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Layered hybrid perovskites comprising adamantyl spacer (A) cations based on the A;FA,_1Pb,l3,.1 (n =1-3,
FA = formamidinium) compositions have recently been shown to act as promising materials for
photovoltaic applications. While the corresponding perovskite solar cells show performances and
stabilities that are superior in comparison to other layered two-dimensional formamidinium-based
perovskite solar cells, the underlying reasons for their behaviour are not well understood. We provide
a comprehensive investigation of the structural and photophysical properties of this unique class of
materials, which is complemented by theoretical analysis via molecular dynamics simulations and density
functional theory calculations. We demonstrate the formation of well-defined structures of lower
compositional representatives based on n = 1-2 formulations with (1-adamantyl)methanammonium
spacer moieties, whereas higher compositional representatives (n > 2) are shown to consist of mixtures
of low-dimensional phases evidenced by grazing incidence X-ray scattering. Furthermore, we reveal high
photoconductivities of the corresponding hybrid perovskite materials, which is accompanied by long
charge carrier lifetimes. This study thereby unravels features that are relevant for the performance of FA-
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Introduction

Hybrid organic-inorganic perovskite materials remain attrac-
tive for various optoelectronic applications.' Their layered two-
dimensional (2D) analogues have demonstrated superior
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based low-dimensional hybrid perovskites.

environmental stabilities.*® They are predominantly based on
S,Y, 1M, X3, compositions, where S represents a monofunc-
tional organic spacer cation, Y stands for the central cation
(commonly methylammonium (MA), formamidinium (FA) or
Cs"), M for a divalent metal (mainly Pb** and Sn**) and X for
a halide anion (I", Br~, Cl7). This development has been
particularly important for FA-based hybrid perovskite systems,
since their perovskite phase stabilization remains chal-
lenging.®® In this regard, there have been very few examples to
date that involve low-dimensional perovskite systems incorpo-
rating FA as a central cation.'®** We have recently shown that
this can be achieved by using (1-adamantyl)methanammonium
(ADAM or A) as an organic spacer cation."® As a result, perfor-
mances of the corresponding solar cells that surpass those of
the state-of-the-art FA-based two-dimensional (2D) perovskites
under ambient preparation conditions were demonstrated,
which could not be achieved in absence of the methylene-linker,
as in the case of the 1l-adamantylammonium (ADA or A’)
analog.” However, the underlying reasons for this behaviour
have not been entirely understood, despite their importance for
the structure-property relationships that are critical for guiding
advanced molecular design.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of adamantyl-based layered hybrid
perovskites based on the S;FA, 1Pb,lz,41 (N = 1-3; S = ADAM or A,
ADA or A’) composition. ADAM = (1-adamantyl)methanammonium;
ADA = 1-adamantylammonium.

Herein, we investigate the structural and photophysical prop-
erties of layered hybrid perovskites based on the A,FA,, ;1Pb, 13,1 (A
= ADAM) and A',FA,,_,Pb, 15, (A’ = ADA) compositions (Fig. 1) by
a combined methodological approach including grazing incidence
wide angle X-ray scattering (GIWAXS) and time-resolved microwave
photoconductivity measurements, which are complemented by
molecular dynamics (MD) simulations and density functional
theory (DFT) calculations. As a result, we scrutinize the phase purity
of different compositional representatives and their preferred
orientation, as well as the corresponding photoconductivity and
charge carrier dynamics, which provide important insights for the
advanced design of layered hybrid perovskite materials and their
applications.

Results and discussion

We investigated thin films of A,FA,,_1Pb,I3,., and A’,FA,, 1Pb, I3,
(n = 1-3) compositions. The materials were prepared by solution
deposition methods of stoichiometric amounts of the corre-
sponding precursors (AI, A’I, FAL and Pbl,) in accordance with the
previously reported procedures.” The precursors were dissolved in
a (4 : 1 v/v) solvent mixture of N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO). The precursor solution was spin-coated
on the substrates at ambient temperature, which was followed by
subsequent annealing at 150 °C for 15 min. The reported compo-
sitions (n) are based on the stoichiometry of the precursors, without
making assumptions about the resulting structure, and are thus
referred to as nominal. We employed two different substrates in the
study, either microscopic glass or fluorine doped tin oxide (FTO)
coated with mp-TiO,, which has been previously employed in
photovoltaic devices.” In addition, we used quartz substrates to
assess the photoconductivities of materials in thin films and
powders.*** The powders of the perovskite materials were accessed
mechanochemically by grinding the precursors in a ball mill based
on previously reported procedures.*'**® The methods are detailed
in the Experimental section, as well as the ESL

