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1. Introduction

Heterojunctions are used to tailor the properties of semiconductors in

optoelectronic devices, yet for emerging devices composed of metal halide
perovskites, fabricating perovskite/perovskite heterojunctions has proved
challenging due to solvent incompatibilities and rapid homogenization due to
ion migration. Recent studies have demonstrated various strategies for using
perovskite nanocrystals as a component to fabricate perovskite/perovskite
heterojunctions, either with a perovskite thin film or a second nanocrystal
layer. Heterojunctions such as these can impart many advantages of both
bulk and nanocrystalline perovskite morphologies. This perspective focuses
on recent developments of solution-processed perovskite heterojunctions

for solar cells and novel optoelectronic devices, in particular, highlighting

the demonstrated and potential advantages of nanocrystal-enabled fabrica-
tion strategies. A central tenet of this perspective is that the synthesis and
dispersion of perovskite nanocrystals in non-polar organic solvents offers a
key processing advantage over traditional perovskite precursor solutions in
polar solvents since the former allows for layer-by-layer deposition without
dissolving an underlying perovskite film or crystal. This processing advan-
tage, coupled with nanocrystal size control and ligand chemistry, enables
perovskite heterojunctions with highly tunable optical and electrical proper-
ties. Such heterojunctions may enable disruptive technological advances in
broad classes of devices such as solar cells, photodetectors, sensors, and (in)

coherent photon sources with tunable polarization.
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Metal halide perovskites (MHPs) and
their related structures are unique semi-
conductor systems embodying many of
the characteristics of both inorganic and
organic semiconductors.! Like III-V
materials, MHP thin films are crystal-
line with long-range order and excellent
optoelectronic properties, leading to high
voltages in photovoltaic cells,? slow hot-
carrier cooling,’! and novel applications
such as optical cooling.™ Like organic
semiconductors, MHP films promise
to be lightweight, solution-processable,
inexpensive, and flexible.>¢l Although
MHP materials share many of the ben-
eficial properties of both organic and
inorganic semiconductors, forming stable
perovskite/perovskite heterojunctions has
remained a unique and elusive challenge
for MHPs specifically.

Much of the success of III-V mate-
rials in modern-day optoelectronics arises
from the formation of heterojunctions or
heterostructures where abrupt semicon-
ductor/semiconductor interfaces allow for
a high degree of control over the flow of
charge carriers. This foundational con-
cept of a heterostructure formed part
of the basis of the 2000 Nobel Prize in Physics awarded for
high-speed optoelectronics.”) Heterostructures underlie the
major functionality of lasers, transistors, diodes, certain photo-
voltaics, and related technologies based on III-V semiconduc-
tors. In such applications, the heterostructure enables better
control over the optical and electronic properties through
strategies such as confinement of carriers, tuning of electronic
states, and energy level offsets to direct charges. Heterostruc-
ture formation can also impact mechanical properties, espe-
cially when considering the variability of interfacial bonding
discussed below. Such impacts are outside of the scope of this
perspective but have been recently studied.®! Applying this
vast existing knowledge base to MHP-based optoelectronic
materials could yield a completely new category of applica-
tions leveraging MHPs" unique phonon structure,>° strong
spin-orbit coupling,>! tunable chiroptical properties,!8-24
magnetic properties,?>?] and coupled ionic/electronic con-
ductance mechanisms.[28-30
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Figure 1. Opportunities for heterojunctions using MHP NCs taking advantage of a) sequential deposition, b) tunable composition and high photo-
luminescence quantum yield, c) stabilization of surfaces using strain and ligands, and d) manipulation of charge carrier spin. Panel (a) adapted with
permission under the terms of the CC-BY license.’% Copyright 2019, the authors,published by Nature Springer. Panels (b) and (c) adapted with per-
mission.363748l Copyright 2018 and 2020, American Chemical Society. Panel (d) adapted with permission.?¥l Copyright 2021, The American Association

for the Advancement of Science.

We present here a perspective on the many opportunities
where colloidal perovskite nanocrystals (PNCs) can be used to
produce functional interfaces, control composition gradients,
and regulate doping gradients, potentially leading to new para-
digms in device design. Due to their unique properties, PNCs
can be used to fabricate heterostructures with other PNCs,
thin film MHPs, or other semiconductors. Colloidal PNCs
offer several key advantages for fabricating heterostructures.
First, PNCs are suspended in nonpolar organic solvents, thus
allowing for direct deposition of PNC solutions onto MHP thin
films (Figure 1a) without risking solvent damage to the under-
lying film commonly caused by more polar solvents. Secondly,
PNCs can intercalate into small areas or porous films, enabling
intimate contact between the PNCs and individual grains in
the polycrystalline thin films, especially along grain bounda-
ries. Third, PNCs offer additional advantages such as high
luminescence efficiency (Figure 1b),2%¢ highly tunable com-
position (Figure 1b),”! passivating effects (Figure 1c),**1
crystallographic ~ stabilization through surface straint*®l
(Figure 1c), ease of incorporation of dopants or surface spe-
cies,™ all while providing adequate to modest charge transport
properties, such as the ability to withstand and utilize injected
carriers with specific spin character (Figure 1d).°-¢) Addition-
ally, the brightness of PNCs can be exploited while using a
conventional MHP as a matrix to improve passivation.’”) This
highlights the many different ways to combine PNCs and MHP
films for advanced functionality.

