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(DSSC3, perovskite solar cells, and organic photovoltaics. Smart engineering of colloidal
guantum 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 conversiogieficy, 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 Spanepaulos
‘Next generationsolar cells using multiple exciton generat®tEG) from hot carriers,

described in the article by Nozik and Beard, could lead to remarkable improvement in
photovoltaic efciency by using quantization effects in semiconductor nanostrugtuastum
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 alis one example of a method that is overcoming thecdifies 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 structpreperty relationships in materials and devices,
including machine learning methods, with an emphasis on organic photovoltaics. The
contribution by Megarity and Armstrong presents‘#iectrochemical leafor improvements in
electrochemistry and beyond. In addition, biohybrid approaches can take advantagéeof ef
and specic enzyme catalysts. These articles present the nanoscience and technology at the
forefront of renewable energy development that will have sigmit benets to society.

Keywords: renewables, biocatalysis, solar cells, solar energy conversion, water splitting,
multiple exciton generation, photocatalysis
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1. Colloidal quantum materials as photocatalysts for
solar to fuel conversion

Nir Waiskopf and Uri Banin
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Status. Colloidal quantum materials composed o
semiconductor-based nanoparticles have been sugges
more than a decade ago, as photocatalysts for t
conversion of solar energy to chemical work. One of th
main photocatalytic applications that have been investigat
is water splitting, which aims to utilize the energy absorbed

igure 1. Artist’s view of full water splitting by semiconductor-metal
by the nanocrystalfNCs), to produce hydrogen gas alOniybrid nanoparticle. The illustration presents the two half-reactions

with ox_ygen, directly by reduction and oxidation of Wat("'j'bccurring on two distinct sites on a single particle. The background
respectively. The hydrogen gas can then be reacted ifé&e illustration emphasizes the capacity to utilize various
controlled manner with oxygen to form back water in a fuehnocrystals that differ by size, shape, and composition.
cell providing electricity thus elegantly resulting in a zero-
emission cycle.
The ability to tune and tailor the electronic band structurequirements for an efient solar to fuel conversion.
of the nanoparticles by size, shape, and composition, the laggeniconductor heterostructures together with soluble co-
surface to volume ratio and the capacity to utilize the sma#ltalysts and semiconductor-metal hybrid structures are two
particles directly in solution or embedded in a matrix have lestemplary systems that were used to widen the
to the exploration of various systems for water splittinghotocataly$s absorption range, prolong the lifetime of the
mostly, by separation of the two half-cell reactions. Morexcited charge carriers, increase their probability to reach the
over, the tunability of their properties allowed the executieittive sites and to optimize the catalytic proddss 11].
of systematic studies to reveal the fundamental paramepgtsieover, smart engineering of the nanoparticles surface
which govern the performances and to decipher thewating, for example by linking molecular co-catalysts to the
mechanism of action. surface of the nanoparticl¢s2], can be used to enhance,
The photocatalytic cycle comprises the following maimediate and enable speci reactions, providing another
steps:(1) The absorption of light(2) the mobility of the degree of freedom to modulate the properties of the
charge carriers to the reaction si{@) and the catalytic nanoparticles.
reaction. Each of them was found to depend on multiple The quest to engineer a biocompatible and environmen-
parameters requiringne-tuning to balance all the effects anghlly friendly system with the highest quantum yield, for each
optimize the efciency of the system[l]. The main of the half-reactions, is frequently reaching new p¢aks3|.
categorical parameters that were found touemce these However, so far, under mild working conditions, the
steps are:(d) the composition and dimensions of thgerformances are still inadequate. Moreover, the studies on
photocatalysts, that inherently determine their electronic aqpglf-reactions generally require the use of saal additives
chemical properties, including the band offset and chemigaght will extract one of the charge carriers from the
stability, the over-potentials to the desired reactions as welh@gioparticleg14]. These along with insu€ient chemical
the reactivity and adsorption energy of the reagents to #ighility of some of the proposed photocatalytic systems, limit
catalytic sitef2-4]; (b) the surface coating of the NCs whichheir lifespan.
should provide sufcient dispersibility and passivate surface  One of the current challenges is to expand this time
traps without interfering to the accessibility of the reagentsdgration, similar to what has been achieved for similar
the reaction centef5—7]; (c) and the environmental condi-quantum materials, and yet for orthogonal use, in display
tions, that should be tuned to provide chemical and colloid@iplications[15]. The straightforward routes that have been
stability and on the other hand, were found to sigantly examined and were found to increase the longevity of the
affect the measured quantum yie[@s9]. nanoparticles are{l) shell growth to protect them from
undesired oxidatiof, 16]; (2) and or coating the NCs with
Current and future challenges. A homostructure NC hasligands or polymers that will facilitate the extraction of the
limited capacity to answer all the demands required for thereacted charge carriers to the solufibn 18].
challenging task of photocatalytic water splitting. However, A more intriguing solution, which future research needs
signi cant efforts are invested to engineer an all-in-one address, is the development of quantum systems capable of
system comprised of multiple components which by the righill water splitting, producing hydrogen and oxygen on two
integration can manifest synergistic effects andlifalll the different catalytic sites. This may allow performing sazal
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agents-free reactions while protecting the nanoparticles from In parallel, the natural technological advancements in the
non-desired degradation. A recently published study ttiael cell vehicle eld will further improve the know how to
showed the feasibility of this direction, utilized lighseparate and store the hydrogen and oxygen gases and later
excitation of semiconductor-metal hybrid nanorods functigontrol the reaction between them while beirg from the
nalized with molecular catalystsgure1), to simultaneously released energy.