Structural properties

Thin films based on A,FA, ;Pb,ls,.; and A’,FA, 1Pb,l3,.; (1 =
1-3) compositions were investigated by using X-ray diffraction

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Structural properties of thin films. XRD patterns of (a) A,-
FA,_1Pbplz,41 and (b) A’>FA,_1Pb, 3,1 on FTO/mp-TiO, substrates for
n =1 (black), n = 2 (blue) and n = 3 (red) compositions in accordance
with the previous report® Inset shows DFT-optimised (B3LYP/6-
31G(d)) structures of the spacers (a) A and (b) A’

(XRD; Fig. 2) and GIWAXS (Fig. 3 and S1-S3, ESIf) for the
purpose of understanding their structural properties. Their
structure was previously assessed at the atomic-level by solid-
state nuclear magnetic resonance (NMR) spectroscopy, sug-
gesting the formation of new iodoplumbate phases that are
likely to be associated with layered perovskites.”* As reported
earlier, XRD patterns of A,FA, ;Pb,l;,,; on FTO/mp-TiO,
substrates reveal the appearance of signals in the 26 range
below 10°, which is indicative of the formation of low-
dimensional hybrid perovskite structures (Fig. 2a)."®** This is
particularly the case for films based on n = 1 compositions,
showing periodic patterns that are typical for layered 2D
structures (Fig. 2a).'*?> However, A’,FA, Pb,l3,.; analogues
feature a number of signals in the 26 < 10° range irrespective of
their composition (n = 1-3) as a result of the formation of
complex mixtures of various phases (Fig. 2b), which could
correspond to intermediate phases or other low-dimensional
polymorphs.** Additional high resolution X-ray reflectivity
(XRR) for the layered structures of A,FA,_1Pb,ls,.; systems are
shown in the ESI (Fig. S1T). XRR was used to complement the
GIWAXS analysis in order to investigate the out-of-plane struc-
ture of the samples at g,, = 0 since GIWAXS cannot access the
true specular (out-of-plane) scattering due to a non-negligible
gx-component. All compositions show out-of-plane peaks that
correspond to low-dimensional perovskite structures. The n = 1
nominal composition features a signal at g, = 0.35 A~" that
corresponds to the two-dimensional n = 1 layered perovskite
structure (Fig. S1, ESIT), whereas the n = 2 nominal composi-
tion reveals the formation of distinct structures characteristic
for this composition. However, the XRR patterns for n > 2
nominal compositions show no clear indications of the
formation of distinct phases with n = 3 or n = 4 layered
perovskites. Instead, the n = 2 layered structure is still present,
in addition to 3D perovskite phase and the hexagonal FAPbI;
polytype. Intensities of the peaks corresponding to the 2D
layered phase gradually decrease with the increase of the
nominal concentration of the inorganic component (n) (Fig. S1,
ESIY). For the n = 4 nominal composition, the n = 1 phase and
the non-perovskite hexagonal phase of FAPbI; could be identi-
fied (Fig. S1 and Table S2, ESIT). Based on the g-value of the first
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Fig. 3 Orientation of thin films with respect to the substrate. GIWAXS
reciprocal space maps for perovskite thin films at angle of incidence
0.12°, based on A;FA,_1Pb,l3,, 1 formulations with nominal (a) n =1, (b)
n =2 and (c) n = 3 compositions on FTO/mp-TiO, substrates. Markers
denote calculated peak positions based on the structures obtained via
optimizing unit cell parameters, using DFT calculations as starting
values. Ring-shaped features at g-values of 1.88, 2.36 and 2.65 A=t in
the reciprocal space maps originate from the substrate (TiO,). (d)
Schematic representation of face-on/parallel (blue circle), side-on/
perpendicular (red) and tilted (~49°) (black) orientations. Markers in (c)
correspond to the respective n = 2 structures depicted in (d), which
were found for the sample with nominal n = 3 composition. Specific n
= 3 structures could not be observed under these conditions.