PNC-enabled heterojunctions have the potential to not only
improve device performance but also to retain these improve-
ments against the stresses of operating conditions due to their
inherent stabilization by surface ligands. For example, PNC
ligands have been shown to slow certain ion migration within
the film.P%%8 These hydrophobic ligands also serve to improve
the long-term resilience of the MHPs against moisture-induced
degradation. While the sequential deposition of different types
of PNCs already results in heterostructures,®>8-%% the condi-
tions of PNC deposition and post-deposition treatments can
further lead to ion incorporation or formation of different
phases responsible for performance improvements.[*+-4¢]
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We will focus first on the use of PNCs in heterojunctions
specifically in solar cells and subsequently discuss strategies for
the use of PNCs in heterojunctions for emerging applications
such as neuromorphic computing and quantum information
processing.

2. Fundamental Properties of Semiconductor
Heterojunctions

Heterostructures of single crystalline materials like ITI-V
semiconductors are formed through epitaxial interfaces where
repeating atomic bonds and crystallographic orientation per-
sist despite the composition change (Figure 2a). The lattice
constants of each component are a critical parameter to mini-
mizing interfacial disorder. With high lattice mismatches,
increased strain causes the breakdown of the epitaxial interface
(Figure 2b) leading to less well-defined interfaces with voids
and/or interfacial charges. Perfection of the epitaxial interface
has not been required for high-performance thin-film photovol-
taics like CdTe and CIGS where interfaces between oxides and
the semiconductors are formed by brute force deposition onto
an existing layer without much concern for the epitaxial coher-
ence of adjacent layers. This concept has carried over to per-
ovskite devices where a typical high-performance solar cell may
have four or more material interfaces with no consideration of
lattice coherency.

The majority of MHP interfaces are similar to the random
interface shown in Figure 2b and/or the van der Waals inter-
face shown in Figure 2c. Perovskite/perovskite epitaxial inter-
faces have been demonstrated in various morphologies of note
(shown in Figure 2d),[52%3] but these epitaxial interfaces are not
yet the norm for optoelectronic devices and many MHP inter-
faces are more likely to be random (Figure 2e), especially for
PNCs where the ligand shells around the PNCs are involved.
The increased disorder shown in Figure 2b,e, while not ideal,
can still be tolerated in MHPs due to defect screening and
defect-tolerant properties.[%4%! Rather than perfect epitaxial
interfaces, layers can frequently exhibit electronic coupling
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Figure 2. Depiction of hypothetical heterostructure interfaces where a) an oriented epitaxial interface is shown with matched lattice constants and
coherent atomic bonding across the interface. b) A random interface is shown where some atomic bonds are present, but the substantial lattice con-
stant mismatch prevents homogeneous crystallinity. This interface may possess voids or dangling bonds and interfacial trap states. c) A van der Waals
(vdW) interface where no atomic bonding is present, but the materials are coupled through the vdW gap which is narrow enough to enable tunneling.
(d) and (e) show an oriented heterostructure and random heterostructure, respectively, between CsPbBr; and PEA,PbBr,. In panel (e), unordered mole-
cules are depicted between the two components preventing proper epitaxy. d,e) Adapted with permission.®!l Copyright 2022, Springer Nature Limited.

through little to no chemical bonding where van der Waals
interactions dominate. Other perovskite interfaces have shown
mixed character where grains may form with chemical bonding
adjacent to voids, leading to a messier interface that remains
good enough for high-performance device applications where
screening or defect tolerance is present in MHPs, and these

types of interfaces will be the major focus of this article.®”]
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A primary goal of semiconductor heterojunctions is to estab-
lish 1) precise interfacial energy level alignments (Figure 3a)
that facilitate the flow of energetic species (e.g., excitons, elec-
trons, holes) in specified directions and 2) tailored optical
properties (Figure 3b)°l that enable broad- or narrow-band
absorption and/or emission in desired spectral regions. In
MHP semiconductors, changes to the identities of A-, B-, and
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Figure 3. a) Schematics of type | and type Il interfacial band alignments, demonstrating the expected energy and charge transfer pathways, respec-
tively, enabled by these alignments. b) Size-tunable excitonic transitions of PNCs can modulate the optoelectronic properties of a heterojunction. From
Akkerman et al.[8 Reproduced with permission.[68] Copyright 2022, AAAS. c) Single-layer graphene (SLG) ion blocking layers can eliminate interfacial
ion diffusion and homogenization over 30 days in ambient conditions, demonstrated in this study for a CsPbl;/CsPbBr; heterojunction (H)) through
optical absorption and photoluminescence and schematically depicted in panel (d). Panel (c) adapted under the terms of the C-CBY license.®l Copy-
right 2023, the authors, published by American Chemical Society.
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X-site components provide a large pallet of optoelectronic tuna-
bility. A compelling property of semiconductor NCs in general,
including perovskite NCs, is the ability to use NC size as a sen-
sitive knob for tuning both optical absorption and the energetic
positions of the conduction band minimum (CBM) and valence
band maximum (VBM) to tailor the heterostructure's optical
and electronic properties (Figure 3). PNCs also have the added
benefit of incorporating a huge variety of surface ligands with
additional optical properties and molecular orbitals. To under-
stand the potential impacts of this broad tunability, we turn to
a more detailed discussion of heterostructure interfacial band
alignment and optical properties.

Figure 3a shows schematics of type I and type II interfacial
band alignments, the most common alignments for semicon-
ductor heterojunctions. In type I heterojunctions, the CBM
and VBM of a small bandgap semiconductor are farther away
from and closer to the vacuum, respectively, relative to a large
bandgap semiconductor. This type of band alignment pro-
vides a thermodynamic driving force for charge carriers in
both bands (CB;, VBy) of the large bandgap semiconductor to
be transferred to the bands (CB,, VB,) of the small bandgap
semiconductor, thus favoring interfacial energy transfer. The
exact mechanism of this interfacial energy transfer depends on
the interface and can involve either simultaneous (concerted)
or sequential transfer of the electron and hole. In type II band
alignment, often termed “staggered” band alignment, both the
CBM and VBM of one semiconductor are closer to vacuum
than that of the other semiconductor. This type of band align-
ment provides a thermodynamic driving force for interfacial
charge separation, whereby one carrier can favorably transfer
from the originating semiconductor to the other thus sepa-
rating the charges from each other.”"!

