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Limits to Conventional
Solar Light Harvesting
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» thermal losses Wavelength [nm] Solar Cells (M. Zeman)

» photons in NIR are not used

» real devices achieve ~25% efficiency
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» thermal losses Wavelength [nm] Solar Cells (M. Zeman)

» photons in NIR are not used

» real devices achieve ~25% efficiency

» increase to ~35% possiblel
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Solution: Upconvert NIR Photons

Sensitized Upconversion

Absorption Emission

conven tional . Sensitizer PAPQ, Emitter rubrene
upconversion requires

high intensity

~I(w)

) ] Taima et al., Solar Energy Materials
M.]J. Crossley, Univ. Sidney & Solar Cells, 93 (2009)

» intra- and intermolecular
processes result in upconversion

Other combinations see e.g. Singh-Rachford,
Coord. Chem. Rev 254, 2560 (2010)




Sensitized Upconversion

Emitter

—I TS

So

nonradiative transition

hw

T1

So

spin forbidden
lifetime 100wmus, Tms

Dexter type energy transfer
rate k ~ exp(-1)
— diffusion controlled

Requirements:
E(T:®)z E(T:®)
2 E(T:®) = E( $;(®))

Upconversion:
T,E) + T,(E) = S, = hv

inter and intramolecular
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Sensitized Upconversion

» Triplet-Triplet Fusion
—> nonlinear process
» Sunlight suffices

» Efficient: quantum yield
up to 23% measured?
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Standard Theory

at [T(ls)] = rISC [S(ls)] — (I;S) + F(S—>E)) [T(ls)] + r(E—>S) [T(lE)] ——  finite lifetime
= energy transfer

[TV ] = [(s5-E) [T ] (07 + Lposy) [TV ] - 2 === ypconversion

Slope = 1

=k
o
Es

Power Density (mW cm”)

Haefele et al., J. Phys. Chem. Lett. (2006) 3, 299




Transient dynamics

[T®](t) = [erd(E)t (1/[T®](0) + Trra /T —rTTA/r;“]1 - (Trpat)’

theory in agreement
with some experiments
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Transient dynamics

[T®](t) = [erd(E)t (1/[T®](0) + Trra /T —rTTA/r;“]1 - (Trpat)’

DPA:PtOEP at 645 nm
with PtOEP part
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theory in agreement
with some experiments
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Karpicz et al., Chem. Phys. (2014), 429, 57




Fundamental Processes

Energy Transfer:
T,E + SoE = S,E) + T,(E)
T, + S = S + T,6)
T, + So® = S, + T4(E)

Decay:
T8 > S5
T,(E) > S, (E)

Upconversion:
T,E) + T,(E) > S, +S,E) = hv

Annihilation:
T, + T, = T, +S§,(S)
T, + T,(E) = ? (SO(S) +SO(E))
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» Random molecular network
» Kinetic Monte Carlo simulation
» E-Sratio as parameter




Simulation Results

steady state
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Simulation Results

efficiency measures

no. of upconverted triplets

IQE =

no. of absorbed photons

x = (1-pg)IQE
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Optimal Structural Parameter
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Can we do better?

Energy Transfer:
T,E) + S (B) = S (B + T, (E)
T, + Sy = So® + T4S)
random structure T8 + So® = S8 + T(E)

Decay:
T8 = S®)
TE) > S,

Upconversion:
T, + T,E) = S,(E) +S,(E) = hv

Annihilation:
T, + T, = T, +S,(S)
T,8) + T,E) = ?




Can we do better?

Energy Transfer:

T,E) + So(B) = So(B) + T(B)
T, + S, = S, + T, advanced structure

T, + So® = So) + T4 (E)

Decay:

Upconversion:
T,(E) + T,(E) = S,(E) +S,(E) > hv

T4(E) = S,©)

Annihilation:
T, + T8 = T, +S§,(S)

T,® + T,E) = ? | sensitizers




o
=
ot
2

Simulation Results: Advanced Structure

103
10!

1071

/' slope 2
10_3 A

0r®r®_

() _102 1B _
Or,”=10T;"=0

x rf):o, rd(E)=1o‘L
S)_r(E)_,4-2
ry=r"=10

1071072 102 10°

I

102 10%

1073 |,

or®-r®_g

or S)=10‘2,F;E)=0
x 1=, 1E) 102

S)_r(E)_{,2
I‘d _Fd =10

107t
I

10 1073

10t 103

ok
-]
L

N7 (t)/Ny”(0)

linear onset one order of
magnitude earlier

no trapping issves

transient

\\\\H\r

T T T TTTI T TTTTHH

) _7® _
=1 =0

.
1
&

10

20

1

10

1080 102 103

IR time /r[_l 1

) _
o I =

TTTTTIT T T TTTTT]
e =g

02 ||

17\ Lol [
109 10!




>~
@
C
R
@)
g
L_
()]

N

Simulation Results: Advanced Structure
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Optimal Structural Parameter Advanced Structure
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» power law dependence on
intensity

ZN(é)l/S

» finite triplet lifetime shifts
optimal value according to a
power law
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Optimal Advanced Structure: Scaling Laws
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JZ, PhD thesis (2015), Freidok Uni Freiburg




Random vs advanced structure
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» advanced structure up
to x2 more efficient!

JZ, PhD thesis (2015), Freidok Uni Freiburg
JZ et al., J. Chem. Phys. (2014), 141, 184104




Summary
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» Upconversion promising mechanism for
light harvesting applications

» Structural optimization improves
upconversion efficiency

» Scaling laws reveal universal behavior

» Know optimal emitter ratio as function
of material and experimental parameters

JZ, PhD thesis (2015), Freidok Uni Freiburg
JZ et al., ). Chem. Phys. (2014), 141, 184104




