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suffer from performance degradation 
due to the chemical decomposition of the 
perovskite crystal structure under envi-
ronmental stress such as water and tem-
perature variations, which represent a big 
obstacle toward commercialization.[6–9]

One of the effective strategies to miti-
gate this issue is to replace in the perov-
skite structure, the small hydrophilic 
organic ammonium cation (MA or FA) 
by bulky hydrophobic ones such as ali-
phatic or aromatic mono-, diammonium 
or triammonium cations (A', R-NH2

+, 
R-(NH2

+)2, or R-(NH2
+)3). The bulky 

monoammonium A' spacer cations form 
interdigitating bilayers via van der Waals 
forces and turn the 3D into layered Rud-
dlesden–Popper perovskite (RPP) struc-

ture (A'2An−1BnX3n+1). While the diammonium spacer cations 
give rise to structures without van der Waals gap, the cations 
form hydrogen bonds on both ends with iodine atoms on the 
adjacent inorganic sheets, yielding to Dion–Jacobson perovskite 
(DJP) structure (A'An−1BnX3n+1).[8,10–15] Recently, Kanatizdis et al. 
reported a new type of layered perovskite (A'AnBnX3n+1), which 
has a mixed structural feature of the RP and DJP, adopting 
alternating spacer cations of guanidinium (C(NH2)3, GA) and 
MA in the interlayer space (ACI).[16] In these structures, n rep-
resents the thickness of inorganic octahedra sheets sandwiched 
between the spacer layers in the unit cell.[2,17–19] It is worth 
mentioning that a given n represents a specific RP, DJ, or ACI 
perovskite phase. By simply manipulating the molar ratio of the 
bulky A' cation to small A cation, n varies from 1 (pure 2D) to 
∞ (pure 3D). Thus, the possibility to vary n yields to different 
perovskite phases with tuneable optoelectronic properties.

The interdigitating monoammonium spacer bilayer results 
in good self-assemble capability of the RPP layers, which is the 
driving force for forming highly oriented and crystalline films. 
It is important to underline that this RP systems are much more 
thermodynamically stable than the 3D perovskites, which have 
formation enthalpy (ΔH) strongly positive (34.50 ± 1.01 kJ mol−1)  
for MAPbI3, and weakly positive (6.69  ± 1.41  kJ mol−1) for 
MAPbBr3.

[20] While RP systems have ΔH of formation largely 
negative (−49.69 ± 1.18 kJ mol−1) for low-n compounds (n = 1–5) 
and become positives for high n > 5.[21]

The seminal works, which initiated this research field were 
published in 2014, when solar cells using quasi-2D RPP phases 
(low n members, such as 3, 4, or 5,) as light absorbing mate-
rials with (PCEs of about 4.7% were reported.[12,13] In less than 
six years, the lab-scale PCE of this type of solar cells has been 
boosted up to above 18% by manipulating the orientation, 
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1. Introduction

Metal halide perovskite solar cells (PSCs) are very promising 
candidates for commercialization owing to the advantages of 
easy and low-cost fabrication. 3D metal halide perovskite mate-
rials have a ABX3 crystal structure, in which A is small mono-
valent ammonium cation such as methylammonium (MA), 
formamidinium (FA), or cesium occupying the cavity of the 
inorganic octahedra, B is a divalent metal cation such as lead 
(Pb) or tin (Sn) sitting in the body centre of the inorganic octa-
hedra, X is a halide anion (Cl–, Br–, or I–) sitting at the corner 
of the octahedra.[1–8] These materials have small exciton binding 
energy (16 meV),[1] relatively high charge carrier mobility (sev-
eral tens to hundreds of cm2 V–1 s–1),[2] and long diffusion length 
(> 1  µm),[3] high absorption coefficient and broad absorbing 
wavelength which ranges in some case into the near infrared 
region.[2] These outstanding semiconducting properties has 
enabled in less than 10 years of work the large international 
community of researchers working on this class of materials to 
obtain a power conversion efficiency (PCE) in lab-scale devices 
of 25.5%, showing an unprecedented fastest progress among 
all the photovoltaic technologies.[4,5] However, 3D PSCs often 
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composition and distribution of the RPP phase as well as the 
film morphology.[22] The nominal high n members (n = 40 and 
60), which actually often form a mixture dominated by a 3D 
phase and a very small fraction of RPP phase (2D/3D), were 
also used as light absorbing materials in solar cells, leading to 
higher efficiency and stability compared to the 3D based coun-
terparts.[23] The 2D/3D heterostructure perovskites prepared 
with the deposition at the interface with one of transport layers 
of the low dimensional system and subsequent deposition of a 
3D perovskite or of a RP phases, were also demonstrated to effi-
cient and stable solar cells as compared to the pure 3D phase. 
These characteristics are mostly due to the effectiveness of the 
2D material in passivating the grain boundaries and in encap-
sulating the perovskite films.[24–29]

The diammonium cations in the DJP structure not only 
remove the van der Waals gap, but also reduce the distance 
between the inorganic layers, which leads to broader light 
absorption, due to the reduced quantum confinement.[30] The 
diammonium spacer interlayer has a drawback the lower degree 
of conformation freedom, which harms the self-assemble capa-
bility of the DJP. Recently, increasing attention has also been 
drawn to explore the quai-2D DJP as light harvesting material 
in PSCs. In 2018, Kanatzidis and co-workers reported the first 
DJPSC with a PCE of 7.32%.[30] Recently, they obtained a PCE of 
20.6% in DJPSCs using narrow bandgap mixed lead/tin quasi-
2D DJP as active layer.[31]

The large play field represented by the long organic cation 
offers opportunities to increase further stability and efficiency 
of PSCs but also to introduce new functionalities in the active 
layers. In this essay, we will focus the discussions on how to 
further improve the PCE of the lead iodide based Ruddlesen–
Popper perovskite solar cells (RPPSCs). The aim is not much 
to give an extensive review of the past studies but to provide 
a critical view of what has been done and propose future 
research directions. We first discuss the unique properties of 
the RPP, with emphasis for the structural and charge trans-
port properties, which we believe are central in determining 
the performance of RPPSCs. We address the challenges faced 
by the community to control crystallographic and charge trans-
port properties and give our suggestions for new promising 
research directions which may result in a further improvement 
of the RPPSCs performance.