These band alignments help to define the electrical proper-
ties and processes of both the ground state and excited state of
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semiconductor heterojunctions. In the ground state, interfacial
band alignment and ground-state majority carrier density (and
associated Fermi level, E) combine to determine the ground-
state charge transfer, Fermi level equilibration, and interfacial
band bending that occurs during heterojunction formation.
In the excited state, band alignment and band bending dictate
the direction, rate, and efficiency of interfacial charge/energy
transfer.

UV and X-ray photoelectron spectroscopy (UPS and XPS)
are crucial tools for determining the VBM and work function
(¢) of semiconductors, including MHPs, and can be used to
estimate interfacial band alignments. It is important to note
that the majority carrier type and density, and hence Ej; are not
always easy to determine or predict for MHPs. In some cases,
these properties have been observed to depend sensitively on
the substrate in contact with the perovskite.”!l This sensitivity
results in some inherent uncertainty in predicting interfacial
band bending in MHP heterojunctions. However, thickness-
dependent photoelectron spectroscopy measurements have
been used in many MHP heterojunctions to extract interfacial
band bending profilesi®®’? and this technique has also been
effective for the PNC heterojunctions shown in Figure 4c.
Excited state dynamics can also be utilized to verify the deter-
mined band alignment. As an example, in Figure 4d, and the
associated reference,® transient absorption was performed
incident on each direction of the heterostructure to track the
impact of the band alignment via the time-dependent move-
ment and bleaching characteristics of photogenerated carriers.

The optical properties of semiconductor heterojunctions
can be tuned by the properties of both the individual semi-
conductors and the heterojunction itself. In the simplest case,
optical absorption is a linear superposition of the spectra of
each individual semiconductor. The optical emission (lumines-
cence) depends sensitively on the interfacial band alignment.
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Figure 4. a) Perovskite nanocrystal deposition and ligand exchange method can be used to build up a film with varying compositions. Through
selecting the best bottom layer composition, b) the solar cell performance can be optimized as a c) result of differing band offsets. d) Selective charge
transfer was found to be responsible for this increase in performance through transient absorption experiments. Adapted under the terms of the CC-BY

license.l® Copyright 2019, the authors, published by Nature Springer.
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For example, energy transfer in type I heterojunctions can
potentially enhance (deplete) the emission of the small (large)
bandgap semiconductor, whereas interfacial charge separation
in type II heterojunctions can quench the emission of both sem-
iconductors. In some heterojunctions, interfacial hybridization
of orbitals from each semiconductor can give rise to new hybrid
states with distinct optical absorption and/or emission. For
example, several heterojunctions between monolayer transition
metal dichalcogenides (TMDCs) and other TMDCs or small
molecules give rise to low-energy interfacial charge transfer
excitons with varying absorption and emission intensities."!
Analogous charge transfer excitons have also been observed in
several 1D hybrid organic/inorganic metal halide semiconduc-
tors and are attributed to hybrid states at the interface between
the small molecule and metal halide framework.”374

We emphasize that the above discussion assumes a rela-
tively abrupt heterojunction between two semiconductors.
Creating and retaining such an abrupt perovskite/perovskite
heterojunction is challenging due to the MHPs’ low forma-
tion enthalpy, their solubility, and high ionic mobility.”! It is
therefore very difficult to fabricate a heterojunction through
sequential solvent-based deposition of two or more perovskites,
as subsequent layer deposition results in re-dissolution of the
underlying MHP layer(s). Furthermore, even when such pro-
cessing challenges do not prohibit the formation of an osten-
sibly abrupt heterojunction, facile ion diffusion can rapidly
homogenize the interface and destroy the desired electrical and
optical properties. Such issues are particularly problematic for
interfaces between MHPs with different halide species since
halide diffusion has especially low activation energy in MHPs.

There are several common approaches to overcoming the
challenges discussed directly above. Non-solution processing
methods, such as film transfer” or vapor deposition,/’78!
permit sequential deposition of MHPs, but rely on at least one
layer to be compatible with such processing methods. Another
method particularly useful in creating a very thin second layer
is to only deposit A-site molecules, for example, and rely on the
BX components of the first layer to create a surface heterostruc-
ture via chemical transformation of the surface. This approach
has been commonly applied to surfaces of film for photovol-
taics, where a larger molecule can form a 2D perovskite sur-
face layer.”>32 The formation of 3D/2D heterojunctions has
boosted MHP-based solar cell performance by facilitating both
the passivation of surface defects and suppression of interfacial
recombination.®3% In such cases the higher bandgap 2D layer
must typically be kept thin so that charge carriers can tunnel
through the layer for extraction.

With each processing approach discussed above, interfacial
ion diffusion can still be a problem. However, a recent study
demonstrated that ultra-thin ion diffusion barriers can mitigate
this issue (Figure 3c,d).l”) In this study, a single layer of gra-
phene eliminated the rapid I"/Br~ mixing that otherwise occurs
across a CsPbl;/CsPbBr; heterojunction without graphene. The
optical properties of the heterojunction without graphene repre-
sented a homogeneous CsPb(Bry.,1,); layer, whereas the hetero-
junction with single-layer graphene retained the desired abrupt
heterojunction and the optical properties of each individual
NC layer. This strategy can be applied across a broad array of
perovskite heterojunctions that include both NC layers and per-
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ovskites of other dimensionalities and can also be expanded to
other intervening layers, such as hexagonal boron nitride and
transition metal dichalcogenide layers.

