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(DSSCs), perovskite solar cells, and organic photovoltaics. Smart engineering of colloidal
quantum materials and nanostructured electrodes will improve solar-to-fuel conversion
ef� ciency, as described in the articles by Waiskopf and Banin and Meyer. Semiconductor
nanoparticles will also improve solar energy conversion ef� ciency, as discussed by Boschloo
et al in their article on DSSCs. Perovskite solar cells have advanced rapidly in recent years,
including new ideas on 2D and 3D hybrid halide perovskites, as described by Spanopouloset al
‘Next generation’ solar cells using multiple exciton generation(MEG) from hot carriers,
described in the article by Nozik and Beard, could lead to remarkable improvement in
photovoltaic ef� ciency by using quantization effects in semiconductor nanostructures(quantum
dots, wires or wells). These challenges will not be met without simultaneous improvement in
nanoscale characterization methods. Terahertz spectroscopy, discussed in the article by Milot
et al is one example of a method that is overcoming the dif� culties associated with nanoscale
materials characterization by avoiding electrical contacts to nanoparticles, allowing
characterization during device operation, and enabling characterization of a single nanoparticle.
Besides experimental advances, computational science is also meeting the challenges of
nanomaterials synthesis. The article by Kohlstedt and Schatz discusses the computational
frameworks being used to predict structure–property relationships in materials and devices,
including machine learning methods, with an emphasis on organic photovoltaics. The
contribution by Megarity and Armstrong presents the‘electrochemical leaf’ for improvements in
electrochemistry and beyond. In addition, biohybrid approaches can take advantage of ef� cient
and speci� c enzyme catalysts. These articles present the nanoscience and technology at the
forefront of renewable energy development that will have signi� cant bene� ts to society.

Keywords: renewables, biocatalysis, solar cells, solar energy conversion, water splitting,
multiple exciton generation, photocatalysis

(Some� gures may appear in colour only in the online journal)

Contents

1. Colloidal quantum materials as photocatalysts for solar to fuel conversion 3

2. Dye-sensitized solar cells 5

3. THz studies of nanomaterials for solar energy conversion 7

4. Perovskite solar cells 9

5. Multiscale computational methods for generating accurate nanoscale structures in OPV materials 11

6. Solar-driven water splitting 13

7. Surface-bound molecular assemblies on nanostructured electrodes for solar fuel generation 15

8. Multiple exciton generation(MEG) from hot carriers for solar energy conversion 18

9. Cascade biocatalysis in electrode nanopores 21

2

Nanotechnology 32 (2021) 042003 Roadmap



1. Colloidal quantum materials as photocatalysts for
solar to fuel conversion

Nir Waiskopf and Uri Banin

The Institute of Chemistry and the Center for Nanoscience
and Nanotechnology, The Hebrew University of Jerusalem,
Jerusalem 91904, Israel
E-mail: uri.banin@mail.huji.ac.il

Status. Colloidal quantum materials composed of
semiconductor-based nanoparticles have been suggested,
more than a decade ago, as photocatalysts for the
conversion of solar energy to chemical work. One of the
main photocatalytic applications that have been investigated
is water splitting, which aims to utilize the energy absorbed
by the nanocrystals(NCs), to produce hydrogen gas along
with oxygen, directly by reduction and oxidation of water,
respectively. The hydrogen gas can then be reacted in a
controlled manner with oxygen to form back water in a fuel
cell providing electricity thus elegantly resulting in a zero-
emission cycle.

The ability to tune and tailor the electronic band structure
of the nanoparticles by size, shape, and composition, the large
surface to volume ratio and the capacity to utilize the small
particles directly in solution or embedded in a matrix have led
to the exploration of various systems for water splitting,
mostly, by separation of the two half-cell reactions. More-
over, the tunability of their properties allowed the execution
of systematic studies to reveal the fundamental parameters
which govern the performances and to decipher their
mechanism of action.

The photocatalytic cycle comprises the following main
steps:(1) The absorption of light;(2) the mobility of the
charge carriers to the reaction site;(3) and the catalytic
reaction. Each of them was found to depend on multiple
parameters requiring� ne-tuning to balance all the effects and
optimize the ef� ciency of the system[1]. The main
categorical parameters that were found to in� uence these
steps are:(a) the composition and dimensions of the
photocatalysts, that inherently determine their electronic and
chemical properties, including the band offset and chemical
stability, the over-potentials to the desired reactions as well as
the reactivity and adsorption energy of the reagents to the
catalytic site[2–4]; (b) the surface coating of the NCs which
should provide suf� cient dispersibility and passivate surface
traps without interfering to the accessibility of the reagents to
the reaction center[5–7]; (c) and the environmental condi-
tions, that should be tuned to provide chemical and colloidal
stability and on the other hand, were found to signi� cantly
affect the measured quantum yields[8, 9].

