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Incorporating organic semiconducting spacer cations into layered lead halide perovskite structures
provides a powerful approach to mitigate the typical strong dielectric and quantum confinement effects
by inducing charge-transfer between the organic and inorganic layers. Herein we report the synthesis
and characterization of thin films of novel

DJ-phase organic—inorganic layered perovskite

R 4 12th Feb 2003 semiconductors using a naphthalene diimide (NDI) based divalent spacer cation, which is shown to
eceive th February . ) . .
Accepted 13th May 2023 accept photogenerated electrons from the inorganic layer. With alkyl chain lengths of 6 carbons, an

NDI-based thin film exhibited electron mobility (based on space charge-limited current for quasi-layered

DOI: 10.1039/d3sc00783a (n) = 5 material) was found to be as high as 0.03 cm? V™! s! with no observable trap-filling region
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Introduction

Layered hybrid organic-inorganic perovskites (LHOIPs) are
a novel class of semiconductors that can be formed by replacing
the A-site in a conventional (ABX;) perovskite with a bulky
organic spacer cation such as butylammonium (BA) or
phenylethyl-ammonium (PEA) forming a Ruddlesden-Popper
(RP)-type crystalline structure of alternating organic and inor-
ganic layers."” Lead halide LHOIPs based on mono-cations like
PEA and BA have been intensively studied for optoelectronic
applications. The incorporation of organic spacer di-cations
forming what is commonly called a quasi-Dion-Jacobson (DJ)-
type LHOIP with a general formula of (BOS)(A),_1Pb,ls,.1,
where BOS represents a bulky organic spacer di-cation and A is
a small monovalent cation (e.g. methylammonium, MA), have
recently come forward as more promising materials due to
enhanced stability and improved charge carrier transport
through the organic layer.*” A powerful and promising
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suggesting trap passivation by the NDI spacer cation.

approach to further tune the optoelectronic properties of these
materials is by incorporating - conjugated semiconducting
BOSs into the layered perovskite structure.®° This has been
demonstrated to facilitate inter-layer charge carrier mobility™
and the formation of long-lived charge-transfer excitons by
spatially separating electrons and holes in different layers."”***
Moreover, given the facile preparation of these materials by
scalable solution-based techniques, they have great potential in
next-generation, inexpensive, and high-performance solar
cells,” light-emitting diodes,'” and other optoelectronic
devices.*®

Incorporating semiconducting BOSs, however, remains
challenging due to their relatively large size and strong intra-
molecular interactions which hamper the self-assembly of the
layered crystalline structure from solution-based processes. A
promising electron-accepting organic chromophore building
block is naphthalene diimide (NDI), which has been used
extensively in conjugated polymers.*** Indeed, electron trans-
fer from lead iodide nanowires to an NDI chromophore has
been reported previously,”*** and monovalent spacer cations
based on NDI have been incorporated into Ruddlesden-Popper
(RP) phase layered perovskite structures.”* However, the
successful synthesis of an NDI-containing DJ-phase LHIOP has
remained elusive. Previous research on divalent NDI-cations
with short amine-bearing alkane chains (coded as NDIC2,
structure displayed in Fig. 1a) reported the formation of one-
dimensional (1D) perovskitoid structures rather than two-
dimensional (2D) layered materials and its application in
optoelectronic devices was limited due to the structural
disorder of the material.>>*® Herein we show that the formation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Chemical structure of the herein investigated divalent spacer cations and aimed layered structure shown with various sub-band well

width of the inorganic layer. (b) UV-vis and PL steady-state spectra and (c) XRD of the (NDI-dH)Pbl,. XRD was recorded with a monochromated
Cu Kal X-ray source (d) transient absorption spectral slices, and (e) ultrafast PL and GSB dynamics of the (NDI-dH)Pbl, films based on fluo-

rescence upconversion spectroscopy (FLUPS) and TA, respectively.

of (quasi-2D) LHOIPs can be obtained when using a divalent
NDI-based chromophore, which leads to formation of the type I
nano-heterostructure. This leads to the first demonstration of
photogenerated charge transfer in NDI-based DJ-type LHOIPs
and characterization of the electronic properties of subsequent
quasi LHOIPs by space charge limited current (SCLC)
measurements and transient absorption spectroscopy.

