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ABSTRACT

In recent years, two dimensional (2D) perovskites have attracted growing interest as a material for optoelectronic applications, combining
the defect tolerance and strong absorption of bulk perovskites with enhanced material stability. Moreover, the possibility to tune their
bandgap via control of the thickness of the perovskite layers allows precise optimization of the energy levels in these materials, making them
ideal candidates for rationally designed semiconductor heterojunctions. However, despite the advances in the synthesis of 2D perovskites,
typical fabrication strategies produce either uniform thin-films or isolated single crystals, severely hindering the prospect of patterning these
materials. We demonstrate an ion-exchange synthesis of 2D perovskites, starting from a lead carbonate host material and converting it to 2D
perovskites via a solution-based treatment. The process allows for the fabrication of 2D perovskites spanning a range of halide compositions
and 2D layer thicknesses and yields highly crystalline luminescent materials. We demonstrate the potential of this approach for 2D perov-
skite patterning, spatially localizing 2D perovskite structures via the conversion of pre-patterned lead carbonate structures. These results sig-
nificantly expand the possibilities of 2D perovskite material design toward controllable integration of 2D perovskites in complex device
architectures.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065070

In recent years, lead halide perovskites have emerged as a promis-
ing class of semiconducting materials due to their high carrier mobili-
ties, solution-processable fabrication, and low impact of defects on
carrier recombination.’ ~ These properties have led to the swift adop-
tion of perovskite materials in optoelectronic devices, exemplified by
the steep rise in efficiency of perovskite based solar cells. ® The tech-
nological potential of perovskites is held back by serious stability con-
cerns, as perovskites tend to degrade in the presence of moisture,
oxygen, heat, and intense illumination, posing a great challenge to the
adoption of perovskite-based devices.””

Within the family of lead halide perovskite materials, two-
dimensional (2D) perovskites have attracted considerable research
attention due to their increased material stability.'’”"” 2D perov-
skites are composed of layers of lead halide octahedra separated by
long organic cations, as shown in Fig. 1(a). The layered structure of

the material induces quantum confinement of carriers inside the 2D
layers, leading to a bandgap energy that depends on the thickness of
the 2D layers.'* Furthermore, the hydrophobic nature of the organic
cations that are used to induce the layering of the perovskite struc-
ture imparts hydrophobic properties to the material, resulting in
increased stability to ambient conditions'”'” and prompting the
integration of 2D  perovskites in device
architectures.'* >’

While solution-based spin-coating approaches are well-suited to
make planar architectures, patterning processes for perovskites have
encountered more difficulties, as these materials are not compatible
with typical solvents employed in lithographic fabrication steps.”* *°
Notably, work on the patterning of 2D perovskite materials is scarce
and is so far limited to micrometer-sized structures obtained via soft-
lithography approaches.”” The limitations of the current patterning
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FIG. 1. (a) Schematic of a 2D perovskite layer: the lead halide octahedra and A-site cations, forming the perovskite layer; the spacer cations, forming the insulating organic
layers between the perovskite layers. (b) Summary of the different material treatments employed in the study together with the expected perovskite structures. (c) Schematic of

the PbCO3 nanoparticle ion-exchange treatment.

approaches highlight the need for novel fabrication strategies, which
can more easily incorporate patterning steps.

Recently, ion-exchange reactions have been used to obtain bulk
(3D) perovskites of different compositions starting from lead carbon-
ate (PbCO;) materials.”*”’ The method yields 3D perovskite materials
with narrow emission and is shown to preserve the morphology and
crystallinity of microscale carbonate structures. Moreover, the method
is compatible with imprint lithography techniques, allowing in-plane
patterning of 3D perovskite materials.”” These results demonstrate a
facile route to robust patterning of perovskite materials, decoupling
the patterning of the structure from the formation of the perovskite
material. While the generality of the ion-exchange method suggests it
could be applied to fabricate lead-containing perovskites of different
compositions, it has so far only been employed for the fabrication of
3D methylammonium and formamidinium lead halide perovskites,
offering limited energy tunability and control over the stability of the
resulting material.

Here, we introduce a PbCO; conversion method to fabricate 2D
perovskites, greatly expanding the range of material systems and mate-
rial properties obtainable with this ion-exchange approach. The
method allows fabrication of luminescent and highly crystalline 2D
perovskites with different halide compositions, different organic cati-
ons, and different distributions of 2D perovskite thicknesses. The

sequential nature of the method, involving the deposition of a host
material and its conversion to 2D perovskites, lends itself to different
patterning approaches and can be employed to construct complex
microstructures with 2D perovskites.