Current and future challenges. A homostructure NC has
limited capacity to answer all the demands required for the
challenging task of photocatalytic water splitting. However,
signi� cant efforts are invested to engineer an all-in-one
system comprised of multiple components which by the right
integration can manifest synergistic effects and ful� ll all the

requirements for an ef� cient solar to fuel conversion.
Semiconductor heterostructures together with soluble co-
catalysts and semiconductor-metal hybrid structures are two
exemplary systems that were used to widen the
photocatalyst’s absorption range, prolong the lifetime of the
excited charge carriers, increase their probability to reach the
active sites and to optimize the catalytic process[10, 11].
Moreover, smart engineering of the nanoparticles surface
coating, for example by linking molecular co-catalysts to the
surface of the nanoparticles[12], can be used to enhance,
mediate and enable speci� c reactions, providing another
degree of freedom to modulate the properties of the
nanoparticles.

The quest to engineer a biocompatible and environmen-
tally friendly system with the highest quantum yield, for each
of the half-reactions, is frequently reaching new peaks[7, 13].
However, so far, under mild working conditions, the
performances are still inadequate. Moreover, the studies on
half-reactions generally require the use of sacri� cial additives
that will extract one of the charge carriers from the
nanoparticles[14]. These along with insuf� cient chemical
stability of some of the proposed photocatalytic systems, limit
their lifespan.

One of the current challenges is to expand this time
duration, similar to what has been achieved for similar
quantum materials, and yet for orthogonal use, in display
applications[15]. The straightforward routes that have been
examined and were found to increase the longevity of the
nanoparticles are:(1) shell growth to protect them from
undesired oxidation[6, 16]; (2) and/ or coating the NCs with
ligands or polymers that will facilitate the extraction of the
unreacted charge carriers to the solution[17, 18].

A more intriguing solution, which future research needs
to address, is the development of quantum systems capable of
full water splitting, producing hydrogen and oxygen on two
different catalytic sites. This may allow performing sacri� cial

Figure 1. Artist’s view of full water splitting by semiconductor-metal
hybrid nanoparticle. The illustration presents the two half-reactions
occurring on two distinct sites on a single particle. The background
of the illustration emphasizes the capacity to utilize various
nanocrystals that differ by size, shape, and composition.
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agents-free reactions while protecting the nanoparticles from
non-desired degradation. A recently published study that
showed the feasibility of this direction, utilized light
excitation of semiconductor-metal hybrid nanorods functio-
nalized with molecular catalysts(� gure1), to simultaneously
produce hydrogen gas on the metal tip and oxygen gas
through the surface coating[12, 19].

However, the yields are still relatively low and there is
much to be done to improve them. Furthermore, ef� cient full
water splitting will require careful handling and caution to
prevent the highly exothermic reaction between hydrogen and
oxygen from taking place before their separation.

Advances in science and technology to meet the challenges.
The market for hydrogen fuel is already out there, using
oxygen and compressed hydrogen gas produced by steam-
methane reforming to supply fuel for applications such as fuel
cells for public transportation.

The progress in synthesis and surface engineering of NCs
along with a better understanding of the processes involved in
light-induced catalytic reactions in general and speci� cally in
H2 and O2 generation will ultimately yield better photo-
catalysts. These will allow us to replace the currently
polluting hydrogen production process to the desired renew-
able and environmentally friendly solar to fuel conversion.

In parallel, the natural technological advancements in the
fuel cell vehicle� eld will further improve the know how to
separate and store the hydrogen and oxygen gases and later
control the reaction between them while bene� ting from the
released energy.

