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Heterojunction perovskite microrods prepared by remote-

controlled vacancy filling and halide exchange

Md Shahjahan,* Ken-ichi Yuyama,'?* Takuya Okamoto,?> Vasudevanpillai Bijut2*
!Graduate School of Environmental Science, and ?Research Institute for Electronic
Science, Hokkaido University, Sapporo, Hokkaido 001-0020, Japan
*Corresponding author yuyama@es.hokudai.ac.jp; biju@es.hokudai.ac.jp

Abstract. Anion exchange reaction tunes the bandgap of halide perovskites, which
proceeds by the migration of the ions through the halide vacancies. We report the
preparation of the heterojunction perovskite microrods by optically controlled localized
halide vacancy filling, and halide exchange leading to colour tuning in the MAPbBr3
microrod crystals. The exchange reaction is homogeneously suppressed by treating the
crystal with a halide precursor solution, whereas the reaction is locally inhibited at the
specific site of a crystal by filling the halide vacancies using a tightly focused beam of a
near-infrared laser. By controlling the density of halide vacancies at the specific site of
the crystal, we control the rate of non-radiative recombination of charge carriers in the
crystal. This halide vacancy filling by the remote-controlled reaction helps us to locally
control the crystal quality and photoluminescence for designing perovskite-based high
guality photovoltaic and optoelectronic devices.
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Halide perovskites have given researchers an indisputable curiosity toward the
development of cost-effective, and solution-processable next-generation photovoltaic
and optoelectronic devices.! In general, the solution-processed halide perovskites are
of low-quality due to an abundance of crystal defects. Nevertheless, when compared with
a conventional semiconductor, perovskite crystals show superior properties such as long-
range anion diffusion, wide optical absorption range, excellent photoluminescence (PL)
quantum efficiencies, low exciton binding energy, and high electron and hole mobilities.?
In addition, the crystal lattices of perovskites undergo rapid exchange reactions when
exposed to reactive halide precursors, which results in the bandgap tuning throughout
the broad spectral range from visible to near-infrared (NIR).E!

The quality of perovskite crystals is strongly affected by the nature and density of
defects, particularly anion or cation vacancies.l*! These defects generate structural
distortions and induce anion and charge migrations or segregations, lowering the
performance of perovskite devices. Therefore, it is essential to figure out the nature and
density of the defects and reduce or remove them to improve the quality of such devices.
Defects of perovskite nanocrystals, bulk crystals, and thin films are studied theoretically
and experimentally. For example, the free-energy change of defect formation can be
computed from a molecular simulation. The chemical compositions of perovskite crystals
can be verified with techniques such as energy dispersive X-ray (EDX) or (X-ray
photoelectron spectroscopy(XPS).5! However, quantification of the defect density in a
perovskite crystal is still challenging. Time-resolved PL spectroscopy reveals the
relaxation processes of photogenerated charge carriers, which also helps to estimate the
trap state density. While these sophisticated methods provide direct information of
defects, we found the halide vacancies have a critical role in localized anion exchange
reaction.

Here, we report that the halide exchange reaction of perovskite microrod crystals can
be suppressed by pre-treating the crystal with the constituent halide ions. A green
emissive as-grown MAPDbBr3 (MA = CHsNH3*) crystal shows the rapid Br-to-I" exchange
reaction in an MAI solution and the PL emission changes to red due to the formation of
MAPD(Br-I)s. Conversely, a MAPbBrs microrod pre-treated with MABr remained green
emissive even after prolonged incubation with a MAI solution. We consider that the
bromide vacancy filling suppresses the exchange. In addition, such vacancy filling is
induced in a spatially resolved manner by irradiating with a tightly focused non-resonant
laser beam, and subsequently, the exchange reaction proceeds only in the non-irradiated
part. These findings provide us with a new way to optimize the optoelectronic properties
of perovskite crystals at the desired location.

