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Halide perovskites are promising semiconductor materials for solution-
processed optoelectronic devices. Their strong ionic bonding nature
results in highly dynamic crystal lattices, inherently allowing rapid ion
exchange at the solid-vapor and solid-liquid interface. Here, we show
that the anion-exchange chemistry can be precisely controlled in
single-crystalline halide perovskite nanomaterials when combined
with nanofabrication techniques. We demonstrate spatially resolved
multicolor CsPbX3 (X = Cl, Br, |, or alloy of two halides) nanowire
heterojunctions with a pixel size down to 500 nm with the photo-
luminescence tunable over the entire visible spectrum. In addition,
the heterojunctions show distinct electronic states across the inter-
face, as revealed by Kelvin probe force microscopy. These perovskite
heterojunctions represent key building blocks for high-resolution
multicolor displays beyond current state-of-the-art technology as
well as high-density diode/transistor arrays.

nanowire | halide perovskite | anion exchange | heterojunction

ignificant research efforts are currently directed toward lead

halide-based perovskites, owing to their unusual optoelec-
tronic and photovoltaic properties (1-5). In addition to polycrys-
talline thin films, various solution-based synthetic routes toward
low-dimensional nanostructures of halide perovskites have been
recently demonstrated, with control over size, shape, mixed ha-
lide composition, and consequently their band gap and emission
wavelength (6-10). Interestingly, it has been shown that these
materials, both in bulk and in nanocrystalline form, can undergo
fast anion-exchange reactions at the solid-liquid or solid—gas
interface, with a fine-tuning of the chemical composition and
electronic properties (11-14). The fast ion-exchange kinetics in
halide perovskite are related to the low defect formation energy
and the existence of a large number of vacancies, which make the
ions highly mobile in the crystal lattice (15). As a result, the anion-
exchange reaction in halide perovskites favors forming homoge-
neous alloys instead of any kind of heterostructures as commonly
observed in II-VI semiconductor compounds. If the exchange
reaction can be localized at particular positions, then it is possible
to produce substrates with well-defined patterns of semiconductor
heterojunctions (16-20). The physical properties (optical, elec-
trical, magnetic, etc.) of the heterostructure are fundamentally
interesting, and the patterned semiconductor heterojunctions are
essential for the fabrication of large-scale high-density integrated
electronic and photonic devices.

Compared with perovskite polycrystalline thin films and quan-
tum dots, single-crystalline nanowires provide an ideal platform
for producing and studying heterojunctions via ion-exchange
chemistry because of the absence of grain boundaries and the
unique one-dimensional geometry (21-24). The relatively thin
diameter of the nanowire ensures rapid ion exchange in the radial
direction, whereas the micrometer scale length creates a natural
channel for studying the optical and electrical properties of the
junction. Moreover, a relatively small cross-sectional area makes
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the nanowire more tolerant to interfacial strain that is induced by
crystal lattice mismatch (composition change) across the junction.
Furthermore, advanced functionality can be achieved by creating
multiple junctions within a single nanowire. Here, we demonstrate
spatially resolved CsPbX; (X = Cl, Br, I, or alloys of two halides)
semiconductor nanowire heterojunctions with a pixel size down to
500 nm and multiple emission colors. Selected area anion ex-
change from cesium lead bromide to cesium lead chloride or io-
dide is achieved at high spatial resolution by defining a reaction
window with high spatial resolution using electron-beam (e-beam)
lithography. A sharp junction is observed, with distinct optical and
electronic properties across the heterojunction interface. Intricate
patterns on CsPbBr; plates were also fabricated successfully by
this method.

Results and Discussion

CsPbBr; nanowires as well as some thin plates were grown using
our previously reported solution-based method (25, 26). The di-
ameter of a typical nanowire is several hundreds of nanometers with
a length of up to 30 micrometers (SI Appendix, Fig. S1). To study
the anion-exchange chemistry on the single-nanowire level, indi-
vidual CsPbBr; nanowires were picked using a micromanipulator
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and transferred to a clean SiO,/Si substrate. A droplet of reaction
solution containing oleylammonium chloride in 1-octadecene was
used to cover the nanowire on the substrate. The reaction was in
situ examined under a microscope with a 325-nm laser excitation.
As shown in SI Appendix, Fig. S2, during the reaction period
(~12 h), the photoluminescence (PL) of the nanowire gradually
blue-shifted, without the coexistence of both green and purple-blue
emission, respectively, from pure CsPbBr; and CsPbCls, indicating
the formation of homogeneous CsPbX; alloys instead of any Br-
or Cl -rich domains. For cesium lead halide perovskites, the re-
action probably occurs via a vacancy-assisted diffusion mechanism