Concluding remarks. Colloidal quantum materials have
come a long way since their� rst introduction. They are
commercially available as light-emitting tagging agents and
as components in displays, showing the path for their use in
future applications. The inherent tunability of this unique
class of NCs provides a large number of degrees of freedom
that require long-lasting effort to reveal and understand the
main principles governing their mechanism of action in each
half-reaction. We also ought to address now the next
challenges, which open a new exciting playground to
explore, towards the commercialization of colloidal
quantum material also as photocatalysts for solar to fuel
conversion.
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2. Dye-sensitized solar cells

Gerrit Boschloo, Marina Freitag, Leif Hammarström, Erik M J
Johansson, Jacinto Sá and Haining Tian

Department of Chemistry—Ångström Laboratory, Uppsala
University, Box 523, SE-75120 Uppsala, Sweden

Status. In dye-sensitized solar cells(DSSCs), light is converted
intro electrical energy using lightabsorbing dyes, sensitizers, in a
manner that has similarities to natural photosynthesis, but differs
completely from conventional photovoltaics. Photoinduced
electron transfer from the excited sensitizers to a mesoporous
wide-bandgap semiconductor(usually TiO2) is the� rst step in a
rather complex working mechanism, see� gure 2. This is
followed by regeneration of the dye by the redox mediator,
transport of electrons in mesoporous TiO2 and redox mediators
in the electrolyte and� nally, reduction of the oxidized redox
mediator at the counter electrode.

Ideally, dyes in the DSSC are adsorbed as a monolayer
onto the mesoporous TiO2 electrode. Initially, mostly ruthe-
nium-based molecular sensitizers were used, but currently much
research work is devoted to organic dyes, which can have
higher extinction coef� cients and avoid the use of rare metals.

Ever since the breakthrough work in 1991[20], the
triiodide/ iodide (I3

� / I� ) is the standard redox couple for
DSSC. A favorable characteristic of this two-electron redox
couple is the very slow recombination kinetics. A disadvan-
tage is its multistep electron transfer mechanism that
eventually leads to an internal voltage loss of about 0.5 V
in the DSSC. In one-electron redox systems such as
CoII/ III (bpy)3, CuI/ II(tmbpy)2 and spiro-MeOTAD(a solid
hole transporting material, HTM) such losses are avoided, but
come at the cost of more rapid recombination reactions.

The DSSC is very versatile: they can have a wide variety of
colors, depending of the dyes used, be opaque or semitran-
sparent, and they can be made rigid or� exible. With a certi� ed
solar cell ef� ciency of about 12%, their performance does not
match the best photovoltaic technologies under full sunlight
conditions, but under low-lightconditions that occur indoors
their performance is unmatched[21]. Currently, commercial
applications of DSSCs are in building integrated photovoltaics
and in indoor power generation.

The general device structure of the DSSC is also very
versatile, allowing for many variations in the research
environment, as will be discussed below. Notably, the
perovskite solar cell is directly derived from DSSC research
(see section4 of this paper).

Current and future challenges
Increase in efficiency. The DSSC photovoltage is given by
the difference between the quasi-Fermi level of the
semiconductor and the potential of the electrolyte redox
couple. It is desirable to use redox couples with a potential
close to that required to regenerate the dye.

However, regeneration then typically becomes slow, which
may lead to dye-semiconductor charge recombination losses.
Recombination between the oxidized form of the redox couple

and electrons in the n-type semiconductor will also lower the
Fermi level, and thus the photovoltage. A good illustration is a
cell which used a CoII/ III(dtb)3 electrolyte, instead of I3

� / I� , to
increase the photovoltage[22]. When triphenylamine was added
as an intermediate electron donor between the dye and
CoII/ III(dtb)3, both the photovoltage and photocurrent were
increased, because of faster dye regeneration and thus
suppressed recombination.

The photocurrent is the product of the light-harvesting
ef� ciency(LHE), the charge injection ef� ciency(Øinj) and the
charge collection ef� ciency(Øcol). All three factors can reach
high values(> 90%) for the best performing cells. However,
high LHE is usually limited to light with� �< �700 nm, and
developing dyes with better absorption in the red and near-IR
regions, while maintaining high Øinj and Øcol, is an important
challenge. In addition, the Øcol can be lower than optimal at
the maximum power point, because electrons accumulate in
the conduction band under operating conditions, which
increases recombination with the electrolyte.

Increase in long-term stability. Many factors affect the long-
term stability of the DSSCs, for example electrolyte leakage, dye
desorption and dye photodecomposition/ photo-isomerization.
To avoid electrolyte leakage, solvents with high boiling points,
such as 3-methoxypropionitrile, polymer gel and ionic liquids,
are therefore chosen. To date, ionic liquids have shown excellent
improvements in the device stability[23]. However, the high
viscosity of the ionic liquid limitsthe redox couple diffusion in
the devices, resulting in a lower photocurrent compared to
DSSCs with organic solvents. Dye desorption is mainly caused
by basic additives in the electrolyte, such as tert-butylpyridine
(TBP), which is normally used in the DSSCs to raise the
semiconductor CB and improve photovoltage. Dye structure
optimization by use of rigid units is a strategy to improve the
photo-stability of the dyes.

