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ABSTRACT

The properties of layered inorganic semiconductas be manipulated by the insertion of
foreign molecular species via a process known &srdalation. In the present study, we
investigate the phenomenon of organic moiety (RsiNkhtercalation in layered metal-halide
(Pbk)-based inorganic semiconductors, leading to thendtion of inorganic-organic (10)
perovskites [(R-NHR).Pbl]. During this intercalation strong resonant excitaptical transitions
are created, enabling study of the dynamics of th®cess. Simultaneousn-situ
photoluminescence (PL) and transmission measuresnaet used to track the structural and
exciton evolution. Based on the experimental olzeyus, a model is proposed which explains
the process of IO perovskite formation during ioédation of the organic moiety through the
inorganic semiconductor layers. The interplay betwerecursor film thickness and organic
solution concentration/solvent highlights the raolevan der Waals interactions between the
layers, as well as the need for maintaining stoictgtry during intercalation. Nucleation and
growth occurring during intercalation matches anom-Mehl-Avrami-Kolmogorov model,

with results fitting both ideal and non-ideal cases
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INTRODUCTION

Intercalation, the insertion of guest species iatdost crystal, is an efficient route for
generating new materials with novel properties. 8ahthe earliest and most extensive studies
have involved the intercalation of nano-componenish as dyes, nanotubes and colloids into
porous materials such as block copolymers, zeditescolloidal crystals? Three types of goal
are sought: to cast a new material as a replicheohost, to store intercalates with high density
as in lithium batteries, or to establish new mateproperties based on the novel layered
superlattices formed. While inorganic crystals oftestinct advantages such as high carrier
mobility and thermal/mechanical stability, orgammaterials show structural tunability and are
easily processabf&’ Inorganic-Organic (10) hybrid materials are a wigrlass of materials that
combine the useful properties of these two indigldentities into a single molecular framework.

A distinct class of 10 hybrid material that has egeel in the recent past are AMXype
perovskites (A= organic moiety, M= PbSrf*, etc. and X="| Br or CI) that are derived from
the layered inorganic Mxhost network. These perovskites have been extensively studied fo
their structural, optical, electrical, thermochrenaind other properti€s:* The variation in their
structural and optical features strongly dependshenextended network of MXoctahedra.
Depending on the size, shape and functionalityrgéoic cations, the 3D inorganic network is
altered to form extended 2D layers (‘wells’), 1Dacts (‘wires’), OD (‘isolated dots’) or other
intermediate case€$.Based on their inorganic network arrangement th@skybrids show very
different opto/electrical properties at room tengpere to the base crystals. For example, the 3D
inorganic ‘cage type’ (CkNH3)Pbk and analogous hybrids show tremendous promise in
photovoltaic research, producing devices with &ficies of up to 15%. " Similarly for 2D

layered perovskites, (BsCoH4NH3).Snly based thin-film transistors (TFTs) show mobilitas



~lcnf/Vs and (GHsC:HsNHs),Pbl, has been used in heterostructure electroluminegesn
devices with low-temperature luminance intensitie$0,000 cd/rhat 24V%2°

For these materials, the parent inorganic MXnsists of non-interacting extended 2D M-X
networks, well-separated and with weak Van der Waaterlayer forces. As a result, the
insertion of guest organic moieties (mostly amiresdal) leads to a change in the physical
properties (optical, electrical, morphological, .ptof the host (parent) semiconductof®
Recently we have reported thesitu dynamic evolution of exciton absorption when oligan
(CeHoCoH4NH3)I intercalates between Rblayers, yielding highly-oriented layered perovskit
thin films of (GHgCoH4NHs),PbL.?* Similarly, the transformation of Phinto CHsNH3Pbk has
been monitored within a porous T@ilm optimized for solar cell fabricatioH. In general,
intercalation mechanisms have been studied prelyiamssng methods such as X-ray diffraction,
Raman imaging and resistance measurenféfhfsThe growth kinetics have been explained by
various models, most notably the Johnson-Mehl-Awigoimogorov (JMAK) modef®3?
Recently the kinetics of molecular intercalation various layered materials (for example
graphene, Mo$ VS,) have been studied using such mode&fd;**and attention is being focused
on understanding the intercalation of biologicabttive materials into layered double hydroxide
hosts (LDHs)-*