2. Unique Properties of RPP and Limiting Factors 
for Device Performance
2.1. Quantum and Dielectric Confinement in RPP

Due to the quantum confinement (in the inorganic octahedra 
sheets) and the dielectric mismatch between the inorganic 
and organic layers, RPP forms natural multiple quantum 
wells, where the inorganic octahedral layers act as the poten-
tial “wells” and the organic insulating A' cations as the poten-
tial “barrier” (Figure  1).[2,32] Density functional theory (DFT) 
calculations demonstrated that the valence band maximum 
predominantly consists of hybridized filled metal s-orbital and 
halide p-orbital, for example: Pb-6s and I-5p orbitals, while the 
conduction band minimum mainly consists of empty metal p 

orbital, that is, Pb-6p orbitals.[33] Upon photo-excitation, exci-
tons form in the inorganic layers. The bandgap and exciton 
binding energy decrease with increased inorganic octahedra 
layer thickness n due to weakened quantum and dielectric con-
finement effects.[32] Unlike 3D perovskites, the 2D RPP (n = 1)  
normally has a large exciton binding energy (>170 meV) at 
room temperature, which cannot be dissociated into free 
charge carriers by the thermal energy (around 26 meV), shorter 
carrier diffusion length (≈ 60  nm), and narrower absorption 
into the visible region (Eg> 2 eV). In fact, n = 2 phase also pos-
sesses similar properties as the n = 1 phase.[12,32] These phases 
therefore are not ideal as solar cells active layers. In contrast, 
quasi-2D RPP members with nominal n = 3, 4, or 5, which in 
reality are often not pure phases but mixed RPP phases with 
different n members as will be discussed later, have the com-
bined advantages of 2D and 3D perovskites, and have recently 
become very popular light absorbers in RPPSCs. When n is 
larger than 7, the RPP phases, also referred to as 3D-like phase, 
have narrower bandgap, smaller exciton binding energy and 
high carrier mobility in every direction.[34] Nevertheless, their 
structural and thermodynamic stability is inferior to the lower 
n members (see above). In fact, it becomes more challenging 
to grow phase-pure with high n numbers due to very similar 
formation energy. Particularly, RPP with a nominal high  
n (∞ > n > 10) always forms 2D/3D mixtures, where the 3D 
phase is the dominant component next to a very small frac-
tion of low dimensional phases with different n numbers often 
located at the interface with the substrate.[25]

Beside the quantum well thickness n, also the organic 
spacer cation, namely, its chemical structure, conformation, 
and dielectric constant (or dipole for a single molecule), plays 
a crucial role in the structural and optoelectronic properties 
(bandgap, exciton binding energy, and diffusion length) of 
the RPP.[33] Organic spacer cations with higher dielectric con-
stant, for example obtained replacing the aliphatic ammonium 
by aromatic ammonium, reduce the exciton binding energy 
and bandgap. Because of their structure these quantum wells 
have large anisotropic charge transport properties, namely, the 

Figure 1. The energy alignment of the quantum wells with different n 
value as well as the energy funnelling process.
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charge transport occurs mostly in the plane where the inorganic 
octahedra are, while the charge transport from one inorganic 
layer to another across the insulating A' cations is inhibited or 
not possible depending to the distance between the inorganics 
planes.[33]

Ironically, the unique excitonic and anisotropic charge trans-
port properties of the RPP are among the key limiting factors 
for the performance of the RPPSCs. However, it is important to 
underline that quasi-2D RPP members offer important oppor-
tunities also in the fabrication of efficient and color pure light 
emitting diodes.[35,36] In the following sections we shall focus 
the discussions on how to use the opportunity offered by this 
class of materials and how advanced processing technique and 
rational material design can be used to obtain efficient and 
stable RPPSCs.

2.2. The Problem of the Orientation

Considering the vertical sandwich-like structure of the solar 
cells (Figure 2a), RPP films with inorganic layers perpendicular 
to the substrate are desired to facilitate the charge transport to 
the electrodes (Figure  2b). RPP films with randomly and par-
allel oriented inorganic layers, will hinder charge transport in 
the direction perpendicular to the substrate, causing severe 
recombination from free electron and holes, which results in 
solar cells with limited current density and fill factor.

The orientation of the RPP layers depends on the processing 
conditions such as deposition methods, annealing timing, use 
of additives and solvents, interaction with the layer where they 
are deposited.[37–39] In the method that has become conven-
tional in this field, the crystallization occurs when the film is 
spin dry at room temperature from a precursor solution using 
DMF as solvent, yielding randomly oriented RPP layers. So 
far, 2-phenylethylammonium (C6H5C2H4NH3

+, PEA+) and 
n-butylammonium (n-C4H9NH3

+, BA+) have been the most 
extensively used organic spacer A′ cations.[12–14] The pioneering 
works of 2014 on RPPSCs employing these two spacer cations 
yielded a PCE of 4.73% and 4%, respectively. [12,13] These early 
devices suffered from low current density and FF, most prob-
ably caused by the poor charge transport due to the imperfect 
alignment of the inorganic layers respect to the electrodes.

In 2016, Tsai et  al., successfully realized vertically oriented 
inorganic layers in BA2MA3Pb4I13 RPP film by employing a so-
called hot-casting method. The improved charge transport in 

between the electrodes of the solar cells gave rise to a remark-
able improvement in the current density and FF, leading to 
a PCE of 12%.[37] These results demonstrated to the scientific 
community the importance of the alignment of the inorganic 
planes respect to the substrate in this highly anisotropic mate-
rial. Interestingly, the addition of Cesium cations, chlorine 
based additives and the use of DMSO as solvent were also dem-
onstrated to induce the grow of such vertically oriented RPP 
layers.[40]

Tuning the chemical structure of the A′ organic spacer 
cation and manipulating surface chemistry of the bottom 
layers are potential alternative strategies to manipulating the 
orientation of RPP layers. However, compared to the bulk 
of works devoted on developing new processing strategies, 
studies investigating the effect of the chemical structure of 
the organic spacer cations on the orientation of RPP and the 
interaction with the material of the bottom layer, have been 
very limited. DFT calculations demonstrated that the packing 
geometry and orientational disorder of the bulky organic 
spacer cations determine the formation energy and the ori-
entation of the inorganic layers.[41] For example, the organic 
cation such as 2-fluorophenethylammonium (oF1PEA) with 
high orientational disorder and edge to edge packing geo-
metry leads to randomly orientated inorganic layers and poor 
charge transport.[41] Instead, inorganic layers become perpen-
dicular to the substrate in the RPP films using organic cat-
ions such as PEA, 3-fluorophenethylammonium (mF1PEA), 
or 4-fluorophenethylammonium (pF1PEA) with edge to face 
packing geometry and low orientational disorder. Interest-
ingly, butylammonium ions with a shorter branched-chain 
(iso-BA+) have been found to yield more crystalline and verti-
cally oriented inorganic layers than the linear analogues, with 
significant consequences for the device functioning.[42]

