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Triplet-triplet annihilation (TTA) has recently gained popularity for its better applicability on solar cells compared to other
upconversion mechanisms. Dye-sensitized solar cells are among the most popular solar cells where TTA-UC is applied. Therefore,
the choice of material used in the TTA-UC plays a crucial role in the efficiency enhancement of dye-sensitized solar cells, especially
by impacting the desired forward and undesired back/decay reactions in the TTA-UC mechanism. This review reviews the effect
of material choice on TTA-UC integrated dye-sensitized solar cells. The needed characteristics of materials are determined
through short-circuit current density (Jsc) contribution comparisons of different TTA-UC applications on dye-sensitized solar
cells. According to this analysis, high Jsc values are acquired in TTA-UC applications that have high triplet-triplet annihilation and
energy transfer efficiencies.

Introduction

Photovoltaic solar cells, working by the photoelectric effect,
stand as a critical eco-friendly energy source; therefore,
increasing their efficiency levels is of great importance to make
their use more prevalent. The theoretical efficiency limit of
Shockley-Queisser of 34% has been approached significantly in 100
the last 20 years, with silicon cells exceeding 26.8% and thin-
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sub-bandgap photons?. Fig. 1 Illustration of loss mechanisms inside solar cells in percentage

In the photon upconversion mechanism, the sequential concerning the bandgap of the solar cells. This figure is reproduced
absorption of pairs of photons leads to a shorter wavelength With Creative Commons permission®.
photon emission, thus utilizing the energies of lower energy
photons, as seen in Figure 2. Therefore, the upconversion process
is a second harmonic generation, meaning that two photons
interacting with a nonlinear material will combine to emit a
photon with twice the frequency of absorbed photons”. Photon
upconversion is achieved through various mechanisms, primarily

© The National High School Journal of Science 2024 NHSJS Reports | 1



5.%0 1000 1500 2000 2500
T T T
. %
5 4 E |
mw= = =

rson

[P ——— T

o i el N

Solar spectrum (a.u.)

500 ; 1000 1 f:DU 20‘00
Wavelength (nm)

Fig. 2 Graphical illustration of absorbance of different solar cells and

the utilization of sub-bandgap photons via upconversion. c-Si:

crystalline silicon solar cells; PSC: perovskite solar cells; DSSC:

dye-sensitized solar cells; a-Si: amorphous silicon solar cells. This

figure is reproduced with Creative Commons permission'2

by triplet-triplet annihilation (TTA), excited-state absorption
(ESA), photon avalanche (PA), and energy transfer upconversion
(ETU). However, especially for solar cells, the triplet-triplet
annihilation mechanism outperformed others in the visible
to near-infrared range due to its capability of working under
incoherent light, low flux, and low excitation intensity, which is
the case for solar cells under natural sunlight® . These mainly
occur due to the TTA mechanism’s long triplet state lifetime and
strong singlet-singlet transition oscillator strength, making its
transition between singlet and triplet states more efficient 1?11

Workings Mechanism of Triplet-Triplet Annihilation
Upconversion (TTA-UC)

The triplet-triplet annihilation upconversion (TTA-UC)
mechanism involves two crucial layers and electronic states.
The sensitizer absorbs lower-energy photons and transfers the
energy to the emitter layer. The emitter (annihilator) annihilates
two low-energy triplets and emits a higher-energy photon. The
ground singlet state consists of paired electrons, where the
overall spin quantum number equals 0. The triplet state consists
of electrons that are not paired, where the overall quantum spin
number equals 1.

As depicted in Figure 3(a), the TTA-UC mechanism begins
as a low-energy photon (hv;) is absorbed by the sensitizer
molecule, which excites from its singlet state (S) to its excited
singlet state (!S*). The wavelength of absorption in this case is
determined by the emitter molecule’s energy difference between
its lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO), and can be calculated
using Planck’s equation, E = % Later, the sensitizer undergoes
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Fig. 3 (a) Representation of triplet-triplet annihilation mechanism.
This figure is reproduced with Creative Commons permission'' (b)
Representation of Dexter energy transfer, where LUMO = lowest
unoccupied molecular orbital, HOMO = highest occupied molecular
orbital. This figure is reproduced with Creative Commons
permission'>

intersystem crossing (ISC) and transitions to its triplet state
($%).