Results and discussion
Formation of NDI-based DJ-type LJOIPs

We prepared NDI-based di-cations with different alkyl chain
lengths of 4 or 6 carbons coded as NDI-dB and NDI-dH,
respectively. The chemical structures of the spacer cations are
shown in Fig. 1a. Detailed synthesis procedures (Scheme S1,
and S27), characterization, and the LHOIP thin film fabrication
with these cations are provided in the ESIL.{ Starting with the
(NDI-dH)PbI, composition (n = 1), the visible light absorption
and photoluminescence (PL) spectra of the synthesized thin
films are displayed in Fig. 1b and show the typical excitonic
absorption and emission bands similarly found in conventional
(PEA),Pbl, and (BA),Pbl, layered perovskites.”” However, in
contrast to (BA),Pbl,, the photoluminescence intensity is
significantly quenched in the NDI-based films as displayed in
Fig. S1.7 Fig. 1c displays the XRD pattern of the thin film
showing equally spaced diffraction peaks associated with the
00¢-planes suggesting the successful formation of a layered
perovskite crystal phase where the inorganic slabs are oriented
parallel to the substrate. Based on an assignment of the peak at
20 = 3.84°, the inter-layer spacing is 22.9 A corresponding
roughly to the size expected given the length of the NDI-dH
cation of 22.7 A. We note that the optoelectronic and struc-
tural properties of our (NDI-dH)Pbl, thin films are distinct from

© 2023 The Author(s). Published by the Royal Society of Chemistry

the previously reported 1D perovskitoid films based on the
similar spacer cation with an ethyl-ammonium linker (NDIC2)
where no excitonic absorption and emission bands were
found.***¢ Notably, the desired D]J-type layered structure can
also be obtained with the butylammonium linker (NDI-dB).
Similar optoelectronic properties with quenched photo-
luminescence and XRD diffraction peaks associated with
a smaller inter-layer distance of 19.3 A are observed (Fig. S1 and
S2t). The observed effects of the alkane linker chain on struc-
ture and crystallinity are consistent with our previous finding in
RP-based perovskite indicating that the amine-bearing alkane
chain linker is an important parameter in the formation of
layered perovskite materials.*

Charge dynamics in NDI-based DJ-type LJOIPs

To further investigate the effect of the NDI-spacer cation on the
photogenerated charge carrier dynamics, ultrafast spectro-
scopic techniques were performed, namely transient absorption
(TA) spectroscopy and ultrafast broadband fluorescence
upconversion spectroscopy (FLUPS).>*** Due to the improved
solution-processed thin-film morphology of the layered perov-
skite prepared with NDI-dH compared to the NDI-dB cation
(Fig. S31), which is likely due to a difference in cation solubility,
we focus on the NDI-dH divalent spacer cation system in the
following analysis.

The TA and FLUPS spectra and dynamics are shown in
Fig. 1d, e and S47 for (NDI-dH)Pbl,. The FLUPS spectrum shows
an ultrashort photoluminescence (PL) lifetime with a decay
time constant of around 1.65 + 0.03 ps, which is comparable to
the previously reported PL decay with RP-type analog materials,
and can be attributed to electron transfer from the inorganic
layer to the organic spacer as schematically illustrated in
Fig. 1a.*
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The ultrafast PL decay stands in contrast to reported
(PEA),Pbl, where decay times of several hundreds of picosec-
onds are reported.** The TA spectra show a ground state
bleaching (GSB) at 507 nm corresponding to the position of the
excitonic absorption band. The weak spectral signature of the
expected NDI™ formation overlaps with the photoinduced
absorption (PIA) at 450-550 nm.>*?* However, we note that the
partial GSB decay and complete PL decay are characteristic of
electron transfer processes.*

GSB dynamics were fit to a tri-exponential decay resulting in
one fast decay constant (t; = 1.66 ps) followed by two slower
decays with 7, = 6.11 ps and 73 = 1510 ps. Altering the pulsed
laser fluence from 15 to 150 nJ showed no change in the TA
spectra suggesting that Auger-type recombination processes do
not contribute to the GSB dynamics (Fig. S4t). While 7, can be
attributed to the electron transfer from the inorganic layer to
the NDI spacer due to the similar time scale as the observed PL
decay, the long decay components (1, and 13) are attributed to
potential electron back transfer from the NDI to the perovskite
ground state and non-radiative recombination.

