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1 | INTRODUCTION
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| Wing Chung Tsoi'

| Harrison Ka Hin Lee!’ | Sandeep Arya® | Sonal Gupta® |

Abstract

Organic solar cells (OSCs) in terms of power conversion efficiency (PCE) and oper-
ational lifetime have made remarkable progress during the last decade by improving
the active layer materials and introducing new interlayers. The newly developed wide
bandgap organic donor and low bandgap acceptor molecules covered the absorption
from the visible to the near-infrared region. Whereas the incident high energy region
(UV) is not in favor of OSCs. Its absorption causes thermalization losses and pho-
toinduced degradation, which hinders the PCE and lifetime of OSCs. Recently, lan-
thanide and non-lanthanide-based down-conversion (DC) materials have been intro-
duced, which can effectively convert the high-energy photons (UV) to low-energy
photons (visible) and resolve the spectral mismatch losses that limit the absorption of
OSCs in high energy incident spectrum. Furthermore, the DC materials also protect
the OSCs from UV-induced degradation. The DC materials were also proposed to
cross the Shockley-Queisser efficiency limit of the solar cell. In this review, the need
for DC materials and their processing method for OSCs have been thoroughly dis-
cussed. However, the main emphasis has been given to developing lanthanides and
non-lanthanides-based DC materials for OSCs, their applications, and their impact
on photovoltaic device performance, stability, and future perspectives.

KEYWORDS
down-conversion, down-shifting, lanthanides, organic solar cells, photostability

energy source. Organic solar cells (OSCs) have emerged as
cost-effective, non-toxic, solution-processable, and flexible

As human civilization gets established, the requirement of
energy becomes the soul of their livelihood. Energy is pow-
ering human life by running household equipment, com-
munication, transportation, industries, economic growth, and
so forth. Global energy utilization and greenhouse gases
emission are rising, and it is estimated that both will dou-
ble in 2050 as compared to 2001.!'] Today, energy sources
are facing depletion as we are dependent on fossil fuels
whose stocks are limited, and hence society needs to think
about alternatives. Sunlight is a green and abundant source
of energy that can be easily converted into electricity by
using solar cells, and it is also an example of a renewable

photovoltaic technology, and it has also received tremen-
dous attention from the research community and corporate
as it is predicted as an economical and futuristic renewable
energy source. [>*! Recently, their power conversion effi-
ciency (PCE) crossed the barrier of 18%.15-71 However, a few
issues still need to be addressed to establish OSCs as an effi-
cient and a reliable solar cell technology, for example, its low
PCE and lifetime. Improving the utilization of the incident
solar spectrum can be one of the approaches to advance the
performance of the OSCs system. The OSCs have shown an
issue with their stability under ambient environments.!®~10]
Moisture and oxygen are the main environmental degradation
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factors, and researchers have been trying to fix them by
using a proper encapsulation process.!!''*] Besides this,
light-induced degradation is still a challenge for OSCs, and
it can break the long-term stability and efficiency of the
devices.!!>1%] The photodegradation in OSCs, particularly
UV- induced, may affect a multitude of layers rather than just
a photoactive layer and could harm the charge transport layer,
and results in poor stability of OSCs.l'”?!] Sapkota et al.
revealed that the electrical conductivity of the hole transport
layer (HTL), poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS) was drastically reduced under
continuously exposed UV-radiation, whereas the photoac-
tive layer showed a little degradation.!””! The poor OSCs
stability under UV-light ascribed to the oxidative degra-
dation of photoactive layer constitute materials, and the
fullerene phase affect the performance and device stability
after UV light exposure.[”>>*] The researchers are replac-
ing the fullerene derivatives acceptors with non-fullerene
acceptors (NFAs), and it helped to deliver high-performance
0SCs.[7391 Unfortunately, the NFAs show the burn-in effect
and pose a major challenge. Among prominent deterioration
factors, UV-induced degradation played a significant role to
reduce the device’s lifetime.[?!-3?] Jeong et al. suggested an
approach by employing the UV-cut filter (UCF) in the front
side of OSCs that blocks the incident light below 403 nm
wavelength, and the resultant devices exhibited slow pho-
toinduced degradation as compared to without (w/0) UCE.[*?]
The devices with filter and w/o filter retain ~90% and ~20%
of the initial value after 14 hrs of continuous illumination
under reduced intensity (air mass [AM] 1.5G, 80 mW/cm?).
The application of UVF could protect the devices from harm-
ful UV radiations. Nevertheless, it is a costly choice, and
the utilization of maximum incident spectrum and the low
PCE of OSCs has still a big challenge. The researchers
are also showing concern about the maximum theoretical
limit of solar cells, and it is termed as a detailed balance
limit or Shockley-Queisser (SQ) limit. [34] The fundamen-
tal losses occur in solar cells due to the non-absorption of
low-energy photons and the thermalization phenomenon by
high-energy photons absorptions. In general, this is referred
as a spectral mismatch between solar cells absorption pro-
file and incident solar spectrum. The concept of ternary blend
OSC:s has been presented to cover the broad absorption range
by optimizing photon harvesting.[*>*°1 It includes the two
donors-one acceptor or two acceptors-one donor molecules
in a single photoactive layer.[*!-*?! Unfortunately, the inci-
dent spectrum high energy region is still unutilized. The
singlet-exciton-fission (SF) mechanism has been also sug-
gested to improve the PCE of OSCs.[*3-*#] It is a technique
applied to generate the multiexciton in organic molecules.!*"!
Congreve et al. demonstrated that the SF process could
cross the external quantum efficiency over the unity of
OSCs.[“] There are a few materials have been reported for
SF application in the literature called polydiacetylene,[*’]
carotenoids,!*®! pentacene,[*’] tetracene,°"! anthracene,>'!
and 10,21-bis(tri-isopropylsilylethynyl) tetrabenzo[a,c,l,n]
pentacene, > and so forth, and it is very challenging to
find the right material. The spectral converter materials
were introduced in the solar cells to assist the higher to
lower photons energy conversion. This mechanism might
help to resolve the spectral mismatch as well as UV-induced
degradation in OSCs. By using spectral converters, the effi-
ciency of the existing solar cells can be enhanced, and it

may exceed the SQ limit of solar cell efficiency for non-
concentrated sunlight under the same assumption of radia-
tive recombination.’?! The down-conversion (DC) mecha-
nism was proposed to modify the incident solar spectram for
solar cell at the material level..>*] Lanthanides are the preva-
lent materials as DC in dye-sensitized solar cell (DSSC),
silicon, gallium arsenide (GaAs), and perovskite solar cells
for spectral conversion. Recently, non-lanthanides materials
such as composite nanophosphors, quantum dots (QDs), car-
bon and graphene QDs, and organic molecules have also
been explored for this purpose. The DC materials are known
for enhancing the efficiency and stability of the solar cell.
The PCE enhancement in OSCs has largely been achieved
by material engineering and its deposition parameters opti-
mization, introducing new buffer layers, and device structure
development. There are enormous review articles available in
literature related to organic molecules-based solar cells, the
evolution of device structure, interfacial layers and structural
modification, stabilities, and so forth.[2528] In this review:; we
have explained the overview of the DC mechanism in detail,
followed by lanthanide and non-lanthanide as DC materials
and their spectral conversion mechanism. Furthermore, we
will cover their applications in OSCs for stability and effi-
ciency enhancement. This article contains in-deep guidelines
and reported experimental details of the DC materials for
OSCs. The review article will benefit the researchers work-
ing in the domain of luminescent materials and solar cells by
providing them with an overview of how the spectral convert-
ers can be used to improve the solar cell device performance
and stability along with their future perspective.

