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m Maximum theoretical efficiency of c-Si solar cell:
earlier 33%, revised in 2013 to be 29.4% under one-sun

m ldeal Si wafer thickness 40-100um
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Single-Junction PV

m Record Si solar cell:
m 7= 26.7% for c-Si/a-Si
pin-heterojunction

Passivation layer
c-Si (CZ, n-type, textured)

i-type a-Si:H (~10 nm)
N n-type a-Si:H (~10 nm)

p-type a-Si:H (~10 nm)

Grid electrode (~40 um)
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— |\ curve
| =PV curve

Current (A)
(M) 18mog

n=26.7%
Area = 180cm?

Voltage (V)

m What 3 generation PV technologies can we pair

together with c-Si?

Sources: Masuko et al., IEEE PVSC (2014); Yoshikawa et al., Nature Energy 2 (2017) 17032

31 Gen PV
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m Harvesting significant thermalisation & transparency losses
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m Use of luminescent materials to change wavelengths of sunlight
m Address thermalisation and transparency losses

m Still rely on a single-junction
solar cell

Spectral Conversion
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Spectral Conversion

a Up-conversion (UC) of 2 low- % '\a“ C J,ﬂ?uem
energy photons to give f\'\‘
1 higher-energy photon ( o
—> addresses sub-bandgap Up-conversion exer em
losses

= Down-conversion (DC) a.k.a. A oo

quantum cutting, is where '\;\\ )rth
em

1 high-energy photon is ‘cut’ )

into 2 lower-energy photons
— addresses lattice
thermalisation losses

Down-conversion




Spectral Conversion ﬁ‘(".

m Luminescent down-shifting: Mexc
standard photoluminescence ‘\'\\ Ao
(Stokes) process ,\J"7

m Doesn’t address thermalisation
or sub-bandgap losses, but:

= can still enhance performance of solar cells with poor
external quantum efficiency (EQE)

— waveguiding of PL is principle
behind the luminescent solar
concentrator (LSC)

Source: Moudam et al., Chem. Comm. 2009, 6649 -6651

Luminescent Materials S‘(I
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m Wide range of luminescent

materials available BN
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m |norganics: lanthanide phosphors
and semiconducting nanoparticles
(quantum dots)

=

O: Orange240 1
QY=100% |

m Fluorescent organic dyes:
strong absorption and high
photoluminescence
quantum yields (PLQY)
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m Organic dyes Quantum dots
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m Rare-earth elements (lanthanides): La — Lu
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Materials for Up- and Down-Conve
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Up-Conversion
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m Sub-bandgap photons harvested via UC layer at rear of

bifacial Si solar cell

m Er-doped fluoride based phosphors

(NaY, F4Er)

m Luminescence emitted
isotropically = rear
reflector ensures nearly
all UC light is collected

Bifacial Si solar

m Theoretical efficiency Z%/? cell 7=15%
limit of UC with Si ucC: NaYF4:Er3+
solar cell =40% in polymer
(one-sun) Rear reflector
13
Up-Conversion ﬂ(".
m Non-linear process!
20
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14

Wavelength, 1 (nm)

Source: Shalav, Richards, et al., Appl. Phys. Lett. 86 (2005) 103505
Richards, Shalav, IEEE TED. 54 (2007) 2679
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Up-Conversion

m Optimisation of [Er3*]
doping
concentration 5% — 75%

a UC layer: micro-
phosphor powder
doped into 1mm thick
polymer layer @ up to
85% w.w. = ideal n,
low ., reduced C-H

vibrations
Fluorepolymer NaYF,:Er3*
15
Up-Conversion ﬂ(“'

m Optimum [Er3*] = 25% = trade-off between i) higher
concentrations absorbing more but ii) also emitting less
due to cross-relaxation (non-radiative recombination)
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16 Source: Ivaturi et al., Journal of Applied Physics 114 (2013) 01350
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Up-Conversion

m Time resolved PL (980 nm emission) = clear rise in PL
intensity before decaying = evidence of ETU (energy
transfer between states takes time)

