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Semiconductor nanocrystals, used in quantum dot solar cells, are interesting materials for photovoltaics
because they can be obtained in solution and can be composed of abundant elements. Moreover, as
compared to other photovoltaic materials, nanomaterials show unique features due to their novel size-
and shape-dependent properties such as band gap tuning, multiple exciton generation, and modulation
of n- or p-type behaviour by doping or by modifying the ligands on the surface of the nanocrystals.
Quantum dot solar cells, together with perovskite solar cells, are the latest incorporation to photovoltaic
technologies and have already shown impressive progress in efficiencies and great promise as
alternatives to commercial solar cells. However, in all cases, the highest efficiencies are obtained with
materials that contain lead in their composition. To solve the problem of toxicity, several materials have
been proposed as substitutes. In this review, we summarize some of the non-toxic alternatives that have
been synthesized as nanocrystals and incorporated in photovoltaic solar cells, specifically: tin (Sn),
germanium (Ge), bismuth (Bi), and antimony (Sb)-based materials. Our findings show that this field has

Received 22nd March 2021, been scarcely covered; there are very few reports on non-toxic perovskite nanocrystals incorporated in

Accepted 31st May 2021 solar cells and in general, the efficiencies are still modest. However, this area deserves more attention
DOI: 10.1039/d1ma00245g since some nanocrystal-based solar cells already outperform bulk counterparts. For each case, we also

discuss factors limiting efficiency, the approaches followed to overcome these limitations, and the
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Introduction

In the last 10 years, two new types of photovoltaic solar cells
have emerged: perovskites and quantum dots (QDs), also
known as colloidal semiconductor nanocrystals (NCs). Starting
from modest efficiencies around 3%, they have quickly escalated
up to 25.5 and 18.1%, respectively, in this short period of time." In
both cases, the active materials are composed of earth-abundant
elements and can be processed from solutions, which offers easier
manufacture and lower prices than commercial solar cells.
Therefore, they might soon become an alternative to commercial
solar cells, whether alone or in tandem with other photovoltaic
technologies.

Semiconductor nanocrystals are nanomaterials with typical
dimensions of less than 10 nm. They offer interesting and
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possible solutions to improve efficiency.

unique properties for their use in several optoelectronic devices and
more precisely in solar cells. Traditional photovoltaic materials
have a fixed band gap that determines the range of photons that
solar cells will be able to absorb. However, the reduced size of
nanocrystals leads to quantum confinement effects, i.e. their
electrical and optical properties, including band gap, can be
easily modified just by changing their shape and size (Fig. 1A).
Multiple exciton generation (MEG), the generation of two (or
more) electron-hole pairs from one absorbed high-energy
photon, is more efficient in nanocrystals than in bulk semi-
conductors and this could produce efficiencies over the theo-
retical limit for single-junction solar cells (Shockley-Queisser
limit).>* Moreover, their behaviour as n- or p-type semiconductors
and doping density can be modified by introducing foreign
atoms, like in traditional silicon technologies, and also by surface
treatments. Nanocrystals are stabilized in solution thanks to the
presence of long chain ligands on their surface that are replaced
by shorter ligands or atoms during the fabrication of solar cells
(Fig. 1B). Depending on the final ligands on the surface of NCs the
position of the Fermi level and/or the valence and conduction
bands can be modified, which is a unique feature of nanocrystals
and a very powerful tool (Fig. 1C).? Taking advantage of all
these features efficiencies over 16% have been obtained using
perovskite nanocrystals (Cs;_,FA,Pbl;).”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ABX; Perovskite structure

(A) Scheme showcasing the band gap tunability in nanocrystals as a function of their size. (B) Scheme of a surface ligand exchange process where

long chain capping molecules are replaced by shorter ligands. (C) Diagrams representing the shift of the valence and conduction bands (left) or the Fermi
level (right) depending on the nature of ligands on the surface of the NCs (L1, L2, L3...). (D) Perovskite ABX3 structure. X site corresponds to a halide anion,
A site to an organic (MA, FA...) or inorganic (Cs, Rb...) cation, and B (green sphere) to a metal (Pb, Sn, Ge...) cation. (E) Schematic representation of 0D,

1D, 2D, and 3D perovskite structures.

Perovskite solar cells (PSC) are based on materials with a
general formula ABX;; where X is a halide anion (X = Cl, Br, I), B
is an inorganic cation (usually Pb), and A can be an inorganic
(usually Cs or Rb), or an organic cation (usually MA = methyl-
ammonium, or FA = formamidinium) leading to all-inorganic
or hybrid organic-inorganic perovskites, respectively (Fig. 1D).°
They usually crystallize in a 3D structure, however, the dimen-
sionality can change to 2D, 1D, or 0D (Fig. 1E) if Pb is replaced
in the B position by a cation with a different charge (Cu®, Sb*",
sn**), which may consequently alter the perovskite formula (e.g.
A;ByX6, A3B,Xo). Additionally, the structure can also be modified
depending on the volume of cation A (greater volumes can lead
to distortions in the 3D structure) or the radius of the B atom (for
example, Cu smaller radius favours 2D structures).” In general,
the fabrication of the active layer is performed by mixing the
precursors in solution, depositing the solution on a substrate
followed by a final thermal treatment, usually at low temperatures
(<100 °C). This implies that, in these devices, synthesis, film
deposition, and grain crystallization occur at the same time.

The best performing perovskite solar cells are based on lead-
containing materials (Pb>" cations in B position). They have
high absorption coefficients, suitable direct band gaps (around
1.5-2.5 eV), small exciton energy, balanced and long charge-
carrier diffusion-length, high carrier mobility, and trap-free
carrier relaxation, which favour high efficiencies and make
them ideal for photovoltaic applications.**'® However, the
long-term stability of lead-perovskite solar cells is poor, affected
by moisture, oxidation, heat, or light, which causes losses in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

efficiency of the devices over time when working at ambient
conditions."" For instance, MAPbI; degrades into PbI, and MAI
in the presence of water, and high temperatures (150 °C) can
also induce the perovskite material degradation."**°

