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ARTICLEINFO ABSTRACT

Keywords: Photowoltaics (PV) iz the leading renewable energy harvesting technology. Thus, there iz a remarkable strive to
Salar cells enhance the light harvesting capability of the state-of-the-art zolar cells. The major izsue common to all solar cell
upcm types is that they utilize only a limited portion of the solar spectrum, mostly in the visible range, as the active
L““““"_““‘ semiconductor materials suffer from intrinzic light absorption thresholds. As a result, photons below and above
Atomic Laper d L. theze threzhold values do not contribute to the electricity generation. A plauzible solution to enhance the per-
Photonics formance iz to integrate the PV cell with an upeonverting (UC) component capable of harvesting lower energy

photons in the infrared (IR) range and emitting visible light The concept was frst introduced in 1990z, but major
progress in the field has been made in particular in the recent few years. In thiz overview our intention is to
provide the readers with a comprehensive account of the progress in the rezearch on the UC-enhanced zolar cellz.
Lanthanide ions embedded in different host lattices constitute the mest important UC material family relevant to
the PV technology; we first summarize the design principles and fabrication routes of these materialzs. Then
dizeuszed are the different approaches taken to integrate the UC layers in actual PV device configurations.
Finally, we will highlight the most prominent resultz obtained, give some future perspectives and outline the

remaining challenges in this scientifically intriguing and application-wize important fAeld.

1. Introduction

The expected global transition to sustainable energy has massively
inereassd the demand for renewable energy sources such as the solar
energy. The production of solar eells for the photovoltaics (PV) ndustry
has been growing constantly already for several decades, and the pros-
pects promise continuous growth in future too [1]. The most commeon
zolar eells are based on semiconducting materials and in order to convert
zolar energy into electricity as efficiently az possible, it iz important to
choose a semiconductor material with an appropriate band gap that
matches the solar spectrum. However, a single material can be optimal
only for a specific wavelength range and consequently, the solar cell
materials are often divided into different categornies based on the cor-
responding material properties.

The dominant technology category today mn the PV market iz based
on crystalline silicon (c-51). This 15 due to the abundaney of the raw
material as well as the highly developed mass-production infrastructure
that have benefitted from the sihcon microfabrication development.
Silicon hag aleo a rather ideal band gap (1.1 V), which matches well
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with the maximum-intensity wavelength of the solar spectrum. Conse-
quently, e-5i cells have a theoretical power conversion efficiency limit of
~30% [2]; the experimentally confirmed photoconversion efficiencies
are already close to this limit, the current record being 26.7% [3]. In
addibion to e-51, so-called thin-film solar eells have a long history.
Among this category, amorphous silicon (a-51) has been studied a lot
since it was first reported by Carleon and Wronski in 1976 [4]. These a-51
cellz have a wide band gap (~1.8 V) making the technology 1deal for
specific applications ncluding indoors use, although the total power
conversion efficiency has remained at a modest level of ~12% [2].
More recently, new materiale have emerged as potential alternatives
to replace the silicon-based cellz. First, dye sensitized solar eells (DSSC)
were iInvented in 1991 by O'Regan and Gratzel aiming to provide much
lower material costs combined with a cheap and sexmple manufacturing
technology [5]. More recently, an organchalide perovskite sensitizer in
a DSSC cell was reported in 2009 [6], and as a result so-called perovekite
solar eellz (PSC) emerged as a sub-branch of the DSSC technology.
Initially the power conversion efficiency in these emerging technologies
wag rather low, around 3—4% [7], but the growth has been enormous in
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a relatively short time; the highest conversion efficiency of over 209
was reported already in 2015 [2]. While these results are highly prom-
izing, there are shll izsues related to upscaling the technology and the
long-term stability az compared to the state-of-the-art silicon-based solar
cells.

different solar cell technologies, the fundamental issues related to the
semiconductor materials themeelves (In particular their band gaps) stll
restrict the conversion efficiency prospects of the PV technology. Firstly,
the photons with a higher energy than the band gap, 1.«. the solar ra-
diation often in the ultraviolet (UV) range, result in so-called charge
carrier thermalization, which causes major energy losses as heat [9].
Another major loss mechamizm i1z the limited absorption of the
state-of-the-art PV semiconductors in the photon wavelengths below the
band gap, typically in infrared (IR) part of the solar spectrum [10]. The
upper wavelength limat for the IR absorption varies with the solar cell
type according to its semiconductor material (Fiz. 1) [11,12]. The e-51
zolar cells have the smallest band gap which allows them to absorb up to
1100 nm of the solar radiation, but even these cells Incur more than 199
loss in efficiency due to thiz ineapability to fully utilize the IR part of the
golar spectrum. For other types of solar cells, these losses are even
higher, amounting up to 50% [10].

Traditionally, the aforementioned losses (both above and sub-
bandgap) have been addressed by stacking multiple materials on top
of cach other with varving band gaps. Such multi-junction eells, often
based on IlI-V semiconductors, have reached higher power conversion
efficiencies even above 47% [13]. However, thiz technology category
suffers from high fabrication and material costz and typically highly
concentrated sunlizht iz needed to reach such high efficiencies.
Recently, pricewize a more competitive technology emerged that com-
bines only two different materials, henee the name tandem eells
Currently the most promising option seems to be to combine ¢-51 and
perovekite colar cells. Some commereial activities are already estab-
lizhed around this approach [14].

Solar spectrum (a.u.)

500 1000 1500
Wavelength (nm)

2000 2500

Fig. 1. Parts of the zolar spectrum utilized (in blue) and lost (in red) of different
zolar cell types, and the absorption ranges (in green) of the upconverting Ln**
ions, sketched according to Ref. [10]. (For interpretation of the references to
colour in thiz fgure legend, the reader iz referred to the Web wvemion of
thiz article.)
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An alternative means for the uhhization of non-absorbed sub-band
zap photons 1= to take advantage of so-called photon upconversion (UC)
materials. Instead of having charge-collection junction made of a low
band gap material, they are based on separate luminescent materials
that are placed mn the wvicinity of the charge-collection sbructures.
Upconversion i1z an anb-Stokes luminescence process exhibited by
certain materiale that are capable of absorbing low-energy photons
typically in the near-infrared (NIR) range and then converting the en-
ergy into higher energy photons, typically in the visible (Vig) range. This
phenomenon has shown immense potential towards several applica-
tions, Including bicimaging, photodsmamie therapy, sensors and display
technology [15-12]. Regarding PV applications, the UC materials eould
considerably enhance the energy harvesting capabality of the PV celle as
they extend the useable solar spectrum range to the NIR photons in
single junchion solar cells (Fig. 1). A clear advantage of this approach iz
that no major adjustments or changes are needed for the current PV
technologies to integrate them with the UC layers [19]. Indeed,
upconversion in photovoltaics has already been demonstrated in several
PV technologies, e.g. first in GaAs solar cells by Gibart et al. [20], laterin
51 celle by Trupke et al. [9], and most recently also in DESCs by Shan
and Demopoulos [21]. It ie interesting to note that before the UC phe-
nomenon iteelf was demonstrated experimentally, its use was suggested
theoretically for the detection of infrared quants n an IR quantum
counter. That iz ezsentially exactly what the PV-UC combination is zet to
do, to detect IR photons.