2 | DC AND DOWN-SHIFTING
MATERIALS

The DC and down-shifting (DS) materials both convert a
high-energy photon to a lower energy photon(s). The DC
differs from the DS in terms of their external quantum effi-
ciency (QE); DS shows less than unity, whereas DC has unity
or more than unity.>*~®!1 The DC and DS can absorb high-
energy photons (300-500 nm) and convert them into lower-
energy photons, and both are useful for solar cells applica-
tion. In the DC mechanism, the one singlet exciton is con-
verted into two triplet excitons.!%>:%*] Figure 1A,B illustrates
both DS and DC working mechanisms, which shows QE
less than 1 and larger than 1 or equal to 1 (100%), respec-
tively. The researchers did not follow that definition in prac-
tice and used the DC term for DS property materials.!®*! In
this review, for simplicity, the DC term has been used for all
the reviewed materials. The types of DC materials explored
for energy conversion purposes have been categorized into
two parts: lanthanide and non-lanthanides. The DC mech-
anism was first investigated on single lanthanide ions such
as Tm3t and Gd3*, and later in two ions combination Sys-
tem such as Gd3*- Eu3t, Pr3t-Yb3*, and Tb3*-Yb3*, and
so forth., where the one material (donor) transfers the excita-
tion energy to another material (acceptor).[%%-%°] Wegh et al.
have reported the idea of developing DC materials that could
deliver external quantum efficiency up to 200% by using lan-
thanide materials and could be useful for future develop-
ment of DC material for solar cell application.[®”! In non-
lanthanides, there are a variety of materials available, for
instance, QDs, oxides, organic dyes, luminescent glasses, and
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FIGURE 1 Schematic of (A) down-shifting (DS) and (B) down-conversion (DC) layer attached with solar cells and their energy transfer mechanism

so forth. have been studied. The DC materials were initially
applied in luminescent devices such as a fluorescent tube
or plasma discharge panels, and so forth., and later were
also explored for solar cell application to absorb the unuti-
lized high energy photons.[73%%:%%] The theory behind energy
transfer rates and model for donor-acceptor interactions was
predicted by Forster and Dexter a long time ago.l”%"!] The
reported DC materials for OSCs have been summarized in
Section 4 and are divided into lanthanide and non-lanthanide
sections.

2.1 | Properties requirement as a DC
material

The DC material has been placed on the solar cell or doped
into charge transport or photoactive layers. A fraction of
the incident photons is absorbed by it, and thereafter, the
high-energy photons are down-converted. The selection cri-
teria for ideal DC materials for solar cells application should
possess the following characteristics!’?!: (i) high photolu-
minescence quantum efficiency (PLQE), (ii) photochemical
and environmental stability, (iii) broadband absorption in the
region where the spectral response of the solar cell is low, (iv)
high absorption coefficient in low wavelength region, (v) high
transmittance and broadband emission, particularly in the
region where the device response is high, (vi) sufficient stokes
shift to minimize the self-absorption energy losses due to the
spectral overlap between the absorption and emission bands,
(vii) low cost, (viii) easy to process and can be deposited by
the large scalable method, (ix) low film roughness, and (x)
easy doping in electron/hole transport or active layer.

2.2 | Photophysical test for DC materials

A few characterization techniques are available, which could
help to measure the basic properties of the DC materials and
it required before implementing them with the OSCs. These
are called photophysical properties such as absorption and
photoluminescence. In absorption, it is expected that the DC
materials should have a high absorption coefficient in the
high-energy photons region. It could be helpful to calculate
the absorption coefficient of DC materials. Another important

property is photoluminescence, which is also needed prior to
implementing DC materials. It is suggested to measure DC
materials’ PLQE, and the high PLQE is good for improving
the OSCs performance. It is likely to have unity or more than
unity PLQE of DC materials; the more is good.

2.3 | DC materials for solar cells

The DC applications in photovoltaic were started a decade
back; nevertheless, there is a long history behind the develop-
ment of the energy transfer phenomenon between two mate-
rials. In late 1923, Cario and Franck demonstrated the exper-
imental phenomenon of resonance energy transfer between
two materials.!’3! They took the mixture of mercury and thal-
lium vapor and irradiated them with light that could only
be absorbed by mercury. And the resultant emission spectra
belong to the wavelength region that could be emitted by thal-
lium, and it clearly explained the transfer of excitation energy
between mercury and thallium. The quantum theory of reso-
nance energy transfer was put forward by Kallman, London,
and F. Perrin and was later improved by the notable contri-
bution of Forster and Dexter.[”%-7!! The classical aspects of
energy transfer and the theory of radiative and radiationless
in the molecular system were demonstrated by Hans Kuhn
and Andrews, respectively.l’*75] Wegh et al. introduced the
Eu’* doped LiGdF, down conversion material for fluorescent
lamps and plasma display panels application. The high energy
to low energy photon conversion was observed after expo-
sure of Gd*t under UV, and two visible photons were emit-
ted by Eu*.197] In fluorescent lamps, the phosphors get stuck
inside the glass tube wall and convert UV (254 nm) radiation
into blue, green, and red light, which ultimately yields white
light. The UV excitation with visible emission is also pos-
sible with Gd**-Eu®* couple and it shows the DC process.
The Er material for DC applications was reported by Oskam
et al. in the Er’*-Gd**-Tb>* system.!”®! Figure 2 shows the
simplified energy level diagram of the Er’* -Gd**- Tb**
DC process. After excitation of Er3*, cross-relaxation takes
place between Er’* and Gd*, and Er’** relaxes by emitting
green photons to Gd**. The Gd** excited energy is trans-
ferred through the Gd** sublattices and finally reaches Tb**
and is emitted as the second photon. The DC energy trans-
fer in Yb, Y, ,PO*:Tb**system from Tb* to two Yb** was
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FIGURE 2 Er’t -Gd**- Tb>*system energy level diagram. Repro-
duced with permission.!’®! Copyright © 2000, Elsevier Science S.A. All
rights reserved

investigated by Vergeer et al. that was later applied for solar
cells application.!””! Yu et al. introduced the Gd,0,S:Tm>*
as a potential DC material having QE more than 100% for
future solar cells application.!”®]

2.4 | Solar cells efficiency improvement

The spectral distribution of sunlight under AM 1.5 comprises
photons with broad wavelengths covering from ultraviolet to
infrared (280-2500 nm, 0.5-4.4 eV). Nonetheless, the exist-
ing solar cells are able to utilize only a fraction of the inci-
dent solar photons, ranging from visible to near-infrared.
Figure 3A shows a part of the unutilized high-energy solar
spectrum, and it could be employed by using DC materi-
als. Trupke et al. proposed the application of DC materi-
als to manage the high-energy photons and helped to gen-
erate more than one electron-hole pair.[>*! This phenomenon
can be achieved by using DC of high-energy photons. The
author calculated the theoretical efficiency limit of the dif-
ferent bandgap solar cells by using a DC system for non-
concentrated sunlight. The PCEs of 38.6% and 39.65%, were
reported by applying DC material at the front and rear sur-
face of solar cells, respectively, compared to 30.9% of con-
trol device. Figure 3B shows the calculated PCE graph of dif-
ferent bandgap solar cells. Tayebjee et al. demonstrated the
theoretical analysis of an overview of the efficiency limit for
the range of solar cells devices and proposed that by using
a DC system the PCE could reach up to 40.4% and 43.5%,
after attaching at front and rear side of the solar cell, respec-
tively. [7°1' Although, the DC attachment at the front surface
is the more practical approach and can be applied with exist-
ing solar cells. The advantage of this modification is that the
photons having an energy between photoactive layer bandgap
(Eg) and 2Eg, which cannot be down-converted, are almost
transmitted through the DC layer.

