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Abstract This article mainly reviews the approaches that have been proposed to im-
prove the device performance of polyfluorene (PF)-based polymer light-emitting diodes
(PLEDs). Chemical modifications on main chains, side chains, and chain ends of PFs
via the incorporation of charge-transport moieties can reduce the hole- and electron-
injection barriers; while physical manipulation on main-chain structures of PFs, poly(9,9-
di-n-octylfluorene) (PFO), after dipping in mixed solvent/non-solvent (tetrahydrofu-
ran/methanol) can generate B-phase with extended conjugation length, leading to a pro-
moted charge balance and stable pure blue emission. Hole- and electron-injection
barriers can be effectively lowered by the insertion of hole-transport and electron-
injection layers, respectively. The recent development of PFs with various emission colors,
via physical blending or chemical modification, are presented for a comprehensive under-
standing of PFs for device applications. The deliberate choice of cathode material with
work function matching the lowest unoccupied molecular orbital (LUMO) levels of PFs is
another efficient method for increasing electron flux, and is also discussed in this review.
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Ne Fraction of emitted photons that pass out of the device

Nr Fraction of electron/hole pairs that recombine to form excitons

p Hole mobility

Py, External EL quantum efficiency

dpL. Photoluminescent efficiency

X Fraction of hole-electron recombinations resulting in singlet excitons
(FO),, 0Oligo(9,9-dioctylfluorenyl-2,7-diyl)

1

Introduction

The applications of conjugated polymers in light-emitting diodes (LEDs) [1, 2],
field-effect transistors (FETs) [3,4], and plastic solar cells [5,6] have at-
tracted great attention recently. In polymer light-emitting diodes (PLEDs),
polyfluorenes (PFs) are promising candidates as blue emitters due to their
high photoluminescence quantum efficiencies (PLQEs) as solid films [7],
their excellent solubility and film-forming ability, and the ease of control-
ling their properties via facile substitution in the 9,9-position of the fluorene
unit [8-10]. In addition, chemical modifications on main chain, side chain,
and chain end of PFs allow elaborate tuning of emission color covering the
whole visible range (blue, green, yellow, red, and white), enhancement of de-
vice performance, and improvement of long-term operational stability. On
the other hand, various types of chain conformation and chain stacking of
PFs permit relatively easy physical manipulation for identical purposes as the
chemical methods. In this review, we focus on the application of PFs in elec-
troluminescent devices and reveal approaches for an enhancement of device
performance. The basic electronic properties of PFs are first introduced to give
a guideline on the effects of chemical modification and physical manipula-
tion of PF structure on device performance. After that, we review the recent
developments of PFs with various emission colors for a comprehensive un-
derstanding of PFs in device applications. Finally, the topic of alteration of the
interface between PF and electrode is discussed.

2
Concepts for Performance Improvement of Polyfluorene Devices

2.1
Background of Electronic States of PFs

The fundamental properties of electronic states include energy levels of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) as well as mobilities of hole and electron carriers. These
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allow one to identify the minor charge carrier in PFs so that a strategy can
be planned for promoting device performance. The factors governing the
fluorescent external electroluminescence (EL) quantum efficiency g can
be depicted by the equation,®gr = nr xPprne [11], where n; is the fraction
of electron/hole pairs that recombine to form excitons, x the fraction of
hole-electron recombinations resulting in singlet excitons, @p, the photolu-
minescent efficiency, and 7. the fraction of emitted photons that passes out
of the device. However, x can be promoted to a higher value in cases where:
(1) triplet excitons so generated can be recovered to become emissive in the
visible light region, and (2) charge trapping and/or energy transfer occur in
multiple emissive species system.

For poly(9,9-di-n-octylfluorene) (PFO), which is deemed a model polymer
in PFs, Janietz and coworkers reported its HOMO (equivalent to ionization
potential, Ip) and LUMO (equivalent to electron affinity, Ea) levels as 5.8
and 2.12 eV below the vacuum level, respectively, as determined from cyclic
voltammetry (CV) measurements of PFO thin solid film [11] as shown in
Fig. 1a. However, the HOMO and LUMO levels provide a larger band gap of
3.68 €V than the value of 2.95 eV determined from the onset position in the
ultraviolet-visible (UV) absorption spectrum of PFO film. If the band gap
is taken as 2.95 eV and the HOMO level as 5.8 €V, the LUMO level of PFO
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can be determined as 2.85 eV, quite close to the work function of a calcium
electrode (2.9 eV). They recommended the use of the LUMO level deter-
mined by CV measurement (2.12 €V) because current density-electric field
data exhibit an injection-limited nature for the device with a configuration
of indium tin oxide (ITO)/PFO/Ca. But, this is still a controversial issue
because, as shown in Fig. 1b, the hole-only current [ITO/poly(styrene sul-
fonic acid)-doped poly(3,4-ethylenedioxy-thiophene) (PEDOT:PSS)/PFO/Au]
is two to three orders of magnitude smaller than the electron-only current
(ITO/Ag/PFO/Ca) reported by Boudenbergh et al. [13], implying that a LUMO
value of 2.85 €V seems more accurate because this value (very close to the
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Fig.1 a Schematic diagram showing the Ip and Ea values of PFO relative to the
work functions of common electrode materials used in PLEDs. The figures in brack-
ets are the respective energies in eV. The optical gap energy Eg (2.95€V) is also shown
(taken from [12]). b Current density-voltage characteristics of a PEDOT/PFO/Au (hole-
only device) and Ag/PFO/Ca (electron-only device). Bipolar device of ITO/PFO/Ca and
PEDOT/PFO/Ca are also shown (taken from [13]). Note that PEDOT is the abbreviation
of PEDOT:PSS here

work function of the Ca cathode) can generate a negligible electron-injection
barrier to cause the observed larger electron current.

Bradley and coworkers reported the hole mobility of PFO to range from
3x 107 to 4.2 x 107* cm? V-! 57! for an electric field ranging from 4 x 10* to
5x 10° Vcm™ (see Fig. 2a) via the thick-film (~3 pum) time-of-flight (TOF)
technique [14]. Meanwhile, PFO film after alignment on polyimide film (pre-
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Fig.2 a Field dependence of the hole mobility (1)) in spin-coated PFO film at 300 K
(taken from [14]). b Field dependence of the room-temperature hole mobilities for an
aligned, quenched PFO film (filled circles) and for an isotropic spin-coated PFO film
(empty circles) (taken from [15])
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viously rubbed by nylon cloth) under thermal annealing at 200 °C gives
a higher hole mobility of 5 x 107 to 9 x 10 cm? V-1 s7! for electric fields of
1.6 x 10° to 1 x 10* V.cm™! than isotropic PFO film, as shown in Fig. 2b [15].
On the other hand, electron mobility of PFs was scarcely reported due to the
dispersive nature of electron current versus time in TOF measurements [14].
However, based on the configuration of FET, Friend and coworkers reported
the electron mobility of PFO as 5x 107 cm? V-!s7!, which is almost one
order higher than its hole mobility of 3 x 107 cm? V! 571, also measured by
the configuration of FET [16].

2.2
Adjustment of Chain Structures in PFs

2.2.1
Chemical Modifications

In this section, we review the effects of structure modifications for PFs with
alkyl and aryl side chains or with charge-transport moieties on device per-
formance. Spiropolyfluorenes (SPFs) having the structure of two phenylene
units perpendicularly connected by a tetrahedrally bonded carbon atom are
also discussed.