To investigate further the nature of the charge-separation
state at the organic-inorganic nano-interface, flash photolysis
time-resolved microwave conductivity (fp-TRMC) measure-
ments were performed. Probing the photogenerated charge
carriers along the direction parallel to the substrate (displayed
schematically in Fig. 2a) by exciting the LHOIP at 420 nm, the
microwave probe is only absorbed by free charge carriers
allowing assessment of the sum of their mobilities, u, and the
obtained free charge carrier generation yield (¢) by the
formula:**

AG
BelyFA

¢Zu=

where AG is proportional to the fractional change in reflected
microwave power (AP/P), § is the ratio of the inner microwave
cavity dimensions, and IyFA is the number of absorbed
photons.** The fp-TRMC transients after excitation at 420 nm of
(NDI-dH)PbI, and n-butylammonium (BA) based (BA),Pbl, as
reference material are displayed in Fig. 2b. A prolonged
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Fig.2 (a) lllustration of the fp-TRMC setup measuring the mobilities of

free charge carriers along the axis parallel to the substrate and (b) fp-
TRMC transient of (NDI-dH)Pbl, (black closed circles) and (BA),Pbl,4
(red closed circles) with the obtained mobilities in the inset figure.
Samples were excited at 420 nm.
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transient decay for NDI-dH based LHOIP can be observed where
the free charge carrier decay can be fit to a bi-exponential decay
with a short (t; = 36 ns) and a long (1, = 597 ns) decay constant.
This stands in contrast to the BA-based perovskite where the
transient decays with a time constant of around 17 ns (Fig. S57),
suggesting that the prolonged lifetime of the free charge
carriers is due to a type-II heterostructure, which affords sepa-
rate electrons and holes in different layers.

Moreover, the estimated mobility, as quantified by the sum
mobility (p=u) in (NDI-dH)PbI, is around one order of magni-
tude higher than previously reported in NDIC2-based 1D per-
ovskitoid materials.**** This increased sum mobility can be
attributed to the 2D layered structure. However, the results are
still more than one order of magnitude lower than the BA-based
perovskite reference material. Although it is possible that the
free charge carrier generation yield (¢) is lower for (NDI-dH)Pbl,
resulting in decreased apparent mobilities from the fp-TRMC
data, we suppose that the diminished sum mobility (¢Zu)
observed for (NDI-dH)Pbl, is due to the decreased sum mobility
of the electrons located in the NDI layer. As the minimum time-
resolution of fp-TRMC (few ns) is larger than the time scale of
electron transfer from the inorganic layer to the NDI chromo-
phore, optical pump-terahertz probe (OPTP) spectroscopy was
used to determine the sum mobilities, a few picoseconds after
excitation at 400 nm. The transient intrinsic carrier sum
mobility dynamics derived from the transient THz spectroscopy
signal is displayed in Fig. S67 and shows a biexponential decay
with time constants of t; = 0.55 ps and 1, = 15 ps (Table S17}).
Given the similarities in time scale observed in FLUPS for the
electron transfer, we assign the faster decay component to be
the formation of charge-transfer excitons (CTE) overlapping
with contributions due to electron-phonon scattering. The ob-
tained peak sum mobility determined by OPTP was found to be
0.35 cm® V™' 57! which is in the same range as previously re-
ported mobilities for BA-based and PEA-based perovskites
further suggesting that ¢ can be assumed to be similar in (NDI-
dH)PbI, and (BA),Pbl,.***

Given the successful formation of the ordered and crystalline
layered (NDI-dH)PbI, perovskite phase, we investigated whether
a quasi-2D layered structure is preserved when the energy sub-
band width is increased. Thin films with larger quantum well
width and higher #n-number (as shown schematically in Fig. 3a)
were fabricated by mixing an appropriate amount of methyl-
ammonium iodine (MA) into the precursor solution. In the
following, the stoichiometric ratio in the precursor solution will
be denoted by the indices (n) indicating the nominal quantum
well width of (NDI-dH)MA,, 1 Pb,I;,,., expected to be formed. For
films with (n) > 1, a distribution of quantum wells of various
well widths is usually formed.*® For the sake of clarity, the
specific perovskite layer number phase will be denoted by the
indices n. The visible light absorbance and XRD spectra of thin
films with (n) = 2 or 3 are displayed in Fig. 3b and S7.} For (n) =
2 the formation n = 2, 3 phases can be observed as indicated by
the characteristic excitonic absorption bands with an absorp-
tion maximum at 560 nm and 600 nm, respectively. Electron
transfer kinetics were further investigated by analysis of the
GSB-dynamics from TA spectroscopy (Fig. 3c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Illustration of the electronic structure for NDI-based quasi

LHOIP materials. CB and VB energy levels were derived from BA-based
perovskites as previous reported in ref. 36 (b) UV-vis absorption
spectra of (NDI-dH)-based perovskite films with (n) =1, 2, 3 and (c)
transient absorption spectral slices of (n) = 3 thin film.