Among all perovskites, the 2D layered networks KRs3).MX,4 type) are of special interest.
These 10 perovskites are considered to be selfvassd natural multiple quantum wells, made
up of alternating layers of inorganic semicondugtmonolayers and optically inert organic
spacer moieties. In these hybrid materials, thedgap of inorganic entity (~2-3eV) is
specifically chosen to be less than the non-emgittirganic counterpart (~4-5e¥5° Optically,

these materials exhibit sharp resonances duMldtt-Wannier excitons confined within the



semiconductor layerS. As a result of the large dielectric mismatch ks the inorganic and
organic constituents (dielectric confinement), seghitons are observable at room temperature,
with large binding energies (~300 mei?Y* The strong room-temperature excitonic features of
2D perovskites make them potential candidates faoalectronic devices such as 10-LEDs
(Inorganic-Organic Light Emitting Diodes), [0-FET¢Inorganic-Organic Field Effect
Transistors), solar cells, nonlinear optical swéshand exciton-photon coupling structur®s.
1936 conventionally thin films of these perovskites &akricated by spin coating the chemically
synthesized components using an appropriate solvemiowever, for practical device
applications precise control over film thicknessproducibility, uniformity and morphology is
essential. Due to difficulties associated with siolu processing methods, alternative fabrication
of thin films from dual-boat vacuum deposition agléctrochemical deposition have recently
been explored”®® However such deposition methods still encountesblems, such as
maintaining stoichiometry by controlling the presswand rate of evaporation (for dual-boat
vacuum deposition), or controlling the dissociaticatios (in the case of electrochemical
deposition). Therefore in order to obtain highemalgy perovskite thin films, an optimized
intercalation strategy would be highly advantage€dusioreover, highly ordered layering is
essential for the observation of strong excitoriuiess from these 10 hybrids, which is strongly
dependent on (1) the disorder and conformatiorhefdrganic moiety, (2) the crystal packing,
(3) the structure of the inorganic layers, andtf®) position of the organic amine group attached
to the M-X network. Understanding the intercalatjmmocess at a molecular level and how it
varies with the type/size of organic moieties, wpting parameters such as inorganic film
thickness, is thus essential for the realizatiowell-ordered uniform device films. However the

mechanism of organic intercalation in 1D, 2D or Bybrids, including nucleation and growth



processes, intercalation directions, and inducedocmation changes are complex, and no such
efforts have been reported so far.

Here, we thus study-situ the evolution of organic intercalation into thel Ptetwork. For the
first time, the direction of intercalation is expd using optical probes. The intercalation
process has been optimized for various organic tiesi®y controlling the thickness of the Pbl
film and the intercalation solvent/solution concation, to obtain highly-ordered 2D inorganic-
organic perovskites of type (R-NHPbl. The evolution of strong optical excitons observed
these multiple quantum well systems are systenmigtioeonitored during the intercalation and
key issues such as growth directions and the dyssamvolved are considered using suitable
models. Finally, ways to explain the molecular lesteanges that lead to the formation of device

guality thin films are introduced.

EXPERIMENTAL SECTION

We have outlined the basic intercalation methodplam a recent communicatidfi, so
fabrication is only briefly reviewed here. Layenearent Phi thin films of various thickness are
deposited on glass substrates by thermal vaporsitepoat ~10 Torr. To obtain organic iodide
(CeHoC2H4-NHsl) (hereafter, CHI), 1ml of 2-(1-Cyclohexenyl) gthmine was added to 2.1ml
of hydriodic acid (HI; 47%) under constant stirriagroom-temperature condition. The resultant
yellow precipitate of 2-(1-Cyclohexenyl) ethylamnuom iodide (GHoC,HsNHsl) has been
carefully filtered and dried for further use. Siamilsynthesis route has been adopted for long
alkyl ammonium iodides (zH.s-NH3l) [hereafter C12I] also.