Advances in science and technology to meet challenges.
The properties of a high-performing DSSC are intimately
linked and it is dif� cult to optimize one without negative
impact on the others. Consequently, there are several
interconnected approaches to meet these challenges, and
below we present a selection of these.

Increase in efficiency. Instead of molecular dyes, small
semiconductor nanoparticles(quantum dots, QDs) with very

Figure 2. Con� guration of a traditional dye-sensitized solar cell.
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strong light absorption can be used[24]. This allows for the
use of thinner TiO2 � lms, which is useful for ef� cient charge
collection with new redox couples and HTMs. The QDs used
in DSSCs are usually made of CdS, CdSe and PbS and by
changing the QD size it is possible to tune the light absorption
edge from UV to near IR. Also, CH3NH3PbI3 perovskite QDs
were shown to work as light absorbers in DSSCs, which was
the starting point for perovskite solar cells[25]. One problem
with the most common QD DSSCs is the toxicity of the QD
materials. However, progress in less toxic QDs have been
made for example with AgS2 QDs [26].

Plasmonic nanoparticles primarily from gold group metals
have been utilized in the past as light absorbers enhancers but
recently they were shown to act as direct light absorbers. X-ray
spectroscopy suggested the formation of hot electrons, and
these could be injected into accepting n-type materials, e.g.
TiO2, which signi� cantly prolonged their lifetime[27].

Simultaneous hot electron and hot hole injection into
their respective acceptor layers was also demonstrated[28],
paving the way to the development of direct plasmonic solar
cells [29]. The true potential of this new type of solar cells
remains incommensurate due to the poor understanding of the
commanding steps involved, such as how many charges are
created per photon, what is their energy distribution, what is
the optimal operational voltage, etc.

A tandem DSSC(� gure3) consisting of a photocathode
and a photoanode both sharing a redox couple broadens the
light absorption wavelength range and adds photovoltage
from the two halves. This gives a higher theoretical ef� ciency
than a single photoelectrode device, and is in principle
a straightforward way to overcome the Shockley–Queisser
(S–Q) limit for a single bandgap. However, the state-of-the-art
ef� ciency of a tandem device is still far away from that of a
single n-type device due to the poor performance of its
photocathode part[30]. The photocathode is typically based
on mesoporous NiO, with rapid dye-NiO charge recombina-
tion as a main limiting factor[31], but other materials show
worse or at best marginally improved DSSC performance.

Matching the optical absorption of both photoelectrodes by
optimization of photosensitizers and improving the theoretical
photovoltage by choosing suitable semiconductors are
challenges of the tandem devices as well. A concept of solid
state tandem DSSCs have also been proposed[32].

Increase in long-term stability. With hole transport materials
(HTMs) instead of a liquid redox electrolyte the DSSCs can be a
solid state device(ssDSSCs), which can also overcome
electrolyte leakage issue. The reduction potential of HTMs
should match the energy level of the photosensitizer and have
intimate interaction with all photosensitizers in the devices. The
HTM needs to ef� ciently � ll the pores of the nano-porous
electrode. Moreover, the HTMs should not compete with the
photosensitizer for light absorbtion. Organic aryl derivatives
have been successfully applied in ssDSSCs, rendering an
ef� ciency of 7%[33].

The commonly used organic HTMs are limited in
conductivity, stability and tunability. Coordination complexes
were recently shown to combine bene� ts from organic small
molecules and inorganic HTMs in terms of processing capability
and charge conductivity. The ef� cient copper coordination
complex-based HTMs, demonstrated a new concept[34] which
gave the most ef� cient ssDSSC, with stable and record-breaking
solar cell ef� ciencies of over 11%[35]. The next breakthrough
requires the development of new charge-transport materials
which overcome the remaining limitations, the high recombina-
tion rates, limited tunability and processability.

Concluding remarks. Application of DSSCs can be expected
in several niches with different technical requirements, such
as building integration and indoor applications. These may
include semitransparent windows that reduce solar heating
and at the same time generate electricity, and the wireless
powering of ‘ internet of things’ . The modular and� exible
DSSCs are well suited to meet these varying demands.