2.2.1.1
PFs with Alkyl and Aryl Side Chains

The first single-layer PF-based PLED with polymer 1 as emitting layer was
reported by Yoshino and coworkers [17]. For this device with ITO and
magnesium-indium alloy (Mg:In) as anode and cathode, respectively, its
main EL emission peak locates at 470 nm, but no data on efficiency was given.
However, the authors pointed out that electron injection is difficult because
of the large energy barrier (1 eV) between 1 (LUMO 2.9 V) and the Mg:In
cathode (work function of Mg 3.9 éV), while the hole-injection barrier [0.2 €V,
as estimated from the work function of ITO (5.5€eV) and the HOMO level
of 1 (5.7 eV)] is relatively low as compared to the electron-injection barrier
(1 eV). Bradley and coworkers reported that the device with PFO as emit-
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ting layer (200 nm) and polymeric triphenyldiamine derivative (poly-TPD,
60 nm) as hole-transport layer (HTL) exhibits a blue emission with the main
peak at 436 nm and reaches a luminance of 600 cd m™ and current efficiency
of 0.25cd A™! at the drive voltage 20 V [18]. The incorporation of poly-TPD
(HOMO 5.28 €V) in the device introduces a new step in between ITO (work
function 5 eV) and PFO (HOMO 5.8 eV) for better hole injection.

Carter and coworkers studied how side-chain branching in PFs affects
device performance with and without an additional HTL of cross-linkable poly-
mer 2 [19]. They found that the device efficiency is affected more by the position
of the exciton recombination zone than by variations of polymer morphology
induced by side-chain branching, which mainly controls the relative emis-
sion between vibrational energy levels and has a minimal effect on polymer
charge transport properties. For double-layer devices (ITO/PEDOT:PSS/2/3, 4,
or 5/Ca), a typical brightness of 100 cd m™ at 0.8 MV cm™!, maximum lumi-
nance of 10000 cd m™2 at 1.5 MV ¢cm™, and device efficiencies between 1.3 and
1.8 cd A™! for 3 and 5 branching can be achieved.
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Lee and Hwang synthesized a PF with aryl side chains 6 via the Yamamoto
coupling reaction [20]. The device fabricated therewith (ITO/PEDOT:PSS/6/
Ca/Al) emits blue light with suppressed long tail emission but gives low per-
formance with maximum efficiency of 0.03 cd A™! and maximum luminance
of 820 cd m~2. Note that the device could bear considerably high current dens-
ity (>1.5A cm2).
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Yu et al. first reported the introduction of spiro links onto part of the
PF backbone [21]. The resulting spiro-funcationalized PF copolymer, 7, ex-
hibits narrower EL emission spectra than polyalkylfluorene and the device
[ITO/PEDOT:PSS/poly(N-vinylcarbazole) (PVK)/7/Ca/Al] exhibits low effi-
ciency (0.54%), low luminance (15 cd m~2), and high turn-on voltage (7 V).
However, the full SPFE, 8, synthesized using an AB-type monomer via Suzuki
coupling gives no apparent green emission, even after heat treatment, though
no device performance data were provided [22]. Another SPF with branched
dialkyl side chains, 9, prepared by Vak et al. [23] was found to give pure
blue emission with Commission Internationale de I’Eclairage (CIE) coordi-
nates (0.17, 0.12) from the device ITO/PEDOT:PSS/9/ LiF/Ca/Ag and exhibited
a turn-on voltage of 6 V, maximum luminance of 1600 cd m™ and external
quantum efficiency of 0.20% (0.19 cd A™").

2.2.1.2
Incorporation of Hole-Transport Moiety (HTM)

To obtain better device performance, achieving charge balance in PLED is
crucial. The imbalance in charge carriers is due to the high barrier for hole
injection and the discrepancy in charge carrier mobilities. Therefore, facilitat-
ing hole injection via introducing HTMs onto the PFs would be the key factor
to improve the device performance.

Meerholz and coworkers incorporated the HTM (triphenyldiamine deriva-
tive) into the backbone of SPF to elevate the device efficiency through
promoting hole injection/transport properties [24]. The cross-linkable
oxetane-functionalized SPF derivatives 10-12 were also synthesized to re-
alize full color display via spin-coating processes. The resulting EL devices
(ITO/PEDOT:PSS/10, 11, or 12/Ca/Ag) showed maximum efficiencies of 2.9,
7.0, and 1.0 cd A™! for blue, green, and red emissions, respectively.

Li et al. synthesized an alternating 9,9-dioctylfluorene/9-octylcarbazole
(DOF/OCz) copolymer 13 with a (DOF:0Cz) molar ratio of 3:1 [25]. The
device [ITO/13/1,3,5-tris-(4'-fluorobiphenyl-4-yl)benzene (F-TBB)/tris-(8-
hydroxyquinoline) aluminum (Alqs3)/LiF/Al, where F-TBB and Alq; are hole-
blocking and electron-transport layers, respectively] exhibits maximum de-
vice luminance of 350 cd m~ (27 V) and luminance efficiency of 0.72 cd A™!
at a practical brightness of 100 cdm™. The results are better than those
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10 (blue), Ar: 15% (B1)/ 25% (B2)/ 10% (HTM) B' HTM
11 (green), Ar: 25% (B2)/ 15% (G1)/ 10% (HTM)
12 (red), Ar: 25% (B2)/ 10% (G2)/ 5% (R1)/ 10% (HTM)

of the PFO-based device (maximum device luminance and luminance effi-
ciency were 160 cdm~ at 27V and 0.30 cd A™! at 100 cd m~2, respectively).
The higher device performance of 13 is attributed to a more efficient hole in-
jection from the ITO anode into the emitting layer because the HOMO level of
13 is reduced to 5.39 €V and is closer to the ITO work function (4.8 éV) than
PFO (HOMO level 5.63 €V). On the other hand, the 13-based device emits blue
light with two vibronic peaks at 423 and 443 nm and a low intensity in the
region of 500-600 nm.

For the case of PFs with HTM on the side chain, the incorporation of
triphenylamine (TPA) into PF side chains without the alkyl spacer 14 was car-
ried out by Miillen and coworkers [26] to enhance blue PLED performance.
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Here, TPA acts as soluble group and prevents the formation of aggregates
and, in addition, can lower the hole-injection barrier between PF and ITO
anode due to the closer Ip of TPA (5.3 éV) to the work function of the ITO
anode (5 eV). However, for the device configuration (ITO/PEDOT:PSS/14/Ba),
this TPA-containing PF, 14, did not improve device performance as compared
to PFO or 3. This was attributed to the lower PLQE of 14 film (22%) than
that of PFO film (50%) and the hole-trap property of TPA. In addition, its
EL spectrum exhibited a pale blue emission (main peak at 428 nm) with CIE
coordinates of (0.184, 0.159).
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Our group has incorporated the HTM carbazole (Cz) into PF side chains
by connecting this group with flexible decyl spacers. The device based on the
polymer 15 with the configuration ITO/PEDOT:PSS/15/Ca/Al exhibits a turn-
on voltage of 3.3 V, maximum efficiency of 1.28 cd A~!, and maximum bright-
ness of 5079 cd m~. The device emits sky blue light with two characteristic
peaks at 420 and 460 nm, as for PFO, and an additional strong broad peak at
525 nm [27]. After further investigation [28], we found that the Cz groups in
15 play multiple roles as:

1. Hole transporters at the polymer-PEDOT:PSS interface to provide easier
hole injection

2. Hole trapping sites (in the form of Cz/Cz dimers) able to catch electrons to
form blue-emitting excitons

3. A source of green emission from an electroplex formed via electric field-
mediated interaction of a Cz/Cz radical cation with an electron in the
nearby PF backbone

On the other hand, Scherf and coworkers used N,N-bis(4-methylphenyl)-N-
phenylamine as the end-capper to yield the polymer 16 (end-capper concen-
tration 3 mol %); its single-layer device (ITO/PEDOT:PSS/16/Ca/Al) exhibited
maximum luminance of 1600 cd m~ and efficiency of 1.1 cd A~!, with CIE
coordinates (0.15, 0.08) at 8.5V [29]. This efficiency is higher than that of
non-end-capped polymer 3 (that is, bromine exists at each chain end) by one
order of magnitude and was attributed to an efficient hole trapping at the
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end-capper groups [due to the lower HOMO level of triarylamine (TAA) end-
capper (5.48 eV) than 3 (5.88 €V)], resulting in more chances for holes and
electrons to recombine on the main chain than at sites with less efficient emis-
sions, such as aggregates and excimer-forming sites.

2213
Incorporation of Electron-Transport Moiety (ETM)

For ETM incorporated in PF main chain, Jen and coworkers [30] pre-
sented copolymers with units of 9,9-dihexylfluorene and 2,5-dicyanobenzene
and reported that the device based on the cyano (CN)-containing copoly-
mer 17 as the emitting layer shows a low turn-on voltage (3 V) and better
EL efficiency (0.5%) and high brightness (5430 cd m~2) than those (0.044%
and 717 cdm) of the homopolymer 1 device with the same configuration
(ITO/PEDOT:PSS/emitting polymer/Ca). The better device performance was
attributed to the improved electron injection from the calcium cathode to the
polymer because the CN electron-withdrawing functionality can lead to a sig-
nificant increase of Ea from 2.12 ¢V of 1 to 2.98 €V of 17, that is, close to the
work function of the calcium cathode (2.9 €V). However, the EL spectrum of
17 is red-shifted (main emission peak at 477 nm) with respect to that of 1
(428 nm).

For PFs with HTM grafting as side chain, the alternating copolymer
18 with electron-deficient moiety (4-tert-butylphenyl-1,3,4-oxadiazole) func-
tionalized fluorene and monomer of PFO was synthesized by Shu and co-
workers [31]. The device with the configuration ITO/PEDOT:PSS/18/Ca/Ag
showed improved performance: turn-on voltage of 5.3V (defined as volt-
age needed for brightness of 1 cd m™2), maximum brightness 2770 cd m™ at
10.8 V, and maximum external quantum efficiency 0.52% at 537 cd m~ rela-
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tive to that of PFO (corresponding performance: 8 V, 600 cd m~2 at 20V, and
0.2% at 17 V). This resulted from a better electron injection (LUMO 2.47 eV
for 18 and 2.12 eV for PFO [12]; work function of Ca 2.9 V) and transport
in 18. However, only little improvement was achieved, which could be due to
the similar Ip between PFO (5.8 éV) and 4-tert-butylphenyl-1,3,4-oxadiazole
(5.76 V), leading to a significantly large hole-injection barrier from the an-
ode (5.2¢eV) to the emitting polymer. In addition, the EL spectrum of the
device peaks at 428 nm and has no undesirable excimer/aggregate emission.

CgHi7 CeH17

Another electron-deficient moiety, quinoline, was introduced into PF 19
by Su et al. [32]. However, the EL device performance (with the structure
ITO/PEDOT:PSS/19/1,3,5-tris-(N-phenylbenzimidazol-2-yl)benzene (TPBI)/
Mg:Ag) remains low, with the maximum external quantum efficiency of
0.8%, maximum luminance of 1121 cd m™ and high turn-on voltage of 7.2 V.
Therefore, the introduction of electron-deficient moieties (either 4-tert-
butylphenyl-1,3,4-oxadiazole or quinoline) cannot provide efficient EL per-
formance, probably due to the large hole-injection barrier.

Our group reported that capping both ends of the PFO chain with electron-
deficient moieties (oxidazole, OXD, and triazole, TAZ), which can induce
a minor amount of long conjugating length species (regarded as the §-phase),

4 .
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EL intensdy [a.u]

400 450 500 S50 600 650
Wavelength [nm]

Fig.3 a Chemical structure of polymer 20. b EL spectra of spin-cast films of 20. The inset
shows picture of emission from 20-based device operated at 4 V (taken from [33])
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allowed an occurrence of incomplete energy transfer from the amorphous
matrix to the S-phase and consequently resulted in a stable pure blue emis-
sion upon cyclic operations and promoted device efficiency [33]. For the
case with TAZ (ITO/PEDOT:PSS/20/CsF/Al), the EL spectrum (in Fig. 3b) has
a peak at 421 nm from the amorphous matrix and one at 442 nm from the
B-phase, and gives the CIE coordinates (0.165, 0.076). Its maximum lumi-
nance efficiency (1.67 cd A7) and brightness (4000 cd m™2) are better than
those with tert-butylphenyl as end-capper, (0.74 cd A~! and 2500 cd m~, re-
spectively).

2.2.1.4
PFs with both HTM and ETM

In addition to the incorporation of a single charge-transport moiety on PFs,
as mentioned above, simultaneously grafting electron-rich TAA and electron-
deficient OXD groups on PF side chains was reported by Shu and cowor-
kers [34]. This side-chain modification can lead to variations in both HOMO
and LUMO levels. This polymer, 21, showed maximum external quantum
efficiency of 1.21% and luminance of 4080 cdm™ at the device structure
ITO/PEDOT:PSS/21/Ca/Ag. The enhanced efficiency was about twice that
of the device with 18 as the emitting layer. This resulted from the better
charge injection for 21 since its HOMO and LUMO levels (5.3 and 2.54 €V,
respectively) are closer to the work functions of the ITO/PEDOT:PSS anode
(~5.2€V) and Ca cathode (2.9 ¢V) than 18 (HOMO 5.76 ¢V, LUMO 2.47 ¢V)
and more efficient charge recombination (however, no evidence was given to
support this claim).

On the other hand, Shu and coworkers reported that the incorporation
of TAA and OXD in PF main chain and side chains, respectively, provided
an improvement in the efficiency and purity of blue emission (based on
the device ITO/PEDOT/22/TPBI/Mg:Ag) to 2.07 cd A~! and a CIE value of
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x + y = 0.29, respectively, relative to those of 21 (corresponding performance:
1.66 cd A™! and CIE x + y = 0.3) [35]. The HOMO and LUMO energy levels
of 22 are 5.20 and 2.38 eV, respectively. No doubt the hole-injection ability of
22 can be improved as compared to that of 21 (HOMO 5.3 éV) because the
lower HOMO energy level of 22 is better matched to the work function of the
ITO/PEDOT:PSS electrode (5.2 €V) than that of 21. But, the lower LUMO level
of 22 (2.38 eV) than that of 21 (2.54 éV) cannot improve the electron-injection
ability because the LUMO level of TPBI is 2.7 eV [36]. Therefore, we think that
the reasons for the enhanced performance of the 22-based device are still not
clear and are in need of further investigation.