To investigate the dynamics of the intercalatioocpss in real time, simultaneoussitu

transmission and photoluminescence (PL) measuremaet performed at room temperature



(Figure 1b). The deposited Bhhin film sample (2.5x1cm size) is inserted intquartz cuvette,
which contains 5ml (R-NgJI solution of the desired concentration. Both srarssion and PL
are monitored prior to the insertion of the samghel appropriate care is taken to avoid any
solvent turbulence during the insertion. The PLcddlected in reflection mode using laser
excitation (410nm diode laser, ~ 6mW) with an alidepass filter (ALP) filter ( >425nm) and
focusing by appropriate lenses. For transmissiaafgdtion a white light broadband source is
used. Both the PL and transmission signals are I&imaously collected for more than 300
seconds at 100 ms intervals, through two sepapsetr®meters which are synchronized using a

computer.
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Figure 1. (a) Schematic of the structure of typical (R-¥X, type layered perovskites. (b)
Schematic diagram of experimental set-up used ifoulsaneousin-situ PL and transmission

measurements.



The thickness and surface quality of intercalaiad parent films are verified using atomic
force microscopy (AFM), surface profilometer anbtléatop SEM. Glancing angle thin film X-
ray diffraction (XRD) studies are carried out wiflu Ka radiation = 1.5406 A). The white
light/PL images (bright field) and spatial PL spatmappings are performed using a modified
confocal microscope, equipped with a computer odlett XY stage, and a MMF (multimode
fiber)-coupled 410 nm diode laser. The PL specti@ immages are recorded by a spectrometer
and high resolution camera respectively. Unlesseratise specified, all experiments are
conducted at room-temperature and ambient condition

RESULTS

Typically perovskite powders and single crystale abtained from conventional chemical
processing. During the solution process, the?Phhion and R-NKf cations are bound together
through the hydrogen bonding of N-H---I, which pdeva link between the organic and
inorganic moieties. Here R can belong to a wideetyarof organic functional groups ranging
from cyclic to alkyl chain families. Eventually tbe (R-NH).Pbl, unit cells (Figure 1a) self-
assemble into sheets of infinitely-extended costered Plloctahedra separated by organic bi-
cations and grow into polycrystallitts.The size/shape of the organic moieties (mono or bi
cations) dictate the effective dimensionality ot thorner-shared Pploctahedral extended
network, forming 0D, 1D, 2D or 3D perovskit¥s. The resultant 10 perovskite powders and
crystals show many new interesting properties ailyeaccessible temperatures, compared to
their organic/inorganic componerifs’* However it is a complex task to monitor self-assiym
in this solution state.

Recently, we established simple and direct fakiooadf high-quality 2D layered perovskites

from the intercalation of organic moieties into\ioeisly-deposited parent Rithin films?* The



rate of intercalation between Pb-I layers critigalepends on many factors such as the organic
moiety size/shape/functionality, the solvent ugbd, solute concentration, and the initial parent

Pbk film thickness. All these factors play crucialeslin the nucleation/growth of these layered

perovskites and we address such issues below.

The intercalation process has been verified foidewariety of organic moieties, which have
already been established as candidates for 2D gidtevfabrication through conventional
chemical method%**° Here, as an example the intercalation procesdéeas demonstrated for
cyclic (GHoCH4NH3l) [CHI] and long-chain alkyl-ammonium ¢gHosNHsl) [C121] based
organic moieties on deposited Pkhin films, so that (gH¢C,H4sNH3).Pbl, [CHPI] and
(C12H25NH3).Pbl, [C12P1] are formed respectively. For all the mgaments shown in Figure 2,
the thickness of initial Pblfilm (100nm) and the concentration of organic deli (3mM in
benzene) are constant. As mentioned earlier, tl@gmerovskites are known for strong room-
temperature exciton absorption and emission festtiverefore these parameters are monitored

in real time for both cases during intercalation.
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Figure 2. (a,b) Room temperature exciton absorption and pdctsa and (c,d) are real-time
intensities of exciton transmission minimum and g&8ak during intercalation. Rows (a, c¢) and
(b, d) are for (GH9C H4NH3).Pbl, [CHPI] and (G2H2sNH3).Pbl, [C12PI] intercalated films
respectively. (e) Glancing angle XRD patterns aélicalated CHPI and C12PI perovskite thin
films. Parent Pblfilm added for comparison, all XRD patterns shdft@ongy-axis for clarity

(intensities are not be scaled).