Figure 3. Schematic working principle of a tandem dye sensitized solar cell.
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3. THz studies of nanomaterials for solar energy
conversion

Rebecca L Milot1, Laura M Herz2, and Michael B Johnston2

1Department of Physics, University of Warwick, Gibbet Hill
Road, Coventry CV4 7AL, United Kingdom
2Department of Physics, University of Oxford, Clarendon
Laboratory, Parks Road, Oxford OX1 3PU, United Kingdom

Status. A clear understanding of photogenerated charge
dynamics in a material is key to its implementation in solar
energy conversion devices such as solar cells and
photocatalytic cells. However, for nanomaterials, even the
most basic electrical properties such as electrical conductivity
and mobility, which can be obtained by straightforward
measurements in bulk samples, become extremely
challenging to assess because of the dif� culties associated
with making electrical contacts to nanoparticles. Even if the
contacts can be made, the contact-nanoparticle interface is
likely to dominate the measurement rather than the intrinsic
electrical properties of the nanoparticle itself.

Terahertz(THz) spectroscopy has emerged over the last
few decades as a technique that can provide powerful insights
into the electrical properties of materials[36]. As an optical
technique, it avoids the need for physical contact with the
sample, which is a huge advantage when dealing with
ensembles of nanoparticles. A particular strength of the
technique is that it may unravel the dynamics of photo-
injected charge-carriers, which may, for example, involve
charge separation or exciton formation, on a femtosecond to
nanosecond time-scale. Such information is particularly
valuable for designing solar energy conversion materials
and devices.

THz studies of nanomaterials emerged at the turn of the
millennium and focused on their fundamental properties, such
as the size dependence of CdSe nanoparticle photoconduc-
tivity [37] and charge carrier trapping in Si nanoparticles[38].
To date a wide range of materials systems have been
investigated, and here we give a brief introduction to the
technique and summarize the status of the sub-� eld related to
materials for energy conversion.

THz radiation refers to electromagnetic waves over a
broad spectral range between microwave radiation and
infrared light. It is usually de� ned as the frequency band
from 100 GHz to 10 THz(wavenumber: 3–333 cm� 1, wave-
length 3 mm–30� m, photon energy 0.42–42 meV). This
spectral range is fertile in features originating from funda-
mental charge processes in nanomaterials and includes the
characteristic energy of electron correlations, such as excitons
and plasmons, as well as spectral features associated with
charge scattering.

While a range of techniques exist for spectroscopy in the
THz regime[36], most studies of the electrical properties and
charge dynamics of nanomaterials rely on the technique of
optical-pump-THz-probe spectroscopy(OPTPS). In this
technique, a femtosecond laser pulse is used to(i) generate
a single-cycle THz pulse,(ii ) optically excite a sample, and

(iii ) detect the THz pulse after it has been transmitted through
or re� ected from the sample(� gure4(A)). By changing the
relative delay between the three pulses it is possible to record
both the photoconductivity spectrum of the sample at a
particular point in time after photoexcitation(� gure4(B)) and
the photoconductivity dynamics as a function of the pump-
probe delay time(� gure4(C)) [39].

The form of the photoconductivity spectrum over the
THz band typically contains a wealth of information. As
shown in� gure4(B), the spectral shape may allow Drude free
carrier transport to be distinguished from a localized response.
The plasmonic response of a semiconductor nanowire is
clearly quite different from the Drude response of a bulk
crystal.

OPTPS is having a growing impact in the� eld of energy
conversion. One of the very� rst photophysical studies on
then newly developed metal halide perovskite(MHP) solar
cell materials was performed using OPTPS[41]. This study
demonstrated accurate determination of charge mobilities and
diffusion lengths for mesoporous MHP materials and helped
lead to the realization that these materials were ideal for
planar heterojunction solar cells. In addition, the technique

Figure 4. (A) OPTPS experimental setup. The output from an
ultrafast laser is split into beams for(i) THz generation,(ii ) sample
photoexcitation, and(iii ) THz detection. Both the optical pump and
THz probe arms include a mechanical delay stage for time-resolved
measurements.(B) Real(blue circles) and imaginary(red squares)
components of the equilibrium conductivity� of bulk GaAs(top)
and GaAs nanowires(bottom) as reported in[39]. Solid lines
represent� ts to the Drude model(bulk) and surface plasmon model
(nanowires). (C) Charge-carrier recombination dynamics of for-
mamidimium tin-triiodide[40], a hybrid metal halide perovskite,
measured following photoexcitation at 800 nm. The measured
change in transmitted THz amplitude� � T/ T is proportional to the
product of the charge-carrier density and the charge-carrier mobility.
The symbols represent experimental data, and the solid lines are� ts
to a simple recombination rate model to account for monomolecular,
bimolecular, and Auger recombination[40, 41].
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allowed charge recombination in the materials to be studied
quantitatively, with both bimolecular and Auger constants
obtained. Since this� rst report, OPTPS studies have remained
at the forefront of MHP solar cell development and have
revealed the potential of many novel materials, most recently
including mixed two- and three-dimensional MHPs[42, 43].