3. Differences in Solvent Dispersibility allow
Heterojunction Fabrication

Differences in PNC dispersibility compared to MHP salt pre-
cursors enables the fabrication of heterostructures within films.
PNCs are ligated with long-chain aliphatic ligands, required for
their synthesis and stabilization, and which allow for the PNCs
to be dispersed and processed using nonpolar solvents which
would not otherwise dissolve MHP salts. The drawback of these
ligands is that their insulating nature results in reduced or sup-
pressed charge transport when deposited in a film. Therefore, for
PNC solar cell fabrication, a solid-state ligand exchange is typi-
cally performed (Figure 4a). This ligand exchange replaces long-
chain oleate ligands with short-chain acetate ligands, reducing
their dispersibility in nonpolar solvents while increasing charge
mobility in the film.*¥ In all-PNC solar cells, this solid-state
ligand exchange is used to deposit sequential layers of PNCs
to build up an optically thick absorber layer (e.g., CsPbl;).
This strategy has also been applied to fabricate PNC hetero-
junctions such as CsPblI,Br/CsPbls, Csg,5FAq75Pbl;/CsPbls,
and CsPbl;/FAPbDI;.P%>%60]

As demonstrated by Zhao et al., a PNC heterojunction within
n-i-p solar cells improves the ability to separate charge carriers,
resulting in an increase in the short-circuit current density (Jsc)
and increased charge transfer measured in transient absorption
(TA) experiments (Figure 4b—d).’% The built-in potential within
the absorber film increased the Js¢ by 20% from 15.75 mA cm 2
for CsPbl; to 18.91 mA cm™ for CsgysFAg75PbI;/CsPbI,
PNC solar cells. This enhancement resulted from the charge-
separating heterostructure, as demonstrated by probing the
transient absorption signal when exciting through either the
Csg.25FAy7sPbl; or CsPbl; PNCs (Figure 4d). Excitation into
CsPbl; showed that charge carriers are transferred to the
Csg.25FAg75Pbl3, whereas excitation into the Csg ,sFA(75Pbl; did
not result in electron transfer, confirming an increase in charge
carrier collection efficiency through establishing a built-in elec-
tric field and directional flow of charges regardless of genera-
tion location. In addition to efficiency increases, CsPbl;/FAPDI;
PNC heterostructures have been shown to increase PNC solar
cell stability.[%]

Varying the A-site across PNC heterostructures has also been
reported by Park et al.”® and Li et al. ) demonstrating the
robustness of this strategy for creating stable interfaces. While
Li et al. fabricated n-i-p solar cells, similar to Zhao et al., they
deposited the PNCs in the opposite order: Cs-rich PNCs first
with the FA-rich composition on top. In both cases, the PCE of
the heterostructured solar cell is better than the PNC solar cells
fabricated from either PNC composition alone, primarily due
to an increase in the Jsc. This suggests that the formation of a
built-in field and the consequently enhanced charge extraction
is responsible for the improved PNC solar cell performance,
independent of the sequential arrangement of the heterojunc-
tion's PNCs.’% Further studies of these heterostructures are
needed to understand this difference and could enable greater
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control of the photogenerated charge carriers in PNC solar cells
and other optoelectronic devices. Most of these studies indicate
that ion migration can be avoided on the A-site more readily
than when compared to heterostructures with different halides.
The same strategy has been used to fabricate MHP thin film/
PNC heterojunctions with improved charge collection (shown
later in Figure 7).P% In this case, the PNCs were deposited on
top of a 3D MHP thin film, which does not dissolve because the
PNCs are dispersed in a non-polar solvent that only interacts with
their ligands, rather than polar solvents used to solvate MHP com-
ponent salts. This strategy was successfully employed to create
a graded interface between bulk CsPbl,Br and CsPbl; PNCs.
Compared to the bulk by itself, Jsc was improved by the graded
interface with the NCs and hence the power conversion efficiency
(PCE) increased from 13.45% to 14.45%, which was the highest-
reported PCE for an all-inorganic MHP solar cell at the time.>’)

4. Charge Carrier Recombination at Charge
Transport Layers

Perovskite solar cells are heavily dependent on charge car-
rier selective contact layers and passivation of the contact
layer/MHP thin film interface.®® Since MHPs first use
in solar cells,®! enormous efforts have focused on MHP
compositional control,?®%! crystallization,®?l and structure
across various dimensionalities.?#371%%1 Key to the rapid
rise of the MHP single junction solar cell efficiency from
3.8% in 20098 to 25.7% in 2022097 is reduced interfacial
losses and improved transport layers,[1% which are typically
low-conductivity, wide-gap semiconductors. The successful
management of charge carriers at interfaces highlights the
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promise of using perovskite/perovskite heterojunctions to
simultaneously improve the open circuit voltage (Voc) by
reducing surface recombination and increase the Jsc by
enhancing charge extraction.

Steady-state photoluminescence techniques have helped
to identify sources of V¢ losses in bulk MHP and PNC solar
cells.?'¥ Bulk p-i-n MHP solar cells without additional inter-
facial passivation experience significant non-radiative interface
recombination as a result of contact with most charge trans-
port layers.®”] Quasi-Fermi level splitting (QFLS) mapping
(Figure 5a) demonstrates that non-radiative interfacial recom-
bination limits the Vi, as reflected by significantly decreased
QFLS when the bulk MHP is in contact with PTAA and Cg,
(Figure 5a,c).®’] In contrast, the V¢ of PNC n-ip solar cells is
not limited by increased interfacial charge carrier recombina-
tion (Figure 5b,c).>!

