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desirable to have multilayer structures having discrete hole transport layer

(HTL), emissive layer (EML), and electron transport layer (ETL) functions.
The role of the HTL is not only to maximize hole injection from the anode
(usually ITO — tin-doped indium oxide), but also to block efficiency-depleting
electron overflow from, and to confine excitons within, the EML. With such
multilayer structures, high-performance devices have been realized for small-
molecule-based OLEDs fabricated via vacuum deposition: Typical small-
molecule HTLs are triarylamine-based materials such as NPB or TPD (Figure
1), which are known to have appreciable hole-transporting and electron-
blocking/exciton-blocking capacity, because of their relatively high-lying

LUMO levels and large HOMO-LUMO gaps.
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PLED HTL. In addition to these more conventional conductive polymer HTLs,

there has also been intense research activity focused on photo- or thermally
crosslinkable and in situ polymerized PLED HTLs. Most of these
crosslinkable HTLs require either high temperature baking (150-200°C) or
‘ultraviolet photochemical processing. Moreover, many of these crosslinked
films suffer from microcracking due to volume shrinkage on crosslinking of the

materials, which could lead to undesirable leakage currents in the PLED

devices.



Figure 1. Chem cal structures of small nol ecul es of
the prior are and polynmer materials currently used to
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i nvention. Figure 2. Anode/ HTL conpositions used in
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Figure 7. current density vs. electric field response for hole only devices
having the structure: ITO/HTL/TFB/Au/Al. The HTLs compared are: 1,
squares : TPDSi, SAM; 2, filled circles: the blend HTL; 3, triangles, the
double layer HTL,; 4, diamonds, PEDOT-PSS, 5, open circles, bare ITO.

(Lines through the data points are drawn as a guide.)

Figure 8. A. Light output, B. Current efficiency, C. Current density-
voltage characteristics as a function driving voltage for devices having the
structure: ITO/HTL/BT/Ca/Al. The HTLs compared are: 1, squares : TPDSi,
SAM; 2, filled circles: the blend HTL; 3, triangles, the double layer HTL;



points are drawn as a guide.) Summary of the Invention
In light of the foregoing, it is an object of the
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It can also be an object of the present invention to provide any one of the
range of hole transport layer compositions, as contemplated herein, for
incorporation into any electroluminescent device, article or display system
using light-emitting diodes.

Other objects, features, benefits and advantages of the present invention
will be apparent from this summary and its descriptions of various preferred
embodiments, and will be readily apparent to those skilled in the art having

knowledge of various electroluminescent devices, components and



know edge of various el ectrol um nescent devices,

conponent s andassenbl y/ producti on techni ques. Such
WwW@bjsos®24 f eat ures, benefits and advant ages w PET/D82004/041386

apparent fromthe above as taken into conjunction with

acconpanyi ng exanples, data, figures and all

reasonabl e i nferences to be drawn therefrom alone or

assémbfy/ﬁl%ﬁﬁbﬁ’&[ xt,eza*cman;h wek. SEh 08fREC RERErek G PRE ahed
herei'n. In part e present invention can be directed

advaotageh vl bsra@psmt fropo Hpodhiavieds t@J@ﬁf’plm@ pwguactp@n yvitr i c

hol e t I al d
ool Spm RSB SRR IR b I Rt 8T £
dra®Hio e BB H bhOBS withl c 581l PRI o 188 QeferbiRles oot B6ral 2881
an integer ranging from 1to about 4. Substituents

her@n. can be i ndependently sel ected fromH and al kyl

S P B i ey
cor% SlibBcahg r1§fn ﬁ@l‘ynﬁﬁ‘f‘e KSIERRndpdrd capahét! an@IDd ﬁl}Mated

e range of t drol yzabl e S|Iy groups w |
aryk suowe hynpdmmﬂoﬁ‘lalfprradlalswlddu@i fom nade awar e of th| s
i nvention, and include but are not limted to groups
such as trial koxysilyl, trihalosilyl,
di al koxyhal osi Lyl di al kyl hagosi |yl , di hal oal kgl si |yl

and dih ko Such am ne conp nts,
togeth substltu aIkyI nDie and
rel ate s i=Acl ude ' ed to

conpotinds de cri beﬂd3 nmore fully-dn op n
applicatio ial no. 10/92 0 filed Au
2004, inp Rar Fi gures G and 11 A-
t oget her w the specificatfgon and exanpl es g
correspondi ng thereto and United States Paten{ No.
5,834, 100, issued Novenber 10, 1998, in particular