The scheme in Figure 1a shows the experimental process for halide vacancy filling
of a MAPbBr3 microrod. MAPbBrs microcrystals with the rod shape were prepared in the
following process. The precursor solution of MAPDbBr3 (1.3 M) was prepared by dissolving



equimolar amounts of MABr and PbBr2 in N,N-dimethylformamide (DMF). Based on the
reported solubility curve, the saturation degree was calculated at 0.85 for this solution at
room temperature.[® To decrease the precursors’ solubility, the prepared solution was
mixed with y-butyrolactone (1:1, v:v), through which a supersaturated solution was
obtained. A small amount (ca. 0.5 uL) of this solution was placed in a sample silicone
chamber, which was fabricated by gluing an O-ring shaped silicon rubber on a cover
glass with silicone glue. Spontaneous crystallization of MAPbBr3 occurred within 2—3 min.
After removing the remaining solution with a filter paper, the solution of MAI (375 pM),
prepared in a mixture of 1-hexadecene and isopropanol (100:1, v/v) was added to the
chamber to induce the bromide-to- iodide exchange reaction [Figure 1a (i and iii)].
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Figure 1. (a) A scheme of the experimental procedure for halide filling and exchange reactions.
(b, f) PL images and (c, e, g) PL spectra of an as-grown MAPbBr; microrod crystal and the
crystal in (e) a MABr or (c, g) a MAI solution. The crystal [f(i)] was treated with a MABr solution
prior to an incubation with the MAI solution. (d) (i, ii) SEM images and (iii-vi) EDX elemental
maps of a MAPbBr3 microrod crystal (i, iii, iv) before and (ii, v, vi) after immersing in a MABr
solution.



First, we recorded the PL images of an as-grown MAPbBr3 microrod crystal and the
crystal in the reaction solution of MAI (Figure 1b). These images were obtained upon
exciting the crystal with a 405-nm excitation laser beam (Supplementary Information (SI).
Before the addition of the MAI solution, the MAPDbBr3 crystal showed intense green
emission in the whole area [Figure 1b (i)]. In the MAI solution, the green emissive as-
grown crystal gradually changed its emission colour into red. At about 5-min, the whole
crystal showed the red PL [Figure 1b (ii)]. This change from the green to the red PL is
induced by the resultant MAPDb(Br-I)3, which is through the halide exchange reaction
between bromide ions in the crystal and iodide ions in the solution. Figure 1c shows the
PL spectra of the crystal before and after the addition of the MAI solution. These spectra
were measured at the center part of the crystal. Initially, the PL spectral maximum was at
545 nm. This maximum is well-matched with the reported value for a MAPbBrs bulk
crystal.l’l Conversely, the PL spectral maximum was redshifted to 740 nm after 5-min
incubation with the MAI solution. The broad spectrum PL spectrum of the halide
exchanged crystal is attributed to the formation of MAPDb(Brl)s with different Br and |
compositions. However, the PL spectral maximum indicates that the exchange reaction
resulted in the formation of predominantly MAPDbBrosl2.2, which is based on the reported
relation between PL spectral maxima and the halide composition.[3]

To evaluate the role of the halide vacancies on the exchange reaction, we pre-
treated the as-grown MAPbBrs microrod with a MABr solution [Figure 1a (ii and iii)]. Here,
the synthesized crystal was immersed in the 1-hexadecene/isopropanol (100:1) solution
of MABTr (375 uM) for 5-min, after which the MABr solution was removed. We examined
the Br vacancy filling in as-grown MAPbBr3 microrods by recording the SEM-EDX (Figure
1d) and PL (Figure 1e) spectra of the rods before and after immersing in a MABr solution
(375 pM). Figure 1d shows the SEM images (i and ii) and EDX elemental maps (iii-vi) of
a microrod before and after the Br vacancy filling. The Br composition of the microrod
was increased by 9% after immersing in the solution, confirming vacancy filling. Similarly
to an increase in the bromide composition, the PL intensity of a microrod incubated in the
MABr solution was increased as shown in Figure le. Subsequently, the crystal was
incubated in the MAI solution for 20-min. Like the microrod in Figure 1b, the initial
MAPDBr3 crystal was green emissive in the entire region [Figure 1f (i)]. Different from the
case of an as-grown crystal without MABr treatment, the crystal pre-treated with MABr
retained its green emission in the MAI solution [Figure 1f (ii)] even after a prolonged
incubation. The initial PL spectral maximum was observed at 545 nm that was kept intact
after the incubation in the MAI solution (Figure 1g). The low PL intensity of the MAI treated
crystal is attributed to the following band distributions. The reduction in the PL intensity
to one fourth of its initial value (Figure 1g) indicates the formation of low iodide composed
MAPDb(BTr-1)s from the MAPDbBr3 crystal. The energy gap between the conduction bands
of MAPbBrs and MAPDlIs is about 0.1 eV.[® In the case of MAPbBr3-nln (n = 0 to 1), this



