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Abstract: Organic semiconductor materials have been widely used in various optoelectronic devices
due to theﬁ

tical and/or electrical properties, which are highly related to their excited states.

Therefore,mnanage and utilize the excited states in organic semiconductors is essential for

the realization of high-performance optoelectronic devices. Triplet-triplet annihilation (TTA)
upconversion | nique process of converting two non-emissive triplet excitons to one singlet
exciton energy. Efficient optical-to-electrical devices can be realized by harvesting sub-
bandgap SOtons through TTA-based upconversion. In electrical-to-optical devices, triplets
generated e combination of charges and holes also can be efficiently utilized via TTA, which
resulted in nternal conversion efficiency of 62.5%. Currently, many interesting explorations

and signifisnt advances have been demonstrated in these fields. In this review, a comprehensive

summaWtriguing advances on developing efficient TTA upconversion materials and their

appIicatiorglectronic devices is systematically given along with some discussions. Finally, the

key challenges a perspectives of TTA upconversion systems for further improvement for

This article is protected by copyright. All rights reserved.
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optoelectronic devices and other related research directions are provided. This review hopes to

provide valuable guidelines for future related research and advancement in organic optoelectronics.

pt

Keywonds: gmigletstriplet annihilation, upconversion, organic optoelectronic devices, high mobility,

efficient trhon utilization

1. Introduc

The disco high electrical conductivity of polyacetylene by Alan Heeger, Hideki Shirakawa,

(1]

altuSC

and Alan id in 1976 opened up the new research field of organic optoelectronics.

Organi ectronic materials, based on organic small molecules and conjugated polymers,

exhibit properties compared with their inorganic counterparts, such as rich optical and

M

electronic properties, low-cost, high flexibility, light-weight, solution processability, etc., have been

[

widely use cate organic optoelectronic devices.”™ Thanks to the rapid development of new

organic se tor materials in the past decades, remarkable advancements have been achieved

in optoelec i vices. For example, the maximum power conversion efficiency (PCE) of organic

N

photov s has surpassed 18%."*%! The organic light-emitting diodes (OLEDs) have been

t

successfully commercialized as displays for high-end mobile phones and TVs. The charge-carrier

J

mobility of organigfssemiconductors in organic field-effect transistors (OFETs) has increased from the

initial 10” s to current values of over 40 cm? v ¢*.168 Recently, organic light-emitting

A
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transistors (OLETs), with potential to be the smallest integrated optoelectronic device, have
attracted much attention due to their dual ability in switching as OFET and light emission as OLED in
a singlem OLET devices show great potential to simplify the existing optoelectronic device
structures the development of photonic communications and electronically pumped

organic*as—iis. These substantial achievements for all the optoelectronic devices are attributed

to the gooﬁ:anding of the intrinsic electronic and optical properties involving rich excited

states in or iconductors.

For orgafigiSegdiconductor molecules, the fluorescent singlet excited-state has been investigated
intensively since Se first report of electroluminescence in organic materials.?®?” In contrast, the

emission fCiplet excited-state in purely organic semiconductors, i.e. phosphorescence, is

usually ver ue to the spin forbidden transition to the ground state.”® *! The triplet excited-

states remore elusive until the improvements in detection technology, especially the

develo anometallic complexes made the triplet excited-states more easily accessible for

spectroscopic_ tigation and technological exploitation.®” ¥ Since then, more and more

attention een paid to the investigation of triplet excitons in various related areas.®**® Properly
adjusting id utilizing the triplet excitons in organic semiconductors have significant effects on
promoting formance of optoelectronic devices and broadening their applications in more
advanced a or instance, exciton diffusion length is one of the common factors to impact the
PCE of buI!Eeterojunction photovoltaics. Triplet excitons are attractive for organic photovoltaics to

enhancM dissociation for free charges generation due to their long-lived lifetime and long

diffusion IengtE.S’3g] For single-junction photovoltaics, the maximum theoretical conversion

efficiency is Iimf:j to 33.7% [also known as Shockley-Queisser (SQ) limit] under the standard

This article is protected by copyright. All rights reserved.
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AM1.5G spectrum. This is mainly due to two main losses: the photons with energy exceeding the
threshold are lost through thermalization, while the sub-bandgap photons cannot be absorbed at
all.lo#2 Phlto upconversion and singlet fission (SF) which involving triplet excitons are considered

promising o break the SQ limit.[***”!

H I
In contrSt to photovoltaic devices, OLEDs and OLETs convert electricity to light. In OLEDs and

OLETs, 25°® and 75% triplet excitons are generated via electron-hole recombination through
charge injections.from the electrode contacts. Since the out-coupling efficiency is normally below
20%, the m external quantum efficiency (EQE) of fluorescent materials-based OLEDs and
OLETs is limited t5%.1*® Apparently, the fraction of triplet excitons seriously limited the efficiency
of these elegiii o-optical devices. Intensive efforts have been made to improve device EQEs by
harvestingﬁ

citons, such as developing materials with properties of phosphorescence, triplet-

triplet an iI (TTA), thermally activated delayed fluorescence (TADF), hybridized-local and
charge tes (HTLC), hot excitons, and radicals.® ***Y As a result, harvesting triplet
excitons plays sential way to improve the performance of OLEDs and OLETs. 62"

Amongst these approaches, triplet-triplet annihilation (TTA) upconversion, also known as triplet

fusion (TF)Lrsion, is a unique process of converting two triplet excited-states which leads to

the format @ e singlet excited-state. This allows for photon upconversion, where light of long

wavelengthi erted to photons with higher energy. Since the first report by Parker and

n

Hatcha i o TTA upconversion has attracted significant attention due to its unique

{

advantages, such as high upconversion quantum vyield, low excitation intensity requirement (a few

3

mW cm? is suffici@nt for upconversion), and readily tunable excitation/emission wavelength.®”7®

Thus, TTA rsion has numerous potential applications in bio-imaging, sensing, photocatalysis

A
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and optoelectronic devices.”*””! In addition, photon upconversion has long been considered as a
potential mechanism for solar cells to harvest sub-bandgap photons, which may exceed the imposed

SQ IimitW

Incorporating an upconverting layer into a single junction photovoltaic device will

increase t@ theoretical efficiency under one sun illumination from ~33% to ~45%, and

L
allow the L§ orwider bandgap materials."> **

For OLEDS and Q@LETs based on TTA materials, the internal conversion efficiency of up to 62.5%

G

[

may be possiblgsc> #! Though the maximum internal conversion efficiency is not as high as other

S

materials ( hosphorescent and TADF molecules), TTA has attracted much attention owing to

its inherent merits) such as efficient blue emission, small efficiency roll-off, low operation voltage,

L

and low c Efficiency roll-off in electroluminescence devices means the device efficiency

Il

decreases ightness increases, which may be caused by singlet-triplet annihilation, singlet-

polaron ankih , and loss of charge carrier balance, etc.” Moreover, the unique structure of

d

most with relatively rigid conjugation enables their possibility for integrating high

carrier mobili d efficient triplet utilization in one molecule, which are attractive for the

M

fabrication of high performance single component OLETSs.

I

In the des, many great efforts have been made to improve the efficiency of TTA

upconversi

O

heir corresponding optoelectronic devices. Some excellent reviews have been

given in Nteratures with special focus on active materials, working mechanism and device

g

archite 80, 81, 931001 )t now, there have been no comprehensive reviews on current

{

progress o ions of TTA upconversion in optoelectronic devices. In this review, we will give a

U

timely comprehensive summary and brief discussions of these fantastic advancements on the

A
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development of efficient TTA upconversion material systems and their applications in organic

optoelectronic devices. An overview of the review content is summarized in Figure 1, which includes

t

P

two work rocesses of optical-to-electrical conversion and electrical-to-optical conversion
correlated typical optoelectronic devices, including photovoltaics, OLEDs and OLETSs. In

the firstse ion, we will give a brief description of the basic working mechanism and statistics of TTA

£

upconversiog precess, which is followed by conclusion of advanced solution and solid-state optical

C

TTA upcon ystems. The applications of TTA upconversion in photovoltaic devices, OLEDs and

OLETs wil eXtensively discussed. This includes selections of active materials for TTA

S

upconversi e architectures and performances. Finally, the challenges and perspective of TTA

U

upconversi ms for further improvement of optoelectronic devices and other related research

directions dke provided.

[

1

L

ﬁl L]

@\;\

L — i

o+

thor Ma

Figure 1. Illustratign of TTA process and applications of TTA in optoelectronic devices, including

Ul

photovoltaics, OLE®s and OLETSs.
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2. TTA upconversion mechanism and figures of merit

Typicall‘two c'nponents are involved in optical pumped TTA upconversion systems: a sensitizer

(S) with na ical gap and a TTA annihilator/emitter (A/E). A triplet sensitizer molecule can be
excited to %cited-state by absorbing low energy photons. Following, this singlet excited-
I I
state is qulickly converted to its triplet excited-state (35*) through intersystem crossing (ISC) as
illustrated @ 2a. The energy in triplet excited-state sensitizer is transferred to an annihilator
molecule through triplet energy transfer (TET) to form triplet species (*A*). With a sufficiently high
triplet popmn the annihilator molecules, two or more triplets (*A*) can interact to produce
one annihi@s ground state (*A) and one in the singlet excited-state (*A*). Finally, the singlet
excited-statgmlmAdds of the annihilator decays radiatively back to its ground state by producing a
photon wi energy than those initially absorbed by the sensitizer molecule (Figure 2a). For

electrical mWA upconversion, 25% singlets and 75% triplets are generated after the

combin ctrons and holes based on the spin statistics in the device. However, triplet

excited state glet ground state transitions are spin forbidden and consequently cannot emit
light in fluorescent materials, which seriously limits the electrical-to-optical conversion efficiency.

These dar! triplets can be upconverted to a bright singlet through TTA, leading to delayed

electrolum®e (EL) as shown in Figure 2b.