(12), and the anion-exchange reaction zone width is probably close
to the crystal size (27), which leads to alloy formation instead of a
coreshell structure. The reaction dynamics are important for
controlling the conversion degree and therefore the optical and
electronic properties of the nanowire. The mild reaction conditions
we developed here are essential for maintaining the nanowire
morphology and compatible with nanofabrication processes.

Next, we studied the anion-exchange chemistry on the partially
masked nanowires for creating spatially well-defined hetero-
junctions. As shown in Fig. 14, after transferring the nanowire, a
thin layer of poly(methyl methacrylate) (PMMA) was spin-cast.
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Fig. 1. Cesium lead halide perovskite nanowire heterojunctions fabrication and PL characterization. (A) Optical microscope image of a CsPbBr; nanowire
partially coated with PMMA. The square-shaped opening was created by EBL. (B) The CsPbBrs nanowire partially coated with PMMA after anion exchange.
(C) The CsPbBr; nanowire after anion exchange and after removal of PMMA. (D) Optical images of the partial bromide partial chloride nanowire under laser
excitation. (E) The corresponding PL emission spectrum. (F) Optical images of the partial bromide partial iodide nanowire under laser excitation. (G) The
corresponding PL emission spectrum. (Scale bars, A-C, 10 pm.) (Scale bars, D and F, 3 um.)
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A designated area of the PMMA was removed using e-beam li-
thography to expose part of the nanowire. Then the substrate was
dipped into an oleylammonium halide (OAmX, X = Cl, I) solu-
tion. During the reaction, the PMMA layer remains intact as
shown in Fig. 1B. After the anion-exchange reaction, the PMMA
layer was completely removed by washing with chlorobenzene and
hexanes, as shown in Fig. 1C. Details and a schematic illustration
of the fabrication process can be found in SI Appendix, Fig. S3.
Similar chemistry is also applicable to the bromide-iodide con-
version process. It is noted that the bromide part and the chloride
part show a weak contrast difference even in the optical image
(Fig. 1C). The PL emission of the individual nanowires after re-
action was examined. Fig. 1 D-G shows the optical images and PL
spectra of the Br—Cl and Br-I partially exchanged nanowires, re-
spectively. Both nanowires feature two-color emissions with a
clear, sharp interface. In the Br—Cl exchange sample, the blue part
has an emission peak centered at 420 nm, suggesting a complete
conversion from CsPbBr; to CsPbCls;, whereas in the Br-I ex-
change case, the red region shows an emission peak centered at
655 nm, corresponding to ~80% Br-I conversion (24). Notably,
there are no additional emission peaks between the two major
peaks in the PL spectra, which means the interface of the junction
is relatively sharp with no significant interdiffusion of the Br™ and
CI/T” ions. Such high-quality junction is important for electronic
device applications.

The elemental distribution and morphology of the nanowires
after anion exchange was examined by scanning electron micros-
copy (SEM). As shown in Fig. 24, the SEM energy-dispersive
X-ray spectroscopy (EDS) mapping on a heterojunction nano-
wire shows a clear interface between the bromide section (green)
and chloride section (blue), whereas other elements such as lead
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Fig. 2. Elemental distribution of the heterojunction nanowire. (A) SEM EDS
elemental mapping on the heterojunction nanowire. Green: bromine; blue:
chlorine; purple: lead; yellow: cesium. (B) The SEM image of the hetero-
junction nanowire and the corresponding chlorine and bromine distribution
profile along the nanowire. (Scale bars, 1 um.)
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(purple) and cesium (yellow) are uniformly distributed within the
whole nanowire. Note the weak chlorine signal in the bromide
part is likely from lead, because the Pb M shell has a similar en-
ergy to that of the Cl K shell (see ST Appendix, Fig. S4 for the EDS
spectrum and more explanation). Fig. 2B shows the relative bro-
mide and chloride concentration profiles along the nanowire.
Both elements are spatially confined. Dramatic changes of Cl and
Br concentrations at the interface region are observed. Another
SEM image (SI Appendix, Fig. S5) shows that the nanowire
morphology is well-preserved upon chemical conversion. The
CsPbBr; part features a width of 741 nm while the width of the
CsPbCl; part shrinks to 714 nm; the 3.8% change in the nanowire
width is consistent with the difference of the lattice constant be-
tween the bromide (orthorhombic: a = 8.207 A, b =8.255 A, ¢ =
11.759 A, Z = 4, V/Z = 199.16) and chloride (tetragonal: a =b =
5584 A, ¢ =5.623 A, Z =1, V/Z = 175.33) room temperature
phases (nanowire growth direction is [110], ref. 25).