2.5 | Solar cell cost reduction

The OSCs is an emerging technology, and the estimation
of its exact implementation cost may not be likely at the
moment. Kolowekamo et al. derived an OSCs module cost

by using a simple model of calculating the module’s out-
put and dividing it by the material cost of the same mod-
ule area.l®"] There are other two OSCs module cost anal-
ysis methods that have been reported, and in these models,
the module performance and stability are the major concern
for paying less.[®!-#2] The DC materials could be beneficial
to reduce the OSCs overall cost. The data of reduction in
total cost for OSCs after implementing DC materials are not
available. In contrast, it is well reported for Si-based solar
cells. Donne et al. reported the deposition of polyvinyl acetate
(PVA) layer doped with europium (Eu) over commercially
available crystalline-silicon (c-Si) solar cell and found that
0.65% enhancement in J ., could decrease the peak wattage
(W,) price from 4.55 to 4.49 €/W,,. 1331 By taking this as
a reference in which the 1.32% price of solar cells could
be reduced by using a DC material that can only improve
the device performance by 0.65%. However, as explained in
Tables 1 and 2, the recently developed DC materials improved
the OSCs device performance between 7% and 70%, which
was an enormous increment as compared to PVA doped with
Eu’* that were investigated for c-Si solar cells. It is suggested
that the OSCs cost could be reduced by implementing the DC
materials.

3 | DC MATERIALS FOR INORGANIC
AND DSSC SOLAR CELLS

Initially, the DC mechanism was employed in dye-sensitized
solar cells as reported by Kim et al. via using LiGdF,:
Eu as spectral converter material.[®*] It had excitation at
275 nm and emission around 590 nm and 610 nm wave-
length. The emission occurred after excitation energy trans-
fer from gadolinium (Gd**) to europium (Eu®*), and the
relaxed energy was released in the visible region. A variety of
research has also been done on DC materials for the enhance-
ment of solar cells stability. Liu et al., developed a lumines-
cent transparent nanocrystal with a uniform film of lanthanide
dysprosium (Dy**) doped LaVO,.®3] The nanocrystals film
was coated on the front side of (primary facing the incident
solar spectrum), as shown in Figure 4A. The device stability
has been studied for DC and control devices under continuous
illumination with the Xe lamp light source. Although device
stability shows a high impact with LaVO,: Dy coated DC
layer, as shown in Figure 4B. An efficiency loss was 50% in
the control device, while there were no such losses observed
with DC layer coating. The DC layer has protected the dye
and electrolyte cells from UV light.

In silicon solar cells, Richards et al. proposed the idea
behind the material requirement and implementation of spec-
tral converter layers for Si solar cells.[®¢->°] Striimpel et al.
summarized the DC material requirement for silicon solar
cells and mentioned that a material having excitation at a
wavelength shorter than 550 nm is a suitable candidate.!®’]
Hung et al. introduced the colloidal Ba,Si0,: Eu?* structure
and deposited it on the microtextured silicon surface.[®®! It
improved the J,. from 34 to 34.48 mA/cm?, and the PCE was
enhanced from 15.13% to 15.36%. Later, SiN,:Tb>*-Yb**,
and silicon-rich oxide have also been proposed as DC materi-
als for silicon solar cells.[®?-°°] Recently, Yao et al. reported
the Tb3*-Yb>* co-doped NaYF, nanoparticles (NPs) as DC
material for silicon solar cells. [°!! Figure 4D shows the J-V
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characteristics. An improvement in the J,. can be observed
after implementing the DC layer. The devices were measured
under three different conditions, containing pure glass, glass
with SiO, coating, and glass with SiO, coating containing
DC material, as shown in Figure 4C. For DC layer measure-
ment, the device delivered PCE up to 12.35% and which was
6.74% and 4.58% higher than pure glass, and glass with SiO,
coated condition measurement.

Apart from silicon solar cells, DC materials have also been
introduced in GaAs solar cells. Chen et al. demonstrated a
22% PCE improvement in the GaAs solar cells by using
CdS QDs as DC material.[??! The CdS QDs were introduced
into flexible polydimethylsiloxane films and deposited on
top of the GaAs device, as shown in Figure 4E. The main
Ji. and FF parameters were enhanced from 19.87 to 23.52
mA/cm? and 74 to 76%, respectively, and the correspond-
ing PCE was changed from 14.36 to 17.45% under 1 sun
illumination. Figure 4F shows the device’s J-V characteris-
tics. The J. impact due to an incident spectral modification
and deposited DC film also increase the surface conductivity,
which decreases the series resistance and results in improving
the device FE.[%}1 In lanthanides, the Eu doped and Yb/Er-
doped phosphors has also been studied for GaAs solar cells,
and it improved the device PCE from 22.91 to 23.19%.1%%]

4 | DC MATERIALS FOR OSCs

A variety of DC materials, called lanthanide and non-
lanthanide, have been reported for OSCs, and these are cov-
ered in the next section. The application of DC materials in
the device can be processed in different ways, and it depends
on the DC material properties. Figure 5 shows the device
geometries for implementing the DC materials. The coating
of the DC layer on the front side (Figure 5A) of the devices
could be a challenge to maintain, as it includes an extra layer.
On the other hand, DC material doped into the bottom charge
transport layer (Figure 5D) or in the active layer (Figure 5E)
can be the easiest and cost-effective way to implement the
DC materials. Tables 1 and 2 summarize the reported DC
materials for OSCs so far, and they are arranged according to
device structure varying from Figure 5SA—E. Scheme 1 shows
the molecular structure of organic molecules (donor, accep-
tor, and DC ) used in this manuscript, and Figure 5F shows
the pictorial illustration of DC materials applied in OSCs.