strong maximum, we estimate that the n = 1 layered structure
can be characterized by an interlayer spacing of d = 18.0 A that
corresponds to the long unit cell axis of the 2D structure and is
in line with the layered phase stacked with perovskite slabs
oriented mostly parallel to the substrate (‘face-on’; Fig. 3d, blue
circle). In the sample with n = 1 nominal composition a second
co-existing n = 1 polymorph phase was observed, featuring
a weak, but resolvable signal at g, = 0.38 A* as well as higher
order reflections (Fig. S1 and Table S2, ESIT), that correspond to
an interlayer spacing of 16.5 A. This might be ascribed to
another n = 1 layered polymorph featuring a slightly different
orientation of the organic spacer molecule. By analysis of the
dependence on the angle of incidence (i.e. penetration depth) of
our GIWAXS data (Fig. S3, ESIT), we find that the second n = 1
polymorph is located predominantly close to the substrate. For
n = 2 composition, GIWAXS measurements reveal that the long
unit cell axis is extended, whereas the short unit cell dimen-
sions remain similar for both n = 1 and n = 2 phases (Table S1,
ESIT). This is consistent with insertion of another perovskite
sheet into the unit cell of the layered structure.

The structural complexity was further analysed by consid-
ering the presence of various orientations for different compo-
sitions with respect to the substrate, which were evaluated by
GIWAXS (Fig. 3a-c and S2, ESIT).**?* The GIWAXS data forn =1
composition show the presence of Bragg reflections that indi-
cate a well oriented layered structure mostly parallel to the
substrate (‘face-on’), as well as weak rings that correspond to
randomly oriented layered structures (Fig. 3a). The system
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based on n = 2 composition is also well oriented ‘face-on’, as
suggested by the defined spot pattern (Fig. 3b), which shows no
rings that would indicate randomly oriented domains. The
nominal n = 3 composition, however, shows presence of the n =
2 structure with three different preferred orientations (Fig. 3c
and d).*******> This complexity has been previously indicated by
solid-state nuclear magnetic resonance (NMR) spectroscopy,
without the capacity to clearly distinguish between the n = 2
and n > 2 structures at the atomic level by means of *C, *N or
SN NMR spectra.’® Moreover, n > 2 compositions also feature
additional signals associated with the 3D perovskite a-FAPbI;
and 3-FAPbI; phases.

To further analyse the orientation complexity of the layered
structures quantitatively, we have calculated Herman's orien-
tation parameter based on the GIWAXS angular maps, which
agrees well with the qualitative description (Fig. S4, ESIf).
Complex phase mixtures were also obtained for A’,FA, ,Pb,-
I3,41 (n = 1-3) compositions (Fig. S2¢, ESIT), which supports the
previous reports.”® However, the additional phases cannot be
directly associated with new (e.g. n = 3) structural forms. This
apparent absence of the n > 2 structures under experimental
conditions, which was observed for both A and A’ spacers, was
evaluated by the theoretical analysis of their structural and
optoelectronic properties.

Theoretical insights

Towards better understanding of the properties of A,FA, ;-
Pb,l3,+; and A',FA, ;Pb,l;,. (n = 1-3) perovskites, classical
molecular dynamics (MD) simulations were performed in
conjunction with density functional theory (DFT) calculations
for different compositions (n = 1-3; for computational details
refer to the Sections S3 and S4 of the ESIY). The initial structures
for DFT calculations were extracted from the classical MD
simulations (Fig. S5-S8, ESIt), which suggest that perovskite
materials based on A and A’ spacers adopt a Ruddlesden-
Popper structure at ambient temperature (298 K). Classical MD
simulations at higher temperatures (>400 K) also provided some
information about the thermal stability of the systems. In case
of spacer A’, we find that the corner-sharing network of Pb-I
octahedra slowly transforms into edge-sharing configurations
upon increasing the temperature, which does not occur in the
case of spacer A. This suggests that the experimentally observed
structures for hybrid perovskites based on spacer A’ might be
a mixture of corner and edge-sharing octahedra, which could
lead to phase mixtures and unfavourable optoelectronic prop-
erties in comparison to those based on spacer A. This behaviour
could be the result of the steric effects of the bulky carbocyclic
backbones in the spacer layer and their interaction with the
inorganic framework. Specifically, presence of the flexible
methylene linker results in higher structural adaptability of the
spacer A, as well as higher penetration depth into the inorganic
framework, which was assumed to potentially result in tem-
plating effects.'*1%17?7

To probe the templating role of the spacer, the structures
obtained by MD simulations were subsequently optimized by
performing DFT calculations, which show that a layered