Through a Dexter energy transfer mechanism, called triplet-
triplet energy transfer (TTET), where an electron exchange
occurs between the donor and acceptor molecules, as shown
in Figure 3(b), the energy is transferred to the emitter molecule
(3E*). When two triplet-state emitter molecules interact through
TTA, one molecule returns to its ground state (E), while the
other emitter molecule rises to its excited singlet state (E".
Finally, the molecule in its excited singlet state fluoresces and
emits a photon (hv;), where v, > v;. Thus, by absorbing two
low-energy photons, a higher-energy photon is emitted, whose
emission wavelength can be calculated according to the energy
difference between the molecule’s excited singlet state and the
ground state. It is a bimolecular reaction since two excited
triplet-state molecules are needed for the TTA process. Thus,
it brings further necessities, such as higher proximity between
molecules, low viscosity, lower mass molecules, and annealing,
to increase the efficiency rate. As triplet-triplet energy transfer
(TTET) occurs, the emitter’s emission wavelength spectrum
and the acceptor’s absorption spectrum should overlap. Since
Dexter energy transfer’s rate constant depends on the distance
between the emitter and the acceptor logarithmically, the
distance becomes the limiting factor®. During the TTA-UC
mechanism, the Pauli Exclusion Principle is not violated since
the electrons in triplet states having the same spin number are
located in different orbitals.

Quantum Yields and Limitations of Sub-mechanisms in
Triplet-Triplet Annihilation Upconversion

Each subprocess inside the TTA-UC mechanism influences
the overall quantum yield in upconversion, which is the ratio
between the number of photons emitted/energy output and
the number of photons absorbed/energy input. Therefore,
the efficiencies of the singlet-singlet transitions, intersystem
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crossing, triplet-triplet energy transfer, and triplet-triplet
annihilation processes should be enhanced. To have an ideal
mechanism for TTA-UC, the ideal paths in Table 1 must be
sought while preventing counter paths:

Where

e G: generation rate

e ky: monomolecular rate constant of ! S* state decay
e kjgc: intersystem crossing rate constant

e k3: monomolecular rate constant of 3S* state decay
o krrgr: triplet-triplet energy transfer rate constant
e k4: monomolecular rate constant of >E* state decay
o krry: triplet-triplet annihilation rate constant

® krra(ss): rate constant of TTA between two sensitizer
molecules

e k;: fluorescence rate constant

® krTa(se): rate constant of TTA between sensitizer and
emitter.

e '§**: second singlet excited state

In Table 1, (A1) corresponds to the absorbance of lower-energy
photons by the sensitizer molecule, (A2) to the intersystem
crossing, (A3) to the triplet-triplet energy transfer between
the sensitizer and emitter molecules, (A4) to the triplet-triplet
annihilation between two emitter molecules, and (A5) to the
emittance of higher energy photon from the excited singlet state
emitter molecule. As the second column corresponds to the
decay reactions of the TTA-UC mechanism, the rates in the
first column should be maximized while the rates in the second
column should be minimized. Furthermore, the energy level
difference between !S*, 3S*, and 3E* should be minimized
for the lowest energy loss during intersystem crossing and
triplet-triplet energy transfer. 9,16 The energy of 1E* should be
slightly lower than twice the energy of 3E* for the maximum
energy output. The absorption should be peaking at the desired
irradiance levels®’19 The second excited tripled state in the
emitter should be higher than twice the energy of the first excited
triplet state to prevent a loss channel. 9,16 A long triplet lifetime
should be possessed””1®. These needs make organic dyes,
quantum dots (QDs), and perovskite available for sensitizer and
polycyclic aromatic hydrocarbon acenes (anthracene, pyrene,
perylene, tetracene, rubrene) available for the emitter!Z.

The overall upconversion quantum yield is calculated from the
equation of ¢yc = @rsc ¢rrET OTTA OF, Where @ysc stands for the
quantum yield of intersystem crossing, ¢rrg7 for the quantum
yield of triplet-triplet energy transfer, @714 for the triplet-triplet

annihilation and ¢ for the quantum yield of fluorescence!4"19,

The quantum yield of ISC approaches unity in most studies using
heavy atoms'®. Similarly, the quantum yield of fluorescence
approaches unity in most emitter materials used in TTA-UC"2.
The ¢r may approach unity under conditions such as a high
energy gap between the excited singlet state and the triplet
state, or a low-temperature environment to reduce the vibrational
energy needed to exceed the ISC barrier. Therefore, the main
limiting factors of the overall efficiency are the quantum yields
of TTA and TTET. To calculate their reaction equations, first,
the rate equations of different states should be built according to
the reaction paths given in Table 120207121