produce hydrogen gas on the metal tip and oxygen gas

through the surface coatirjg2, 19]. Concluding remarks. Colloidal quantum materials have
However, the yields are still relatively low and there isgme a long way since theirrst introduction. They are

much to be done to improve them. Furthermorecieht full  commercially available as light-emitting tagging agents and

water splitting will require careful handling and caution tgs components in displays, showing the path for their use in

prevent the highly exothermic reaction between hydrogen &nelire applications. The inherent tunability of this unique

oxygen from taking place before their separation. 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

Advances in science and technology to meet the challenges half-reaction. We also ought to address now the next

The market for hydrogen fuel is already out there, usithallenges, which open a new exciting playground to

oxygen and compressed hydrogen gas produced by steexplore, towards the commercialization of colloidal

methane reforming to supply fuel for applications such as f@glantum material also as photocatalysts for solar to fuel

cells for public transportation. conversion.

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 spedly in - Acknowledgments

H, and G generation will ultimately yield better photo-

catalysts. These will allow us to replace the currentfhis work was supported by the Israel Science Foundation

polluting hydrogen production process to the desired renei@rant No. 186717). U B thanks the Alfred & Erica Larisch

able and environmentally friendly solar to fuel conversion.memorial chair.
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2. Dye-sensitized solar cells
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Status. In dye-sensitized solar ce{BSSC3$, light is converted b

intro electrical energy using lighbsorbing dyes, sensitizers, in a

manner that has similarities to mat photosynthesis, but differs Figure 2. Con guration of a traditional dye-sensitized solar cell.
completely from conventional photovoltaics. Photoinduced

electron transfer from the dtex] sensitizers to a mesoporougnd electrons in the n-type semiconductor will also lower the
wide-bandgap semiconductoisually TiQ) is the rst step in a Fermi level, and thus the plovbltage. A good illustration is a
rather complex working mechanism, segure 2. This is cell which used a C6" (dth); electrolyte, instead of/1 , to
followed by regeneration of the dye by the redox mediatdncrease the photovoltafe?]. When triphenylamine was added
transport of electrons in mesoporous J#dd redox mediators as an intermediate electron donor between the dye and
in the electrolyte andnally, reduction of the oxidized redoxCd" " (dth)s, both the photovoltage and photocurrent were

mediator at the counter electrode. increased, because of faster dye regeneration and thus
Ideally, dyes in the DSSC are adsorbed as a monolaggppressed recombination.
onto the mesoporous TjCelectrode. Initially, mostly ruthe- The photocurrent is the product of the light-harvesting