This journal is © The Royal Society of Chemistry 2020
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Ruddlesden-Popper structure is maintained, with ordered
stacking of the spacers along the out-of-plane a-axis in opti-
mized structures, whereas two different alignments with respect
to c-axis occur (denoted as «; Fig. 4 and S9, ESIT). Furthermore,
we compared the penetration depths of the spacers into the
inorganic slabs, which were estimated by the N---Pb distance
between the nitrogen atom of the amino group of the spacer (N)
and the nearest inorganic slab (Pbl, plane). The penetration
depth into the inorganic slabs was shown to be strongly corre-
lated with the average tilting angle between Pb-I octahedra,
which in turn determines the overall structural and optoelec-
tronic properties."***** For A,FA, ,Pb,l3,s; (n = 1-3) the
structure gradually becomes more cubic for higher n values.
This is accompanied by larger penetration depths as reflected
by the N---Pb distances (Table S3, ESIf). On the contrary, the
A',FA,_4Pb, I3, system (Table S4, ESIt) shows pronounced out-
of-plane octahedral distortions (Fig. S9, ESIt), as higher pene-
tration of the ammonium termini is counteracted by the steric
requirements of the bulky adamantyl core, preventing the
formation of a cubic structure. To evaluate the structural
stability of the resulting layered perovskites, we also analysed
the hydrogen bond lenghts between amino group nitrogens of
each spacer (N) and iodide ions (I) of the same inorganic slab
(N---Idistance), which were shown to be important indicators of
structural stability.****° In principle, a more cubic inorganic
slab with intra-octahedral tilting angles approaching 90°
provides a larger inter-octahedral space, and consequently
larger NH---I distances. The DFT calculations suggest that A and
A’ spacers show a subtle interplay between the interactions in
the organic and inorganic layers with a less pronounced tem-
plating effect of the inorganic framework towards a cubic phase
as compared to spacers featuring longer alkyl-chain-anchoring
groups.'®* This is in accordance with their bulky shape inter-
fering with the penetration into the perovskite slabs. In this
regard, the absence of the methylene group in A’ could be
attributed to considerably more distorted structures of A',(-
FA),_1Pb,l3,., systems, even for n = 1 composition. To assess
the effect of these structural features on the spacer layer, we
compared the thickness of the organic spacer layer defined by
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Fig. 4 Structural properties of A,Pbly. (a) Comparison of the XRD
patterns of the DFT-predicted structure (blue) of A;Pbl, (n = 1) with the
corresponding experimental data on microscopic glass (red). (b) DFT-
calculated structure indicating two characteristic distances, d; (inter-
layer distance measured by the average Pb---Pb distance between the
adjacent inorganic slabs) and d, (distance between the organic spacers
in the layer). For more details, refer to the ESI Section S3.+
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the Pb---Pb distances between the consecutive inorganic layers
(d4) as well as the distance between the adjacent spacers (d,)
(Fig. 4b, Tables S3 and S4, ESIt). The parameters (d;, d,) were
not found to exhibit a clear trend upon incorporating the
organic spacer cation into the inorganic layer. This indicates
a less pronounced templating effect of the inorganic slabs as
compared to other long-alkyl-chain-containing spacers, such as
5-ammonium valeric acid (5-AVA) and n-butylammonium (BA)
cations.'®*”*

The dynamics of the spacer molecules is further affected by
the interactions with the inorganic slabs as evidenced by the 5
ps long DFT-based Born-Oppenheimer molecular dynamics
simulations of A,Pbl, and A’,Pbl, as model systems, where we
monitored the changes of N---Pb distances and out-of-plane
tilting angles (Fig. S10 and S11, ESIT). Both A and A’ spacers
were found to rotate freely around their central axes, with
a preferred molecular orientation for the spacer A. The pene-
tration depth is preserved throughout the finite temperature
trajectory of A,Pbl, (Fig. S10, ESIT), which is in agreement with
the higher thermal stability of this system. In contrast, for the
A'-based system, a broader distribution of N---Pb distances is
observed, in accordance with the pronounced structural
distortion (Fig. S10, ESIt). Similarly, the out-of-plane octahedral
angles (Fig. 4b) for A,Pbl, and A’,Pbl, compositions reveal
a much broader distribution for the latter (Fig. S11, ESIT).

