S. Ultrafast spectroscopy of the investigated 2D perovskites at
room temperature. PL and TA spectra excited at 400 nm with a
fluence of 11 uJ/cm? (TA) and 255 uJ/cm? (PL) for HA,Pbl, and a
fluence of 9.7 uJ/cm* (TA) and 255 uJ/cm* (PL) for DA,PbI,. TA
measurements integrated from 0 to 1 ps for (a) HA,PbI, and (b)
DA,Pbl,. (c,d) Normalized TA and PL kinetics taken at 487—492 nm
(DA,Pbl,) and 517—521 nm (HA,Pbl,) for the measurements shown
in (a) and (b), respectively.
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495 nm (DA,Pbl,). Although slightly broadened, the PL peaks
correspond well with the measured steady-state emission
spectra (Figure 1). The TA spectra at 1 ps after excitation
show similar features for both materials. A strong and narrow
positive feature is present near the band edge due to state filling
and bleaching, while a broader negative feature associated with
a photoinduced change in refractive index is found at shorter
wavelengths.”” The TA peak position matches the steady-state
absorption peak of both materials. The TA and PL spectra
show no distinct features out to 650 nm, the region where one
would expect to find a signal from the low-energy state found at
low temperatures. The kinetics taken at the peak of PL and TA
spectra show slight differences at early times after excitation due
to differences in fluence, but have similar decays from 2 ps after
excitation, with a time constant of 8 ps. This agrees with a
dominant excitonic recombination of the photoexcited states.
These results put an upper limit of 100 fs (the time-resolution
of our setup) on the lifetime of the lower energy state if it were
formed under these conditions.

The coincidence of the buckling of the lead iodide layers with
the low-temperature broadband emission is an important
indication of a possible (and likely) interplay between the
crystalline structure and the measured white emission, as
already pointed out in the literature." ™"*'>'® However, such
coincidence does not provide a strong evidence for a structural
origin of this emission and does not rule out other possible
causes. Two recent works in fact suggested lattice defects as key
players in the white emission, through the formation of self-
localized emissive states.'””* This is also consistent with the
extended literature on ionic defects acting as emitting F-centers
in inorganic crystals.””~*” To investigate this further, we carried
out density functional theory calculations of the HA,Pbl,
perovskite, considering both ideal, nondefective crystalline
models and defective ones.

Starting from the obtained crystal structure, we first relaxed
the atomic positions of the ideal, nondefective HA,Pbl, layered
perovskite at the DFT level (using the PBE functional for the
description of the exchange-correlation interaction and
neglecting spin—orbit coupling). At this level of theory, the
electronic band gap of 2.09 eV is underestimated compared to
the experimental value of 2.7 éV.”* The PBE error on the band
gap can be reduced at a reasonable computational cost by
applying a correction within the Hubbard scheme on the
iodides (U = 3 eV), resulting in a PBE+U band gap of 2.71 eV
(Figure 6a). In spite of the simplicity of this method we verified
that the obtained results are robust, especially in relation to the
role of the spin—orbit coupling on the electronic structure of
lead halide based perovskite.” Specifically, we checked that the
relative energy shifts of the trap states with respect to the
semiconductor band edges are almost insensitive to details of
the theoretical methodology, with Hubbard corrected PBE
(PBE+U), uncorrected PBE and spin—orbit coupling corrected
PBE (PBE+SOC) methods yielding similar results (see
Supporting Information Table 1).

DFT investigations suggest that the formation energies for
iodide related defects can be very small (down to 0.23 eV under
specific growth conditions) in CH;NH,Pbl; perovskite.”* We
repeated these calculations using the same modeling protocol
for HA,PbI, and found similar results.”**® Our calculations
yield a formation energy of 0.67 eV for an iodide interstitial,
close to the value reported for the CH;NH,Pbl, perovskite®**
(Supporting Information Table 3). In contrast, the computed
formation energy of iodide vacancy (Figure 6b) and lead
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Figure 6. Fully relaxed crystal structures and electronic density of
states (DOS) for HA,Pbl, with (a) nondefective structure; in the
presence of iodide ionic defects: (b) iodide vacancy in equatorial
position, (c) iodide interstitial (I,), and (d) iodide related Frenkel
defect. The inorganic network is highlighted, and the defect is
indicated by a red circle.

defects is much larger, hence making these other defects
extremely unlikely. Finally, the iodide-related Frenkel defect in
Figure 6d features a formation energy of 1.67 eV, which is
smaller than the sum of the isolated charged defects, possibly
because of overlapping electrostatic and nuclear polarization
effects although we cannot exclude purely methodological
aspects.”” Based on these relative formation energies, we thus
started our investigations with the likely more numerous iodide
point defects (see Figure 6 and Supporting Information Figure
12).