1y apir-aute)
: [;f*] = kisc ['S*) —ka [S*] = krrer [*S"] [E] = 2krra, ., [2S7]
PE] yre P16k 5] 2hrma PET (B8
d[;lti*] = 2Urra PE'] ko ['EY] ~krrag) [STLET (B5)
% = —krrer 'S [E]+ ke PE7] +2krra E7]” (B6)

By assuming the current process as a steady state (d[X]/dt = 0)
and dividing the current process rate by the rate of its precursor
state rates, the equations of ¢7r4 and ¢r7g7 can be found 20

For ¢rrET, the current process is denoted by (A3) in Table 1,
while the precursor reaction is denoted by (A2).

1S* 538 kise  (A2)

3 S*4+E — S—|—3E*,kTTET (A3)

Thus,

krrer [S*] [E]
kisc [1S*]

By the steady state assumption of the reaction (A3), it is assumed

that d[3S*]/d[t] = 0. Therefore, using the rate equation (B3), the
following equality is found:

Orrer = (B7)

2

kisc [IS*} =k [35*} +krrET [SS*] [E]+2kTTA(ﬂ) [35*] (c1)

By substituting the equation (C1) in the ¢r7g7 equation, the
following result is found:

krrer [335*] [E]
ko [35*] +krrET [35*} [E} +2kTTA(

Prrer = [SS*}Q

s5)
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Table 1. Reaction paths of TTA-UC mechanism.

Ideal TTA-UC Paths Counter TTA-UC Paths
S+hvl = 1S*, G (A1) Ts* S, k2 (A6)
Tg* —35* KISC (A2) 35 =S, K3 (A7)
38 +E — S+ °E*, krrer (A3) SE*- E, k4 (A8)
SE* +3E* S TE* +E, krra (A4) | 35" +38 = S+ IS krra(ss) (A9)
IE* S E+hv2, k) (v2>v1) (AS) | 'T* +'E* = S+ '™, kyra(se) (A10)

_ krrer (E]
ky+krrer [E] +2krra ) [3S7]

(€2)

2
anPET k[’
krrer PS*E]  2krra PE*]2 4 ks [PE*]

Drra =

__kmPET]
2krTa [3E*} + kg

The observations in previously done experiments showed that
k2 and k4 dominate other rate constants under low-intensity
light®”?0  Thus, the TTA-UC system operates quite under its
maximum efficiency of 50%. The dominance of the loss channel
due to k2 and k4 causes a quadratic excitation power density
dependence of upconversion emission until a threshold, where
from then on the dependence turns into a linear relationship by
the dominance of KTTET and kTTA rate constants over loss
channels%2"23,

(C3)

Application Types Used in TTA-UC on PV Solar Cells

1. Solid-State

One of the most common application mediums is the
solid-state polymer. Inside the glassy polymer matrix, the
sensitizer and emitter molecules are annealed“*. This medium
provides a stable structure for solar cell applications, but it
has some drawbacks due to heat-related phase separations of
the emitter and sensitizer>"? . Furthermore, the medium limits
the translational exciton mobility and diffusion. This causes
back energy transfer, a loss mechanism, from the emitter to
the sensitizer molecules. Thus, the overall TTA-UC efficiency
decreases®"1' | Even though the structure is initially vulnerable
to triplet quenching due to oxygen, the coating can prevent it;
yet, practical applications have failed in many attempts20>2"128

2. Rubbery Solid (Elastomeric)

Soft rubbery polymers mostly provide a more efficient
medium due to their traits, such as flexibility, high diffusion, and
reduced decay rates; however, a threshold temperature should not
be exceeded similarly to the solid-state applications to prevent
distortion in the matrix’s morphology%>"%>. Rubbery polymers
have the advantage of having high transparency, low crystallinity,
and low glass transition temperature™"2!"2 Thus, the triplet
exciton mobility increases”. Yet, choosing the host material

according to the chromophore solubility levels is important since
otherwise, the required levels of chromophore concentration
inside the matrix are not provided to fulfill the exciton mobility
and annihilation>>. Furthermore, the oxygen-caused triplet state
quenching mechanism is prevented in rubbery polymers as the
chromophores are blended inside the medium>.