The 2D perovskite structure contains layers of the perovskite
material, i.e., a cage of lead halide octahedra with small organic cations
(A-site cations) fitting in the voids of the structure and layers of long
insulating cations (spacer cations) separating the perovskite layers
[Fig. 1(a)]. In order to form a 2D perovskite phase starting from a
PbCOj; host material, the halide species, the spacer cation, and option-
ally the A-site cation need to be delivered to the PbCO; structure. To
do so, we dissolved appropriate organo-halide salts in isopropanol and
exposed PbCO; nanoparticle films to the solution (see the supplemen-
tary material, Sec.s S1 and S2).

Butylammonium halide (BAX with X =1, Br) and phenetylam-
monium halide (PEAX with X =1, Br) salts, providing the butylam-
monium (BA) and phenetylammonium (PEA) spacer molecules, are
widely employed as precursors for 2D perovskites and are, therefore,
good candidates to benchmark the properties of the 2D perovskites
resulting from the ion-exchange approach. In the presence of the
spacer alone, only monolayers (n=1) of the 2D perovskite structure
can be formed, consisting of a single perovskite octahedron across the
layer thickness. If the ion-exchange solution also contains a smaller
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cation fitting within the cage of the 3D perovskite structure (A-site cat-
ions), then thicker quasi-2D perovskite layers (n > 1) can form. We
employed methylammonium halide (MAX with X =1, Br) as an A-
site cation. Depending on the choice of the salt, a range of different
compositions and 2D layer thicknesses can be obtained [see Fig. 1(b)].

To convert the PbCO; films into 2D perovskites, 200 ul of an
ion-exchange solution was pipetted on top of the PbCO; films in a
nitrogen-filled glovebox [see Fig. 1(c)]. The pipetted solution covered
the whole 15 x 15 mm substrate, and the volume used was sufficient
to ensure that evaporation effects are negligible during the duration of
the conversion process (1-4 min). At the end of the conversion pro-
cess, the excess solution is discarded, and the substrate is immersed in
fresh isopropanol to remove unused precursors from the surface of the
film. For the ion-exchange reactions involving BAJ, and those involv-
ing a mixture of BAI-MALI, a color change is evident at the end of the
conversion, suggesting the formation of chemical species with a
bandgap in the visible range. The BABr-based ion exchange procedure
did not give rise to an appreciable color change, as the 408 nm
bandgap for the (BA),PbBr, n = 1 perovskite is at the edge of the visi-
ble range.”” Morphological changes in the nanoparticle film surface
depended on the ion-exchange conditions, with the BAI-based reac-
tion showing signs of large-scale recrystallization of the material
formed, absent in the case of the BAI-MALI exchange (see the supple-
mentary material, Sec. S13 and Fig. S13).

To determine the nature of the materials formed after the ion-
exchange exposure, we performed ultraviolet-visible (UV-VIS) absorp-
tion measurements. Figure 2(a) shows the absorption spectrum of a
PbCO; film (gray) and the absorption of a PbCO; film exposed to a
BAI ion-exchange solution for 2 min. While the unexposed PbCO;
film has no absorption in the visible range, the film exposed to BAI
has an excitonic peak at the absorption onset, at a wavelength closely
matching the expected absorption peak for n =1 (BA),Pbl, 2D perov-
skite'" (510nm, vertical line). Photoluminescence (PL) spectra,
obtained from the same film, show the presence of a narrow emission
peak at the energy of the 2D perovskite band-to-band emission. Figure
2(b) shows a similar plot for 2min BABr conversion, resulting in an
excitonic peak centered at the expected exciton energy for n=1
(BA),PbBr4 2D perovskite’' (398 nm, vertical line). The presence of
the absorption and emission peaks at the bandgap energies of the I-
based and Br-based n=1 2D perovskites indicates the formation of
the n =1 2D perovskite phases as a result of the BAI-based and BABr-
based ion-exchange treatments.