4.1 | Lanthanides as DC materials

4.1.1 | Europium

Europium (Eu) is one of the most widely used dopants in DC
materials for solar cell application. In 2011, Eu doped LaOF:
Eu’* nanocrystals spectral converter was introduced by Gao
et al. and demonstrated it for 325-550 nm to 570-710 nm
wavelength light conversion.[”>! This emission region is in
the operating range of most of solar cells. Xu et al. demon-
strated the polymer poly(3-hexylthiophene) (P3HT) film pho-
tostability enhancement by using the YVO,:Eu**/Bi** lumi-
nescent nano-film.[”! It blocked the UV light and reduced
the photo-induced degradation in the film. The luminescent
UV blocking layer has a broad UV absorption ranging from

220-400 nm, and its emission peak is around 621 nm. Due to
absorption of UV region, the photostability of P3HT poly-
mer has increased by three folds with YVO,:Eu’* /Bi’*
nano-film than control film. Ornek et al. incorporated Eu ions
into TiO, nanocrystals (TiO,:Eu) and fabricated the inverted
OSCs of P3HT: [6,6]-Phenyl-C61-butyric acid methyl ester
(PCBM) blend system at different concentrations of Eu dop-
ing into Ti0,.°”) The PCE was improved from 1.16% (con-
trol) to 2.47% at 5% Eu doping. An improvement was noticed
due to an increase in the short circuit current (Jg.), Fill
factor (FF), and open circuit voltage (V,.) from 6.01 to
9.47 mA/cm?, 36 to 44%, and 0.54 to 0.58 eV, respectively.
The Eu doping not only modified the incident light spec-
trum but also improved the conductivity of the TiO, inter-
layer. Doping of Eu in TiO, can also increase the Fermi level,
electron-hole recombination is reduced at the interface, and
an injection of electrons improve from the active layer to
the TiO, interlayer. Jio et al. incorporated Eu-based compos-
ite nanocrystal (NaYbF,: Tb/Eu) with phenanthroline (Phen)
and thenoyltrifluoroacetone (TTA) organic molecules.[”®]
The Phen and TTA organic molecules act as UV absorbers
and transfer their energy to composite nanocrystals. However,
the Eu and Tb played an essential role in energy conversion.
The composite (NaYbF,:Tb/Eu@Phen, TTA), which worked
as a DC layer, was deposited between ITO and PEDOT: PSS
buffer layer. The device fabricated of poly([4,8-bis [5-(2-
ethylhexyl)-2-thienyl] benzo[1,2-b:4,5-b’] dithiophene-2,6-
diyl] (2-(2-ethyl-1-oxohexyl) thieno [3,4-b]thiophenediyl])
(PBDTTT-C-T): PC7;BM blend system has improved its
performance by ~10% of its initial values that revised the
PCE from 7.12 to 7.85%. Datt et al. have also reported
the Eu-based dual-functional layer that worked as electron
transport layer as well as DC layer in OSCs. [*°1 This
dual function layer was prepared from the zinc oxide (ZnO)
doped with aluminum (Al) and Eu, named as ZnO: Al, Eu
composite, and it was solution-processable and could be
coated in a single step. The composite photoemission spec-
tra show overlapping with the active layer absorption region,
and that improved the photogenerated current and the main
enhancement was observed in the 550 to 650 nm wave-
length region, as shown via the EQE curve (Figure 6B).
The J-V characteristics (Figure 6C) revealed the effect of
the dual-function buffer layer on cell performance, and dual-
function layer-based device (Figure 6A) delivered a high J.
and FF, resulting in an improvement of PCE from 5.9 to
6.9%, as compared to control device. The Eu doping concen-
tration in ZnO: Al affects the device performance as shown
in Figure 6D, in which the Eu played a promising role in
photons energy conversion. Bu et al. introduced the dop-
ing of Eu(TTA);phen (ETP) in ZnO, which enhanced the
OSCs efficiency as well as stability.l'’”] The ZnO has weak
fluorescence at 420-675 nm. Whereas the ETP complex is
excited by UV photons and emitted red light photons that
have well-covered the absorption region of donor polymers,
as shown in Figure 6E. For devices, two different donors:
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl) benzo[1,2-b;4,5-
b’] dithiophene-2,6-diyl-alt- (4-(2-ethylhexyl)-3-fluorothieno
[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) and
poly [(2,6-(4,8-bis (5-(2-ethylhexyl-3-fluoro) thiophen-2-
yl) -benzo[1,2-b:4,5-b’] dithiophene)) -alt-(5,5-(1",3’-di-2-
thienyl -5’,7’-bis (2-ethylhexyl) benzo [1’,2'-c:4’,5'-c’]
dithiophene-4,8-dione)] (PBDB-T-2F) have been studied.
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FIGURE 5

Organic solar cell device geometry with down-conversion (DC) layer coated on (A) the front side of the device, (B) between transparent

conductive oxides (TCO) and bottom charge transport layer, (C) between the bottom charge transport layer and photoactive layer, (D) doped in the bottom
charge transport layer, (E) doped in the photoactive layer. (F) Schematic illustration of DC materials with their composition reported in OSCs application

The PTB7-Th: PC;;BM blend system-based ZnO/ETP com-
plex device has shown a PCE of 9.22% than 8.11% of the con-
trol device. Similarly, with PBDB-T-2F-4F: IT-4F blend sys-
tem, the delivered PCE (13.12%) was higher with ZnO/ETP
complex layer than the control device (PCE ~ 12.17%).
Moreover, the ZnO/ETP complex-based OSCs have shown
better stability than the control device. Figure 6F shows the
normalized PCE stability reported for 17 days of device
stored under solar light in N, filled environment. The con-
trol device has reached zero efficiencies within ten days,
while with ETP complex, the device maintained about 65%
of its initial PCE for the same period. The absorption of the
UV region by ETP effectively prevents the active layer by
UV light and prolongs the lifetime of solar cells. Recently,
Mohammad et al. incorporated the Eu ions into PEDOT: PSS
HTL, and it was served as a dual function such as charge col-
lection as well as DC layer.! '°!] The reported device compris-
ing of poly([4,8-bis [(2-ethylhexyl) oxy] benzo[1,2-b:4, 5-b’]
dithiophene -2,6-diyl] [3-fluoro-2- [(2-ethylhexyl) carbonyl]
thieno [3,4-b] thiophenediyl]) (PTB7): PC;;BM blend, and
Eu doped HTL showed improvement mainly in Ji. and FF,
from 11.7 to 15.1 mA/cm? and 35% to 42%, respectively, and
the overall PCE revised from 2.53% to 3.97%.

4.1.2 | Samarium

Samarium (Sm) is another popular dopant used in a variety of
DC materials. The samarium phosphate (SmPO,) nanophos-
phors as dopants were introduced by Li et al. into TiO,/P3HT
blend inorganic/organic hybrid solar cells (HSCs) and found
the PCE of 3% than 1.98% of the control device.'"’] In the
device, the TiO, and P3HT worked as acceptors and donors,
respectively. The SmPO, doping effectively regulated the
acceptor TiO, energy levels and improved the charge trans-
port. Figure 7A shows charge carrier movement, optical exci-
tation, and subsequent relaxation mechanism at SmPQO,/TiO,
and P3HT interface. The SmPO, NPs: TiO, film has occurred
changed in the valence band (VB) and conduction band (CB)
from -7.36 to -7.04 eV and -4.33 to -3.76 eV, respectively.
The elevation of 0.57 eV and 0.32 eV in CB and VB have
occurred and caused an improvement of charge carrier trans-
port as well as in V.. The HSCs were reported at differ-
ent concentrations (wt%) of SmPO;3 nanocrystals, and the
optimized results (Figure 7B) were delivered at 5 wt%. Fur-
thermore, major improvements were observed for all three
parameters at 0 to 5 wt% SmPO, doping. The parameters:
Voe> Jsc, and FF showed a gain of 0.67 to 0.71 V, 5.91 to
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and (C) J-V characteristics of optimized ZnO: Al, Eu complex, and pristine ZnO buffer layers-based device. (D) The graph of PCE versus different dopant
concentrations (%) of Al and Eu in the ZnO buffer layer. Reproduced with permission.[*”! Copyright © 2019, Elsevier B.V. (E) The absorption plot of PTB7-
Th, PC7;BM, and photoluminescence spectra of pristine and Eu(TTA);phen (ETP)-doped ZnO film, (F) normalized PCE of ZnO/ETP and control devices,
measured over 17 days under the glovebox. Reproduced from CC-BY open access (CC BY 4.0).l!%1 Copyright © 2020, Bu et al.