It has been proposed that the key feature that makes lead-based
perovskites such great materials for photovoltaic applications is
their defect tolerant nature, associated with the 6s> lone pair
configuration of Pb>" that leads to large dielectric constants,
small effective masses, a valence band maximum composed of
antibonding states, and high levels of band dispersion.'®'%'7:'8
Following this rationale, perovskite materials composed of
other ns? cations, such as Sn**, Ge**, Sb**, and Bi**, have been
proposed as alternatives for their use in solar cells, as they may
offer similar attractive properties than lead-perovskites, but
better stability in ambient conditions.'®'® Moreover, lead is a
toxic heavy metal that dissolves in water and tends to bioaccu-
mulate, which is problematic during fabrication, use, and
disposal of lead-based devices.'*>' The suggested alternative
cations are considered more benign than lead, or, like bismuth,
non-toxic elements; therefore, they offer the additional
advantage of eliminating health or environmental concerns.
Indeed, these materials may be an attractive option for devices
in close contact with humans, such as wearables or indoor
applications.?*™*

In the last years, there has been some progress in this area
and some reviews have already summarised the most relevant
results in lead-free bulk perovskite materials for solar

cells. 10 13:15:18:21,2532 11y thig review, we focus on Sn>*, Ge*',

Mater. Adv, 2021, 2, 4140-4151 | 4141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00245g

Open Access Article. Published on 01 giugno 2021. Downloaded on 16/10/2025 07:37:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Materials Advances

Bi**, and Sb*" perovskites that have been synthesized as nano-
crystals and incorporated in photovoltaic solar cells. Some
recent reviews have focused on the synthesis and light emission
properties of lead-free perovskite NCs, but none of them has
collected the efficiencies obtained incorporating the nano-
crystals in solar cells.***

Perovskite nanocrystals for solar cells

Colloidal perovskite nanocrystals offer similar defect tolerance
as bulk perovskite materials plus additional advantages related to
nanoscale phenomena such as modification of the properties by
changing the size or shape of the nanocrystals, multiple exciton
generation features and, property-tuning by modifying the ligands
on the surface, which at the same time could improve device
stability by passivating surface defects. Additionally, the
decoupling of material synthesis and material deposition
simplifies fabrication and allows to prepare phases or
compositions that are not stable in the bulk as well as better
control on the stoichiometry when compared to the in situ
preparation of bulk perovskites.”™

The most common structure of a perovskite solar cell, also
used in the perovskite nanocrystal solar cells, consists of an
n-i-p junction (n-type, intrinsic, and p-type semiconductors).
The light harvester layer (intrinsic semiconductor) is placed
between a Hole Transport Layer (HTL, p-type semiconductor),
an Electron Transport Layer (ETL, n-type semiconductor), and
the two metallic contacts (Fig. 2A). Alternatively, NCs can be
introduced in Dye Sensitized Solar Cells (DSSC). In a typical
DSSC, upon light absorption the excited sensitizers inject
electrons into the conduction band (CB) of TiO,. The oxidized
dyes are regenerated by the electrolyte (Fig. 2B). NCs can be
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Fig. 2 (A) Left: n—i—p structure in perovskite solar cells. The perovskite
material acts as light harvester, HTL and ETL are the hole and electron
transport layers, respectively, M is the metallic contact, and TCO the
transparent contact layer. Right: Charges flow in the structure (B) Left:
Typical DSSC structure consisting of mesoporous TiO; layer with adsorbed
dye molecules, electrolyte (iodide/triiodide in this example), and metallic
(M) and transparent contacts (TCO). Right: Charges flow in the structure.
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incorporated acting as sensitizers, either alone or in
combination with other dyes to enhance light absorption.

The solar cell performance of Pb-perovskite NCs has pro-
gressed significantly from the first work by Kojima et al. in 2009
reporting an efficiency of 3.8% using MAPbI; NCs as sensitizers
in DSSCs.*® Two years later, it was found that by optimizing the
thickness of the TiO, layer, the efficiency could increase up to
6.5% for MAPbI; NCs. Nonetheless, the perovskite layer was
only stable for 10 minutes until the NCs dissolved in the
electrolyte.®” Later, substituting the electrolyte by spiro-
OMEeTAD, acting as HTL, the efficiency achieved was 9.7%.>®
In the field of all-inorganic perovskites, (without volatile
components, detrimental in terms of stability) the use of colloidal
NCs has allowed to stabilize structural phases desirable for
photovoltaics. For instance, the cubic o-CsPbl; form has an
optimal bandgap for photovoltaic applications, but it is hardly
achievable in bulk, where the orthorhombic 6 form prevails
below 320 °C. By using ligands such as oleic acid and oleylamine,
a-CsPbl; NCs were synthesized and stabilized at room
temperature, and an efficiency of 10.77% was reported for
perovskite NCs solar cells.*® The introduction of a polymer in
the interface between the NCs and the HTL allowed to adjust the
energy levels and consequently to enhance charge extraction.
Efficiency values as high as 14% and 13.2% have been obtained
for CsPbl; and FAPbI; NCs perovskite cells, respectively.*

Nowadays, Cs,sFAqsPbl; NCs have delivered the highest
published efficiency for nanocrystal-based PSC with a 16.6%,
where FA addition played an essential role by reducing
non-radiative recombination.” The record for all-inorganic
nanocrystal-based PSC is 16.07% obtained with Zn-doped
CsPbl; NCs.*! The optimization between energy levels, doping
with other elements, or the introduction of stabilizing ligands/
molecules have been essential for the development of devices
with greater efficiencies.

Non-toxic perovskite nanocrystals for
solar cells

Despite the high efficiency values achieved with lead-based
perovskite NCs® the stability and toxicity issues commented
above have led to the proposal of several non-toxic materials to
substitute them. The main non-toxic perovskite substitutes are
composed of tin, germanium, bismuth, and antimony. Tin and
germanium are the obvious alternatives to lead-based perovskites
since they belong to the same group in the periodic table and they
share analogous electronic configurations. Therefore, similar
properties and crystalline structures are expected for these
Pb-free perovskites. Moreover, they are relatively abundant on
earth crust and considered as less toxic than lead. However, tin
and germanium show a higher tendency to oxidize (from Sn*" and
Ge* to Sn*" and Ge"" cations) than Pb*", a fact explained by the
inert pair effect. Lead has the strongest inert pair effect, which
means that its outermost ns” electrons (6s>) are strongly bound to
the nucleus due to the poor shielding of d and f orbitals. As the
atomic number increases, the attraction force of the nucleus over