This article is protected by copyright. All rights reserved.
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Figure 2. Wmechanism of (a) optical-pumped TTA and (b) electrical-pumped TTA processes.
TTAis t;s of interactions between two annihilators in their first triplet excited-state which
forms enc omplexes of singlet, triplet and quintet with spin multiplicities of 1/9, 3/9 and 5/9,

respectivelfA(as shown in Equations 1, 2 and 3).

[

m AT +3A o HAA) S TAT 1A (1)
: AT +3AT o 3(AA) 5 PAT+ 1A (2)
AT +3AT & °(AA) -5 AT+ 1A (3)

Kie

where A* plet excited-state, '(AA)* is the singlet encounter complex, *(AA)* is the triplet

encounter , °(AA)" is the quintet encounter complex and 'A is the ground state of

annihilator. nis case, only the singlet encounter complexes can undergo internal conversion to

the sing@tate (*A*) which emits light. Therefore, the maximum TTA efficiency is expected

to be 1#/9) according to the spin statistics.™® '® However, this spin-statistic limit has

been disproven tsnugh various ways.[1°3'1°5] Firstly, the quintet encounter complex acquires much

higher energ he singlet excited-state energy and two times of the triplet excited-state energy.

This article is protected by copyright. All rights reserved.
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Therefore, the route through Equation 3 is inaccessible and the quintet encounter complex

dissociates back to the initial triplet excited-states. Usually, the triplet encounter complex can

;t

produce a triplet excited-state (e.g., the second triplet excited-state, *A%*), which can undergo

fast relaxa his implies that for the two *A* consumed through Equation 2, one returned

will be 3va € again to undergo further TTA. In this case, the maximum TTA efficiency will exceed

Il

40%.[106»109

C

TTA shows nop-linear optical property as bimolecular interactions are involved in this process. The

annihilator et excited-states (*A*) decay through two competing pathways, as shown in

[96, 110-

=)

Equation 4:

d[d:ﬁ] = —kg| 3A*]t — kpr[ *A7J (4)

where k; isith of all first order and pseudo-first order decay constant, k7 is the second order

al

rate co

In th annihilation regime, where the excitation intensity is low, k; is much larger than

M

k+[>A*], the dynamics of annihilator triplet excited-states is dominated by spontaneous nonradiative

I

decay wh inefficient. Therefore, the upconverted emission intensity / is proportional to

[*A*)? as sh Etjuation 5, and / is quadratically dependent on the excitation intensity.

Opkrr[ 24715
2kr

[ = (5)

h

{

U

Under h itation intensity conditions, while the annihilation is strong, kt is much smaller than
kr[*A*]. Th I is proportional to [*A*], as shown in Equation 6 and shows a linear relationship

with the on intensity.

A
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I= @p 34" (6)

As shWre 3a, the slope changes from 2 to 1 in a log-log plot in both optically-pumped
and electrj ped TTA systems.' '®! The crossing point of the two different slope lines
corresponds to the value of excitation threshold (/y,), which is an important figure-of-merit to judge

H I
the perforfance of TTA upconversion system.® 18 14151 Apoye the Iy, value, the upconversion

E

quantum yield ( and EQE reaches and maintains their maximum value (Figure 3b).

G

The TTA"basedh photon upconversion quantum yield (@yc) represents the number of photons

with high- mitted by annihilators compared to the number of photons with low-energy

US

absorbed ifizers, which is one of the most important parameters to evaluate the efficiency of

TTA-based@photon upconversion systems. @y is related the efficiency of ISC, TET, TTA and

N

fluorescenc ocess, as shown in Equation 7:

a

Dyc = Disc Prer PriaDr, (7)

where A, @ are the quantum yield of ISC of the sensitizer, the quantum efficiency of

M

TET from the triplet excited-state sensitizer to the annihilator, the quantum efficiency of TTA

[

between t ilators in their triplet excited-states, and the fluorescence quantum yield of the

annihilato @ jvely.

Auth
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Figure 3. ( minescence (PL)/electroluminescence (EL) emission intensity and (b) ®y/EQE as

a function of excitdtion intensity/current intensity.

Ul

3. Photovaltaics assisted by TTA upconversion systems

N

Solar en ceiving increasing attentions as an abundant, clean and renewable energy form.

d

Solar cells, an electrical device that directly converts sunlight to electricity, have been developed

rapidly in rece cades. The first generation solar cells which are made of crystalline silicon have

V]

t.[116]

been s ommercialized and make up a major part of the photovoltaic marke

However, these solar cells are manufactured by pure silicon, the cost of generating crystalline silicon

[

is high com o their power output.™*® To reduce the cost of the first generation solar cells, the

O

second ge solar cells based on thin film technologies have been developed, which

encompassyamorphous silicon (a-Si), copper indium gallium di-selenide, cadmium telluride solar

f

cells.™ Hawevergall of these solar cells are of single threshold type which suffer from SQ limit due

¢

to the tra and thermalization energy losses.”” For many second generation solar cells,

U

their abili rvest sunlight above 800 nm is poor.'*® Therefore, their energy conversion

A
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efficiency can be further improved if the sub-bandgap photons can be harvested efficiently. Thus,
the third generation solar cells have been developed to further improve the energy conversion
efficienMe the cost through several approaches, such as developing new active materials,
innovating ice architectures and converting incident spectrum, etc.*>™* Amongst these
approacﬂewn upconversion based on TTA has attracted intense attention in recent years

which has b:en jadily utilized into solar cells for harvesting sub-bandgap photons. In this section,

we will su the state-of-the-art of TTA upconversion systems and their applications in solar

energy corw

As shown in Fi5re 4a, sub-bandgap photons from sunlight can be absorbed and upconverted to

excitons w er energy through TTA in solar cells. Incorporating TTA upconversion into
photovoltai s is desirable to boost the solar energy conversion efficiency and therefore
decrease tmp to now, efficient TTA upconversion has been realized in dilute solution due to

the fas iffusion rate, which is favorable for efficient TET and TTA. However, considering

practical appli s, more and more attention has been paid into the development of solid-state
TTA upconversion systems under low excitation intensity. According to the structures of
incorporats solar cells, TTA upconverter can be integrated to the solar cells optically and electrically
(Figure 4b . In optically integrated solar cell (Figure 4b), the TTA upconversion layer is
working in ntly in the rear part of the solar cell with a reflector. In the electrically integrated
solar cell :sgure 4c), the energy from upconverted singlet is directly injected into the electrode

before IMn. Continuous efforts on developing efficient TTA upconversion systems and TTA-

integrated so!ar SI devices have been made. The basis of improving upconversion incorporated

solar cells is depfent on improving upconversion chromophores, therefore, this section will firstly

This article is protected by copyright. All rights reserved.
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summarize the main requirements for designing upconversion chromophores. Then, the state-of-

the-art of TTA upconversion systems in solution and solid-state, as well as their applications in solar

energy hage ing will be summarized and discussed.

(a)

500 1000 1500 2000
Wavelength (nmyj

(b} Optically integrated solar cell (c) Electrically integrated solar cell

(> 71

rear reflector

Electrode

TTA

3 T_ . -

“= Annihilator Sensitizer s

LT

Figure 4. 1.5 AM sunlight spectrum with highlighted parts for upconversion. Schematic

iIIustratI“n optically integrated solar cell and (c) an electrically integrated solar cell.

3.1 Selectisve materials for TTA upconversion

This article is protected by copyright. All rights reserved.
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Triplet excitons cannot be directly generated by optical excitation without effective ISC through
efficient spin-orbital coupling of heavy metal effect because it is spin-forbidden process. Hence, to
give effiwpconversion through optical pumps, sensitizers are required to absorb low energy
photons a iplet excitons. Accordingly, the sensitizers should have 1) a strong absorption
in the a%siﬁcral region; 2) a high ISC efficiency; 3) a long triplet lifetime and finally 4) a small

singIet-tripIE ejigy gap to minimize the energy loss during the ISC process. According to these

above req s, many materials including heavy-metal complexes, organic dyes (including TADF
materials),§ qu@nt dots (QDs) and perovskite have been successfully developed as triplet
sensitizers ent TTA upconversion.® ' Charge transfer states between electron donor
and accep\;cies can also act as sensitizers."®> ™! For an efficient TTA upconversion system,
the annihil@tors should meet below requirements: 1) a singlet energy level at just below two times
of the first riplet state energy level; 2) a long triplet lifetime; 3) the second triplet excited-
state should*ho energetically accessible from the TTA event to ensure high TTA yields. Based on
these Es, polycyclic aromatic hydrocarbon acenes (including anthracene, pyrene,
perylen , rubrene and their derivatives) have been widely used as the annihilators for TTA
upconversion.®® %138 some commonly used sensitizers and annihilators discussed in this article are

summarizeg In !lgure 5.

L
r—
-

<C

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

() Annihilators
'..I
O30
o = =
2, 19-DPA by
! perviens 50
- 136 1 ;‘JN
LI B =440 mm EFEA FDI-CH, TIPS-pentacens

Rew =472 A, =fiEnm 3 =455 um

M= Pt FIOEF a

M=Fd:PAOEF  y1_py BITFIBF
A, =8um y{-Pd PATPTBP M = Pt FiP. M = Pd: PAP N
A, =035um A, =670 nm PAFQ,, B, = R, = H, 3, = 670 o D-1, i, =038 mm
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Figure 5. Cllemical structures of commonly used (a) annihilators and (b) sensitizers from literatures.

3.2 Incorparat plution-based TTA upconversion systems into photovoltaics

Th ay to realize optically-pumped TTA upconversion is to dissolve the sensitizer and

t[139] [101] [140, 141]

annihilat suitable organic solven , such as toluene,™? benzene, chloroform,

M

[143]

acetonitrile,!** 142 dimethyl formamide, etc. Up to now, most of the efficient TTA upconversion

1

systems h demonstrated in solution since both the TET and TTA processes are diffusion

control. T @ n-based environment can significantly facilitate the chromophore diffusion and

provide a sting platform for new TTA upconversion systems.® ¥ Towards to the

n

applicati t TTA upconversion incorporated solar cell devcie was demonstrated by Schmidt

{

et al. in . After continuous efforts in recent years, the performance of solution-based TTA

upconversion incofporated solar cells has been largely improved.