Single crystal semiconductor nanowires are currently
being implemented in solar cell devices and studied for
photocatalysis applications. OPTPS has been used exten-
sively to investigate and optimize these important materials.
For example, surface charge recombination, which is very
important in nanomaterials, was studied quantitatively with
OPTPS. This study revealed an ultralow surface recombina-
tion velocity for InP nanowires which makes them highly
suited to photovoltaic applications[44].

THz investigations of dye-sensitized metal oxide nano-
particles have provided detailed information about charge
transport for applications including DSSCs and photoelec-
trochemical water oxidation cells.

Analyses of commonly used metal oxides nanoparticles
such as TiO2 revealed non-Drude photoconductivity that
contrasts their Drude-like bulk response, suggesting localiza-
tion of charge-carriers within particles[45]. Additionally, the
timescale and ef� ciency of charge transfer from sensitizer
molecules were found to be highly sensitive to the chemical
composition and energetics of both the metal oxide and
sensitizer[46, 47]. The dynamics can be further affected by
the presence of an electrolyte[48], light-soaking[49] or the
addition of a water-oxidation catalyst[50].

Current and future challenges. Arguably the largest source
of controversy in the� eld at present concerns data processing
and modeling. While THz photoconductivity spectra of thin-
� lm and bulk samples are relatively straightforward to model
and extract meaningful parameters, such as charge mobility,
data obtained from nanomaterials pose a greater challenge.

A typical nanomaterial consists of an ensemble of
nanoparticles within free space or a matrix of differing dielectric
properties. The fact that, by de� nition, the length scale of a
nanomaterial is much smaller than the� 100� m wavelength of
the THz radiation is bene� cial in that there is little scattering of
the THz but does mean that the measured spectrum is that of the
whole ‘effective’ material, rather than just the material making
up the nanomaterial. There are several methods currently used
to extract the intrinsic electrical properties of nanomaterials
from the measured nanomaterial matrix, including effective
medium theories(Bruggeman, Maxwell–Garnett), carrier trans-
port models(plasmon, Drude–Smith), and computation solu-
tions to Maxwell’s equations, but little consensus on which is
the most appropriate to use[51].

Another future challenge is the transfer of THz techniques
from lab-based, fundamental science to useful industrial quality
control for nanomaterials, ideallyin situ as they are included
in energy conversion devices. The noncontact nature of the
technique is ideal for that application, but acquisition speed

reliability and signal to noise issues would need to be addressed
before this goal can be met.

While most THz spectroscopy of nanomaterials has been
conducted on thin� lms of material deposited on THz
transmissive substrates(such as quartz), understanding the
behavior of the nanomaterial while it is within a working
device would be particularly powerful in the development of
understanding of device operation.

Finally, there is growing interest in performing THz
spectroscopy on individual, isolated nanoparticles, rather than
an ensemble of nanoparticles. Scattering near� eld micro-
scopy has been the lead technique in this area[52], with a
new � eld of THz-STM now emerging[53]. At present these
techniques face large challenges in terms of signal to noise
ratio, and deconvolving the acquired THz spectrum from the
instrument response, but have huge potential.

Advances in science and technology to meet challenges.
Current advances in computational methods and machine
learning(ML) or arti� cial intelligence offer new opportunity
for accurate and ef� cient parameter extraction from THz
spectroscopic data. These developments may overcome some of
the limitations of the simpler models currently used; however,
these simpler models are likely to still be of great use in
understanding fundamental properties of nanomaterials and the
function in devices. Complex numerical models are unlikely to
wholly replace well thought-out intuitive descriptions.

Technical advances are currently being made to enable
THz spectroscopy to be performed in working devices. These
advances have already enabled THz spectroscopy to be
performed on dye sensitized solar cells whilst functioning
[54]. Re� ection based THz spectroscopy is also being exploited
more to relax the constraints on suitable device substrates.

For realization of industrialquality control and to make
single nanoparticle spectroscopy more applicable, improvements
in THz technologies are still needed. Signi� cant improvements
in THz sources and detectors as well as the data acquisition
electronics are needed to improve signal-to-noise levels. The
advent of spintronicTHz emitters and their continued develop-
ment is a very positive sign in this direction[55].