3. Solution-Based (Solvent)

Solution-based TTA applications exceed solid-state and
rubbery solid TTA applications, with their superior quantum
yields of TTA-UC reaching 30%"”. However, the solvents used
—toluene, benzene, chloroform, acetonitrile, dimethylformamide,
and trichloroethane— in these applications are usually toxic,
volatile, and flammable, making these applications hazardous
and vulnerable to degradation in practical use®*2%, Despite
these drawbacks, solution-based systems provide higher triplet
and singlet mobility, thus increasing the efficiency of the TTA-
UC mechanism.

4. Self-Assembled

In self-assembled TTA-UC applications, either physisorption
or chemisorption occurs, which means physical or chemical
adsorption®?"*1 This adsorption may occur between the solar
cell’s semiconductor layer and the TTA-UC emitter/sensitizer
or between them. By controlling the positions of TTA-UC
molecules, the system doesn’t have problems related to phase
separation, aggregation, or mobility?!.32 Furthermore, the
energy transfer between the sensitizer and emitter may increase

due to the reduced distance and energy loss mechanisms=~2.

Thin-Film Solar Cells

In addition to their low thickness levels, thin-film solar cells
can also be distinguished from other solar cells due to their
production techniques, such as sputtering and chemical vapor
depositions, which make a low-thickness and flexible structure
possible®?. Although using less material lowers costs, the
high degradation rates constrain their commercial use"#. Dye-
sensitized solar cells have a structure where the dye molecules
are attached to the electrolyte, which is attached to a counter-
electrode catalyst®>. Thus, the excitation of dyes generates
photoelectrons in the dye molecules layer, which then starts
redox reactions between the dye molecules-electrolyte and
electrolyte-counter electrode™>. The structure of thin-film solar
cells may typically be in two forms: substrate or superstate. In
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Fig. 4 Superstrate and substrate thin-film solar cell structure
illustration. This figure is reproduced with Creative Commons
permissionIII

Substrate

substrate, the deposition occurs on a substrate, such as glass
or metal foil, and the substrate acts as an inert layer to support
the structure as a backbone9. However, in superstrate thin-film
solar cells, the substrate glass doesn’t just act as a backbone but
also as a window channel for illumination, as seen in Figure 433,
Therefore, transparent materials are used in superstrate solar
cells®Z. While the order of deposition during production in a
superstrate is p-i-n, it is n-i-p in substrate-type thin-film solar
cells®s,

Among thin-film solar cells, dye-sensitized solar cells (DSSC)
are a remarkable group that is prominent compared to other
thin-film solar cells due to their high bandgap values, typically
ranging from 1.7 to 2.0 eVEPBPH0 pyrthermore, these solar
cells are shown to operate well at low-intensity light despite
an inferior efficiency at near-infrared with an absorption
threshold of approximately 700 nm®4L. Since the upconversion
mechanism is applied on sub-bandgap photons, solar cells with
high bandgap values like DSSC increase efficiency once the
TTA-UC is integrated into the solar cell unit, as seen in Figure
5.

Results and Discussion

Materials for TTA-UC in Dye-Sensitized Solar Cells

As each material used inside the TTA-UC affects the quantum
yield of the TTA-UC mechanism, it also affects the overall
efficiency rate of the solar cell. The following section will
compare common materials and techniques used in TTA-UC of
dye-sensitized solar cells (DSSC) according to their contribution
to the solar cell’s current density.
1. Solvent based D149/ benzene/ rubrene/ PQ4PdNA

In their dye-sensitized solar cell integrated TTA-UC study,
Andrew Nattestad et al. used the indoline-based dye D149
(C42H35N304S3) in their solar cell, which has previously

TTAUC enhanced
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Fig. 5 Graphical representation of efficiency limits of solar cells with
and without the TTA-UC applied. Reproduced from Ref. 26 with
permission from the Royal Society of Chemistry.
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Fig. 6 Andrew Nattestad et al.’s solvent-based TTA-UC integrated
DSSC structure; colors represent wavelengths. Reprinted (adapted)
with permission from Ref. 43. Copyright 2024 American Chemical
Society.
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shown 9% efficiency in other experiments“2. For the solvent-
based TTA-UC layer, Pd(Il) porphyrin-based compound
PQ4PdNA for the sensitizer, rubrene (C18H8(C6H5)4) for the
emitter, and benzene (C6H6) for the solvent was used as depicted
in Figure 642, The absorption of the sensitizer peaks around 670
nm while its phosphorescence peaks at 890 nm, which is an
undesired loss mechanism and quenched by the emitter rubrene
in this case*2. Furthermore, rubrene’s first excited singlet state
is less than twice the energy of its first excited triplet state;
however, its second excited triplet state is higher than twice
its first excited triplet state, meaning that the product of a
TTA causes with high chance an excited singlet state and a
ground singlet state*. Using benzene as a solvent also provides
a higher solubility rate than other solvents, such as toluene, thus
decreasing the thickness to around 120 um*2. However, using
benzene also decreased the device’s lifetime by deteriorating the
TTA-UC chamber’s seal4?. As a structural problem, the 4 mm
gap between the TTA-UC layer and the active layer of DSSC
decreased the amount of upconverted light reaching the DSSC
active layer®2,