To validate the DFT-predicted structures, the XRD pattern
was simulated for A,Pbl, (Fig. 4a; details are provided in the
Section S4 of the ESIT). The patterns of the theoretically pre-
dicted structure for the n = 1 composition are in good agree-
ment with the experimentally observed data, with a minor shift
that can be ascribed to the different conditions under which the
experiment and the simulation are performed, e.g. finite temper-
ature effects and dispersion effects.* In particular, the lowest angle
peaks were found to correspond to 18.0 A and 18.4 A (Table S1,
ESIt) inter-spacer distances in the experimental samples and the
DFT-optimized fully periodic structures, respectively. This
evidences that the models are in a very good agreement with
experimentally obtained structures.

The absence of higher compositional representatives (n > 2)
under the applied experimental conditions can be rationalized by
calculating the enthalpies of formation (AH) for the obtained
structures,” which slightly increase with the increasing number
of inorganic layers (n) in A,FA,,_;Pb,I5,., systems (for details see
Section S4, ESIf). Similarly, positive values of formation
enthalpies for A',FA,,_1Pb,l3,.1 Systems suggest low stability of
their RP phases, in accordance with the experimental evidence.
This could potentially be circumvented for A,FA,_;Pb,I3,.; pha-
ses by employing smaller ions in the composition, such as Cs and
Br,"*'*>which can stabilize the perovskite (o) phase over the non-
perovskite (3) FAPbI; phase, and consequently, might facilitate
the observation of higher compositional representatives.®*

Optoelectronic properties

The effect of the structure on the electronic properties of the
system was analysed by UV-vis absorption spectroscopy
(Fig. 5a)."® UV-vis absorption spectra of A,FA,, 1Pb, 5,1 systems

J. Mater. Chem. A, 2020, 8, 17732-17740 | 17735
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suggest a gradual decrease in the optical band gap (E,) with
increasing number of inorganic slabs (n),>>?*** along with the
presence of typical excitonic features (Fig. 5a).*** Moreover, the
n = 1-2 compositions show well-defined spectral signals
(Fig. 5a, black and blue), whereas n > 2 compositions feature
multiple signals that appear to be in line with the previously
reported structural complexity (Fig. 5a, red).**2*** Similarly, the
A'-based A/,FA, {Pb,l3,.; systems show higher spectral
complexity for n > 1 compositions (Fig. 5b).

The electronic properties were calculated at PBEO level®*®
including spin-orbit coupling (SOC) effects for the n = 1-3
compositions of A,FA, ;Pb,l3,,; and A',FA, ;Pb,l3,.; (Tables
S5 and S6, ESIT). Following the expected trend, increasing the
inorganic layer thickness (n) results in decreased band gaps
(Table S5, ESIt). The calculated band gap of 2.83 eV for A,Pbl,
system, in the absence of excitonic effects, exceeds the
measured optical band gap by 0.43 eV, which is in accordance
with the reported exciton binding energies of around 400 meV
for Ruddlesden-Popper phases (Fig. 5¢ and Table S5, ESIt).*
The calculated A’-based structures, however, exhibit larger band
gaps as compared to their A-based counterparts, presumably as
a result of the disruption of the corner-sharing Pb-I network
inducing a notable gap opening (Fig. 5b and Table S6, ESIt).

To characterize the transport properties, we calculated the
effective masses in the in-plane and out-of-plane directions for both
A and A'-based systems (Tables S5 and S6, ESIf). Similar to the
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Fig. 5 Optoelectronic properties of perovskite thin films. UV-vis
absorption spectra of perovskite thin films based on (a) A;FA,_1Pb,,-
I3n41and (b) A'5FA,_1Pb, 3,41 (N = 1-3) compositions on FTO/mp-TiO,
substrates in accordance with the previous report.** Calculated partial
density of states for (c) A,Pbl, and (d) A’;Pbl, with (e and f) the cor-
responding frontier molecular orbitals (top of the valence band (left)
and bottom of the conduction band (right)).
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previously studied layered hybrid perovskites,'**** effective masses
in the in-plane direction decrease with the increasing thickness of
the inorganic perovskite layer, indicating better charge transfer
consistent with lower band gaps for higher compositional repre-
sentatives (). However, large effective masses in the out-of-plane
direction imply a breakdown of the band transport model,
similar to other layered perovskite systems that were previously
investigated, such as those based on BA and 5-AVA.” The partial
density of states, as well as the frontier molecular orbitals, show no
contribution from the organic part to the band edges for either A-
and A'-based systems (Fig. 5¢—f). In general, however, the effective
masses for A'-based systems are larger than those of A-based
systems in all directions, which can also be rationalized by the
severely distorted structure that has been evidenced experimentally.
These electronic properties directly affect the charge-carrier
dynamics that is thereby hereafter investigated exclusively for the
A,FA,,_1Pb,L5,., systems.