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the electrons is usually greater, as well as the shielding due to the
higher number of energy levels. However, d and f electrons
shielding effect is weak; therefore, the interaction between the
6s” electrons and nucleus is stronger than expected, preventing
their participation in any bonding. For that reason, the most
stable form for lead is Pb*", not Pb*". In the case of tin, this inert
pair effect is reduced because the 55> electrons are not as strongly
tighten as 6s> in Pb, which favours Sn>* oxidation to Sn*".
Germanium is upper in the group, which makes the inert pair
effect even weaker, 45 electrons are more likely to participate in
chemical bonding and Ge®" cations tend to oxidize to
Ge**. 19334274 Being adjacent to Pb>" and Sn** in the periodic
table, Bi*" and Sb*" have similar ns> electronic configuration, are
more stable in ambient conditions, have demonstrated low
toxicity, and are relatively abundant on the earth crust. Apart
from the similar electronic configuration, Bi and Sb can be
incorporated into the perovskite lattice because they have an
ionic radius similar to Pb. However, in some cases, due to their
different oxidation state (+3), they form low dimensionality (2D,
1D or 0D) structures in order to maintain charge neutrality. This
may cause problems in charge transport and have a significant
impact in the efficiency of devices.">?*"?%?7:3

The next sections are organized as follows: first, characteristics
of each material, application in bulk solar cells, and maximum
efficiencies obtained are summarized. Finally, a detailed review of
the corresponding perovskite NCs used in solar cells and their
efficiencies (also referred as power conversion efficiency, PCE) are
explained. We have observed that there are very few examples of
perovskite NCs introduced as absorbing material in solar cells,
therefore, in some cases, we have included materials that may
not form the traditional lead-halide composition or the
typical perovskite crystalline structure, but that share the main
characteristics of perovskite materials used in solar cells.

Tin-based perovskites

Tin (Sn) is the natural alternative to lead-perovskite NCs. Sn is a
non-toxic element that belongs to the same group in the
periodic table as Pb and Ge. They have analogous electronic
configurations; thus, they form similar compounds and similar
properties are expected. However, as mentioned above, Sn**
cations are unstable because they tend to oxidize to Sn**. This
oxidation process creates undesired vacancies in the crystalline
structure that favours carrier recombination, which may result
in low photoluminescence quantum yield (PLQY) and solar cell
efficiency.®**>¢

The interest in substituting lead has fostered the use of
several tin-based materials as absorption layers in bulk perovskite
solar cells. For example, optimized all-inorganic CsSnl; solar cells
have shown a 4.81% power conversion efficiency,”” recently
improved up to 7.5% by incorporating N,N’-methylenebis
(acrylamide) into the perovskite layer.*® FASnI; perovskite solar
cells treated with SnF,-pyrazine showed an efficiency of 4.8%,
maintained over 100 days,*® which was later improved up to 9%
when mixing the 3D FASnI; perovskite with a small quantity of the
2D Sn-perovskite PEA,Snl, (PEA = phenylethylammonium).
Apparently, the addition of the 2D material promotes the growth

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of highly crystalline and oriented FASnI; grains which reduces the
number of grain boundaries, suppresses tin vacancies, and
improves charge carrier lifetime.>® Moreover, applying a passivation
treatment with edamine (EDA), FA,osEDAy ;Snl; bulk perovskite
solar cells achieved a 10.18% efficiency. Edamine molecules
prevented the charge carrier recombination by suppressing tin
oxidation and iodide vacancies.”’ Recently this value has been
improved up to 13% by employing Gel, doped (FAqoEAo1)o.0s
EDA, 01Snl;, where EA corresponds to ethylammonium cations.
The presence of EA in the perovskite enhanced the charge transport
by presenting more favourable energy level adjustment between the
perovskite and the charge transport layers.” Also, other hybrid
organic-inorganic Sn-perovskites have been tested in devices:
ethylenediammonium-MASnI; solar devices delivered a 6.63%
efficiency.”® Mixing methylammonium and formamidinium a
power conversion of 8.12% was achieved for FA,;sMA,,5Snl;
devices.>

Tin-based materials tend to suffer from bulk recombination
due to the presence of Sn vacancies generated by Sn>" oxidation,
which strongly limits their properties as light absorbers. In order
to prevent Sn>* oxidation, additives such as SnI, excess’” or
pyrazine*® have been introduced. Another option has been the
use of the most stable tetravalent cation (Sn**).>*>° However,
Sn*"-based perovskites offer lower efficiencies (1%), as shown in
studies employing Cs,Snl.*>**°” Therefore, the key for achieving
better performing devices might rely on the control of Sn**
oxidation. The use of hypophosphorous acid (HPA) has shown
to increase the efficiency of a CsSnBr,I perovskite solar cell from
1.67% to 3%. The HPA addition induced the formation of
perovskite seeds and decreased recombination by lowering carrier
mobility and charge carrier density. Moreover, devices showed
excellent stability. Experiments under 1 sun at maximum power
point showed a 98% retention of the original efficiency, even at
temperatures as high as 200 °C, while in analogous experiments
MAPDI; devices lost almost 90% of the original efficiency at
temperatures of 80 °C. Furthermore, encapsulated devices stored
under ambient conditions (25 °C and uncontrolled moisture)
maintained x100% of the initial efficiency over a period of 77
days.*

Lately, tin-perovskite NCs have risen as alternatives to bulk
tin PSC. They offer the general advantages of nanocrystals such
as easy synthesis, quantum confinement and high photo-
luminescence yield.>*”®* Nevertheless, the aforementioned
drawback caused by Sn>" oxidation could be fostered in the
nanoscale due to the high surface/volume ratio. Therefore,
stabilization of the nanocrystals is crucial. By controlling the
synthesis, functionalizing the surface with ligands®®®" and
adding excess of SnX,, more stable tin-perovskite nanocrystals,
such as CsSnX; NCs, can be obtained.’**”** Only a few reports,
including CsSnl; NCs, rod shaped CsSnX; NCs (X = Cl, Br, I),
and CH;NH;SnBr;_,I, NCs (MASnBr;_,I, NCs) describe the use
of tin-perovskite NCs as light harvesters in solar cells.