7.89 mA/cm?, and 50 to 52%, respectively. Li et al. reported
the core-shell nano phosphor of SmPO, encapsulated into
a Eu?* silica shell, as shown in Figure 7C, and the energy
transferred from Sm to Eu, which helped in widening the
absorption range of TiO,/P3HT HSCs.!'%l The core-shell
NPs: TiO,/P3HT emission is quenched by 90% compared to
pristine P3HT because numerous charge carriers are trans-
ported from donor (P3HT) to acceptor (NP: TiO,). As a
result, the HSCs devices showed enhancement of PCE from
1.98 to 3.30%. Similarly, Bishnoi et al. introduced Sm-doped
luminescent gadolinium orthovanadate (GdVO,: Sm3*+) QDs
into the organic photoactive layer (PTB7: PC;,BM).l'%4] The
emission region of GdVO,:Sm>* overlaps with absorption
spectra of the photoactive layer (Figure 7D), and the GAVOy:
Sm>* QDs showed excitation in the near UV region. The
doping of QDs into the active layer enhanced the efficiency
from 7.2 to 8.8%, as shown in Figure 7E and a significant
improvement has occurred in Jg. (14.14 to 17.13 mA/cm?)
and FF (66 to 67%). The enhancement in the performance
of OSCs was attributed to improvement in the active layer
morphology after doping with the QDs, and also broaden-

ing of the absorption region due to energy transfer between
QDs (GdVO,: Sm>*) to PTB7: PC;;BM. The QDs doping
prevents the photoactive layer blend (PTB7: GdVO,: Sm3*:
PC;,BM) from aggregation and reduces the film roughness.
Moreover, the main improvement has been seen in J;. mainly
in the photoemission region of the QDs as shown by the EQE
graph (Figure 7F).

4.13 | Yttrium

Yttrium (Y) is used in a variety of luminescent materials; nev-
ertheless, it is more commonly used as a host instead of a
dopant. A group in 2014 reported incorporation of hydrother-
mally synthesized dysprosium ion (Dy>*) decorated yttrium
oxide (Dy**: Y,0;) nanocrystals into TiO,, which was
used as an acceptor in inorganic/organic HSCs.['"7] The
Dy3*:Y,0;: TiO, thin film enhance the light-harvesting and
also improve the charge carriers’ separation. The Dy>* led
to the narrowing of energy level offset between the donor
(P3HT) and the acceptor (Dy>*: Y,03-TiO,), which was
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mechanism. reproduced with permission.['?®
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and PTB7: PCBM photoactive layer absorption spectra, (E) J-V characteristics and (F) EQE curve of OSCs device with and without GdVOy: Sm3t QDs.
Reproduced with permission.!'%*] Copyright © 2016, Swati et al. Rights managed by AIP Publishing

responsible for improving the electron and hole transporting
properties. The increase in the amount of Dy>* Y,05 in TiO,
from O to 6 wt%, increased both V. and J . gradually. A
maximum PCE of 2.97% was reported under the optimized
doping amount of 6.0 wt% of Dy>*: Y,05 in TiO,, which
exhibited higher PCE than the pure TiO,/P3HT HSCs (PCE
~2.02%).

414 | Cerium

Dusza et al. introduced the strontium cerium (CE) oxides
(Sr,Ce0,) as a DC material in OSCs. ['9?] The Sr,CeO,
nanocrystals possess PLQE up to 9.5% at 273 nm excitation.
The DC layer was coated on top of the glass slide, and it
fitted on the front side of the OSCs during measurement, as
shown in Figure 8A. It was measured under UV illumination
(254 nm) by applying the UV filter (cut-off the light below
450 nm) or by using a DC layer. The device delivered a very
low current of 13.5 nA after applying the UV filter. Whereas,
after introducing the luminescent layer coated glass on top

of the UV cut-off filter, a slight increase in the current of 77
nA was observed, as shown in Figure 8B. The luminescent
nanocrystals utilize high-energy photons for enhancing the
OSCs current under UV illumination.

4.1.5 | Terbium

Terbium (Tb) is also one of the widely used dopant materials,
which was applied in solid-state devices, such as mercury,
as well as in low-energy light bulbs.[!%®! Tt has an emission
region in the visible range, which attracts it as a DC mate-
rial. Otieno et al. introduced terbium-doped zinc oxide (ZnO:
Tb3*+) for solar cell application.!'%3] It showed excitation in
the UV region and emission in the visible, and it claims its
role as a DC layer. The absorption (inset image Figure 8C) of
ZnO: Tb3*/P3HT: PCBM has increased than the pristine pho-
toactive layer. It shows the constructive role as DC material.
The ZnO: Tb>* was coated via RF magnetron sputtering tech-
nique and the ITO/ZnO or ZnO: Tb>*/P3HT: PCBM/PEDOT:
PSS/ALl device structure was used. The results (Figure 8C)
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showed the enhancement of PCE from 1.16 to 1.36% after
doping Tb into ZnO material.

4.2 | Non-lanthanides DC materials

4.2.1 | Metal oxide materials

Metal oxide materials have shown attractive optical as
well as electrical properties for a wide variety of
applications.!'%?- 1191 Metal oxides are well reported as charge
transport layers in different photovoltaic devices.!!'!! Sun
et al. introduced a thick TiO, layer in inverted OSCs, and its
high thickness served as a UV filter and allowed photoactive
layer protection from harmful UV light.[!'?] Unfortunately,
it does not serve as a DC. Nevertheless, a thick TiO, layer
might harm the device performance as it reduces the inci-
dent light intensity and loses the photoactive layer absorp-
tion. Figure 9A shows the J-V characteristics of fabricated
OSCs at a different thickness of TiO,. The thinnest (50 nm)
TiO, device has better performance (PCE ~ 2.41%). How-
ever, it lacks device stability under UV light. At thick TiO,
(500 nm), the device PCE (~ 1.19%) gets reduced, and its
performance is stable for a long time under UV light, as
shown in Figure 9B. It shows the importance of the DC mate-
rials to improve both PCE and the stability of the OSCs. In
2016, Bishnoi et al. introduced the sodium doped zinc oxide
(ZnO: Na) QDs named luminescent ZnO (L-ZnO) as a DC-
based charge transport layer to protect the photoactive layer
from UV light and improve the device performance. [''?] The
L-ZnO absorbs UV light and down converts it into visible

light. The emission region of L-ZnO overlap with photoac-
tive layer absorption and led to an enhancement of absorption
by the donor molecule. The PCE of L-ZnO-based OSCs has
improved from 8% to 9.2% of p-DTS(FBTTh,),: PC;(BM
photoactive layer device (Figure 9C). The resultant absorp-
tion increased in the case of L-ZnO/p-DTS(FBTTh,), than
ZnO/ p-DTS(FBTTh,),, as shown in Figure 9D. Further-
more, photoactive layer absorption mainly improves in the
emission region of the L-ZnO (500-650 nm) layer, and it
helped to improve the device J. from 15.4 to 17.27 mA/cm?.
In addition to performance improvement, the L-ZnO-based
devices have shown better stability under the ambient condi-
tion, as shown in Figure 9E. The L-ZnO-based device retains
up to 90% of PCE as compared to the pristine ZnO-based
device, which was retained only 50% of its initial value within
28 h of the measurement.