In the frozen lattice of the pristine semiconductor, the
removal of one iodide anion in equatorial position with respect
to the inorganic sheet forms a trap state partly localized around
the defect and located 0.3 eV below the conduction band edge
(see Supporting Information Figure 11). Allowing the lattice to
relax around this iodide vacancy defect, however, up-shifts the
trap state close to the conduction band minimum, resulting in a
shallow trap and almost recovering the band gap of the
nondefective system (2.62 eV, Figure 6b). Similar “defect-
tolerance” behavior, that is, the absence of deep trap states
upon the formation of ionic defects, has also been reported by
Yin et al. for the prototypical 3D, CH;NH;PbI; perovskite,”*
and hence appears as a peculiar property of lead-halide
perovskite semiconductors. An iodide vacancy in apical position
with respect to the inorganic sheet behaves similarly, with
almost full recovery of the pristine material electronic structure
and a band gap of 2.79 eV (see Supporting Information Figure
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10a). Direct comparison of the energetics of an apical versus
equatorial iodide vacancy suggests that the former is favored
(considering one defect per four crystal cells, ~4.89 nm®) by
14.33—34.18 meV/nm’ depending on the computational
method used (see Supporting Information Table 2).

When an interstitial iodide ion is introduced inside the
organic layer as shown in Figure 6¢, neither the valence nor
conduction band edges nor the DOS show sizable differences
with respect to the pristine case. However, three new occupied
levels with large contributions around the interstitial iodide ion
now appear in the band gap of the material, at 0.65, 0.30, and
0.18 eV above the valence band maximum. Notably, the
appearance of deep trap states in the presence of an interstitial
iodide is sensitive to the specific iodide position. When the
iodide ion is in the middle of the PbI,*~ continuous network
(Supporting Information Figure 10b), it strongly distorts the
inorganic framework from the regular pattern of the octahedral
tilting, typical of both the 3D and 2D nondefective case (see
Supporting Information Figure 12). As a result, the band gap
increases to ~3.1 eV but no trap states are found. When instead
the interstitial iodide ion is initially placed between two apical
iodides, the final relaxed structure results in a peculiar Pb—I
packing, where two lead atoms are bound with seven iodides
(see Supporting Information Figure 10c). However, the band
gap does not show significant difference to the pristine case,
with a value of 2.8 eV. Finally, we consider the case of the
neutral Frenkel-defect associated with the iodine vacancy-
interstitial pair, which corresponds to defects formed under
stoichiometric conditions, as obviously the creation of an iodide
interstitial by ion migration must be accompanied by the
formation of a vacancy. The corresponding DOS (Figure 6d) is
the combination of the DOS of the two individual defects and
the deep occupied trap states induced by the interstitial iodine
are still present, at ~0.75, 0.45, and 0.33 eV above the valence
band edge.

To sum up, for iodide related defects, the DFT calculations
indicate that iodide vacancies do not form intragap states, while
iodide interstitials show deep trap states around 0.65 eV above
the valence band. The radiative decay of an electron from the
perovskite conduction band edge into one of these localized
levels is predicted to be centered around 2.1 eV, in good
agreement with the white emission observed at 2.0 eV (625
nm).

Though these are less likely, we also studied the role of lead
vacancies and lead interstitials (Supporting Information Figure
13). As for the iodine case, lead interstitials can form trap states
for specific positions of the interstitial within the crystal
structure. These unoccupied trap states fall at ~0.79 eV below
the conduction band minimum and thus fit reasonably well
with the measured energy of the white emission energy.
However, the formation energy computed for lead interstitials
and vacancies is extremely large, 2.40 and 2.82 eV respectively,
hence making these (Supporting Information Table 3) defects
thermodynamically unfavorable. This is in line with the
situation encountered in the 3D analogous CH;NH;PbI;
perovskite, where a larger formation energy was calculated for
lead with respect to iodide related defects.”*

B DISCUSSION

Our results report the temperature-dependent formation of a
long-lived, sub-band-gap state, which gives rise to white light
emission in two (001) oriented 2D perovskite materials,
HA,Pbl, and DA,Pbl,. Rietveld analysis of the XRD measure-

ments shows a smooth variation of the unit cell volume from
room temperature down to 12 K with a phase change present
in only one of the two (DA,Pbl,). This evidence suggests that
the observed new emission feature in these materials is not
caused by a new phase or crystal structure at low temperature
as proposed by Yangui et al.'® First-principles calculations
attribute the observed low-energy emission to the formation of
interstitial iodide related defects acting as color centers. These
might be related to the reported formation of color centers in
single crystals of Pbl, at wavelengths above 550 nm under
illumination at temperatures above 343 K.** The reported
energies and fwhm of the color centers in cyclohexylammo-
nium lead iodide'® compare well to the PL signatures we report
for the DA,Pbl, and HA,Pbl, layered hybrid perovskites
investigated.