The testing process was implemented using a pump beam and
a probe beam*. The pump beam is a 670 nm laser diode used
to increase the concentration of triplet states in the sensitizer?,
The probe beam is a low-energy monochromated light source
that is insufficient to cause TTA aloneZ. Therefore, the TTA-
UC operated when these two beams were directly aligned2.
When the two beams were unaligned, the upconversion was
negligibly low**%. Thus, by comparing two incident photon to
charge carrier conversion efficiency (IPCE) graphs with aligned
and unaligned conditions, the effect of TTA-UC was seen2.
Results under different conditions were compared according to
the values of AJs./® (short circuit current density / effective
solar concentration)®*2. Thus, the current contribution of the
TTA-UC system was analyzed concerning the solar intensity“2.

At 3 @, a value of 2.25 x 1073mA cm~2 was calculated,
and the predicted role of TTA-UC in all charge carriers was
approximately 1%%%. The main problem with this system
is that the consumption rate of triplets in the emitter is
at 5.8%, significantly deteriorating the overall yield*%. This
can be normally solved by increasing the concentration of
the emitter/sensitizer and changing the solvent for a higher
solubility*2, However, the triplet decay rate of rubrene is
significantly high*2. Since PQ4PdNA molecules aggregate at
high concentrations, the concentration of sensitizer molecules
will not solve this problem“Z. As for the sensitizer PQ4PdNA
and D149, their Q-band absorption (visible region absorption)
at 600-700 nm overlap; thus, the available light intensity
decreases for the sensitizer#?. Therefore, a different material
combination with a complementary absorption spectrum should
be preferredZ.
2. Self-assembled bilayer/ Zn/ DPPA/ PtTCPP

Both polymer and solvent-based TTA-UC layers in solar cells

™
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e HO O o

3 O
W

-

Fig. 7 Sean P. Hill et al.’s self-assembled bilayer TTA-UC integrated
DSSC structure. Reprinted (adapted) with permission from Ref. 32.
Copyright 2024 American Chemical Society=!

increase the cost and complexity and cause losses related to
diffusion and inner-filtering losses®. Aiming to solve these
issues, Sean P. Hill et al. used self-assembled bilayers consisting
of compounds linked to each other=!. In their case, the structure
respectively consisted of TiO2, DPPA (C12H10N30O3P) for the
emitter, Zn, and PtTCPP (C48H28N4O8Pt) for the sensitizer
as shown in Figure 75!, Since the emitter molecules (DPPA)
are directly linked to the TiO2 semiconductor layer, emitter
molecules have a high spatial separation and low mobility=L.
Therefore, the system doesn’t suffer from aggregation, and the
emitter concentration can be high compared to other systems=..
Thus, it expands the absorption peaks in the emitter molecules’
spectrum®L. Even though the linkage between the emitter and
sensitizer increases the rate of triplet-triplet energy transfer
from the sensitizers to the emitters, it also incites the Forster
resonance energy transfer (FRET), which is a nonradiative loss
mechanism in TTA-UC?L. Thus, the energy transfer from the
emitter to the TiO2 decreased=!. This loss can be minimized by
tuning the distance to get the ideal distance or using a different
sensitizer/emitter combination to lower the spectral overlap
favoring FRET. During analysis, this system achieved a quantum
yield of 1.6 x 1073% and a Jsc (short-circuit current density) of
0.009 4 0.002mA /cm? under 1 sun illumination!,
3. Dual emitter solvent based/ D149/
rubrene+BPEA/ PQ4PdNA”

