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Figure 3. CCD-camera images (snapshots) of the running UC all-organic
2D-displays. Dimensions, 60 ⇥ 60 mm; polycarbonate sheets; frontal excitation,
UC systems, as follows: (a) PdPh4TBP/perylene, (b) PdPh4TBP/BPEA and
(c) PdPh4TBP/rubrene. The mean excitation intensity is 25 mW cm�2, � =
635 nm, galvo-scanner sampling frequency (8 kHz) No blocking filters were
used, daylight conditions.

Figure 4. (a) Normalized UC fluorescence spectra for sensitizer/emitter couples
as follows: PdPh4TBP/perylene (blue line), PdPh4TBP/BPEA (green line)
and PdPh4TBP/rubrene (orange line). All UC-layer thicknesses are the same
250 µm. (b) Colour coordinates of the UC-displays reported in (a), regarding the
CIE 1931 colour space chromaticity diagram (2-degree standard observer), as
follows: for the PdPh4TBP/perylene, x = 0.156, y = 0.305 (diamond); for the
PdPh4TBP/BPEA, x = 0.204, y = 0.559 (circle); for the PdPh4TBP/rubrene,
x = 0.500, y = 0.493 (triangle).

It is important to note that the display prototypes described above all work with one and the
same excitation wavelength (� = 635 nm). We have chosen these examples because they directly
demonstrate the possibility of achieving three-colour UC displays using only one excitation
laser. This fact inherently identifies the potential for pixelization of the display without using
complicated multi-wavelength laser excitation schemes, as mentioned in [2, 3].
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3.2.7 Carrier concentrations in non-equilibrium 
 
 When a semiconductor is illuminated additional electrons and holes are generated in 
the material by the absorption of photons. The photo-generated carriers interact with the 
semiconductor lattice. The extra energy that the electron-hole pairs receive from the photons 
that have energy larger than the band gap of the semiconductor is released into the lattice in 
form of heat. After this so called thermalization process, which is very fast and takes 
approximately 10-12 s, the carrier concentrations achieve a steady-state. In this non-
equilibrium state the electron and hole concentrations are different than those in the 
equilibrium state. In non-equilibrium states two Fermi distributions are used to describe the 
electron and hole concentrations. One Fermi distribution with the quasi-Fermi energy for 
electrons, EFC, describes the occupation of states in the conduction band with electrons. 
Another Fermi distribution with the quasi-Fermi energy for holes, EFV, describes the 
occupation of states in the valence band with electrons, and therefore determines also the 
concentration of holes. Using the band diagram with the quasi-Fermi levels the process of 
creation of electron-hole pairs and their subsequent thermalization that describe the carrier 
concentration under illumination is illustrated in Figure 3.13. The difference between the 
quasi-Fermi levels is the electrochemical energy, !eh, of the generated electron-hole pairs 
which represents the measure for the conversion efficiency of solar radiation. 
 
 The density of electrons and holes under non-equilibrium conditions is described by  
 

( )[ ]kTEENn CFCC != exp         (3.44a) 
 

( )[ ]kTEENp FPVV != exp         (3.44b) 
 
 

 
 
Figure 3.13. Thermalization photo-generated electron-hole pairs resulting in non-equilibrium 
charge-carrier concentrations described by the quasi-Fermi levels. 

EC 

EV 

EFC 

EFV 

!eh 

10-12 s 

EC 

EV 

Eph 

0 s 
Solar	 Cells	 (M.	 Zeman)

‣ minimal absorption 
energy

‣ thermal losses

1 Briggs et al., J. Appl. Phys. (2013), 113, 124509



Limits	 to	 Conventional	 
Solar	 Light	 Harvesting

SOLAR CELLS  Chapter 3. Semiconductor Materials For Solar Cells 

 3.24 

 
3.2.7 Carrier concentrations in non-equilibrium 
 
 When a semiconductor is illuminated additional electrons and holes are generated in 
the material by the absorption of photons. The photo-generated carriers interact with the 
semiconductor lattice. The extra energy that the electron-hole pairs receive from the photons 
that have energy larger than the band gap of the semiconductor is released into the lattice in 
form of heat. After this so called thermalization process, which is very fast and takes 
approximately 10-12 s, the carrier concentrations achieve a steady-state. In this non-
equilibrium state the electron and hole concentrations are different than those in the 
equilibrium state. In non-equilibrium states two Fermi distributions are used to describe the 
electron and hole concentrations. One Fermi distribution with the quasi-Fermi energy for 
electrons, EFC, describes the occupation of states in the conduction band with electrons. 
Another Fermi distribution with the quasi-Fermi energy for holes, EFV, describes the 
occupation of states in the valence band with electrons, and therefore determines also the 
concentration of holes. Using the band diagram with the quasi-Fermi levels the process of 
creation of electron-hole pairs and their subsequent thermalization that describe the carrier 
concentration under illumination is illustrated in Figure 3.13. The difference between the 
quasi-Fermi levels is the electrochemical energy, !eh, of the generated electron-hole pairs 
which represents the measure for the conversion efficiency of solar radiation. 
 
 The density of electrons and holes under non-equilibrium conditions is described by  
 

( )[ ]kTEENn CFCC != exp         (3.44a) 
 

( )[ ]kTEENp FPVV != exp         (3.44b) 
 
 

 
 
Figure 3.13. Thermalization photo-generated electron-hole pairs resulting in non-equilibrium 
charge-carrier concentrations described by the quasi-Fermi levels. 

EC 

EV 

EFC 

EFV 

!eh 

10-12 s 

EC 

EV 

Eph 

0 s 
Solar	 Cells	 (M.	 Zeman)

‣ minimal absorption 
energy

‣ thermal losses

‣ photons	 in	 NIR	 are	 not	 used

Solar	 Cells	 (M.	 Zeman)

‣ real	 devices	 achieve	 ~25%	 efficiency

1 Briggs et al., J. Appl. Phys. (2013), 113, 124509



Limits	 to	 Conventional	 
Solar	 Light	 Harvesting

SOLAR CELLS  Chapter 3. Semiconductor Materials For Solar Cells 

 3.24 

 
3.2.7 Carrier concentrations in non-equilibrium 
 
 When a semiconductor is illuminated additional electrons and holes are generated in 
the material by the absorption of photons. The photo-generated carriers interact with the 
semiconductor lattice. The extra energy that the electron-hole pairs receive from the photons 
that have energy larger than the band gap of the semiconductor is released into the lattice in 
form of heat. After this so called thermalization process, which is very fast and takes 
approximately 10-12 s, the carrier concentrations achieve a steady-state. In this non-
equilibrium state the electron and hole concentrations are different than those in the 
equilibrium state. In non-equilibrium states two Fermi distributions are used to describe the 
electron and hole concentrations. One Fermi distribution with the quasi-Fermi energy for 
electrons, EFC, describes the occupation of states in the conduction band with electrons. 
Another Fermi distribution with the quasi-Fermi energy for holes, EFV, describes the 
occupation of states in the valence band with electrons, and therefore determines also the 
concentration of holes. Using the band diagram with the quasi-Fermi levels the process of 
creation of electron-hole pairs and their subsequent thermalization that describe the carrier 
concentration under illumination is illustrated in Figure 3.13. The difference between the 
quasi-Fermi levels is the electrochemical energy, !eh, of the generated electron-hole pairs 
which represents the measure for the conversion efficiency of solar radiation. 
 
 The density of electrons and holes under non-equilibrium conditions is described by  
 

( )[ ]kTEENn CFCC != exp         (3.44a) 
 

( )[ ]kTEENp FPVV != exp         (3.44b) 
 
 

 
 
Figure 3.13. Thermalization photo-generated electron-hole pairs resulting in non-equilibrium 
charge-carrier concentrations described by the quasi-Fermi levels. 

EC 

EV 

EFC 

EFV 

!eh 

10-12 s 

EC 

EV 

Eph 

0 s 
Solar	 Cells	 (M.	 Zeman)

‣ minimal absorption 
energy

‣ thermal losses

‣ photons	 in	 NIR	 are	 not	 used

Solar	 Cells	 (M.	 Zeman)

‣ real	 devices	 achieve	 ~25%	 efficiency

‣ increase	 to	 ~35%	 possible1
1 Briggs et al., J. Appl. Phys. (2013), 113, 124509



Solution:	 Upconvert	 NIR	 Photons



Solution:	 Upconvert	 NIR	 Photons



Solution:	 Upconvert	 NIR	 Photons



Solution:	 Upconvert	 NIR	 Photons

conventional	 
upconversion	 requires	 

high	 intensity

⇠ I(�)2



Solution:	 Upconvert	 NIR	 Photons

conventional	 
upconversion	 requires	 

high	 intensity

⇠ I(�)2

Sensitized Upconversion

Other	 combinations	 see	 e.g.	 Singh-Rachford,
Coord.	 Chem.	 Rev	 254,	 2560	 (2010)
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Ring annelation of the pyrrolic rings of porphyrins leads to very interesting compounds that 

behave as !-expanded systems. Synthesis of porphyrins expanded in one-, two-, three- and four 

directions (Figure 1) will be described.  

 

                  

 

 

Figure 1. Ring 

annelation of the 

porphyrin system in 

one-, two-, three- and 

four-directions. 

 

 

 

 

 

 

 

For example, the synthesis of the palladium(II) tetrakisquinoxalinoporphyrin 2 from the porphyrin 

1 (Scheme 1) by three different routes will be described.  

N

N

N N

tBu

tBu

tBu

tBu

tBu

tBu tBu

tBu

N

NN

N

N N

NN

Pd

N

H

H

N

N N

tBu

tBu

tBu

tBu

tBu

tBu tBu

tBu

steps

1

2  
Scheme 1 

Lig

ht 

out 

M.J.	 Crossley,	 Univ.	 Sidney
Taima	 et	 al.,	 Solar	 Energy	 Materials	 

&	 Solar	 Cells,	 93	 (2009)

R
u
b
re
n
e
d
o
p
in
g
ef
fe
ct
s
fo
r
O
P
V

ce
ll
s
h
ad

al
re
ad

y
b
ee

n
in
ve

st
i-

g
at
ed

b
y
Le

e’
s
g
ro
u
p

[6
].

R
u
b
re
n
e
w
as

d
ir
ec
tl
y
d
o
p
ed

in
to

ea
ch

la
ye

r
o
f
a
co

p
p
er

p
h
th
al
o
cy

an
in
e
(C
u
P
c)
/C
6
0
p
–
n
h
et
er
o
ju
n
ct
io
n

O
P
V

ce
ll

in
o
rd
er

to
o
b
ta
in

h
ig
h

J s
c.