Another example of bipolar PF, 23, was also reported by Shu and co-
workers [37]. They claimed that the bulky hole-transport Cz-derivative
provides more effective hole injection than 18. The blue EL device,
ITO/PEDOT:PSS/23/TPBI/Mg:Ag, exhibits a maximum external quantum ef-
ficiency of 1.0%, maximum luminance of 1070 cd m~2, and turn-on voltage of
45V.

CgH17 CeH17

LA
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CgHi7 CgH17 23

Shu and coworkers synthesized another kind of PF, 24, with hindered dipo-
lar pendent groups, TAA linked with OXD via a conjugated bridge, which was
claimed to provide efficient charge transport/injection properties [38]. The
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resulting EL device with the structure ITO/PEDOT:PSS/24/TPBI/Mg:Ag pro-
vides a maximum external quantum efficiency of 1.4%, maximum luminance
of 2080 cd m~2, and turn-on voltage of 5 V.

2.2.2
Physical Manipulation

Physical methods include tuning of chain conformation [39-42] and ma-
nipulation of supermolecular structure [43]. Because of its highly coplanar
backbone, PFO can be physically transformed into a variety of supermolec-
ular structures [39-42], such as crystalline phases (i.e., « and « phases) and
non-crystalline phases (i.e., amorphous, nematic, and §-phase; for S-phases
it has an extended conjugation length of about 30 repeat units as calculated
from wide-angle X-ray diffraction measurements) [44]. However, studies on
the effects of tuning chain conformation on EL are scarce, but reports on ef-
fects of manipulating supermolecular structures on PL behaviors of PFO are
extensive [40-42, 44].

As mentioned in Sect. 2.2.1.3 [33], we proposed that a trace amount of
B-phase, induced by the use of an electron-deficient moiety (TAZ) as an end-
capper for PFO, can improve device performance to give a better blue purity.
Following the idea of 8-phase formation, we further proposed a novel sim-
ple physical method to generate S-phase at a content of up to 1.32% in a PFO
film spin-coated on a substrate (the remaining part is amorphous phase)
by immersing it in a mixed solvent/non-solvent (tetrahydrofuran/methanol)
for a few seconds [45]. The device based on PFO with 1.32% gS-phase
(ITO/PEDOT:PSS/emitting polymer/CsF/Al) has a dramatically enhanced de-
vice efficiency and an improved blue-color purity of 3.85cd A~! (external
quantum efficiency, 3.33%) and CIE of x + y = 0.283 (less than the limit of

2) b) 10
0.12 eV 2 = pristine PFO
- “e g e B-PFO (n.a.2)
T~——— LUMO . A B-PFO (1.32%)
294eV 282V o
% 4 d hd ° . °
— Y HOMO £ e . w .
Amorphous S-phase 2 ,]
phase 400 500 600 700
E1/2 (V/Cm)”z

Fig.4 a Energy-level diagram for the amorphous and p-phases. b Electric-field (E)-
dependent hole mobilities of pristine PFO (as spin-coated without dipping), B-PFO
(n.a. 2) (n.a. 2 denotes trace B-phase content), and B-PFO (1.32%) (taken from [45])
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0.3 for pure blue), relative to that without such treatment, 1.26 cd A1 (1.08%)
and x + y = 0.323. Such a high efficiency (the highest among the reported
pure-blue-emitting devices) results from the special functionalities of the
B-phase: electron-trapping (see Fig.4a) and promoted hole mobility (see
Fig. 4b as revealed from thin-film TOF measurements). The energy levels in
Fig. 4a were determined from UV absorption spectra and CV and are sup-
ported by thermally stimulated current (TSC) data. Because holes are minor
charge carriers in pristine PFO, these two characteristics will lead to more
balanced hole and electron fluxes and thus higher device performance. In
addition to the improved purity of blue emission, the S-phase can also en-
hance the stability of blue emission during cyclic operation because: (1) linear
alkyl side chains of the 8-phase chains located beside fluorene units [46] can
hinder neighboring PFO main chains from the intimate contact needed to
form green-emitting field-induced excimers [47], and (2) efficient Forster en-
ergy transfer from the amorphous to the B-phase can also prevent formation
of excimers.

2.3
Sources of Undesirable Green Emission in PF-based PLEDs

An important issue concerning whether PFs can act as pure-blue emitters is
undesirable green emission (480-650 nm), and investigations on such addi-
tional lower energy emission have been intensive recently. Early reports at-
tribute it to the aggregate/excimer emissions due to the stiff and planar chain
geometry of the PF backbone [48]. As reported by Weinfurtner et al. [49],
oligomers with molecular weight of less than 10000 Da can give this green
emission (main peak at 510 nm) due to the ease of aggregate formation. In
addition, polar end group-enhanced aggregation emission at 507 nm for PFO
without end-capping (the end groups are boron ester on one end and bromine
groups on the other end) was demonstrated by us to be another reason for
green emission [50]. However, several research groups directly attributed this
phenomenon to the chemical defects on the PF main chain (i.e., keto defect
or fluorenone) that emit green light at 535 nm [51-55]. Recently, we found
that electric field induction (FI) accompanied by side-chain motion in PFs
can lead to formation of excimers, which contribute to a growth of the green
component peaking at 485 and 520 nm in the EL spectrum [47]. We also
revealed that higher polarity of the side chain in PFs can cause a more pro-
nounced FI effect. For polymer 25 having cross-linkable highly polar oxtane
groups at the ends of the side chains, the green component can even domi-
nate the entire emission after a few cycles of device operation. Lowering the
content of the cross-linkable commoner in the copolymers with DOF from 50
to 25 mol %, or even cross-linking 25, only moderately suppresses the forma-
tion of FI excimers. This phenomenon also occurs for PFO with non-polar
octyl side chains, especially after cyclic operations with higher electric fields
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(1 x10° Vem™). Thus, we must emphasize that there are several sources of
the undesired green emission.

3
PFs with Various Emission Colors

3.1
Green and Red Emitters

Because the red-, green-, and blue-emitting polymers are essential in the fab-
rication of full-color PLED displays, fluorene copolymers that emit colors
covering the entire visible range have been extensively studied and their syn-
theses are mainly via the Suzuki or Yamamoto routes [56]. However, more
efforts have been made on the development of green- and red-emitting PF
copolymers because PF homopolymer itself emits blue light. In this section,
we review typical cases based on chemical incorporation of a fluorescent or
phosphorescent moiety on PF for color tuning.

3.1.1
Chemical Strategy via Fluorescent Moiety
Incorporated in Polymer Backbone, Side Chain, or Chain End

Heeger and coworkers adopted bithiophene as comonomer to copolymerize
with fluorene and found that the EL emission can be tuned to emit green light
with a peak at 493 nm and a shoulder at 515 nm [57]. The HOMO and LUMO
energy levels of copolymer 26 are 5.30 and 2.85 €V, respectively, as estimated

CeHia Cefhia
CHHO- O
m N\S,N n

CeH1z CeHiz CgHy7 CgHy7

26 27:m=85n=15
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from the oxidation and reduction onset potentials of CV measurements. The
single layer device (ITO/26/Ca) emitted green light at about 21 V. By employ-
ing a PVK layer (90 nm) between the ITO anode and the emitting polymer
film as hole-injection layer, the turn-on voltage for light output of the double-
layer device was reduced to about 8 V, and the maximum external quantum
efficiency increased from 0.05 to 0.6%.