After intercalation, CHPI and C12PI films show sigoroom-temperature exciton absorption
and PL features, with peak widths of ~20nm (Figuagb* The time evolution of exciton
transmission and PL are monitored in real timebioth samples (Figure 2c,d). In general, the
exciton absorption probes the full range of excitates, whereas the PL only emerges from the
lowest available exciton energy levels. As seeRigures 2(c,d), the intercalation rate is slower
in the long alkyl C121 compared to the cyclic CHlowever as discussed below, comparison of
intercalation dynamics between such diverse orgaiscnot yet possible to simulate. The
presence of stron@®Q@l) peaks in the glancing angle XRD patterns of thergalated CHPI and
C12PI thin films demonstrate the complete conversib parent Phlto IO perovskite with
perfect alternate stacking of inorganic and orgdayers (Figure 2e). The effect of organic
moiety size on intercalation can also be seen emlgpacing changes between the Pb-I layers.
The C121 (14.705A) molecule is much longer compame@HI (5.037A), and a corresponding
decrease in th€d01) peak angle signifies éspacing increase of 17.398 A to 23.701 A from
CHPI to C12PI. We note that long alky-ammoniumedaa$O perovskites (C12PI) are well
known for structural phase flips from a stable ghhgorthorhombic) to a metastable phase II

(monoclinic)}**? The data reported here is all for the most staiflase | and thén-situ
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evaluation of these structural phase flips durintgrcalation will be discussed in the later
sections.

(i) In-situ intercalation process dynamics: effect of film thickness and solvent

Simultaneousin-situ transmission and PL measurements were performedvéoious
thicknesses of PpFilms ranging from 50nm to 450nm, while keeping ttrganic moiety (CHI)
concentration (3mM) and solvent (toluene) the sdomeall cases (Figure 3a,b). The results
show that in order to achieve relatively fast andhplete intercalation, the optimum RHIm
thickness is 100-130nm for this concentration. tharker (>250nm) and thinner (<100nm) films
the exciton PL intensities are comparatively long after 30 seconds of intercalation, a decay in
the PL is clearly seen. The presence of an optirtinickness suggests that strain may play a role

in intercalation as discussed below.
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Figure 3. Real time (a,c) exciton transmission minimum (~%08) and (b,d) PL peak (~517

nm) intensities during intercalation of organic etgi CHI in Pb} flms. Rows ( a, b) and (c,d)
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are for various Pblthicknesses (CHI concentration: 3mM) and for vasimon-polar solvents
(Pbk thickness: ~100nm) respectively. (Polar solventpanol (PrOH) and methanol (MeOH)

are also shown for comparison).

The choice of solvent is also crucial to interdalatdynamics. Solvents should dissolve the
organic moiety completely, but should not dissobremodify the surface of Ppland/or the
resultant 10 perovskite films. Here we examined sbé/ent dependencies for both non-polar
(benzene, toluene and xylene) and polar (alcohasstonitrile (ACN) and trichloroethylene
(TCE)) solvents. While all these solvents dissdhe organic well, only non-polar solvents are
appropriate for intercalation as polar solventswsb no signature of exciton formation. Figure
3(c,d) shows the intercalation dynamics of the texcitransmission minimum and PL peak
positions in three non-polar solvents. For all nneasents the thickness of Rilms (~100nm)
and concentration of CHI (3mM) were kept constanthile the intercalation process was fastest
with benzene, prolonged exposure resulted in damégle resultant perovskite film surface.

Again, we discuss the role of solvent later.

(i) In-situ inter calation process dynamics: effect of organic moiety concentration

It is important to have an appropriate ratio ofrgemic and organic components in the
formation of 10O perovskites. Fatoichiometric synthesis, one needs one unit of MXcation
and two organic bi-cations to obtain one unit 0ofNR3).Pbl, so the ratio between the organic
moiety (R-NH)I to that of metal halide (M} has to be 2:1. Therefore, it is important to juiev
the required number of organic moieties (i.e. cotregion) in order to break the weak van der
Waal forces between molecular layers of,Pdrid convert them into extended Pbttahedral

networks. Figure 4(a,b) show the transmission abhdd{hamics for intercalation of CHI at