T
h
ey

in
si
st
ed

th
at

h
ig
h

J s
c

is
at
tr
ib
u
te
d

to
li
g
h
t

ab
so

rp
ti
o
n

b
y

ru
b
re
n
e

in
th
e

ra
n
ge

o
f
4
6
0
–
5
3
0
n
m

w
h
er
e

C
u
P
c

an
d

C
6
0

h
av

e
lo
w

ab
so

rb
an

ce
s.

T
h
ey

fo
cu

se
d

o
n

th
e

im
p
ro
ve

m
en

t
o
f

J s
c

b
y

u
si
n
g

ru
b
re
n
e

se
m
ic
o
n
d
u
ct
o
rs
.
H
o
w
ev

er
,
th
e
ab

so
rp
ti
o
n

co
ef
fi
ci
en

t
o
f
ru

b
re
n
e

is
to
o
lo
w

to
o
b
ta
in

en
o
u
g
h
J s
c
.T

h
er
ef
o
re
,r
u
b
re
n
e
is
n
o
t
p
ro
p
er

fo
r

th
e
im

p
ro
v
em

en
t
o
f
J s
c.

H
er
e,

w
e
in
ve

st
ig
at
e
th
e
ef
fe
ct
s
o
f
ru

b
re
n
e
d
o
p
in
g

o
n
to

th
e

p
-l
ay

er
o
f
a
p
–
i–
n

ju
n
ct
io
n

O
P
V

ce
ll

b
as
ed

o
n

Z
n
P
c
in

o
rd
er

to
o
b
ta
in

h
ig
h
er

V
o
c
b
y
ru

b
re
n
e
an

d
h
ig
h
er

J s
c
b
y
Z
n
P
c.

In
ad

d
it
io
n
,

w
e

ex
p
ec
t

to
o
b
ta
in

h
ig
h

Fi
ll

fa
ct
o
r

(F
F)

d
u
e

to
th
e

h
ig
h
-

p
er
fo
rm

an
ce

h
o
le

tr
an

sp
o
rt

la
ye

r
(p
-l
ay

er
)
p
ro
d
u
ce
d
b
y
th
e
h
ig
h

h
o
le

m
o
b
il
it
y
o
f
ru

b
re
n
e
se
m
ic
o
n
d
u
ct
o
rs
.

2
.

E
xp

er
im

en
ts

W
e
u
se
d

9
7
%

p
u
ri
ty

Z
n
P
c
(S
ig
m
a-
A
ld
ri
ch

)
an

d
9
9
.9
5
%

p
u
ri
ty

C
6
0

(M
T
R

C
o
.

Lt
d
.)

as
p
-t
y
p
e

an
d

n
-t
y
p
e

se
m
ic
o
n
d
u
ct
o
rs
,

re
sp

ec
ti
v
el
y.

T
h
e
Z
n
P
c
w
as

p
u
ri
fi
ed

th
re
e
ti
m
es

b
y
th
e
g
as
-fl

o
w

su
b
li
m
at
io
n

m
et
h
o
d
.
To

fa
b
ri
ca
te

O
P
V

ce
ll
s,

w
e

in
it
ia
ll
y

sp
in
-

co
at
ed

p
o
ly
(e
th
y
le
n
ed

io
x
y
th
ip
h
en

e)
:p
o
ly
st
y
re
n
es
u
lp
h
o
n
ic

ac
id

(P
E
D
O
T:
P
SS

)
(B
y
tr
o
n

4
0
8
3
,
B
ay

er
)
o
n

an
in
d
iu
m
-t
in

o
x
id
e
(I
T
O
)

su
b
st
ra
te

to
m
ak

e
it
s
su

rf
ac
e
sm

o
o
th
.S

em
ic
o
n
d
u
ct
in
g
la
ye

rs
w
er
e

d
ep

o
si
te
d
o
n
to

th
e
P
E
D
O
T:
P
SS

la
ye

r
b
y
va

cu
u
m

ev
ap

o
ra
ti
o
n
u
si
n
g

A
R
TI
C
LE

IN
PR

ES
S

NN

N

N

N

N

N

N
Zn

R
ub
re
ne

Zn
Pc

C
60

F
ig
.1

.
C
h
em

ic
al

st
ru

ct
u
re
s
o
f
ru

b
re
n
e,

Z
n
P
c
an

d
C
6
0
.

PE
D
O
T:
PS
S

3.
7

3.
5 7

4.
5 6.
1

5
4.
8

C
60

B
C
P

IT
O

M
g:
A
g

3.
4

5.
1

Zn
Pc

H
O
M
O

LU
M
O

PE
D
O
T:
PS
S

R
ub
re
ne

3.
7

3.
5 7

4.
5 6.
1

3.
2

5.
4

5
4.
8

C
60

B
C
P

IT
O

M
g:
A
g

H
O
M
O

LU
M
O

C
60

R
ub
re
ne

C
60

Zn
Pc

B
C
P

PE
D
O
T:
PS
S

IT
O

M
g:
A
g

B
C
P

PE
D
O
T:
PS
S

IT
O

M
g:
A
g

hv

F
ig
.
2
.
D
ev

ic
e
st
ru

ct
u
re

an
d
en

er
g
y
-l
ev

el
d
ia
g
ra
m

o
f
th
e
O
P
V
ce
ll
o
f
a
p
–
n
h
et
er
o
ju
n
ct
io
n
O
P
V

ce
ll
b
as
ed

o
n
Z
n
P
c
(a
)
an

d
ru

b
re
n
e
(b
).

F
ig
.
3
.
N
o
rm

al
iz
ed

IP
C
E
sp

ec
tr
a
o
f
an

O
P
V
ce
ll
b
as
ed

o
n
Z
n
P
c
an

d
ru

b
re
n
e.

D
ev

ic
e

st
ru

ct
u
re

o
f
th
e
O
P
V

ce
ll
b
as
ed

o
n
Z
n
P
c
w
as

a
p
–
i–
n
st
ru

ct
u
re
.

T.
Ta

im
a
et

a
l.
/
So

la
r
E
n
er
gy

M
a
te
ri
a
ls

&
So

la
r
C
el
ls

9
3
(2
0
0
9
)
7
4
2
–
7
4
5

74
3

Absorption
Sensitizer PdPQ4

Emission
Emitter rubrene

‣ intra- and intermolecular 
processes result in upconversion
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‣ Triplet-Triplet Fusion

‣ Sunlight suffices

‣ Efficient: quantum yield 
up to 23% measured2

1 Ji et al., EJIC 19, 3183  (2012)
2 de Wild, Energy Environ. Sci. (2011), 4, 4835

has not been reported until now. The change of the
PdOEP—absorption (at concentration 0:1 mg=ml) upon
increasing the DPA concentration in the solution from 0.1
to 10 mg=ml is shown in Fig. 3. Moreover, in the inset
of Fig. 3 the dependence of the efficiency of the up-
conversion on the sensitizer concentration is shown. The
maximum increase of the sensitizer linear absorption cor-
responds to the highest efficiency of the up-conversion
fluorescence, i.e., 2 wt% PdOEP in DPA emitter.

From a practical point of view, the external efficiency of
the up-conversion process is of critical importance. In
order to estimate the external up-conversion efficiency
we performed cw-excitation of the DPA sample blended
with the optimal concentration (described above) of 2 wt%
PdOEP with two wavelengths: 407 nm (at a the singlet
absorption band of DPA) and at 532 nm (the Q-band
absorption of the sensitizer). We measured the same
DPA-fluorescence signal by exciting with ! ! 407 nm
with intensity of 8:5 Wcm"2 and with ! ! 532 nm with
intensity of 125 Wcm"2, keeping all other experimental
conditions the same. We used for the quantum efficiency of
the DPA in solution the value of 88% [9,10] (when excited

at 360 nm) and took in to account the relative extinction
coefficients of the system for 407 and 532 nm. From here
we estimate an external efficiency of greater than 1% for
the annihilation up-conversion fluorescence when excited
by 532 nm.

Consequently, for the first time we present the achieve-
ment of up-conversion photoluminescence excited by us-
ing ultralow intensity noncoherent sunlight. The experi-
mental results for a solution of DPA sensitized with 2 wt%
PdOEP are shown in Fig. 4. As an excitation source we
used the green part of the terrestrial solar spectrum.
Through a combination of collimation lenses, long pass
edge filter (RazorEdgeTM, designed for ! ! 514:5 nm)
and broad band interference filters with central wavelength
at ! ! 550 nm the green part of the sun’s spectrum was
separated and focused to a spot of approximately 1 mm in
diameter. The light intensity at the focal spot was on order
of 10 Wcm"2. As shown in Fig. 4(a) (open circles), the
portion of the solar spectrum we thus used for excitation
did not contain ultraviolet and blue bands. The observed
DPA up-conversion fluorescence spectrum is also shown in
Fig. 4(a) (filled circles). The blue up-converted DPA-
fluorescence spectrum was observed laterally, by means
of an optical fiber spectrometer, without any blocking
filters. It has to be pointed out that the almost complete
depopulation of the PdOEP-triplet state took place, leading
to only a negligible amount of PdOEP phosphorescence.
This is also visible in Fig. 4(b) where the photograph of the
green sunlight excited blue DPA fluorescence is shown as a
blue shaft of light appearing inside a cuvette with the
sensitized solution.

In conclusion, we demonstrate for the first time, a
highly efficient (more than 1% external efficiency) and
high-energy photon up-conversion in a model two-
component organic system in solution realized with a non-
coherent light source (the sun) with ultralow (as low as
10 Wcm"2) intensity.

*Electronic address: balouche@mpip-mainz.mpg.de
†Electronic address: miteva@sony.de
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FIG. 4 (color). (a) Normalized excitation spectrum (open
circles); normalized fluorescence of DPA (closed circles) excited
in the up-conversion regime at room temperature, in solution,
excitation intensity 10 Wcm"2. (b) A CCD-camera image of the
up-converted fluorescence inside the 1 cm cuvette, excited with
the green part of the sun spectrum, no filters were used.
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molecules returns to the ground state and the other is
excited into a higher singlet state. This is followed by an
effective transfer of MOEP singlet excitation to the excited
singlet state of the blue emitter [4,6] (Fig. 1, dashed path-
way). Second, an additional up-conversion channel [7]
comprising first of a transfer of the triplet excitation of
the MOEP directly to the triplet state of the blue emitter
molecules, followed again by effective TTA [this time of
the blue emitter molecule triplets (Fig. 1, dotted pathway)]
resulting again into the excited singlet state of the blue
emitter.