In recent years, several reviews have been publizhed that discuss the
chemistry and eynthezis of UC materials [22], strategies uzed to tune the
UC emiesion [23], and the progress in UC-enhanced DSSC and perow-
skite solar eells [24,25]. In this review, our intention is to provide a brief
but comprehensive account of the state-of-the-art and the future pros-
pects of the UC materiale in photovoltaics. Majority of the studies on the
UC materialz in the context of the PV technologies have inwolved
lanthanide-bazed UC materiale [26,27]. Therefore, we start by discus-
sing the UC properties of different lanthanide ionzs and the host materials
ueed for them in Section 2. Then, before addressing the state-of-the-art
of UC-integrated solar celle in Sechion 4, we devote Section 3 for
different approaches taken to integrate the UC layers in PV deviees and
evaluating the performance enhancement in practice. Finally, Section 5
iz a short summary of the current state and an outlook for the future
perspectives and challenges in this scientifically exciting and industri-
ally important field.

2. Lanthanide-based upconverting materials
2.1. Upconverzion of lanthanides

Lanthamides (Ln) are the group of 14 clements in the Penodic
Table after lanthanum, starting from cerium (Z = 58) up to lutetium (Z
= 71) with the 6:°5d'4f" electron configuration. For all these elements,
the trivalent state ie the most stable, where the 6z and 5d orbitals are
empty and the 4f orbitale are partially filled. The 4f orbitals are strongly
shielded from the coordination environment by the more spatially
extended Se and Sp orbitals. Because of the shiclding, the Lo™ ions
exhibit characteristic narrow-band emission (Fig. 2). Moreover, sinee
the ff transibions are parity forbidden (no change in dipole moment),
the excited states have long lifetimes [22]. Thiz 1= an eszential feature for
enabling the stacking of photons required for upconversion.

There are several mechanizms for Lo based upconversion (Fiz. 3).
htb:ucitadatab:absmpﬁnu(ﬂﬁ}m:ﬂhm,mlnh ion
sequentially abeorbe two photone so that the first excitation yields a
metastable intermediate state which then absorbe a second photon to
emit a single high energy photon [29]. The energy transfer upconversion
l{]:.‘.'["[.l]-J:|1.:|t:1:u|.1:|i1=1:|1r|:u:lcl::ll:u'i.nu:,a1:W't}1.1:|:1'1 ions, one of them being a sensi-
tizer amd the other aching as an activator. The sensitizer 1on absorbs a
photon to reach an excited metastable state and thereafter transfers the
encrgy non-radiatively to the activator. While the activator i1z still in the
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Flg. 2. Energy levels and emizzion lines seen for trivalent lanthanide ions [23].
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Fig. 3. Important UC mechanizms relevant for Lo** ions.

excited state, another photon abeorbed by the sensitizer iz transferred to
the activator, which iz then excited to a higher excited state [30]. A
radiative relaxation of the activator results m the emission of an
upconverted higher energy photon. Typically, ¥b* iz used ac a sensi-
tizer due to ite high absorption cross-section, and the position of its £-f
transibion that hes around 980 nm, which facihitates energy transfer to
the most common activator lons, e.g. EI:J",]-I{:I31 and Tm™ [21]. In the
third UC mechanism, 1.e. cooperative energy transfer (CET), two sensi-
tizers individually absorb low enersy photons and simultaneously
transfer their energy to the actvator to cooperatively excite it for a
subsequent emizsion of the upconverted photon [32,33].

2.2, Host materials and synthesiz strategies

The interest towards lanthamide lumineseence started already in the
1880s [34], and dunng the 1940s, 1950: and 1960 the theorctical
background was formulated. Sinees those times, numerous different
compounds doped with lanthanides have been synthesized just for the
zake of basic research. After the establishment of the UC phenomenon in
the 1960z alzo upconversion has been reported in a wealth of different
Ln-based materialz [26]. In fact, the following efficient lanthanide
luminescence hosts (where the Ln host 1= typically ¥, La, Gd, or Yb) were
characterized for (Yb** Er™) UC emission already by the early 1970
[35]: LnFy, LilnFy, NalnF,, BalnF,, LnOX (X = F, Cl, Br), Ln;O3, LnBO;,
YAID, YGa0y, LngBOg, Y3AisOip, YaGasOg, YoGeOs, Y2GeOy, YTiOs,
YaTizO7, YPO4, YAsO4, YVO4 YTaOy, LoNbOy, YiTaOp, YiNbO-,
Y¥TazOg, YNbiOg, YaTeOgs, Y2W0Og, and Naln (WO4)z. In practice, all
materials that can be doped with lanthanides can also be doped with «.g.
¥b**, Br*t, Ho®* and Tm® to obtain the UC emizsion with at least some
intensity.

ll:Lap.l'a{:i:i{:alUl::|:|:La13v.-_1:ial,1||I||r]:|v.-_1."|:I‘J:lv.:l.l:L:J'1 ions are embedded in a
suitable host lathes, the erystal structure and composition of thiz host
lattice lay the grounds for the UC efficiency by affecting the zite sym-
metry of the lanthanides and offering suitable enersy transfer routes as
well as inhibiting the radiation-less de-execitation. Also, the absorption
eross-gections, concentrabions and homogeneity n distribution of the
lanthanide dopants affect the UC properties of the material [12]. To
a]lu:rwr:ax_rprdnnpi.tig{)fl‘.'l:m:l.::l31 ions, at least one of the cation species in
the host lattice should be of similar size, and preferably also valence, to
the Ln™ dopants. An important requirement for the host lathice iz that it
provides an asymmetrical eryetal field to allow the f-f transitions of the
Ln*" ions [26]. Also, an optimal host material should possess low
phonon energies to minimize the non-radiative emissions [34], and be
thermally and chemically stable, and transparent to the IR photons [35].
One possibility for such thermally and chemically stable host lathices are
metal oxides, but the drawback iz their high phonon energy. On the
other hand, metal flucrides have been recognized az more efficient host
material candidates owing to their lower phonon energy. In a very early
review, the upconversion pioneer Auzel [35] demonstrated that the best
fluorides may be even 100-fold more efficient in UC emizsion than the
best oxides. Unfortunately, the fluorides are often hygroscopic, which
may be a limitation [37]. Fer example, ¥F3-¥b* Er’* was initially
proven to vield four times as high UC efficiency as NaYF,Yb*t Er
[22], but the less hygroscopic tetrafluoride has established a position as
the leading UC host. This flagship material wae first highlighted in 1972
in two separate studies: by Menyuk et al. [39] for the cubic @-NaYF4, and
by Eano et al. [40] for the hexagonal f-Na¥YFy. Due to ite stronger UC
emission, the hexagonal form iz currently considered more promising
[41], and thus it iz being studied vigorously for many different fields of
UC applications.
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A common way to apply the Ln® -based UC materials is to synthesize
them in nanoparticle form, motivated by the fact that in NPs the non-
radiative losses are usually lower and the UC quantum yield higher
[42]. However, the lattice strain, surface defects and solvent inclusion
with high phonon energies may cause quenching of the UC luminescence
[43]. To address these issues, specific core-shell NP structures have been
developed [24]. In these CS-NPs, the UC core is isolated by an inert shell.
The quality of the UC luminescence process may vary based on the shell
characteristics, including the chosen material and the thickness [44]. In
addition to different types of nanoparticles, UC materials are typically
also produced e.g. as microcrystalline powder, thin films, glass and glass
ceramics. In Table 1, we have collected some examples of recently
investigated UC materials (matrix, dopants) and also their synthesis
methods, and the form in which the material is applied. It is to be noted
that in the time period 2017 2020, the number of scientific articles and
proceedings papers dealing with UC has maintained a steady pace of ca.
2000 publications per year. Thus, the material list presented below is by
no means exhaustive.