An important question still remains: why the broad band
emission in these (001) oriented 2D perovskites is observed
only at low temperature. In particular, two possibly
interconnected defect-related mechanisms can explain the
disappearance of the white emission when increasing the
temperature: (i) ionic defect migration”' ™ and (i) defect
recombination.”’ = It is now widely established that ions are
mobile in 3D hybrid perovskites, hence increase in thermal
energy might provide the kinetic energy needed for the defects
to diffuse to surface or grain boundaries, where they do not
contribute to the optical response of the material. Notably,
recent theoretical and experimental observations indicate iodide
ions as the most mobile in hybrid materials, which is consistent
with the assignment proposed here.** On the other hand,
Yamada et al. suggested defect annihilation in CH;NH;PbI;
thin films at room temperature, as result of spontaneous,
temperature-induced defect healing.””** Both the diffusion and
the annihilation mechanisms are consistent with the temper-
ature dependence observed here as well as the ultrafast
spectroscopy at room temperature.

At the same time, it cannot be ruled out that some iodide
vacancies and related Frenkel defects are present at room
temperature, but recombination of excitations via these states is
out-competed by more eflicient radiative excitonic recombina-
tion events.

The results in this study suggest that white-light emitting
LEDs formed from layered 2D lead halide perovskites may be
possible by ensuring that the active layer has stable interstitial
iodide defects at room temperature. This may be achieved
through suitable choice of organic spacer that ensures a crystal
structure at room temperature that allows the iodide interstitial
to be formed and tunes the dielectric constant in the organic
layer to give sufficient charge screening for the defect to be
stable at room temperature.

Interesting further investigations would be electron spin
resonance performed on these materials to gain insight into the
chemical environment of the electrons in the color center, as
has previously been performed on lead iodide crystals.”'
Further, by performing high magnetic field absorption and PL
measurements, similar to reports from Hayes and Stoneham,>”
insights could be gained about the specific spin behavior.

B METHODS

Alkylammonium iodide salts (RAI, RA = C¢H4N, C,H,sN) were
prepared via neutralization of HI with RA. Unreacted species were
removed by evaporation. The product was purified by recrystallization
in minimal diethyl ether/excess hexane and isolated via vacuum
filtration. Films were prepared by spin-coating or drop-casting
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solutions which were prepared by dissolving RAI and Pbl, powders at
a 2.5:1 molar ratio in a 1:0.34 volume ratio mixture of THF and
methanol. Films were spin-coated from solutions of 20 mg/mL at
2000 rpm for 30 s and annealed for 15 min at 70 C°. Films used to
prepare powders for XRD were drop-cast from 200 mg/mL solutions
and annealed at 70 °C for 15 min.

XRD was performed using a Bruker X-ray D8 Advance
diffractometer with Cu Ka,, radiation (1 = 1.541 A). Low-
temperature measurements were made on cooling between 300—12
K using an Oxford Cyrosytem PheniX stage. Spectra were collected
with an angular range of 5° < 26 < 60° and Af = 0.01022° over 60
min. Measurements were made on both as prepared spin coated films
and powder samples obtained from the films. The Bruker Topas
software>> was used to carry out Le Bail®® and Rietveld*' analysis on
film and powder measurements, respectively. Backgrounds were fit
with a Chebyshev polynomial function and the peak shape modeled
with a pseudo-Voigt function. The positions of the amine molecules
were not refined in the Rietveld analysis as the XRD is dominated by
scattering from the heavy PbL,>~ sheets.

Steady-state room-temperature absorption spectra were determined
by placing spin-coated films on glass in a using an HP 8453
spectrometer. Steady-state RT photoluminescence emission spectra of
spin-coated films on glass were measured in an Edinburgh Instruments
FLS980 fluorimeter by exciting at with monochromated light with a 2
nm bandwidth at 480 nm and spectra were measured with a step size
of 1 nm.

Variable angle spectroscopic ellipsometry was measured using a M-
2000 ellipsometer (Woollam Co.) with rotating compensator in the
wavelength range from 400 to 800 nm on samples prepared on
synthetic fused silica (Spectrosil) with a native oxide layer. The data
were fitted using a layered optical model, based on a film thickness
determined by contact profilometry.

PLQE was calculated as per de Mello et al>* by placing
semiconductor films in an integrating sphere and were photoexcited
using a 405 nm continuous-wave laser. The laser and the emission
signals were measured and quantified using a calibrated Andor iDus
DU420A BVF Si detector for the determination of PL quantum
efficiency.