Upon excitation with 532 nm, a wavelength far below
the absorption of the blue emitter, the resulting lumines-
cence spectra in these systems clearly reveals the up-
converted fluorescence of the matrix molecules, together
with the fluorescence and the phosphorescence of the
sensitizer molecules [7,8]. An example of such lumines-
cence spectra for a model system is shown in Fig. 2. We
chose the 9,10-diphenylanthracene (DPA) molecule as a
model blue emitting matrix in order to study the mecha-
nism of the second type of up-conversion (Fig. 1, dotted
pathway). It has been shown before [9] that DPA in ben-
zene solution has high singlet fluorescence quantum yield
and even though its triplet quantum yield is low upon ISC,
the DPA triplet level could be populated upon benzophe-
none photosensitization.

The dynamic properties of the TTA supported up-
conversion process in solution containing DPA sensitized
with 2 wt% (2,7,8,12,13,17,18-octaethyl-porphyri-
nato)Pd(II) (PdOEP) are shown in Fig. 2.

The up-conversion fluorescence of the DPA molecules
has a rise time of ca. 5 !s. This delay represents the time

necessary for a transfer of triplet population from PdOEP-
triplet to DPA-triplet level and filling of the DPA-triplet
reservoir. From Fig. 2 one can observe creation of the ‘‘up-
conversion channel’’: During the first 1 to 2 !s of the
pump pulse only the PdOEP-phosphorescence (with maxi-
mum at " ! 662 nm) together with PdOEP-fluorescence
(centered at " ! 549 nm) exists. Starting from the 3rd !s,
a strong increase of the up-conversion fluorescence is
observed, followed by an increase of the PdOEP-
fluorescence, because of the reabsorption. It has to be
pointed out, that this up-conversion fluorescence rise
time depends strongly on the pump intensity: With increas-
ing the pump intensity the rise time drastically decreases.
The decay time of the sensitizer molecules phosphores-
cence, together with the decay of the annihilation up-
conversion fluorescence after formation of the annihilation
channel, is visible on Fig. 2 —this is the emission after the
termination of the pumping pulse. The PdOEP-
phosphorescence decay curve shows a multiexponential
character. The depopulation channels of the PdOEP-triplet
state are radiative decay, transfer to the lower laying DPA-
triplet state, and TTA between the porphyrin triplets. The
decay of the DPA up-conversion fluorescence is much
longer than the decay of the PdOEP phosphorescence.
This is a clear sign that the PdOEP-triplet to DPA-triplet
transfer takes place. Furthermore, two types of TTA pro-
cess, responsible for the up-conversion fluorescence of
DPA, should be considered: a homo-TTA process between
the DPA triplets and a hetero-TTA between excited triplets
of the PdOEP and DPA molecules.

Strikingly, even the linear absorption of the sensitizer
PdOEP is strongly influenced (an increase of over 25%) by
the presence and concentration of the up-conversion emit-
ter DPA. Such an increase in the linear absorption of the
sensitizer upon acceptor concentration (DPA in our case)
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has not been reported until now. The change of the
PdOEP—absorption (at concentration 0:1 mg=ml) upon
increasing the DPA concentration in the solution from 0.1
to 10 mg=ml is shown in Fig. 3. Moreover, in the inset
of Fig. 3 the dependence of the efficiency of the up-
conversion on the sensitizer concentration is shown. The
maximum increase of the sensitizer linear absorption cor-
responds to the highest efficiency of the up-conversion
fluorescence, i.e., 2 wt% PdOEP in DPA emitter.

From a practical point of view, the external efficiency of
the up-conversion process is of critical importance. In
order to estimate the external up-conversion efficiency
we performed cw-excitation of the DPA sample blended
with the optimal concentration (described above) of 2 wt%
PdOEP with two wavelengths: 407 nm (at a the singlet
absorption band of DPA) and at 532 nm (the Q-band
absorption of the sensitizer). We measured the same
DPA-fluorescence signal by exciting with ! ! 407 nm
with intensity of 8:5 Wcm"2 and with ! ! 532 nm with
intensity of 125 Wcm"2, keeping all other experimental
conditions the same. We used for the quantum efficiency of
the DPA in solution the value of 88% [9,10] (when excited

at 360 nm) and took in to account the relative extinction
coefficients of the system for 407 and 532 nm. From here
we estimate an external efficiency of greater than 1% for
the annihilation up-conversion fluorescence when excited
by 532 nm.

Consequently, for the first time we present the achieve-
ment of up-conversion photoluminescence excited by us-
ing ultralow intensity noncoherent sunlight. The experi-
mental results for a solution of DPA sensitized with 2 wt%
PdOEP are shown in Fig. 4. As an excitation source we
used the green part of the terrestrial solar spectrum.
Through a combination of collimation lenses, long pass
edge filter (RazorEdgeTM, designed for ! ! 514:5 nm)
and broad band interference filters with central wavelength
at ! ! 550 nm the green part of the sun’s spectrum was
separated and focused to a spot of approximately 1 mm in
diameter. The light intensity at the focal spot was on order
of 10 Wcm"2. As shown in Fig. 4(a) (open circles), the
portion of the solar spectrum we thus used for excitation
did not contain ultraviolet and blue bands. The observed
DPA up-conversion fluorescence spectrum is also shown in
Fig. 4(a) (filled circles). The blue up-converted DPA-
fluorescence spectrum was observed laterally, by means
of an optical fiber spectrometer, without any blocking
filters. It has to be pointed out that the almost complete
depopulation of the PdOEP-triplet state took place, leading
to only a negligible amount of PdOEP phosphorescence.
This is also visible in Fig. 4(b) where the photograph of the
green sunlight excited blue DPA fluorescence is shown as a
blue shaft of light appearing inside a cuvette with the
sensitized solution.

In conclusion, we demonstrate for the first time, a
highly efficient (more than 1% external efficiency) and
high-energy photon up-conversion in a model two-
component organic system in solution realized with a non-
coherent light source (the sun) with ultralow (as low as
10 Wcm"2) intensity.
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Interested in driving sensitized triplet fusion processes at
their highest possible efficiency using noncoherent solar photons,
we experimentally demonstrate for the first time incident light
power dependence ranging between quadratic and linear in
photochemical upconversion from the prototypical Pd(II)
octaethylporphyrin (PdOEP)/DPA composition1,6,18 in tol-
uene solutions using appropriately filtered lamp excitation. Im-
portantly, the high quantum efficiency linear regime is achieved
with noncoherent pumping of the PdOEP sensitizer at incident
light power levels provided by the sun (AM 1.5G) integrated
across the low energy Q-bands of the sensitizer. To facilitate
comparisons to previous related work accomplished with a
coherent light source,24 we also produced clear-cut quadratic,
intermediate, and linear power laws in a similar composition
using an Ar+ laser, λex = 514.5 nm.
The chemical structures of the PdOEP sensitizer and DPA

acceptor/annihilator used in this study along with their normalized
ground state absorption and emission spectra measured in toluene
are presented in Figure 1. PdOEP, whose phosphorescence is

centered at 665 nm in deaerated toluene, exhibits characteristic
absorptions at 400 nm (Soret) in the blue along with two Q-band
features at lower energy in the green (λmax = 513 nm, 545 nm).

These latter features are well separated from the lowest energy
DPA π−π* absorption bands, ensuring that Q-band excitation
results exclusively in sensitizer excitation. In toluene, dynamic
quenching of PdOEP by DPA through a triplet−triplet energy
transfer rate constant is significant (1.4 × 109 M−1s−1) with a
corresponding Stern−Volmer constant of 123 000 M−1 (Figure S3,
Supporting Information). Unless otherwise stated, all upconver-
sion experiments utilize a mixture of PdOEP (5 μM) and DPA
(100 μM) in toluene, ensuring that the absorbed photons are
converted into sensitized triplets so rapidly that the excited state
triplet concentration, [3A*], linearly scales with excitation power.
The power density imposed on each sample was systemat-
ically varied using neutral density filters, each measured with a
power meter.
Figure 2a presents the double logarithm plot generated using

the intensity of the singlet fluorescence emanating from DPA at
420 ± 6 nm measured as a function of incident power density
over several decades when PdOEP is selectively excited using
the bandpass filtered 514.5 nm output from an Ar+ laser in
argon-saturated toluene. We were able to achieve such a wide
dynamic range in photon counting detection sensitivity by
using various combinations of neutral density filters in the
emission path when mandated, later correcting the raw data for
the light absorbed by the filter(s). As anticipated, at low incident
powers, the slope of this plot is 2.0, indicative of quadratic
dependence (also see Figure S5). Upon increasing the photon
flux incident on the sample, the plot deviates off this initial
slope, a process that perpetuates until the sample ultimately
achieves a slope of 1.0 at the highest incident power densities
(also see Figure S6). This result clearly demonstrates that in a
single sample, a variety of power-dependent responses can be
measured depending upon the initial and final photon flux
utilized in the experiment and is analogous to that observed in
related investigations on different sensitized TTA composi-
tions.14,24 Figure 2b displays the same data plotted on linear x−y
axes to illustrate the significant gain in upconversion quantum
efficiency once the threshold to the linear regime is achieved.24

Noncoherent excitation was then applied to samples identical
to those above, now vacuum degassed, at select wavelengths
spanning the low energy Q-band region of PdOEP. Three
freeze−pump−thaw cycles with a vacuum of 8−10 μm
essentially removes all residual dissolved O2, resulting in the

Figure 1. Absorption (solid lines) and photoluminescence (dashed
lines) spectra of the independent PdOEP (red) and DPA (blue)
chromophores in toluene.