Recently, UC thin films have become more appealing and important
due to their compatibility towards solid-state optical devices and ap-
plications. Thin films have been fabricated from UC NPs using solution-
based methods such as spin-coating [45] and dip-coating [46], but the
drawback is that the thus prepared films are prone to contain traces of
solvent impurities. Alternately, gas-phase deposition techniques, such as
metal-organic chemical vapor deposition (MO-CVD) and atomic layer
deposition (ALD) [47], could provide an attractive way to produce
precisely thickness-controlled UC thin films on a variety of substrates
[48]. Such UC thin films can offer some unique features over the NPs,
such as conformality and improved adhesion to the substrate in practical
devices [49].

3. Integration of upconversion layers in solar cell devices
3.1. Integration strategies

Several ways of fabricating and incorporating the UC layer within the
solar cell structure have been experimented. Typically, the UC material
is produced in a powder or nanoparticle form (as summarized in
Table 1), and then applied as a thin coating using e.g. spin-coating, dip-
coating techniques, or deposited directly from gaseous precursors.

In Fig. 4, we show representative schemes for the placement of the
UC layer within different PV cell types. For example, Markose et al. [52]
used the coprecipitation method for synthesizing (Yb® ,Er® )-doped
Y203, YOF and YF3 UC phosphors which were then integrated in a back
reflector layer of thin-film a-Si solar cells fabricated through
plasma-enhanced chemical vapor deposition (PECVD). In another
investigation, (Yb® Ho® )-doped Y503 UC layers were prepared sol-
vothermally, and combined with N3 (Co6H16NgOgRuS5) dye-sensitized
TiOg-based DSSC cells fabricated by spin-coating; adding the UC layer
was done by introducing the electrolyte solution by clamping both the
FTO glass plates [87].

Li et al. [88] used pulsed laser deposition (PLD) technique to deposit
NaYF4:Yb® |Er® /NaYF4Yb® ,Tm® (55-nm UC layer) on their PSC
device. Most recently, we demonstrated the use of the ALD technique in
depositing (Er,Ho)203 (45 60 nm UC layer) on a silicon substrate, which
was mounted to the backside of a bifacial c-Si solar cell [49]. Using
bifacial c-Si cells [89,90] in photon upconversion (as compared to fully
metallized backside cells) [91,92] has the benefit that there is no need to
adjust the commercial cell fabrication process at all but the upconver-
sion layer can be just placed to the bottom of the finished cell. Additional
back reflector can be used to guide the luminescent photons back to the
cell.

It is important to note that a precise control over the film thickness of
the UC layer is critical to achieve optimal UC emission [49,93,94].
Hence, the advanced gas-phase deposition techniques are clearly bene-
ficial over the solution techniques as they allow for a nanoscale
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Table 1

Examples of important host lattices for Ln-doped UC materials including the
synthesis method and the form the material is applied: powder (P), nanoparticle
(NP), core-shell nanoparticle (CS-NP), thin film (TF), glass/ceramics (G), or
nanorod (NR).

Host material Ln Form Synthesis Ref.
dopant method
Oxides
Y>03 Yb® P Solvothermal [50]
Er® s
Eu®
Er® P Sol-gel [51]
Ybe , P Co-precipitation [52]
Er®
(Yb,Er),05 Yb® TF ALD [48]
Er’
Er,03 Ho® TF ALD [491
Luy05 Yb® P,NP  Combustion [53]
Er®
Si0, Ybe TF Dip-coating [46]
Er®
$i0, TiO, Ho® TF Sol-gel & Spin- [54]
coating
Yb® TF Sol-gel [55]
Er® s
Eu®
Au@TiO, Yb® cs- Hydrothermal [56]
Er® NP
anatase-TiO, Yb? , TF Sol-gel & Spin- [45]
Er’ coating
Mg,SiO4 Er® TF Co-precipitation [57]
Gd4 67513013 Tm® P Solid state [58]
synthesis
NaYq(Si04)602 b, P Solid state [59]
Tm® synthesis
b, P
Ho®
ZnO Yb® NP Solution- [60]
Er’ combustion
CaCey(M004)4 b, NP Sol-gel [611
Er®
Gdg sNag sMoO4 Ho® , NP Co-precipitation [62]
vb3
SrAl,O4 Eu® , NR Electrospinning [63]
Yb3
Bag.g5Cao,15Tio.0Z10.103 Er® TF Chemical [64]
solution
deposition
TeO, GeO, NayO NbyOs EryO;  Er’ G Melt-quenching [65]
NaBi(WO,)> b, P Solid state [66]
Er® synthesis
NagAlgSig024(CLS)» Yb® P Solid state [671
Er’ synthesis
Oxyfluorides
YOF Yb? , P Co-precipitation [52]
Er’
Y,TegO15 BaFy YF3 Yb? . G Melt-quenching [68]
Er®
Fluorides
YF5 Yb® , P Co-precipitation [52]
Er®
NaYF4 Yb? , NP Microemulsion [69]
Er’
-NaYF, Yb® TF Sol-gel [70]
Tm®
Cu; gS@NaYF4@NaYF, Yb® CS- Solvothermal [71]1
Er’ NP
NaYF,@NaPO3; Na,O NaF Yb® NP in Melt-quenching [72]
Er® G
Li(Gd,Y)F,4 b, NP Thermal [73]
Er® decomposition
KLaF, Yb? , NP Solvothermal [74]
Er® /
Tm® /
Ho®
BaYFs NP Co-precipitation [75]