After that, Cao and coworkers synthesized a series of copolymers derived
from DOF and narrow-band-gap 4,7-di-2-thienyl-2,1,3-benzothiadiazole
(DBT) with various feed ratios of DOF/DBT [58]. The highest quan-
tum efficiency and brightness were only 1.4% and 259 cdm™, respec-
tively, from the device based on the copolymer with 15% DBT content
(ITO/PEDOT:PSS/27/Ba/Al). As DBT content increases from 1 to 35%, the EL
emission peak shifts from 628 nm to 674 nm, indicating that the copolymers
are promising candidates as pure-red emitters though the performance needs
to be further improved.

Another PF copolymer 28, composed of alternating DOF and thieno-[3,2-
b]thiophene, was reported by Lim et al. [59]. The incorporation of electron-
rich thieno-[3,2-b]thiophene moiety in the polymer backbone led to lower
HOMO (5.38 €V) and higher LUMO (2.4 V) levels than those of PFO (HOMO
5.8 eV, LUMO 2.12 €V [12]). The device ITO/PEDOT:PSS/28/LiF/Al exhibited
a pure green emission with a peak at 515 nm and CIE coordinates of (0.29,
0.63), which is very close to the standard green required by the National
Television System Committee (NTSC) (0.26, 0.65). In addition, the maximum
brightness and efficiency of this device were 970 cd m™ and 0.32 cd A}, re-
spectively.

Jen and coworkers reported random copolymers with 5 and 10 mol % of
electron-deficient dithienosilole chromophore (29 and 30, respectively) [60].
The device with 30 as the emitting layer and an in-situ polymerized
bis-tetraphenylenebiphenyldiamine-perfluorocyclobutane, 31, as the HTL
(ITO/31/30/Ca) can emit green light (Amax = 500 nm) with the low turn-on
voltage of 4 V, maximum brightness of 25900 cd m~, and maximum exter-
nal quantum efficiency of 1.64%, which are much better than the device with
29 as the emitter. This improvement was attributed to both an improved
charge injection and to charge recombination in this higher dithienosilole-
containing copolymer 30 because its HOMO and LUMO levels (5.5 and
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2.32 eV, respectively) are closer to the HOMO level of 31 (5.32 ¢V) and work
function of Ca (2.9 €V) than those of 29 (5.68, and 2.18 €V, respectively).
Miillen and coworkers [61] incorporated perylene dyes to PF chains as:

1. Comonomers in the main chain

2. End-capper at the chain ends

3. Pendant side groups to tune emission color covering the whole visible
range

For case (1), copolymers with various chemical structures of perylene can ex-
hibit green and red light. For example, based on ITO/PEDOT:PSS/emitting
polymer/Ca/Al, EL emission from 32 showed green light with a peak at
520 nm [CIE coordinates (0.362, 0.555)], and the emission from 33 was deep
red [CIE coordinates (0.636, 0.338)] with a maximum at 675 nm. The max-
imum EL efficiencies for the PLEDs using 32 and 33 were 0.9 and 1.6 cd A},
respectively. For case (2), polymer 34 exhibited a narrow red photolumines-
cence (PL) emission with a maximum at 613 nm in the film state via an
almost complete energy-transfer mechanism from fluorene units to pery-
lene end-cappers, but the energy transfer was not seen in solution. For
case (3), copolymer 35 containing 33 mol % of fluorene units with pendant
dyes as a film exhibited a PL emission maximum at 599 nm. Even in solu-
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tion, efficient energy transfer to the pendant groups was clearly apparent,
as evidenced by the PL emission of a peak at 561 nm and a shoulder at
599 nm, due to the higher concentration of perylene units in the polymer than
case (2).

Cho et al. prepared 36 by incorporating low-band-gap thiophene together
with CN-substituted vinylene, which gives pure red EL emission [CIE co-
ordinates (0.66, 0.33)] that is almost identical to the standard red (0.66,
0.34) demanded by the NTSC [62]. Another similar copolymer 37 also ex-
hibited a pure red emission [CIE coordinates (0.63, 0.38)], and its maximum
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luminance and maximum external quantum efficiency were approximately
3100 cdm™ at 4.6 V, and 0.46% at 4 V, respectively, which are better than
those of 36. The difference between 36 and 37 is the position of CN groups on
the vinylene unit. The CN group in the latter was at B-position, and this con-
figuration caused a strong steric interaction of CN groups with the alkoxy side
chains of the inner phenylene ring, which shortens the conjugation length of
the molecules and therefore results in a blue-shift in the emission (630 nm)
relative to the former (675 nm).

Dow Chemical Company presented a series of PF copolymers, consisting
of various charge-transport moieties and low band-gap chromophores on the
backbone, for tuning the emission color of PLED to cover the whole visible
range [63]. They claimed that their blue-, green-, and red-emitting copoly-
mers (without disclosing chemical structures and ratios of comonomers) can
exhibit acceptable device performance, as shown in Table 1.
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Table1 Characteristics of device performance based on ITO/PEDOT:PSS/copolymer/
Ca/Al configuration (taken from [63])

Green Red Blue
EL Amax [nm] 534 648 476
CIE (x, y)? (0.40, 0.58) (0.68, 0.32) (0.16, 0.16)
Efficiency [Im W™, cd A™!]
200 cd m™2 7.64, 6.92 1.43, 1.50 1.31, 2.82
1000 cd m™2 8.31, 8.84 0.68, 1.2 0.90, 2.60
4000 cd m™2 7.36, 10.01 - = 0.48, 2.00
10000 cd m 5.62, 10.25 - - - -

a Measured at 200 cd m™

3.1.2
Chemical Strategy via Phosphorescent Moiety
Incorporated in Polymer Side Chain and Backbone

In addition to the incorporation of fluorescent chromophores in PF, phospho-
rescent moieties have been widely used to copolymerize with fluorene or as
pendent group in PFs for color tuning (via the selection of ligands chelated to
heavy metals) and performance improvement. The ability to enhance device
performance via phosphors is because strong spin-orbit coupling (resulting
from the inclusion of heavy metal atoms in the phosphor structure) can effi-
ciently utilize triplet excitons for electroluminescence and theoretically there
are three times as many as triplet as singlet excitons.