nium-based molecular sensitizers were used, but currently mekieiency(LHE), the charge injection efiency(J;,) and the
research work is devoted to organic dyes, which can haJwrge collection etiency(d..). All three factors can reach
higher extinction coetients and avoid the use of rare metalfligh values(>90%) for the best performing cells. However,
Ever since the breakthrough work in 19940], the high LHE is usually limited to light with < 700 nm, and
triiodide/ iodide (I3/1 ) is the standard redox couple fordeveloping dyes with better absorption in the red and near-IR
DSSC. A favorable characteristic of this two-electron redeggions, while maintaining highi@and &, is an important
couple is the very slow recombination kinetics. A disadvanhallenge. In addition, the & can be lower than optimal at
tage is its multistep electron transfer mechanism tie maximum power point, because electrons accumulate in
eventually leads to an internal voltage loss of about 0.5the conduction band under operating conditions, which
in the DSSC. In one-electron redox systems such iasreases recombination with the electrolyte.
cd""(bpy)s, Cu’"(tmbpy), and spiro-MeOTAD(a solid
hole transporting material, HTMuch losses are avoided, buf,reaqe in long-term stability,. Many factors affect the long-

come at the cost of more rapid recombination reactions. (e stapility of the DSSCs, for ample electrolyte leakage, dye
The DSSC is very versatile: they can have a wide variety plsorption and dye photodecompositiaioto-isomerization.
colors, depending of the dyes used, be opaque or semitiafgig electrolyte leakage, solvents with high boiling points,
sparent, and they can be made rigid exible. With a certied g ,c a5 3-methoxypropionitrile, polymer gel and ionic liquids,
solar cell efciency of about 12%, their performance does Nge therefore chosen. To date, ionic liquids have shown excellent
match the best photovoltaic technologies under full S“n“qmprovements in the device stabilig3. However, the high
conditions, but under low-lightonditions that occur indoors,iscqsity of the ionic liquid limitghe redox couple diffusion in
their performance is unmatch¢dl]. Currently, commercial i gevices, resulting in a lower photocurrent compared to
applications of DSSCs are in burld integrated photovoltaics b5 cs with organic solvents. Dye desorption is mainly caused
and in indoor power generation. _ by basic additives in the electrolyte, such as tert-butylpyridine
The general device structure of the DSSC is also Vefp) \which is normally used in the DSSCs to raise the
versatile, allowing for many variations in the researymiconductor CB and improve photovoltage. Dye structure

environment, as will be discussed below. Notably, theyimization by use of rigid units is a strategy to improve the
perovskite solar cell is directly derived from DSSC researgioto-stability of the dyes.

(see sectiod of this papey.

Advances in science and technology to meet challenges.
Increase in efficiency. The DSSC photovoltage is given b JThe properties of a high-performing DSSC are intimately

the difference between the quasi-Fermi level of tﬁ'@'ked and it is difcult to optimize one without negative

semiconductor and the potential of the electrolyte redwpam on the others. Consequently, there are several

couple. It is desirable to use redox couples with a poten@&ﬁerconnected approache_s to meet these challenges, and
elow we present a selection of these.

close to that required to regenerate the dye.
However, regeneration then typically becomes slow, which

may lead to dye-semiconductor charge recombination lossesease in efficiency. Instead of molecular dyes, small

Recombination between the oxidized form of the redox couglemiconductor nanoparticléguantum dots, QDswith very

Current and future challenges
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Figure 3. Schematic working principle of a tandem dye sensitized solar cell.

strong light absorption can be us@d]. This allows for the Matching the optical absorption of both photoelectrodes by
use of thinner Ti@ Ims, which is useful for efcient charge optimization of photosensitizers and improving the theoretical
collection with new redox couples and HTMs. The QDs usefhotovoltage by choosing suitable semiconductors are
in DSSCs are usually made of CdS, CdSe and PbS andchyllenges of the tandem devices as well. A concept of solid

changing the QD size it is possible to tune the light absorptigite tandem DSSCs have also been propi&sd
edge from UV to near IR. Also, GNIH;Pbl; perovskite QDs