12



different solution concentrations. Stable, highiRtensities and a fast rate of intercalation were
observed for 3mM concentrations, but acceptableltsesvere also obtained for 5mM to 8mM
concentrations. For very dilute (<3mM) and highbncentrated (>10mM) solutions the resultant

films show entirely different PL dynamics, whichlMae discussed later.
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To understand the structural phase formation ofp#&ovskites for various organic moiety
concentrations, XRD studies were performed at garnmediate time interval (5 sec), as well as
on completely intercalated films (Figure 4c, the XRatterns of unreacted BlWlims are also
added for comparison. Intercalated films with 3toM show strond001) peaks signifying the
formation of highly-oriented and self-assembledcldtag arrangements with a substantial
increase from the parent in layer-to-layer distandgo= 17.63 A. However, for less-
stoichiometric concentrations 2mM (Rbiich) and 10-15mM (organic rich), XRD patterns are
mostly dominated by strong RBlgeaks, though a wedB01) peak can also be seen. XRD studies
thus confirm that optimum concentrations (3-8mM)ajanic moiety are required to obtain the
desired 10 perovskite. Note that the peak corredimgnto unreacted Ppphase is still clearly
visible at this intermediate stage, since compteteversion requires intercalation for more than
20 seconds.

As a general observation, for dilute solutions (#Bnthe PL peak intensity saturates at about
30 sec then slowly decreases. One reason for Ptadaigpn could be solvent damage of the
resultant IO perovskite. To verify this we perfodrihe experiment in a slightly different way:
transmission/PL dynamics are recorded on fullyrogkated CHPI films exposed to pure toluene
solvent (OmM). High PL peak intensities were foleal by a slow decay, similar to the
dynamics observed for dilute concentrations (<3mN¥.e note that the control transmission
dynamics give an average through the full thickre#ss film, whereas PL arises from mostly the
topmost layers, therefore the effect of surface agmwas not observed in transmission
measurements. The results imply that the densitrgdinic moiety is not high enough in <3mM

solutions, so the effect of solvent damage domtite rest of the intercalation process.
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DISCUSSION

While thesein-situ measurements improve our understanding of thecealtgion of RNH-
type organic moieties into Mpxbased inorganics, théirection of intercalation, whether
perpendicular or parallel to the inorganic shesgmains unclear. In order to investigate this,
metal strips (Al, 150nm thickness, 1Imm wide, ~900 separation) were deposited onto 100nm
Pbk films (on a glass substrate) via thermal vapoyroddion (Figure 5a). The structure was
exposed to a 5mM CHI solution (in toluene) for 18asuring that the film was completely

immersed in the solution.

,/\‘ ,ﬁ‘\
Al Al Al A', i Al A'; )
Pbl, Pblz\ ICHPI Pbl, CHPI Pbl, ~ b
Intercalation
m Al L { ' A|r
‘ %%\%%%%OJG/%\[’@)O\ 410nm
Pbl laser Images taken from back side
2
GIass]
= == == |jpescan == =-— -
lAfter 10sec
Al &
¥ TR ¥R _
| == e e B
l Dried in Air
Al Al_ CHP| _Al_ CHPI
S S>> <——>
Pbl, CHPI Pbl, CHPI Pbl,
| Glass|
Process of intercalation 0 1000 2000 3000
Length (um)
(a) PL Line scan from rear side

Figure 5. (&) Scheme of intercalation into RHillm coated with Al metal strips. (b) PL line

mapping performed from the backside of the glagstsate and the corresponding confocal PL
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images obtained using a 410nm diode laser. (c,ojvstorresponding PL image plot and PL

peak intensity across the structures.