m Decreases in 1 for [Er3*] > 25% = concentration quenching

1.0 = IR 12}(b) = 7, decay time
2 Y . .
—_ E [ u o 1, rise rime
2 § | 101 .
g S10™ " . ™
2 8t
g £
o E : o -
3 0.5 10?2 5 & E 6
g 0 20 40 100 =
b= Time (ms) 4
2 o 25%, — fit |
é | Q 75%, — fit 2l
0.0 ] A S 0 ' : ! 1 1 1
0 20 40 60 80 10 20 30 40 50 60 70 80
Time (ms) Er’* concentration/mol %
7 Source: Ivaturi et al., Journal of Applied Physics 114 (2013) 01350
Up-Conversion ~\‘(IT

a Max PLQY,,= 8.4% (PLQY,,= 6.5%) measured at highest

concentrations of [B-NaYF,:Er] in PFCB host

m Increase in PLQY at high 10— -
[B-NaYF,:Er] driven by P .
] . A external a m
anomalous { in absorption

(]

o\\° m internal at 700 Wm"
§. 3 o external at 700 Wm'2A A n
. . B A
m When coupled with Si solar o “ O
. . |
cell can expect device with Sl et oL F
EQE of 5-6% at 1523nm oo °

(@ 970 W/m?2)

2 1 1 1 1 1 1 1
55 60 65 70 75 80 85
[NaYF :25%Er"] in PFCBIwIW%

18 Source: Ivaturi et al., Journal of Applied Physics 114 (2013) 01350




1 Institut far Technologie

Up-Conversion S‘(IT

m Goal: move to broadband excitation of Er3* UC materials

m White-light laser: up to 80nm FWHM = span full Er3*
absorption band

m Max PLQY,,;= 16.2% @ >2.2 W/mm?

Solar Concentration (Suns x103)
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Source: MacDougall et al., Optics Express 20 (2012) A879 Power Flux (mW/mm?)
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Up-Conversion

m The rule of thumb for effective UC

——— 2
k< |[GWeru 10k, k, (experimental) — 12 ms
Y 10 ETUZ

Weqy (experimental) — 2.4x10°1° cm3 s
G — generation rate;

Weq — rate of energy transfer
k, — decay rate of the intermediate state

m UC can work under 10-100
lexc ‘\'“ CWETU J\ﬂlem sun
5\’\\ K . ., = Challenge: UC materials

Up-conversion efficiently working under 1 sun
are unknown

20 Source: Richards et al. Chemical Review (2021), 9165-9195
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Up-Conversion : ﬂ(“.

Monochromatic
tunable laser
1450-1590 nm

optical fiber

collimating lens

m Secondary
concentrators

» Gains made by ~ ;
concentrating light, but g
poorer collection of UC emission
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# Source: Arnaoutakis et al. Sol. En. Mat.& Solar Cells 140 (2015) 217-223

Up-Conversion ﬂ(“.

Karlsruher Institut far Technologie

m Enhancement of UC via Bragg-stack (1D photonic crystal):

a Irradiance enhancement

= enhances absorption .. exploits non-linear efficiency increase of UC
b

= Vary local 2
density of
photon states
(LDOS)

<€—Solar Spectrum Upconverted

— enhance
1 Photonic
d esl red upconverter
radiative
iy e
transitions , ‘
4Sltate EF
912 I S —
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il Energy .v upconversion
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by —_—
4’13I/2 . N/ Ligands
Increase oo \
OtherS absorption] :;ZP;EmSI::::m g Energy transfer
> VIS - NIR
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& S a5 photon
o N 0 v
L2 ST Core

\shell
Lu*  B-NaLuF,

B-NaYF,: Er** ¢,

2 Source: Hofmann et al. Nature Communications (2021) 12, 104
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Up-Conversion

m Materials: ALD TiO, + PMMA doped with NaYF,:Er3* NPs
m 2-3x enhancement of UC performance... still not enough
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B Source: Hofmann et al. Nature Communications, doi: 10.1038/s41467-020-20305-x
Up-Conversion (science meets economical N(IT
B\
aspects)

m Rooftop scenario -

Best commercially available c-Si solar cells (Sunpower Maxeon Gen lll, with
n = 24.3% and an area of ~153 cm?) will generate 3.7 W total power
(achieved with a current density of