(continued on next page)
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Table 1 (continued )

Hoat material Ln Form  Symthesiz Ref
dopant method
B,
B,
To™

BazlaPs, Nd, a Melt-quenching [7s]
“!-I-

NaGdP g NaGdP &I ZIF-3 B, Ccs- Solvothermal [771
B NP/

MOF

PbE, B, P Solid otate [7a]
B, mymthesiz
Ho!-l-

CaPs B, TR MO-CVD [73]
B,
To™

CaPs B, TR MO-CVD [a0]
B, Gol-gel
To™

InF5-ZoP, Srf,-BaFs B a Melt-quenching [31]

Others

YPO ¥u*, NP [=2]

LaPony B

CdPO,

LuPOy

Ala0s Py 5i0s-YhaOy i a Gol-gel [33]

MaSy B, P Hydrothermal [341
B

Y-pyrazine B, TR ALD/MLD [as]
B

(¥h,Ex)-IR-B06 ::, TF ALD/MLD [as]

thickness control. The ALD technology in particular iz highly promising
owlng to ite unique characteristics, such az relatively mild deposition
resultant thin flmes [47]. Moreover, ALD cyeles for metal epecies can be
combined with MLD (molecular layer deposition) cyeles for organie
[25,96], where the ultrathin organmic layers could work eg for

-

a-Si

Soler Bnergy Materials and Solar Gells 230 (2021} 111234

sensifization. The ALD and ALD/MLD techmiques hawve already been
used for the fabrication of various Ln-based thin films with interesting
photoluminescence and upconversion properties [26,97-105] though
mostly not vet integrated with actual solar cell structures.

3.2, Figures of merit

The evaluation of enhancement in solar cell performance due to
upconversion can be reported with different indicators. From the final
application point of view, the most informative parameter is naturally
the power conversion efficiency (PCE), which deseribes the ratio be-
tween the energy produced by the solar cell and the input solar energy.
Obviously, suceessful implementation of UC to the cells should be seen
as higher PCE. However, PCE iz affected by many different factors and it
may henee be difficult to estimate the role of UC in the given cell ar-
chitecture. Therefore, it iz often more useful to focus on the cell pa-
rameters that measure directly the impact of the UC process as these
describe better the potential of the given UC material

One of such parameters iz external quantum efficiency (EQE), which
describes the ratio between the number of charge carriers (electrons)
collected by a solar cell and the number of photons incident on the cell
EQE can be measured for cach photon wavelength separately, which
gives the advantage that one can focus on the EQE of the ematted photon
wavelength originating from the lnminescent material. For instance, in
case of NaYF4Er'", the EQE ic interesting only wavelength range of
1480-1560 nm [106-109]. If EQE 1= mmcreased with the given wawve-
length, it means more charge carriers are generated and as a result the
cell produces higher current. In fact, from the measured EQE one can
caleulate the short eireuit current (I} for the solar cell (or current
density, Jg, iz often preferred as it is independent on the cell area).
Alternatively, one can also directly measure J.. by measuring the
photocurrent of the cell under zero bias voltage. Sinee Jg 1z the
parameter that iz affected directly by the incoming pheotens, it iz the
most widely used parameter to desenbe the effectivencss of the UC
process on the cell efficiency.

The EQE (and Js) walues are directly proportional to PCE, which
means that only if all the other parameters remain unaffected, inerease

DSSC

PSC

Fig. 4. Integration of UC layers in different zolar cell types: a-5i (amorphous silicon), bifacial e-5i (crystalline silicon), DESC (dye synthesized zolar cell), and PSC
(perovzkite zolar cell) [49,52,07 08]. (For interpretation of the references to colour in this fgure legend, the reader iz referred to the Web wverzion of thiz article.)
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in EQE or Jg will be seen in PCE. Therefore, the BQE and J;,. values are
much more informative parameters than PCE in convinecing the com-
munity about the quality of the studied material in an UC process.

4. State-of-the-art of upconversion-integrated solar cells

The implementation of UC in solar cells is an area of increasing in-
terest since last few decades. The first positive results were reported by
Gibart et al, in 1996, when they combined (Yb**Er*) co-doped
vitroceramic with an ultra-thin GaAs solar cell [20]. A sequential ab-
zorption and energy tramsfer of the IR photons from YB'' to B
resulted in emizsion of a green photon that caused a photo-response in
the 0.039 cm? substrate-free GaAs cell. With an input excitation of 1W at
1.39 &V by a Ti-zapphire IR lazer, an EQE of 2.5% was measured. Later,
integration of Na‘rF‘:EI:“ UC layers with bifacial ¢-5i zolar cells was
demonstrated [110]. The polyerystalline UC samples were mixed into an
optically transparent acrylic adhesive with similar refractive index and
coupled to the rear of a bifacial silicon zolar cell. An EQE of about 2.5%
was obtained under 5.1 mW excitation at 1523 nm. Trupke et al. [111]
theoretically predicted up to —40% conversion efficiency using
non-concentrated sunlizght (AM1.5) for a silicon solar eell combined with
UC. However, a practical demonstration with NaYF4ErX UC phosphors
gave an EQE close to 1% at 1550 nm, using a prototypical deviee setup.
In recent yeare, the efforts in the field have rapidly grown to apply UC
materials in different forms and combine UC with conventional az well

Amorphous silicon solar eells: Az mentioned in the introduction, a-
51 eells are relatively low-cost and casy to fabricate with an additional
advantage of high chemical stability. The relatively wide band gap of a-
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51(— 1.8 V) implies that these devices can absorb only up to 700 nm of
solar light, hence they suffer from greater transmission losses compared
to some other solar cell technologies, such as erystalline Si (e-51). The
research related to UC enhancement of a-5i cells can be traced back to
2010 [112-114], when de Wild et al. and Zhang et al independently
reported Er*-based NaYF, nanocrystals coupled to the backside of a-Si
colar cells. De Wild et al [112,113] used 200-300 pm thick layers of
B-NaYFy¥Yb™ Er'* powder dispersed in  polymethylmethacrylate
(PMMA] and applied to the backside of a-5i eells using spin-coating; they
recorded a 3x increase in the short-cireuit current. On the other hand,
Zhang et al. [114] implemented Na&?anmuyxtalswiﬂllmt‘fbg‘ and
2% Er’** doping to achieve an increase of — 6% in short-cireuit current
density for their a-5i eells, as shown in Fig. 5. Later, Chen et al. [115]
applied |3-fl'*la‘|"l‘.|,:lil':H powder dispersed in cyclohexane to produce a
200 pm thick UC layer on a glass substrate, followed by physical
placement of it below an a-51 cell. Under single-illumination with 60/80
mW,/em® 980,/1560 nm dicde lasere, short-circuit currents of 0.3/0.01
pA were measured, respectively. Under co-excitation by 60 mW 980 nm
and 100 mW 1560 nm lagers, a current improvement to 0.54 PA was
obtained, owing to the UC-induced enhancement.