Our group reported a new route for the design of electroluminescent
polymers by grafting high-efficiency phosphorescent iridium complexes as
dopants and charge-transport moieties onto alky side chains of fully conju-
gated polymers for PLED with single layer/single polymers [27]. As shown in
Fig. 5a, the polymer system studied involves PF as the base-conjugated poly-
mer, Cz as the charge-transport moiety and a source for green emission by
forming an electroplex with the PF main chain (as revealed above), and cy-
clometalated Ir complexes as phosphorescent dopants. The devices prepared
therewith (ITO/PEDOT:PSS/38 or 39/Ca/Al) can emit red light with the high
efficiency of 2.8 cd A™! at 7V and 65 cd m™ from 38 (with high Ir complex
content of 1.3 mol % in the feed), and can emit the light with a broad band
containing blue, green, and red peaks (2.16 cd A™! at 9 V) from 39 (with low
Ir complex content of 0.8 mol % in the feed) as shown in Fig. 5b. The inset of
Fig. 5b shows that the HOMO and LUMO (the triplet state) energy levels of
the red Ir complex lay between those of the main chain, which permits both
hole and electron trapping during the electric field excitation.
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Fig.5 a Chemical structures of Ir-complex and Cz-moiety grafted PFs. b PL and EL spec-
tra of the polymers. Also shown is the band diagram, in which the LUMO for Ir(btp),acac
has the energy level for singlet state at 2.4 and triplet state at 3.1 eV (taken from [27])

Holmes and coworkers [64] reported a series of solution-processible phos-
phorescent iridium complexes with iridium units being covalently attached
to and in conjugation with oligo(9,9-dioctylfluorenyl-2,7-diyl) [(FO),] to
form complexes [Ir(ppy-(FO)y)a(acac)] or [Ir(btp-(FO),)2(acac)]. Based on
ITO/PEDOT:PSS/emitting polymer/Ca/Al, [Ir(ppy-(FO),)2(acac)] with n =10
(40) and 30 (41) emitted mostly triplet emission at 570 and 612 nm but with
a small peak (444 nm) due to PF singlet emission. [Ir(btp-(FO),),(acac)] with
n=>5 (42), 10 (43), 20 (44), and 40 (45) all showed exclusive triplet emissions
in their EL spectra (main peaks around 665nm) pointing to charge trap-
ping at the iridium complex being the dominant process under EL excitation.
EL efficiencies are larger for [Ir(ppy-(FO),)2(acac)] with longer FO segments
(0.045% for 40 and 0.07% for 41), and this increasing trend of EL efficien-
cies with longer FO segments also occurs for [Ir(btp-(FO),)2(acac)] (0.15, 0.2,
0.45, and 1.5% for 42-45, respectively). These results might be due to the re-
duced self-quenching for polymer with longer FO segments (namely, lower
concentration of Ir complex).

CeHize_CaHiz _ CsHi7_CeHi7 S
Br Bi -
O (SOrG<10
n Irlacac; n RN
CgHy7. CgHq7 SNF (uLuc)Ir\N
] Q) :
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40:n=10,41: n=30 42:n=5,43:n=10,44: n=20,45: n =40

Cao and coworkers synthesized copolymers 46 (feed ratio of Ir complex
is 3 mol %) with 9,9-dihexylfluorene-alt-N-2-ethylhexyl-carbazole segments
and backbone B-diketonate moieties coordinating to iridium [65]. A satu-
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rated red-emitting PLED with the emission peak at 628 nm, maximum exter-
nal quantum efficiency of 0.6% at 38.5 mA cm2, and maximum luminance of
541 cdm~ at 15 V were achieved from the device ITO/PEDOT:PSS/46 blended
with 2-(4-biphenylyl)-5-(4-tertbutylphenyl)-1,3,4-oxadiazole (40%)/Ba/AL
For 46, the incorporation of Cz and iridium complex units in the backbone
can reduce its barriers for both hole and electron injections, as compared
with PFO, because its HOMO and LUMO levels (5.49 and 2.47 €V, respec-
tively) are closer to the work functions of PEDO:PSST (4.9 eV) and Ba (2.2 eV)
than those of PFO (5.77 and 2.91 eV, respectively).

3.2
White Emitters

In addition to green- and red-light emitters, white PLEDs have also received
great attention due to their potential applications in backlight for full-color
displays and lighting.

3.2.1
Physical Blending System

Due to the many reported examples utilizing physical blending systems, we
have only selected a few important examples for this section. Shu and cowor-
kers used the blend of the blue-emitting PE, 21, with two fluorene-derived
fluorescent dyes [66], FFBFF (green emitter) and FTBTF (red emitter), to re-
alize white light emission. The resulting EL device (ITO/PEDOT:PSS/21 with
0.18 wt. % FFBFF and 0.11 wt. % FTBTF/Ca/Ag) exhibited maximum external
quantum efficiency of 0.82% and maximum luminance of 12 900 cd m~2; while
its EL spectra changed with the applied voltages (from CIE coordinates (0.36,
0.37) at 6 V to (0.34, 0.34) at 12 V).

We prepared two PFs, 47 and 48, which exhibited rather high bipolar
charge mobilities in the order of 107 to 10™* cm? V~'s7! [67]. The light-
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emitting devices (ITO/PEDOT:PSS/emitting layer/CsF/Ca/Al) with rubrene-
doped 47 showed the maximal luminances 36 000 and 70 000 cd m~2 with the
maximal efficiencies 3.5 and 9 cd A™! for the white (doped with 0.25 wt. %
rubrene) and yellow emissions (doped with 0.5wt.% rubrene), respec-
tively. For rubrene doped 48, the maximal luminance and efficiency are
56000 cd m™2 and 9 cd A™! for white-emitting devices, and 72000 cd m~2 and
14 cd A7! for yellow emission, respectively. Furthermore, the EL profiles of the
investigated devices are nearly independent of the applied voltages.

3.2.2
Chemical Strategy: Single-Polymer Approach

To yield white emission, it is difficult to generate emissions covering the
whole visible region via a single polymer. Moreover, blending systems (poly-
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mer/polymer or polymer/molecular material) to realize white-light emission
usually suffer from intrinsic phase separation and bias-dependent spectra.
Therefore, creation of a strategy to realize white light from a single polymer
is necessary.

The first example of a white PLED achieved by a single polymer with SPF
backbone was realized by Covion Corporation [68]. The white-light emitting
polymers (the detailed chemical structures were not disclosed) were synthe-
sized by copolymerization of PPV monomer unit (emits green) and bisthio-
phenylbenzothiadiazole (emits red) derivatives onto the SPF backbone. The
device (ITO/PEDOT:PSS/polymer/Ba/Al) emitted white light with CIE coor-
dinates (0.36, 0.41) and exhibited a maximum efficiency of 7.8 cd A7! and
a maximum luminance of ca. 10000 cd m~2.

Shu and coworkers developed white-light emitting polymers 49 through
incorporating benzothiadiazole (emits green) and bisthiophenylbenzothia-
diazole (emits red) moieties into the backbone of a blue bipolar PF [69].
White electroluminescence can be achieved via incomplete energy trans-
fer. The white [CIE coordinates (0.37, 0.36)] EL device based on this PF
(ITO/PEDOT:PSS/ 49/TPBI/Mg:Ag/Ag) exhibits a maximum external quan-
tum efficiency of 2.22%, maximum luminance of 5000 cd m~2, and high turn-
on voltage of 5.5 V.
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Another example using the same methodology was achieved by Shu and
coworkers [70], the white light-emitting polymer 50 is realized by covalently
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attaching a green fluorophore as well as a red phosphor into the backbone
of bipolar PE. The EL device (ITO/PEDOT:PSS/50/CsF/Al) exhibited a max-
imum efficiency of 8.2 cd A~!, maximum luminance of ca. 4000 cd m™2, and
low turn-on voltage of 2 V, but with drifted white emissions from CIE coor-
dinates (0.35, 0.38) to (0.33, 0.36).