38.5 mA cm at a voltage of 0.63 V) — cost US$0.41

UC can add 0.26 W (best case scenario) and therefore, to remain
competitive will need to cost less than US$0.028 or US$14 kg—1 vs cost of
raw material Er,O; — US$20 kg™’

m Solar farms scenario — for semi-transparent solar cell, the impact of
reflected light is ~ 10% or (~ 3-4 mA cm~2). The additional UC layer
should bring more, that currently is possible only under 100 — 1000 sun

m Current status: UC will in the near-term remain
unattractive for mass market PV power generation

24




Up-Conversion perspectives for other PV

technologies
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m Harvesting Sub-bandgap Photons via Upconversion for

Perovskite Solar Cells

m Up-conversion 980 nm — visible

Intensity

varied
A<850nm
A=980nm To Source-meter
.t | S
Mirror+—T1_ A ~UC Crystal
% Source: Singh et al. ACS Appl. Mater. Interfaces (2021), 54874—54883
Up-Conversion A\‘(IT
025 ~
§ 7L | smumor Bor v e ¢ m Jg lost by going from a
= | crysta g
g | WA ~ rear gold electrode to a
E 1ol ifacia g .
3 Ol s B transparent conducting
‘:“ 05 k © . .
g KK oxide is on the order of ~1.5
B 600 800 1000 1200 mA/ Cm2
Wavelength (nm)
Intensity of 980 nm laser (W/cm?)
100 10' 10?
[l sy '
w/o lens
— @ with 100 cm lens . m ~05 mlA\/Cm2 @ 100 sun
£ 1 g
o 10'F ¥
2 I ~2 mA/cm? @ 1000 sun
E -®
g ¥
$10° Moo= 1.7
2 uc - . . . .
m More efficient UC is required
-1 » 1
10102 10° 10
Solar concentration factor (suns)
26

Source: Singh et al. ACS Appl. Mater. Interfaces (2021), 54874—54883
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Up-Conversion (triplet-triplet annihilation UC)
m Alternate approach to UC using organic molecules

m 633 nm absorption of palladium-based porphyrin =
intersystem crossing (ISC) = triplet-triplet transfer (TTT)
across to perylene derivative = triplet-triplet annihilation
(TTA) = energy from two triplets added to promote e~ to
singlet state = 550 nm UC emission

S‘yr:nuw ISC T]”I‘HNVITTT T‘ ((((( :555) A . 10p 21,0
| w S, A
Y 08P
§2]
=
=
80,6 - _g
- =
304} 2
2 Q
5 <
So2}
= (@] '
S \
0.0 P — 0

0,
500 600 700 800 900
Wavelenght, nm
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TTA Up-Conversion A\‘(IT
m Can work with ~ 10 % quantum efficiency under 1 sun

m However, taking into account spectral response can be used
only with DSSC, organic or perovskite solar cells — not mass
market product yet

m TTA-UC is extremely oxygen sensitive — long lifetime of the
device is questionable

m Performs in solid devices with lower efficiency then in
solution

Green to blue
UC with ~2%
PLQY

28 . .
Source: Turshatov, Howard, Richards, patent application
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Up-Conversion
Future & Challenges

Concentration of light, not only via geometrical optics but
also via nanophotonic structures
= enhance localised electric fields

Plasmonic structures = increase weak absorption

Inorganic materials challenges:

= Nanocrystals = open up new device structures but challenging due
to surface recombination

» Sensitisation via other metal ions
m Hosts with ideal phonon energy & defects

Organic materials challenges: extend into
NIR, working in polymer, avoid O,

Broadband excitation, low UC thresholds

30
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Down-Conversion

A | 5d band |
DC pursued for other applications o S
Fluorescent lamp phosphors based
on Pr3* ion achieve PLQYs of 40 -
140%, several challenges for PV:
a No 185nm light in solar spectrum! 'g 30 -
= Lanthanide ions are weak absorbers 2 B I
= current layers would be ~1cm thick g I I :::f A
Some advantages: u °
m DC is linear process
= Don’t care about 10 G
colour of light DC layer '_‘,} 3,
Si solar cell ol EE } 3,