Charge carrier dynamics

The charge carrier dynamics were studied by time-resolved
microwave conductivity (TRMC) measurements using high
frequency microwaves upon excitation."*** Under these condi-
tions, the change in conductivity due to generated free charge
carriers is probed with high frequency microwaves. If the charge
carriers are mobile, they absorb part of the incoming microwave
power (AGpa,y) which is proportional to the change in conduc-
tivity of the material (Ao).

The charge carriers in the material can be generated with
either a high energy electron pulse (pulse-radiolysis TRMC) or
by laser excitation (photoconductivity-TRMC). Generation by
irradiation with high energy electrons allows to determine the
mobility of charge carriers (u) directly in the material prepared
mechanosynthetically without considering the effect of orien-
tation or being influenced by the exciton binding energy of the
material (as is the case of photoexcited experiments).'*** The
mobility of charge carriers was probed in layered hybrid
perovskites of different A,FA,,_1Pb,I5,.; (n = 1-3) compositions,
which is expected to increase with the number of inorganic
layers (n)."* The mobility appears to be higher for n = 1 as
compared to n = 2-3 compositions of the corresponding
perovskite powders, and it is not substantially affected by
temperature in the range between 180-300 K (Fig. 6a), which
suggests presence of a large concentration of trap states across
compositions under these conditions. The dynamics of charge
carrier decays supports this hypothesis as featuring a rather fast
recombination at the ns timescale (Fig. S13, ESIt). The recom-
bination of charge carriers is not influenced by the initial charge
carrier concentration (10" to 10'® cm?) at room temperature
(Fig. S13, ESI}). At lower temperatures, this behaviour is
consistent for n = 1 composition (Fig. 6a and S14, ESIY).
However, for n = 2 and n = 3 compositions, the conductivity
slightly increases after the pulse (Fig. S14 and S15, ESIt), which
suggests the existence of phases with higher conductivity within
the material. This agrees with the formation of different phases
in n > 1 compositions. The lifetime of charge carriers increases
with the number of inorganic layers from the order of hundreds

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Conductivities in layered hybrid perovskite powders and thin
films based on A>FA,_1Pb,ls,41 perovskite with different compositions
(n = 1-3). (a) Evolution of mobilities in powders at various tempera-
tures and (b) conductivities in thin films deposited on quartz substrates
at ambient temperature (298 K). The initial charge carrier concentra-
tion was estimated to be 10* to 10'® cm™2 at 298 K.

of ns for n = 1 to hundreds of ps for n = 2 and n = 3 compo-
sitions (Fig. S14, ESIT), with further increase at lower tempera-
tures (Fig. S16, ESIT).

The photoconductivity determined on thin films after laser
excitation is by definition the product of charge mobility (u) and
quantum yield of free charge carrier formation (¢), based on the
following eqn (1)

"2t Tgery g

where I, is the number of photons per unit area, (8 is based on
the dimensions of the microwave cavity, e is the elementary
charge, and F, is the fraction of the absorbed light. As dis-
cussed, these measurements are influenced by the exciton
binding energy in the material which is usually large (~350
meV) in layered hybrid perovskites.'**>33

Thin films of A,FA, ,Pb,l3,. (n = 1-3) were photoexcited at
three different wavelengths corresponding to the excitonic
peaks of the different number of inorganic layers (Fig. 5a),
namely 500 nm for n =1, 560 nm for n =2 and 622 nm forn =3
compositions (Fig. 6b). The photoconductivity was found to
increase with the number of inorganic layers, which is in
agreement with reports on layered 2D perovskites in which the
exciton binding energy decreases with the number of inorganic
layers, increasing the yield of dissociation of charge carriers
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Fig. 7 Evolution of photoconductivities in hybrid perovskite thin films
based on AyFA,_1Pb,ls,,1 formulation with (@) n = 2 and (b) n = 3
nominal compositions as a function of photon intensity, highlighting
long charge carrier lifetimes in the order of ps. Photoconductivity is
defined by the eqn (1) as a product of charge mobility (1) and quantum
yield of free charge carrier formation ().
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(¢).** However, upon excitation at 622 nm, we can observe that
the photoconductivity is higher for the n = 2 than for n = 3
compositions, which is likely the result of higher phase purity
and better orientation of the n = 2 representatives.