U

A
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3.2.1 Development of solution-based TTA upconversion systems

Even thlUﬁh tr highest solution TTA upconversion efficiency of over 38% (out of a 50%

maximum n reported for green-to-blue conversion, the upconversion efficiency for NIR-to-
red light c much lower, which is more required for some applications’®. Hence, it is of
H I

significanc&ito effectively harvest red/NIR through TTA upconversion for solar cells applications.

However, iffs sti allenging as most sensitizers used in TTA upconversion showed poor absorption
efficiency in t red/NIR region. To date, porphyrin-like centre with extended conjugated
framework ugfftum dots, TADF and perovskite sensitizers have been reported to exhibit

upconversion fr05visible to the red/NIR region.**> 2% 127145148 The ynconversion efficiencies of

these systeCtill needed to be improved to meet the application in such as solar cells.

3.2.2 Solut TTA upconversion systems integrated photovoltaics

w
Incorporating TTA upconversion into photovoltaics has attracted increasing attentions in recent

years which Eainly attributed to its ability in harvesting the sub-bandgap photons. In this
section sed TTA upconversion integrated solar cell systems will be summarized and

discussed i!detail.
Integratm upconversion into solar cell devices optically is a relatively simple approach to
implement everal notable advantages. For instance, they can build on already available and

high effici&: solar cells, which could greatly simplify the manufacture steps. In addition, the

performHomponents of the upconversion layer and the solar cell can be optimized and

tuned independeily. In this case, all the already available highly efficient TTA upconversion

chromo&xe choose and utilized in these devices.

This article is protected by copyright. All rights reserved.
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Schmidt group has demonstrated many TTA upconversion integrated solar cell systems, including

hydrogenated amorphous silicon (a-Si:H) soalr cell, organic photovoltaics and dye-sensitized solar

{

cell (DSSC) ice. A figure of merit (FoM, & =AJsc C?) was introduced by them to compare the

photocurr ent between these systems, where A J is total short circuit current density

|
increase ang C is the effective solar concentration. In the first TTA upconversion integrated a-Si:H,

red-absorbiag semsitizers (PdPQ, or PAPQ,NA, Figure 5b) and annihilator (rubrene, Figure 5a) were

G

sealed in a athlength air-free cuvette and mounted on the backside of the solar cell device.

149 The F salar cell with upconverter was calculated of 2.8 x 10° mA cm™ sun? and 1.3 x 10™

S

mA cm?s e PQ,Pd and PQ,PdNA systems, respectively. Further improvement was obtained

U

by using an organic solar cell with a higher external quantum efficiency and high transmission of red

F)

light at 6 nm.”® Quantum efficiency of this organic solar cell device showed significant

improvem he upconversion layer compared to that without upconversion. A FoM of 1.60 x

a

10* mA cm ™ suft” was obtained in P3HT:ICBA organic solar cell. Meanwhile, a comparison a-Si:H

solar cell was red by increasing the light transmission in the 670 nm region, a FoM of 7.63 x 10°

4

\

mA c achieved, which is about 27 times higher compared to that of above-mentioned

PQ,Pd systgm assisted a-Si:H solar cell.

[

Since th ersion emission is isotropic, more than half of the upconverted emission is lost as

it is emitted

O

from the solar cell.™® To overcome this issue, Schmidt et al. placed a Lambertain

h

reflector to¥further improve the harvesting of the upconverted light by the solar cell Iayer.[m] As a

!

result, 7 x 10" mA cm? sun? and 4.9 x 10* mA cm? sun® were obtained for

uponconverters h and without silver-coated glass spheres, respectively. Consequently, a fully

Ul

integrated up rsion DSSC device was reported.[lsol The solution-based upconversion system

A
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consisting of PAPQ;NA and rubrene was contained within the encapsulated chamber, and a Al,O;
reflector was placed in the rear part of the device (Figure 6a). The upconverted emission was
captureh@ dye (Figure 6b) for high efficiency DSSC. This device displayed a FoM of 2.5 x
10" mA ¢ er sub-bandgap illumination at low excitation fluence. In 2016, the FoM was

further-lnc!%o 4.5 x 10° mA cm™ sun? for DSSC by employing a dual-annihilator TTA

upconversiog system.” Rubrene and 9,10-bis(phenylethynyl)anthracene (BPEA, Figure 5a) were
selected au

ihilators with PQ,PdNA as the sensitizer. In this dual-annihilator upconversion
system, pmsorption was successfully avoided as the emission from rubrene is within the

absorption; of the sensitizer and the emission spectrum matches well with the integrated

solar cell s esponses.

C

(b) e
P=s

144|Tic,
———F Snd,glass
T TA-LIC solution
|- reflector [144
lass

Figure 6. ( structure of the upconversion-integrated DSSC. (b) Molecular structure of D149.

Reprod rmission.™ Copyright 2013, American Chemical Society.

thcg?

Up to p photocurrent efficiency of solution-based TTA upconversion integrated solar cell

U

has been enhanced for several times. However, this strategy also has many problems, such as the

A
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relatively low sensitizer concentration, which resulted in limited absorption of sub-bandgap photons.
In addition, energy losses, caused by sensitizer-sensitizer annihilation and parasitic energy transfer,
are dentriﬂe | to the upconversion efficiency. Therefore, more attentions are needed to be paid

on these is her harness TTA upconversion in solar cells.

H I
3.3 Incorpagating solid-state TTA upconversion systems into photovoltaics

£

AlthougRaefficiefit TTA upconversion has been achieved in solution and successfully integrated

C

into solar s, the use of volatile organic solvents is not practical for device engineering. For

S

incorporation of TTA upconversion with solar cell devices, it is still desired to develop efficient solid-

U

state upco nder low excitation intensity.

3.3.1 Develgpment of solid-state TTA upconversion systems

1

As the

pl ited-states are sensitive to oxygen molecules, various matrix were utilized to

a

protect r and annihilator from oxygen quenching. Hence, an approach of encapsulating

organic liquj aining sensitizers and annihilators have been developed.”>******! However, seals

VY

are easily dissolved and broken, which dramatically limited the practical applications. To meet the

requirements of device engineering, rubbery polymers and rigid polymers have been widely used as

E

the host serve as a mechanical support for the upconversion pairs and also block

O

[156-1

oxygen. ddition, solid-state TTA upconversion systems were also reported in metal-organic

framework& (MOFs).% % %l ggjid-state TTA upconversion systems have been well summarized in

q

[79, 96, 171]

L

many re different aspects.

In 2007,

U

astellano and co-workers represented the first example of green-to-blue solid-

state TT version system in a rubbery polymer film by using palladium octaethylporphyrin

A
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(PdOEP, Figure 5b) and 9,10-diphenyl anthracene (9,10-DPA, Figure 5a) as sensitizer and annihilator,
respectively.”ss] Lately, various solid-state upconversion systems have been reported by blending
upconversanin different polymer matrix, such as polyurethane'™®”, polyethylene glycol™®,
poly(meth te)!™ and cellulose acetate™™’?. In 2012, Monguzzi et al. obtained TTA
upconve-rsi*!neluency of 3.0% and 3.7% in platinum octaethylporphyrin (PtOEP, Figure 5b)/ 9,10-
DPA-doped polystyrene nanoparticle aqueous suspension and drop-cast films, respectively.™® The

TTA upcon fficiency was further increased to 11% with a low excitation threshold of 20 mW
cm™ by Ca%t al."® The benchmark green-to-blue TTA upconversion pair (PdOEP/9,10-DPA)
was blend ansparent and flexible rubbery solids fabricated by using commercially available

polyuretha ursors (Clear Flex 50, CLRFLX). High 9,10-DPA and PdOEP concentrations were

used to re!ize efficient TET and TTA as chromophore diffusion was restricted in the polyurethane

matrix. Th on of micrometer particles containing 9,10-DPA and PtOEP in polyurethane was
confirmed , Smith and co-workers."®*® ") This procedure was lately extended to a dual-
sensitizer s or broadband light absorption. The dual-sensitizer of PAOEP and PdTPTBP enabled
the abs i ore photons both in red and green, which enhanced the overall upconversion

efficiency."”® In 2016, groups of Bulovi¢, Bawendi and Baldo reported a solid-state NIR-to-vis TTA

upconversion. A mixture of energy collector (rubrene) and annihilator
(dibenzotelperiﬂanthene, DBP) was vacuum deposited on a PbS nanocrystal. PbS
nanocryst d NIR light (1010 nm) and transferred excited-state energy to rubrene, where

upconverted emission peak at 612 nm from DBP was observed.

184

systems.”” :

Recently, ElmSka and Yanai groups have reported various solid-state TTA upconversion
[99, 100, 175-

iy concept of triplet energy migration was proposed to solve the restricted
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molecular diffusion issue in solid-state environments.® '3 |n 2015, they developed the self-
assembled nanofibers as oxygen barrier matrix.*”® The gel nanofibers accumulating various
sensitizer—#"lator upconversion pairs were prepared, exhibiting air-stable and strong TTA
upconvertms from visible to UV range. To realize NIR-to-vis upconversion, an osmium

complex-, atpy)(tbbpy)CI* (atpy = tris(2-ethylhexyl)-[2,2":6',2"-terpyridine]4,4',4"-tricarboxamide;

i-tert-butyl-2,2'-bipyri-dine) (D-1, Figure 5b), with branched alkyl chains was designed

be miscible with the nonpolar annihilator rubrene."®! The strong spin-orbit

coupling offithg/Osfcomplex enabled the direct singlet-to-triplet absorption and reduce energy loss

S

during trip! ization. Amorphous upconversion nanoparticles consisting of D-1 and rubrene

U

was prep ough reprecipitation method. The obtained nanoparticles were dispersed in
poly(vinyl dlcohol) (PVA) to protect the triplets from oxygen quenching. Under the excitation of NIR

light (980 ht yellow light (580 nm) was observed from the solid film even under ambient

d

conditions. um upconversion efficiency of ~1.55% (out of a 50% maximum) was achieved

from the d rubrene nanoparticle in PVA film under the photoexcitation in air.