Despite the progress discussed above, the link between 
the processing methods, additives, chemical structure of the 
organic spacer cation, the interaction with the bottom layer 
and the orientation of the RPP layers is still unclear. There-
fore, gaining insight into the mechanism of the orientation 
of RPP and the parameters which govern the crystalliza-
tion dynamics has great implications for further improving 
the performance of the solar cells. However, these subjects 
have seldomly been investigated until very recently. In situ 
grazing-incidence wide angle X-ray scattering experiments 
revealed that the heterogeneous nucleation and growth of 
the RPP occurring at the liquid–air interface is responsible 
for the oriented layers and the high crystallinity of the films, 
while the nucleation and crystallization taking place in the 
bulk of the solution is responsible for the random orienta-
tion of the RPP.[43,39] In order to perfect the orientation of the 
RPP, strategies that can effectively suppress the bulk crystal-
lization process shall be developed.

2.3. The Conductivity Perpendicular to the Inorganic Sheets

Since it is very challenging to grow perfectly vertically oriented 
inorganic layers, improving the intrinsic conductivity perpen-
dicular to the inorganic layers across the organic spacer cat-
ions (out-of-plane) could be an alternative strategy to facilitate 

Figure 2. a) Typical solar cell structure consisting of anode, hole trans-
port layer, RPP, ETL, and cathode. b) the parallel and vertical orientation 
of the RPP.
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the charge transport in RP solar cells. So far, very limited 
research activities have been carried out to enhance the 
intrinsic out-of-plane conductivity of RPP materials. Charge 
carrier tunnelling through the organic spacer layers, which is 
determined by the inorganic-to-inorganic interlayer spacing, 
intra and intermolecular electronic coupling of the spacer 
cations as well as tuning of the barrier height of the quantum 
well, limits the out-of-plane conductivity in these systems. 
Reducing the inter-layer spacing by using an A′ cation, which 
has shorter chain length or a less extended structural confor-
mation enabling longer distance between ammonium cation 
and the iodine of the inorganic layer, reinforcing intramolec-
ular or intermolecular electronic coupling such as introducing 
hydrogen bond and π–π stacking interactions of the organic 
spacer cations as well as improving energy alignment between 
the organic spacer cation and inorganic layers are among 
strategies that may result effectively in improving the out-of-
plane conductivity. Therefore, tailoring the chemical structure 
of the A′ spacer cation is an important strategy to pursue in 
the future.

For example, Liu et  al., used n-propylammonium cation 
(PA+) with a shorter alkyl chain length to prepare PA2MA4Pb5I16 
films for better charge transport and extraction properties.[44] 
Stupp et al., reported a series of n = 1 layered perovskites with 
the form (aromatic-O-linker-NH3)2PbI4, where the naphtha-
lene, pyrene, or perylene is used as the aromatic moiety and 
ethyl, propyl, or butyl is used as linker.[45] Generally, these 
materials have superior out-of-plane conductivity compared to 
the control RPP materials using aliphatic spacer cations due to 
stronger electronic coupling between the aromatic core of the 
organic spacer cations. Their out-of-plane conductivity decrease 
with the linker length, whereas the optical bandgap and bar-
rier height of the quantum well show an opposite trend. It is 
worth mentioning that the structural conformation also plays 
an important role in the out-of-plane conductivity. Enlarging 
the distance between the ammonium cation and the negatively 
charge iodine (dN−I) of the inorganic layer by forming intramo-
lecular hydrogen bond with the pyrene organic spacer enhances 
the out-of-plane conductivity compared to the counterpart with 
smaller dN−I adopting the extended conformation. These seem 
to be a new strategy to manipulate the optoelectronic properties 
of the RPP materials by considering both the energy levels of the 
organic spacer and the distortions induced by the spacer in the 
inorganic layer.[45] While the approach appears promising only 
devices with efficiency of 1.38% were obtained with n = 1. Barea 
et  al., introduced conjugated organic spacer cation anilinium 
iodide (C6H5NH3I) in RPP (C6H5NH3I)2(CH3NH3I)n−1(PbI2)n 
(n is from 1 to 5).[46] These RPP have superior charge transport 
compared to the BA based counterparts due to stronger elec-
tronic coupling of the anilinium spacer cations. Interestingly, 
the excitons in C6H5NH3I based n≥ 2 films are readily ion-
ized into free carriers at room temperature. Consequently, the 
C6H5NH3I based n = 2 phase enables similar JSC as the n = 3 
and 4 phases. These findings open a potential research direc-
tion toward more efficient RPPSCs. Finally, it is important to 
underline that besides the promise of an increased transport it 
is not given that by changing the nature of the A’ cation the 
thermodynamic stability will be not detrimentally affected, 
therefore the new system should always be tested for stability.

2.4. Phase Distribution/Segregation of RPP and Energy Loss

At this point it is important to underline that is very chal-
lenging to grow pure and single phase n>1 RPP thin films 
due to the small difference in the formation energy of RPP of 
neighbouring n values in the conventional fast crystallization 
process. Furthermore, as mentioned earlier this difficulty grows 
with the increase of the n number.

Due to negative enthalpy of formation (ΔH), the small RPP 
n (n ≤ 5) phases are energetically more favourable to form than  
n > 5 phases.[34] Generally, this low n phases are oriented with 
the inorganic layers parallel respect to the substrate hindering 
the charge transport in RPPSCs.

While energy funnelling may play an important role in con-
verting excitons generated in the low n phases into free charge 
carriers in high n phases (Figure  1a).[47] The efficiency of the 
energy transfer and charge transport highly depend on the dis-
tribution, dimension and composition of these RPP phases. 
A vertical phase distribution with a cascade from well aligned 
low n, to high n phases should form from top to the bottom of 
the film to facilitate the energy funnelling process and enhance 
the resistance to moisture. Moreover, the lateral phase distri-
bution is also critical for the energy transfer and charge trans-
port.[47] Large quantity and dimension of parallelly oriented  
n  = 2 domains were proven, by confocal photoluminescence 
measurements, to be unfavourable for exciton diffusion and 
subsequent energy transfer (Figure  3a).[14] Moreover, these 
parallel oriented n = 2 phase hinders the charge transport and 
blocks the charge collection at the anode interfaces (Figure 3c). 

Figure 3. Schematic illustration of the phase distribution and segregation in 
an RPP film grown by a) conventional method, b) vacuum method. Repro-
duced with permission.[14] Copyright 2019, American Chemical Society.