PL line scans were performed on a suitably drieglcsire by illuminating from the substrate
side using a 410nm diode laser focused by a 40Xastope objective, and collecting the PL in
reflection mode (Figure 5b). PL images were co#ldctat various locations: the metal
capped/uncapped areas and also at the edges sfvitich were kept open to air. PL line scans
taken across complete length of the film show is¢egreen exciton emissiok.~ 518nm) from
uncovered areas of the film, while no emissioresnsfrom the metal capped area (insets Figure
5b). PL spectral scans over the complete film leragso confirm this (Figure 5c¢). In the case of
metal capped areas on the edge of the film, enmssas observed up to few microns from the
air interface, and the rest of the capped areairmdalark. Note that the Al strips acts as mirror
and at the excitation wavelengths, the intensityaids substantial. This implies that initially
intercalation starts at the edge-air interface hwatganic moieties entering in-between Pb-I
layers to form hydrogen bonds with the first avalgasites. Laterally the linking of organic with
inorganic layers soon creates a complete blockpggenting further movement of organic
moieties along the Pb-I layers. Therefore, thequegftial direction of intercalation, from which
the organic moieties reach gaps between the IRpérs, is preferentially along tleeaxis (from

the top, perpendicular to the substrate plane).
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(a) Top view of Pbl,

(b) Top view of Pbl,> network in CHPI

Figure 6. Schematic representation of crystal packing inRBap and (b) inorganic layers of
CHPI (Pb}* network) seen along the-axis. (Pbj space group i$-3ml with a=4.555A,
b=4.555A and ¢=6.977A and CHPI space groupPi4, a=12.2053A, b=12.3053A and

c=18.3182A)34

With knowledge of the intercalation process dimtt we now suggest a model to
explain the layer-by-layer intercalation processgdbic intercalation transforms the extended
Pbk network of edge-sharing Rbbctahedra (Pb atoms connected by 6 bridging iodinens)
into the 10 hybrid structure of corner-shared gPbttahedrons (Pb atoms connected by 4
bridging | atoms, with 2 terminal | atoms). Thestal packing of Phland the inorganic layer of
CHPI are shown in Figure 6, as seen aloraxis. The asymmetric unit cell of CHPI crystals
contains an open gap between four adjacent ®tthhedra with area ~37A&Figure 6b), whereas
such no gap is available in the case of,fEigure 6a). The interstices seen in CHPI are glpic
for 10 perovskites, and should be compared to th&imum width of the organic molecules of

~5A. We believe the appearance of these gaps dintagcalation allows organic moieties to
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move through the inorganic layers (and downdfais). Our proposed model for layer-by-layer

intercalation is shown in Figure 7.

When the Pblfilm is exposed to the organic ammonium iodidgH{z-NHsl) solution, the |
atoms on the organic moieties attach to the exteitel network as terminal groups, thereby
allowing hydrogen bonding between the —\jfoup and surrounding | atoms (Figure 7c). This
interaction leads to the conversion of the Pafer into an incomplete PB1 network, but also
now creates interstices which allow organic molesub enter the interlayer space and interact
with the bottom surface of the layer in the samg (Fagure 7d). At this stage, the top inorganic
layer is fully converted into an extended cornearglg octahedral network, where each Pb atom
is bonded to two terminals and 4 bridging | atorimeoming organic molecules can then
similarly convert the second inorganic layer. Wdenthat it was previously shown that the
excitons only appears after two Fblayers with organic moieties sandwiched in-betwessn
converted” Hence this origami-like temporary binding and thestonfiguration of layers
happens only when the lower side of each sheatrigerted, with strain taken up through this

sheet reconfiguration process within the orgartierlayer.
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Figure 7. Schematic model and speculative digitized seqakimtercalation process: (a, b)

(e)

layered (with interlayer gap of 6.97A) parent Plolp layer is exposed to organic moiety (R-
NHsl), (c, d) modification of top Pbllayer into extended PSI network and intercalation of
organic via interstitial spaces and exfoliationRdf-1 layer and (e) second layer conversion into
extended P network and the resultant (R-MPbl, 10 hybrid (interlayer separatithof

~18.32 A for CHPI).

We can now discuss our various experimental finglwghin this model. The wide variety of
organic iodide moieties that are found to be effectfor intercalation, and their similar
dynamics, supports our hypothesis that I-bindin@ith the amine-binding is likely. All these

molecules have widths that can fit through the apgsathat are induced in the Rldyers. The
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presence of an optimum initial film thickness sedm$e a balance between solvent surface
damage for very thin films, and poor adhesion ® sbbstrate for thicker films. We previously
also found that induced strain in thicker (>150n@)hybrid films leads to crumpling of the
Pbl? layers, and that defect-induced PL then domin&tdairthermore, we suggest that the
inability of polar solvents to mediate intercalatiarises from their ability to reduce the effective
internal charge of the organic ammonium iodidegdldition to competitive H-bonding between
the polar solvent molecules and the Pb-I netwokhBhese effects cause charge screening, and
inhibit the bond formation required during inteatidn® It is also note that, in contrast, the
polar solvents used here have larger dielectristemts than the non-polar solvents, which also
decreases the effective charge on the organic me®ieThe dependence observed on the
concentration of organic molecule is then likeligizag from the need for cooperative (nonlinear)
organic iodide binding to unlock the Rldyer rearrangement that gives access to the sideer