4
Alteration of Interfaces Between PFs and Electrodes

In order to achieve better hole or electron injection for enhancement of
device performance, introduction of appropriate hole-transport and electron-
injection materials into the interfaces of anode/PFs and PFs/cathode, respec-
tively, is another useful approach in addition to the chemical and physical
modifications of PF chain structure. Besides, choosing a cathode material
with a work function close to LUMO levels of PFs has been proven to be
a practical method for performance improvement.

4.1
Hole-Transporting Layer

He et al. reported a high-performance electroluminescence device based on
bilayer conjugated polymer structures consisting of a hole-transport polymer
51 and a green-emissive polymer 52 prepared by the spin-coating technique
on a glass substrate [71]. With this insertion of hole-transporting polymer,
the device showed a high brightness (~10000 cd m~2 at 0.84 mA mm~2), good
emission efficiency (~14.5cdA™') and luminous efficiency (2.261m W),
and high external quantum efficiency (3.8%).

CgHi7 CsHi7

51 52

Marks and coworkers used a siloxane-derived hole-transport material,
4,4'-bis[ (p-trichlorosilylpropylphenyl)phenylamino]biphenyl (TPD-Si;), to
modify the ITO anode surface via formation of a self-assembly monolayer
(SAM) [72]. Due to the close Ip of TPD-Si; (5.5¢€V) to the HOMO level of
PFO (5.9 €V), the PFO-based device with ITO anode treated with TPD-Si,
SAM exhibited a maximum brightness and external quantum efficiency of
7000 cd m™2 and 0.35%, respectively, which were about two orders of magni-
tude larger than those for the bare ITO device (work function of ITO 4.7 V).
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Even compared to a device with PEDOT:PSS (HOMO 5.2 €V) as HTL, the
SAM-modified device exhibited higher maximum brightness by a factor of
three, and a comparable efficiency.

o§ 080 R R

o~ TPD-Si, / HTA7:n=1,R=H
HTA 8: n=2,R =0Me
HTA9:n=2,R=H

In order to achieve a better hole injection via the concept of graded HTL,
Miiller et al. synthesized a series of cross-linkable oxetane-functionalized
hole-transporting TAA (HTA 7, 8, 9) with different HOMO levels (5.29, 5.41,
and 5.48 eV, respectively) [73]. They reported that the device based on graded
HTL (spin-coating and then cross-linking in the order HTA 7, 8, and 9)
and polymer 16 (end-capper feed ratio 0.3%) exhibited a better efficiency
of 2.7cd A™! than the 0.64cdA™! of the device with only HTA 9, demon-
strating that the graded HTL concept is useful in improving hole-injection
ability.

Further, Friend and coworkers [74] demonstrated molecular-scale inter-
face engineering, also based on the graded HTL concept, for an improve-
ment of hole injection from ITO anode to emitting layer consisting of PFO
blended with 5 wt. % 52. The PEDOT:PSS materials with different doping lev-
els from saturated-doped (charge-per-ring ratio y = 0.3, designated as p*™),
to the intermediate doping levels of y = 0.25 and 0.2 (designated as p* and
p> respectively), and to the lowest doping level of y = 0.02 (designated as i)
can be acquired via reducing as-received PEDOT:PSS (saturated-doped) by
various equivalent moles of hydrazine hydrate. The device with the graded
(PEDOT:PSS/53)5(PSS/53) (2p™*-p*-p-i) interlayer between ITO and emit-
ting layer exhibited a current density more than twice as large as the p**-
PEDOT:PSS device, and four times that of the i-PEDOT:PSS device (here,
calcium was used as cathode for all devices). This result further demonstrates
that appropriate grade HTL can improve hole injection into the emitting

layer.
X 1-x
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Although PEDOT:PSS is one of the most often adopted hole-transport ma-
terials, fundamental knowledge about how the process parameters (such as
film thickness, backing conditions after coating, etc.) of this material affect
PLED behaviors is still inadequate. Our group has demonstrated that mi-
gration of PSS from PEDOT:PSS into emitting layer may exert significant
effects on the effective hole-injection barrier in blue-light emitting devices
based on PFO [75]. In comparison to the hole-injection barrier 0.9 eV for
bare ITO, the introduction of a PEDOT:PSS layer actually decreases the hole-
injection barrier because the hole-injection barrier from PEDOT:PSS to PFO
increases from 0.5 to 0.85 eV while PEDOT:PSS film thickness increases from
10 to 50 nm. This result was attributed to p -doping of PFO at the inter-
face by free PSS chains. The thinner PEDOT:PSS film provides less p ~doping
and thus a lower hole-injection barrier. Therefore, the PFO-based PLED
(ITO/PEDOT:PSS/PFO/CsF/Ca/Al) with lower PEDOT:PSS thickness (15 nm)
can exhibit the highest device brightness and efficiency (8374 cd m™ and
0.75 cd A7%, respectively) among those devices with thicker PEDOT:PSS films
(3000 cd m™2 and 0.5 cd A~! for 50 nm thick PEDOT:PSS).

In addition to the effect of PEDOT:PSS film thickness on the hole-injection
barrier, our group [76] found that the Ip value of PEDOT:PSS spin-coated
onto the ITO anode decreases as the delay time to baking after spin-coating
increases, from 5.45€eV (0 h) to 5.32 eV (48 h) as shown in Fig. 6. The trend
moves toward the Ip of the neutral PEDOT, around 3.93-4.0V [77,78].
This results in an increase of the hole-injection barrier to emitting poly-
mer (PFO). The IP change was attributed to dedoping of PEDOT in PE-
DOT:PSS due to a reaction of ITO with protons in PSS and with those
in doped PEDOT in the presence of water. Based on the device config-
uration of ITO/PEDOT:PSS/PFO/CsF/Ca/Al with PEDOT:PSS film varying
with delay time to baking, the maximum brightness and efficiency are
15600 cdm™ (9 V) and 3.3cd A" (3 V), respectively, for the device without
delay. These are better than those for the device with 6 h delay (corresponding
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Fig.6 IP values of 20 nm PEDOT:PSS films at different delay times to baking after spin-
coating on ITO, and IP of neutral PEDOT (taken from [76])
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Table2 Ionization potential and the F/C atom ratio of the three CFx layers (taken
from [79])

CFx layer Ionization potential [eV] F/C ratio
CFx (20 W) 5.7 1.51
CFx (35 W) 5.6 1.47
CFx (50 W) 5.3 1.33

performance: 1.9 cd A7!at 3V and 10000 cd m™2 at 9 V). In other words, PE-
DOT:PSS film should be baked right after spin-coating in order to get better
performance of the bipolar device.

Introduction of CFx thin film on top of the ITO anode as HTL via
plasma polymerization of CHF3 can also enhance device performance of
PFO-based PLED, as reported by us [79]. At the optimal C/F atom ratio
using the radio frequency power 35W (see Table2) as determined by
X-ray photoelectron spectrometer, the device performance based on the
ITO/CFx(35 W)/PFO/CsF/Ca/Al configuration is optimal having maximum
current efficiency of 3.1 cd A™! and maximum brightness of 8400 cd m~2; much
better than 1.3 cd A~! and 1800 cd m for the device with PEDOT:PSS as HTL.
The improved device performance was attributed to a better balance between
hole and electron fluxes because the CFx (35 W) layer possesses an Ip value of
5.6 €V (see Table 2), as determined by ultraviolet photoelectron spectroscopy
data, and therefore causes a lower hole-injection barrier to the PFO layer
(0.2 V) than that of 0.7 eV for PEDOT:PSS.