Grazing incidence wide-angle X-ray scattering (GIWAXS) measure-
ments on 2D perovskite films were carried out on the 107 beamline at
the Diamond Light Source, Didcot, UK. The X-ray beam energy was
10 keV and the angle of incidence was 0.4°. During measurement each
sample was housed inside a custom built sample chamber held under a
continuous overpressure of dry He. Data was collected using a Pilatus
2 M detector and analyzed using the DAWN software package (www.
dawnsci.org). Silver behenate powder was used as a calibration
standard.

Broadband time-integrated absorption spectroscopy (6000i: double
beam, Cary) was measured at temperatures between 16 and 300 K.
The instrument was calibrated between 300 and 1800 nm.
Transmission was measured on Spectrosil) with a He cryostat (CF-
V, Oxford Instruments) under a N, atmosphere.

Photoluminescence (PL) kinetics were measured using time-
correlated single photon counting (TC-SPC). Samples prepared on
Spectrosil were exposed to a pulsed-UV (407 nm, 1.25 MHz, 300 ps,
360 yW) diode laser (PDL 800-B (trigger), LDH-P-C 400B (laser
head), PicoQuant), and the PL was recorded after external triggering.
Measurements at temperatures between 50 and 300 K were conducted
using a cryostat (CF-V, Oxford Instruments).

A commercially available Ti:sapphire amplifier (Spectra-Physics
Solstice Ace) operating at 1 kHz generated 100 fs pulses centered
around 800 nm. The laser output was then split to generate both the
pump and probe pulses. For the pump pulse, the output of the
Ti:sapphire amplifier was frequency doubled in a 1 mm thick BBO
crystal (Eksma Optics) to give a narrowband 400 nm pump with an
approximately 100 fs duration. The intensity of these pump pulses was
controlled using a variable neutral density filter (Thorlabs). For the
broadband probe, a small portion of the 800 nm beam was focused
into a S mm calcium fluoride crystal (Thorlabs) to generate a white
light supercontinuum. The crystal was translated vertically at S Hz on a
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home-built stage to avoid irreversible pump-induced damage. The
transmitted probe pulses were then collected with a silicon dual-line
array detector (Hamamatsu $S8381-1024Q) driven and read out by a
custom-built board from Stresing Entwicklungsbiiro.

A Ti:sapphire amplifier system (Spectra-Physics Solstice) operating
at 1 kHz generated 80 fs pulses that were split into the pump and
probe beam arms. The pump beam was generated by second harmonic
generation (SHG) in a BBO crystal and focused onto the sample.
Photoluminescence is collimated using a silver off-axis parabolic mirror
and focused onto the gate medium. About 80 yJ/pulse of the 800 nm
laser output is used for the gate beams, which is first raised 25 mm
above the plane of the PL to produce a boxcar geometry and split into
a pair of gate beams using a 50/50 beam splitter. The gate beams are
focused onto the gate medium (fused silica), crossing at an angle of
~5° and overlapping with the focused PL. The two gate beams
interfere and create a transient grating in the gate medium due to a
modulation of the refractive index via the optical Kerr effect.>®
Temporal overlap between the two gate beams is achieved via a
manual delay stage. The PL is then deflected on the transient grating
causing a spatial separation of the gated signal from the PL
background. Two lenses collimate and focus the gated signal onto
the spectrometer entrance (Princeton Instruments SP 2150) after
long- and short-pass filters remove scattered pump and gate light,
respectively. Gated PL spectra are measured using an intensified CCD
camera (Princeton Instruments, PIMAX4). The (~10 ns) electronic
shutter of the intensified CCD camera was used to further suppress
long-lived PL background. PL spectra at each gate time delay are
acquired from ~10 000 laser shots. The time delay between pump and
gate beams is controlled via a motorized optical delay line on the
excitation beam path and a LabVIEW data acquisition program.*®

Electronic structure calculations and cell relaxation were performed
within the planewave-pseudopotential approach, as implemented in
the PWSCF program of the Quantum-Espresso suite.”® For the
expansion of the wave function and of the DOS, a plane wave kinetic
energy cutoff of 25 and 200 Ry, respectively, was used along with
ultrasoft.”” scalar relativistic pseudopotentials and the PBE functional
for the electronic exchange-correlation.*® The electronic structure was
calculated in the I' point of the first Brillouin zone. The Grimme
correction scheme was used to take into account the van der Waals
interactions, which are of particular importance for the interaction
among the alkyl-chains.>” The present computational setup is similar
to that used for similar models for case of 3D perovskites.™
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