CsSnl; nanocrystals

A one-pot synthesis method was used to produce CsSnl; NCs by
a simple and mild process. CsI and SnI, were used as

Mater. Adv, 2021, 2, 4140-4151 | 4143
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precursors, and triphenyl phosphite (TPPi) was added as anti-
oxidant solvent additive (ASA) to prevent Sn>" oxidation to Sn**
and the subsequent formation of vacancies in the perovskite
lattice. Thanks to the addition of TPPi the nanocrystals
solutions remained clear and stable for at least 90 days. The
photovoltaic performance of CsSnI; NCs was compared with a
bulk CsSnI; active layer using the solar cell structure depicted
in Fig. 3A. The active layer was sandwiched between poly(3,4-
ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSS),
acting as hole transport layer, and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM), acting as electron transport layer. The
antioxidant agent TPPi showed to improve the performance of
bulk-based and NCs-based CsSnl; solar cells (Fig. 3B). Bulk
CsSnl; devices showed an efficiency of 0.022%, which was
enhanced up to 1.202% when adding TPPi. For the NCs-
based devices (with TPPi too), the average efficiency obtained
was 4.13% with a maximum of 5.03%. In stability experiments
the NCs solar cell outperformed the bulk one; its efficiency
remained intact during 30 days, while it was constantly varying
for the bulk device.>®

These results highlight the importance of overcoming Sn**
oxidation to reach better photovoltaic devices. Moreover, they
show that the introduction of perovskite NCs could improve the
efficiency and stability of devices. The NC-based device was
better in every aspect than the corresponding bulk solar cell;
nonetheless, the performance is still far from CsPbI; NCs
devices, that have achieved an efficiency over 16%.*"

CsSnX; nanocrystals (X = Cl, Br, I)

CsSnX; rod-shaped nanocrystals (quantum rods, QRs) were
synthesized using an easy, fast and clean solvothermal method.
The advantage of QRs over spherical nanocrystals is that for the
same diameter QRs have bigger volumes leading to a higher
per-particle absorbance cross-section and, additionally, their
elongated shape is supposed to improve charge injection to
transport layers, which can improve device performance.”
In the reported synthesis SnX, and Cs,CO; were used as pre-
cursors, octadecene, oleylamine and oleic acid as solvents, and,
to enhance the growth of high-quality QRs, trioctylphosphine
oxide (TOPO) and diethylenetriamine were added as capping
agents.®

—o— non-QDs film not via ASA
—@—non-QDs film via ASA
72— QD-based film

CsSnl; Film

PEDOT:PSS

0 kﬂt\l ——
-0.1 0.0 0.1 0.2 0.3 04 05
Voltage (V)

Fig. 3 (A) Device structure of the solar cell based on the CsSnls films. (B)
J-V curves of CsSnlsz bulk solar cell (black), CsSnls bulk solar cell with the
addition of TPPi as antioxidant additive (green) and CsSnlz NCs solar cell
with TPPi (blue). Reproduced from ref. 58 with permission from the Royal
Society of Chemistry (RSC, Journal of Materials Chemistry A).
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Table 1 Band gaps (E), approximated from PL emission peaks, and power

conversion efficiency (PCE) of the solar cells fabricated with CsSnXs QRs.
Extracted from ref. 63

E, (eV) PCE (%)
CsSnCl, 2.0 9.66
CsSnBrj 1.9 10.46
CsSnl; 1.7 12.96

A red shift in the band gap and PL emission, from 625 to
709 nm, was observed from the chloride to the iodide CsSnXj;
(X = Cl, Br, I) QRs (Table 1). The nanocrystals were used as
absorbing layers in solar cells including TiO, as electron
transport layer and spiro-OMeTAD as hole transport layer.
The best efficiency was obtained for the CsSnl; QRs (Table 1),
probably due to its more adequate band gap among the three
materials. Additionally, the stability of CsSnl; QRs and bulk
MAPDI; sealed solar cells was tested. While CsSnX; NCs solar
cells showed a 40% efficiency decay after 16 days, the efficiency
decay of MAPbI; solar cell was 70%.%

The observed performance is very encouraging towards the
development of lead-free inorganic solar cells. Indeed, the
12.96% efficiency obtained with CsSnI; QRs is the best result
for non-toxic perovskite NCs reported to date, surpasses the
efficiency obtained with bulk CsSnl; (7.5%),*® and is very close
to the efficiency delivered by analogous lead-perovskite NCs
devices (16%).

In this former case, CsPbl; NCs were treated with ZnlI, to
prevent iodine vacancies, which enhanced the stability.*! The
loss in efficiency observed in CsSnl; NCs devices after 4-5 days,
which might be related to Sn** oxidation, can compromise their
commercialization. The addition of an antioxidant agent, as
commented in the previous example, or Znl, treatment like in
CsPblI; NCs, could be solutions to improve device stability.

CH;NH;SnBr; I, nanocrystals

H. Xu et al. reported a method to synthesize MASnBr; I, (x =
0-3) perovskite NCs and their use as light absorbers in DSSCs.
The synthesis of MASnBr;_,I, NCs was performed using a
hot-injection method and SnBr,, Snl, and MABr as precursors.
The NCs were stabilized with oleic acid and oleylamine as
capping ligands. Different halide ratios were tested: MASnBrs;,
MASNBr,I, MASnBrI, and MASnI;, showing a band gap of 2.3,
2.0, 1.8 and 1.5 eV, respectively. Nanocrystals were spin-coated
on top of a mesoscopic TiO, anode, I /I;~ was used as electrolyte,
and Pt as counter electrode. The PCE of the devices is collected in
Table 2 with MASnBr,I showing the best efficiency.**
Electrochemical impedance spectra (EIS) showed that the
resistance between the electrolyte and the NCs-TiO, interface
was much higher than for state-of-the-art DSSCs, which might
be due to the presence of long chain molecules such as
oleylamine around the perovskite NCs. In order to improve
electron extraction, TiO, interface was further decorated with
graphene quantum dots reaching an efficiency of 0.60%.
Alternatively, the introduction of the N719 dye as co-sensitizer
to the MASnBr,I NCs improved the efficiency up to 8.79%,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Band gap (Eg) and power conversion efficiency (PCE) for different
MASNBrz_,l, NCs. Extracted from ref. 64

NCs Eq (V) PCE (%)
MASNBr; 2.3 0.155
MASNBL,I 2.0 0.322
MASNBIT, 1.8 0.202
MASNI, 1.5 0.106

which is higher than the efficiency delivered by N719 alone
(7.28%).°> As a preliminary result, an efficiency of 8.79% is very
promising especially taking into account that state-of-the-art
DSSCs show record efficiencies of 14.3%.%°

To further improve these results some modifications could
be introduced. For instance, great efficiencies have been
achieved by substituting the I"/I;~ electrolyte by Co**/Co’*
electrolyte,’” or using spiro-OMeTAD as HTL.>*®%® Capping
ligands are another important parameter since, as commented
above, the presence of long chain ligands is detrimental for
device efficiency. Moreover, it has been demonstrated that the
nature of the capping ligands will influence the interaction
between the perovskite NCs and the dye or the TiO, interface,
therefore the use of shorter or more adequate ligands could
improve the device efficiency.®® Not only that, if co-sensitization
is the key to boost performance, other dyes such as Ru complex
N3 have also shown improvements combined with other NCs
DSSCs.”’