Figure 2. (a) Double logarithmic plot of the upconversion emission signal at 420 ± 6 nm measured as a function of 514.5 nm incident laser power in
a mixture of PdOEP (5 μM, O.D. @ 515 nm = 0.08) and DPA (0.1 mM) in argon-degassed toluene. The colored lines are the linear fits with slopes
of 1.0 (red, linear response) and 2.0 (blue, quadratic response) in the high and low power regimes, respectively. (b) Linear plot of the first 19 data
points presented in panel a.
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2.1. E↵ective rate equation

The approach we present here follows reference [42], a review of the state-of-the-art
theoretical approach to sensitized upconversion by Monguzzi et al., and references
therein. It extends the model of Sternlicht et al. [99], which considers only the pop-
ulation of emitter molecules, by adding rate equations for the states of sensitizer
molecules.
Let us shortly recall the sensitized upconversion scheme, presented in chapter 1,

see Figure 1.2 and Figure 1.3: The upconversion system consists of a mixture of two
molecular species, sensitizers and emitters. The sensitizer molecules absorb pho-
tons, upon which the population is transferred from the singlet ground state S(S)0
to the first excited singlet state S(S)1 , where the superscript indicates the molecule
type (S for sensitizer and E for emitter). The S(S)1 state couples to S(S)0 (fluores-
cence) with rate �(S)f l and, due to coupling of spin and angular momenta, also to the

lowest triplet state T(S)1 with rate �ISC. This process is called inter system crossing.
The energy of the T(S)1 state can be dissipated non-radiatively, emitted as a photon
(phosphorescence), or transferred to another sensitizer or emitter molecule. The
sensitizer population density can then be described with the following coupled rate
equations, where [⋅] denotes the concentration of molecules in the respective state:

@t[S(S)1 ] =��d��tot(�,[S(S)0 ])Iinc(�) − ��ISC +�(S)f l �[S(S)1 ] (2.1)

@t[T(S)1 ] = �ISC[S(S)1 ] − ��(S)d + �(S→E)�[T(S)1 ] + �(E→S)[T(E)1 ] (2.2)

Here, �(S)d is the sum of phosphorescence and non-radiative decay rates for the
triplet state. Iinc refers to the incident intensity, and �tot is the total absorption cross
section of sensitizers in the ground state, which depends on the wavelength � and[S(S)0 ]. In this section, we assume that the fraction of excited sensitizers is negligible,[S(S)1 ]+[T(S)1 ]� [S(S)0 ]. This allows to drop the dependence of �tot on [S(S)0 ], but intro-
duces a constraint for the illumination strength. Non-radiative decay from the first
excited singlet state can be neglected, for both sensitizer and emitter molecules,
because its rate is much smaller than �f l and �ISC [64]. The singlet-to-triplet con-
version via inter system crossing occurs typically with an e�ciency on the order of
unity [64], i.e. �ISC� �(S)f l .
Generally, there is a di↵erence in triplet energy levels between sensitizer and

emitter. Since the triplet energy transfer is an incoherent process [100], this results
in directed transport: �(S→E) represents the e↵ective triplet energy transfer rate
from sensitizer to emitter, and �(E→S) the rate for the reverse direction. This im-
plies that, for one direction, transfer requires thermal activation, which makes the
corresponding rate temperature dependent and smaller than the rate for transport
in opposite direction.
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Similarly, we can give equations for emitter molecules:

@t[T(E)1 ] = �(S→E)[T(S)1 ]− ��(E)d +�(E→S)�[T(E)1 ]−�TTA[T(E)1 ]2 (2.3)

@t[S(E)1 ] = f2�TTA[T(E)1 ]2 −�(E)f l [S(E)1 ] (2.4)

The emitter triplet state T(E)1 is populated by energy transfer from sensitizers with
the e↵ective rate �(S→E). The emitter singlet state S(E)1 generates upconverted pho-

tons via fluorescence with the rate �(E)f l and is populated upon emitter triplet-
triplet-annihilation, which occurs with the rate �TTA (in units molm-3s-1) if two
triplets encounter each other and their spins add up to zero. In principle, a triplet-
triplet-encounter can result in a singlet (spin 0), triplet (spin 1) or quintet (spin 2)
state. Thus, not all encounters result in population of the singlet state. The fac-
tor f in (2.4) accounts for this spin limitation, whereas the factor two takes into
account that two triplets are required to populate the singlet state. Note that the
corresponding loss term in (2.4) does not contain this factor f . Thereby, it is as-
sumed that all encounter states not generating a singlet are lost. In contrast, in
the literature it is under debate whether they can dissociate back into one, or even
two triplets: The fate of triplet and quintet states is in general unclear, however,
quintet states are believed to be inaccessible for energetic reasons [100, 101]. For
certain systems, it was shown that not even the triplet dimers are energetically ac-
cessible [52, 102]. These considerations are reflected in the choice of the factor f ,
ranging from f = 1�9 (if all singlet, triplet, and quintet states are equally populated
during a triplet-triplet encounter, and all triplet and quintet excitations are lost) to
f = 1 (if each encounter results in a singlet). Throughout this thesis, we assume a
value of f = 1, unless stated otherwise. Nevertheless, the results of our theory and
simulations can readily be adapted to upconversion systems with f < 1, if in these
systems the TTA events not resulting in occupation of the S(E)1 state lead to loss of
both triplets. This can be done by multiplying the e�ciency measures, presented
in section 3.1, by f .
Note that equations (2.1)-(2.4) neglect annihilation processes due to encounters

of sensitizer triplets and encounters between sensitizer and emitter triplets. In typ-
ical experiments, the sensitizer density is ten times smaller compared to the emit-
ter density. Hence, it is assumed that these processes are irrelevant. In solution-
based upconverters this is most likely true, the molecules di↵use in the solution,
hence untypical configurations, such as sensitizer molecules in close proximity
to each other, do not play a significant role. The same applies for solid upcon-
verters, if the sensitizer density is small enough. However, the prerequisites for
e�cient upconversion, which according to (2.1) and (2.3) are �(S→E) � �(S)d and
�TTA[T (E)1 ]� �(E)d + �(S→E), might not always be fulfilled. If the decay rates are too
large, one can try to increase the triplet density by increasing the sensitizer con-
centration. This can lead to a system where all possible TTA events need to be
accounted for, not only emitter TTA.
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On the other hand, at high intensities, Iinc →∞, or y�x2 →∞, the signal is linear in
the incident intensity:

IUC
Iinc→∞≈ f y

8�TTA
= f
2
�SE�ISC↵Iinc ∼ Iinc. (2.14)

In the quadratic regime, an increase of the incident intensity leads to an increase
of the quantum yield, a measure for the e�ciency of the upconversion mechanism,
which is proportional to the emitted upconversion IUC divided by the incident in-
tensity Iinc, see section 3.1. In contrast, the quantum yield is independent of the
intensity in the linear regime. The crossover between the two regimes was observed
in numerous experiments, confirming that the more e�cient linear regime can be
reached [48,52, 54, 58–60,63, 64, 76, 103]. It is expected to occur at the intensity at
which (2.13) and (2.14) cross, corresponding to y = 4x2.
Consequently, to achieve a maximal quantum yield, we require y � 4x2, and

�SE = �ISC = 1, i.e. the decay rate �(S)d needs to be small compared to the triplet
transfer rate �(S→E), see (2.11), the rate of inter system crossing �ISC large compared

to the sensitizer fluorescence rate �(S)f l , see (2.7), and �(E)2d � ↵Iinc�TTA, see (2.9,2.10).
The above variation of the scaling with the incident intensity is a universal e↵ect,

as was shown by Suyver et al. in ref. [39]. It exists in any multistep upconversion
scheme with metastable intermediate states: In an n-step upconversion scheme, the
intensity scaling of the upconverted luminescence exhibits in general n regimes.
The scaling exponent takes values i with i = n,n−1, ... ,1, where each value is asso-
ciated with the decay of an excitation at the n− i +1-th step.
Moreover, there are in principle other regimes, which are related to saturation

e↵ects. However, the e↵ective rate model as described by (2.1-2.4) does not capture
all relevant e↵ects occurring in the limit Iinc→∞. Hence, the regimes where the up-
converted emission scales sublinearly with the incident intensity cannot be recov-
ered within the model described by (2.1-2.4). For example, ground state depletion
of sensitizer molecules is relevant when the assumption[S(S)0 ]� [T(S)1 ] is violated,
see discussion of (2.1). Also triplet-triplet annihilation between sensitizers [60], or
hetero triplet encounters, involving a sensitizer and an emitter triplet, can become
important if [T(E)1 ] and [T(S)1 ] get too large. Such hetero triplet reactions are believed
to be a loss mechanism for the molecules used in state-of-the-art upconversion sys-
tems [54]. The aforementioned processes lead to sublinear scaling of upconverted
emission in the incident intensity, see also chapter 4. On the other hand, there exist
systems where hetero reactions can lead to upconversion [63, 104–110], or where
this possibility is discussed [44,75]. It was experimentally shown that an upconver-
sion system containingmore than one emitter molecule species can outperform that
with a single emitter species [49, 51]. Hetero triplet-triplet annihilation involving
triplets of di↵erent emitter species is believed to be relevant for the explanation of
this e↵ect. Hence, a general statement about the reaction outcome of hetero triplet-
triplet annihilation can not be made. Whether it has a positive e↵ect, i.e. leading
to upconversion, or a negative e↵ect, i.e. amounting to a loss mechanism, depends
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2.1.1. Steady state solution

There are two relevant scenarios, for which we discuss the solution of the kinetic
equations: The first is the steady state under continuous illumination, the second is
the time evolution the state undergoes after switching o↵ illumination. To obtain
the steady state, we set the time derivatives in (2.1-2.4) equal to zero, and eliminate
S(S)1 by incorporating (2.1) directly in (2.2). Neglecting the dependence of �tot on[S(S)0 ], we replace the integration term by the absorption coe�cient ↵ times the
intensity. The result is

�ISC
�ISC +�(S)f l

↵Iinc − ��(S)d +�(S→E)�[T(S)1 ]+�(E→S)[T(E)1 ] = 0, (2.5)

which yields for the steady state sensitizer triplet concentration

[T(S)1 ] = ��ISC↵Iinc +�(E→S)[T(E)1 ]����(S)d +�(S→E)� , (2.6)

with the inter system crossing e�ciency

�ISC = �ISC�(�ISC +�(S)f l ). (2.7)

Inserting (2.6) in (2.3) results in

[T(E)1 ] = x

2�TTA
��1+ y

x2
−1� (2.8)

for the steady state emitter triplet concentration, where

x = �(E)d +�(E→S) (1−�SE) , (2.9)

y = 4�SE�ISC�TTA↵Iinc, (2.10)

�SE = �(S→E)
�(S→E) +�(S)d

. (2.11)

The upconversion luminescence emitted per second and per volume of the upcon-
version system in the steady state is given by the last term on the right hand side of
(2.4). Together with (2.8) it is evaluated to be

IUC = �(E)f l [S(E)1 ] = f x28 �TTA ��1+ y

x2
−1�2 . (2.12)

In the limit of small intensities, Iinc → 0, implying y�x2 → 0, the signal is propor-
tional to the incident intensity squared

IUC
Iinc→0≈ f y2

32�TTAx2
∼ I2inc. (2.13)

finite lifetime

energy transfer

upconversion
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on the particular molecular species involved. For sensitizer-sensitizer encounter
complexes higher excited triplet states, T(S)N with N > 1, are energetically accessible.
The population of a T(S)N state, typically, results in the T(S)1 state via inner conversion.
This is a process which dissipates energy non-radiatively. Depending on the emit-
ter triplet energy, this non-radiative pathway can be accessible as well in a hetero
encounter complex.
We will come back to these questions in chapter 3, where we will propose a mod-

ified version of the rate equations, which incorporates these e↵ects.