energy gap is comparable to the thermal energy at room temperature, allowing for the
migration and localization of photogenerated electrons between MAPDbBr3 and
MAPDbBr3-nln. Conversely, holes are trapped in the iodide rich region because of the
higher valance band levels in MAPb(Br.l)3, suppressing the radiative recombination after
the exchange. To understand the role of such conduction and valance band states in
MAPDbBrs and MAPD(Br.1)s in the nonradiative recombination, and the PL intensity of a
halide exchanged crystal, we measured the PL decays of the crystal before and after
immersing in a MAI solution. We found a decrease (from 7 ns to 1 ns) in the PL lifetime
of the crystal after immersing in a MAI solution (Figure S1]. As the result, the emission
from the mixed halide crystal is quenched. Furthermore, the charge carrier segregation
and nonradiative recombination quench the green PL (Figure 1f (i) and g). In addition to
the poor overlap between the electron and hole states, PL quenching and perovskite
decomposition may occur through the vacancy-assisted oxidation of iodide ions.

The above PL image and spectral changes clearly indicate that the spontaneous

halide exchange reaction of MAPbBr3 with MAI is inhibited by treating the crystal with a
MABT solution. The role of MABTr to suppress the Br-to-1 exchange reaction was examined
using the plate-shaped MAPbBrs microcrystal [Figure S2]. The PL spectral data allow us
to consider that the exchange reaction is inhibited by filling of the bromide vacancies
using a MABr solution. It is proposed that the exchange reaction occurs via a vacancy-
assisted diffusion mechanism.!! Halide vacancies promote an efficient migration of halide
ions inside a perovskite crystal, which results in the propagation of the exchange reaction
from the surface to the bulk of a crystal.
To verify the role of laser irradiation on the filling of halide vacancies at the desired
location, we selected MAPDbBr3 microrods and locally irradiated them with a 1064-nm
focused laser beam (Figure 2a). Filling of halide vacancies in a MAPbBr3 crystal with
bromide ions is like its exchange reaction with iodide ions in view of the uptake of halide
ions into the crystal. After preparing MAPbBr3 microrods in a chamber, a reaction solution
of MABr (250 uM) was added to the chamber [Figure 2a (i)]. Subsequently, the center
area of the microrod was irradiated by a tightly focused NIR laser beam [Figure 2a (ii)].
After 20-min irradiation, the laser was switched off, the MABr solution was removed, and
the chamber was incubated with the MAI (375 uM) reaction solution to examine if any
bromide to iodide exchange reaction takes place [Figure 2a (iii)]. Figure 2b shows PL
images of an as-grown MAPbBrs microrod crystal and the crystal in the reaction solution
of MAI. The initial MAPDbBr3 crystal showed green emission in the whole area [Figure 2b
()]. After the incubation in the MAI solution, the PL colour of the crystal at the non-
irradiated area was gradually changed from green to red, where the vacancies were
partially filled. Importantly, the irradiated central area remained green emissive [Figure
2b (ii)], where the halide exchange was locally suppressed by NIR laser-assisted filling
of the Br vacancies. PL spectra of the crystal were measured in the MAI solution both
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Figure 2. (a) A scheme of the experimental procedure for the laser irradiation to a MAPbBr;
microrod in the solution. (b) PL images of (i ) an as-grown MAPbBTr; microrod crystal, and (i)
the crystal incubated in the MABTr solution and irradiated at the center with the NIR laser and
subsequently incubated in a MAI solution. (c) PL spectra of the crystal in a MAI reaction solution
at the irradiated and non-irradiated areas.

from the non-irradiated and irradiated areas (Figure 2c). In the former area of the crystal,
two PL peaks were observed at 545 nm and 615 nm, which are ascribed to the as-grown
MAPDBTr3 and the halide exchanged MAPb(Br:1)3, respectively. Conversely, the irradiated
centre part showed only one PL wavelength maximum (545 nm) similarly to the PL of the
as-grown crystal. Thus, the irradiation by a focused laser beam locally fills the bromide
vacancies in a MAPDbBr3 crystal immersed in a MABr reaction solution and inhibits the
bromide to iodide exchange reaction when incubated in a MAI solution.

To understand the underlying mechanism of the spatially controlled inhibition of the
exchange reaction, two-photon excited PL spectra from the centre of the crystal were
recorded at equal time intervals while exciting with the focused NIR laser. There was no
distinguishable change to the PL maximum of the irradiated area of the crystal immersed
in a pure solvent [1-hexadecene/isopropanol (100:1)] (Figure 3a). Conversely, the PL
intensity is increased more than 4 times in a MABr solution and saturated at 24 min
(Figure 3b). After the irradiation into the central area of the crystal for 24 min, a PL
spectrum was measured at the edge of the crystal by two-photon excitation with the NIR
laser. The PL spectrum at the edge was essentially the same as the initial one (Figure
3b), and the PL intensity enhancement was observed only at the central irradiated area
(Figure 3c).