N

Crystalline solids including sensitizer and annihilator have also been developed and studied for

efficient sdlid-state TTA upconversion.™”” ¥ |n 2017, red-to-green upconversion nanocrystals were

[

prepared b, /. using 9,10-distyrylanthracene (DSA, Figure 5a) and PdTPTBP (Figure 5b) as the

O

annihilator nsitizer, respectively.m” An @y of 0.29% was obtained under an excitation

intensity o§120 mwW cm™ at 640 nm. Lately, upconversion crystals containing PtOEP, DPA and its

q

derivati pared by Gao et al. with a ratio of 1:800.* Uniform upconversion crystals were

L

formed by reprecifitation methods. The bright blue upconverted emission intensity from PtOEP-DPA

Ul

and PtOEP-bDPA_g@rgystals increased as increasing the excitation power intensity at 532 nm. PtOEP-

A
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bDPA crystals showed more efficient TET and TTA upconversion efficiencies than that of PtOEP-DPA
crystals, which were attributed to the better distribution of PtOEP in bulky- DPA crystals. As a result,
almost Mﬂgher upconversion efficiency compared to that of PtOEP-DPA crystals was
obtained. he crystalline TTA upconversion systems show improved air-stability as the

tight m%le_!uarpacking can block oxygen well. The excellent performance of crystalline TTA

upconversi@ms exhibit the potential to harvest sunlight in solar cell devices.
3.3.2 SoIid-stath‘ upconversion integrated photovoltaics

For long-term practical applications, solid-state TTA upconversion systems are more desirable
to be int nto photovoltaic devices for harvesting sub-bandgap light. Solid-state TTA

upconvers'g systems have been integrated into optically and electrically solar cells, including DSSCs

and organic [taics.

In thi&we will firstly discuss the optically integrated solar cell systems. In 2016, the first
solid-state iEconversion polymeric film integrated DSSC device was reported by Kim,
Schmut d their co-workers.®® TTA upconversion films were fabricated using
polyurethaf as the matrix to block oxygen with PdTPTBP (Figure 5b) as the sensitizer and perylene
(Figure 5a) a annihilator. This upconversion system show good absorption at 635 nm and red-
to-blue up@n with good air stability. When coupled this TTA upconversion film and a
reerctoﬂC device which has a 5 um TiO, layer, a maximum photocurrent enhancement of
37.3% wasgealizeggunder one-sun illumination compared to the initial photocurrent of 9.8 mA cm™.

The first organic photovoltaics was fabricated by Rand et al. in 2017."*% A material

system co of PtTPTBP as the triplet sensitizer, and a-sexithiophene (a-6T, Figure 5a) and

<C
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diindenoperylene (DIP) as the annihilator and energy acceptor, respectively, was strategically
selected to meet the energetic requirements of the organic photovoltaic. Triplets populated in a-6T
after TE'IHTBP was evidenced by transient absorption spectroscopy, while TTA upconverted
emission adratic dependence on excitation power was confirmed by delayed
quoresc%nispHcroscopy. The photocurrent enhancement of this device was only 0.013 mA cm™.
from annih

The low phﬁoc:ient enhancement was attributed to low TTA efficiency and back energy transfer

sensitizer. For further improve the device efficiency, the authors proposed to

incorporatwizer host with slightly higher triplet energy for preventing back energy transfer.

Apart from uSing the back reflector to redirect the upconverted light back toward to solar cell

device, anﬁ:roach is to use waveguide. Luminescent solar concentrator (LSC) is a light-

harvesting ntaining fluorophores that absorb light over the large surface area of a planar

waveguidm 2018, Reichmanis, Moon and their co-workers fabricated a dual-band LSC

device oth ultraviolet and red visible light through downconversion and upconversion

processes, res ely (Figure 7a and 7b). The upconversion LSC luminesces high energy green light
from BPEA (annihilator, Figure 5a) by absorbing low energy red light through PdTPTBP (sensitizer), as
well as dgnshift LSC that luminescence green light by absorbing ultraviolet light."® The
luminesce oncentrated from the two LSCs is absorbed by a DSSC having a high extinction
coefficient wavelength. A PCE of 6.1% was obtained from the optimized dual band LSC-SC,
which was!3% higher than that of the single band LSC-SC (5.4%). The PCE was further increased to

7.8% byMe downconversion material of BPEA to anthracene (Figure 7c)."*” The average

visible transmlttaSe of the dual LSC/DSSCs in the wavelengths of 400 nm to 800 nm was evaluated

as 43% (Figure t). Apart from LSC-coupled DSSCs, the same group extended this strategy to
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perovskite solar cells lately."™*® 1 Maximum PCEs of 7.53% and 8.99% were achieved in the

upconversion-assisted dual-band and triple-band LSC-coupled perovskite solar cells, respectively.

T

O
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Figure 7. (Wt of the dual-band LSC-based solar cell system. (b) Digital images of dual-band

LSC. Repro @ ith permission.[194] Copyright 2016, American Chemical Society. (c) J-V graphs of

DSSC and dual LSC/DSSC with their performances inserted. (d) Transmittance spectrum of the dual

h

LSC/DS igital photograph. Reproduced with permission.“gs] Copyright 2020, American

Chemic
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In electrically incorporated solar cells, the upconverted energy generated following light
excitation and TTA is directly used for charge separation before upconversion emission."®® In
general,woaches have been devised for harnessing TTA upconversion in DSSCs as shown in
Figure 8. | geneous device (Figure 8a), the sensitizers are dissolved in the electrolyte

solution wI!we e annihilators are bonded onto the electrode surface.™ Since the sensitizers are in

the electrolyte s@lution, the TET from sensitizer to annihilator is still diffusion-limited, which resulted

C

in limited u sion efficiency. In addition, the solubility of sensitizer in the electrolyte is another

problem wiliciBheéds to be overcome for realizing efficient TTA upconversion.

TET RN o
—q N 46’9‘“
TET,
(s o ;

o j_'\.'i\r

k?b} TTA = TTA "

| o

—é(_/ Ny

Fanl
TET M
electrode electrode electrode

|
Figure 8. illustrations of (a) heterogeneous, (b) co-adsorption and (c) metal-ion-linked
approache essing TTA upconversion in DSSCs.

In lee the triplet energy migration and sensitizer solubility issue, a co-adsorption

approach mduced (Figure 8b).” In this approach, the sensitizer and annihilator are co-
on

adsorbed e furface of electrode with close proximity, which improved the TET and TTA
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efficiency thanks to the short distance between upconversion chromophores. A FoM of 0.036 mA
cm™ sun’ has been achieved in a TTA upconversion integrated DSSC by co-adsorbing Pt(l1)-porphyrin
dye and li nylanthracene on mesoporous Ti0,.?° Nevertheless, this approach has the

disadvanta atively low light harvesting efficiency since the concentration of sensitizer on

the eIec!roEe surface is limited.

Bilayer cture) (Figure 8c) linked by metal ions has the advantages of fast TET and high surface
loading concentration since the sensitizer and annihilator are linked together. In 2015, Hanson et al.
reported a conversion integrated DSSC with self-assembling bilayers of the sensitizer and
annihilator on melal oxide surface.”® Pt(ll)tetrakis(4-carboxyphenyl)porphyrin (PtTCPP) and 4,4'-
(anthracen iyl)bis(4,1-phenylene)diphosphonic acid (DPPA) were selected as sensitizer and
annihilato ively. A 3-time enhancement of transient photocurrent was observed in TiO,-
DPPA-Zn-PEIC ayer structure compared to TiO,-PtTCPP and TiO,-DPPA monolayers. This can be

attribu n-to-current generation pathway provided by TTA upconversion. Lately, redox

mediator, whi ssential for generating the oxidized dyes and closing the circuit, was introduced
into this self-assembled bilayer structure device.”®” Further photocurrent enhancement was then

achieved L!der one sun irradiation by changing the redox mediator (Figure 9a).”*! The redox

potential OOZ+/3+ mediator was found to have a significant
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1n/m

NHE) with uctures of the Co redoxes. (b) Relationship between the short-circuit

ity and excitation intensity at 532 nm for TiO,-Acceptor-Zn-Sensitizer devices.

1

photocurr

Reproduc rmission.?® Copyright 2016, American Chemical Society.

a

impact ocurrent density and /.. The highest photocurrent density of 0.158 mA cm™ was

achieve one sun by using Coll/lll(phen); as the mediator. And the I, value of 0.8 mW cm™

M

was obtained for Coll/lll(pz-py-pz),(PFs), (Figure 9b). This Iy, value is well below solar intensities as

[

well as ov ds times lower compared to that of Coll/Ill(tpy),(PFe)..

The bsorption range of the sensitizer is another key factor limiting the TTA

O

upconversi efficiency. To broaden sensitizers’ absorption spectra, Hanson and co-workers

i

incorporated multiple sensitizers (Pd(Il) meso-tetra(4-carboxyphenyl)porphine (PdP, Figure 5b) and

t

Pt(Il) mes carboxyphenyl)porphine (PtP, Figure 5b) into the TTA upconversion integrated

U

DSSC usin and trilayer self-assembly via metal ion Iinkages.lml The multiple sensitizers in

A
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this system work cooperatively to increase annihilator triplet excited-state densities, lower the light
intensity, as well as increase overall TTA upconversion efficiency. The transmission window between
sensitiZ(MHﬂhilator molecules is another key factor limiting the performance of TTA
upconversi d solar cell. A third component of singlet sensitizer (SS) was introduced into
the selpaim trilayers by the same group to harness the transmitted light.?® A TTA

upconversio: pljtocurrent density of 0.315 mA cm™ under one sun irradiation was achieved.

Although S ced self-assembled trilayers strategy is promising for enhancing broad-band light
absorptio%roving the integrated TTA upconversion solar cell performance, cell fabrication
and mana nvolves significant complexity with four components in the photoanode (SS,
sensitizer, tor, and TiO,) redox mediator. Recently, NIR-to-visible upconversion system

containing!fluorinated zinc phthalocyanine (F16ZnPc, Figure 5b) as the sensitizer and

perylenetemylic acid diimide (PDI-CH3, Figure 5a) as the annihilator was deposited on the top
[

of TiO, lay nder the NIR light (709 nm) excitation, triplets generated in F16ZnPc was
efficiently red to PDI-CH;. Consequently, electrons formed from the upconverted singlet
excited I-CH; are directly injected into TiO,. The maximum efficiency of the absorbed

photons to injected electrons in this system was 1.8%.