4.2.2 | Organic molecules/dyes

The organic molecules as a UV filter and DC materi-
als are gaining attention due to their low-cost and easy
processability.[' 4] A few molecules like polyacetylene are
very unstable in an ambient environment under heating and
intense UV light irradiation. Whereas the side-chain substitu-
tion by a bulky group can efficiently improve the photo and
thermo-oxidative degradation of polyacetylene.!''>] Espe-
cially, the protection can be maximized when the electron-
resonant aromatic group is substituted. In the aromatic poly-
acetylenes, the molecules become highly stable under heating
or light irradiation. The diphenylacetylene polymer (PDPA)
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(A) J-V characteristics of different thickness TiO, buffer layer-based device (ITO/TiO,/P3HT: PCBM/PEDOT: PSS/Ag), (B) stability of

different thickness TiO, based devices under UV illumination. Reproduced with permission.!!'?! Copyright © 2011, Elsevier B.V. (C) Schematic illustration
of device structure and emission mechanism of L-ZnO inserted layer (inset: the solution filled in a cuvette), (D) solar spectrum (photon counts on left Y-axis),
and absorption (right Y-axis) of donor molecules after coating on top of pristine and L-ZnO layer, (E) stability of the encapsulated device measured as a
function of storage time in ambient condition. Reproduced with permission.[' 3] Copyright © 2016, Elsevier B.V

derivative is an example of aromatic disubstituted acety-
lene polymers, and these molecules are glassy and amor-
phous in nature and also exhibit fluorescence in the visible
region.[''°1 Han et al. introduced the two different PDPA
derivatives, namely p-C1 and m-C1, and implemented them
to improve the operational lifetime of OSCs.[''”] In their
study, p-C1 showed strong UV absorption and highly inten-
sive fluorescence emission, which overlap with the donor
(P3HT) absorption. A film was coated at the front side of
the devices, and it reduced the UV-light-induced degradation.
However, the performance of molecules coated devices were
observed to be inferior as compared to their control device
because the DC film reduced the incident light intensity. The
m-C1, p-Cl1, and the control devices showed PCE of 3.4%,
3.5%, and 4.3%, respectively. Whereas the p-C1 molecule-
based device showed high stability under UV radiation.
Chen et al. incorporated the dual functional electrospun (ES)
nanofibers that contained poly(2,7-[9, 9-dihexylfluorene]-
alt- 4,7-[2,1,3-benzothiadiazole]) (PFBT) NPs.[] The ES
nanofibers were directly integrated into two different devices
of P3HT and PTB7 donor molecules-based devices in the

ITO/DC/PEDOT: PSS/active layer/Ca/Al device structure. A
significant improvement was shown in PCE from 3.49% to
4.11% and 6.05% to 7.12% for P3HT and PTB7 donors-
based devices, respectively, thereby showing a net enhance-
ment of 18% as compared to control devices. Prosa et al.
introduced the water processable DC material. It is pre-
pared from pristine silk fibroin (SF) protein and doped with
a derivative of stilbene (STB).[!'®] The resultant DC mate-
rial has been applied in ITO-free and P3HT: PCBM pho-
toactive layer-based OSCs (glass/DC/PEDOT: PSS/P3HT:
PCq BM/LiF/Al). The device with DC did not perform well
in terms of performance, and the PCE was 2.6% than the
control (PCE ~ 2.8%). Nevertheless, the DC device showed
better stability (up to 70 days inside the glove box at room
temperature) with a 0% drop in J,. and only 6% reduction
in PCE, whereas the control device showed a reduction in
PCE by 13%. Liu et al. introduced the PEFDTBT polymer
QDs, and it worked as DC material.[''° The QDs have been
incorporated into the PCDTBT: PC;;BM photoactive layer
to improve the utilization of the UV light, and the maxi-
mum PCE was delivered up to 6.81%, and it was 23.8%



AGGREGATE

higher than the control device (PCE ~ 5.5%). The QDs dop-
ing into the photoactive layer helped in improving the energy
band alignment, and as a result, the charge carrier mobility
and V. of the device were improved. Three (0.029, 0.058,
0.087 wt%) different concentrations of QDs were doped into
the active blend, and the 0.058 wt% delivered the optimized
performance (Figure 10A). Recently, Ourahmoun et al. intro-
duced the yellow-emitting tetrazine molecule called N-(2-[6-
chloros- tetrazin-3-yloxy] ethyl)-naphthalimide (NITZ), and
it was doped with polystyrene (PS), and reported as DC mate-
rial for OSCs. [1?°] The NITZ layer was coated on the sep-
arate glass substrate and fixed near the device during mea-
surement. An emission (Figure 10B) spectrum of NITZ solu-
tion was reported at different concentrations and showed a
high ratio of UV absorbance and photoemission in the visi-
ble region. The optimized performance was obtained at a 2%
concentration of NITZ, and PCE was 3.28% than 3.08% for
the control device. Moreover, the device with the NITZ layer
showed a longer lifetime than the control device by possibly
reducing the effect of UV degradation.

Organic dyes have gained popularity in imaging, sen-
sors, and solar cells applications due to their fluorescent
behavior.l!>3-124] Recently, it has been investigated as a DC
material, and it possesses the following important proper-
ties: high absorptivity and PLQY, low cost, and availability in
abundance.['”>] Fernandes et al. introduced the three differ-
ent organic dyes and showed their absorption spectra below
450 nm and photoluminescence within the P3HT: PCBM
active layer absorption range.!'’°! These are coumarim 7
(C7), coumarim 153 (C153), and kremer blue (KB). The
metal/organic complex (Alqs), and europium complex (Eu)
were used to compared the dye’s optical properties. To pre-
pare the films, these dyes were mixed in commercially avail-
able poly (methyl methacrylate) (PMMA) with chloroben-
zene. They showed the PLQY of 37.4%, 20.2%, 9.2%,
30.0%, and 55.5% of C153, C7, KB, Alq3, and Eu, respec-
tively. After mixing the two dyes in different ratios, these
have shown remarkable improvement in the PLQY. It is
notable that by using the KB: C153 and KB: C7 mixtures,
the PLQY values are substantially higher, 88.0 and 38.8%,
respectively, than their individual components. Later, Per-
domo et al. applied the KB and C7 dyes by mixing at dif-
ferent ratios for solar cells application.!'””] The layer was
coated on quartz substrates and put on front side of the device
(ITO/PEDOT: PSS/P3HT: PCBM/AI) during J-V measure-
ment. An increment of 18.6% was reported in the J ., from
0.24 to 0.29 mA/cm? with a Kby, sC7;5 dye, and it con-
tributed to the PCE improvement from 1.37% to 1.99%.