Adv. Energy Mater. 2021, 11, 2003907
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Consequently, severe second order recombination occurs in 
solar cells, leading to low current density and FF. The quantity 
and the size of the segregated domains of n ≤ 2 phases should 
be minimized to facilitate energy funnelling and charge trans-
port (Figure 3b,d).[14] Charge transfer, where electrons transfer 
from low n to high n phases, and holes transfer from high n 
to low n phases, was also proposed to account for the mecha-
nism of charge separation in RPPSCs.[48] We would like to point 
out that significant energy loss occurs during the energy fun-
nelling/ charge transfer from high energy hot or ground state 
excitons to lower energy states. Extracting these high energy 
charge carriers to minimize the energy loss is a big challenge 
to be tackled. Regardless of the debate about the mechanism, 
opinions on how to obtain the favourable phase distribution 
and composition for higher PCE of the RPPSCs converge.

Processing methods that slows down the crystallization pro-
cess, are very effective in eliminating n ≤ 2 phases. For example, 
the addition of DMSO to the precursors solvent reduces the 
quantity of the parallel oriented n ≤ 2 phase in the RPP film, 
improving the charge transport in solar cells.[49] It has also been 
demonstrated that a post-deposition treatment in vacuum con-
siderably reduces the quantity and dimension of segregated  
n ≤ 2 domains, facilitating energy funnelling from low, to high 
n phase and charge transport in the active layer (Figure 3c).[14] 
As a consequence of these improved spatial distribution and 
smaller dimension of domains, RPPSCs fabricated with this 
method exhibit a threefold improvement in the PCE.

The chemical structure of the organic ammonium cations 
may also affect phase distribution in RPP film. The RPP film 
using oF1PEA as organic spacer cation has shown unfavour-
able random phase distribution compared to favourable vertical 
phase distribution in RPP films based on PEA, mF1PEA, and 
pF1PEA cations, hindering the energy funnelling between the 
different RPP phases.[41]

It is worth mentioning that so far, relevant research works 
provide mostly qualitative analysis of the effect of the phase 
distribution on the charge transport, energy funnelling/charge 
transfer and solar cell performance. The effect of the orientation 
disorder and segregation domain size of the RPP on the exciton 
diffusion and energy funnelling/charge transfer efficiency have 
been overlooked. Simulations could help to establish a model 
to quantify the effect of the phase orientation, distribution, and 
domain size on relevant physical properties and finally on the 
performance of the RPPSCs. The energy loss happened due 
to energy tunneling or charge transfer from the hot/ground 
state excitons to lower energy states is another open topic to be 
addressed in the future studies.

So far, only a handful of papers reported phase-pure n>1 RPP 
thin films by melt-processing, hot casting, or using as molten 
salt spacer n-butylamine acetate.[37,50–52] However, only two 
examples are reported of phase-pure RPP thin films used to fab-
ricate RPPSCs, which exhibit PCEs lower than 17%, therefore 
slightly inferior to state-of-the-art RPPSCs containing multiple 
RPP phases (>18%). Since n = 3, 4, and 5 phases show exciton 
binding energy much larger than the thermal energy, one of the 
puzzles needs to be solved is how excitons will dissociate into 
free charge carriers in those phase-pure RPP films. The typical 
solution in case of excitonic materials, is the design of type two 
heterostructures for exciton splitting, obviously if the exciton 

diffusion length is sufficient to guarantee also an active layer 
thickness that allows sufficient absorption. However, a recent 
study suggested that the excitons in n>2 phases dissociate into 
free charge carriers at the low energy edge states,[53] showing a 
similar energy loss to the one occurred during the energy fun-
neling/charge transfer process between different RPP phases.

Another recent study indicated that phase-pure RPP film has 
superior charge transport properties compared to the multiple-
phase RPP film.[50] It is however difficult to pinpoint the role of 
the phase purity in the charge transport properties due to the 
difficulty of controlling the orientation of the inorganic layers 
and film morphology.

Concluding, phase pure materials would need first to be 
controlled and to be carefully studied to understand their real 
potential for optoelectronic devices.

2.5. Manipulating Exciton Binding Energy and Diffusion Length

Since excitons need to dissociate into free electron and holes to 
contribute to the photocurrent of solar cells, the reduction of 
their binding energy and the increase of their diffusion length 
may help to improve the charge separation and collection of 
the RPP solar cells. Increasing the dielectric constant of the 
organic spacer is one of the effective strategies to reduce the 
exciton binding energy of the RPP.[33] For example, RPPs using 
aromatic spacer cations have smaller exciton binding energy 
compared to that using aliphatic spacer cations.[33] Recent 
DFT calculation performed by Grozema and coworkers dem-
onstrated that introducing extra functionality into the organic 
spacer cations such as electron donating or withdrawing 
groups allows the formation of localized states either in the 
organic or the inorganic part of the 2D perovskite.[54] Further-
more, their results indicated the feasibility of tuning indepen-
dently the energy of the bands located in the organic spacer by 
manipulating its electron withdrawing/donating nature without 
affecting the band structure of the inorganic part (of course if 
the inorganic octahedra are not distorted in their assembly by 
the organic moiety (vide infra)). Very recently, the authors from 
the same research group experimentally demonstrated that 
mobile free charge carriers form with ten times higher yield 
by incorporating a strongly electron accepting moiety, such as 
perylene diimide, on the surface of the 2D perovskite nano-
platelets as compared to the one without the electron accepting 
moiety.[33]

Alternatively, the diffusion length of the excitons has also an 
effect in the charge carrier separation and collection of RPPSCs. 
The organic spacer cation has a significant impact on lattice 
distortion, which influences the effective mass, the dynamics 
and diffusion of the excitons in the RPP phase. Increasing the 
cross-sectional area of the organic spacer causes distortion 
of the inorganic lattice, and a reduction in the orbital overlap 
between neighboring octahedra, which increases the effective 
mass of excitons and slow down their diffusion.[33] However, the 
effective mass model does not explain the higher diffusivity of 
excitons in PEA2PbI4 as compared to those in BA2PbI4.[55] Prins 
and coworkers attributed the higher diffusivity in PEA2PbI4 to 
its higher lattice stiffness.[55] Their results indicated the forma-
tion of exciton–polarons with larger effective mass and a lower 
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diffusivity and show a dominant role of exciton–phonon cou-
pling in the spatial dynamics of the excitons in 2D RPP.