A strong GSB bleach for the n = 2 and n = 3 phases can be
observed. The 0.25 ps growth component of the GSB in then =3
phase is attributed to the electron funneling as reported for
similar systems.**** Notably in the (n) = 3 film, a weak feature in
the range of 450 to 500 nm with a delay of around 1 ps can be
observed potentially arising from the NDI™ anion. However, the
signal was too weak to further resolve. The dynamics of the GSB
decay were fitted to a tri-exponential decay (Fig. S8). The decay
components and fitting results (Table S2) are consistent with
an ultrafast decay component t, attributed to the electron
transfer from the inorganic layer to the NDI since a clear trend
of increasing GSB decay time with an increase in the well width
(n) is found. The attribution of t; to the electron transfer from
the inorganic layer to the NDI chromophore has been proposed
by Proppe et al, in 1D perovskitoid materials incorporating
NDI-C2.>* The increase in the GSB decay time (t4) is plausibly
ascribed to the decreased conduction band energy of the
perovskite, which reduces the driving force for electron transfer
and reduces quantum confinement as the quantum well width
increases, requiring longer time for photogenerated carriers to
diffuse to the NDI chromophore. For films with (rn) = 4 and 5,
the visible light absorption (Fig. S91) does not show any exci-
tonic absorption bands that can be assigned to the n = 2, 3
phases suggesting suppression of the formation of lower n-
phases. These findings were further supported by the TA where,
for the films (n) = 4-5, only one single ground state bleaching
can be observed. The GSB minima shift towards lower absorp-
tion energies with increasing (n) (Fig. S10t) and can be asso-
ciated with quasi-layered perovskite phases with large inorganic
well-width. GSB decay dynamics are displayed in Fig. S11f and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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show comparable dynamics compared to lower n-phases.
Notably, 7, attributed to the electron transfer is similar for (n) =
4 and (n) = 5 films while the exact decay may be distorted by
potential electron funneling processes resulting in faster initial
GSB decay in (n) = 5 compared to (n) = 4.

Electronic properties of NDI-based DJ-type LJOIPs

Given the spectroscopic results, which show that photons
absorbed by the perovskite layers lead to free electrons in the
NDI layers, we next aimed to obtain device-based electronic
characterization to demonstrate that the quasi-2D layered
structure has suitable charge carrier transport properties. We
focused on (n) = 5 films as similar perovskite structures based
on butylammonium (BA) have been reported,*” allowing us to
compare our new material with the established system. The
crystallinity and orientation of the (NDI-dH)(MA),Pbsl; thin
films were optimized based on a solvent engineering method.

In brief, we found that a solvent mixture of dimethylforma-
mide (DMF):dimethyl sulfoxide (DMSO) (2:3 v/v) in the
precursor solution results in thin films where the inorganic
layers are oriented perpendicular to the substrate as shown by
gracing-incident wide angle X-ray scattering (GIWAXS) in Fig. 4a
and XRD (Fig. S127). Visible light absorbance (Fig. 4b) of the
films prepared under these conditions show excitonic absorp-
tion bands which can be assigned to n = 3 and 4 phases.
Comparing the absorption spectrum of the optimized (n) = 5
films with the absorption spectrum of MAPbI; indicates no
obvious formation of the 3D perovskite phase. We were unable
to obtain any PL signal for the (n) = 5 films (Fig. S137) likely due
to electron transfer from the inorganic wells to the NDI spacer
chromophore.

— NDI-dH <n>=5
— MAPbI,

Absorbance

nf4/ . :
600 700 800
Wavelength [nm]

500

|Electron-only
NDI-dH <n>=5

- Ohmic __SCLC_|
10" 10°
Voltage [V]

Fig. 4 (a) GIWAXS of optimized (n) = 5 NDI-dH based perovskite thin
film and (b) resulting UV-vis absorbance spectra. (c) shows the archi-

tecture for electron-only SCLC measurements and (d) the resulting
SCLC /-V curve obtained with this architecture.
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Based on thin films prepared with these optimized condi-
tions, the electron mobility in the direction perpendicular to the
substrate was obtained using widely reported device architec-
ture where the perovskite layer is sandwiched between two
electron-transport layers (TiO, and PCBM) as illustrated in
Fig. 4c. Different perovskite layer thicknesses ranging from
600 nm to 1.2 pm, as displayed in the cross-section electron
micrographs (Fig. S14t), were fabricated. A typical current-
voltage (I-V) curve of the electron-only space charge-limited
current (SCLC) is displayed in Fig. 4d. At low voltage, a linear
dependence between the current and voltage can be found
marking an ohmic region. At higher voltage, a transition
towards an I « V* region is observed, indicating SCLC behavior.