4.2.3 | Quantum dots

QDs are 3D confined particles that exhibit excellent pho-
toluminescence properties and high absorption coefficients.
The QDs are a superior class of semiconductors that can be
crystalline or amorphous and have two- or three-dimensional
structures. These are prepared from periodic groups of II-
VI, II-V, or IV-VI materials.'””] The adjustable energy
gap of QDs allows its application in many fields, including
solar cells, and recently, it has emerged as a DC material in
0SCs.['39T Aoki et al. applied a layer of cadmium sulfide
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(CdS) QDs encapsulated in zinc sulfide (CdS/ZnS), and it
acts as DC material.['?!] The calculated value of PLQY was
38%, which describes how efficiently QDs convert an exci-
tation light into fluorescence. Thus, it shows great potential
as a DC material. The DC layer was cast on the front side of
the ITO/PEDOT: PSS/P3HT: PCBM/AI device. For the fresh
device, the performance with DC and control devices deliv-
ered the PCE of 0.59% and 0.73%, respectively. However, it
is worth noticing that the DC-based device degradation was
lower under continuous light exposure for 120 min as com-
pared to control device. The values of J ., FF, and PCE reduc-
tion were higher in control than DC-based devices, as shown
in Figure 10C,D. An increase of J,. with QDs DC layer device
could be caused by the DC effect and prevent the active
layer degradation. Recently, Lim et al. introduced the gradient
quantum dot @polyvinylpyrrolidone (PVP)-silica composite
as a DC material.!'?®] The prepared DC material was applied
in the ITO/PEDOT: PSS/P3HT: PCq BM/LiF/Al device via
spin-coating on the front side of the device. Different concen-
trations of 0.1, 0.3, 0.5 wt% in silica matrix were prepared,
and it directly affected the device performance. For 0.1 wt%
QDs, the I, (11.17 mA/cm?) was improved than the control
(10.26 mA/cm?) device, and it contributed in improving the
PCE from 3.38% to 3.68%. The increasing amount of QDs
(0.3 and 0.5 wt%) in the DC layer gradually decreases the
PCE and J. values. These imply that increasing the amount
of QDs in the DC layer results in the reduction in the trans-
mittance of the incident light.

4.2.4 | Metal-organic complex

Metal-organic complexes, combining approach has shown the
ability to tune its optical properties and owing potential appli-
cation for low-cost printed plastic electronics, as well as opto-
electronic devices.!'3!-13%] Recently, metal-organic complex
materials also emerged as DC materials and were used as
dopants in the donor molecules of the OSCs. Kim et al. intro-
duced the four different iridium-organic complexes, named
as (1pq), Irpic-OH (Ir-Red), (2pq), Irpic-OH (Ir-Orange),
(ppy), Irpic-OH (Ir-Green), and Flrpic-OH (Ir-blue).[!??]
The iridium (Ir (IIT)) complexes have exhibited high quan-
tum yield, control of molecular compatibility, long exciton
lifetime, and increased energy transfer efficiency. The irid-
ium complexed molecules served as DC materials, and they
were doped into donor molecules (PTB7/P3HT). Figure 10E
shows the optical properties of iridium complexes, and the Ir-
orange has absorption and photoemission in a region where
PTB7/P3HT donor molecules revealed low and high absorp-
tion, respectively. For ITO/ZnO/ Ir (IlII) complexes: PTB7:
PC5,BM or Ir (IIT) complexes (Figure 10F): P3HT: PCs; BM
/ MoOs/Ag device structure, the improvement was observed
in the J,. and FF of the device of PTB7, from 13.3 to
16.1 mA/cm?2, and 71.7% to 72.9%, respectively. The result-
ing PCE improved from 7.37% to 8.72% for Ir- Orange com-
plex (10 wt%) device. Similarly, for P3HT molecule devices
at 0.5 wt% Ir-blue, Ji. and FF have increased significantly
from 10.3 to 11.5 mA/cmz, and 51.7% to 55.9%, respec-
tively, and the corresponding PCE has improved from 3.02%
to 3.63%. The metal-organic complex strategy could improve
the PCE and J. by 18% and 21%, respectively.
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(A) J-V characteristics of ITO/TiO,/PCDTBT: PCBM: PEDTBT/Mo0O3/Ag, devices at different doping concentration of PEFDTBT quantum

dots (QDs). Reproduced with permission.!''”] Copyright © 2014, Elsevier B.V. (B) Emission spectra of NITZ solution at different concentrations. Reproduced
with permission.“zo] Copyright © 2017, Elsevier B.V. The normalized value of (C) FF and PCE, (D) J,. and series resistance (Rs), of CdS/ZnS based and
control OSCs, as a function of light (AM 1.5) exposure time. Reproduced with permission.!'*!] copyright © 2021, Elsevier B.V. (E) Iridium-organic complexes
absorption (solid symbols) and photoluminescence spectra (open symbols), (F) demonstration of iridium complex schematic energy transfer in the Ir (III)
complexes doped PTB7: PC71BM active layer. Reproduced with permission.I'>?] Copyright © 2016, American Chemic

al Society
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SELECTION CRITERIA OF DC FOR

At present, a variety of organic donor/acceptor molecules
have been investigated as photoactive layers and have shown
different absorption behavior. In an OSCs, the donor’s
absorption region varies from 350 to 1050 nm wave-
length and has different absorption peaks.! 3313 Moreover,
recently developed NFAs have shown absorption towards
near-infrared. The first criteria of selecting the DC system
for solar cells is that their photoemission should be within the
absorption region of the photoactive layer. And their absorp-
tion needs to be in the UV region and should not overlap
with photoactive layer absorption. The PLQE of DC mate-
rials also needs to be high. In lanthanides and non-lanthanide
nanophosphors, the emission property depends on the dopant
element. The selection of the luminescent dopant can help
in tuning the DC system’s optical properties. For QDs lumi-
nescent materials, the optical properties can be tuned by reg-
ulating their sizes. The alignment of energy levels of dif-
ferent layers in OSCs has played a major role in improving
overall photovoltaic performance. Moreover, the charge car-
rier (hole and electron) transport layers also play an essen-
tial role in energy level alignment as well as increasing or
reducing the work function of electrodes.!'*”-13°1 To date,
there are several metal salts, carbonate, fluoride, metal oxides,
small molecules, polymers, and organometallic complexes
reported as CTLs.['*?] The deposition of the new layer above
CTLs or doping into it might affect the energy level align-
ment between the photoactive layer and electrodes. There-
fore, another essential selection criterion of the DC system;
should form a favorable energy level alignment with charge
carrier transport or photoactive layer. Chen et al. demon-
strated the doping of Y, La, Ce, Nd, Sm, Gd, Tm, Yb, and
Lu lanthanides into TiO, as an ETL and found that the Gd
doping could form the better band alignment that helped in
improving the V. of the device.['*!] The concentration of
dopants also played a role in band alignment. Giordano et al.
illustrated changes in the electronic properties of lithium (Li)
doped TiO, films.['*?] They revealed that the Li doping is
responsible for 0.076 eV enhancement in V. of the device
after band alignment. The solvent selection for solution-
processable DC is also the main requirement because the
coating of the DC layer may harm the earlier deposited film,
or it may get damaged by film coating on top of it. Addition-
ally, the cost and processability of the DC system are also
important factors to be consider and they should be compati-
ble with the large area scale-up approach.