More recently, Markoze et al. [52] investigated three different host
lattices, Y2Oq, YOF and YFa, for (Yb* Er*t) co-doping, and found YF; as
the best matrix among the tested ones, for the performance enhance-
ment of a-51 eells. An improvement of 7.5% in short-cireuit current
density was recorded for YF3:¥b™ B UC layers on AM1.5G along
with a single wavelength diode laser souree of 980 nm. Liu et al [116]
reported an enhancement of 25%, az chown in Fiz. 5 in the short-cireuit
current for a thin film a-5i solar cell by applying (YB* Er* ") co-doped
f-MNa¥F, dicpersed in a PMMA layer.
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Fig. 5. [aJLchwencfﬂ:epiuneeﬁugtmmkduueinMuxhuﬁg',Era' co-doped f-MaYF4 in enhancing the performance of a-53i zolar cells under AM 1.5G
irradiation [114]. (b) -V curve showing a 25% relative enhancement in 1. of a-5i zolar cell by adding Yb**, Er** co-doped p-NaYF, UC layer [116]. (c) EQE curve of
a-5i solar cell that shows a clear enhancement of the 900-1000 nm region absorption [116]. (d) Enhancement in the J,. of a bifacial ¢-5i solar cell, achieved by
introducing an ALD-grown UC (BrposHoo,os)203 thin-film layer [49]. Beference cells are in black and UC-assisted cells are in red. (For interpretation of the references
to colour in thizs figure legend, the reader is referred to the Web version of thiz article.)
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Cryetalline silicon solar eells: The narrow band gap of e-51(—1.1
V) allows the c-51 cells to absorb photons up to 1100 nm. Henee, the
employment of Yb**-based UC materiale with the absorption maximum
arcund 980 nm iz not truly feazible; rather, other UC Ln jons should be
challenged [117]. In this regard, Shalawv et al. [26] in 2005 and Lahez
[94] in 2008 introduced Er*'-doped NaYF; microcrystals and
Ho**-doped oxyfluoride glass ceramics for expanding the absorption of
c-51 solar cells into the sub-bandgap region. These ions absorb at
1150-1230 nm (Ho®") and 1450-1550 nm (Er**), and the emission of
the UC photones takes place at < 1000 nm. An attractive feature related to
the use of Hoo (instead of e.g. Br® ') iz that the solar intenzity at — 1180
nm iz higher than at the longer wavelengthe, indicating higher potential
idea iz to use mixtures of two or more lanthanides in compatible con-
centrations to maximize the UC performance. For instance, l:]-Irl:n31 ,ﬂ:m}
co-doped UC materiale can provide stronger NIR luminescence due to
the mter-lon energy transfer and sensitization [118].

Fizcher et al. [102] reported the use of Er* *-doped BaYsFg UC layers
to reach 8% EQE under 1520 nm monochromatic excitation; the relative
golar cell efficiency enhancement was 0.55 + 0.14% at 94 + 17 suns.
Monoeryetalline l!.a‘j’gjl?m:Er31 shows less seattering than the typically
used microcryetalline powders such as ﬁ—Na‘j"F4:Er3‘. Incoming lower
resulting in higher extent of absorption from abroad spectral range.
Considerably emaller enhancement in EQE, 1. 0.4%, was achieved
when Er? doped tellurite glass was combined with a ¢-51 cell under
1500 nm laser excitation [119]. More recently, we demonstrated a 3%
improvement in chort-cireuit current density, as shown in Fiz. 5, undera
zolar excitation equivalent to 16 suns, for a bifacial ¢-5i cell combined
with ALD-grewn (Erp gsHog g5)203 thin film [49].

Dye sensitized solar cells: The power conversion efficiency of
D85Cs depends on the band gap of the dye used; for the most commonly
used ruthenium dye the band gap is ~1.8 eV, which averts the cells from
absorbing hight beyvond ~800 nm. Thus, D&5Cs inherently suffer from a
low PCE [24], with the record in PCE being 14.7% from the year 2015
[120]. Henee, DESCe are arguably the solar cell type that could benefit
the most from the UC integration [10].

There are several approaches when incorporating the UC layers with
DSSC, as scen in Fiz. 6, one of them is adding the UC material to the Ti0o
layer. Thiz approach was pioneered by Shan and Demopoulos in 2010
[21], who fabricated a DESC cell by incorporating (Yb*,Er* ') co-doped
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LaF5 with the TiO; layer of the cell. Recently, a similar approach was
followed by Qin et al [121] in their study where Ho ' -doped NaYbF,
was added to the Ti05 layer, increasing the PCE of the cell from 5.84% to
7.52%, under one sun lumination.

Another route to iIntegrate UC materials to DESC devices 15 to add the
UC component az a rear reflector functional layer, thus serving the two
purposes of light harvesting and reflection simultanecusly. In 2071, Liu
et al [124] added (¥b* Er'") co-doped YAl:Oys layer az a back
reflector, and demonstrated that 280 nm laser rradiation resulted in an
enhaneed J;.. More recently, a remarkable 33.5% relative enhancement
under one sun illumination was reported for a DSSC device in which the
Uc (vb* Er*) co-doped CeOs, used az a back reflector and seattering
layer at the back of a DS5C, was additionally doped with Fe? [125].

An alternative approach iz to employ the UC material az a counter
electrode for the DESC; this was reported by Li et al [123] in 2014 who
aimed to improve the performance of the cell using a lower cost counter
electrode to replace Pt. Using (Vb ,Er™) co-doped flucrine tin oxide
(FTO) az a counter electrode they could achieve a relative enhancement
of 24% in J,. and increase the PCE from 6.7% to 7.30%, compared to a
standard Pt electrode, under one sun illumination. Meore recently, a
remarkable 68.5% relative enhancement compared to a standard
UC-free Pt electrode was reported for a SnS-carbon counter electrode
prepared using (Yb*t Er*t) co-doped GeOy, raising the PCE of the DSSC
from 5.65% to 9.52%, under one sun rradiation [126]. Interestingly, in
the same study adding a etmilar UC layer to the Pt-clectrode based DSSC
raized the PCE of the cell to 8.32%, which translates to a 47.3% relative
enhancement