Concluding remarks. Non-contact THz methods offer much
to the � eld of nanomaterials for energy conversion. The
intrinsic non-contact nature of this optical probe, the wealth of
spectral data and ability to time-resolve charge-carrier
dynamics are extremely powerful. Given this potential THz
techniques are currently under-utilized in the� eld. Improving
methods of extracting useful device data, such as charge
mobility, along with further developments in THz
technologies will lead to wider usage and ultimately uptake
in quality control of industrially-produced energy conversion
devices based on nanomaterials.

8

Nanotechnology 32 (2021) 042003 Roadmap



4. Perovskite solar cells

Ioannis Spanopoulos, Weijun Ke and Mercouri G Kanatzidis

Department of Chemistry, Northwestern University, Evan-
ston, IL 60208, United States of America

Status. Organic–inorganic hybrid perovskites with a general
formula of AMX3 (A�= �Cs+ , CH3NH3

+ (MA), HC(NH2)2
+

(FA); M�= �Ge2+ , Sn2+ , Pb2+ ; X�= �Cl� , Br� , I� ) [56],
exhibit excellent optical and electrical properties thus
enabling the fabrication of high performance solar cell
devices [57–60]. To date, the record power conversion
ef� ciency (PCE) values are above 25% for single-junction
perovskite solar cells and outperform those of multicrystalline
silicon (23.3%), Cu(In,Ga)(Se,S)2 (23.3%), and CdTe
(22.1%) [61]. Higher ef� ciency values can be achieved by
the assembly of tandem modules. The tandem devices consist
of two or more junctions where the higher energy photons can
be absorbed by the top absorber layer with higher band gap,
and lower-energy photons will be absorbed by the bottom,
lower band gap, light absorbing material[62]. In this way a
wider range of the solar spectrum will be absorbed and
exploited. Characteristic tandem devices are based on mixed
Pb/ Sn perovskite materials[63, 64], perovsktie/ silicon [65],
and perovksite/ Cu(In,Ga) (Se,S)2 [66]. So far, the most
ef� cient solar cell devices are based on Pb perovskites, e.g.
CsxFA1� x� yMAyPbI3� zBrz [67, 68]. The corresponding very
high ef� ciency values stem from many strategies that have
been developed and implemented(� gure 5). These include
the use of new perovskite materials(2D, 1D, 2D/ 3D) [69],
additives[70], ingenious device structures[71], passivation
[72], and optimization of � lm assembly [73]. These
exceptional PCE values of perovskite solar cells, depict the
huge potential of these materials in replacing current
photovoltaic silicon based technologies, where a less
suitable solar absorber material(Si is an indirect bandgap
semiconductor) dominates the market.

Current and future challenges. Despite the very promising
device performance values there is still a long way to cover
until the extensive commercialization of those materials.
There are two major bottlenecks that must be overcome
before a new era in semiconductor devices can commence.
The � rst one is their composition of toxic elements(e.g. Pb),
which is already addressed and accounted for(see below) and
the second and most important one is their environmental
stability (air, heat, and light) under an extensive time period
(> 20 years).

The 3D halide lead iodide perovskite structure has been
extensively studied and apparently its unique structural
characteristics render it a highly competent solar cell absorber
[74]. Equally prominent is the work on 2D based hybrid
perovskite materials[75] with a recorded PCE value up to
18.2% [76]. Similarly 2D/ 3D solar cell devices based on
hybrid perovskite materials exhibit a recorded PCE value up
to 22%, maintaining at the same time 90% of their ef� ciency
during photovoltaic operation for 1000 h in humid air under

simulated sunlight[77]. All of these studies are based on Pb
perovskites, and the recorded environmental stability tests
provide limited comprehensive information for their heat, air
and light stability.

In the case of fully Pb based perovskites, recent studies
shed light on the life-cycle environmental impact of
assembled perovskite/ silicon tandem modules, containing
lead based hybrid halide perovskites as the upper layer. The
results revealed that the emitted lead contributes only 0.27%
or less to the total freshwater ecotoxicity and human toxicity,
as compared to the other solar module components[78],
because the perovskite� lm thickness is very low< 500 nm
[65]. Nonetheless, the Pb toxicity concern can be addressed
by replacing Pb2+ by Sn2+ , either in part or in total[79]. We
were the� rst to report[80] and exploit the fact that the energy
band gaps of the mixed Pb/ Sn compounds MAPbxSn1� xI3
do not follow a linear trend(Vegard’s law) in between
the two extremes of 1.55 and 1.35 eV(MAPbI3 and
MASnI3) respectively, but have narrower bandgap(< 1.3 eV),
thus extending the light absorption into the near-infrared
(� 1050 nm) [64]. Tin based perovskites are even more
ef� cient in solar-energy absorption because of their reduced
band gap and lower carrier effective masses[81, 82].
However Sn2+ based perovskite materials are not air stable,
as Sn2+ oxidizes rapidly to Sn4+ , leading to material
degradation[83]. The complexity of these issues dictates
the need for even better materials, or new strategies to
improve the properties of the current Pb and Sn based ones.