Summary

According to the cell performance parameters of the different
studies introducing tin-perovskite NCs in solar cells (Table 3),
the most interesting approach seems to be the solvothermal
synthesis of CsSnX; rod-shaped nanocrystals and the use of
TiO, as ETL and spiro-OMeTAD as HTL, that delivers a maximum
efficiency (approx. 13%).®* The comparison of the V.. found in
this study for CsSnl; (0.87 V) with the value found for CsSnl; in
ref. 58 (0.42 V) points to a non-optimum energy alignment among
the active material and the transport layers in the latter.

In the case of the hybrid MASnBr;_,I, perovskites, the low
currents obtained in the DSSC devices point to an inefficient
charge transfer between the NCs-TiO, interface and the electrolyte.
As commented, the substitution of the long chain organic ligands
might lead to a better contact between the nanocrystals and the

Table 3 Summary of solar cell performance parameters of champion
devices fabricated with tin-based perovskite nanocrystals. Open circuit
voltage (Voc), short circuit current density (Jso), fill factor (FF), and power
conversion efficiency (PCE)

NCs Voc (V) Jse(mAcm™?)  FF PCE (%)  Ref.
CsSnl; + TPPi  0.42 23.79 0.42 4.13 58
CsSnCl, 0.87 19.82 0.56 9.66 63
CsSnBr; 0.85 21.23 0.58  10.46 63
CsSnl, 0.87 23.2 0.65  12.96 63
MASNBr;, 0.53 0.62 0.48 0.155 64
MASNBr,I 0.56 0.87 0.65 0.322 64
MASNBI], 0.52 0.70 0.56 0.202 64
MASNI; 0.46 0.55 0.43 0.106 64

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrolyte. Additionally, the introduction of these NCs in other cell
configurations, like the one used in ref. 63, could provide better
efficiencies and would allow a better comparison among the
different materials and synthetic strategies.

Germanium-based perovskites

Germanium also belongs to group 14 in the periodic table,
together with Pb and Sn, and shares the ns*ap® external
electronic configuration (4s> for Ge**). Therefore, analogous
properties close to those observed in Pb-based perovskite
materials are expected but using a non-toxic relatively
abundant material. In spite of this, Ge has received little
attention as light absorber for solar cells, most likely because
of the significant tendency of Ge>" ions to oxidize to Ge*".

Some theoretical calculations have predicted promising
efficiencies for Ge perovskite solar cells. For instance, 1D-Solar
Cell Capacitance Simulator (1D-SCAPS) simulations estimate a
23.58% efficiency for a CH3;NH;3Gel; (MAGel;) PSC employing
CuSbS, as HTL, and by introducing Shockley-Queisser
maximum solar cell efficiency (S-Q) and Spectroscopic Limited
Maximum Efficiency (SLME) models in DFT calculations a
theoretical value of 27.9% PCE is obtained for a CsGel;
PSC.”"” This reflects their great optical properties and the
potential application of germanium-based materials in photo-
voltaic devices. Based on these good results some Ge-based bulk
PSCs have been fabricated. CsGel; solar cells achieved an initial
efficiency of 0.11%,”® which was further improved up to 3% and
patented by Huang et al.”* Moreover, germanium was included
in a mixed all-inorganic tin-PSC, CsSngsGeysl;, reaching an
efficiency of 7.11% as well as enhanced stability due to the
growth of a Sn-containing GeO, native passivation oxide layer
(formed spontaneously when exposed to air).”> Hybrid organic
inorganic materials, like MAGel;, have also been tested delivering
a 0.2% efficiency,”® which was later increased up to a 0.56%
by introducing a 10% of bromide in the composition
(MAGel, ,Br, 5).”® Additionally, germanium has been used in a
formamidinium antimony-PSC (FA,GeSbCl,) achieving a 4.7%
efficiency.”” Finally, a FA and MA Ge-doped Sn perovskite,
FAy 75MA¢ »55n;_,Ge,l;, was used as active layer leading to an
efficiency of 7.9% when a 5% of Ge was present.”® In summary,
thin-film photovoltaics using Ge-perovskites are scarce and have
reached efficiency values up to 3%; however, when combined with
other non-toxic elements such as Sn or Sb, the efficiency is greatly
increased, attributed to an improved passivation, suppression of
recombination, and reduction of trap states, which improve
carrier dynamics.”>””"’®

As the oxidation of Ge®" to Ge*” in air is quite straightforward,
reports of Ge perovskite NCs applied in photovoltaics are
limited, as spontaneous oxidation is favoured in NCs because
of their high surface/volume ratio. Although there are some
reports of Ge perovskite NCs synthesis,">”® very few address
their use in solar cells.®°

CsGeX; nanocrystals (X = Cl, Br, I)

A simple solvothermal method was proposed to synthesize rod-
shaped CsGeX; (X = Cl, Br, I) NCs using diethylenetriamine

Mater. Adv,, 2021, 2, 4140-4151 | 4145
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(DIEN) and TOPO as capping ligands. Fig. 4 shows the current
density-voltage (J-V) curves for solar cells fabricated with the
different halides, using TiO, as electron transport layer and
spiro-OMeTAD as hole transport layer.