Perovskite solar cells: An attractive feature of PSCs iz their larse
absorption cocfficient [1 27]. However, the relatively wide band gap of
~1.55 «V of the most common material components in PSCs limits the
absorption of such cells to ~780 nm. This, on the other hand, makes the
PSCe an ideal target for the integration of UC materials to broaden the
absorption range [122]. Upconversion-enhanced PSC was first reported
by Chen et al. [129] in 2016, who added (Yb** Er*) co-doped LiYF, as
an external light converting layer to the cell, to enhance the PCE by 7.9%
under a 7-8 sun illumination, as chown in Fig. 7. The same technique
was used more recently in a study where a plasmon-enhanced NaYFy:
Yb* Er NaYFy Yb* Tm®* 7 Ag composite UC layer (Fiz. 4) was found
to enhance the PCE of the cell from 16.1% to 19.5% (21% increase],
under one sun illumination [£2]. Adding UC external layer to the rear
side of the cell, showed better PCE enhancement than to the front side of
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Fig. 6. I-V curves and schematic diagrams of UC assisted D55C using different approaches; (1) incorporating the UC phosphor in the TiDz layer [27], (2) adding a UC
rear reflector layer [127] amd (3) replacing Pt counter electrode with a UC electrode [123].
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Flg. 7. IV curves and schematic diagrams of UC assizted PSC using different approaches; (1) adding the UC az an additional active layer [129], (2) incorporating UC
materials in the active perovzkite layer [131], and (3) incorporating the UC material in the hole transport layer (HTL) of the cell [73].

the PSC [120].

Another approach iz to incorporate the UC material in the perosekite
active layer. This was demonstrated in 2017 by Meng et al. [121] using
P-MaYF¥b** BEr*" nanceryetals embedded within the perovekite layer
in different amounte, raising the PCE of the cell from 12.1% to 18.60% as
shown in Fiz. 7 on average, to achieve a remarkable relative enhance-
ment of 54.4% compared to the control device, under one sunlight
illumination.

A third approach iz to add the UC component to the hole transport
layer of the PSC. Thiz was explored by He et al [132] whe added
P-Ma¥F¥b** Br*" to replace the mesoporous TiOs layer of the cell, thus
raising the PCE of the cell from 12.88% to 17.78%, under one sun illu-
mination; an additional 0.35% increase in PCE was obtained by 980 nm
laser irradiation. Later, Deng ot al. [72] used the spame technique adding
Uc Li{Gd, YF4¥Yb* ", Er** nano eryetals with different concentrations, toa
PSC, increasing the PCE of the cell from 14.7% to 18.3% (Fig. 7) and
achieving almost 25% relative enhancement compared to the undoped

In Table 2, we have collected recent highlights of the solar cell per-
formance enhancements achieved with the UC integration. Az a general
Em.hitﬁhmﬂﬂl:ﬂ:mtcﬂﬂlatﬂlt[ﬂa1 and transition metal (e.g.
Fl::”]- dopants may, to certain extent, contribute to the observed
enhancement due to their own photoluminescence effect.

5. Concluzions and outlook

In thiz brief overview, we have outlined the basic phenomena, ma-
terial design izsues and integration strategies related to the ublization of
upconversion materiale for enhancing the performance of various types
of solar cells through epectral manipulation. This research field has been
strongly emerging in recent years, and for all the major types of solar
cells promising results have already been reported. For example, a J,. of
20.5 mA/cm® and 21.9 which reflects a ~79% and ~63% rclative
cnhmn:mmttumﬁp:chmmhnldcm:ﬂhmtb:mmpnﬂ:dﬁum
[126,142], while for the PSC, J,. has reached of 22.7 mA /em®, reflecting

a ~40% relative enhancement than the control device [131]. Here the
direct comparison of the given numbers may not be fully fair though, as
there are various ways to measure and express the magmitudes of per-
formance enhancements; indeed, establishment of a more standard way

UC-Perovskite

HTL-Perovskite

Perovskite

of discuzsing the UC-driven enhancements could be one of the devel-
opment targets in future.

The progress in the field 1z impressive considering that crignally the
UC phenomenon was realized only with lasers vielding very high exei-
tation photon densities, while the recent highlights for UC-enhanced
solar cells have been demonstrated with actual sun light excitation
There 1= definitely still lot of space for mproving the efficiency of the
applied UC layers themselves. This research line should include not only
the fine-tuning of the currently known UC materiale but alzo innovative
search for new UC host matrices.