Further evidence of the formation of the 2D perovskite phases
can be obtained by measuring x-ray diffraction (XRD) of the con-
verted films. Figure 2(c) shows the XRD signal from a sample before
and after exposure to the BAI ion-exchange solution, highlighting the
appearance of sharp diffraction peaks at low angles. The dominant dif-
fraction peak is located at a 2*6 value of 6.42°, corresponding to a peri-
odicity of 1.38 nm. This value closely matches the inter-layer distances
expected for periodic stacks of 2D perovskite layers."' The sharp
nature of the peak suggests the formation of large crystallites of stacked
2D perovskite layers. Using the Scherrer equation to obtain a rough
estimate of the crystallite size, we obtain a value of 63 nm, suggesting
the formation of an extended crystalline domain within the ~100 nm
sized PbCO; NPs (see the supplementary material, Figure S1). The
presence of another diffraction peak at 5.77° is associated with residual
BALI (see the supplementary material, Sec. S8 and Fig. S8). In contrast

scitation.org/journal/apl

to the strong changes observed at low angles, the XRD signal for
2"0> 10° remains mostly unchanged. In particular, the XRD peak at
25°, associated with the PbCO; cerussite (111) peak,” is left
unchanged by the ion-exchange exposure. This evidence suggests that
despite the formation of crystalline 2D perovskite domains, part of the
film remains unconverted for the conversion duration used in our
study.

The XRD signal obtained from the BABr-exposed PbCO; film
reveals a similar picture, characterized by no changes in the signal at
270> 15 degrees and the appearance of a sharp diffraction peak at
6.45° (1.369 nm), matching closely the value obtained for the BAI-
exposed film. The similarity between the peaks in the Br- and I-treated
samples is expected in the case of the formation of ordered stacks of
2D perovskite layers, as both treatments should result in butylammo-
nium cations separating the 2D layers. The width of the diffraction
peaks provides an estimate for the size of the crystallites of 79 nm. In
the BABr-treated sample, it is also possible to see the presence of a
second-order diffraction peak associated with the stacks of 2D layers,
appearing at 12.89°. Overall, the combined evidence of UV-Vis and
XRD data demonstrates that the ion-exchange treatment converts part
of the PbCOj in the films into highly crystalline domains of (BA),Pbl,
2D perovskite (BAI-treatment) and (BA),PbBr, 2D perovskite (BABr-
treatment).

In addition to the fabrication of monolayer (n= 1) 2D perovskite
materials, introducing MA-halide precursors into the ion-exchange
solution allows for the growth of both n=1 2D layers and n>1
quasi-2D layers. In our approach, we added a MA-halide salt to a
BA-halide ion-exchange solution and performed the ion-exchange
exposure as for the BAI and BABr treatments. Additionally, we char-
acterized the effect of skipping the isopropanol washing step to allow
long-term exposure of the film with perovskite precursors remaining
on the sample surface after the evaporation of the solvent.

Figure 3(a) shows the absorption spectra of a film treated with the
BAI+MAI ion-exchange solution either washed (blue trace) or
unwashed (green trace). Both traces show the appearance of several
peaks in the absorption spectrum, with the washed sample displaying
an absorption onset extending toward the bandgap energy of the 3D
MAPDI; perovskite, suggesting the presence of a 3D perovskite phase
mixed with the 2D phase. Taking the second derivative of the absorp-
tion spectra [Fig. 3(b)] reveals that the wavelengths of the observed
peaks match those of the excitonic peaks of different n-values
(BA),(MA),, ,Pb,I5, ;. While the large energy shift expected for the
lowest n-values leads to well-separated peaks for n = 1-4, higher n val-
ues produce overlapping peaks that cannot be resolved from the contin-
uum of 3D perovskite absorption. Similar results are obtained for the
samples treated with a mixture of phenetylammonium iodide and MAI
and with a mixture of MABr and BABr, with the appearance of absorp-
tion peaks at energies associated to the 2D perovskite layers (see the sup-
plementary material, Secs. S11 and S12 and Figs. S11 and S12).

Typically, synthesis of quasi-2D perovskites with n > 2 leads to
the formation of a distribution of different n-values within the same
sample, with phase-pure n > 2 2D perovskite films achievable only via
the hydrogen halide solution-based crystallization method.'""’
Interestingly, the unwashed sample is characterized by a narrower n-
value distribution, showing the presence of n =1, 2, and 3 layers, while
missing the higher n-value layers and a 3D perovskite absorption (see
the supplementary material, Sec. S10 and Fig. S10). This observation
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FIG. 2. Absorption and PL spectrum from a PbCO; film ion-exchanged with BAI (a) and BABr (b), compared to the absorption spectrum of an untreated PbCO; film (grey
traces). [(c) and (d)] XRD measurements performed on a PbCO; film ion-exchanged with BAI (a) and BABr (b), compared to the signal obtained on an untreated PbCOj film

(grey traces).

suggests that the films continue to react in the solid state, and changes in
the time between the drying of the ion-exchanged film and the washing
step offer an effective handle to control the distribution of 2D perovskite
n-values in the ion-exchanged samples. Similar tuning of the n-values dis-
tribution can be achieved changing the exposure time of the ion-exchange
treatment (see the supplementary material, Sec. S9 and Fig. S9).