At high concentrations an opposite effect may airsevhich steric hindrance from many
molecules binding reduces their passage throughsiieet interstices. Thus we suggest that
optimal intercalation is triggered for concentraggust large enough to overcome the van der
Waals binding energy between Pb-1 monolayers. Widulemodel then circumstantially accounts
for the observations, detailed simulations are irequto confirm its exact validity, which is
beyond the scope of the current paper.

We now discuss the structural flexibility of the§® materials. An interesting class of longer
alkyl-chain-based 10 hybrids of type #8>n+1NH3).Pbl (n=12, 14, 16, 18), show phase changes
of the organic moiety conformation frotnans to gauche (and vice-versa), causing structural
changes in the inorganic network as well. The ianorg sheets are flatter and more strained in

phase Il structures (I-Pb-1 angle = 157,4vhile the stable phase | state is more crum@h&tb-I
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angle = 150.2. This has potential for creating reversible sual phase transitions at easily
accessible device temperatures, with reversiblét@xcswitching already observéd®? The
optical, electronic and structural features of éhagbrids are critically dependent on structural
deformations of the Pb-I bonds in the inorgani@tay as well as the conformation of the organic
moiety. So far, thermal-induced exciton flips afhge reversals have been demonstrated only in
solution-processed thin films and crystals. Howetvdras also been shown that such flips are
possible due to aging and thickness efféttdere,in-situ phase changes in these phase-flip 10
hybrids are demonstrated at room-temperature. €i§wghows the room-temperature exciton PL
dynamics obtained for 130nm thick RPHilm intercalated with C12I [(&H2sNH3)l]. During the
intercalation process the unstable phase Il exgi{e19nm) arise immediately but saturate in
intensity within 20s. However, the most stable ghhexciton (~501nm) emerges more slowly
and saturates only after 150s. Similar featuresoéiserved for n=14 10 hybrids (not shown
here).

Conceiving of the phase-flip dynamics at the atédmadecular level is non-trivial. The fall
time of phase Il PL matches the rise time of pHagagure 8b inset), however the intensity of
the phase Il exciton does not drop to zero evesr #ie appearance of phase I. This coexistence
of both phase | and Il excitons suggests a gradtmattural re-arrangement occurring at the
molecular level. In PhJ Pb atoms are coplanar, so it is easier for iatation to commence with
the flatter phase Il inorganic network. As inteatadn continues through the film, the phase I
exciton signal rises and full intercalation is teed at ~40s. Since the top layers in phase Il are
under less strain compared to lower down at thexgatation front, a phase transition from phase
Il to the stable phase | can start at the top. &ylosntly this more crumpled inorganic network

permeates down through the film at a slower rate.
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Figure 8. (a) Room-temperature Phase | (501nm) and Phd5&9hm) exciton emission spectra
observed during C12I intercalation (5mM in benzei8)nm Phi films). (b) Time evolution of

PL spectral intensity during C12I intercalationsétt PL peak intensity as function of time for

phase | and Il excitons.

To further understand the mechanism and kinetiastefcalation, it is essential to establish
the nucleation and growth mechanisms of layeredvysértes. Recently the nucleation, growth
and crystallization of layered materials is ofteralsized and explained by simple models such as
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) (or sinypRvrami) model2®? For example,
Ma et al. studied polymorphic transformation imamium disilicide thin film usingin-situ
resistance measurements, XRD and transmissionraiechicroscopy (TEM), with results
accounted for in this mod&{.Similarly the nucleation and growth mechanism afHd thin film

multilayers and the hydrogen desorption process weil explained by JMAK analysf&.
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Figure 9. Exciton PL peak intensity variation during theeirgalation process of CHI into Bbl
films for various ideal and non-ideal cases. (@®ideal cases for optimum organic molarity
and Pbj thickness; (d-f) araon-ideal cases of intercalation. Plots are labelled with @HI

concentration and Ppfilm thickness. The black lines show theoretiatd tising the modified

JMAK expression (Eg.3, see text).