2.1.1.1. Switching the laser o↵ - time dependent solution

Under continuous illumination the steady state is established, i.e. the triplet den-
sities approach the values given by (2.6) and (2.8), and upconversion occurs with a
constant rate. By turning o↵ illumination and observing the signal decay of phos-
phorescence from emitter triplet states or fluorescence from emitter singlet states
one can obtain more detailed information about the kinetics in the system. An ex-
ponential decay, for example, is a fingerprint for single-molecule loss mechanisms,
which are linear in the triplet density, such as phosphorescence. On the other hand,
nonlinear bi-molecular processes give rise to a non-exponential decay. This can be
shown with (2.3): Neglecting energy transfer from sensitizers to emitters, which is
justified for samples where the emitter fraction ⇢ ≈ 1, we arrive at the nonlinear
di↵erential equation

@t[T(E)1 ] = −�(E)d [T(E)1 ]−�TTA[T(E)1 ]2, (2.15)

which is solved by separation of variables. The solution reads

[T(E)1 ](t) = �e�(E)d t �1�[T(E)1 ](0)+�TTA��(E)d �−�TTA��(E)d �-1 (2.16)

�TTA��(E)d →0= ∞�
j=0(−1)j e-�(E)d t[T(E)1 ](0)j+1���TTA�(E)d

�1− e-�(E)d t���
j

. (2.17)

The case of vanishing contribution from bi-molecular processes, �TTA → 0, (2.16)
results in the familiar exponential decay

[T(E)1 ](t) = [T(E)1 ](0)e-�(E)d t , (2.18)

whereas for vanishing contribution of single molecule processes, �(E)d → 0, we obtain

[T(E)1 ](t) = �1�[T(E)1 ](0)+�TTA t�-1 t→∞→ (�TTA t)-1 . (2.19)

For a non-vanishing decay rate �(E)d , the system exhibits a transition from the power
law regime to the exponential regime. Using the series representation of the expo-
nential, we estimate this to occur at t ≈ (5�(E)d )-1, which we will confirm in chapter 5.
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fi lms, and PdTPBP in degassed toluene. The phosphorescence 
decay of PdTPBP doped into an inert matrix, zeonex, fol-
lows an exponential decay  ≈ 350  µ s and the triplet population 
is effectively constant up to ca. 100  µ s as can be visualised in 
log-log scale ( Figure    5  ). Previously Monguzzi et al. [  29  ]  recorded 
PdTPBP lifetime in cellulose acetate to be 280  µ s and Rogers 
et al. [  15  ]  recorded it to be 143  µ s in pyridine. We recorded the 
PdTPBP lifetime in degassed toluene to be 280  µ s. These differ-
ences indicate that the emissive state heavily depends even on 
the inert environment. However, when doped into SY, PdTPBP 
phosphorescence decay changes even more dramatically. First 
of all a fast non-exponential region of decay at initial times is 
observed (see Figure  5 A, squares). PdTPBP phosphorescence 
decay in SY can be well approximated to the power law with the 
slope –0.95 (Figure  5 B). This slope can be explained by using 
the classical diffusion equation to describe the triplet dynamics 
in PdTPBP. We fi rst assume that the triplet concentration on 
PdTPBP at time 0 is [T]  =  [T 0 ] which is plausible assumption 
at timescales of nanosecond spectroscopy. This is then depopu-
lated by monomolecular processes i.e., radiative decay at a rate 
k r  and non radiative decay rate k nr  as well as by bimolecular 
processes, such as triplet-triplet annihilation (TTA) at a rate 
k tt : [  39–41  ] 

 

d[T]
dt

= −(knr + kr)[T] − ktt[T]2
  

(2)
   

   The solution of this equation is [  42  ] 

 
[T] = kr + knr

([kr + knr]/[T0] + ktt)e(kr+knr)t − ktt   
(3)

   
where [T] denotes the triplet concentration. If we consider that 
monomolecular processes are the main mechanism of triplet 
depletion and that bimolecular process can be neglected, then 
Equation (2) can be solved to give

 [T] = [T0] exp(−[kr + knr]t)  (4)   
  If we consider that the radiative lifetime of triplet excitons is 

very long and if the excitation energy is high 
leading to triplet dynamics dominated by 
TTA, then monomolecular processes can be 
neglected. One can then solve for [T], consid-
ering k tt  being time-independent, to get

 
[T] = [T0]

(1 + ktt[T0]t)
∼ t−1

  
(5)

   
   Equation (5)  shows that if TTA is the domi-
nant decay mechanism in a system, the 
dependence of the triplet concentration 
on time (i.e., phosphorescence decay) fol-
lows the power law with the slope –1. We 
indeed get that PdTPBP phosphorescence 
decays with the slope approaching value –1 
when PdTPBP is in a SY host up to  ≈ 150  µ s 
leading to the conclusion that triplet anni-
hilation in PdTPBP is the dominant decay 
mechanism. This can happen only if mol-
ecules are strongly aggregated or are in near 

 Following excitation at 1.95 eV, the formation of triplet exci-
tons in the SY can only arise as a consequence of Dexter energy 
transfer from the PdTPBP moieties to the SY host. Ideally it 
would be desirable to measure the decay of the PdTPBP absorp-
tion and compare this with the build-in of the SY triplet absorp-
tion. Due to the long tail of the SY triplet absorption, however, 
which extends to energies as high as 2.4 eV, an increase in 
the photoinduced absorption at 2.3 eV is observed with time. 
We stress that this does not refl ect an increase in the PdTPBP 
triplet exciton population, but is merely a consequence of the 
overlap with the triplet absorptions of the SY and PdTPBP moi-
eties; this can be readily appreciated by comparing the build-in 
at 2.3 eV with the build-in of the SY triplet-triplet absorption at 
1.5 eV. 

 Following on from the above, the tail of the SY triplet absorp-
tion is also responsible for the increase in amplitude of the PA 
at 2.07 eV, as shown in Figure  4 B. From the analysis of this 
data, a time constant of 930  ±  60 ps for the build-in is measured, 
corresponding to a transfer rate of 10 9  s  − 1 . Given that exciton 
energy transfer is well established to occur with a lifetime of 
the order of 10 ps, [  30  ,  36  ,  37  ]  the build-in time measured indicates 
that there is another rate-limiting step regarding the overall 
transfer of triplet excitons from the PdTPBP into the SY. As the 
Dexter energy transfer is a short-range “contact” process, [  36  ]  the 
PdTPBP triplet excitons would fi rst be required to migrate to an 
interface between PdTPBP and SY before transfer could occur. 
It could not be rejected that triplets are trapped at the interface 
stabilizing them and slowing down the transfer. [  38  ]  However, 
we propose that the migration and subsequent fusion of triplet 
excitons in the PdTPBP domains is the rate-limiting process 
and this has been investigated in more detail using nanosecond 
spectroscopy and steady state absorption spectroscopy.   

 2.3. Nanosecond Measurements 

 Following selective excitation of the PdTPBP moieties at 
1.96 eV we recorded and compared the decay of PdTPBP phos-
phorescence from 4% PdTPBP:SY fi lms, 0.1% PdTPBP:zeonex 

     Figure  5 .     PdTPBP decay from 4% PdTPBP:SY and 0.1% PdTPBP:zeonex fi lms in A) log-lin and 
B) log-log scales excited at 1.96 eV. Emission from zeonex fi lm is pure exponential indicating 
absence of triplet-triplet annihilation and energy transfer to the host hence very long decay and 
almost constant triplet population up to 100  µ s (horizontal straight line in B is just a guide to 
the eye). Emission of PdTPBP from SY fi lm is clearly non-exponential in the initial time region 
indicating very effi cient triplet fusion in PdTPBP or more precisely PdTPBP aggregates. Indeed 
a power law with slope –0.95 can be fi t to this part of decay, which is almost equivalent to  Equa-
tion 4  characterizing triplet fusion (straight line in A and diagonal straight line in B).  

0 200000 400000 600000 800000

100
101

102
103
104

105
106

107
108

4%PdTPBP:SYIn
en

si
ty

 / 
A

.U
.

Time / ns

0.1% PdTPBP:zeonex

A)

10-3 10-2 10-1 100 101 102 103 104 105 106

101

103

105

107

109
I=3.7x108

I=4x106

4%PdTPBP:SYIn
en

si
ty

 / 
A

.U
.

Time / ns

0.1% PdTPBP:zeonex

slope -0.95

B) 10 ps  100 ps 1 ns

Adv. Funct. Mater. 2013, 23, 384–393

theory in agreement 
with some experiments
...
but not with all
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on the particular molecular species involved. For sensitizer-sensitizer encounter
complexes higher excited triplet states, T(S)N with N > 1, are energetically accessible.
The population of a T(S)N state, typically, results in the T(S)1 state via inner conversion.
This is a process which dissipates energy non-radiatively. Depending on the emit-
ter triplet energy, this non-radiative pathway can be accessible as well in a hetero
encounter complex.
We will come back to these questions in chapter 3, where we will propose a mod-

ified version of the rate equations, which incorporates these e↵ects.

2.1.1.1. Switching the laser o↵ - time dependent solution

Under continuous illumination the steady state is established, i.e. the triplet den-
sities approach the values given by (2.6) and (2.8), and upconversion occurs with a
constant rate. By turning o↵ illumination and observing the signal decay of phos-
phorescence from emitter triplet states or fluorescence from emitter singlet states
one can obtain more detailed information about the kinetics in the system. An ex-
ponential decay, for example, is a fingerprint for single-molecule loss mechanisms,
which are linear in the triplet density, such as phosphorescence. On the other hand,
nonlinear bi-molecular processes give rise to a non-exponential decay. This can be
shown with (2.3): Neglecting energy transfer from sensitizers to emitters, which is
justified for samples where the emitter fraction ⇢ ≈ 1, we arrive at the nonlinear
di↵erential equation

@t[T(E)1 ] = −�(E)d [T(E)1 ]−�TTA[T(E)1 ]2, (2.15)

which is solved by separation of variables. The solution reads

[T(E)1 ](t) = �e�(E)d t �1�[T(E)1 ](0)+�TTA��(E)d �−�TTA��(E)d �-1 (2.16)

�TTA��(E)d →0= ∞�
j=0(−1)j e-�(E)d t[T(E)1 ](0)j+1���TTA�(E)d

�1− e-�(E)d t���
j

. (2.17)

The case of vanishing contribution from bi-molecular processes, �TTA → 0, (2.16)
results in the familiar exponential decay

[T(E)1 ](t) = [T(E)1 ](0)e-�(E)d t , (2.18)

whereas for vanishing contribution of single molecule processes, �(E)d → 0, we obtain

[T(E)1 ](t) = �1�[T(E)1 ](0)+�TTA t�-1 t→∞→ (�TTA t)-1 . (2.19)

For a non-vanishing decay rate �(E)d , the system exhibits a transition from the power
law regime to the exponential regime. Using the series representation of the expo-
nential, we estimate this to occur at t ≈ (5�(E)d )-1, which we will confirm in chapter 5.