were shown to work as light absorbers in DSSCs, which was
the starting point for perovskite solar c¢lsS]. One problem |,crease in long-term stabilit. With hole transport materials
with the most common QD DSSCs is the toxicity of the QyTMs) instead of a liquid redox electrolyte the DSSCs can be a
materials. However,_progress in less toxic QDs have begjiq state device(ssDSSCs which can also overcome
made for example with AGQDs[26]. electrolyte leakage issue. The reduction potential of HTMs
Plasmonlg nangpartlcles prlma_mly from gold group meta%Bould match the energy levdl the photosensitizer and have
have been utilized in the past as l'ght abs_orbers enhancersl Hrtuate interaction with all photosensitizers in the devices. The
recently they were shown to act as direct light absorbers. X- needs to efciently Il the pores of the nano-porous
spectroscopy suggested the formation of hot electrons, apd\/I

these could be injected into accepting n-type materials, &ﬁ.c trode. 'I\I/Iore<f)ver|,. tEe iTgA;r]Shgmd r.]Ot colmgetg Wlth the
TiO,, which signi cantly prolonged their lifetimg27). priotosensitizer for light absakn. Organic aryl derivatives

Simultaneous hot electron and hot hole injection infiiveé been successfully applied in ssDSSCs, rendering an
their respective acceptor layers was also demonstjagd € ciency of 7%[33). . o
paving the way to the development of direct plasmonic solar 1he commonly used organic HTMs are limited in
cells [29]. The true potential of this new type of solar celi§onductivity, stability and tubility. Coordination complexes
remains incommensurate due to the poor understanding of#ge recently shown to combine betsefrom organic small
commanding steps involved, such as how many charges fdecules and inorganic HTMs in terms of processing capability
created per photon, what is their energy distribution, whatdgd charge conductivity. The efent copper coordination
the optimal operational voltage, etc. complex-based HTMs, demonstrated a new cori@dptvhich

A tandem DSS( gure3) consisting of a photocathodegave the most etient ssDSSC, with stable and record-breaking
and a photoanode both sharing a redox couple broadenssthiar cell efciencies of over 11%35]. The next breakthrough
light absorption wavelength range and adds photovoltagguires the development of new charge-transport materials
from the two halves. This gives a higher theoreticatiehcy which overcome the remaininignitations, the high recombina-

than a single photoelectrode device, and is in prinCigien rates, limited tunality and processability.
a straightforward way to overcome the Shockigyeisser

(S-Q) limit for a single bandgap. However, the state-of-the-&@ncluding remarks.  Application of DSSCs can be expected
ef ciency of a tandem device is still far away from that of I8 Several niches with different technical requirements, such
single n-type device due to the poor performance of #§ building integration and indoor applications. These may
photocathode pafB0]. The photocathode is typically basednclude semitransparent windows that reduce solar heating
on mesoporous NiO, with rapid dye-NiO charge recombindad at the same time generate electricity, and the wireless
tion as a main limiting factof31], but other materials showpowering of‘internet of things The modular and exible
worse or at best marginally improved DSSC performand2SSCs are well suited to meet these varying demands.
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3. THz studies of nanomaterials for solar energy A. | From Uttrafast Laser
conversion 0 (i) N
(i
Rebecca L Milot', Laura M Herz?, and Michael B Johnston® — | Doy
Department of Physics, University of Warwick, Gibbet Hill Sorss d
Road, Coventry CV4 7AL, United Kingdom THZ A L.
“Department of Physics, University of Oxford, Clarendol 1 Generation Fatackin
Laboratory, Parks Road, Oxford OX1 3PU, United Kingdon i ‘

Status. A clear understanding of photogenerated char¢g
dynamics in a material is key to its implementation in sole Jlea Re

energy conversion devices such as solar cells al 05 Im
photocatalytic cells. However, for nanomaterials, even tt :
most basic electrical properties such as electrical conductiv
and mobility, which can be obtained by straightforwar
measurements in  bulk samples, become extreme 0
challenging to assess because of thecadifties associated

Re

o (ar. units)

i i i i I = | 0.00 T T T T
with making electrical contacts to nanopartlcle_s. Even iftr -0 50__. “1 . ' & A B S 4
contacts can be made, the contact-nanoparticle mtgrche Frequency (TH2) Pump-Probe Delay (ps)
likely to dominate the measurement rather than the intrinsic
electrical properties of the nanoparticle itself. Figure 4. (A) OPTPS experimental setup. The output from an