4.2
Cathode Materials and Electron-Injection/Hole-Blocking Layer

The most straightforward approach to facilitate electron injection from cath-
ode to emitting layer is to choose the cathode material with work func-
tion close to the LUMO level of the emitting layer for a reduction of the
electron-injection barrier [56]. As shown in Table 3, metals with various work
function values can be chosen as optimum cathode for efficient electron in-
jection. However, a minimization of the electron-injection barrier is difficult
to achieve since low work-function metals (such as Ca, Mg, Li, and Cs) are
highly reactive and can easily interact with the organic layer onto which they
are evaporated to quench excitons [80]. In addition, these metals are sensitive
to oxygen and moisture in the environment, causing a quick degradation of
these metals if lacking proper encapsulation.

Recently, alkali-metal fluoride/metal bilayer cathodes, especially for LiF
and CsF, have shown substantial electron-injection ability [80-82]. Friend
and coworkers demonstrated the minimization of the electron-injection bar-
rier with the use of LiF as bilayer cathode (LiF/Ca) via electroabsorption
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Table 3 Electronic properties of common electrode metals (taken from [56])

Element Ionization potential [eV] Preferred work function [eV]
Cs 3.89 2.14
K 4.34 2.30
Ba 5.21 2.70
Na 5.14 2.75
Ca 6.11 2.87
Li 5.39 2.90
Mg 7.65 3.66
In 5.79 4.12
Ag 7.58 4.26
Al 5.99 4.28
Nb 6.88 4.30
Cr 6.77 4.50
Cu 7.73 4.65
Si 8.15 4.85
Au 9.23 5.10

measurements [80]. They found that the electron-injection barrier for the
LiF/Ca cathode is the lowest among all the cathode materials (including Al,
LiF/Al, Ca, CsF/Al, and LiF/Ca). The result is that the PFO-based device with
LiF/Ca cathode (ITO/PEDOT:PSS/PFO/LiF/Ca/Al) exhibits the largest current
density (45mA/cm?) and highest luminance (1600 cdm™) at the driving
voltage of 5V. However, there is still no consensus over the mechanism
behind the enhancement of electron injection for the use of this bilayer cath-
ode and several interpretations have been proposed, as summarized by this
group [80].

In addition to the appropriate choice of cathode material for better elec-
tron injection, the insertion of an electron-injection layer between cathode
and emitting polymer has been reported. Yang and coworkers introduced the
nanoscaled interfacial layer, calcium acetylacetonate [Ca(acac), ], between the
aluminum cathode and green-emitting PF blend (5BTF8, consisting of 5 wt. %
52 and 95 wt. % PFO), which led to improved device efficiency (28 cd A™! at
2650 cd m~2), higher than the device using calcium/aluminum as the cathode
by a factor of three [83]. This result was attributed to the multiple functions
of Ca(acac),:

1. It enhanced the injection of electrons due to electrons being the minor
charge carriers in 5BTF8

2. It provided a buffer layer to prevent the quenching of luminescence from
the aluminum electrode

3. It behaved as a hole-blocking layer for increasing hole-electron recombi-
nation probability
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Another material, calcium carbonate (Cs;COs3), was applied to PFO-based
PLED by Yang and coworkers and the luminous efficiency of a device with
Cs,CO3/Al is higher than the device with only Ca as the cathode by a fac-
tor of 1.3, due to the better electron-injection and hole-blocking ability [84].
Recently, they also demonstrated that the improved electron injection is
a result of the reaction of Cs;COs; with thermally evaporated Al, which
can reduce its work function to 2.1eV by forming the Al-O-Cs complex.
The optimum Cs,CO3 thickness is 15 A with maximum power efficiency of
151Im W1 [85].

Recently, our group demonstrated a novel dual-functional composite
layer having a superior hole-blocking effect along with promising electron-
transport capability for PFO [86]. The dual-functional composite layer is
composed of a non-conjugated polymer (polyethyleneoxide, PEO) as well
as an inorganic salt (Cs;COs3), which allows an effective recombination of
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Fig.7 Schematic diagram of charge-transport mechanism in PFO/PEO20/cathode. The
gray region of the PEO20 layer is the Cs;CO3-rich region (taken from [86])
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electrons and holes and results in a high device performance. In particu-
lar, a PFO-based device with this composite layer (PEO doped with 20 wt. %
Cs;CO3, designated as PEO20) and a composite bilayer cathode Cs;CO3
(2nm)/Ca (3 nm) (which can enhance the electron injection dramatically),
ITO/PEDOT:PSS/PFO/PE020/Cs;CO3/Ca/Al, gives a maximum brightness of
27000 cd m™ and current efficiency of 3.5 cd A~! with pure blue emission at
CIE coordinates (0.16, 0.07). This performance is better than that of the de-
vice without PEO20 [corresponding performance: 12000 cdm™2, 1.4cd A7},
and (0.16, 0.15)]. The hole-blocking effect of the composite layer is mainly
because the incorporation of non-conjugated polymer PEO with high HOMO
level can provide a large barrier for hole transport out of PFO (HOMO 5.8 €V).
On the other hand, the presence of PEO film also reduces the electron cur-
rent density (due to the large barrier for electron injection from cathode to
PEO) but the addition of Cs;CO3 in PEO film can enhance the electron flux,
indicating that the presence of Cs;CO3 in PEO acts as a channel for elec-
tron transport through the PEO film. The charge-transport mechanism in
a PFO/PEO20/cathode is clearly illustrated in Fig.7. In Fig. 7, electron car-
riers can smoothly transport through the PEO20 layer by passing through
the Cs;COs-rich region (electron-transport channel), but electron injection
to the LUMO level of PEO is difficult. Furthermore, a majority of the hole car-
riers are blocked at the PFO/PEO20 interface and can effectively recombine
with electron carriers.

5
Summary

The methods to improve performance of PF-based PLEDs in terms of emis-
sion efficiency, brightness, and operating voltage described in this review
essentially promote a balance between hole and electron fluxes in the emitting
layer and an enhancement of charge fluxes. The methods include modify-
ing PF chain structures through chemical or physical methods, choosing
a cathode material to minimize the electron-injection barrier, and inserting
hole-transport and electron-injection layers to reduce hole- and electron-
injection barriers, respectively. The chemical method, the incorporation of
HTM or ETM into PF chains, can tune HOMO and LUMO levels of PFs to
match the work functions of anode and cathode, respectively, and thus to en-
hance hole and electron fluxes. Physical manipulation on PF chain structures
can achieve balanced hole and electron fluxes; for example, the presence of
B-phase can provide electron trapping and promoted hole mobility and re-
sult in the highest device performance (3.85 cd A~! and 34300 cd m~2) among
the reported pure-blue PLEDs. Color tuning to cover all visible regions can be
achieved via physical blending or chemical incorporation of PFs with fluores-
cent or phosphorescent chromophores.
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