The local electronic structure of the junction was examined by
scanning Kelvin probe force microscopy (KPFM) combined with
atomic force microscopy (AFM). Fig. 34 shows the 3D AFM
topographic image of a partially converted nanowire on SiO,/Si.
The nanowire profile reveals heights of 523 and 504 nm for the
CsPbBr; and CsPbCl; parts (Fig. 3B and SI Appendix, Fig. S6A4),
respectively, which again agrees well with the theoretically
expected relative dimensional change. The observed gradual
height transition occurring over ~1 um is inherently linked to the
release of lattice-mismatch-induced strain at the electronic junc-
tion (note: the height profile transition width is not necessarily
equal to the junction width). No grain boundaries or cracks in the
crystal were observed in the AFM and SEM images, indicating
that the nanowire remains single crystalline with the hetero-
junction being probably of epitaxial nature. However, further
study using high-resolution transmission electron microscopy is
needed to elucidate the underlying atomic structure of the het-
erojunction. Upon chemical conversion, the nanowire maintains
its high structural quality and very low surface roughness (rms<
5 nm). Fig. 3 C and D shows the nanowire’s 3D KPFM surface
potential map and the corresponding 2D potential profile. In re-
sponse to the compositional variation within the nanowire, a sharp
relative surface potential change of ~190 meV is observed across
the heterojunction interface. Detailed electronic characterization
of various heterojunction nanowires consistently revealed higher
surface potential values for the CsPbBr; part relative to the
CsPbCl; part (SI Appendix, Fig. S7), indicating a shallower Fermi
level in CsPbBr3. These findings demonstrate the feasibility of our
approach to create interfaces of distinct compositional and elec-
tronic properties at high spatial control. The workfunction values
of pristine CsPbBr; and CsPbCl; nanowires were quantitatively
determined by KPFM measurements (S Appendix, Figs. S8 and
S9). As illustrated in Fig. 3E, we obtain workfunction values of
4.77 + 0.03 eV for CsPbBr; and 4.93 + 0.03 eV for CsPbCls, re-
spectively. The suggested band alignment at the heterojunction is
illustrated in Fig. 3F (28, 29). The band structure can be further
tuned by controlling the composition and doping, which opens up
the possibility for electronic device applications. Moreover, we
demonstrate multijunctions in a single nanowire. Fig. 3G shows
the 3D KPFM surface potential map and corresponding 2D po-
tential profile of a nanowire comprising four heterojunctions with
each segment of ~3 pm (see SI Appendix, Fig. S6B for topogra-
phy). Similar to the single heterojunction nanowire, the CsPbBr;
and CsPbCl; regions feature distinct electronic characteristics.

The sharp electronic interface of the heterojunctions allows us
to reduce the feature size, and the robustness of the nanowire
allows us to introduce additional fabrication steps to create mul-
ticolor heterojunctions. To study the spatially resolved patterns,
confocal PL mapping with high spatial resolution was used, and
the results are summarized in Fig. 4. For the Br-Cl exchanged
nanowire, the confocal PL mapping results (Fig. 4 A-C) are
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Fig. 3. Morphology and electronic structure of the heterojunction. (A) Three-dimensional AFM topographical view of a typical Br—Cl exchanged hetero-
junction nanowire on SiO,/Si. The white dashed line indicates the interface of the bromide (Left) and chloride (Right) parts. (B) The corresponding height
profile of the heterojunction nanowire. (C) Three-dimensional view of the KPFM surface potential mapping of the heterojunction nanowire. (D) The cor-
responding potential profile across the junction interface (red curve) with the corresponding AFM height profile (blue curve). (E) Work functions of the pure
CsPbBr3 and CsPbCl; nanowires determined by quantitative KPFM. The green and blue squares indicate the band gap of the pure CsPbBr; and CsPbCls,
respectively. (F) Proposed band alignment of the CsPbBr;—-CsPbCl3 heterojunction nanowire. (G) Three-dimensional view of the KPFM surface potential mapping
of a multisegment heterojunction nanowire (each segment is ~3 pm long) and the corresponding potential profile along the nanowire.