The absence of any region with I « V" where m > 3, corre-
sponding to a trap-filling region (TFR), is surprising as TFRs are
routinely reported in BA-based perovskite films. Indeed, such
an I-V-curve with a clear trap-filling region was observed when
(BA),(MA),PbsI;¢ ((n) = 5) films were investigated using the
same device architecture (Fig. S157). It is thus assumed that the
trap density in the NDI-dH based film is below the minimal trap
density (7; min = 6 x 107" em® at T = 295 K and L = 1.2 pm)
for the investigated thickness (L), as given by:*°

where ¢ is the relative permittivity of the material, T is the
temperature, q is the elementary charge, and & is the Boltzmann
constant. The low trap density provides further evidence that
the observed PL quenching is due to electron transfer from the
layered perovskite structure to the NDI spacer cation rather
than nonradiative recombination via trap sites. Based on the
SCLC behavior, the electron mobility, u, was derived using
Mott-Gurney-Law:
2
J = %eeou%

where ¢ is the relative permittivity of the material, ¢, is the
vacuum permittivity, V is the applied voltage, and L is the
thickness of the perovskite layer. The relative permittivity for
the NDI (n) = 5 was estimated to be ¢, = 16 based on the
capacitance determined by impedance spectroscopy (Fig. S167).

Electron mobility of 0.03 cm® V' s~ was found for the (NDI-
dH)(MA),Pbsl;¢ thin films, which was slightly higher than the
mobility obtained for our BA-reference sample (0.01 cm*> V" 577,
Fig. S157). Given the spectroscopic results, which imply that pho-
togenerated electrons in the inorganic layer are transferred to the
organic layer, we conclude that the measured u corresponds to
electron transport strongly influenced by the electronic structure of
the organic layer. We note that u derived from the fp-TRMC
measurements (on (n) = 1 films) cannot be compared to the u
obtained with the (n) = 5 SCLC devices. However, they are consis-
tent with the established behavior that electrode-based measure-
ments generally give lower u than spectroscopic methods.*

Regardless, the here determined SCLC mobilities are
consistent with literature reports. Our measured u for the BA
reference system is higher than previously reported for (n) = 2
(BA),(MA);Pb,I;5 films® but lower than the reported u of pure

6056 | Chem. Sci, 2023, 14, 6052-6058
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MAPDI; single crystals*> and the in-plane u of single-crystal
(PEA),(MA),Pb;l;; perovskites.*” We note that we cannot
completely discount crystalline orientation effects in the u
measurements. Indeed, in contrast to NDI-dH based thin films,
the XRD of our BA-based perovskite films show diffraction
peaks below 26 = 10° (Fig. S17t). Such low-angle diffraction
peaks are associated with layered or quasi-layered perovskite
phases oriented parallel to the substrate acting as an insulating
layer and reducing the mobility in the BA-based thin films.

Finally, we note that considering the strong ion migration
observed in halide perovskite materials, it remains controver-
sial whether SCLC measurements can accurately give informa-
tion about u and n, min. However, the pulsed voltage sweep SCLC
method allows the mitigation of the ion migration effects.*****
Using a voltage pulse of 50 ms duration and screening different
dwell times ranging from 0.1 to 60 seconds, no difference in the
I-V curve was observed indicating no impact of the ion migra-
tion on the obtained electron mobility for NDI-dH based (n) =5
films (Fig. S187).

Conclusion

In conclusion, we demonstrated the successful incorporation of
a divalent spacer cation based on an electron-accepting naph-
thalene diimide core into a novel DJ-type layered perovskite
structure for the first time. As a result, the formation of a type II
nano-heterostructure where the photogenerated electron transfer
from the inorganic layer to the organic spacer was observed by
spectroscopic tools. The heterojunction structure with oriented
and crystalline domains is shown for films containing (n) = 5 and
further characterization based on SCLC measurements were per-
formed and electron mobilities higher than for BA-based films as
determined. The possibility to form an oriented structure using
electron-accepting spacer cation opens an interesting approach
for the application in solar cell devices where strong exciton
binding energies can be potentially mitigated by the formation of
such type II nano-heterostructure. Furthermore, no observable
trap density in the film will be beneficial to reduce non-radiative
recombination loss. The incorporation of electronically active
spacer cations such as the chemical versatile NDI chromophore in
low n-value quasi-layered perovskites potentially allows to over-
come the trade-off between stability and efficiency in LHOIP solar
cells. Moreover, NDI has been extensively investigated in the
organic photovoltaic field given its chemical versatility and thus is
an important benchmark moiety for further development. We are
currently investigating the effect of the type II nano hetero-
structure on the key properties of photovoltaic applications.
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