L

Apart orphyrin derivatives used as sensitizers, QDs have been emerged as triplet
sensitizers are relatively easy to be synthesized with small singlet-to-triplet energy gap and
tunable eﬂEgy levels.!”*” 2% Many studies have demonstrated that localized triplets on QDs can be
efficientMed to the organic annihilators that anchored on the QDs surface or dissolved in

sqution.mﬁently, Hanson et al. reported the first example of TTA upconversion integrated

solar cell using fs as the sensitizers.**®! Although the performance is not comparable to the
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previous molecular sensitized device, it showed the potential of multilayer assemblies containing

QDs sensitizers in harnessing the upconversion efficiency for TTA upconversion solar cell devices.?*"

{

In su A based upconversion has been extensively studied both in solution and solid-
state. Muc as been made in the field of TTA upconversion in solar energy applications
H I

and the otocurrent efficiency of TTA upconversion integrated solar cells has increased
considerably. Howgver, there is still a large room to further improve the light harvesting efficiency of
TTA in solar_cells from different aspects including: i) improving the solid-state TTA upconversion

efficiency shifting the absorption range to NIR, ii) decreasing back energy transfer and triplet

SG

energy loss through material and device architecture design, iii) developing new mediator materials

H

and deeply nding the relationship between mediator molecular structure and performance,

N

iv) incorpo uponversion in more already available solar cells with outstanding efficiency.

4. OLEDs b A materials

d

OLED devic e been successfully commercialized in many display fields thanks to the rapid

M

develo issive organic semiconductors from original fluorescent, to phosphorescent, TTA,

TADF, andgecently developed hot exciton, radicals materials.?" ** > 1 The theoretical internal

[

conversion cy have been increased from initial 25% to 100%. As a result, the performance of

G

OLEDs bas ganic semiconductors has been significantly improved with the highest EQE of

nearly 409 Certainly, apart from the active materials, optimization of their aggregation states

[

and devicepfabricagion technology also play important roles for improving the performance of OLEDs,

{

[48, 65, 216]

which hav Il summarized in other review articles.

§

A
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Among these above-mentioned active materials, semiconductors with TTA property usually show
unique blue emission with small efficiency roll-off, low operation voltage, and low cost, which are a
kind of ideJHals for OELDs. Even though photoluminescence involving TTA was first evident in
hydrocarb d solution in 1962, it was not until 1998 that TTA was first proposed as a
possibIe-mFicamsm for a high EQE of 7.1% in OLEDs reported by Kido et al.*”' Much progress has
OLEDs is s

been achiev:d i:recent years for TTA-based OLEDs. In this section, recent progress of TTA-based

Ically summarized in terms of the sensitization approaches, including charge

transfer (szed (4.1) and local excited triplet-sensitized (4.2) TTA systems.

4.1 Charge transf§(CT)-sensitized TTA systems

ChargSEransEer (CT)-sensitized TTA is also known as exciplex-sensitized TTA. It is a process in

which excitons are_initially produced by electrical excitation on the interface between the TTA layer
m

and its ne layer. Then subsequently excitons are transferred to TTA layer where singlet

excited s formed through TTA. This singlet excited-state either decays back to the ground state

[130]

to emit n or transfers its energy to another emissive species.

In 2003, Jaﬁus et al. first discovered the typical CT-sensitized TTA system in OLED device.”*® They

fabricated Q with a simple device structure using N,N'-bis(1-naphthyl)N,N'-diphenyl-1,1'-

biphenyl—4©ﬂe (NPB) and 1,3,5-tri(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl (TPBi) as the

active layeffs. As shown in Figure 10a, exciplex state formed between NPB and TPBi with a triplet

energy level of 2.8@ eV. Consequently, triplets in exciplex state were transferred to NPB with a triplet

energy lev eV. EL spectra from OLED device was observed which was consistent with the PL
—r

spectra of NPB:TPBi films (Figure 10b). A majority of the EL was harvested from triplet

This article is protected by copyright. All rights reserved.

31



WILEY-VCH

excitons in NPB through TTA according to the excitation-dependent PL intensity and transient EL
decay experimental result, in which the slope of decayed EL changed from 0.96 to 2 in terms of the
delay tin#emc). The exciplex emission which was generated from energy transfer from NPB
totheCTs TPBi was also observed (Figure 10d). A maximum EQE of 2.7% was achieved,

which is-ah!wwme as high as only the direct singlets production predicts of 1.4%.
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Figure 10. ;ectra from the OLED device and the PL spectra of NPB and NPB:TPBi (1:1) films.

(b) Energy nd molecular structures of main materials used in CT-sensitized TTA system. (c)

<C
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Transient PL and EL decay of pure NPB and NPB:TPBi (1:1) films. (d) Time-resolved spectra from

NPB:TPBi (1:1) film.*® Copyright 2013, John Wily and Sons.

Rubre uIIerene Ceo are commonly used in OLEDs as annihilator/hole transporter and

it

electron transporter, respectively.”” ¥ For instance, So et al. studied the origin of the EL in
H I

rubrene/CSheterojunction OLEDs."?*% Comparing between devices with and without Cg, transient

EL results frevea that the emission was mainly from rubrene through TTA process and the

Cl

enhanced ELe jon intensity in rubrene/Cg, was mainly attributed to the CT states formed at the

o

rubrene/Cqyuiite

U

CT-sensi -based OLEDs usually suffer from low efficiency due to the back-energy transfer

from the afinihilator to the CT state. This back-energy transfer can be efficiently prevented by device

fi

modificatio 7, Lee et al. fabricated a triple layer device with 4,4',4"-tris(N-3-methyphenyl-N-

a

phenyl-amifag) nylamine (m-MTDATA) acting as the electron donor, 1-(2,5-dimethyl-4-(1-

pyrenyl yrene (DMPPP) as the triplet-diffusion-singlet-blocking (TDSB) layer, and 9,10-bis(2-

naphth racene (AND) as the electron acceptor and annihilator (Figure 11a).*?" By introducing

M

the TDSB layer between exciplex and TTA layers, singlet exciton diffusion and quenching was

I

prevented. introduction of the TDSB layer, the EQE of blue emission OLEDs increased by 11

times to 1. ared to that of without TDSB layer (0.1%) (Figure 11b). In addition, a fluorescent

X

dopant, 6 i (4,4'-bis[2-(4-(N,N-diphenylamino) phenyl)vinyl]lbiphenyl) was doped into the

ADN h ent singlet back energy transfer after TTA, and thus to improve radiative

4t

recombination efficiency. The shorter decay time of the doped TDSB OLED compared to that of TDSB

offered sol idance of the successful improvement of the radiative recombination rate. The blue

3y

EQE was i to 3.8% (Figure 11b). Moreover, the exciplex emission contributed to an EQE of

A
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1.3%, leading to a total EQE of 5.1%. This EQE was slightly higher compared to that of the
conventional efficiency limit of fluorescent material-based OLEDs (5%) due to the exciplex and TTA
charactericHently, they used transient PL measurements to understand the origin of the
improved (222) They found that the TDSB layer contributed to the suppression of singlet
quenchHg.Mer, singlet quenching by m-MTDATA/AND exciplex still existed even for the

thickest TDSB layer. Therefore, there is room for improvement in CT-sensitized TTA OLEDs by such as

optimizing gy levels of the TDSB layer to further decrease the singlet quenching.
(a) _— ® — . .
[~ ET ]
X s 3} -
e — L E +— Control

TET . e g 2 -—-—TDS'B+du|mnt'
2 ]

=

1

TDSE f |
n il & A . " A

ADNY v 0 10 20 30 49 50

Current Density (mAfem”)

1

Figure 11. matic diagram of exciton energies and transitions including TDSB and guest

materials f T-sensitized TTA-based OLED. (b) EQE versus current density for the three CT-

sensitized TTA-OLEDs."”?!! Copyright 2017, American Chemical Society.

n

£

4.2 Local excited triplet-sensitized TTA systems

For local exciRed triplet (LET)-sensitized TTA, there are mainly two approaches to obtain triplet

Ul

excitons. First, triplets are formed in a sensitizer layer and then transferred to the TTA molecules.™®

A
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Second, triplets are formed directly in TTA layer by charge injection.””® Below we will discuss the

realization of both of these strategies in heterojunction (4.2.1), doped (4.2.2) and non-doped (4.2.3)

{

structures (Figure 12).

In the ion structure (Figure 12a), singlet and triplet excitons are formed directly in
|

the sensitizgr layer after electron and hole recombination. The singlet excited-state in the sensitizer

decays to tiie singlet ground state via light emission or it could intersystem cross into the triplet

G

state depending.on the nature of the sensitizer, while the triplets are transferred to the annihilator

S

layer thro Ed@Consequently, upconverted singlet excitons are generated via TTA for emission.

This heterojuncti structure usually exhibits a dominate sensitizer emission and a weak

U

upconverte ission from TTA, which is mainly attributed to the low TET and serious back energy

1

transfer fr ilator to sensitizer.

a

Until materials are mostly used in the doped OLED device structure as host, and/or

guest ( Doping strategy has been widely used in many optoelectronic devices for

integra erent excellent optical and electrical properties in one system. An EQE of above 14%

M

has been achieved in TTA doped OLED device.”? When TTA materials are used as host, singlet and

[

triplet exci directly formed in these molecules where TTA takes places. TTA host materials

usually ha @ t TTA but low PL efficiency. Singlets generated in TTA host will be transferred to

a more emissi uest for final EL. TTA materials with efficient TTA and high PL efficiency are

normal

N

guest. Electrogenerated triplet excitons on host materials are transferred to the

|

TTA guest Mmaterials. Upconverted singlets generated via TTA decay radiatively for EL. Co-depositing

J

two different TTAdnaterials as the emissive layer is also a good alternative for constructing efficient

OLED devi Is strategy, TTA may take place on both these two components. These two TTA

A
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materials have suitable energy level where the singlet and triplet energy transfer from host to guest

is energetically favorable.

e

For si device structure and fabrication process, non-doped OLED based on neat TTA
material a ve layer is the more practical option (Figure 12c). Since electron and hole
H I

recombinafon, TTA and light emission all take place on this single layer, it requires annihilators

capable of@ carrier mobility, efficient TTA and high PL quantum efficiency simutaneously.