Terahertz(THz) Spectroscopy has emerged over the |d§frafast laser is Spllt into beams ((D)' THz generation(ii) Sample

few decades as a technique that can provide powerful insi foexcitation, andii) THz detection. Both the optical pump and
z probe arms include a mechanical delay stage for time-resolved

into the electrical properties of materighs]. As an optical mneasurementgB) Real (blue circley and imaginaryred squarés
technique, it avoids the need for physical contact with tiemponents of the equilibrium conductivityof bulk GaAs(top)
sample, which is a huge advantage when dealing withd GaAs nanowirefotton) as reported ifi39]. Solid lines
ensembles of nanoparticles. A particular strength of tfgPresentts to the Drude modé€bulk) and surface plasmon model

. : : . 1anowirey (C) Charge-carrier recombination dynamics of for-
technique is that it may unravel the dynamics of phOtg:amidimium tin-triiodide/40], a hybrid metal halide perovskite,

injected charge-carriers, which may, for example, involygasyred following photoexcitation at 800 nm. The measured
charge separation or exciton formation, on a femtosecona#@nge in transmitted THz amplitude T/ T is proportional to the
nanosecond time-scale. Such information is particulafdsoduct of the charge-carrier density and the charge-carrier mobility.

valuable for designing solar energy conversion materidlde Symbols represent experimental data, and the solid linessare
and devices to a simple recombination rate model to account for monomolecular,

i ; imolecular, and Auger recombinatip0, 41].
THz studies of nanomaterials emerged at the turn of t?‘l'e ! 1 natipto, 41]

millennium and focused on their fundamental properties, sugc . .
as the size dependence of CdSe nanoparticle photocon |té_detect the THz pulse after it has been transmlt'Fed through
tivity [37] and charge carrier trapping in Si nanopartifBh. or ré ected from the sample gure 4(A)). .B_y changmg the
To date a wide range of materials systems have bdglptive delay between t_hg three pulses it is possible to record
investigated, and here we give a brief introduction to tRQth the photoconductivity spectrum of the sample at a
technique and summarize the status of the sithrelated to Particular point in time after photoexcitatiorgure4(B)) and
materials for energy conversion. the photoconductlwty dynamics as a function of the pump-
THz radiation refers to electromagnetic waves overPEobe delay tim& gure4(C)) [39].
broad spectral range between microwave radiation and The form of the photoconductivity spectrum over the
infrared light. It is usually dened as the frequency bandlHz band typically contains a wealth of information. As
from 100 GHz to 10 TH{wavenumber: 3333 cm *, wave- shown in gure4(B), the spectral shape may allow Drude free
length 3mm30 m, photon energy 0.422me\). This carrier transport to be distinguished from a localized response.
spectral range is fertile in features originating from fundahe plasmonic response of a semiconductor nanowire is
mental charge processes in nhanomaterials and includesctfarly quite different from the Drude response of a bulk
characteristic energy of electron correlations, such as exciteistal.
and plasmons, as well as spectral features associated withOPTPS is having a growing impact in theld of energy
charge scattering. conversion. One of the veryrst photophysical studies on
While a range of techniques exist for spectroscopy in tHeen newly developed metal halide perovskiHP) solar
THz regime[36], most studies of the electrical properties arell materials was performed using OPTRY. This study
charge dynamics of nanomaterials rely on the techniquedeimonstrated accurate determination of charge mobilities and
optical-pump-THz-probe spectroscog@PTPS. In this diffusion lengths for mesoporous MHP materials and helped
technigue, a femtosecond laser pulse is usg@) tpenerate lead to the realization that these materials were ideal for
a single-cycle THz pulsdii) optically excite a sample, andplanar heterojunction solar cells. In addition, the technique

7
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allowed charge recombination in the materials to be studiediability and signal to noise issues would need to be addressed

quantitatively, with both bimolecular and Auger constanksfore this goal can be met.

obtained. Since thisrst report, OPTPS studies have remained While most THz spectroscopy of nanomaterials has been

at the forefront of MHP solar cell development and hawenducted on thin Ims of material deposited on THz

revealed the potential of many novel materials, most recentinsmissive substratésuch as quarjz understanding the

including mixed two- and three-dimensional MHR&, 43].  pehavior of the nanomaterial while it is within a working
Single crystal semiconductor nanowires are currenfigvice would be particularly powerful in the development of

being implemented in solar cell devices and studied fQﬁderstanding of device operation.