Therefore, the structural rigidity could be used as one of 
the parameters to design and optimize RPP with suitable 
optoelectronic properties. However, other possible factors that 
could contribute to the difference in diffusivity of excitons of 
these two RPP structures such as the dielectric constant of the 
organic spacer cations were not addressed. Even though it is 
generally accepted that the aromatic spacer cations have higher 
dielectric constants than the aliphatic counterparts, accurate 
determination of the dielectric constant values of the two RPP 
structures should be determined. Moreover, both theoretical 
and experimental results from previous works present contro-
versial and even contradictory values and variation trends in the 
reduced exciton mass of the RPP materials, such as PEA2PbI4 
and BA2PbI4, which poses more challenges to accurately pin-
point the factors/parameters determining the exciton diffu-
sion behavior.[44,45] Therefore, future studies need to not only 
address how to obtain accurate and reliable physical quantities 
such as dielectric constant, structural distortion, and effective 
mass of the excitons, but also develop a more quantitative and 
accurate theoretical model that can predicts and explain the dif-
ferent excitons diffusivity in RPP using various organic spacer 
cations. Previous research works investigating the temperature 
dependence of the photo-conductivity of the halide perovskite 
materials by terahertz spectroscopy highlight that the electron–
phonon scattering fundamentally sets the upper limit of the 
free charge carrier mobility in 3D perovskites.[56] This means 
that the impact of the organic cations such as cross section 
area, intra-molecular binding or interactions and structural 
rigidity, on the free charge carrier mobility of the low dimen-
sional perovskite phases should also be taken into account.

In short, recent studies offer very promising new approaches 
for tuning the optoelectronic properties of these materials to 
develop stable RPP phases with improved charge separation for 
solar cells applications. As the relevant studies are still at early 
stage and mostly investigating spectroscopic properties, inves-
tigations reporting the relationship between the structure of 
the organic spacer, exciton/free charge carrier transport proper-
ties and the performance of RPPSCs are still missing, opening 
potential new research directions for the RPPSCs community.

2.6. The RPP Film Morphology

The film morphology, such as grain boundaries and surface 
coverage, is another important factor determining the perfor-
mance of any metal halide perovskite-based device.

Grain boundaries, are the location where structural defects 
form, and are prone to trap free charge carriers and cause non-
radiative trap-assisted charge recombination, leading to solar cells 
of low open circuit voltage.[57–60] Moreover, these structural defects 
may also trap excitons and cause their recombination before their 
separation in electrons and holes pairs, reducing the photocurrent 
of the solar cells. Furthermore, pin holes may cause high leakage 
current by forming shunts, which also reduce the VOC of the solar 
cells. Therefore, RPP film with compact morphology and big 
grains are desirable to achieve highly efficient solar cells.[48]

The film morphology is determined by the crystallization 
dynamics of the RPP film, which is extremely different from the 

one of the 3D metal halide perovskites. It has been shown that 
slowing down the crystallization process by adding, for example, 
Cs cation, chlorine based additive, DMSO solvent, and using 
a vacuum method not only improves the crystallinity, but also 
the morphology of the RPP film, reducing the trap density sig-
nificantly[13,30,33] Furthermore, the manipulation of the chemical 
structure or composition (using a mixture of different cations 
such as A' and A) plays an important role in the RPP film mor-
phology. For instance, replacing 20% MA cation by FA cation 
significantly enlarges the crystal grains from several hundred 
nanometres to several micrometres, and produces compact film 
morphology without any cracks,[49] and consequently a reduced 
trap density. Replacing 25% PEA by perfluorinated phenethyl-
ammonium (5F-PEA) helps to eliminate the pin holes, at the 
same time keeping the vertical orientation of the RPP film.[61]

To summarizing the processing method, the chemical struc-
tures/compositions of the organic cations affect the crystallo-
graphic, morphological, optical, and electronic properties of the 
RPP, which are key factors determining the efficiency of the 
RPPSCs.

3. Challenges and Outlook

The PCE and stability of RPPSCs are far from performance of 
the 3D perovskite and still not sufficient for commercial appli-
cations, even if their higher thermodynamic stability is of enor-
mous importance for applications. To further advance this type of 
solar cells, future research directions need to focus on the control 
of the different phases of RPP, with special attention in main-
taining the thermodynamic stability as focus of the investigation 
as some composition with enhanced device performances may 
have lower stability than the 3D perovskite devices. Solution pro-
cessing poses challenges in control the crystallization dynamics 
to fully eliminate the crystallographic and phase disorder of the 
RPP film. This problem will be amplified when scalable tech-
niques will be used instead of spin coating. Here we would like 
to propose a more careful look at some recent and less recent 
literature that have been using Langmuir–Blodgett as technique 
to control RPP phases.[62,63] The RP perovskite materials are 
ideal systems for the Langmuir–Blodgett technique, opening the 
opportunity to obtain pure phases such as n = 5 or larger.

The vast structural diversity and tuneability of the organic 
spacer cations could potentially offer the opportunity for highly 
efficient and stable RPPSCs. The organic spacer cations, such 
as its cross section area, conformation, hydrophobicity, and the 
van der waals force between them, are among the key factors 
determining the structural stability of the RPP. This indicates the 
potential research directions to improve the stability of the RPP. 
However, the understanding of how the chemical structure of the 
organic spacer cations influences optical, electrical properties, 
and thermodynamics of the RPP is still very limited, and much 
more theoretical and experimental studies would be needed to 
understand this influence and be able to design new materials 
with the necessary properties for efficient and stable solar cells.

When discussing the phase stability of these system a large 
role is played by the transport layer in which the material is 
deposited, as its surface energy influences the nucleation of the 
RPP. However, the role of the transport layer is fundamental in 
the device functioning and more attention should be devoted to 
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high quality hole and electron transport layers (ETL) that can 
improve the anode/perovskite and cathode/perovskite inter-
faces, to further improve not only the efficiency but also the sta-
bility of the RPPSCs.

Beside the efficiency and stability issues, research activi-
ties to explore the viability of the large area RPPSCs using 
processing techniques compatible with massive production 
are also imperative to push this technology closer to practical 
applications. Since the crystallization dynamics is sensitive to 
the processing conditions, we foresee new challenges in get-
ting RPP film with uniform orientation, phase distribution and 
composition by large scale processing techniques. The future 
will tell if roll-to-roll Langmuir–Blodgett will be the answer to 
make of RPP solar cells the new big thing in photovoltaic.