Results are shown in Table 4. Iodide QRs show the highest
efficiency, closely followed by the bromide ones, probably due
to their more adequate band gap.®® The obtained currents are
very encouraging and the strategies to improve efficiency
should focus on improving V,. and FF. In that sense, it would
be interesting to explore alternative transport layers. In any case
this result is very promising since the 5% efficiency obtained
with CsGel; NCs surpasses the efficiency obtained in CsGel;
bulk PSC (0.11% and 3%).”>”* However, there is room for
improvement; devices based on other inorganic perovskite
NCs such as CsPbI; NCs achieved an efficiency up to 16.07%
and the analogous Sn NCs (CsSnl; QRs) offered an efficiency of
12.96%.%% As stated above, Ge*" inert pair effect is less prominent
than in Sn or Pb; therefore, its tendency to oxidize to Ge'" is
greater. This instability is a major concern for Ge-based
perovskites and one possible solution would be the addition of
antioxidant compounds. As described in the previous section,
this strategy has successfully been explored in Sn materials
where the addition of edamine, pyrazine, triphenyl phosphite,
or Snl, excess improved the device stability.*”***® Moreover, the
use of CuSbS, as HTL instead of spiro-OMeTAD could be a better
match for this material.”*

Bismuth-based perovskites

Bismuth perovskites have been studied as potential substitutes
of lead perovskites in solar cells. Bismuth(u) is a trivalent metal
cation isoelectronic with lead(u) (both Bi** and Pb*" have a
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Fig. 4 (A) J-V characteristics of CsGels (blue), CsGeBrs (red), and

CsGeClz (black) solar cells. The inset shows a picture of a solar cell. (B)
Incident Photon-to-electron Conversion Efficiency (IPCE) of CsGeXs per-
ovskite devices with different halides. Reproduced from ref. 80 with
permission from the Royal Society of Chemistry. (RSC, RSC Advances).

Table 4 Band gap (Eg) of CsGeXs (X = Cl Br, ) NCs and solar cell
performance parameters of devices fabricated with them. Band gap values
have been calculated from absorption spectra. Extracted from ref. 80

QRs Eg(eV)  Voe(V) Jewe(mAcem™)  FF PCE (%)
CsGeCl; 2 0.35 18.57 0.40  2.57
CsGeBr; 1.9 0.49 19.49 052  4.92
CsGel, 1.8 0.52 18.78 051  4.94
4146 | Mater Adv, 2021, 2, 4140-4151
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6s°6p° electronic configuration) and their compounds share
similar properties. In spite of being a heavy metal, it is considered
as a non-toxic element even used in biomedicine.’* Additionally
bismuth materials have shown exceptional stability in ambient
conditions. Bismuth perovskite solar cells maintained their
composition and structural integrity after 72 h under moisture
conditions at 100 °C, while Pb devices showed decomposition
after 72 h in air at 60 °C.%* Not only that, even bismuth doping of
lead perovskites induce an improvement in stability. Fan Bai et al.
reported a mixed perovskite a-CsPb,_,Bi,I; with an efficiency of
13.21% and a significant improvement of the durability (around
70% of the efficiency is maintained after 168 h).*

Different examples of bismuth-perovskite solar cells have
been reported, such as (CH;NH;);Bi,Iy (MA3Bi,I,) PSC fabricated
by vapour deposition that achieved a 3.17% efficiency.®*
Additionally, all-inorganic perovskite solar cells like Cs;Bi,lo,
employing Cul as HTL and TiO, as ETL, led to an efficiency of
3.20%.%° One year later, using ZnO instead of TiO,, the efficiency
was enhanced up to 9.20%.%° Bil; was tested in thin-film solar
cell leading to an efficiency of 1.21%" that has recently
increased to 1.33% in a device with V,05 as HTL and ZnO as
ETL.*” Other Bi-based perovskite materials are the silver bismuth
iodide family, with a maximum efficiency of 4.3% obtained for
Ag;Bilg,”® or double perovskites (A,M*M>*"X,), where one M" and
one M*" cations substitute two Pb>" cations. Cs,AgBiBr; films
deposited by vacuum sublimation have delivered an efficiency of
1.41%, and 2.51% for films obtained by spin-coating onto a TiO,
layer.®® Recently, the introduction of a N719 dye interlayer
between the Cs,AgBiBrs and spiro-OMeTAD layers has shown to
enhance the efficiency to 2.84%, also improving the stability under
ambient conditions.® Finally, a bulk heterojunction perovskite
solar cell with the photoactive layer consisting of Cs;Bi,ly and
Ag;Bi)l, has led to a 3.6% efficiency.”® Although these are
promising results, bismuth-perovskites suffer from the presence
of a high number of defects that induce non-radiative recombina-
tion of charges and decrease the power conversion efficiency.'>**

In the last years several bismuth perovskite NCs have been
synthesized and their optical properties have been studied
showing good absorption and emissive properties, with PLQY
as high as 62%.°> However, in spite of these promising optical
properties, only a few examples of Bi-perovskite NCs have been
used to fabricate solar devices. In this section, studies focusing
on Cs;3Bi,lo, Cs,AgBiBrs, KBaTeBiOg NCs, and Bi,3S;5l, nanorods
are discussed.

Cs;Bi,Iy nanocrystals

A3B,Xo NCs (where A = CH3NHj3, Cs, or Rb, B = Bi or Sb, and X =
Cl, Br, or I) were synthesized using a colloidal hot-injection
method in which 1-dodecanol was added to act as solvent and
capping agent. Cs;Bi,Io NCs, with a band gap around 2 eV, were
used to fabricate solar cells with SnO, as ETL and spiro-
OMeTAD as HTL. The efficiency was 0.0103%,°* which is far
from the 9.2% of the bulk analogue.?® However, in the bulk
analogue, the PCE was enhanced by substituting spiro-
OMEeTAD by Cul as HTL.*>*° By changing the HTL or the ETL
in Cs;Bi,Ig NCs solar cells the efficiency could also be improved.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the dodecanol chains on the surface of the NCs could
be replaced following a ligand exchange process, which may
improve the optical properties and charge transport.***°°

Cs,AgBiBrs nanocrystals

Employing a colloidal synthesis route, Cs,AgBiBrs double perovskite
NCs were synthesized and deposited as thin-films, obtaining
stable absorbing layers for PSC. The colloidal stability can be
attributed to the surface passivation treatment with oleylamine,
oleic acid, and trioctylphosphine. These ligands were substituted
by bromide ions after treatment with TBAB (tetrabutyl-
ammonium bromide) during film fabrication. The Cs,AgBiBr,
NCs absorber layer, indirect band gap of 2.28 eV, was sandwiched
between compact TiO, and spiro-OMeTAD as the electron and
hole transport material, respectively. The best performing device,
obtained for NCs with optimum size (7.6 nm), exhibited a 0.46%
efficiency. Additionally, larger NCs were also synthesized and
tested obtaining a lower value of 0.028%, attributed to problems
in the morphology of the film.”® These values are low when
compared to previous reports for the analogous bulk material
which delivered efficiencies of 2.51%. The underperformance of
these devices has been attributed to the low charge carrier
mobility, trap-assisted recombination and poor charge collection.
More research is needed in the optimization of the energy levels
between NCs and transport layers; for instance, the presence of
ethylammonium has been proved to enhance the charge transport
by adjusting the energy levels in Sn-based PSC.>