p_hotocatz_ilysis _applications._O_PTPS ha_s been used exten-Finglly, there is growing interest in performing THz

sively to investigate and optimize these important materialsecroscopy on individual, isolated nanoparticles, rather than

For example, surface charge recombination, which is Vely ensemple of nanoparticles. Scattering nedd micro-

important in nanomaterials, was studied quantitatively Wi&opy has been the lead technique in this §56h with a

OPTPS. This study revealed an ultralow surface recombina- :
tion velocity for InP nanowires which makes them highlg}eW eld of THz-STM now emergin53]. At present these

. . o echniques face large challenges in terms of signal to noise
suited to photovoltaic applicatiofié4]. i dd ing th ired TH ¢ f th
THz investigations of dye-sensitized metal oxide nanba1 10, and deconvolving the acquire Z spectrum from the

particles have provided detailed information about char'&?tmmem response, but have huge potential.
transport for applications including DSSCs and photoelec-
trochemical water oxidation cells. . .

Analyses of commonly used metal oxides nanoparticl@dvances in science and technology to meet challenges. ,
such as TiQ revealed non-Drude photoconductivity thapurment advances in computational methods and machine
contrasts their Drude-like bulk response, suggesting locali®@ming(ML) or arti cial inteligence offer new opportunity
tion of charge-carriers within particlpts]. Additionally, the for accurate and e€ient parameter extraction from THz
timescale and etiency of charge transfer from sensitize$Pectroscopic data. These developments may overcome some of
molecules were found to be highly sensitive to the chemid@g limitations of the simpler models currently used; however,
composition and energetics of both the metal oxide atiese simpler models are likely to still be of great use in
sensitize{46, 47]. The dynamics can be further affected bynderstanding fundamental properties of nanomaterials and the
the presence of an electrol\j#8], light-soaking[49] or the function in devices. Complex numerical models are unlikely to
addition of a water-oxidation cataly&0]. wholly replace well thought-out intuitive descriptions.

Technical advances are currently being made to enable
THz spectroscopy to be performed in working devices. These
Current and future challenges. Arguably the largest sourceadvances have already enabled THz spectroscopy to be
of controversy in the eld at present concerns data processipgrformed on dye sensitized solar cells whilst functioning
and modeling. While THz photoconductivity spectra of thif54]. Re ection based THz spectroscopy is also being exploited
Im and bulk samples are relatively straightforward to mod@bre to relax the constraints on suitable device substrates.
and extract meaningful parameters, such as charge mobility, For realization of industriagjuality control and to make
data obtained from nanomaterials pose a greater challenggngle nanoparticle spectroscopy more applicable, improvements

A typical nanomaterial consists of an ensemble ff Tz technologies are still needed. Sigaint improvements
nanopqrticles within free space ora matrix of differing dieIect;H: THz sources and detectors as well as the data acquisition
properties. The fact that, by detion, the length scale of 3 glectronics are needed to impeosignal-to-noise levels. The

nanomaterla}l 'S m_uch smgllgr than thlaOO. m Wavelengt.h of advent of spintronidHz emitters and their continued develop-
the THz radiation is beneial in that there is little scattering of : o L
gt is a very positive sign in this directifs].

the THz but does mean that the measured spectrum is that omﬁ
whole ‘effectivé material, rather than just the material making
up the nanomaterial. There are several methods currently used
to extract the intrinsic electrical properties of nanomateri rl;'gd'”e@;dre(r;arr:(;-n 0:3?;&1;&%rTzijer:eth:gr?VZfrzg rrlnu_(l:,ﬂe
from the measured nanomaterial matrix, including effectiye " 'c . 1ergy '
medium theorie@ruggeman, MaxwelGarnet, carrier trans- intrinsic non-contact nature of this optical probe, the wealth of
port models(plasmon, DrudeSmith), and computation solu- spectral data and ability to time-resolve charge-carrier
tions to Maxwells equations, but little consensus on which &ynamics are extremely powerful. Given this potential THz
the most appropriate to UE&I]. techniques are currently under-utilized in tleéd. Improving