4. Conclusions

In conclusion, we discussed the unique properties of the RPP, 
and the factors limiting the performance of solar cells fabri-
cated with these systems. We spot as main issues the difficulty 
to control the phases of RPPs. We reviewed briefly the past 
research activities, without intention to be exhaustive, on how 
to improve the PCE of the RPPSCs by optimizing the film 
processing and material chemical structure. We believe a com-
prehensive and collaborative investigation on the fundamental 
physical and chemical properties of the RPPs involving experi-
mentalist and theorist is imperative to exploit the large poten-
tial of this class of materials obtaining not only more efficient 
and stable solar cells but also new functionalities by exploiting 
the tunability of organic molecules. The development of a 
large scale deposition technique that can allow controlling dif-
ferent RP phases is pivotal to advance this research field.

Acknowledgements
The authors would like to thank the financial support from Groningen 
Cognitive Systems and Materials Centre (CogniGron).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
charge carrier transport, crystallographic properties, phase distribution, 
Ruddlesen–Popper, perovskite solar cells

Received: December 18, 2020
Revised: January 12, 2021

Published online: February 8, 2021

[1] A.  Miyata, A.  Mitioglu, P.  Plochocka, O.  Portugall, J. T.-W.  Wang, 
S. D. Stranks, H. J. Snaith, R. J. Nicholas, Nat. Phys. 2015, 11, 582.

[2] C. C. Stoumpos, D. H. Cao, D. J. Clark, J. Young, J. M. Rondinelli, 
J. I.  Jang, J. T.  Hupp, M. G.  Kanatzidis, Chem. Mater. 2016, 28, 
2852.

[3] S. D.  Stranks, G. E.  Eperon, G.  Grancini, C.  Menelaou, 
M. J. P.  Alcocer, T.  Leijtens, L. M.  Herz, A.  Petrozza, H. J.  Snaith, 
Science 2013, 342, 341.

[4] Best Research-Cell Efficiency Chart | Photovoltaic Research | NREL 
https://www.nrel.gov/pv/cell-efficiency.html (accessed: September 
2020).

[5] O.  Almora, D.  Baran, G. C.  Bazan, C.  Berger, C. I.  Cabrera, 
K. R.  Catchpole, S.  Erten-Ela, F.  Guo, J.  Hauch, A. W. Y.  Ho-Baillie, 
T. J.  Jacobsson, R. A. J.  Janssen, T.  Kirchartz, N.  Kopidakis, Y.  Li, 
M. A. Loi, R. R. Lunt, X. Mathew, M. D. McGehee, J. Min, D. B. Mitzi, 
M. K.  Nazeeruddin, J.  Nelson, A. F.  Nogueira, U. W.  Paetzold, 
N.-G. Park, B. P. Rand, U. Rau, H. J. Snaith, E. Unger, L. Vaillant-Roca, 
H.-L. Yip, C. J. Brabec, Adv. Energy Mater. 2020, 2002774.

[6] S.  Guarnera, A.  Abate, W.  Zhang, J. M.  Foster, G.  Richardson, 
A. Petrozza, H. J. Snaith, J. Phys. Chem. Lett. 2015, 6, 432.

[7] S. N.  Habisreutinger, T.  Leijtens, G. E.  Eperon, S. D.  Stranks, 
R. J. Nicholas, H. J. Snaith, Nano Lett. 2014, 14, 5561.

[8] S.  Shao, Y.  Cui, H.  Duim, X.  Qiu, J.  Dong, G. H.  ten Brink, 
G. Portale, R. C. Chiechi, S. Zhang, J. Hou, M. A. Loi, Adv. Mater. 
2018, 30, 1803703.

[9] S.  Shao, Z.  Chen, H.-H.  Fang, G. H.  ten Brink, D.  Bartesaghi, 
S.  Adjokatse, L. J. A.  Koster, B. J.  Kooi, A.  Facchetti, M. A.  Loi, J. 
Mater. Chem. A 2016, 4, 2419.

[10] M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, H. J. Snaith, 
Science 2012, 338, 643.

[11] J. Liu, S. Lu, L. Zhu, X. Li, W. C. H. Choy, Nanoscale 2016, 8, 3638.
[12] I. C.  Smith, E. T.  Hoke, D.  Solis-Ibarra, M. D.  McGehee, 

H. I. Karunadasa, Angew. Chem., Int. Ed. 2014, 126, 11414.
[13] D. H.  Cao, C. C.  Stoumpos, O. K.  Farha, J. T.  Hupp, 

M. G. Kanatzidis, J. Am. Chem. Soc. 2015, 137, 7843.
[14] S.  Shao, H.  Duim, Q.  Wang, B.  Xu, J.  Dong, S.  Adjokatse, 

G. R. Blake, L. Protesescu, G. Portale, J. Hou, M. Saba, M. A. Loi, 
ACS Energy Lett. 2019, 5, 39.

[15] Q.  Wang, S.  Shao, B.  Xu, H.  Duim, J.  Dong, S.  Adjokatse, 
G. Portale, J. Hou, M. Saba, M. A. Loi, ACS Appl. Mater. Interfaces 
2020, 12, 29505.

[16] C. M. M. Soe, C. C. Stoumpos, M. Kepenekian, B. Traoré, H. Tsai, 
W.  Nie, B.  Wang, C.  Katan, R.  Seshadri, A. D.  Mohite, J.  Even, 
T. J. Marks, M. G. Kanatzidis, J. Am. Chem. Soc. 2017, 139, 16297.

[17] S. Shao, J. Dong, H. Duim, G. H. ten Brink, G. R. Blake, G. Portale, 
M. A. Loi, Nano Energy 2019, 60, 810.

[18] S. Shao, J. Liu, G. Portale, H.-H. Fang, G. R. Blake, G. H. ten Brink, 
L. J. A. Koster, M. A. Loi, Adv. Energy Mater. 2018, 8, 1702019.

[19] G.  Lanty, K.  Jemli, Y.  Wei, J.  Leymarie, J.  Even, J. S.  Lauret, 
E. Deleporte, J. Phys. Chem. Lett. 2014, 5, 3958.

[20] G. P.  Nagabhushana, R.  Shivaramaiah, A.  Navrotsky, Proc. Natl. 
Acad. Sci. U. S. A. 2016, 113, 7717.

[21] C. M. M.  Soe, G. P.  Nagabhushana, R.  Shivaramaiah, H.  Tsai, 
W.  Nie, J.-C.  Blancon, F.  Melkonyan, D. H.  Cao, B.  Traoré, 
L.  Pedesseau, M.  Kepenekian, C.  Katan, J.  Even, T. J.  Marks, 
A. Navrotsky, A. D. Mohite, C. C. Stoumpos, M. G. Kanatzidis, Proc. 
Natl. Acad. Sci. U. S. A. 2018, 116, 58.