Taken together, these results indicate that the passivation
of the MHP/charge transport layer interface with PNCs can
enhance Ve in MHP solar cells.**#] The majority of recombi-
nation losses in MHP solar cells tends to occur at the exposed
interfaces, 1911 Jargely attributed to trap states associated with
interfacial defects such as vacancies.'™"2l Since interfaces
between MHP thin films and PNCs do not induce additional
recombination losses, the incorporation of PNCs at the inter-
faces of bulk MHP solar cells could reduce the QFLS losses in
the solar cell, thereby improving the V¢ and performance.

5. Charge Carrier Extraction at Interfaces

While passivating defects is critical to obtaining high V., solar
cell performance can also be limited by the inability to extract
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Figure 5. QFLS mapping in a) bulk and b) nanocrystalline perovskite films alone or in contact with charge transport layers (in the case of the PNCs,
within a full device). c) Comparison of QFLS for bulk and nanocrystal perovskite absorber and absorber with contacts compared to their respective
radiative limits. Panel (a) adapted with permission.®”] Copyright 2018, Martin Stolterfoht et al. Panel (b) adapted with permission.2" Copyright 2021,
American Chemical Society.
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charge carriers, especially when the passivation layer is a wide
bandgap semiconductor. Case in point, numerous examples
have demonstrated improved performance of perovskite solar
cells when the 3D bulk MHP is interfaced with a 2D widegap
MHP.BOI31M4 However, in order not to limit charge extraction,
controlling either the relative band alignment or the thick-
ness of the 2D MHP is critical.®># In contrast to the 2D/3D
MHP heterojunction, PNC-based heterojunctions, as described
herein, could be used for similar passivation effects without the
limitation to charge extraction caused by the wider bandgaps of
2D perovskites.

Interfaces within PNC solar cells are also responsible for dif-
ferences in the performance of the n-i-p (Figure 6a) versus p-i-n
(Figure 6b,c) PNC architectures.'™ By using Kelvin probe force
microscopy (KPFM), electric fields were mapped within CsPbl;
PNC solar cells. In high-performance n-i-p devices, interfaces at
both the electron- and hole-transport layers (ETL and HTL; TiO,
and PTAA, respectively) have strong electric fields (Figure 6a).
In p-i-n devices, in contrast, the PNC interface with the PTAA
HTL has almost no electric field, leading to high interfacial
recombination, which limits device performance (Figure 6b).
This study also revealed that p-i-n PNC solar cells can be
improved by synergistically combining PNC and 3D bulk MHP

www.advenergymat.de

thin film absorber layers. In this case, the incorporation of a 3D
bulk FAMA,_,Pbl; thin film at the HTL/absorber interface dra-
matically increased the electric field (Figure 6¢) and improved
Jsc and PCE by nearly an order of magnitude.'™>) Moreover, the
interface between the PNC and thin film MHP shows very little
discontinuity in the potential, implying that charge transport
is not hindered by the 3D/PNC heterojunction. This concept
forms the basis behind the electronic implications of our per-
spective. Despite the lack of epitaxial connection, charges move
unimpeded across PNC/thin film MHP interfaces with similar
band positions.

6. Passivation of MHP Thin Films using PNCs

Lattice defects at the surface of MHP thin films can be pas-
sivated by sequential deposition of PNCs. The addition of
CS0.05(MAo 17FAg g3)0.0sPbBr3 PNCs to a (FAPDI,),(MAPbBr;),_,
bulk MHP was found to effectively passivate defects, particu-
larly at grain boundaries.* Upon annealing, ions from the
PNCs were shown to fill atomic vacancies, increasing the V¢
and PCE from 1.02 V and 18.49% (control) to 1.10 V and 20.32%
(with PNCs) (Figure 7a,b). Using steady-state and time-resolved
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Figure 6. KPFM and JV curve measurements for perovskite nanocrystal solar cells in a) n-i-p and b,c) p-i-n architectures. p-i-n devices were fabricated
b) without or c) with a perovskite thin film. Adapted with permission.[""l Copyright 2020, Elsevier Ltd.
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Figure 7. a,b) The addition of multi-cation Csq5(MAg17FA.83)0.9sPbBr3 perovskite nanocrystals significantly improves the performance of
(FAPbIs)(MAPbBr3),_, bulk perovskite solar cells, particularly as a result of cesium incorporation. c) The photoluminescence intensity was found to
increase, as was d) the photoluminescence lifetime, signaling a reduction in defect density and allowing for an improved open circuit voltage. Adapted

with permission.*! Copyright 2020, Wiley-VCH GmbH.

photoluminescence (Figure 7c,d) on neat MHP films (without
charge transport layers), this treatment was found to reduce
non-radiative recombination, increasing the photolumines-
cence quantum yield from 4.4% to 11.2% and increasing the
photoluminescence lifetime. These results indicate that the
PNC treatment reduces the defect density within the MHP
film, confirmed by thermal admittance spectroscopy experi-
ments that found a reduction in trap density by a factor of ~2.