Having demonstrated the formation of 2D perovskites after the
ion-exchange procedure, we now further elucidate its chemical path-
way. In particular, Holtus et al. have shown that the conversion from
PbCO; to 3D perovskites proceeds via a two-step reaction, involving
the formation of an amine species and the in situ generation of lead
iodide, followed by a reaction between lead iodide and excess methyl-
ammonium halide.”® Analogously, we propose the following mecha-
nism for the PbCO; conversion into 2D perovskites during
butylammonium halide treatment:

(1) PbCO; + 2CH;3(CH,),NH;X S PbX, + H,0 + CO,
+2CH;(CH,),NH,,
(2) PbX; + 2CH;(CH,);NH;X = [CH3(CH,);NH; |, PbX,.

To validate the proposed reaction scheme, we monitored the for-
mation of the reaction side product butylamine (CH;(CH,);NH,)
using a HPLC-UV (high performance liquid chromatography, coupled

to a UV-detector) detection method.”® The method requires reacting
butylamine formed during the reaction with an aldehyde (benzalde-
hyde), leading to the formation of an imine species [see Fig. 4(a)]. The
imine and aldehyde species absorb UV light, each leading to a signal at
a distinct retention time in the HPLC measurement [see Figs. 4(b) and
S2]. This allows us to differentiate between reacted and unreacted alde-
hyde molecules, enabling butylamine quantification (see the supple-
mentary material, Sec. S5 and Figs. S2-S5).

Taking aliquots of an ion-exchange solution at different times
during the conversion process, then adding the aldehyde to the ali-
quots and measuring HPLC, we are able to map the dynamics of
butylamine formation during the conversion process. Figure 4(c)
shows the concentration of butylamine detected in the aliquots as a
function of the reaction time. The sudden increase in the butylamine
concentration after 1 minute confirms the formation of butylamine
and highlights the fast dynamics of the conversion process. The fol-
lowing aliquots show that butylamine formation continues in the
2-4min range, in line with the increase in material conversion
observed in going from 2 to 4 min reaction time (see the supplemen-
tary material, Sec. S7 and Figs. S6 and S7).

These results offer insights into the behavior of this 2D synthesis
pathway, suggesting strategies for controlling the dynamics of 2D

Appl. Phys. Lett. 119, 223102 (2021); doi: 10.1063/5.0065070
© Author(s) 2021

119, 223102-4


https://www.scitation.org/doi/suppl/10.1063/5.0065070
https://www.scitation.org/doi/suppl/10.1063/5.0065070
https://www.scitation.org/doi/suppl/10.1063/5.0065070
https://www.scitation.org/doi/suppl/10.1063/5.0065070
https://www.scitation.org/doi/suppl/10.1063/5.0065070
https://scitation.org/journal/apl

Applied Physics Letters

Q

4 —— washed
—— unwashed

1.0

0.8

0.6

0.4

0.2

Normalized absorbance (arb.u.)

0.0
450 500 550 600 650 700 750 800
Wavelength (nm)

—~ = washed

E 0.002{ n= 2| 3| 4 urwashed
£

[J]

£ 0.001

©

2

]

wv

8 0_000% A.,WM
©

()]

= J

-

£ o.001 J

9]

©

2 -0.002

N_ .

ARTICLE scitation.org/journal/apl

450 500 550 600 650 700 750 800
Wavelength (nm)
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between 1 and 3.

perovskite formation in the reaction. We note that adding the alde-
hyde to the ion-exchange solution during the PbCO3 exposure would
push the reaction toward the formation of the butylamine product and
could be used as a way to alter the relative rate of the two steps of the
reaction.