Advances in science and technology to meet challenge.
There are many approaches to improve the environmental
stability of the current based technologies. They focus on two
different directions. The� rst is the protection of the
assembled device by encapsulation, using various methods
such as thermoplastic sealants and thermally or UV curable
epoxys[84, 85]. In this way the stability of the corresponding
device can be improved substantially, by preventing moisture
and oxygen to reach the perovskite light absorbing layer. The
ef� ciency of these methods depends on the suf� cient
protection of the sealant which must be also heat and light
stable, passing the established stability criteria such as ISOS-
D-3 (damp heat), and ISOS-L-3 which require not only high
levels of humidity (RH: 50%–85%), but also high
temperatures(65°C–85°C) and 1 sun illumination(AM
1.5G) [86, 87].

The second direction involves the development of new
type of perovskite materials(3D, 2D, 1D) with structural
characteristics that can enhance their inherent air, heat and
light stability. Passarelliet alused bulky polyaromatic linkers
such as pyrene-o-propylamine for the synthesis of 2D
perovskite materials with chemical formula(R-NH3)2PbI4,
where the assembled� lms exhibited superior water stability,
as they maintained their crystallinity after immersion into
liquid water for up to 5 min[88]. This work provided proof
that hybrid halide perovskites can indeed become water
stable. In this case the band gap of the resulting material was
not optimum for the assembly of single junction solar cells
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(� 2.3 eV), but it could be suitable for the assembly of air
stable tandem devices providing suf� cient protection from
moisture. In terms of acquisition of stable Sn based
perovskites, we reported recently a novel strategy which
included the use of a small organic molecule, ethylenediamine
(en), as an additive during the synthesis of 3D hybrid halide
perovskites, leading to the formation of the so called‘hollow’
3D perovskites. The synthesized materials exhibited a
substantial increase of the air stability by two orders of
magnitude as compared to the pristine 3D analog MASnI3,
e.g. in the case of(MA)0.6(en)0.4(Sn)0.72(I)2.84 compound
[89]. The corresponding bene� ts spanned beyond stability as
it also allowed the� ne tuning of the band gap from 1.1 eV for
the pristine material to 1.51 eV for the 40%en based one,
value which lays in the optimum range for maximizing the
corresponding solar cell device ef� ciency.

In our group we designed a series of experiments to
evaluate the inherent air, heat and light stability of three different
families of 2D hybrid perovskites,(BA)2(MA)n� 1PbnI3n+ 1

(n�= �1–5, BA�= �CH3(CH2)3NH3
+ ), (PA)2(MA)n� 1PbnI3n+ 1

(n�= �1–5, PA�= �CH3(CH2)4NH3
+) and(HA)2(MA)n� 1PbnI3n+ 1

(n�= �1–4, HA�= �CH3(CH2)5NH3
+), including perovskite� lms

cast on various substrates. One of the most important� nding is
that if the� lms are ef� ciently protected from O2 and moisture
through a suitable sealant assembly, the heat(e.g. 90 d
continuously at 100°C) and light stability increases drastically,
validating that these materials are indeed inherently heat and

light stable [90]. These conclusions clearly indicate that a
functional, ef� cient and stable perovskite solar cell can be
materialized if a suitable sealing protection is achieved.

Concluding remarks. The rapid advances in the� eld of
perovskite solar cells, clearly indicate that both highly
ef� cient and environmentally stable perovskite devices can
be assembled. This is achieved through suitable materials
design and device engineering. Since 2D hybrid halide
perovskites are inherently heat and light stable, in the absence
of moisture, then in our opinion, one of the remaining issues
to be investigated is the sealing procedure of the
corresponding solar cell devices. This includes evaluation of
the adhesion performance, and stability of the sealant
materials, under air, heat and light, for a considerable
amount of time, and under extreme conditions(e.g. 100°C,
RH�= �80%, 1 sun illumination). These measurements would
provide valuable information to the industry and the scienti� c
community for for the extend that these materials can be
accounted for, before degradation.
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