To validate the relationship between localized vacancy filling and nonradiative
carrier recombination, the PL lifetimes of the microrods were studied in the laser
irradiated and non-irradiated areas. Along with a PL intensity enhancement, the PL
lifetime of the microrod was different at the laser irradiated and non-irradiated areas
(Figure 3d). The average PL lifetime at the non-irradiated area was 15 ns. Interestingly,
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Figure 3. (a,b) Two-photon excited PL spectra of MAPbBr; microrods obtained in (a) a pure
solvent without MABr and (b) in a MABTr solution. Inset: the time evolution of the PL intensity at
545 nm. (c) PL spectra of an as-grown MAPbBrz microrod in a MAI reaction solution and
measured at the laser irradiated and non-irradiated areas of the rod. (d) PL decay curves of the
microrod at the laser irradiated and non-irradiated areas.

the PL lifetime was increased up to 23 ns by the NIR laser irradiation. Such an increase
in lifetime was observed for all the microrods measured. The PL lifetime values at the
non-irradiated parts were different among rods, which is due to a difference in the quality
of the rods. Regardless of the initial PL lifetime, the laser irradiated area of a microrod
consistently showed longer lifetime than a non-irradiated area. Thus, the NIR laser
irradiation into a MAPbBTr3 crystal immersed in a MABr solution increased the PL intensity
and lifetime. These changes suggest that the NIR laser irradiation decreases the density
of halide vacancies at the irradiated area, which results in the suppression of nonradiative
charge carrier recombination.

Here, we summarize the dynamics of inhibition of halide exchange reaction in
MAPDbBrs microrods. An as-grown MAPbBrs microrod contains many halide vacancies
that traps photogenerated electrons. Bromide ions migrate inside a crystal via the halide
vacancies. The exchange reaction with iodide ions proceeds through such an anion
diffusion (Figure 4a)!1%. Upon the treatment of a MAPbBr3 microrod with MABr, bromide
ions fill the halide vacancies and improve the crystal quality. Thus, the PL intensity is
increased and the PL lifetime becomes long. Also, anion migration inside the crystal is
suppressed by filling the vacancies, and as the result, the exchange reaction is inhibited
in the crystal pre-treated with MABr (Figure 4b). Such a filling of the halide vacancies is
induced at the specific site of a MAPbBr3 microrod immersed in a MABr reaction solution
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by irradiating the focused NIR laser beam. The Br-to-1 exchange reaction in a MAPbBr3
microrod takes place exclusively in the non-irradiated areas (Figure 4c). Conversely, Br
vacancies were filled in the irradiated area.

We consider that Br- vacancies in the irradiated part of a microrod is efficiently filled
by NIR laser irradiation.l'] Since the pioneer report by Ashkin et.al in 1986 on optical
trapping of particles using a single beam gradient force,[*? optical force is often being
utilized for patterning of nanoparticles,!*3l crystallization of molecular and ionic
compounds, and controlling phase transition or separation spatiotemporally.[*> The
applied optical force on a nm-size object using a focused laser beam is proportional to
the volume of the target object. However, the reactive halide precursors are too small to
realize the laser trapping force. Thus, we propose the following mechanisms to account
for the localized halide exchange and rule out the effect of temperature and light. We
consider that due to the strong optical force generated by the focused laser beam, a
group of the precursors comes to the focal spot and remains there. Also, the diffusion of
such a group of molecules is two-dimensionally suppressed at the solid/liquid interface.
Although the dynamics of laser trapping is unsolved at the present stage, we infer that
an increase in the concentration of MABr contributes to local filling of the Br vacancies.

In summary, we have successfully shown a facile post-synthesis method to control
the anion exchange reactions of halide perovskite microrod single crystals. The exchange
reaction is inhibited by treating the crystal with the constituent halide ions to fill the
vacancies. We have also demonstrated the inhibition of such anion exchange reaction in
a site-selective manner by irradiating a focused NIR laser. Thus, these findings offer a
new methodology for spatially resolved halide vacancy filling and improving the



properties of perovskite materials toward the fabrication of high-quality semiconductor
heterojunction devices.
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