[22] R. Yang, R. Li, Y. Cao, Y. Wei, Y. Miao, W. L. Tan, X.  Jiao, H. Chen, 
L.  Zhang, Q.  Chen, H.  Zhang, W.  Zou, Y.  Wang, M.  Yang, C.  Yi, 
N.  Wang, F.  Gao, C. R.  McNeill, T.  Qin, J.  Wang, W.  Huang, Adv. 
Mater. 2018, 30, 1804771.

[23] L. N.  Quan, M.  Yuan, R.  Comin, O.  Voznyy, E. M.  Beauregard, 
S.  Hoogland, A.  Buin, A. R.  Kirmani, K.  Zhao, A.  Amassian, 
D. H. Kim, E. H. Sargent, J. Am. Chem. Soc. 2016, 138, 2649.

[24] G.  Grancini, C.  Roldán-Carmona, I.  Zimmermann, E.  Mosconi, 
X.  Lee, D.  Martineau, S.  Narbey, F.  Oswald, F.  De Angelis, 
M. Graetzel, M. K. Nazeeruddin, Nat. Commun. 2017, 8, 15684.

[25] Z.  Wang, Q.  Lin, F. P.  Chmiel, N.  Sakai, L. M.  Herz, H. J.  Snaith, 
Nat. Energy 2017, 2, 17135.

[26] Y. Hu, J. Schlipf, M. Wussler, M. L. Petrus, W. Jaegermann, T. Bein, 
P. Müller-Buschbaum, P. Docampo, ACS Nano 2016, 10, 5999.

Adv. Energy Mater. 2021, 11, 2003907

https://www.nrel.gov/pv/cell-efficiency.html


www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2003907 (8 of 9)

[27] L. Li, N. Zhou, Q. Chen, Q. Shang, Q. Zhang, X. Wang, H. Zhou, J. 
Phys. Chem. Lett. 2018, 9, 1124.

[28] K. T.  Cho, G.  Grancini, Y.  Lee, E.  Oveisi, J.  Ryu, O.  Almora, 
M.  Tschumi, P. A.  Schouwink, G.  Seo, S.  Heo, J.  Park, J.  Jang, 
S.  Paek, G.  Garcia-Belmonte, M. K.  Nazeeruddin, Energy Environ. 
Sci. 2018, 11, 952.

[29] K. T.  Cho, Y.  Zhang, S.  Orlandi, M.  Cavazzini, I.  Zimmermann, 
A. Lesch, N. Tabet, G. Pozzi, G. Grancini, M. K. Nazeeruddin, Nano 
Lett. 2018, 18, 5467.

[30] L.  Mao, W.  Ke, L.  Pedesseau, Y.  Wu, C.  Katan, J.  Even, 
M. R. Wasielewski, C. C. Stoumpos, M. G. Kanatzidis, J. Am. Chem. 
Soc. 2018, 140, 3775.

[31] W.  Ke, C.  Chen, I.  Spanopoulos, L.  Mao, I.  Hadar, X.  Li, 
J. M. Hoffman, Z. Song, Y. Yan, M. G. Kanatzidis, J. Am. Chem. Soc. 
2020, 142, 15049.

[32] X. Hong, T. Ishihara, A. V. Nurmikko, Phys. Rev. B 1992, 45, 6961.
[33] D. B. Straus, C. R. Kagan, J. Phys. Chem. Lett. 2018, 9, 1434.
[34] C. M.  Myae Soe, G. P.  Nagabhushana, R.  Shivaramaiah, H.  Tsai, 

W.  Nie, J. C.  Blancon, F.  Melkonyan, D. H.  Cao, B.  Traoré, 
L.  Pedesseau, M.  Kepenekian, C.  Katan, J.  Even, T. J.  Marks, 
A. Navrotsky, A. D. Mohite, C. C. Stoumpos, M. G. Kanatzidis, Proc. 
Natl. Acad. Sci. U.S.A. 2019, 116, 58.

[35] J.  Byun, H.  Cho, C.  Wolf, M.  Jang, A.  Sadhanala, R. H.  Friend, 
H. Yang, T.-W. Lee, Adv. Mater. 2016, 28, 7515.

[36] P.  Pang, G.  Jin, C.  Liang, B.  Wang, W.  Xiang, D.  Zhang, J.  Xu, 
W.  Hong, Z.  Xiao, L.  Wang, G.  Xing, J.  Chen, D.  Ma, ACS Nano 
2020, 14, 11420.

[37] H.  Tsai, W.  Nie, J.-C.  Blancon, C. C.  Stoumpos, R.  Asadpour, 
B. Harutyunyan, A. J. Neukirch, R. Verduzco, J. J. Crochet, S. Tretiak, 
L. Pedesseau, J. Even, M. A. Alam, G. Gupta, J. Lou, P. M. Ajayan, 
M. J. Bedzyk, M. G. Kanatzidis, A. D. Mohite, Nature 2016, 536, 312.

[38] X.  Zhang, X.  Ren, B.  Liu, R.  Munir, X.  Zhu, D.  Yang, J.  Li, Y.  Liu, 
D.-M.  Smilgies, R.  Li, Z.  Yang, T.  Niu, X.  Wang, A.  Amassian, 
K. Zhao, S. F. Liu, Energy Environ. Sci. 2017, 10, 2095.

[39] A. Z. Chen, M. Shiu, J. H. Ma, M. R. Alpert, D. Zhang, B. J. Foley, 
D. M. Smilgies, S. H. Lee, J. J. Choi, Nat. Commun. 2018, 9, 1336.

[40] C. M. M. Soe, W. Nie, C. C. Stoumpos, H. Tsai, J.-C. Blancon, F. Liu, 
J.  Even, T. J.  Marks, A. D.  Mohite, M. G.  Kanatzidis, Adv. Energy 
Mater. 2018, 8, 1700979.

[41] J.  Hu, I. W. H.  Oswald, S. J.  Stuard, M. M.  Nahid, N.  Zhou, 
O. F.  Williams, Z.  Guo, L.  Yan, H.  Hu, Z.  Chen, X.  Xiao, Y.  Lin, 
Z. Yang, J. Huang, A. M. Moran, H. Ade, J. R. Neilson, W. You, Nat. 
Commun. 2019, 10, 1276.

[42] Y.  Chen, Y.  Sun, J.  Peng, W.  Zhang, X.  Su, K.  Zheng, T.  Pullerits, 
Z. Liang, Adv. Energy Mater. 2017, 7, 1700162.