similar to the PL image in Fig. 1D, with a better-resolved interface.
As shown in SI Appendix, Fig. S10, the length of the exposed area
and the covered area prior conversion are 10.8 and 8.7 pm long,
respectively, whereas after the conversion the lengths for the
chloride and bromide regions changed to 10.8 and 8.6 pm (the
dark region in between is around 100 nm). This demonstrates that
the reaction is well defined at the exposed area with the PMMA
coating effectively protecting the area underneath. The spectral
scan on a Br—Cl exchanged nanowire shows almost no PL emission
from 450 to 480 nm and a sharp switching from blue to green
emissions (SI Appendix, Fig. S11). The junction width is smaller
than 500 nm, which is consistent with the SEM EDS mapping as
well as the distinct surface potential change in the KPFM mea-
surement. We then created multiple junctions with pixel size
(open window of PMMA by e-beam) of ~1 pm on a nanowire
(Fig. 4 D-F). After conversion, the superlattice structure can be
clearly resolved. Such a feature cannot be resolved very well via
the PL imaging measurement (SI Appendix, Fig. S12). We further
decrease the pixel size to less than 500 nm, and the features can
still be resolved (Fig. 4 G-I). However, attempts to further de-
crease the pixel size to 200 nm were not successful (SI Appendix,
Fig. S13). The resolution is probably limited by the instrument

Dou et al.

(diffraction limit) or the interdiffusion of anions within such a
small area. Next, based on the two-color heterostructure, another
fabrication-conversion step was added: a red-green-blue three-
color heterojunction was achieved, as shown in Fig. 4/. In princi-
ple, the emission wavelength of the red and blue parts is tunable
by varying the conversion degree, and the relative intensity of each
color can be tuned by varying the pixel size of each segment. Such
color-tunable perovskite heterostructures provide an ideal plat-
form for full-color displays and solid-state lighting (30-33). The
spectral scan on the three-color nanowire shows two sharp junc-
tions at the interfaces (SI Appendix, Fig. S14). Finally, we dem-
onstrate high-resolution arbitrary patterns on CsPbBr; perovskite
plates using the spatial-controlled anion-exchange chemistry. As
shown in Fig. 4 K-M, strips, an arrow target, and a University of
California, Berkeley, logo can be written on the CsPbBr; plates.
The nanowire heterojunctions show good stability. After being
stored in a nitrogen atmosphere for 1 wk, confocal PL. mapping of
the partial bromide partial chloride nanowire and the superlattice
nanowire exhibited PL emissions and sharp junctions very similar to
the initial states (SI Appendix, Fig. S15). These results indicate that
the anion interdiffusion occurs much more slowly across the het-
erojunction compared with the exchange reaction at the solid-liquid

PNAS | July 11,2017 | vol. 114 | no.28 | 7219
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Fig. 4. Confocal PL mapping of different types of heterojunctions. (A—C) Confocal PL mapping of a partial bromide partial chloride nanowire. Blue represents
emission from 410 to 450 nm. Green represents emission from 500 to 550 nm. (D-F) Confocal PL mapping of a bromide-chloride superlattice nanowire with
pixel size of below 1 pm. (G-/) Confocal PL mapping and optical image of a bromide—chloride superlattice nanowire with pixel size of below 500 nm.
(/) Confocal PL mapping of a three-color heterojunction nanowire. Blue represents emission from 410 to 450 nm. Green represents emission from 500 to
550 nm. Red represents emission from 580 to 640 nm. (K-M) Confocal PL mapping of different patterns on CsPbBr; plates. (Scale bars, 3 pm.)

interface of the exposed area. There are two possible reasons: First,
at the exposed area, more vacancies may be introduced from the
solid-liquid interface due to the interaction between the perovskite
solid and the precursor molecules and ions in the solution; fur-
thermore, higher vacancy concentration in the exposed region leads
to faster ion migration and exchange reaction (12, 18). Second, the
ion migration may have higher activation energy along the nano-
wire growth direction, and thus anion exchange/migration proceeds
slightly slower along this direction (34).