Lanthanide ions embedded in different host lattices constitute the
most important UC material family relevant to the PV technology. For
the required capability of harvesting lower energy photons in the NIR
are the heaviest ones: YB°°, Tm®*, Er**, Ho®', and Nd*'. In practice,
most of the studics have involved the combination of Yb** and Er'* with
the main absorption in the range 800-1000 nm; thiz NIR harvesting
range fite quite well with the intrinsic abeorption capability of the PV
celle based on the wide-bandgap semiconductors (perowvekite, dye-
sensitized and organic solar eells). On the other hand, in the case of
Si-based cells this wavelength range iz already well absorbed by the
narrow-bandgap 51 itself (absorbs well up to 1100 nm). For ¢-51, instead
nf‘:'ba‘, X4 He™ together with Er't could be more appropriate for
efficient UC enhancement. Indeed, the major NIR abzerption bands for
Ho®* and Er** are in the 1150-1230 and 1450-1580 nm ranges. In
future works, more precise tuning of the UC Ln*' ion composition/
concentration should be targeted for each zolar eell type zeparately.
Another future challenge could be to more precizely investigate and
dizenss the true cavses of enhancements observed with the UC materials.
In reality, cnly a fraction of the absorbed photons is converted to the UC
luminescence, and besides the UC emission there 1z alwaye also regular
photoluminescence present Within the solar spectrum, many of the
energy states of lanthamides can be excited which may result in regular
photoluminescence in the vimble wavelengths. Thiz iz a challenge
regarding the deeper understanding and mterpretation of the experi-
mental observations, but at the same time we should learn to take a full
benefit of all the upconversion, downconversion and photoluminescence
processes enabled by the different lanthanides (and even some d-block
transition metals) to be able to hamess all the possibilities for the best
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Table 2
Recent highlights of UC-enhanced solar cells. (NG: Not given)
Host material Ln dopant Indicator Irradiation Ref. without UC Relative enhancem. Year/Ref
a-Si
Y,05 Yb® [Er® Jsc 98 suns 13.1 3.4% 4.8% 7.5% 2018 [52]
YOF
YF3
-NaYF, yb® Er® Isc-EQE (980 nm) AM1.5G 0.4 0 25% - 0.05% 2018 [116]
TeO, PbF, yb® Er® EQE (980 nm) NG 4.25 10.6% 2014 [133]
-NaYF, Yb® Er® ,Gd® EQE (980 nm) NG 0.02 0.12% 2012 [134]
-NaYF, Er® Jsc laser (980, 1560 nm) NG 0.3 A, 0.1 A, 2012 [115]
-NaYF,4 yb® Er® Isc AM1.5G 0.4 25% 2010 [114]
-NaYF, yb® Er® EQE (980 nm) laser 980 nm 0.01 0.02% 2010 [113]
-NaYF, yb® Er® Jse laser 980 nm 0.005 0.005 2010 [112]
c-Si
(Er,Ho0),03 Er’ Ho® Isc 16 suns 1021 3% 2021 [49]
TeO, WO;5 ZrO, Er,Os Er® EQE (1500 nm) laser 1500 nm 0.1 0.3% 2017 [119]
BaY,Fg Er® EQE (1520 nm) 94 suns ~0 7.4% 2015 [108]
PbF, Er® EQE (1560 nm) NG 0 0.38% 2014 [135]
-NaYF, Yb® Er® EQE (1523 nm) 77 suns 0 3.4% 2014 [136]
-NaYF, Er® EQE (1500 nm) ~1 sun 0 1.69% 2014 [107]
InF3 20ZnF, 20SrF, 20BaF, yb® Er® EQE (1480 nm) 864 suns 0.4 0.1% 2013 [106]
BaY,Fg Er® EQE (1557 nm) ~62 suns 0 6.5% 2013 [109]
-NaYF, Er® PCE ~1 sun 7.68 8.6% 2012 [137]
ZrF, BaF, LaF3 AlF3 NaF InF3 Er® EQE (1540 nm) NG NG 2.4% 2011 [138]
-NaYF, Er® EQE (1523 nm) NG 0 5.1% 2010 [139]
-NaYF, Er® EQE (1523 nm) NG 0 3.4% 2007 [140]
-NaYF, Er® EQE (1523 nm) NG 0 2.5% 2005 [110]
DSSC
-NaYF, Ho® PCE AM 1.5G 5.8 28.8% 2021 [121]
BiYO3 yb® Er® PCE 1 Sun 5.7 8.2% 2021 [141]
NaYbF, Ho® PCE 1 Sun 6.4 46.1% 2021 [142]
CaWO0,@TiO, Yb® [Er® PCE 1 Sun 6.9 21% 2020 [143]
LiYF, Yb® Er® PCE AM 1.5G 5.0 51.1% 2020 [144]
Y503 Ho® ,yb® PCE AM 1.5G 8.9% 10.3% 2020 [145]
CeO,: Fe@TiO, yb® Er® PCE AM 1.5G 5.5 33.5% 2020 [125]
YbF;@TiO, Ho® PCE AM 1.5G 6.4 21% 2020 [146]
CeO, yb® Er® PCE AM 1.5G 5.7 68.5% 2020 [126]
La(OH)3 @TiO, yb® Er® PCE AM 1.5G 6.4 38.0% 2019 [147]
NaYF, @TiO, Yb® ,Tm® PCE AM 1.5G 6.13 14.7 2019 [148]
Y505 Ho® ,yb® PCE 1 Sun 16.8 5.8 30.0% 2019 [87]
NaYF, @TiO, yb® Er® PCE AM 1.5 5.5 31.6% 2019 [149]
CaCez(M0O4)4 yb® Er® PCE AM 1.5 6.5 19.9% 2018 [61]
Zn0 yb® Er® PCE AM 1.5G 8.3 8.3% 2018 [60]
-NaYF, yb® Er® PCE AM 1.5G 5.6 29.8% 2018 [150]
-NaYF, Yb® JEr® /Eu® PCE AM 1.5G 6.7 14.0% 2018 [151]
-NaYF,@YOF yb® Er® PCE AM 1.5G 7.0 17.1 2018 [152]
Y,03@TiO, Er® PCE 1 Sun 5.4 43.6% 2018 [153]
CeO, yb® Er® PCE AM 1.5G 5.5 27.0% 2017 [154]
-NaYF,@Si0.@TiO, Yb® Er® PCE AM 1.5G 5.6 16.6% 2017 [94]
Y,03/Au@TiO, Er® PCE AM 1.5G 6.8 27.6% 2016 [155]
-NaYF4@ -NaYF, yb® Er® PCE AM 1.5G 7.1 28.2% 2016 [156]
NaYF,@SiO,@Au@TiO, yb® Er® PCE AM 1.5G 6.1 28.1% 2016 [157]
YbF5/TiO, Ho® PCE AM 1.5G 6.5 24.6% 2016 [158]
Gd,05 yb® ,Ho® PCE 1 sun 6.7 10.4% 2016 [159]
-NaGdF, Yb® Er® PCE AM 1.5G 3.6 19.44% 2016 [160]
Gdy(M004)03 yb® Er® PCE AM 1.5G 2.9 24.8% 2016 [161]
-NaYF,@Si0,@TiO, yb® Er® PCE AM 1.5G 8.67 5.0% 2016 [162]
-NaYF,4 yb® Er® PCE AM 1.5G 5.7 25.6% 2015 [163]
Y503, Y3Als015 Er® , Ce® PCE AM 1.5G 5.2 35.4% 2015 [164]
-NaYF,@Si0, yb® Er® PCE AM 1.5G 3.7 6.8% 2015 [165]
CeO, yb® Er® PCE 1 sun 5.8 15% 2015 [166]
-NaGdF, Yb® Er® PCE AM 1.5G 6.8 11.3% 2015 [1671]
-NaYF, Yb® Er® ,Tm3 PCE AM 1.5G 3.4 27.4% 2015 [168]
Y503 yb® Er® PCE 1 sun 5.9 12.5% 2015 [169]
ZnO/TiO, yb® Er® PCE NG 3.0 35.8% 2015 [170]
-NaYF,@TiO, Yb® Er® PCE 1 Sun 6.2 24.5% 2014 [171]
-NaYF,@ -NaYF, yb® Er® PCE AM 1.5G 5.0 5.9% 2014 [172]
-NaYF4@Si0, yb® Er® PCE AM 1.5G 6.0 6.7% 2014 [173]
FTO Yb® Er® PCE AM 1.5G 6.7 9.0% 2014 [123]
F-doped TiO, yb® Er® PCE AM 1.5G 6.3 40.1% 2014 [174]
YF3 yb® Er® PCE AM 1.5G 5.3 26.6% 2014 [175]
-NaYF4@Si0,@Au yb® Er® PCE AM 1.5G 7.2 14.8% 2014 [176]
-NaGdF, yb® Er® PCE AM 1.5G 5.8 21.4% 2014 [122]
-NaYF,@Si0,@TiO, yb® Er® PCE 1 Sun 7.8 18.1 2013 [177]
TiO, Er’ PCE AM 1.5G 4.1 62.9% 2013 [178]
TiO5.Fy Yb® Er® PCE AM 1.5G 5.4 31.1% 2013 [179]

(continued on next page)
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Host material Ln dopant Indicator Irradiation Ref. without UC Relative enhancem. Year/Ref
-NaYF,@TiO, yb® Er® PCE AM 1.5G 3.5 23.1% 2013 [180]
-NaYF, yb® Er® PCE AM 1.5G 2.7 4.4% 2012 [181]