~
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on the particular molecular species involved. For sensitizer-sensitizer encounter
complexes higher excited triplet states, T(S)N with N > 1, are energetically accessible.
The population of a T(S)N state, typically, results in the T(S)1 state via inner conversion.
This is a process which dissipates energy non-radiatively. Depending on the emit-
ter triplet energy, this non-radiative pathway can be accessible as well in a hetero
encounter complex.
We will come back to these questions in chapter 3, where we will propose a mod-

ified version of the rate equations, which incorporates these e↵ects.

2.1.1.1. Switching the laser o↵ - time dependent solution

Under continuous illumination the steady state is established, i.e. the triplet den-
sities approach the values given by (2.6) and (2.8), and upconversion occurs with a
constant rate. By turning o↵ illumination and observing the signal decay of phos-
phorescence from emitter triplet states or fluorescence from emitter singlet states
one can obtain more detailed information about the kinetics in the system. An ex-
ponential decay, for example, is a fingerprint for single-molecule loss mechanisms,
which are linear in the triplet density, such as phosphorescence. On the other hand,
nonlinear bi-molecular processes give rise to a non-exponential decay. This can be
shown with (2.3): Neglecting energy transfer from sensitizers to emitters, which is
justified for samples where the emitter fraction ⇢ ≈ 1, we arrive at the nonlinear
di↵erential equation

@t[T(E)1 ] = −�(E)d [T(E)1 ]−�TTA[T(E)1 ]2, (2.15)

which is solved by separation of variables. The solution reads

[T(E)1 ](t) = �e�(E)d t �1�[T(E)1 ](0)+�TTA��(E)d �−�TTA��(E)d �-1 (2.16)

�TTA��(E)d →0= ∞�
j=0(−1)j e-�(E)d t[T(E)1 ](0)j+1���TTA�(E)d

�1− e-�(E)d t���
j

. (2.17)

The case of vanishing contribution from bi-molecular processes, �TTA → 0, (2.16)
results in the familiar exponential decay

[T(E)1 ](t) = [T(E)1 ](0)e-�(E)d t , (2.18)

whereas for vanishing contribution of single molecule processes, �(E)d → 0, we obtain

[T(E)1 ](t) = �1�[T(E)1 ](0)+�TTA t�-1 t→∞→ (�TTA t)-1 . (2.19)

For a non-vanishing decay rate �(E)d , the system exhibits a transition from the power
law regime to the exponential regime. Using the series representation of the expo-
nential, we estimate this to occur at t ≈ (5�(E)d )-1, which we will confirm in chapter 5.

materials and is related to a larger quenching probability for
migrating excitons in the solid films. A decrease of the apparent
experimental lifetime of the DPA fluorescence is observed in films
doped with PtOEP (but not in solutions of these compounds) and it
is responsible for the fluorescence intensity quenching observed in
DPA:PtOEP films (cf. Fig. 2(a)) and is a consequence of singlet en-
ergy transfer to PtOEP.

The TTA energy upconversion in solid DPA:PtOEP composite
films under selective excitation with kexc = 532 nm within the low-
est excited state S0?S1 transition of the PtOEP sensitizer is illus-
trated in Fig. 4. The fluorescence band of DPA at approximately
440 nm was clearly detected upon photoexcitation of the DPA:P-
tOEP composite film at 532 nm (shown by the red arrow in
Fig. 4) while no such fluorescence band was observed in the neat
DPA films under the same excitation conditions. The results pre-
sented here demonstrate energy up-conversion in a solid state
DPA:PtOEP system, similar to that reported before [8].

3.1. Ultrafast spectroscopy

To understand better the photophysics of the energy upconver-
sion process in the DPA:PtOEP system, we have investigated the
excited state dynamics in DPA:PtOEP films and solutions by means
of a femtosecond pump–probe technique. Fig. 5 presents the ultra-
fast transient absorption spectra of PtOEP and DPA:PtOEP in chlo-
roform, as well as the DPA:PtOEP composite film. PtOEP was
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on the particular molecular species involved. For sensitizer-sensitizer encounter
complexes higher excited triplet states, T(S)N with N > 1, are energetically accessible.
The population of a T(S)N state, typically, results in the T(S)1 state via inner conversion.
This is a process which dissipates energy non-radiatively. Depending on the emit-
ter triplet energy, this non-radiative pathway can be accessible as well in a hetero
encounter complex.
We will come back to these questions in chapter 3, where we will propose a mod-

ified version of the rate equations, which incorporates these e↵ects.

2.1.1.1. Switching the laser o↵ - time dependent solution

Under continuous illumination the steady state is established, i.e. the triplet den-
sities approach the values given by (2.6) and (2.8), and upconversion occurs with a
constant rate. By turning o↵ illumination and observing the signal decay of phos-
phorescence from emitter triplet states or fluorescence from emitter singlet states
one can obtain more detailed information about the kinetics in the system. An ex-
ponential decay, for example, is a fingerprint for single-molecule loss mechanisms,
which are linear in the triplet density, such as phosphorescence. On the other hand,
nonlinear bi-molecular processes give rise to a non-exponential decay. This can be
shown with (2.3): Neglecting energy transfer from sensitizers to emitters, which is
justified for samples where the emitter fraction ⇢ ≈ 1, we arrive at the nonlinear
di↵erential equation

@t[T(E)1 ] = −�(E)d [T(E)1 ]−�TTA[T(E)1 ]2, (2.15)

which is solved by separation of variables. The solution reads

[T(E)1 ](t) = �e�(E)d t �1�[T(E)1 ](0)+�TTA��(E)d �−�TTA��(E)d �-1 (2.16)

�TTA��(E)d →0= ∞�
j=0(−1)j e-�(E)d t[T(E)1 ](0)j+1���TTA�(E)d
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j

. (2.17)

The case of vanishing contribution from bi-molecular processes, �TTA → 0, (2.16)
results in the familiar exponential decay

[T(E)1 ](t) = [T(E)1 ](0)e-�(E)d t , (2.18)

whereas for vanishing contribution of single molecule processes, �(E)d → 0, we obtain

[T(E)1 ](t) = �1�[T(E)1 ](0)+�TTA t�-1 t→∞→ (�TTA t)-1 . (2.19)

For a non-vanishing decay rate �(E)d , the system exhibits a transition from the power
law regime to the exponential regime. Using the series representation of the expo-
nential, we estimate this to occur at t ≈ (5�(E)d )-1, which we will confirm in chapter 5.
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Fundamental Processes
Energy Transfer:

T1(E) + S0(E) → S0(E) + T1(E)

T1(S) + S0(S) → S0(S) + T1(S)

T1(S) + S0(E) → S0(S) + T1(E)

Decay:
T1(S) → S0(S)

T1(E) → S0(E)

Upconversion:
T1(E) + T1(E) → S0(E) +S1(E) → hv

Annihilation:
T1(S) + T1(S) → T1(S) +S0(S)

T1(S) + T1(E) → ? (S0(S) +S0(E))
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materials and is related to a larger quenching probability for
migrating excitons in the solid films. A decrease of the apparent
experimental lifetime of the DPA fluorescence is observed in films
doped with PtOEP (but not in solutions of these compounds) and it
is responsible for the fluorescence intensity quenching observed in
DPA:PtOEP films (cf. Fig. 2(a)) and is a consequence of singlet en-
ergy transfer to PtOEP.

The TTA energy upconversion in solid DPA:PtOEP composite
films under selective excitation with kexc = 532 nm within the low-
est excited state S0?S1 transition of the PtOEP sensitizer is illus-
trated in Fig. 4. The fluorescence band of DPA at approximately
440 nm was clearly detected upon photoexcitation of the DPA:P-
tOEP composite film at 532 nm (shown by the red arrow in
Fig. 4) while no such fluorescence band was observed in the neat
DPA films under the same excitation conditions. The results pre-
sented here demonstrate energy up-conversion in a solid state
DPA:PtOEP system, similar to that reported before [8].

3.1. Ultrafast spectroscopy

To understand better the photophysics of the energy upconver-
sion process in the DPA:PtOEP system, we have investigated the
excited state dynamics in DPA:PtOEP films and solutions by means
of a femtosecond pump–probe technique. Fig. 5 presents the ultra-
fast transient absorption spectra of PtOEP and DPA:PtOEP in chlo-
roform, as well as the DPA:PtOEP composite film. PtOEP was
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Interested in driving sensitized triplet fusion processes at
their highest possible efficiency using noncoherent solar photons,
we experimentally demonstrate for the first time incident light
power dependence ranging between quadratic and linear in
photochemical upconversion from the prototypical Pd(II)
octaethylporphyrin (PdOEP)/DPA composition1,6,18 in tol-
uene solutions using appropriately filtered lamp excitation. Im-
portantly, the high quantum efficiency linear regime is achieved
with noncoherent pumping of the PdOEP sensitizer at incident
light power levels provided by the sun (AM 1.5G) integrated
across the low energy Q-bands of the sensitizer. To facilitate
comparisons to previous related work accomplished with a
coherent light source,24 we also produced clear-cut quadratic,
intermediate, and linear power laws in a similar composition
using an Ar+ laser, λex = 514.5 nm.
The chemical structures of the PdOEP sensitizer and DPA

acceptor/annihilator used in this study along with their normalized
ground state absorption and emission spectra measured in toluene
are presented in Figure 1. PdOEP, whose phosphorescence is

centered at 665 nm in deaerated toluene, exhibits characteristic
absorptions at 400 nm (Soret) in the blue along with two Q-band
features at lower energy in the green (λmax = 513 nm, 545 nm).

These latter features are well separated from the lowest energy
DPA π−π* absorption bands, ensuring that Q-band excitation
results exclusively in sensitizer excitation. In toluene, dynamic
quenching of PdOEP by DPA through a triplet−triplet energy
transfer rate constant is significant (1.4 × 109 M−1s−1) with a
corresponding Stern−Volmer constant of 123 000 M−1 (Figure S3,
Supporting Information). Unless otherwise stated, all upconver-
sion experiments utilize a mixture of PdOEP (5 μM) and DPA
(100 μM) in toluene, ensuring that the absorbed photons are
converted into sensitized triplets so rapidly that the excited state
triplet concentration, [3A*], linearly scales with excitation power.
The power density imposed on each sample was systemat-
ically varied using neutral density filters, each measured with a
power meter.
Figure 2a presents the double logarithm plot generated using

the intensity of the singlet fluorescence emanating from DPA at
420 ± 6 nm measured as a function of incident power density
over several decades when PdOEP is selectively excited using
the bandpass filtered 514.5 nm output from an Ar+ laser in
argon-saturated toluene. We were able to achieve such a wide
dynamic range in photon counting detection sensitivity by
using various combinations of neutral density filters in the
emission path when mandated, later correcting the raw data for
the light absorbed by the filter(s). As anticipated, at low incident
powers, the slope of this plot is 2.0, indicative of quadratic
dependence (also see Figure S5). Upon increasing the photon
flux incident on the sample, the plot deviates off this initial
slope, a process that perpetuates until the sample ultimately
achieves a slope of 1.0 at the highest incident power densities
(also see Figure S6). This result clearly demonstrates that in a
single sample, a variety of power-dependent responses can be
measured depending upon the initial and final photon flux
utilized in the experiment and is analogous to that observed in
related investigations on different sensitized TTA composi-
tions.14,24 Figure 2b displays the same data plotted on linear x−y
axes to illustrate the significant gain in upconversion quantum
efficiency once the threshold to the linear regime is achieved.24

Noncoherent excitation was then applied to samples identical
to those above, now vacuum degassed, at select wavelengths
spanning the low energy Q-band region of PdOEP. Three
freeze−pump−thaw cycles with a vacuum of 8−10 μm
essentially removes all residual dissolved O2, resulting in the

Figure 1. Absorption (solid lines) and photoluminescence (dashed
lines) spectra of the independent PdOEP (red) and DPA (blue)
chromophores in toluene.