PNC solutions have also been used to passivate the MHP
absorber by acting as a source of both excess ions and surface
ligands during antisolvent quenching, 546116 as demonstrated
by Zheng et al., who used dilute CsPbBrCl, PNC solutions
as an antisolvent and passivant for MAPDI; thin film crystal-
lization (Figure 8a,b).! These passivated MAPDI; solar cells
showed reduced band-tail states, smaller trap density, and
longer carrier lifetimes, all of which helped to increase V.
Unlike other treatment methods, where the PNCs are depos-
ited without dissolution, the PNCs fully dissolve upon contact
with the MAPDI; precursor solution in this antisolvent treat-
ment. As a result, the dissolved PNC ions and surface ligands
are available for passivation throughout the MAPDI; thin film.
Compositional analysis of the film as a function of depth using
secondary ion mass spectrometry reveals the presence of ele-
ments introduced by the PNCs throughout the entire thickness
of the MHP film.

These two studies™®*! point to the importance and dif-
ficulty of identifying the root cause for these improvements
rather than relying on empirical studies that simply correlate
device performance improvements with the presence of addi-
tives. In both cases, the primary improvement in solar cell

Adv. Energy Mater. 2023, 13, 2204351 2204351 (8 of 15)

performance was due to an increase in the V¢, but there
could be several mechanisms responsible for improving the
Voc. PNCs can improve the MHP optoelectronic properties
by i) terminating the crystal lattice at either grain boundaries
or at the MHP/charge transport layer interface, ii) forming a
3D/2D or 3D/0D interface, iii) providing excess ions to pas-
sivate vacancies, or iv) serving as nucleation sites in film for-
mation (when PNCs are introduced prior to crystallization).
Several or all of these mechanisms could be responsible for, or
at least contribute to, the changes in performance. To under-
stand and tailor future PNC treatments, these mechanisms
must be deconvoluted from each other using fundamental
characterization rather than simply reporting an improved
device performance.

We welcome further scientific understanding of the role of
PNCs in benefitting perovskite solar cell performance. Zheng
et al. attempted to separate the contributions of ligands and
excess ions from PNCs by adding ligands, salts, or both to the
antisolvent instead of the PNCs.[*! Unfortunately, these control
experiments were limited by the insolubility of inorganic salts
(PbBr,, PbCl,, CsBr, or CsCl) in the non-polar toluene anti-
solvent, which could not be dissolved or dispersed uniformly.
Recently reported strategies to deliver these ligands and ions
could provide a similar effect as the PNCs by dissolving the
salts in a non-polar solvent with the use of amines,'"] a strategy
that delivers both passivants and excess ions. In this recent
study, the use of surface ligands alone did improve PCE, cor-
roborating the beneficial impact of ligand passivation on the
MAPDI; film, but the V¢ and PCE did not increase as much as
when the PNCs were used.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) The addition of perovskite nanocrystals to the MHP thin film during antisolvent quenching b) allows for improved passivation of surfaces
and vacancies, c) resulting in improved solar cell performance. Adapted with permission.[l Copyright 2019 Elsevier Inc.

Equally important is understanding the chemical form
and morphology of the passivants on the MHP surface, such
as determining the protonation of amine or carboxylic acid
ligands. Alkyl ammonium ligands from PNCs can form a ben-
eficial 2D/3D interface during MHP film deposition, which
has been shown to improve solar cell performance.l%318 In
contrast, the appearance of an additional peak in the X-ray dif-
fraction data at low 20 reported by Xie et al. suggests that an
additional 2D phase forms upon treatment of MHP films with
PNCs.™ This 2D/3D interface could increase the photolumi-
nescence quantum yield since similar interfaces are known to
reduce non-radiative interfacial charge carrier recombination.
Full characterization of the QFLS of the PNC-treated MHP film
with or without charge transport layers could help reveal this
role.

Lastly, in situ experiments could shed light on the role of
PNC inclusions during MHP thin film nucleation, growth,
and annealing. Like the recent demonstration of PbS
quantum dots embedded in MHP films,"%1211 PNCs could
act as seed crystals, allowing for efficient nucleation of the
bulk MHP film. Unlike PbS quantum dots, PNCs are sus-
ceptible to dissolving in the perovskite ink. As a result, the
mechanism of this crystallization is likely different and may
involve PNC dissolution into MHP precursor colloids, where
they could act as crystallization seeds. If this is the case, the
colloids may be significantly larger and have more long-range
order than the colloids prepared in conventional inks, due to
the larger size of the initial PNC inclusions.'?”l On the other
hand, the PNCs might not fully dissolve, allowing direct
crystallization of MHP crystallites onto the PNCs. Lastly, the
delivery of ligands into the MHP thin film ink might change
the crystallization dynamics. Unlike in the case of the PbS
QD-seeded growth of MHP thin films,"*12I these PNCs
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have long-chain ligands that are insoluble in the polar perov-
skite ink. Even if the PNC fully dissolves, oleate and oleylam-
monium ligands (either bound to cesium/lead or bromide/
iodide, respectively, or free in solution) could significantly
change the local concentration of perovskite precursor ions.
These ligands could stabilize small colloidal particles or form
micelles within the wet, uncrystallized MHP film, creating a
localized increase in the precursor concentration.