In the present case, the systematic phase traratiormof Pbj} (hexagonal) to CHPI
(monoclinic), as well as the nucleation and growttechanisms that occur during the
intercalation process can be understood from alsidiIAK analysis®3? According to this

JMAK growth model, which assumes a steady-statesoitbpic transformation from impinging
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randomly distributed nuclei (here molecules), anthwonstant growth rate, the time evolution
of the transformed volume fractidft), at constant temperature is given by

f () =1-expekt™) 1)
Here the rate constaktrepresents the nucleation and growth rate, and\tihhami exponenin
depends on factors such as growth dimensionalitgleation mode, saturation of growth and
site selectivity. For unidirectional (1D) growthm is ~1 while for other dimensionalities and
growth saturation, its value is 3232 Assuming multiple dynamical rates are involvedtlie
exciton PL evolution during intercalation (Figur2<l,8), the above expression can be modified

for exciton PL peak intensitie§{)) as

. 1
I(t) =1 j;z—exp(kjt)mj 2)

In Figure 9, some of the example experimental aifdata from Figs 3 and 4) are fitted using
equation (2), for both ideal and non-ideal intemtiah regimes. In thigleal cases, layer-by-layer
intercalation of organic moieties into RIproceeds with a single exponential component with

= 0.9-1.1 (region 1), strongly supporting the pos argument of unidirectional intercalation

along thec-axis (Figures 5-7). The kinetic parameter is found to be between 10 and 14.
However innon-ideal cases, the PL dynamics contains two componeitsldd regions | and Il
Initially, the intercalation process starts as umittional intercalation (region 1) witm values
ranging between 0.8 to 1.2 and the region spaneahp upto 20 sec. The latter part of curve is

dominated by PL decay (region Il), with negatimeralues ranging from -1.9 to -2.6. The kinetic

parameterk ™ of region Il is one order of magnitude greater paned to region I. For all cases
during the initial few seconds (~2-5sec, dependingtlickness/molarity) the PL intensity

follows a pre-exponential component which is likelye to experimental artifacts such as
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solvent turbulence during intercalation or surfaopurities. The JMAK model analysis broadly
confirms the typical optimized conditions for a peo (ideal) intercalation: having Blihickness
of 100-140nm and organic iodide concentrations -8h in non-polar solvents (preferably,

toluene). Intercalation times are also importanO¢3Rsec, depending on thickness, solvent, and
concentration). Theon-ideal region wherdn’{ >1 with relatively slow kinetic rate suggests that

the intercalation process with non-optimized partanseis dominated by factors such as solvent
damage, saturation of intercalation, or emerginly-gdoectional growth. Nevertheless, we are
able to account for the intercalation process, twhi& compatible with the simple model

presented above.

CONCLUSION

In conclusion, we greatly improved understandinghaf formation of 10 hybrid perovskites
via the intercalation of organic moieties into pdrdéayered inorganic semiconductors. The
evolution of strong room-temperature optical extst@bserved in these multiple quantum well
systems are systematically monitored during intata. For the first time, the dynamics of
intercalation has been studied for [(R-N}Pbl] type inorganic-organic perovskites, and it was
demonstrated that the insertion of organic molecudo the framework occurs through holes
opened progressively into the inorganic monolay&rbasic model is suggested which explains
the intercalation dynamics at the molecular levEhe successful optimization of various
parameters for efficient intercalation has beenaestrated for the organic moiety CHI and Pbl
films, leading to the formation of device qualityirt films. Here the best quality films were
produced using a 130-140nm Pbims with 3-8mM CHI/toluene solutions. Unidirectial (1D)

growth along thec-axis is confirmed both with patterned samples, asihg fits to a simple

25



JMAK nucleation and growth model. Our findings awdevant for the future design and

application of metal halide-based 2D 10 perovsHiia films and nano-structures.
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