Notwithstanding, the photoconductivity values for n = 3 are in
the order of magnitude of FAPbI; films measured with the same
technique (8-60 cm”® V' s™'; Fig. S17, ESIf), which is likely the
result of the presence of the 3D perovskite phase in the compo-
sition. For n = 1 composition, the conductivities are comparable
to other layered perovskite films measured with the same
technique (0.1-0.3 cm”® V' s71),* whereas the values for n = 2
composition are in the 0.5-5 cm® V! s7* range that is relevant
for optoelectronics. The charge carrier dynamics in the films
suggests that the recombination kinetics follows a second order
behaviour (Fig. S18, ESIT). However, the lifetime gets longer as
the number of inorganic layers increases.

The lifetime of the decay for n = 1 compositions is around
400 ns, which is longer than for n-butylammonium or phenyl-
ethylammonium systems that decay at ~100-200 ns.'* The
longer components of the decay for n = 2 and n = 3 composi-
tions are in the order of 40 ps and 400 ps, respectively (Fig. 7),
which is longer than the lifetime for FAPbI; of about 2 pus
(Fig. S17, ESIt). At these longer time scales, the decay traces
show a first order behaviour, suggesting that there are two decay
regimes. This behaviour may potentially also be the result of the
transport of carriers in the perpendicular direction that results
in improved spatial charge separation, which is relevant for
future optoelectronic device applications.

Conclusions

We have investigated the structural properties of adamantyl-based
layered hybrid perovskites of A,FA, 1Pb,l3,,; compositions,
which were complemented by molecular dynamics simulations and
density functional theory calculations. Our study reveals the
formation of well-defined layered hybrid perovskite structures for
the representatives based on the (1-adamantyl)methanammonium
spacer in n = 1-2 compositions. On the contrary, higher compo-
sitional representatives (1 > 2) are proven to be based on mixtures of
lower-dimensional and 3D perovskite phases, which was evidenced
by GIWAXS measurements. This was further in accordance with the
decrease in the formation enthalpies for the increasing number of
inorganic layers (). Finally, we analysed the photophysical prop-
erties to observe high photoconductivities for layered hybrid
perovskite structures with (1-adamantyl)methanammonium-based
systems despite their structural complexity, while featuring longer
charge carrier lifetimes in the order of tens to hundreds of s that
can be accounted for their photovoltaic performance. This provides
an important incentive for the use of formamidinium-based layered
hybrid perovskites in optoelectronics.

Experimental
Materials and methods

Perovskite powders were synthesized by grinding the reactants
in an electric ball mill (Retsch Ball Mill MM-200) using
a grinding jar (10 ml) and a ball (¢10 mm) for 30 min at 25 Hz.
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The resulting powders were annealed at 150 °C for 15 min to
reproduce the thin film synthetic procedure based on the re-
ported conditions.*” Thin films were fabricated through a step-
wise preparation process in accordance with the reported
procedure.”® The quartz substrates were cleaned with oxygen
plasma for 15 min. The perovskite film was deposited by spin-
coating onto the substrate. The precursor solutions of A,-
FA,_1Pb,l3,., and A';FA,,_;Pb,I5,., perovskite films (n =1, 2, 3)
of the concentration of 0.4 M were prepared in a nitrogen-filled
glovebox by dissolving the stoichiometric quantities of Pbl,,
FAI, and either ADAMI (AI) or ADAI (A'T) in the solvent
mixture comprised of N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) with the volume ratio of DMF/
DMSO = 4 : 1. The perovskite film spin-coating procedure was
performed in a glovebox under inert nitrogen atmosphere by
a consecutive two-step spin-coating process at first 1000 rpm for
10 s with a ramp of 200 rpm s~ and second 4000 rpm for 20 s
with a ramp of 2000 rpm s~ '. Subsequently, the sample was
annealed at 150 °C for 15 min. Further experimental details are
provided in the ESL{

X-ray scattering experiments

X-ray scattering experiments were done at beamline ID10 of the
ESRF with a photon energy of 22 keV under nitrogen atmo-
sphere. As a calibrant for the scattering experiments, LaBs was
used. The sample-detector distance was 295 mm, while the
beam size was 20 pm in vertical direction and 120 um in hori-
zontal direction. GIXD data was measured under an angle of
incidence of 0.12° with a Cyberstar point detector. GIWAXS data
was measured with a PILATUS 300k area detector under angles
of incidence between 0.02°-0.20°. Powder diffraction data was
calculated with Mercury software. Scattering data analysis was
performed with self-written Python and Matlab-based software.