7. Lower Dimensionality Phases in MHP
Heterojunctions

Bandgap tuning through halide selection offers a wide range
of bandgaps, but the low activation energy of halide migra-
tion (=0.6 eV) ensures rapid compositional homogenization
between adjacent MHPs, prohibiting stable perovskite/perovs-
kite heterojunction devices.”! Examples of perovskite/perovs-
kite heterojunctions between dissimilar 3D compositions have
therefore been limited. However, in one example a CsPbBrs/
MAPDCI; double-layer LED exhibited nearly double the external
quantum efficiency of a single junction CsPbBr; LED.[123]

In a photovoltaic study, a widegap FAPbBr; MHP processed
on top of a lower gap triple cation composition established a
graded bandgap, enhancing power conversion efficiency by
~2%.024 One route to improved stability of perovskite/perovs-
kite heterojunctions is modifying the A- or B-site rather than
the halide. Sequentially deposited CsPbBr;/MASnBr; and
MAPDbBr;/MASnBr; films, for example, remained heteroge-
neous after 1500 h, while sequentially deposited films with MA
and FA cations mixed in < 100 h, and I~ and Br~ mixed in < 1 h.['23]
Pb?* and Sn?* were particularly resistant to interdiffusion, with
no exchange between films after 60°C heating over 7 h, while
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Figure 9. Side-view STEM image of a) CsPbBr; PNC/2D PEA,PbBr, and b) the average lattice and strain profile of the region highlighted in the blue rec-
tangle in (a). c) Schematic of charge transfer within the heterostructure under photoexcitation. d) Time-resolved photoluminescence, probed at 5177 nm
emission wavelength, of CsPbBr; PNCs and CsPbBr; PNC/2D PEA,PbBr, heterostructures under 450 nm excitation, demonstrating charge carrier
separation when PNCs are oriented with 2D nanoplates. Adapted with permission.®!l Copyright 2022, Springer Nature Limited.

MA* and FA* exchange could be substantially suppressed in
films with larger grains.

In contrast to the limited examples of bulk MHP hetero-
junctions, 2D/3D perovskite heterojunctions have been widely
employed since the low diffusivity of the bulky 2D cation ensures
the maintenance of discrete interfaces.[100:102-104118,126-133] ) 1y /31y
heterojunctions improve device stabilityl'0%102129131 a5 well as
device performance through surface passivation[!'®126-132 or 4
graded bandgap structure,9313% and 2D MHPs can also serve
as transport layers, replacing metal oxides or organic semicon-
ductors. Azmi et al. have demonstrated that 2D/3D MHP
interfaces can greatly improve the high-temperature stability of
MHP cells, enabling packaged cells to pass 1000-h 85 °C/85%
relative humidity exposures.[1%

Recently, 2D/PNC heterojunctions have been synthesized
through low-temperature welding, resulting in an epitaxial
alignment between the 2D and 3D PNC crystal structures.!
High-resolution transmission electron microscopy (TEM)
imaging of the interface between CsPbBr; PNCs and
PEA,PbBr, (PEA = phenethylammonium) reveals this epitaxial
relationship (Figure 9a,b), which is promoted by excess PEA in
the 2D phase. These heterostructures result in unique optical
properties dependent on the crystallographic fusing of the PNC
to the nanoplate (Figure 9c,d). As a result of the type II band
offset (Figure 9c), when the PNC is successfully welded to the
2D nanoplate, charge carriers are efficiently separated. This
results in a significantly reduced photoluminescence lifetime
for oriented 3D/2D heterostructures (Figure 9d). This strategy
could be successfully applied to a wide range of applications
requiring both charge separation and effective interfacial pas-
sivation, taking advantage of the unique properties of both the
2D nanoplate and 3D PNC properties for optoelectronic appli-
cations. This strategy could also be applied to the development
of heterostructures between PNCs and more conventional bulk
2D semiconductors rather than 2D nanoplates.

Perhaps more on the frontier, lower dimensionality phases
like 1D wires and 0D clusters can open new paths toward
the use of advantageous quantum confinement as part of the
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embodied properties. On this front, we refer readers to a review
article on the topic and references therein.[34

8. Application of Heterojunctions beyond
Photovoltaics

Heterojunctions using PNCs and 2D MHPs are being used in
applications beyond photovoltaics. Often, new semiconductor
systems are first applied toward existing technology, but new
fields of technology can blossom as the field develops and the
inherent properties of the new semiconductor can be exploited.
MHPs offer plenty of unique properties to be exploited which
will lead to new devices that cannot be envisioned yet. Such
devices may be enabled by exciting physics from the coupling
of organic molecules and inorganic sublattices, the soft nature
of the lattice, the strong spin-orbit coupling, strong electron—
phonon interactions, and more.

For example, 2D MHP layers constructed with chiral A-sites
exhibit a property called chiral-induced spin selectivity (CISS),
which permits a spin filtering effect whereby charge carriers
are transmitted with specific spin depending on the enanti-
omer used.!1%20:2427135] Enantiomers in R- configuration permit
transmission of spin-up holes while S- enantiomers facilitate
spin-down carrier transport. A chiral 2D CISS layer coupled
with PNCs was used to fabricate a room-temperature spin light-
emitting diode (LED) shown in Figure 10a.2¥ The ability to fab-
ricate this CISS/PNC heterojunction benefits from the different
solubility of the PNCs and (R-/S-MBA),Pbl,. As a result of the
organic component of the CISS layer, either R- or S-methylb-
enzylamine (R-/S-MBA), holes are injected into the CsPbl,
PNC emitter layer with spin preference, resulting in radiative
recombination with circularly polarized emission (Figure 10b)
controlled by the R-/S- cation. This control of spin, light, and
charge could be useful for a wide range of quantum computing
and information processing technologies.[*l

MHP heterojunctions have also recently been applied
to create devices that could enable low-energy information
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Figure 10. a) Schematic illustration of spin-polarized charge injection and CP-EL emission in spin-LEDs. b) CP-EL spectrum of spin-LEDs based on CISS
layer/CsPbl; NC heterostructure in a.u., arbitrary units. ¢) Schematic of phototransistor leveraging heterojunction between single-wall carbon nano-
tubes and perovskite nanocrystals to produce persistent photoconductivity. d) Photoconductivity in single-wall carbon nanotube/perovskite nanocrystal
heterojunction during writing (with illumination) and erasing (with applied bias) for multiple compositions of nanocrystals with varying excitation pulse
widths. e) Persistent photoconductivity over time in varying compositions of single-wall carbon nanotube/perovskite nanocrystal heterostructures.
f) Photocurrent in phototransistor versus pulse number for consecutive pulses at different frequencies. Panels (a) and (b) adapted with permission.?l
Copyright 2021, The American Association for the Advancement of Science. Panels (c)—(f) adapted under the terms of the C-CBY license.?®l Copyright