(@) Cathode ®) )
E lectron transporting layer Cathode Cathode
Sensitizer Electron tran sporting layer Electron tran sporting 5yver
o
Hole tranzporting laver Hole transporting lawer Hole transporting layer
Anode Anoce Anoc e
Substrate Substrate Substrate

Figure 12. Scheratic illustrations of (a) heterojunction, (b) doped and (c) non-doped OLED device

structu TTA materials.

4.2.1 Hetehﬁ bilayer structure

quinoline)aluminum (Algs) is one of the most widely used electroluminescent

materials i Wwith excellent electron transport and optical properties.?? 2% Alg; is also a good

candidate ir seni’ izer in TTA-based OLEDs. In 2018, Lee et al. constructed a heterojunction bilayer

structure Sploying Algs as the sensitizer, and ADN as the blue TTA annihilator. Algs has a
€

triplet en V. 1227

<

of 2.0 eV which can sensitize ADN with a triplet energy level of 1.7 e
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Operation lifetime was elongated for both blue (ADN) and green (Alg;) emission which was mainly
owning to efficient utilization of excitons and separation of the recombination and emission zones. A
TDSB IayerﬂHPPP was inserted between sensitization and emission layers to reduce the singlet
qguenching nverted emission from ADN by the Alg; with lower bandgap.??® The overall

EQE of %e@yer OLEDs was 3.07%, almost 1.5 times higher compared to that of the bilayer

OLEDs.
Rubren H been widely used in organic optoelectronic devices due to its efficient emission

efficiency, mﬁ and high carrier mobility.® %24 Since the singlet energy level of rubrene is

very close to the tWo times of its triplet energy level, both SF and TTA can occur in rubrene films.>*

23 The co ig@ from SF to TTA is highly related to the distance between molecules. In 2006,
Xiong et atated the influence of intermolecular distance on the SF and TTA processes in
rubrene—st using magneto-electroluminescence (MEL).** A phosphorescent material,

1,3-bis( )benzene (mCP) was selected as the host and sensitizer. mCP has a higher triplet

energy level ) than that of rubrene (1.20 eV), leading to effective transfer of its triplet energy

to rubrene and eliminate the guest-to-host back-energy transfer. The highest efficiency of rubrene-
based OLEs was obtained with an intermolecular distance of 3.8 nm, which was attributed to the

complete ion of SF to TTA. This study provided a new approach to the efficiency

improveme rene-based OLEDs.

4.2.2 D£ructure

Apart fr:bove-mentioned heterojunction bilayer OLEDs structures, doping strategy is also

widely use ficient OLEDs by utilizing a TTA material as the host, and/or guest. When TTA

<C
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materials are used as host, triplet excitons can be harvested through TTA and consequently, the
upconverted singlet is transferred to a more emissive guest molecule. Both internal conversion
efficiency !n luorescence quantum vyield can be improved in such systems. For some highly

fluorescen ials, they are more suitable to be used as guest to enhance the EQE of OLEDs.

H I
4221TT aterial as host

TTA ma@ally suffer from low PL efficiency caused by aggregation induced quenching or

excimer fo Using TTA material as light-emitting host in OLEDs is an efficient approach to
produce blue, green or red emissions when doped with different dopants.”® 22" |n this strategy,
singlet andgt&i excitons are formed directly in host materials where TTA takes place. Singlet
excited stﬁrated via TTA are transferred to the guest materials through Forster resonance
energy transfer first efficient OLED with an EQE of 7.1% was achieved in 1988 by doping Algs

layer with n 6, which is an outstanding fluorescent laser dye.”*” Anthracene derivatives

exhibiti , EL and TTA efficiencies have been widely utilized in efficient blue fluorescent
OLEDs. stance, tetraphenylsilane (silicon-cored) anthracene derivatives (ATSA, PATSPA,
NATSNA, Figure 13a) were synthesized by Char et al. in 2008 as host materials.”>® By doping with
4,4'—bis[4—(hamino)styryl]biphenyl (DPAVBI), the highest efficiency of up to 7.5 cd A™ with a
correspong @ of 6.3% was obtained in DPAVBIi/PATSPA OLEDs. In 2012, Fukagawa et al. studied
the relationghi tween the molecular structure of anthracene derivatives and TTA efficiency by
utiIizinﬁthracen—9—y|)—9,9'—spirobifluorene (Spiro-FA, Figure 13a) and 2,2'-bis(10-
phenylamw)-Q,Q'—spirobifluorene (Spiro-FPA, Figure 13a) as the hosts.”*” They found that

decreasing the ovSIap of anthracene units between adjacent molecules in the light-emitting layer is

crucial @g the upconversion of triplet excited-states into singlets. Efficient blue emission
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OLEDs were prepared with an EQE of 7.2%. Recently, anthracene derivates-based OLEDs with an EQE
of 9.2% has been fabricated by Kwon et al. using 9-(4-(10-phenylanthracene-9-yl) phenyl)-9H-

carbazole th Figure 13a) doped with N,N"-bis-dibenzofuran-4-yl-N,N'-bis-(2,5-dimethylphenyl)-

[131]

pyrene-1,6 PyA) as the light-emitting layer.

H I
4.2.2.2 TTAgnaterial as guest

TTA materials with high PL efficiencies have been extensively studied as guests (dopants) in

C

OLEDs. Chéngi up developed a series of triphenylene- and styrylpyrene-containing donor-

S

acceptor type compounds as TTA dopant annihilators by using 2-(styryl)triphenylene (TS) as the core

L

moiety fo lue emitters.?® 2% A pyrene-containing compound, 1-(2,5-dimethyl-4-(1-

pyrenyl)ph@hyl)pyrene (DMPPP), with a solid-state PL quantum yield (PLQY) of 85% and a singlet

[

energy level of eV was chosen as the host material for TS-doped OLEDs. Efficient TTA delayed

a

fluorescen served through PL transient measurements in these DMPPP/TSTA (Figure 13b)

1 [236]

devices a maximum EQE of 10.2% and the maximum current efficiency of 12.3 cd A™.

Followi work, they developed deep-blue emitters by incorporating a styrylpyrene core and

M

electron-donating groups. These new emitters exhibited intramolecular charge transfer emissions

[

with high ve 85% in solution). High EQEs of 11-12% were achieved in (E)-N,N-diphenyl-4-

(4-(pyren- )aniline (DPASP, Figure 13b)-doped devices with hosts of 4,4'-bis(N-carbazolyl)-

1,1'-biphen and DMPPP.1>*! Moreover, DPASP-doped DMPPP-based OLEDs showed small

n

efficien hich was mainly attributed to the excellent charge balance in the emitting layer.

|

In 2017, K&khta et al. designed and synthesized new bipolar derivatives of carbazole and nitrile-

substituted 1,3,58triphenylbenzene (TPB), and studied applications in OLEDs as host-guest

9

~
N
b

materials. y revealed that para-conjugation TPB derivatives showed higher thermal
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{2) Doped systems: TTA material as host
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Figure 13. Chemical structures of TTA annihilators used in doped systems as (a) host, (b) guest, and

(c) in non-doped systems for OLEDs.

{

stability, hi s transition temperatures, lower ionization potentials, exclusively hole transport,

and near-unity PL quantum efficiencies when dispersed in nonpolar media, while compounds with
|

meta-linkage _display ambipolar charge transport properties and high triplet energy levels. A high
EQE of 14.1% was®btained in OLEDs using p-TPB-2Cz (Figure 13b) as the TTA annihilator and m-TPB-

2Cz as an ambi r host. The high device efficiency has been attributed to the energetically close

SC

triplet ene in the host and guest, enabling more efficient triplet migration and annihilation.

U

To provi ional benefit for triplet confinement, multicolor (deep blue, green, yellow, and

red) TTA-h@sed OLEDs (Figure 14a) were fabricated using 9,10-DPA, pyrene, rubrene and TIPS-

N

(83]

pentacene 5a) as guests, and poly(9-vinylcarbazole) as host by Friend et al. in 2017.

&

Maximum above 6% were obtained for 9,10-DPA, pyrene and rubrene-doped polymer

devices 14b) at high doping concentrations (20%), which clearly exceeded the EQE limit (5%)

of con al fluorescent OLEDs. However, the EQEs of these devices showed a significant

M

efficiency roll-off at the current density of 100 mA cm™ which was mainly attributed to unbalanced

charge ian transport. To circumvent these issues, they developed a solution-processable
inverted OLEDs (Figure 14c) by doping rubrene in poly (9,9'-dioctylfluorene)-co-
benzothiadi 8BT) as the emissive layer.”*"! The delayed EL lifetime from rubrene-doped F8BT

N

device nger than that of F8BT-only device, suggesting that the TTA process in rubrene-

£

doped F8BT was more efficient than that of pure F8BT. The maximum EQE obtained from this

inverted dey s 6.3% with a small efficiency roll-off (Figure 14d). Based on the EQEs and

U

transient ts, the TTA-based upconversion efficiency for rubrene was calculated to be 23%,

A
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which is almost half of the theoretical maximum value of 50%. Therefore, the TTA upconversion

efficiency can be further improved by developing proper emissive annihilator molecules with high PL

quantum etifiﬁ?cies.
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Figure 14. Qctra (insert: photographs of working devices) and (b) EQE versus current density

(insert: cu!ent e::iciency—current density curves) for DPA, pyrene, rubrene and TIPS-pentacene

doped poI'9-vin,:arbazo|e)—based OLEDs. (c) Device energy level diagram and (d) EQE versus

current deg/e (insert: current efficiency versus current density) for inverted rubrene-doped

F8BT-base

<

evice. Re

produced with permission.lsg] Copyright 2017, John Wily and Sons.
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9,10-DPA derivatives, exhibiting high PL quantum efficiency, high electrochemical stability, and

appropriate energy levels to convert triplet excited-states to singlets, have been widely used as TTA

annihilato! in OLEDs.2*! |n 2014, a DA-type blue-emitting compound, 1-(10-(4-
methoxyp cen-9-yl)-4-(10-(4-cyanophenyl)anthracene-9-yl)benzene (BD3, Figure 13b)

was synﬂm m Kido and co-workers.'**® Non-doped OLEDs based on BD3 exhibited a maximum
EQE of 4.2% with.a slight roll-off, which indicates the good charge balance as a result of the DA-type
molecular i otably, their doped devices (BD3 in CBP) exhibited a high EQE of >10% with

Commissiof) Inernationale de I'Eclairage (CIE) coordinates of (0.15, 0.06), which is close to the CIE of

$

the high-d elevision standard blue (0.14, 0.08).1**"!