KBaTeBiOs nanocrystals

By using computational calculations, it was predicted that
KBaTeBiOg (double perovskite oxide) is a potential non-toxic
candidate for photovoltaic applications. The calculated max-
imum efficiency was around 4% for a 1 pm thick film, which
could be tuned by changing the cation stoichiometry in the
material. Following a simple wet-chemistry route and mixing
solutions of the respective precursors, KNO;, Ba(NOj),,
Bi(NO3);-5H,0 and Te(OH), in the adequate proportions, KBa-
TeBiOg NCs were obtained. The NCs (direct band gap of 1.88 eV),
were dispersed in ethanol and water with and without binders
(terpineol and ethyl cellulose), drop-casted on top of a TiO,
electrode, and used as sensitizer in a DSSC. The average efficiency
obtained was 0.04%, with a best efficiency of 0.06% for the
material dispersed without binders.”” This may appear as a very
low value, especially as compared to the 14.3% record efficiency
for DSSCs,*® and to the 6.5% achieved employing MAPbI; as
sensitizer in DSSC.”® However, KBaTeBiOs NCs show better
material stability than bismuth-based halide perovskites and their
solar cells show similar performance to those based on high quality
thin films of other inorganic oxide perovskites. Furthermore, the
study and control of defects including oxygen vacancies, cation
nonstoichiometry, and disorder in KBaTeBiOg will be a crucial task
to achieve optimal performance from these semiconductors.

Bi;3S;gl, nanocrystals

Bi3S13l, NCs were synthesized following a solvothermal
method, mixing the precursors Bil;, thiourea (CH4N,S), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CH;3NH;I (MAI) in ethylene glycol at 195 °C in a 2:4:3 ratio,
respectively. The obtained nanorods had a diameter of 50 nm
and a band gap of 0.75 eV,'°® a value smaller than the ideal
band gap for a single p-n junction solar cell.”®

Bi;3S:5l, nanorods were used as sensitizer in DSSC (Fig. 5A),
and a maximum efficiency of 0.85% was achieved, showing low
variability among the 8 different devices (Fig. 5B)."*° The low
PCE is due to the low current and fill factor values, which may
be improved optimising the thickness of Bij3Sigl, and TiO,
films, or using a different electrolyte or hole transport material.
Along this line, the use of polysulfide electrolytes led to better
efficiencies for NCs DSSCs.'*"

Summary

Table 5 summarizes the solar cell parameters of the Bi-
perovskite NCs devices. Cs3Bil; and Cs,AgBiBrs NCs were
synthesized using a colloidal synthesis that provides a precise
control over the composition and size of the final material.
The devices fabricated with these NCs used an almost identical
solar cell structure with compact TiO, and spiro-OMeTAD as
transport layers.”>°® However, the device fabricated with Cs,Ag-
BiBrs NCs,”® that follows a ligand exchange process, showed
better currents and V,., pointing to the effectiveness of this
approach in improving charge transport. A different selection
of final ligands could further improve charge transport and
adjust energy levels between the absorbing and transport
layers, leading to better efficiencies.

KBaTeBiOg and Bi;3S13l, NCs have been used as dyes in
DSSC devices employing the same counter electrode, solar cell
area (0.25 cm?), and a similar electrolyte, based on the I /I;~
couple.””'” The device incorporating the KBaTeBiOg NCs
showed very low current probably because of the presence of
defects in the crystalline structure, coming from the lack of
control over the composition of the mixed oxide, and on the
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Fig. 5 (A) Scheme of the Bi;3S1gl> NCs solar cell structure. (B) J-V curves of

eight Biy3Siglo solar cells. Reproduced from ref. 100 with permission from
the Royal Society of Chemistry. (RSC, Journal of Materials Chemistry C).

Table 5 Summary of solar cell performance parameters of champion
devices fabricated with bismuth-based perovskite nanocrystals. Open
circuit voltage (V,c), short circuit current density (Jsc), fill factor (FF), and
power conversion efficiency (PCE)

NCs Voe (V) Jec(mAcm™2)  FF PCE (%)  Ref.
Cs;3Biylo 0.22 0.14 0.34  0.01 93
Cs,AgBiBrs  0.80 1.17 0.49  0.46 96
KBaTeBiO;  0.54 0.09 0.58  0.06 97
Bi13S15L, 0.58 3.82 0.38  0.85 100
Mater. Adv, 2021, 2, 4140-4151 | 4147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00245g

Open Access Article. Published on 01 giugno 2021. Downloaded on 16/10/2025 07:37:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

surface, originated by the absence of passivating agents. Better
results are obtained with the Bi;3S;gl, NCs, synthesized using a
simple solvothermal method. It would be interesting to explore
the introduction of this material in a n-i-p solar cell structure
to compare with ref. 93 and 96.

Antimony-based perovskites

Antimony belongs to the same group as bismuth and,
consequently, Sb-perovskites have also been proposed as non-
toxic alternative to lead-based perovskites. Like Bi**, Sb**
cations are isoelectronic to Pb>* and, usually, form perovskites
with the formula A;Sb,X, (Where A = MA, Cs or Rb and X = Cl, Br
or I). Similarly, to Bi-perovskites, they exhibit high absorption
coefficients, small effective masses (facilitating mobility) and
suitable band gaps for photovoltaic applications (usually
between 1 eV and 2 eV). Moreover, their properties can be
tuned depending on the structure (0D or 2D layered).'®?
Antimony can be a good alternative to other non-toxic materials
mentioned in this text; it does not suffer from oxidation
processes like Sn or Ge, and is more abundant in the earth-
crust than Bi.'® In spite of this, Sb-perovskite reports are less
common than those focusing on Sn or Bi, probably because
they suffer from a high presence of deep defects that act as
recombination centres.'®***