Y505 yb® Er® PCE 1 sun 5.8 19.9% 2012 [182]

NaYF, Yb® Er® PCE AM 1.5G 1.6 11.9% 2011 [183]

TiO, Yb® Er® PCE AM 1.5G 6.4 13.6% 2011 [184]

Lu,03 yb® ,Tm® PCE 1 sun 6.0 11.1% 2011 [185]
-NaYF, yb® Er® PCE AM 1.5G 5.5 26.6% 2011 [186]

YF3 Yb® Er® PCE 1 sun 5.8 35.5% 2011 [187]

Y3Al501, Yb® [Er® Jse laser 980 nm ~0 0.2% 2011 [124]

LaF; TiO, yb® Er® Lee AM 1.5G 6.2 2.4% 2010 [21]

PSC

NaCsWO;@ yb® Er® PCE AM 1.5G 16.1 18.0% 2021 [188]

-NaYF,@ -NaYF,

IR783: NaYF,@NaYF, b Er® Nd® PCE AM 1.5G 19.4 5.6% 2020 [189]

TiO, yb® Er® PCE AM 1.5G 8.3 16.5% 2020 [190]
-NaYF4@NaYF, yb® Er® ,Sc® PCE AM 1.5G 17.4 15.8% 2019 [191]
-NaYF4@Si0, Yb® ,Tm® PCE AM 1.5G 12.3 14.81% 2019 [192]

Li(Gd,Y)F, yb® Er® PCE AM 1.5G 14.7 24.9% 2019 [73]
-NaYF,4 yb® , Tm® PCE AM 1.5G 15.8 15.2% 2019 [193]

TiO, Er® PCE AM 1.5G 9.1 16.5% 2018 [194]
-NaYF, Ho® PCE AM 1.5G 11.1 29.0% 2018 [195]

KY,Fa yb® Er® PCE AM 1.5G 13.2 6.1% 2018 [130]

TiO, yb® Er® PCE AM 1.5G 14.0 17.9% 2018 [196]
-NaYF,@ -NaYF, Yb® ,Er® ,Tm3 PCE AM 1.5G 16.1 19.3% 2018 [88]
-NaYF,@ SiO, yb® Er® PCE AM 1.5G 8.2 21.1 2018 [197]
-NaYF, yb® Er® PCE AM 1.5G 13.5 46.4% 2017 [131]

TiO, Yb® Er® PCE AM 1.5G 10.3 20.8% 2017 [198]
-NaYF,/Li Ag@SiO, Yb® Er® PCE AM 1.5G 7.8 33.4% 2017 [199]
-NaYF,-IRM06 yb® Er® PCE AM 1.5G 13.5 29.4% 2017 [200]

mCuy ,Sx@Si0,@Er,03 Er® PCE AM 1.5G 16.2 9.9% 2017 [201]

LiYF, Yb® Er® PCE 7-8 Suns 11 7.9% 2016 [129]
-NaYF, yb® Er® PCE AM 1.5G 12.9 9.8% 2016 [132]
-NaYF,4 yb® Er® PCE AM 1.5G 14.1 13.7% 2016 [202]
-NaYF,@ -NaYF, yb® |, Tm® PCE AM 1.5G 14.7 8.8% 2016 [203]

Others

(QDSSC)Ti0»/CdS/ -NaYF, yb® Er® PCE 1 sun 2.14 106% 2020 [204]

(QDSSC)TiO, yb® Er® PCE AM 1.5G 2.9 20% 2020 [205]

(GaAs) -NaYF, Yb® Er® PCE AM 1.5G 7.9 68.4% 2018 [206]

(Polymer) -NaYF, yb® Er® PCE AM 1.5G 3.1 6.5% 2014 [207]

(Organic) -NaYF4 yb® Er® PCE laser (980 nm) 0.0048 29.1% 2012 [208]

(Organic) Y,BaZnOs Yb? ,Ho3 EQE (980 nm) laser (980 nm) 0.2 4.95% 2012 [209]

~37 suns

(GaAs) YsW2015 yb® Er® Lee laser (973 nm) 0 358 A 2012 [210]

(GaAs) vitroceramic yb® Er® PCE NG 0 2.5% 1996 [20]

possible utilization of these different energy conversion processes.

From the practical performance point of view, the era of UC-
enhanced PV is yet in its infancy, considering how far we are from the
possibly achievable maximum values. Among the different PV technol-
ogies, the market leading c-Si technology could turn out to be the most
rewarding for the UC enhancement efforts in the sense that the perfor-
mance of these cells is otherwise approaching a kind of saturation
(current records around 27% versus the ~30% S-Q limit), meaning that
the improvements expected through standard PV development efforts
can be only fractional [211,212]. Optimistically, for the UC-enhanced
c-Si PV technology the new target could be set much higher, even up
to 40%, to truly shake the PV community.

From another perspective, it is difficult to see that the UC-enhanced
solar cells could as such compete with the recent developments in the PV
field, such as the tandem cells or new solar cell materials. Nevertheless,
the UC components can be considered as a complementary technology
which rather builds on top of the existing technologies providing extra
boost to these technologies. A clear advantage is the relatively easy
integration of the UC layers into the current PV cells, without drastically
affecting the device configurations or process lines. Here the already
existing strong c-Si PV infrastructure could be highly beneficial for the
fast transition from the innovation to the commercial large-scale
utilization.

Finally, we like to emphasize the importance of the fabrication
technique of the UC layers/coatings. The conventional solution-based

10

spin-coating, spray-drying and electrodeposition methods offer limited
control over the film thickness and conformality, and are less feasible
from the industry points of view. Here advanced gas-phase thin film
techniques could offer clear benefits, being for example free from sol-
vent impurities. The ALD technique in particular known as the state-of-
the-art gas-phase thin-film technology in conventional microelectronics

yields precisely thickness-controlled, conformal, and uniform coatings
over large-area and complex substrate surfaces. The ALD technology is
already well integrated with the silicon-based PV industry for the
fabrication of metal oxide surface passivation layers [213,214], where it
has proven its capability to fulfil the cost, throughput and performance
criteria. Moreover, we already have the required well-behaving ALD
processes available for a number of Ln-based thin films [215], including
those with promising photoluminescence and upconversion properties.
The ALD precursors employed are non-toxic and safe to handle, but
naturally the lanthanides used as the UC activators in general are
considered as critical raw materials, which should be taken into account
considering their mass production for GW-scale PV factories. Despite the
great prospects, efforts to integrate the ALD-grown UC films with actual
PV cells have remained scarce. An exciting idea would be to develop a
new ALD UC coating that could simultaneously work as the surface
passivation layer.
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