Figure 2. (a) Double logarithmic plot of the upconversion emission signal at 420 ± 6 nm measured as a function of 514.5 nm incident laser power in
a mixture of PdOEP (5 μM, O.D. @ 515 nm = 0.08) and DPA (0.1 mM) in argon-degassed toluene. The colored lines are the linear fits with slopes
of 1.0 (red, linear response) and 2.0 (blue, quadratic response) in the high and low power regimes, respectively. (b) Linear plot of the first 19 data
points presented in panel a.
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be well adapted to the requirements of the solar cell, which will be the case if the
emission profile of the upconverter and the absorption profile of the solar cell do
not match well, e.g. if the energy of upconverted photons well exceeds the bandgap
of the solar cell. Thus, there is no straightforward universal definition of a perfor-
mance measure for applications in solar cells. It depends on the specific solar cell
that upconversion shall be applied to, and other application scenarios might have
di↵erent requirements.
Nevertheless, there are distinct properties that are desirable in any upconversion

system, independently of its application. These are, firstly, high absorptivity in the
spectral range that is to be upconverted and low absorptivity in the spectral range
of upconverted photons to prevent losses by reabsorption and, secondly, e�cient
transformation of absorbed low energy photons to high energy photons. This latter
requirement leads us to our first definition of e�ciency.

3.1.1. Internal quantum e�ciency

The internal quantum e�ciency IQE measures how e�ciently absorbed low energy
photons are converted into higher energy photons. It is defined as

IQE = no. of upconverted triplets
no. of absorbed photons

. (3.1)

For any kind of application, it is desirable to employ an upconversion system with
IQE of unity. An IQE < 1 implies loss of excitations in the upconversion material by
one of the following processes:

• Ine�cient transfer of sensitizer singlets to the triplet manifold. This occurs
if the inter system crossing is not fast enough in comparison to the fluores-
cence lifetime, see section 2.1. These properties are inherent to the sensitizer
molecule and can not be influenced without choosing a di↵erent sensitizer.
For state-of-the-art sensitizer molecules, such as porphyrin derivatives, this is
typically not a problem [64].

• Loss of triplets due to decay, T1→S0. This can occur via phosphorescence,
i.e. emission of a photon, or non-radiatively. The key quantity here is the
triplet lifetime, in comparison to the triplet hopping rate and the triplet den-
sity, since upconversion is nonlinear in the triplet density. For given species
of sensitizer or emitter molecules, the former can not be influenced experi-
mentally, while the latter can, by increasing the incident intensity.

• Triplet-triplet annihilation reactions that lead to a loss of triplets without
populating the emitter singlet state S1. This can be for example hetero TTA,
A+B→ �, or homo TTA among sensitizers, A+A→A, see section 2.1 and sec-
tion 2.3.3.

• The final step in the upconversion scheme is emission of the higher energy
photon from the S(E)1 state. In principle, the fluorescence yield can be smaller

� = (1� ⇢E)IQE

efficiency measures

JZ, PhD thesis (2015), Freidok Uni Freiburg
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be well adapted to the requirements of the solar cell, which will be the case if the
emission profile of the upconverter and the absorption profile of the solar cell do
not match well, e.g. if the energy of upconverted photons well exceeds the bandgap
of the solar cell. Thus, there is no straightforward universal definition of a perfor-
mance measure for applications in solar cells. It depends on the specific solar cell
that upconversion shall be applied to, and other application scenarios might have
di↵erent requirements.
Nevertheless, there are distinct properties that are desirable in any upconversion

system, independently of its application. These are, firstly, high absorptivity in the
spectral range that is to be upconverted and low absorptivity in the spectral range
of upconverted photons to prevent losses by reabsorption and, secondly, e�cient
transformation of absorbed low energy photons to high energy photons. This latter
requirement leads us to our first definition of e�ciency.

3.1.1. Internal quantum e�ciency

The internal quantum e�ciency IQE measures how e�ciently absorbed low energy
photons are converted into higher energy photons. It is defined as

IQE = no. of upconverted triplets
no. of absorbed photons

. (3.1)

For any kind of application, it is desirable to employ an upconversion system with
IQE of unity. An IQE < 1 implies loss of excitations in the upconversion material by
one of the following processes:

• Ine�cient transfer of sensitizer singlets to the triplet manifold. This occurs
if the inter system crossing is not fast enough in comparison to the fluores-
cence lifetime, see section 2.1. These properties are inherent to the sensitizer
molecule and can not be influenced without choosing a di↵erent sensitizer.
For state-of-the-art sensitizer molecules, such as porphyrin derivatives, this is
typically not a problem [64].

• Loss of triplets due to decay, T1→S0. This can occur via phosphorescence,
i.e. emission of a photon, or non-radiatively. The key quantity here is the
triplet lifetime, in comparison to the triplet hopping rate and the triplet den-
sity, since upconversion is nonlinear in the triplet density. For given species
of sensitizer or emitter molecules, the former can not be influenced experi-
mentally, while the latter can, by increasing the incident intensity.

• Triplet-triplet annihilation reactions that lead to a loss of triplets without
populating the emitter singlet state S1. This can be for example hetero TTA,
A+B→ �, or homo TTA among sensitizers, A+A→A, see section 2.1 and sec-
tion 2.3.3.

• The final step in the upconversion scheme is emission of the higher energy
photon from the S(E)1 state. In principle, the fluorescence yield can be smaller
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efficiency measures

JZ, PhD thesis (2015), Freidok Uni Freiburg
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be well adapted to the requirements of the solar cell, which will be the case if the
emission profile of the upconverter and the absorption profile of the solar cell do
not match well, e.g. if the energy of upconverted photons well exceeds the bandgap
of the solar cell. Thus, there is no straightforward universal definition of a perfor-
mance measure for applications in solar cells. It depends on the specific solar cell
that upconversion shall be applied to, and other application scenarios might have
di↵erent requirements.
Nevertheless, there are distinct properties that are desirable in any upconversion

system, independently of its application. These are, firstly, high absorptivity in the
spectral range that is to be upconverted and low absorptivity in the spectral range
of upconverted photons to prevent losses by reabsorption and, secondly, e�cient
transformation of absorbed low energy photons to high energy photons. This latter
requirement leads us to our first definition of e�ciency.

3.1.1. Internal quantum e�ciency

The internal quantum e�ciency IQE measures how e�ciently absorbed low energy
photons are converted into higher energy photons. It is defined as

IQE = no. of upconverted triplets
no. of absorbed photons

. (3.1)

For any kind of application, it is desirable to employ an upconversion system with
IQE of unity. An IQE < 1 implies loss of excitations in the upconversion material by
one of the following processes:

• Ine�cient transfer of sensitizer singlets to the triplet manifold. This occurs
if the inter system crossing is not fast enough in comparison to the fluores-
cence lifetime, see section 2.1. These properties are inherent to the sensitizer
molecule and can not be influenced without choosing a di↵erent sensitizer.
For state-of-the-art sensitizer molecules, such as porphyrin derivatives, this is
typically not a problem [64].

• Loss of triplets due to decay, T1→S0. This can occur via phosphorescence,
i.e. emission of a photon, or non-radiatively. The key quantity here is the
triplet lifetime, in comparison to the triplet hopping rate and the triplet den-
sity, since upconversion is nonlinear in the triplet density. For given species
of sensitizer or emitter molecules, the former can not be influenced experi-
mentally, while the latter can, by increasing the incident intensity.

• Triplet-triplet annihilation reactions that lead to a loss of triplets without
populating the emitter singlet state S1. This can be for example hetero TTA,
A+B→ �, or homo TTA among sensitizers, A+A→A, see section 2.1 and sec-
tion 2.3.3.

• The final step in the upconversion scheme is emission of the higher energy
photon from the S(E)1 state. In principle, the fluorescence yield can be smaller
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134 4. E�ciency optimization

With the assumptions made above, we perform a comparison of the timescales,
such that we can write the upconversion e�ciency as

� = � l

l +1�d IQE = � l

l +1�d �esc
�esc +N�enc

(4.8)

We obtain the optimal l value by solving

@�

@l
= 0, (4.9)

which for d = 2 results in the equation

6× c2esc,2d J − cenc,2d�cl11�3(5+11l) = 0. (4.10)

Assuming l� 1, we can neglect the summand 5, and find

l = ��6× c2esc,2d J11cenc,2d�c

��
3�14 ∼ � J

�c
�3�14 . (4.11)

In three dimensions, we find

3× c2esc,3d J − cenc,3d�cl4(1+4l) = 0. (4.12)

Neglecting the summand 1, we find the solution

l = ��3× c2esc,3d J4cenc,3d�c

��
1�5 ∼ � J

�c
�1�5 . (4.13)