Time-resolved microwave conductivity measurements

Time-resolved microwave conductivity measurements were
used to probe changes in conductivity of layered hybrid perov-
skites by using high frequency microwaves after the excitation
by either high energy electron pulse or a laser. The relative
mobility of charge carriers was estimated by pulse-radiolysis
TRMC. The samples prepared by mechanosynthesis were irra-
diated with short pulses of 3 MeV electrons from a Van de Graaff
accelerator. TRMC upon laser photoexcitation under conditions
specified in the corresponding figure captions was used to
analyse thin films.

Molecular dynamics simulations

Molecular dynamics simulations were performed by relying on the
methods described in detail in the ESL{ A fixed-point charge
interatomic potential was chosen for Pb and I from the literature.’®
The Generalized Amber Force Field (GAFF) was used to parame-
terize the ligand and formamidinium ions. We have chosen
a 1.0 nm cutoff for nonbonded interactions and three-dimensional
periodic boundary conditions were applied for each simulation.
Long range electrostatic interactions are treated with the particle-
particle-particle-mesh Ewald method. We employ the SHAKE
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algorithm® to constrain the bond length of hydrogen atoms. The
time step used in all of the simulations is 2 fs. All simulations are
performed with the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) code (31 Mar 2017).* The systems
were first minimized with a conjugate gradient algorithm with
a tolerance of maximum residual force of 10~ kcal mol ™" A",
After minimization, the systems were relaxed with an equilibrium
run which was carried out in the isothermal-isobaric ensemble.
We used a velocity rescaling thermostat* with a relaxation time of
0.1 ps. The Parrinello-Rahman barostat was used to keep the
pressure equal to the standard atmospheric pressure.*” The relax-
ation time of the barostat was set to 10 ps. We used a triclinic
variable cell barostat in all of our simulations. With this setup, the
temperature was slowly increased from 0 K to T (temperature) in 10
ns. Then we perform 30 ns simulations at the constant tempera-
ture. To calculate the autocorrelation function (ACF), we perform
MD simulations for five different temperatures (at 200 K, 250 K,
300 K, 350 K and 400 K). The simulations were run to verify the
stability and calculations of the dynamics of the spacers at
different temperatures, and for the final structure, they are
quenched to 0 K.

Density functional theory calculations

Density functional theory calculations were performed by relying
on the method described in detail in the ESI.T Ab initio calculations
based on the Generalized Gradient Approximation (GGA) of Density
Functional Theory (DFT) for A,FA,,_1Pb,I3,+; and A',FA, 1Pb,I5,.q
(n = 1, 2 and 3) were performed using the Quantum Espresso
package.® The Perdew-Burke-Ernzerhof functional revised for
solids (PBEsol)* was selected, which has shown to well reproduce
measured electronic and structural properties of Ruddlesden—
Popper (RP) phases, such as the recently reported AVA,MA,, ,Pb,-
L+ Systems.'® Dispersion interactions were considered by
applying the empirical D2 dispersion correction.® To calculate the
band gaps, we employed a higher level of theory by applying the
PBEO functional® together with incorporating spin-orbit coupling
(SOC) effects.* Valence-core electron interactions were modelled
via ultrasoft pseudopotentials with a plane wave basis set of 40 Ry
kinetic energy cutoff for the wavefunction and 280 Ry for the
density. For band gap calculations, norm-conserving pseudopo-
tentials with 80 Ry wavefunction cutoff and 320 Ry density cutoff
were employed. The Brillouin zone was sampled by a 2 x 2 x 1 k-
point grid for all cases. A finite temperature (FT) analysis was
carried out by performing 5 ps of constant volume (NVT) Born-
Oppenheimer MD for A,Pbl, and A',Pbl,, excluding the first 1 ps of
equilibration. The initial temperature was set to 300 K and was
controlled by the velocity rescaling thermostat implemented in
Quantum Espresso.*”” The same Brillouin zone sampling as in the
static calculations was adopted for MD simulations. Charge carrier
effective masses were calculated using our in-house code.*®
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