In their study, Rowan W. MacQueen et al. used a system
similar to that of Andrew Nattestad’s team*2°58  Their system
consisted of dye-sensitized solar cells based on D149 dye, 11
mM rubrene as the emitter, 0.58 mM PQ4PdNA as the sensitizer,
and a toluene solvent*?. To calculate the effect of the TTA-
UC layer on the overall efficiency, they benefitted from the
pump/probe beam system™3. In the end, they had a TTA quantum
yield (¢774) of 1.09%%3. Due to rubrene’s slow TTA rate and
the high decay rate of triplets, researchers Yuen Yap Cheng
et al. determined to solve this issue by integrating a second
emitter molecule to create a dual-emitter TTA-UC system“<,
In this trimolecular composition, they similarly used a D149-
based DSSC, toluene solvent, and differently 2mM rubrene,
5.1 mM BPEA as the emitters, and 0.8 mM PQ4PdNA as the
sensitizer**. Thus, they were able to increase the efficiency

Toluene/
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Fig. 8 In Yuen Yap Cheng et al.’s study, the incident photon enhanced
current efficiency under different emitters. Reproduced from Ref. 46
with permission from the Royal Society of Chemistry“<,

of the systems since the rate of self-** absorption and self-
quenching of the emitter decreased®*. It is determined that while
BPEA increased the efficiency of the TTA process, the emission
was still mainly done by rubrene molecules; thus, BPEA acted
more as an energy transfer bridge between the TTA process and
the emission from rubrene®*. With this system, they were able
to get approximately a Jsc of 4.5 - 5 x 10-3 mA cm-2 at 3 ®, and
an incident photon to current efficiency (IPCE) enhancement
due to the presence of TTA-UC layer was calculated as 1.4% at
700-775 nm, as seen in Figure 844,

4. Physisorbed in solvent/ Water/ DPA/ PtOEP vs.
Chemisorbed in solvent/ BuN/ MTAB/ PtOEP

Jonas Sandby Lissau et al. aimed to utilize TTA-UC in
DSSC by adsorbing emitter molecules to the semiconductor®>,
They used DPA emitter dye molecules (9,10-diphenyl
anthracene) and PtOEP sensitizer dye molecules (platinum(II)
octaethylporphyrin) physisorbed (physically adsorbed) to ZiO2,
as seen in Figure 9%, However, this system suffered from PtOEP
aggregation, keeping the excitation energy and limiting mainly
the TTET process*?. Also, the presence of oxygen molecules
caused the quenching of triplet states®>. Furthermore, the use
of polar solvent water and nonpolar emitter DPA was thought
to limit the TTA by causing problems in orientation*>. The
orientation problems prevented the needed orbital overlapping
for the Dexter energy transfer, lowering efficiency™>.

Jonas Lissau and his coworkers replaced DPA with MTAB
(methyl 4-(10-p-tolylanthracen-9- yl)benzoate) to solve these
issues through several chemical reactions®’. These sensitizer
molecules were later chemisorbed (chemically adsorbed) to the
ZiO2 layer as depicted in Figure 102, Since the anchoring
process was done by chemisorption, the use of heat wouldn’t
cause the desorption (release from adsorption) of sensitizers
from the TiO2 semiconductor layer?. Thus, the system was
sealed with an argon atmosphere, which required a heat-
intensive process=. By using butyronitrile (BuN) solvent,

e e il i
h\"n-een_-". ) 4‘v i \"
s ™ 0o
.
>|:‘_,_'_, TTA ,

Fig. 9 Jonas Sandby Lissau et al.’s DPA emitter-based former
TTA-UC structure. Reprinted (adapted) with permission from Ref. 31.
Copyright 2024 American Chemical Society™

Fig. 10 Jonas Sandby Lissau et al.’s MTAB emitter-based latter
TTA-UC structure; anchored emitters denoted by the cross; sensitizers
denoted by the star. Reprinted (adapted) with permission from Ref. 30.
Copyright 2024 American Chemical Society"

which shows good performance with electrolytes and less
polarity compared to water, the TTET efficiency among emitters
and unaggregated mobility of PtOEP increased due to better
orientation, Through spectroscopy and estimations, it is found
that while the water and DPA-based former study showed an
oyc of 0.0006%, the later study with MTAB and BuN showed
an ¢yc of 0.04 %", However, the system suffers from a limited
energy transfer process from the sensitizers to the emitters=".
This problem could be solved by increasing the concentrations of
sensitizer/emitter molecules or anchoring sensitizer molecules
through a metal atom or organic compound=". Thus, the energy
transfer would have a higher reaction rate"?. This system was
not integrated into the solar cell during analysis, but it still gives
valuable insights for applying TTA-UC in DSSC.
5. Self-assembled bilayer/ Zn/ A/ PdP vs. Trilayer/ Zn/ A/
PdP/ PtP