Consequently, we expect the optimal value of l to scale as �-3�14c in 2d, and �-1�5c in
3d.
In Figure 4.29a, we plot the optimal l value for infinite triplet lifetimes and power

laws with the exponent obtained according to (4.11) and (4.13). We observe a very
good agreement with minor deviations for large creation rates, �c � J . This region
of �c corresponds to small optimal l values, which are associated with a larger rel-
ative error, since we use only integer values for l in our simulations and, conse-
quently, have a resolution of 1. Nevertheless, the data in Figure 4.29a seems to
suggest a systematic deviation from the power laws with exponents −3�14 ≈ 0.2143
(−1�5 = 0.2) for 2d (3d). Hence, we also performed a least square fit to determine
the exponent of the power law. We obtained the value −0.2223 ± 0.34% ≈ −2�9
(−0.206±1.3% ≈ −1�5) for 2d (3d), which is very close to our analytical result. For
3d, both results are identical within 4× the error value of the fitted exponent. In
contrast for 2d, this is not the case. Therefore, we will use the exponent −2�9 for
the scaling behaviour of 2d systems in the A+A limited regime, where applicable.
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4.3.3.2. Scaling: Finite sensitizer triplet lifetime, �(S)d > 0
The optimal l value for the case �(S)d > 0 and �(E)d = 0 is shown in Figure 4.27c,e for
3d and 2d, respectively. We analyze its dependence on the sensitizer triplet decay
rate, �(S)d , with the same approach as above for infinite triplet lifetimes. Now, the
relevant processes include triplet transfer from sensitizer to emitter and the decay
of sensitizer triplets. In particular, we assume that no sensitizer homo TTA occurs
and that the cluster size is limited by the triplet decay, and not by homo TTA (A+A
reactions). This assumption can be violated, if �c � �(S)d . In addition, we assume
that no hetero TTA occurs, since we consider only the regime �c < J . Under these
constraints, the upconversion e�ciency is determined by the rates �(S)d , �esc, and the
cluster edge length l:

� = � l

l +1�d IQE = � l

l +1�d �esc
�esc +�(S)d

, (4.14)

with �esc from (4.5). The extreme values of � are the solutions of the following
equations

3�escJ +�(S)d (1−2l) = cesc,3dJ +�(S)d (1−2l)l2 = 0 for 3d, and (4.15)

�escJ +�(S)d l = cesc,2dJ +�(S)d l3 = 0 for 2d. (4.16)

for 3d, and 2d, respectively. For large l, both equations yield

l ∼ �� J

�(S)d

��
1�3

. (4.17)

The plots in Figure 4.29b,d show results for 2d, 3d, respectively, for upconversion
systems with �(S)d > 0. We rescale the axes to reflect the scaling of the optimal l in
the A+A limited regime, see section 4.3.3.1, and the decay limited regime. Hence,
for 3d we use

x ∶= �(S)d
1�3

�-1�5c , y ∶= l �(S)d
1�3, (4.18)

which should result in a collapse of all optimal l values, if they scale with �c and
�(S)d as predicted:

l ∼ �-1�5c → y = l �(S)d
1�3 ∼ x for the annihilation-limited regime, (4.19)

l ∼ �(S)d
-1�3→ y = l �(S)d

1�3 ∼ const. for the decay-limited regime. (4.20)

For 2d, the rescaled variables are given by

x ∶= �(S)d
1�3

�-2�9c , y ∶= l �(S)d
1�3, (4.21)

l ∼ �-2�9c → y = l �(S)d
1�3 ∼ x for the annihilation-limited regime, (4.22)

l ∼ �(S)d
-1�3→ y = l �(S)d

1�3 ∼ const. for the decay-limited regime. (4.23)
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for 2d, and 3d, respectively. They are readily solved, and we obtain

l ∼ ���
(E)
d J

�2c

��
3�17

for 2d, (4.29)

and l ∼ ���
(E)
d J

�2c

��
1�7

for 3d. (4.30)

To achieve a collapse of all optimal l values onto a single curve, we define for 3d

x ∶=�(E)d
1�7

�-2�7c �1�5c = �(E)d
1�7

�-3�35c , y ∶= l �1�5c , (4.31)

l ∼ �-1�5c → y = l �1�5c ∼ const., for the annihilation-limited regime, (4.32)

l ∼ �(S)d
1�7

�-2�7c → y = l �1�5c ∼ �(E)d
1�7

�-3�35c ∼ x, for the decay-limited regime, (4.33)

and for 2d

x ∶=�(E)d
3�17

�-6�17c �2�9c = �(E)d
3�17

�-20�153c , y ∶= l �2�9c , (4.34)

l ∼ �-2�9c → y = l �2�9c ∼ const., for the annihilation-limited regime, (4.35)

l ∼ �(S)d
3�17

�-6�17c → y = l �2�9c ∼ �(E)d
3�17

�-20�153c ∼ x, for the decay-limited regime. (4.36)

With these rescaled units, we achieve the collapse of all data points onto a single
curve in Figure 4.29c,e. The grey dashed constant lines indicate the regime where
the e�ciency is limited by sensitizer homo TTA and hetero TTA, and therefore
does not depend on �(E)d > 0. The grey dotted lines show the expected scaling in the
regime where the e�ciency is limited by the decay of emitter triplets. However, if
�(E)d becomes too large, the assumption J � �(E)d is no longer valid and we observe
deviations from the predicted curve, in particular for small �c ≈ 10-6, see the cyan
colored data points in Figure 4.29c, corresponding to a 3d system with �(E)d = 10-1.
The explanation for this deviation is that the emitter triplets decay before finding
a partner to perform TTA with, even for the value of l exhibiting highest e�ciency
�. In a 2d system with identical parameters we do not observe this e↵ect, see Fig-
ure 4.29e. This is related to the faster occurrence of TTA at identical triplet density
in 2d, see also Figure 3.13.

4.3.3.4. Scaling: Finite triplet lifetime, �(S)d > 0 and �(E)d > 0
Applying above’s approach to the realistic system, where both triplet lifetimes are
finite, results in a more complex equation, since we must include all four processes
of sensitizer triplet decay, emitter triplet decay, sensitizer homo TTA, and triplet
transfer to emitter sites. This approach results in the problem of finding the roots of
a polynomial with at least three relevant terms, one for each, �(S)d , �(E)d , and �c. This
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With the assumptions made above, we perform a comparison of the timescales,
such that we can write the upconversion e�ciency as

� = � l

l +1�d IQE = � l

l +1�d �esc
�esc +N�enc

(4.8)

We obtain the optimal l value by solving

@�

@l
= 0, (4.9)

which for d = 2 results in the equation

6× c2esc,2d J − cenc,2d�cl11�3(5+11l) = 0. (4.10)

Assuming l� 1, we can neglect the summand 5, and find

l = ��6× c2esc,2d J11cenc,2d�c

��
3�14 ∼ � J

�c
�3�14 . (4.11)

In three dimensions, we find

3× c2esc,3d J − cenc,3d�cl4(1+4l) = 0. (4.12)

Neglecting the summand 1, we find the solution

l = ��3× c2esc,3d J4cenc,3d�c

��
1�5 ∼ � J

�c
�1�5 . (4.13)

Consequently, we expect the optimal value of l to scale as �-3�14c in 2d, and �-1�5c in
3d.
In Figure 4.29a, we plot the optimal l value for infinite triplet lifetimes and power

laws with the exponent obtained according to (4.11) and (4.13). We observe a very
good agreement with minor deviations for large creation rates, �c � J . This region
of �c corresponds to small optimal l values, which are associated with a larger rel-
ative error, since we use only integer values for l in our simulations and, conse-
quently, have a resolution of 1. Nevertheless, the data in Figure 4.29a seems to
suggest a systematic deviation from the power laws with exponents −3�14 ≈ 0.2143
(−1�5 = 0.2) for 2d (3d). Hence, we also performed a least square fit to determine
the exponent of the power law. We obtained the value −0.2223 ± 0.34% ≈ −2�9
(−0.206±1.3% ≈ −1�5) for 2d (3d), which is very close to our analytical result. For
3d, both results are identical within 4× the error value of the fitted exponent. In
contrast for 2d, this is not the case. Therefore, we will use the exponent −2�9 for
the scaling behaviour of 2d systems in the A+A limited regime, where applicable.
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4.3.3.2. Scaling: Finite sensitizer triplet lifetime, �(S)d > 0
The optimal l value for the case �(S)d > 0 and �(E)d = 0 is shown in Figure 4.27c,e for
3d and 2d, respectively. We analyze its dependence on the sensitizer triplet decay
rate, �(S)d , with the same approach as above for infinite triplet lifetimes. Now, the
relevant processes include triplet transfer from sensitizer to emitter and the decay
of sensitizer triplets. In particular, we assume that no sensitizer homo TTA occurs
and that the cluster size is limited by the triplet decay, and not by homo TTA (A+A
reactions). This assumption can be violated, if �c � �(S)d . In addition, we assume
that no hetero TTA occurs, since we consider only the regime �c < J . Under these
constraints, the upconversion e�ciency is determined by the rates �(S)d , �esc, and the
cluster edge length l:

� = � l

l +1�d IQE = � l

l +1�d �esc
�esc +�(S)d

, (4.14)

with �esc from (4.5). The extreme values of � are the solutions of the following
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3�escJ +�(S)d (1−2l) = cesc,3dJ +�(S)d (1−2l)l2 = 0 for 3d, and (4.15)

�escJ +�(S)d l = cesc,2dJ +�(S)d l3 = 0 for 2d. (4.16)

for 3d, and 2d, respectively. For large l, both equations yield

l ∼ �� J

�(S)d

��
1�3

. (4.17)

The plots in Figure 4.29b,d show results for 2d, 3d, respectively, for upconversion
systems with �(S)d > 0. We rescale the axes to reflect the scaling of the optimal l in
the A+A limited regime, see section 4.3.3.1, and the decay limited regime. Hence,
for 3d we use
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1�3
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which should result in a collapse of all optimal l values, if they scale with �c and
�(S)d as predicted:
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1�3 ∼ x for the annihilation-limited regime, (4.19)
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With these rescaled units, we achieve the collapse of all data points onto a single
curve in Figure 4.29c,e. The grey dashed constant lines indicate the regime where
the e�ciency is limited by sensitizer homo TTA and hetero TTA, and therefore
does not depend on �(E)d > 0. The grey dotted lines show the expected scaling in the
regime where the e�ciency is limited by the decay of emitter triplets. However, if
�(E)d becomes too large, the assumption J � �(E)d is no longer valid and we observe
deviations from the predicted curve, in particular for small �c ≈ 10-6, see the cyan
colored data points in Figure 4.29c, corresponding to a 3d system with �(E)d = 10-1.
The explanation for this deviation is that the emitter triplets decay before finding
a partner to perform TTA with, even for the value of l exhibiting highest e�ciency
�. In a 2d system with identical parameters we do not observe this e↵ect, see Fig-
ure 4.29e. This is related to the faster occurrence of TTA at identical triplet density
in 2d, see also Figure 3.13.

4.3.3.4. Scaling: Finite triplet lifetime, �(S)d > 0 and �(E)d > 0
Applying above’s approach to the realistic system, where both triplet lifetimes are
finite, results in a more complex equation, since we must include all four processes
of sensitizer triplet decay, emitter triplet decay, sensitizer homo TTA, and triplet
transfer to emitter sites. This approach results in the problem of finding the roots of
a polynomial with at least three relevant terms, one for each, �(S)d , �(E)d , and �c. This
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‣ on rescaled axis all data points 
collapse to a single curve!
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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

Summary
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