Source:  adapted from Ronda, J. Alloys Comp. 225 (1995) 534




SKIT

Down-Conversion
_ 25— ~400
m DC of UV/blue light to ] ,
NIR via co-doping with ] d‘gﬁip,,w.
Yb3* emitter = 2] ki =
. . |
internal PLQYs of 200% 1D, -600 __
(absorption very weak) g 1% i 700 £
- 2 ! I N
. . . > 10 s G, F,,, 1000 @
m Theoretical efficiency I B R G AT ™ o
limit of DC with Si I S 1500 =
solar cell = 40% 7 HH, | [
— motivation to i ! s, | 10000
— ] ] =
pursue further od —tup, Ly i L
Yb* Pr Yb*
3 Source:  Ende et al., Phys.Chem.Chem.Phys. 11 (2009) 11081
Down-Conversion A\‘(IT

m DC via Ce3*-Yb3* ion pair

m Optimise DC layer thickness to
maximise absorption but still avoid

2

Absoptbn Coeffrient
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Future & Challenges

m Challenge of achieving strong absorption
= sensitisation via Ce3*, Eu?*, or Bi3*

m Low phonon energy host materials required to minimise
non-radiative recombination

m Self-absorption can be minimised but not avoided

m Avoid parasitic absorption = material should remain totally
transparent in the 500 — 950nm range

m Actual demonstration of >100% solar cell EQE'’s still to be
achieved

m “Singlet fission” also possible — injection of two triplets from
an organic material into c-Si

33

Luminescence Down-Shifting A\‘(IT
m Many of today’s commercial PV 'ﬁiii'ﬁ
modules exhibit poor response LDS layer
to short wavelength light Solar cell
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34 Source: adapted from: Klampattis et al. Prog. Photovolt. 19 (2010) 345-351

Klampaftis et al. Sol. En. Mat. & Solar Cells 93 (2009) 1182—1194
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Luminescence Down-Shifting

m Add luminescent materials to pre-existing ethylene vinyl
acetate (EVA) encapsulation layer
= no additional production steps!

Low Iron Glass

- Luminescent
5 Encapsulation

Low Iron Glass

Layer
EVA Standard
EVA
Tedlar Tedlar
% Source: adapted from: Boehm, Grimm, Richards, patent number WO/2008/110567

KI

Luminescence Down-Shifting
100 T T T T T T T

m Demonstrated 47,,,=0.2 —
0.3% increase in efficiency of &
a multicrystalline Si solar cell w
L

40
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Sources: Klampatftis, Richards, Prog. Photovolt. 19 (2011) 345 — 351;
Klampatftis, Richards, Photovolt. Int. 11t ed.: 104 — 109

mc-Si with EVA/V570
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Luminescence Down-Shifting ﬂ(“.

FEP(127pm)

m EVA + dye mechanically mixed ™ | sodatime giass zmm)

TCO (500nm)

& extruded = 0.6mm sheet ~

Cds (150nm)_ [ | o |

® A7n,, = 9% performance increase for V570 + Y083 dye mix

CX3 Bare CX3 V570 LDS

CX3 Y083 LDS

Normalised EQE (%)

CX1 Bare cxa Y170 LDS 40
by o
X 0
Al L
CX3 0240 LDS Joo
J
0 L) L L I L) L L I L) L) L) I L) L) L) I T L) L) I
300 400 500 600 700

L] Ll L] I
800 900
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Luminescence Down-Shifting ﬂ(".
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m Ar,o = 4% increase for
full-size CdTe PV module

m Flexible CdTe devices on
polyimide foil = 4J,. = 12%

m Gains due to LDS 100
plus also better
optical coupling:

Flexible with LDS (VY)
Flexible Bare

ng ~1.7

300 400 500 600 700 800 900
Wavelength (nm)