In their study, Tristan Dilbeck et al. implemented TTA-UC on
DSSC by self-assembled trilayers=2. Through soaking processes,
the TiO2 semiconductor surface was first bound by 4,4’-
(anthracene-9,10-dial)bis(4,1-phenylene) diphosphonic acid (A)
that acts as the emitter, and then respectively the sensitizer
layers of PdP (Pd(II) meso-tetra(4- carboxyphenyl)porphine) and
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Fig. 11 (a) Molecular structure of self-assembled bilayer TTA-UC. (b)
Bilayer TTA-UC system. (c) Trilayer TTA-UC system.
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PtP (Pt(II) meso-tetra(4- carboxyphenyl)porphine) were linked
through Zn molecules as depicted in Figure 11(c)32. As PdP
and PtP sensitizers came together with absorptions respectively
at 510-550 nm and 490-530 nm, the absorbance spectrum of
the TTA-UC layer increased overall®2. Furthermore, a high
sensitizer concentration was achieved=?, Inside the system,
Co3+ was chosen as the redox mediator since its absorbance at
the visible spectrum is low, thus not causing absorption loss=2
The trilayer system showed an efficiency of 0.0012%, two orders
of magnitude higher than the bilayer system, which lacked PdP
molecules, as depicted in Figure 11(a) and (b)22. This system
also increased the distance between the semiconductor TiO2
and redox mediator Co3+, which decreased the recombination
rate=Z, In the incident photon to current efficiency (IPCE) graph,
it was seen that the trilayer TTA-UC system peaked at 515
nm with 1.28%"2. The Jsc was 7.41 x 10-2 mA cm-2 under 1
=2, Yet, for higher efficiency, the energy transfer efficiency
among A-PdP-PtP should be increased with possibly a different
metallic element linkage; back energy transfer from acceptor to
sensitizer should be minimized; the complementary absorption
spectrum of sensitizers should be optimized either with tuning
or a different material choice; yield of injection from the emitter
to the semiconductor should be maximized; and lastly, the triplet
quenching mechanism rates should be minimized possibly with
an inert gas atmosphere seal.
6. Adsorbed/ Alkyl chain spacer/ ADDA/ PtTPO

In their study, Tatsuro Morifuji et al. implemented
TTA-UC on a DSSC by adsorbing emitter
Pt(II)-8-[4-(10,15,20-triphenylporphyrin -5-yl) benzamido]
- octanoic acid dye (PtTPO) to the mesoporous TiO2
semiconductor with an alkyl chain spacer through a day-long
soaking in the solution“®. Later on, the same procedure was
applied to the sensitizer 4’ - (anthracene-9,10-diyl) dibenzoic
acid (ADDA) as depicted in Figure 124%. The concentration
of the emitter ADDA and sensitizer PtTPO was respectively

4 Prevent

. quenching
ADDA '

o ol Y ’ L__
&  Co-adsorption

1
FTO

Fig. 12 Tatsuro Morifuji et al.’s structure of ADDA/PtTPO adsorbed

TTA-UC. This figure is reproduced with Creative Commons

perrmssmn 46

1 mM and 0.1 mM“°. Due to using an alkyl chain spacer,
the distance between the semiconductor and the sensitizer
increased®. As a result, the rate of triplet sensitizer quenching
due to unwanted energy transfer from the sensitizer to the
semiconductor decreased since the distance between them
increased“®. As a result, the efficiency of the solar cell was
0.72%, and under 1 sun, the photocurrent contribution of the
TTA-UC unit was 0.036 mA cm 24, However, the decay of
emitter triplet states limited the system’s efficiency due to low
orbital overlap with other emitter triplet states“®. To solve this
problem, a different emitter material or a higher concentration
of ADDA should be used“®.