Conclusions

In summary, our results suggest that the anion-exchange chemistry
combined with nanofabrication is a powerful tool to create high-
quality semiconductor heterojunctions and patterns at the nano-
meter scale. The solid-state ion diffusion rate in halide perovskite is
much slower than expected. The halide perovskite nanowire het-
erojunction provides an ideal platform for fundamental studies and
technological applications. For example, multicolor lasers or LEDs
could be made using such localized heterojunctions; quantitative
interdiffusion and ion migration dynamics could be examined at

7220 | www.pnas.org/cgi/doi/10.1073/pnas.1703860114

elevated temperatures, etc. With deeper understanding of these
heterojunctions, halide perovskites may find practical applications
in large-scale electronic circuit, information storage, and full color
displays, in addition to the current interest in photovoltaic cells.

Materials and Methods

Additional details regarding the materials and methods may be found in the
SI Appendix.

Anion Exchange of CsPbBr; Nanowires. To convert the CsPbBr; to CsPbCls,
10 mg of oleylammonium chloride was dissolved in 10 mg of 1-Octadecene
(ODE) to make the conversion solution. Individual CsPbBr; nanowires were
transferred onto a clean Si/SiO, substrate using a nanomanipulator. The chip
with nanowires was immersed into the conversion solution at room tem-
perature for 16 h for complete conversion. Then, the chip was taken out
from the solution and washed with chlorobenzene twice and hexanes once
to remove the extra salts left on the chip. The reaction dynamics can be
tracked in situ by monitoring the PL emission of an individual nanowire. To
convert the CsPbBr3 to CsPbls, 10 mg of oleylammonium iodide was dis-
solved in 10 mg of ODE to make the conversion solution and the reaction
was carried out at room temperature for 4 h.

Dou et al.
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Fabrication of the Nanowire Heterojunctions. To fabricate heterojunction de-
vices, the as-grown nanowires were first transferred onto a 300-nm SiO,-coated
Si substrate by a micromanipulator. The substrate was then spin-coated with
PMMA, and baked at 130 °C for 6 min. E-beam lithography (EBL) was per-
formed in a Crestec CABL-9510CC High-Resolution Electron Beam Lithography
System with acceleration voltage of 50 keV and beam current of 500 pA. After
EBL, the substrate was dipped into developer (methyl isobutyl ketone:isopropyl
alcohol = 1:3) for 60 s followed by washing in isopropyl alcohol for another
20 s. The developer and isopropyl alcohol were dried with molecular sieves
(Sigma-Aldrich) to remove water molecules. Subsequently, the nanowires with
partially coated PMMA were immersed into the conversion solution. The con-
version reaction was carried out using the same recipe as described above.
After conversion, the PMMA mask was removed by dipping the substrate into
chlorobenzene and hexanes, respectively.

Note, although different ways of carrying out the anion-exchange reaction
have been reported, none of them are applicable here. For example, more polar
solvents such as toluene, chlorobenzene, or isopropanol can either dissolve the
PMMA mask and/or damage the nanowire. Even with ODE, higher temperature
will also damage the nanowire morphology. For vapor-phase conversion,
heating at over 100 °C is necessary to evaporate the organic halide precursors,
which may also damage the PMMA layer. Therefore, a nonpolar solvent, such
as ODE, is critical. To dissolve the halide precursor in such nonpolar solvent, an
ammonium cation with a long carbon chain is necessary.

AFM and Scanning KPFM Measurements. AFM and scanning KPFM measure-
ments were performed on an AFM system (MFP-3D Asylum Research, Oxford
Instruments) equipped with an acoustic isolation chamber (AEK 2002). The
samples were transferred from the preparation glovebox into the AFM
chamber operated in nitrogen atmosphere. The AFM/KPFM measurements
were performed at room temperature using conductive platinum-coated
silicon cantilevers (Olympus AC240TM-R3). KPFM measurements were per-
formed in a two-pass mode: the first scan for topographical imaging in ac
mode followed by the interleave mode, in which the conductive tip was lifted
with constant separation relative to the specimen surface while acquiring the
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