Some bulk Sb-perovskite materials have been synthesized,
characterized, and introduced as light harvesters in solar cells.
In 2016, 0D methylammonium MA;Sb,I, thin-film solar cells
were fabricated achieving a power conversion efficiency of
0.5%."%° Two years later, it was demonstrated that 0D MA;Sb,],
perovskite had an indirect band gap, reduced carrier transport,
and their films suffered from nonradiative recombination and
it was suggested that a 2D layered structure could produce
better results. This 2D-perovskite could be easily obtained by
adding chloride to MA;Sb,ly films. Thus, 2D MA;Sb,ClL Iy,
films were introduced in solar cells achieving an efficiency of
2.19%, the best result so far for Sb-only perovskite solar cells."*®
Another type of 2D antimony-perovskite, RbsSb,lo, led to a
maximum efficiency of 0.66%.'%*

In addition to these studies on bulk Sb-perovskites, antimony
perovskite nanocrystals have also received some attention.
Cs3Sb,X, (X = Cl, Br, I) NCs have been synthesized and stabilized
with oleic acid and octadecene capping ligands. The photo-
luminescence quantum yields are 11% for Cs;Sb,Cly, 46% for
Cs;3Sb,Brg, and 23% for Cs;Sb,ly NCs, and the band gaps are
3.35, 3.02, and 2.21 eV, respectively.'”” In spite of having the
higher PLQY value, Cs3;Sb,Bry NCs band gap is not optimal
for solar cells. Nevertheless, the band gap could be tuned
by modifying the nanocrystal diameter and, additionally,
Sb-perovskites can be used for other applications. Furthermore,
as discussed in the next section, (NH,)3Sb,I,Bro_, NCs have been
used as light absorbers in solar cells.

(NH,4)3Sb,1,Bry_, nanocrystals

(NH,4)3Sb,I,Brg_, NCs were synthesized following an anti-
solvent vapor-assisted crystallization method using ethanol as
solvent, considered as a low-cost, hypotoxic, and environmentally
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Table 6 Band gap (Eg) of NCs and solar cell performance parameters of
the solar cells fabricated with them. Extracted from ref. 108

NCs Eg(€V) Voe(V) Jsc(mAcm™) FF  PCE (%)
(NH,);Sb,Bry  2.78 0.29 0.09 0.28 0.01
(NH,);Sb,I;Brs  2.66 0.67 0.20 0.44  0.06
(NH,);Sb,IBr;  2.49 0.76 0.77 0.32  0.19
(NH,);Sb,1, 2.27 1.03 1.15 0.43 0.51

friendly solvent. NCs with 54 nm diameter and different halide
compositions were characterized and incorporated in photo-
voltaic devices. Table 6 collects the direct band gap of the NCs
and the power conversion efficiencies of the solar cells fabricated
with them. The structure of the devices was ITO/PEDOT:PSS/
(NH,);Sb,I,Bre_, NCs/PCs;BM/Al, where PEDOT:PSS is the
electron transport layer, and PCs;BM the hole transport layer.
The stability of the best performing device, employing (NH,)5Sb,Iy
NCs, was tested. The film became colourless and the device
showed no performance after storage in air for 2 days, but when
stored in a glovebox for 40 days, 80% of the efficiency was
maintained, demonstrating that device stability can be improved
via encapsulation.'*®

The iodide (NH,);Sb,I, NCs provided the best performance
parameters, with a 0.51% efficiency, probably due to the most
adequate band gap and a more optimum band alignment
between the active and the transport layers. The low currents
and FF point to problems in charge transport and extraction,
which could be improved with a better film morphology and
the use of alternative transport layers. The best efficiency is
similar to the highest value obtained for Bi perovskite NCs
(0.85% for Bi;3S151,);'%° however, the different stoichiometry
and composition make them hardly comparable. The efficiency
obtained is still far from other tin or lead-based NCs perovskite
solar cells, but close to values obtained for bulk inorganic
Sb-perovskites Rb;Sb,I; and 0D MA;Sb, ], thin-films mentioned
above (0.66% and 0.5% respectively), and still inferior to the
best-performing antimony solar cell, 2D MA;Sb,CL I, , (2.2%).
As a final remark concerning Sb-perovskites, a recent study
suggests that Sb-perovskites have much deeper defects than
Pb-perovskite NCs, which can reduce significantly the efficiency
of the photovoltaic devices.'®

Conclusions

Non-toxic perovskites are becoming more relevant in photo-
voltaics due to the raising concerns about lead toxicity. Even
though the efficiencies of these non-toxic materials are slightly
behind lead, they seem to be particularly appealing for specific
applications such as indoor and wearable photovoltaics, where
safety is of primary importance.

The efficiency of lead perovskite cells has grown from 3.8%
in 2009 to current 25.5% for bulk and 16.6% for NCs. These
improvements have been achieved thanks to the adjustment of
the energy levels, enhanced stability, suppression of defects,
surface treatments, charge transport improvement, and the use
of different and more complex stoichiometries. In this sense,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complex and tailored compositions are not easily achievable for
bulk perovskites where synthesis and deposition are simultaneous.
On the contrary, perovskite NCs offer the advantage of separating
both processes, which allows a better control over the stoichiometry
of the material. Although the use of non-toxic perovskite NCs in
solar cells is quite recent, they have already shown promising
results surpassing in some cases the efficiency values obtained
for their bulk counterparts: CsSnl; quantum rods show an
efficiency of almost 13% (bulk material 7.5%), and CsGel
NCs an efficiency close to 5% (bulk material ~3%). It is worth
mentioning that some of the best results are already close to the
efficiency obtained for lead NCs (16.6%), and the stoichiometry
or solar cell structure have not been optimized.

In this review, the main issues of non-toxic perovskite NCs
have been addressed. Some of the materials suffer from oxidation
problems (Ge, Sn) or high number of defects (Bi, Sb) that may
harm the solar device performance. In this sense, more complex
compositions could be a solution to some of the aforementioned
problems. For example, including in the composition edamine
that acts as antioxidant cation, ethylammonium that improves
charge transport, or formamide which prevents non-radiative
recombination. Additionally, the addition of antioxidant
additives, more adequate transport layers, different cell structures,
or surface passivation treatments are other possible approaches to
improve performance.

Research on non-toxic perovskite NCs is a novel field,
reports incorporating these NCs in solar cells are scarce, and
many alternatives remain unexplored. Indeed, in the studies
here summarized, each work uses a synthetic methodology and
a solar cell structure making it difficult to compare among
them and select the most promising approach. Still, impressive
results have already been reported showing that non-toxic NCs
could be candidates to substitute lead in the near future with
more research in this area.
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