Aside from providing high-quality 2D perovskite materials, the
ion-exchange fabrication route also presents advantages for patterning
and structuring of perovskite materials. The two-step nature of the
fabrication, involving the formation of a robust PbCO; host and its
subsequent conversion into a perovskite material, allows for a facile
conversion of complex PbCOj; structures into perovskites, avoiding
the difficulties of patterning delicate perovskite materials.”” We dem-
onstrate the possibility of using the ion-exchange to obtain complex
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2D-perovskite-containing  microstructures, starting from = self-
assembled coral-shaped BaCOj; structures (see the supplementary
material, Sec. $3), ion-exchanging them into PbCOs,”* and finally ion
exchanging them into 2D perovskites. Following the previous work on
the conversion of PbCOj structures into 3D perovskites, we performed
the 2D perovskite exchange via a vapour-phase version of the treat-
ment (see the supplementary material, Secs. S4 and S14 and Fig. S14).
Figures 5(a) and 5(b) show a scanning electron microscopy (SEM) pic-
ture of a PbCO; coral-shaped structure before (a) and after (b) the
vapour-phase version of the treatment with MABr + BABr. The shape
and fine details of the original PbCO; structure are left mostly
unchanged by the ion-exchange process, while energy dispersion spec-
troscopy (EDS) confirms virtually complete conversion [Fig. 5(c)].

(@]

ul [e)]
o o

N
o

N
o

Butylamine concentration (mM)
[l w
o o

o

0 1 2 3 4
Reaction time (minutes)

FIG. 4. (a) Scheme representing the reaction between benzaldehyde and butylamine, leading to the formation of an imine species. (b) Chromatograms comparing the ion-
exchange solution before exposing it to PbCO5 to aliquots taken from the ion-exchange solution at different exposure times during the reaction, showing an increase in the sig-
nal from the imine species. (c) Plot of the concentration of the butylamine species in the aliquots as a function of the reaction time.
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FIG. 5. [(a) and (b)] SEM pictures of a PbCO5 microstructure before (a) and after (b) MABr--BABr ion-exchange performed in the vapour-phase. (c) EDS graph before and
after ion-exchange. (d) Photoluminescence spectrum of an ion-exchanged microstructure (vapour-phase PEAI exchange), showing an emission centered at the bandgap
energy of the n=1 (PEA),Pbl, 2D perovskite. () SEM image and (f) photoluminescence map from the structure whose spectrum is shown in panel (d). The colorscale in
panel (f) shows the emission intensity in the 515-535 nm range, revealing localization of the emission on the microstructure.

Figure 5(d) shows a PL spectrum from a structure converted with
vapour-phase PEAI treatment, highlighting the presence of a PL maxi-
mum around 525 nm, associated with emission from the (PEA),Pbl,
2D perovskite material. Figures 5(e) and 5(f), respectively, show an
SEM image and a PL map obtained on the PEAI-exchanged coral-like
structure whose PL spectrum is shown in Fig. 5(d). The colormap
shows the intensity of the emission in the 515-535 nm range as a func-
tion of the position, indicating a localization of the emission of the 2D
perovskites on the PbCOj5 structures. Similar results are obtained con-
verting PbCOj; structures via the solution-based version of ion-
exchange treatment (see the supplementary material, Sec. S15 and Fig.
S15). These results show that the conversion of complex PbCOj5 struc-
tures is easily extensible to 2D perovskites, opening the door for com-
plex design of 2D perovskite microstructures.

In conclusion, we have demonstrated that an ion-exchange reac-
tion mechanism can be successfully applied to the fabrication of 2D
perovskites, obtaining luminescent materials with high crystallinity,
tunable dimensionality, and different halide compositions. The range
of materials obtained allows extending the bandgap tunability of 3D
perovskites further, while benefiting from the well-known stability
increase associated with 2D perovskites. Furthermore, the ion-
exchange process unlocks a wide range of patterning strategies for 2D
perovskites, as demonstrated by our fabrication of coral-like micro-
structures of 2D perovskite heterojunctions. The results demonstrate

the potential of the proposed method to incorporate 2D perovskites in
complex structures and device architectures, paving the way for novel
2D perovskite optoelectronic devices.

See the supplementary material for information on the fabrica-
tion of PbCO5; NP films, fabrication of PbCO; microstructures, ion-
exchange procedures, HPLC characterization of ion-exchange kinetics,
characterization techniques, the effect of ion-exchange time on mate-
rial conversion, the XRD signal from unreacted BAI precursor, the
effect of ion-exchange time and washing steps on layer thickness dis-
tribution in MAI+BAI-treated samples, the PL signal from
MABr+BABr-treated and MAI+PEAI-treated PbCO5 NP films, the
effect of ion-exchange treatments on PbCO; NP film morphology, the
PL signal from vapour-phase MABr+BABr-exchanged microstruc-
tures, and PL maps from liquid-phase MABr+BABr-exchanged
microstructures.
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