6 | CHALLENGES AND PROSPECTS
FOR DC MATERIALS

The research on DC materials started a decade ago for OSCs.
These were initially investigated for improving the perfor-
mance of traditional inorganic solar cells. The performance
improvement and material processing challenges for OSCs
have subsequently risen and been noticed for further research.
The impact of DC on solar cell performance is dependent on
their absorption, photoemission, and PLQE values. There are
various lanthanides, and non-lanthanides materials developed
that improve the PCE and stability of solar cells. Nonetheless,
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the DC materials face a few challenges while implementing
with OSCs and that need to be addressed before consider-
ing them for future solar cells applications. One of the main
issues is the absorption width of DC materials.I'**! The lim-
ited absorption-width issue can be improved by using the con-
cept of attachment of sensitizer/ligand, and it can efficiently
absorb the broad wavelength from 300-500 nm. Moreover,
sensitizer/ligand effectively works as a light absorbent in the
high-energy photon region and could transfer it to the nearby
lanthanide whose enhanced emission strength. The selection
of sensitizer/ligand materials is also a critical issue because
they must work under continuous illumination and should
have a high photo and thermal stability. Despite these issues,
the overlapping of absorption and emission region of DC
materials is also a new challenge that needs to be overcome.
For this issue, QDs may be used as an alternative to solve
the re-absorption losses as these have favorable broad absorp-
tion as well as tunable emission properties along with high
quantum efficiency. QDs are also more appropriate to control
the luminescence emission range as QDs size can be tuned
to get the desired luminescence properties.''#*-1431 The high-
temperature synthesis of lanthanide materials is also a bot-
tleneck for future applications. As mentioned before, non-
lanthanides DC has attracted attention for solar cell applica-
tions. Furthermore, the use of non-lanthanide materials might
be promising as their processing requires low temperature,
and they offer cost-effective solution-based coating.

7 | FUTURE PERSPECTIVES

A significant problem that bounds the efficiency of solar
cells is their limitation to a full solar spectrum utilization.
In the case of OSCs, there is a restriction to the absorption
of donor and fullerene acceptor molecules even after tuning
the bandgap, particularly in the infra-red and high-energy
photon region. Recently, the NFAs have been synthesized,
having a low bandgap and high absorption coefficient, which
has replaced the fullerene derivatives as acceptors.[!*®! The
NFAs show adequate absorption towards the near-infrared
region. However, they are still inadequate to cover a large
incident solar spectrum. Recently, it has been found that the
DC strategy could overcome this problem and improve the
coverage of incident light solar spectrum towards high energy
photons, and this would increase the efficiency of the devices
in the near future. Moreover, the photo-induced degradation
of OSCs is still a major concern that can be overcome by
DC strategy. From the device point of view, most of the DC
coatings have been applied on the front side of the transparent
electrode, and it might be difficult to maintain an extra layer.
Also, on the front side of the device, an extra deposition of
layer required an environmental protection. To be specific,
the DC materials require a dual functional property, and it
could be achieved, for example, by doping the lanthanide
or non-lanthanide material into the charge transport layer
materials which may work as the charge carriers transport
layer as well as DC layer. The doping of DC materials in the
photoactive layer also has been proposed. The maximum uti-
lization of solar spectrum from NIR to UV for generating the
high PCE of solar cells is the priority. The development of a
single layer by incorporating the DC and up-conversion (UC)
materials would-be a cost-effective method for modifying
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the incident solar spectram. Implementing the DC and UC
mechanisms together could be the key. The proof of concept
has been introduced by Yao et al.l'*’! in which Er’* and
Yb**, and Eu’* and Tb*>* were doped in ZnO as UC and DC
materials, respectively, for the DSSC device. By combining
these two materials, the 70% performance enhancement has
been reported as compared to the control device. Both layers
have improved the J. (6.38 to 10.13 mA/cm?), as well as
the V. (0.70-0.76 V). Li et al. also incorporated the Yb>*,
Er’*/Tm>* as a UC and NaYF, and Eu(TTA),(Phen) MAA
as a DC in PSCs, and the device PCE was improved by
19.7% (from 16% to 19.5%).1'*8] There are a few DC and
UC compound have been reported, and showed relatively
high energy transfer efficiency and could be applied for
0SCs.[149-1511 Similarly, materials having absorption in both
UV and IR regions, with the corresponding emission in
the visible range, could be synthesized and explored. From
the application point of view, there are various areas where
DC-based devices can perform outstandingly. For example,
in space, where plenty of UV radiation is available and could
be utilized efficiently for solar cells. In 2002, Bailey from
NASA reported that the OSCs are more promising for space
applications.!'>?~153] The researchers are taking an interest
in investigating the OSCs for space applications, as space
is free of oxygen and moisture.l'5-198] Besides it, space is
free of ozone and moisture, and these do not block the UV
photons. The incorporation of DC would be vastly beneficial
for energy conversion and photostability perspective.

8 | SUMMARY

The DC materials for OSCs is an emerging field in photo-
voltaics, which has been discussed in this review. In sum-
mary, we have reviewed the lanthanides and non-lanthanides
DC materials, their spectral conversion properties, operat-
ing phenomenon, along with working progress in the OSCs.
The role of the lanthanides and non-lanthanide doped com-
plex materials layer as spectral modifier or converters and
their benefit in improving performance parameters as well
as the stabilities of OSCs is demonstrated. In DC materials,
the Eu?* incorporated OSCs devices are widely reported and
have shown an impact on efficiency and stability improve-
ment. Yttrium, Cerium, and Terbium-based DC compounds
are also being implemented for OSCs, and their performance,
as well as stability improvement, are not so impressive.
Besides, their deposition required high temperature and high
vacuum sophisticated system, whereas the Eu’* as well as
Sm3* based compounds, are solution-processable, which is
the first requirement from a cost-effective point of view. In
non-lanthanides, ZnO doped with Na, and the incorporation
of ZnO nanoparticles in the PMMA polymer, has been a good
choice as DC and has shown better stability in OSCs. Further-
more, these doped materials can be utilized as a dual function
layer. The QDs are also encouraged as DC materials. These
have fine energy bandgap tuning properties, which make them
attractive, as well as the overlapping of absorption and emis-
sion spectra, can be prevented. Finally, this review might be
of great interest for researchers with both physics and chem-
istry backgrounds to develop various durable, cost-effective,
and enhanced efficiency materials for DC-based OSCs. Most
of the materials reported for incident light spectrum modifi-
cation have quantum efficiency less than unity and have less

impact on device performance. It could be worth investigat-
ing materials having quantum efficiency higher than unity for
future OSCs applications. The doping of DC in the charge
transport layer or a coating on top of it could be worth inves-
tigating for future application, as it could improve the film’s
morphology and energy band alignment.
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