Another future challenge is the transfer of THz techniquet¢thods of extracting useful device data, such as charge
from lab-based, fundamental science to useful industrial qua@bility, along with further developments in THz
control for nanomaterials, idealiy situ as they are included technologies will lead to wider usage and ultimately uptake
in energy conversion devices. The noncontact nature of theguality control of industrially-produced energy conversion
technique is ideal for that application, but acquisition spegévices based on nanomaterials.
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4. Perovskite solar cells simulated sunlighf77]. All of these studies are based on Pb
perovskites, and the recorded environmental stability tests
loannis Spanopoulos, Weijun Ke and Mercouri G Kanatzidis ~ provide limited comprehensive information for their heat, air
) ) ) and light stability.
Department of Chemistry, Northwestern University, Evan- | the case of fully Pb based perovskites, recent studies
ston, IL 60208, United States of America shed light on the life-cycle environmental impact of
assembled perovskitsilicon tandem modules, containing
Status. Organieinorganic hybrid perovskites with a generalead based hybrid halide perovskites as the upper layer. The
formula of AMX; (A = Cs", CH3NH3 (MA), HC(NHR)2  results revealed that the emitted lead contributes only 0.27%
(FA); M= G&", Sit", PIF"; X=Cl, Br, | ) [56], orless to the total freshwater ecotoxicity and human toxicity,
exhibit excellent optical and electrical properties thug compared to the other solar module compongtéls
enabling the fabrication of high performance solar celecause the perovskitdm thickness is very low 500 nm
devices [57-60]. To date, the record power conversiofss|. Nonetheless, the Pb toxicity concern can be addressed
ef ciency (PCE values are above 25% for single-junctiomy replacing PB by Srf*, either in part or in totdl79]. We
perovskite solar cells and outperform those of multicrystallipgre the rst to repor{80] and exploit the fact that the energy
silicon (23.3%9, CulIn,G3(Se,J. (23.3%9, and CdTe band gaps of the mixed PBn compounds MARSHN, 3
(22.199 [61]. Higher ef ciency values can be achieved byio not follow a linear trendVegards law) in between
the assembly of tandem modules. The tandem devices conpist two extremes of 1.55 and 1.35 eWIAPbl; and
of two or more junctions where the higher energy photons g@iASnl;) respectively, but have narrower band@ap.3 e\V),
be absorbed by the top absorber layer with higher band g@éus extending the light absorption into the near-infrared
and lower-energy photons will be absorbed by the botton,1050 nn) [64]. Tin based perovskites are even more
lower band gap, light absorbing matefié®]. In this way a ef cient in solar-energy absorption because of their reduced
wider range of the solar spectrum will be absorbed apgnd gap and lower carrier effective mas$es, 82].
exploited. Characteristic tandem devices are based on miMesivever SR* based perovskite materials are not air stable,
P/ Sn perovskite materia[§3, 64], perovskti¢silicon[65], as SA" oxidizes rapidly to SH, leading to material
and perovksiteCu(In,Gg (Se,§, [66]. So far, the most degradation[83]. The complexity of these issues dictates
ef cient solar cell devices are based on Pb perovskites, €@ need for even better materials, or new strategies to

CsFA1 x yMA,Pbls Br; [67, 68]. The corresponding very improve the properties of the current Pb and Sn based ones.
high ef ciency values stem from many strategies that have