2021, the authors, published by Springer Nature.

processing. Persistent photoconductivity is an effect that could
be useful for fabricating optical memories and artificial “optical”
synapses envisioned for neuromorphic computing and sensing
applications. Such persistent photoconductivity can result in
MHP-based devices from both charge trapping and/or ion
migration. Photo-transistors fabricated with heterostructures of
semiconducting single-wall carbon nanotubes (SWCNTs) and
PNCs have been shown to exhibit remarkably long-lived per-
sistent photoconductivity (Figure 10c—f) on the order of 1000s
of seconds.?®! During illumination, holes are transferred to
the SWCNTS, electrons are trapped in the PNC layer, and the
resulting photoinduced electric field induces halide vacancies
to migrate within the MHP layer away from the SWCNT/PNC
interface. After the light is turned off, the trapped charges take
significant time to equilibrate, leading to exceptionally long
(hours) persistent photoconductivity (Figure 10e). Importantly,
this photoconductivity can be modulated by both the repetition
rate and intensity of the optical excitation and quenched by an
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external voltage. This heterojunction can therefore act like an
optically driven logic gate. A subsequent study demonstrated
that similar heterojunctions formed with PNCs decorated with
chiral ligands can enable optical switching that depends on
the circular polarization of incident photons.'¥”) In the realm
of chirality effects in MHPs, PNCs offer the added advantage
of a high surface-to-volume ratio, allowing the surface to be
coated with chiral ligands which may not otherwise fit as an
A-site molecule within the structure, imparting chirality on the
bright emitters.™] Such devices are part of a growing effort to
develop circularly polarized light detectors that can efficiently
discriminate between right- and left-handed circularly polar-
ized photons and could ultimately enable light-based quantum
information processing strategies.[?223l

PNC heterojunctions could bring unique benefits to these
emerging types of light-based information processing or lasing
devices. For example, graded PNC heterojunctions could
potentially lengthen the relaxation time in non-volatile optical
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memories. By depositing multiple layers of PNCs with a graded
band structure, vacancies and charges can be funneled away
from the SWCNT/PNC interface. This may allow even longer-
lived optical memory, paving the way to ultra-efficient read/
writable memory storage. A circularly polarized detector was
recently demonstrated by fabricating an epitaxial heterojunc-
tion between a chiral 2D MHP single crystal and its 3D coun-
terpart.?!l The large anisotropy factor of the device bodes well
for this MHP heterojunction approach, but the low current
density is typical of single-crystal devices with large transport
lengths that do not rely on a semimetal (such as SWCNTs) for
charge transport. A wide variety of chiral PNC layers could be
paired with a similarly broad pallet of chiral (or achiral) 2D and
3D MHPs to generate circularly polarized light detectors with
broad spectral responses, high responsivities, and large anisot-
ropy ratios.

9. Conclusion

Beyond the stand-alone novel properties of MHP semiconduc-
tors, new applications will develop based on unique processing
and incorporation into complex devices and structures. Het-
erostructures offer unique ways to synergistically combine dif-
ferent types of MHPs to better control optical, electrical, and
structural properties. Orthogonal processing methods, where
subsequent layers do not interfere with the underlying layer, are
a challenge using traditional MHP deposition techniques. Dep-
osition of nanocrystals is one orthogonal deposition method
highlighted here, using nonpolar solution processing through
dispersion by their ligands. Heterostructures form the basis of
many optoelectronic devices and one recent example to look to
for inspiration is the highest efficiency solar cell under 1-sun
using quantum well structures to carefully tune the strain and
optical properties of 111-V semiconductors.*8 While MHPs are
just establishing the ability to form such structures, devices
using III-V materials demonstrate how sophisticated struc-
tural control (repeating the quantum well structure hundreds
of times) can enable unprecedented performance.

Key to high-performance MHP solar cells is a high degree
of control over the charge carriers at the interfaces. Various
empirical approaches have demonstrated enormous gains from
defect passivation, minority carrier control, and suppression
of interfacial recombination losses. Combining this with the
insights from PNC-based solar cells that heterojunctions can
significantly improve the charge extraction efficiency would
suggest that forming heterojunctions between PNCs and 3D
or 2D MHPs could offer multiple benefits. Nevertheless, more
fundamental studies are needed to clearly elucidate the various
effects of ligands and PNC compositions, probing mass trans-
port, epitaxial connection, barrier layers, etc. Further, long-
term studies are needed to confirm that such heterostructures
can retain their highly beneficial properties against external
and activated stresses to operate under real-world conditions
without suffering significant losses.

Beyond their use in solar cells, proof-of-principle studies
show that PNC-based heterojunctions enable advanced device
structures for spintronic and neuromorphic circuits. The
groundwork has been laid for systematic studies of innumer-
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able possible heterojunctions based on PNCs. We have only just
begun to explore how to fabricate and understand the effects
imparted by such heterostructures. Beyond the functionality of
PNCs in such heterostructures, the processing advantages of
PNCs over thin films, as well as their distinct properties, make
them an excellent material platform to probe and understand
the physics and chemistry of such multilayer constructs on a
fundamental level.
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