[43] J. Dong, S. Shao, S. Kahmann, A. J. Rommens, D. Hermida-Merino, 
G. H.  ten Brink, M. A. Loi, G. Portale, Adv. Funct. Mater. 2020, 30, 
2001294.

[44] P. Cheng, Z. Xu, J. Li, Y. Liu, Y. Fan, L. Yu, D. M. Smilgies, C. Müller, 
K. Zhao, S. F. Liu, ACS Energy Lett. 2018, 3, 1975.

[45] J. V. Passarelli, D. J. Fairfield, N. A. Sather, M. P. Hendricks, H. Sai, 
C. L. Stern, S. I. Stupp, J. Am. Chem. Soc. 2018, 140, 7313.

[46] J. Rodríguez-Romero, B. C. Hames, I. Mora-Seró, E. M. Barea, ACS 
Energy Lett. 2017, 2, 1969.

[47] Y. Lin, Y. Fang, J. Zhao, Y. Shao, S. J. Stuard, M. M. Nahid, H. Ade, 
Q.  Wang, J. E.  Shield, N.  Zhou, A. M.  Moran, J.  Huang, Nat. 
Commun. 2019, 10, 1008.

[48] J. Liu, J. Leng, K. Wu, J. Zhang, S. Jin, J. Am. Chem. Soc. 2017, 139, 
1432.

[49] C. Ma, M. F. Lo, C. S. Lee, J. Mater. Chem. A 2018, 6, 18871.
[50] C.  Liang, H.  Gu, Y.  Xia, Z.  Wang, X.  Liu, J.  Xia, S.  Zuo, Y.  Hu, 

X. Gao, W. Hui, L. Chao, T. Niu, M. Fang, H. Lu, H. Dong, H. Yu, 
S. Chen, X. Ran, L. Song, B. Li, J. Zhang, Y. Peng, G. Shao, J. Wang, 
Y. Chen, G. Xing, W. Huang, Nat. Energy 2020, 6, 38.

[51] C.  Liang, D.  Zhao, Y.  Li, X.  Li, S.  Peng, G.  Shao, G.  Xing, Energy 
Environ. Mater. 2018, 1, 221.

[52] T.  Li, A. M.  Zeidell, G.  Findik, W. A.  Dunlap-Shohl, J.  Euvrard, 
K. Gundogdu, O. D. Jurchescu, D. B. Mitzi, Chem. Mater. 2019, 31, 
4267.

[53] J. C.  Blancon, H.  Tsai, W.  Nie, C. C.  Stoumpos, L.  Pedesseau, 
C.  Katan, M.  Kepenekian, C. M. M.  Soe, K.  Appavoo, M. Y.  Sfeir, 
S.  Tretiak, P. M.  Ajayan, M. G.  Kanatzidis, J.  Even, J. J.  Crochet, 
A. D. Mohite, Science 2017, 355, 1288.

[54] S.  Maheshwari, T. J.  Savenije, N.  Renaud, F. C.  Grozema, J. Phys. 
Chem. C 2018, 122, 17118.

[55] M.  Seitz, A. J.  Magdaleno, N.  Alcázar-Cano, M.  Meléndez, 
T. J.  Lubbers, S. W.  Walraven, S.  Pakdel, E.  Prada,  
R. Delgado-Buscalioni, F. Prins, Nat. Commun. 2020, 11, 2035.

[56] M.  Karakus, S. A.  Jensen, F.  D'Angelo, D.  Turchinovich, M.  Bonn, 
E. Cánovas, J. Phys. Chem. Lett. 2015, 6, 4991.

[57] S. Shao, M. A. Loi, Adv. Mater. Interfaces 2020, 7, 1901469.
[58] S.  Shao, M.  Abdu-Aguye, T. S.  Sherkar, H.-H.  Fang, S.  Adjokatse, 

G. ten Brink, B. J. Kooi, L. J. A. Koster, M. A. Loi, Adv. Funct. Mater. 
2016, 26, 8094.

[59] J.  Qing, X.-K.  Liu, M.  Li, F.  Liu, Z.  Yuan, E.  Tiukalova, Z.  Yan, 
M.  Duchamp, S.  Chen, Y.  Wang, S.  Bai, J.-M.  Liu, H. J.  Snaith, 
C.-S. Lee, T. C. Sum, F. Gao, Adv. Energy Mater. 2018, 8, 1800185.

[60] N. Zhou, Y. Shen, L. Li, S. Tan, N. Liu, G. Zheng, Q. Chen, H. Zhou, 
J. Am. Chem. Soc. 2018, 140, 459.

[61] J. Hu, I. W. H. Oswald, H. Hu, S. J. Stuard, M. M. Nahid, L. Yan, 
Z. Chen, H. Ade, J. R. Neilson, W. You, ACS Mater. Lett. 2019, 1, 
171.

[62] D. B. Mitzi, Chem. Mater. 2001, 13, 3283.
[63] N.  Akhtar, A. O.  Polyakov, A.  Aqeel, P.  Gordiichuk, G. R.  Blake, 

J.  Baas, H.  Amenitsch, A.  Herrmann, P.  Rudolf, T. T. M.  Palstra, 
Small 2014, 10, 4912.

Shuyan Shao received her B.S. degree in Polymer Materials and Engineering in 2006 from Hebei 
University in China. In 2011, she received her Ph.D. degree at Changchun Institute of Applied 
Chemistry, Chinese Academy of Science, China. In July of the same year, she joined Linköping 
University as a postdoctoral researcher. From October 2014 to November 2020, she worked as a 
Marie Curie Research Fellow and postdoctoral research fellow at the University of Groningen. She 
has been an associate professor at Tianjin University since December 2020. Her current research 
topics include perovskite solar cells, field effect transistors, and memristors.

Adv. Energy Mater. 2021, 11, 2003907



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2003907 (9 of 9)

Maria Antonietta Loi studied physics at the University of Cagliari in Italy where she received 
her Ph.D. in 2001. In the same year, she joined the Linz Institute for Organic Solar cells, of the 
University of Linz, Austria as a postdoctoral fellow. Later she worked as a researcher at the 
Institute for Nanostructured Materials of the Italian National Research Council in Bologna, Italy. 
In 2006 she became assistant professor and Rosalind Franklin Fellow at the Zernike Institute for 
Advanced Materials of the University of Groningen, The Netherlands. Since 2014, she is full pro-
fessor and chair of Photophysics and OptoElectronics in the same institution.

Adv. Energy Mater. 2021, 11, 2003907