38 Source: Ross et al., IEEE J. Photovolt. 4 (2014) 457-464
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Luminescence Down-Shifting
Future & Challenges

m LDS greater gains when cell exhibits poor EQE
m LDS can be integrated into encapsulation or cover sheet

m EQE of production solar
cells improving over time

m Enhancing life of organic
PV devices

m Development of stable,
large Stokes
shift and
high PLQY
materials

39

Source: Klampatftis et al., IEEE J. Photovolt. 5 (2015) 584

Karlsruher Institut fur Technologie

Luminescent Solar Concentrators

m Concept: replace expensive solar cells with low cost
materials, e.g. costs for optical PMMA €2-3/kg & dyes ~€5/g
= waveguide luminescence to solar cells placed at edges

m Static concentrator:
= can even concentrates diffuse sunlight!
= no tracking required

m Improved thermal performance
of solar cells under “cold light”

m Solar concentrations of 5 —10X

m BIPV product as “electric window”
= different sizes/forms possible
= adds colour as well!
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Luminescent Solar Concentrators ﬁ‘(".

m Ideally LSC material would fulfil all of the following criteria
(for Si solar cell):

Criterion Organic Inorganic Hybrid?
Lnt/ QD%

Absorb sunlight all A < 900nm x %/

Emission peak A ~ 950nm x /

Large Stokes shift (low self abs.) x / %
PLQY > 90% / x
20yr stability ~* / %
Low cost / %

*10yr max ' Lanthanide-based nanoparticles + PbS or PbSe quantum dots
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Luminescent Solar Concentrators S‘(IT

m Large Stokes shift via lanthanide complexes: organic
chromophore transfers energy to emitting Eu* ion

a PLQY = 85% in PMMA 1.2 I MO49 IExcit:lltionI — Mb49 l*imissilon i
. T F3C xCF3
m Large Stokes shift ol e Y
= no re-absorption £ - y
2 08
m Absorption range £ ]
not broad enough = 7
m Stability ; 04 | |
. UV 2 0.2 4 N
s Thermal
0.0 T T T T T T T T T
300 400 500 600 700
Wavelength (nm)
42 Source: Moudam et al., Chem. Comm. 2009, 6649-6651

Klampaftis et al. IEEE Journal of Photovoltaics 1 (2011) 29-36
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Luminescent Solar Concentrators .

m Large areas possible (60cm x 60cm, 7 = 2%)

d
) LSC materials:
> © X\ = - cast PMMA
Nylon / AL N 400ppm Lumogen Red300
R o~ | [/ -10cm x 0.3cm c-Si solar cells

Foam padding 4

LSC sheet - 4" =
PCB tabbing_fee— 5
termination /

Cells\/ \ -ce“

interconnecti

Wooden base
Foam padding

¥ -~ \_
Steel frame
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Luminescent Solar Concentrators e

m 3D LSCs also possible
(roof tile)

LS_E
T o A RL

44 Source: collaboration with GE Global Research, Garching
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S —

m Outdoor fagade: performance gos - |
of different PV technologies 2., 0 et
measured at same angle Eos W
(Munich, July 2007): o \\
a-Si, CIS, c-Si, LSC o] _J N

m Sunny day: all technologies “:8'} — —<s
exhibited similar behaviour ~ §..] \ﬁ

= 0s] iy \

m Cloudy day: LSC performed 2 o ;/ P — Pmemﬁ
ignifi 0 e
significantly better! T/ e ety

Y. \

time

s Source: unpublished — collaboration with GE Global Research, Garching

Luminescent Solar Concentrators A\‘(IT
Future & Challenges

m Marrying of absorption window of host material (polymer,
glass,...) with luminescence peaks and solar cell EQE

m Alignment of dye molecules within ordered porous hosts

m Development of luminescent materials with:

= broad absorption range,

large Stokes shift,
high PLQY,
>10y life,

m ... and low cost!
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Conclusions
m For UC and DC, huge potential enhancement = further
materials development work needed
m Enhanced sensitisation and emission (non-linear)

m LDS can be applied to large areas = small enhancement in
solar energy conversion demonstrated

m LSC able to concentrate diffuse light = better performance
under cloudy conditions

m Potential of integrating colour and PV into built environment

m Lots more R&D needed! (incl. MSc projects!)
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