U

4.2.23TTA ial as hosts and guests

[

Incorporatin TTA materials together as the emissive layer is another alternative approach to

improve t cy of OLEDs. Recently, molecules with intramolecular CT feature were reported

&

displayi character.”®” **® |y and co-workers found a CT-featured naphthalimide derivative

(CzPhO a quite small exchange energy but a lower lying *nrt* state than the >CT state, which

¥

is capable of harvesting triplets through TTA.** Another naphthalimide compound (E)-2-(4-

r

(tbutyl)ph -(6-(diphenylamino)naphthalen-2-yl)vinyl)-1H-benzo[delisoquinoline-1,3(2H)-

dione (NA re 13b) with intramolecular CT character was exploited by the same group, by

using diph e, vinylnaphthalene and 1,8-naphthalimide as the electron donor (D), m-bridge

n

and ele or (A), respectively.”®” Efficient host/guest energy transfer pair was formed in

£

both CzPh@NI and NA-TNA materials. They proposed that TTA may happen in both host and guest

U

material for harveSting triplet excitons. Singlets generated in host CzPhONI was transferred to NA-

TNA (gues nal EL. OLEDs based on NA-TNA-doped-CzPhONI (in 6 wt%) showed a maximum

A
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EQE of 5.8% (12 cd cm'z), a maximum current efficiency of 7.73 cd A, and maximum brightness of

31940 cd m™

T

4223 Non—mOLEDs

In hetenejumetion and doped structures, strict energy requirements often result in complex
manufactu*s and parasitic energy loss. To circumvent these issues, non-doped OLED based
on neat material as the emissive layer is the more practical option for simplifying device

structure ation process. Recently, some non-doped OLEDs based on blue TTA materials

SC

have been reported.?** Anthracene and pyrene (typical classes of blue light-emitting materials),

U

and a varj erivatives combined different side groups at different positions have been

reported.? In 2018, Lu et al. synthesized a blue-emitting material, PIANCN (Figure 13c) by

§

connecting phenapnthroimidazole (P1) with a cyano substituted anthracene (AnCN).%*" A maximum

d

EQE of 9. e non-doped OLEDs was achieved at high luminescence of 1000 cd m™.

Additio

e negligible EQE roll-off was observed (e.g., 8.1% at 10 000 cd m™). Lately, the same

group d two pyreno[4,5-d]imidazole moieties with an anthracene core to reduce non-

M

radiative transitions of molecules. High PL quantum efficiencies in two new synthesized materials (N-

[

BPyIA and Figure 13c) were achieved. Non-doped OLEDs based on N-BPyIA showed sky blue

emission pordinates of (0.22, 0.31), with a EQE of 5.6% and a low efficiency roll-off.**? By

©

replacing t ituent to carbazole, Wang et al. synthesized TTA emitter molecule, 4-(10-(9-

n

phenyl- 3-yl)-anthracen-9-yl)benzonitrile (3CzAnBzt).”*® OLEDs based on non-doped

|

3CzAnBzt ibited a maximum EQE of 10.1%, which is among the highest efficiencies of non-doped

devices so far.

U

A
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In summary, TTA materials with efficient upconversion property show a promising route to

harvest triplet excitons and decrease efficiency roll-off in OLEDs. Different approaches including CT-

t

P

sensitized nd LET-sensitized TTA were developed to give efficient OLEDs. Considering the
practical a TTA materials in OLEDs, non-doped TTA systems are desirable owing to its

simplifi&:l vice Tabrication process. However, to date, materials with high PL quantum efficiency

£

and efficient TTA,process are still very rare and require further development. In addition, most TTA-

C

based OLE een limited to blue or deep blue emission. Hence, diversifying the TTA materials

with differ@nht @mission color is necessary for further expanding the application in OLEDs.

NUS

5. OLETs based W A materials

dl

The integrated device architecture of OLETs provides an ideal platform for studying the

funda oelectronic properties of organic semiconductors, such as charge injection, carrier

M

transport, hole and electron recombination, and exciton formation processes. Owning to the

compact d hitecture, OLETs hold great potentials in integrated electronics, smart display,

electricallyfp a8l lasers, etc.”” " 7% Active semiconductor materials to give efficient OLET

or

device perf; should exhibit both a high charge carrier mobility and a high PL quantum

n

efficien , these two properties are often a trade-off and not readily observed in single

|

material. F@r instance, materials with a high carrier mobility usually exhibit efficient m-i stacking.

d

The strong m-nt sfacking often results in fluorescence quenching due to the formation of non-

radiative d tes, such as exciplexes, excimers, and charge transfer states, etc. Therefore, it is

A
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highly challenging to integrate properties of high carrier mobility and strong luminescence in one
molecule efficiently. The serious lack of such high mobility emissive materials has greatly restricted
the devm OLET devices and their applications in the fields. Similar to OLED devices, bilayer
and multil have also been developed and investigated over the past years. From the
aspects-ofqi:mplymg the device architecture for low-cost fabrication and maximizing reduction of

the optical Ess : duced by multilayer for higher efficiencies, single-layer OLETs are promising for

potential ons in display, electrically-pumped lasering as well as other integrated
optoelectrwces and circuits.”®” In recent years, the emergence of some high mobility
luminesce als has accelerated the development of OLETs field. 2¢%® However, materials
currently u LETs have been mainly based on fluorescent materials, which can only utilize 25%
singlet exsons, while 75% triplet excitons are wasted. Lately, both phosphorescent and TADF

emitters h utilized for the construction of multiple-layer OLETs, and the maximum EQE of

up to 9.0% Has n achieved.® 5% 6364279381 o \wever, current efficient TADF molecules are hard

to integra igh mobility and efficient PLQY due to their own steric molecular structure nature
in mate i

In contrSt, organic semiconductors capable of TTA is promising for OLETs due to their intrinsic
advantage red to other triplet harvesting materials, such as TADF and phosphorescent
materials. o feature below advantages: i) TTA-based emission materials have relatively short
lifetime w&h provide better operational stability especially for blue light-emitting devices despite
lower iMersion efficiency, compared to TADF and phosphorescent materials. i) The

conjugatec! mo!eSIar structures and the large transition dipole moment of TTA molecules make

them easier to ri’ze high carrier mobility and efficient radiative decay rate as well as high light out-
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coupling efficiency, which is hard for TADF molecules due to the steric encumbrance nature of the
molecular structures. iij TTA-based molecules are relatively easy to prepare with low-cost compared
to phosph!re nt materials, since most of the efficient phosphorescent materials contain rare

heavy met

I I
The maxiwon utilization efficiency can be improved from 25% to 62.5% using TTA materials.

To date, legs atteMion has been paid into the application of TTA materials in OLETs. In 2015, Pandy

G

et al. first investigated the influence of TTA on overall efficiency of light emission using a

[282]

O

heterojunc (Figure 15a) that were composed of rubrene and rubrene/Cg, respectively.

The presence of @&, with rubrene lead to higher EQE than the control device of poly(2,5-bis(3-

Gl

hexadecylt 2-yl)thieno[3,2-b]thiophene (PBTTT)/rubrene (Figure 15b). PBTTT/rubrene OLET

N

with Cgo ex etter electrical and optical output characteristics compared to the device without

Ceo (Figurefl5c1an@ 15d). The relevant energy level diagram (Figure 15e) and operation mechanism

d

of PB LET with Cg, (Figure 15f) revealed that charges were injected into the C60 layer,

and the CT exgii@hs formed in C60 subsequently transferred to rubrene. Efficient light emission

attributed to TTA in rubrene accroding to the ultrafast spectral results.

Author
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Figure 15. e OLET device structure with a layer of Cg. (b) EQE vs brightness of OLETs where

OLET s an order of higher magnitude EQE than the control OLET. Output and optical
characteristics of (c) PBTTT/rubrene/Ce and (d) PBTTT/rubrene OLETs. (e) Schematics of HOMO-

LUMO ba y level diagram of the multilayer OLET structures. (f) Charge injection and

transport @ sm effective in OLET operation of PBTTT/rubrene/Cq. Reproduced with

OF

permissio right 2017, John Wily and Sons.

g

In 20 i et al. fabricated a bilayer OLET composed of a tetracene crystal as a carrier

{

transporter an 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM1)-

U

doped tetracen stal as a light emitter.” Tetracene single crystal was chosen for the transport

A
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layer, considering the high carrier mobility.?®*! Additionally, tetracene shows excellent singlet fission
property, which is a process by which a singlet exciton can be converted into two triplet excitons."*>
4>, 284, ZSSM 99% of singlet fission efficiency was estimated in a tetracene thin film.*® pcm1
molecules mer HOMO-LUMO energy gap compared to that of tetracene was employed as
the dopEnt!Wcalso exhibit TTA property. The bilayer OFET devices showed ambipolar behaviour
with a hole tgansport mobility of 3.17 cm? V' s™* and an electron transport mobility of 0.99 cm? V''s’
' In the biIQTs, excitons were generated by a carrier recombination process in the bottom of
the bottonwm crystal. Triplets formed from carrier recombination and singlet fission diffused
to the to;;ioped tetracene layer. It was proposed that triplet energy in tetracene were

transfer t and TTA-based delayed fluorescence emission was observed from DCM1.