been developed and implementedure 5). These include
the use of new perovskite materig2D, 1D, 200 3D) [69], Advances in science and technology to meet challenge.
additives[70], ingenious device structur¢gl], passivation There are many approaches to improve the environmental
[72], and optimization of Im assembly [73]. These stability of the current based technologies. They focus on two
exceptional PCE values of perovskite solar cells, depict ifiigerent directions. The rst is the protection of the
huge potential of these materials in replacing curres$sembled device by encapsulation, using various methods
photovoltaic silicon based technologies, where a lessch as thermoplastic sealants and thermally or UV curable
suitable solar absorber mater(di is an indirect bandgap epoxys[84, 85]. In this way the stability of the corresponding
semiconductgrdominates the market. device can be improved substantially, by preventing moisture
and oxygen to reach the perovskite light absorbing layer. The
Current and future challenges. Despite the very promisingef ciency of these methods depends on the daht
device performance values there is still a long way to coyaotection of the sealant which must be also heat and light
until the extensive commercialization of those materiaktable, passing the established stability criteria such as ISOS-
There are two major bottlenecks that must be overcome3 (damp hegt and ISOS-L-3 which require not only high
before a new era in semiconductor devices can commereeels of humidity (RH: 50%-85%), but also high
The rst one is their composition of toxic eleme(ggy. Ph, temperatures(65°C-85°C) and 1 sun illumination(AM
which is already addressed and accounte(ste belovand 1.5G) [86, 87].
the second and most important one is their environmental The second direction involves the development of new
stability (air, heat, and lightunder an extensive time periodype of perovskite material@8D, 2D, 1D with structural
(> 20 years characteristics that can enhance their inherent air, heat and
The 3D halide lead iodide perovskite structure has beaght stability. Passarelét alused bulky polyaromatic linkers
extensively studied and apparently its unique structusaich as pyrene-o-propylamine for the synthesis of 2D
characteristics render it a highly competent solar cell absorperovskite materials with chemical formul&-NHzs),Pbl,
[74]. Equally prominent is the work on 2D based hybritvhere the assembledms exhibited superior water stability,
perovskite materialf75] with a recorded PCE value up toas they maintained their crystallinity after immersion into
18.2% [76]. Similarly 200 3D solar cell devices based oriquid water for up to 5 mir{88]. This work provided proof
hybrid perovskite materials exhibit a recorded PCE value that hybrid halide perovskites can indeed become water
to 22%, maintaining at the same time 90% of theiciefincy stable. In this case the band gap of the resulting material was
during photovoltaic operation for 1000 h in humid air underot optimum for the assembly of single junction solar cells
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Figure 5. Evolution of perovskite materials for the assembly of higltiehcy(PCB solar cells, and synthetic methodologies for addressing
toxicity and environmental stability delency issues.

( 2.3 eV), but it could be suitable for the assembly of aiight stable [90]. These conclusions clearly indicate that a

stable tandem devices providing stient protection from functional, efcient and stable perovskite solar cell can be

moisture. In terms of acquisition of stable Sn basedaterialized if a suitable diegy protection is achieved.

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 halideoncluding remarks. The rapid advances in theeld of

perovskites, leading to the formation of the so cdltedlow’ perovskite solar cells, clearly indicate that both highly

3D perovskites. The synthesized materials exhibited ehcient and environmentally stable perovskite devices can

substantial increase of the air stability by two orders bé assembled. This is achieved through suitable materials

magnitude as compared to the pristine 3D analog M4&Sniflesign and device engineering. Since 2D hybrid halide

e.g. in the case ofMA)g€No.4(SNo.7A1)2.84 cOmpound perovskites are inherently heat and light stable, in the absence

[89]. The corresponding bents spanned beyond stability aof moisture, then in our opinion, one of the remaining issues

it also allowed the ne tuning of the band gap from 1.1 eV foto be investigated is the sealing procedure of the

the pristine material to 1.51 eV for the 4086 based one, corresponding solar cell devices. This includes evaluation of

value which lays in the optimum range for maximizing théhe adhesion performance, and stability of the sealant

corresponding solar cell device efency. materials, under air, heat and light, for a considerable
In our group we designed a series of experiments dgount of time, and under extreme conditi¢gg. 100°C,

evaluate the inherent air, heat and light stability of three differgali = 80%, 1 sun illumination These measurements would

families of 2D hybrid perovskites(BA),(MA), 1PRlzn1  provide valuable information to the industry and the scienti

(n= 15, BA= CHy(CHy)sNH3), (PAMA), 1Philsni1  community for for the extend that these materials can be

(n= 1-5, PA= CH3(CH)4,NH3) and (HA)(MA), 1Philan1  accounted for, before degradation.

(n= 1-4, HA = CHj5(CHy)sNH3), including perovskite Ims

cast on various substrates. One of the most importating is

that if the Ims are efciently protected from ©and moisture

through a suitable sealant assembly, the Heaj. 90d Acknowledgments

continuously at 1060C) and light stability increases drastically,

validating that these materialseandeed inherently heat andThis work was supported by ONR Grant NO0014-20-1-2725.
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