Comprehensive Comparison and Future Prospects
of TTA-UC in DSSC

The TTA-UC applications on DSSC can be compared by the
metric determined as the short circuit current density (Jsc)
concerning the solar intensity (®), as shown in Table 2. The
higher the Jsc is, the higher the current contribution of the
TTA-UC means. Among the prominent applications of TTA-UC
on DSSC, it is seen that the most efficient ones (4.275x10-2,
7.41x10-2, 3.6x10-2) are the applications where the drawbacks
due to triplet-triplet energy transfer (TTET) and the efficiency
of triplet-triplet annihilation (TTA) is alleviated by the use of
different structures (alkyl spacer, adsorption) or dual materials.
Yet, in most of the studies done so far, it has been seen that the
main problem with the overall TTA-UC quantum yield stems
from the efficiency of TTA and energy transfer.

The problems regarding the energy transfer from the sensitizer
to the emitter were eased either by using less polar solvents
or by anchoring these molecules either among themselves or
on the semiconductor layers, such as TiO, and ZiO;. The
adsorption technique further prevented aggregation and phase
separation problems. However, in some cases, these attempts
further increased the rate of some loss mechanisms, primarily
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Table 2. TTA-UC Jsc and ® values in DSSC.

TTA-UC Application Name Short Circuit Current | Solar Intensity © | Ref.
Density Jsc (mA cm-2) (1000W/m2)

Solvent-based

D149/ benzene/ rubrene/ PQ4PdNA 2.25x1073 3 43

Self-assembled bilayer

TiO2 / Zn/ DPPA/ PtTCPP 9+2x 1073 1 32

Dual-emitter solvent based

D149/ Toluene/ rubrene+BPEA/ 4.275+0.225 x 102 3 47

PQ4PdNA

Self-assembled trilayers

TiO2/ Zn/ PAP+PtP/ A 7.41 x 1072 33

Anchored with an alkyl spacer

TiO2/ alkyl spacer/ ADDA/ PtTPO 3.6x1072 1 47

the back energy transfer from the emitter to the sensitizer. Thus,
the energy gathered from low-energy photons wasn’t effectively
used to create emitter-excited singlet states. As for the efficiency
of the TTA process, there have been problems related to the
emitter molecules’ high triplet decay rates, which limit the
concentration of emitter triplet states. These problems were
reduced mainly by integrating a second emitter molecule into
the TTA-UC system. However, the emitter and dyes should be
chosen carefully so that their absorbance spectrum will not
overlap with the sensitizer’s to exploit a wider energy range
of photons. Yet, the efficiency of TTA-UC systems in dye-
sensitized solar cells is still not high enough for commercial use.
To overcome this issue, new material combinations should be
explored. The following steps may form these combinations:

L. Efficiently integrating multiple emitter molecules to benefit
from specific reaction paths of each emitter

II. Anchoring these emitter molecules to the solar cell’s
semiconductor layer through chemisorption or choosing a
solvent that will make TTA-UC molecules highly soluble

III. Choosing a sensitizer molecule whose absorption spectrum
will not overlap with the other molecules

IV. Efficiently integrating multiple sensitizer molecules to
broaden the absorption spectrum

V. Tuning energy levels or choosing the emitter and sensitizer
molecules so that the energy levels of the emitter and sensitizer’s
singlet and triplet states prevent energy losses during state
transitions and energy transfers

VI. Sealing the system with an inert gas to prevent oxygen-
based quenching Only after implementing these steps can a
dye-sensitized solar cell efficiency enhancement from 30% to
40% be achieved?.

Conclusion

To achieve commercial use, a triplet-triplet annihilation
upconversion system is key in dye-sensitized solar cells.

Despite promising high-efficiency rates in the future, TTA-UC
systems in DSSC still suffer from energy loss and degradation
mechanisms. In this review, it’s been seen that even though
commercialization is not possible with TTA-UC applications,
material choice plays a crucial role in the efficiency of TTA-
UC systems. TTA-UC systems with dual emitters, anchoring
structures, and self-assembled layers currently possess a higher
chance for commercial applicability in the future. For future
studies, to achieve a stable and highly efficient TTA-UC
integrated into dye-sensitized solar cells, particular importance
should be given to exploring new material combinations that
will achieve the highest yield according to the desired forward
and undesired back/decay/quenching reactions in the TTA-UC
mechanism. With a highly efficient TTA-UC layer that can
be integrated, dye-sensitized solar cells may replace silicon-
based solar cells’ dominance over the market, thanks to their
higher efficiency limit that will be possessed through TTA-UC
applications. Thus, acquiring a high-efficiency dye-sensitized
PV solar cell technology may make a low-carbon and efficient
energy generation system prevalent in the energy market
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