However, iflis a pity that more solid evidence was lacked in this work to support the occurrence of

TTA procesml molecules.

Orgagi uctor materials capable of high mobility and TTA with high fluorescent efficiency

is significant litate the improvement of OLETs. Meanwhile, it is meaningful to expand OLETs’
application to related areas, such as electronically pumped organic lasers, photonic communications,
integrated!iectronics, etc. However, to date, the development of high mobility TTA materials is still

at a primiti . Therefore, more efforts need to be put to this field from different aspects. Three

proposed a es are provided here, including design and synthesis of new high mobility TTA

materials, gvelopment of high mobility TTA systems by doping TTA molecules into high mobility

matrix, Mment of TTA rate and efficiency.

As mentioned ;Iier, anthracene derivatives are widely used as annihilators for TTA. Meanwhile,

high m% strong PL emission have been successfully integrated in many anthracene
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derivatives, such as 2,6-diphenylanthracene (2,6-DPA) and 2,6-di(2-naphthyl)anthracene (dNaAnt).[“'
269, 270, 274-278, 2872891 Th ;5 several questions raised here: is it possible to realize TTA in these high
mobilityMnthracene derivatives? How high their TTA efficiency would be? Additionally, are
other high issive polycyclic aromatic hydrocarbon molecules (e.g., pyrene derivatives,
perylengd—iilvalves and fluorene derivatives) possible to exhibit efficient TTA as well?!?7> %> 2 14
answer these questions, it is essential to have a systematic study on these materials, which is
significantlQant to understand the exciton interaction mechanism in these materials.
Moreover,wvost work in the field has focused on the search of high mobility or efficient TTA

materials mpolycyclic aromatic hydrocarbon molecules (such as acenes), but very little work

has been d e development of new molecular families. Therefore, there is an urgent need for

exploring r!w classes of high mobility TTA materials.

Molecul strategy has been intensively applied in the optoelectronic field to allow tuning

the ele ptical properties for organic semiconductors.”®*?%*! Apart from the strategy of

directly explo gh mobility emissive molecules, molecular doping provides a more operationally
convenient way to integrate carrier mobility and PL emission into one system. Therefore, doping TTA
molecules Sto high mobility matrix is supposed to be an excellent approach to harvest triplet

excitons fonateriaIs. Appropriate molecule pairs are required to be selected with suitable

energy leve ow the triplet excitons generated in high mobility molecules can be efficiently
transferre!to the TTA molecules, where triplet excitons can be harvested through TTA process. In
this ap[M’ier mobility might be sacrificed at some extent due to the doping of TTA

molecules. !Eus, sw to find the balance between the carrier mobility and triplet exciton harvesting

efficiency is the tto realize efficient OLETs material systems.
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One of the initial motivations for OLETs is the electronically pumped organic lasers, which require
materials with high PL quantum efficiency, balanced bipolar carrier transportability and no spectral
overlapMasing wavelength and excited-state and polaron absorptions, as well as the
effective of fast triplet accumulation under electrical excitation.”® Currently, the
materiale storganic laser are mostly fluorescent, which can only utilize singlet exciton after
charge recombination. Therefore, it is urgent to develop materials that are capable of harvesting
triplets effi@i Y To date, TADF and phosphorescent molecules with amplified spontaneous
emission (%erty have been reported.”®*?%! However, less attention has been paid to TTA-

based org: materials. TTA materials are promising for use in electrically pumped organic
|

lasers due intrinsic merits such as effective management of fast triplet accumulation, high
EQE, short!adiative decay lifetime and high carrier mobility compared to conventional fluorescent

materials.'?2 electrically pumped lasing, ultrafast upconversion of triplet excitons to singlet is

necessary.! efore, more efforts need to be made in this area to realize high mobility TTA

materiaEl laser property.
Integration of high carrier mobility and efficient TTA in one molecule is not only essential to

increase tI! internal quantum efficiency of OLETs but also important to simplify the OLETs device
architectur can provide a more convenient and accurate way to study the fundamental
optoelectro perties of organic semiconductors. Meanwhile, the development of high mobility
TTA-basedgser materials is important to expand the application of OLETs to electrically pumped
organic Mently, some explorations have been carried out in our group and the preliminary

results have con ed the above assumptions, which will contribute to the integration of high

mobility and effit' nt exciton utilization in an organic semiconductor for significantly improving the
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electroluminescence efficiency in OLETs. For instance, recently, we have systematically studied the

TTA property of 2,6-DPA, one of the most representative high mobility emissive organic

t

P

semiconduCtors reported in our group.'26% 278 392 | this study, PtOEP was selected as the sensitizer
due to its triplet energy level (1.93 eV), compared to that (1.63 eV) of 2,6-DPA. Clearly,

under e*ci ion at 532 nm, bright blue upconverted emission was acquired from both PtOEP/2,6-

1

DPA dilute splution and thin film (Figure 16a and 16b). In addition, a double logarithmic plot of

C

integrated rted emission as a function of excitation power density in PtOEP/2,6-DPA films

was obtaigedM(Figlire 16¢), which further confirmed the possibility of integrating high carrier

d

mobility, s ission and high triplet exciton utilization efficiency in one molecule. Furthermore,

U

based on ideration of better utilization and regulation of the triplet excitons in 2,6-DPA, a

highly emisgive lasing material was doped into 2,6-DPA. Singlets generated in host 2,6-DPA via TTA

A

can be effi ansferred to the guest molecule to give higher PL quantum efficiency and even

d

lasing chara€te sed on the property of doped material (Figure 16d). The 2,6-DPA only and

molecular stem-based single layer OLETs are highly emissive under low voltage (Figure 16e

]

and 16 vestigation and improvements are still under way.”® This observation of TTA

property in high mobility emissive 2,6-DPA semiconductor provides a promising way for the

{

improvement o guantum efficiency, and triplet exciton utilization efficiency, as well as emission

charac mission colors, lasing, etc). This approach could

O

Auth
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Figure 16. ption and emission spectra of PtOEP, and upconverted emission spectra of 2,6-
DPA in dil solution. (b) Upconverted emission spectra of 2,6-DPA films as a function of
excitatio sity. (c) A double logarithmic plot of integrated upconverted (UC) emission

depend itation power density in PtOEP/2,6-DPA thin film. (d) lllustration of the concept
to realize high mobility emissive semiconductor system with high triplet utilization efficiency. EL

spectra an of (e) 2,6-DPA only-based single layer OLET and (f) laser material-doped 2,6-DPA

based singLET.

also be e!ended to other high mobility emissive organic semiconductors and stimulate other

related W\s from material science to device physics in this field.

6. Conclusion andSerspectives

<C
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Efficiency of optoelectronic devices can be boosted by harvesting sub-bandgap photons and

triplet excitons. TTA upconvesion, an efficient approach of converting two triplet excitons to one

t

singlet excfton, has been widely studied and applied to improve the efficiency of photovoltaics,

OLEDs, an to its intrinsic advantages.

|
This iew summarized and discussed the development concerning TTA materials and their

applicatio in toelectronic devices. Successful examples have demonstrated that TTA

G

upconversion is_a promising strategy to harvest sub-bandgap photons and triplet excitons. Although

S

significant r has been made in these areas, more efforts are still required to improve the

efficiency of TTA upconversion and its optoelectronic devices from different aspects.

Ul

First, fhe selection of active chromophore needs to be diversified. To date, in optically excited

N

TTA upconversi ystems, a large number of sensitizers and annihilators have been developed for

d

TTA upcoryer in different spectral ranges with various efficiencies. However, most of the

sensitiz still limited to Pt or Pd porphyrin derivatives, while the annihilators are mostly limited

in poly romatic hydrocarbons. Even though some new classes of annihilators have been

M

reported recently, the TTA upconversion efficiency still needs to be further improved.® %! |n

r'

addition, with high molar absorptivities in the red/NIR range are desired to harvest

sunlight in @ onversion integrated soalr cell devices. In electrically excited TTA upconversion

systems, m ihilators with high TTA efficiency and high PL quantum efficiency are expected for

I

construeti ped OLEDs to simplify the fabrication process. In addition, more annihilators

{

with stan ue emission and narrow full width at half maximum are required for promoting the

3

application in induStry.

A
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Second, energy loss in TTA upconversion-based organic optoelectronic devices is detrimental
for the overall efficiency. In TTA upconversion integrated photovoltaics, back energy transfer from
annihilammzer dramatically reduced the upconverted emission intensity. To block this
energy los ptimizing the chromophore concentration and the distance between the
sensitiz&t imnilator is a good option. TTA-based OLEDs also face energy loss issue which is
caused by strict gnergy requirements and complicated device structure. This energy loss is possible
to be avoi anaging the energy alignment of annihilators and optimizing device structures.

For exampwng a TDSB layer between sensitization and emission layers has been proved as an

efficient ajn‘ 222)

Third, ing triplet excitons in OLETs is of significance to improve the EQE and promote
their appli n other related areas, especially the injecting lasing. The utilization of TTA

materials ims far legging behind other materials (TADF and phosphorescent materials) with

high tri harvesting efficiency. Thanks to the conjugated molecular structures and the

le moment of TTA molecules, it is more promising to realize high mobilities and
high exciton harvesting efficiencies in one molecule. Developing new semiconductor molecules with
integratior!of high mobility and efficient TTA is not only important to enrich the OLETs active
material f t also essential to harvest triplet excitons. In this case, simplified OLETs
architectur e fabricated based on the high mobility TTA materials with a high exciton
harvesting‘fﬁciency and small efficiency roll-off. Moreover, to facilitate the application of TTA-
based IM future, it is essential to increase the TTA rate, reduce the spectral overlap

between pEoto!Sinescence wavelengths and excited-state absorption to realize the laser

oscillation propet
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Overall, through the comprehenssive sumamrization and discussion, this review hopes to

provide valuable guidelines for future related research and advancement in organic optoelectronics

by rationalt Efi!izing the triplet excitons in organic semiconductors.
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