Fi gures 2A;2C together with specification and exanpl es
In %@%F@%H}%’é Arépabg a 8F|= WhetRH] e P an HieEHIJRae g

frof1 B Podlt 4L SEERGHE Ry R el bBLderdinBF b RERd from b
and 811{571 nmlikﬂle@‘rﬁitﬂglﬁg fe@n (bﬁto&b@ﬂt C4, @Ick)shldmmﬁty comprlsmg a
npri si ngrllelther a termnal_trihalosilyl or

hydrpbé'aam@} EyouRyr Ot fpasipeneipsR uds aid b .l@asf one 9f Rerlti i an
T S D e C R

thok&klEieR Inequal at ncerdéSasAzare ki Il s T PenGioinQ @ ﬁ«.d@&[&ibut are not
formati on under

limited to groups such as trialkoxysilyl, trihalosilyl, dialkoxyhalosilyl,

dialkylhalosilyl, dihaloalkylsilyl and dihaloalkoxysilyl. Such aryl amine
components, together with their substituent alkyl moieties and related silyl
groups include but are not limited to compounds described more fully in co-
pending application serial no. 10/924,730 filed August 24, 2004, in particular
Figures 2A-2G and 11A-11D together with the specification and examples
corresponding thereto, and United States Patent No. 5,834,100, issued
November 10, 1998, in particular Figures 2A-2C together with specification
and examples corresponding thereto, each of which is incorporated herein by

reference in its entirety.
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in combination with a suitable substrate and a conventional PLED HTL (e.g.,
PEDOT-PSS). (See, Figure 1.) Such HTL compositions or combinations of
this invention can be used, alternatively, with one or more layers of TPDSi, or
another silylated aromatic amine on a substrate (e.g., a PLED anode) to further
enhance performance. Sorption or bonding of TPDSi, to a suitable anode (e.g.,
ITO) facilitates hole injection from the anode into the HTL and enhances
device durability.

Without limitation, certain other compositions of this invention can

comprise other silylated components such as



be selected fromany one of the avail able range of
pol y(fl uorene) conpounds, including but not limted to
W0 besoetrsepr esent ed by the acronynms PDHFDDOP, PRE#7DBE004/041386
and PDHF, such conpounds as are known in the art and
nore fully described in co-pending application serial
no. 10/507,715 and related international application
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device leakage currents. Simultaneously, it has impressive hole-injection and
electron-blocking capacities, all of which combine to afford excellent PLED
performance with maximum current efficiencies as high as 17 cd/A, maximum
Juminance as high as 140,000 cd/m?, and turn-on voltage as low as 2 V.
Regardless, upon spin-coating onto an anode or another HTL component, the
compositions of this invention can cure or cross-link under atmospheric
conditions and /or upon heating to remove residual solvent. The resulting film
is resistant to the deposition of another HTL or EML component. The present

organosiloxane approach to fabricating PLED HTLs offers many other
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SAM hole transporting units to the ITO anode and hence more efficient hole
injection.

Regardless of such anode modification, the HTL compositions of this
invention can effectively enhance hole injection. (Reference is made to
Figure 2, showing several anode/HTL film configurations. The corresponding
device structure comprises, for instance, the particular emissive layer (TFB,
etc.) discussed, below.) For example, a hole-only device such comprising
ITO/TPDSi, + TFB/TFB/Au/Al (see, Figure 2, device 2) exhibits 200-fold
greater hole injection fluence than a hole-only device of ITO/TFB/Au/Al (see,
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Tab PLED devi ces based on HTLs 2) and 3) exhibit
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(PS) blend, or 3) 1, 6-bis(trichlorosilyl)hexane (C4Si,) + TFB blend.

Polystyrene and C¢Si, are electric insulating materials; therefore, in HTL 2) or
3) the only one hole-transporting component is TPDSi, or TFB, and the
contribution of TPDSi, or TFB to the hole transporting capacity of the TPDSi,
+ TFB blend can be separately evaluated. The L-V and CE-V responses of the
device based on HTL 1) are shown in Figure 6: maximum current efficiency ~
13.5 cd/A, turn-on voltage ~ 2.0 V. Several performance characteristics of
such PLED devices based on HTLs 1), 2), and 3) are compared in Table 1.

PLED devices based on HTLs 2) and 3) exhibit maximum current efficiencies



both TPDSI 2 and TFB significantly contribute to the
hol e-transporting properties of the TPDSI 2 + TFB
whb@sdesIPDSI 2 + C6Si 2 + TPDSI 2 + TFB TFB PSP&/HKSI0041041386
13.5 9.0 8.5 Current Efficiency (cd/A) Turn-on 2.0 3.0
2.5 Voltage (V) Table 1. Conparison of maximum current
efficiencies and turn-on voltages of PLED devices
of tla&’S@QD the ahd ﬁﬁh%r?\'/oﬂta HIL 58 @Elstlleﬁﬁl@ /s%e@%s that
The HTLs congare are: TPDSi 2 + TFB bl end; Z Si2
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effecti not only to nmaxi mze hole
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EML. However, it is not clear whether PEDOT PSS has
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PSY has
tively

hi gh-|per f or mance PLED
much |great er conducti Vit th n, a
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pol yfjl argye- based PLED was nearly doubl ed by
i nserlti ng a pol y(phenyl enevi nyl ene) (PPV) el ectrop
confijnenent | ayer [between the PEDOT- PSS HTL and the
EM.. [|Thig-bgsult suggesfys that PEROT- PSS HH.§ do pot
posses? ﬁs '?Eﬁzt el ectron- bl ocki ng cappcity as PP). One
conpds P1oR d|{of this inyention, TPDSi 2 + TFB| has
asinilar triarylam ne core gtructure fo those of
cl asqi ¢ HTL/ el ect fon-bl ockerg such as NPB and TPD| and
is lijkely to have|conparabl e el ectron-pl ocki ng
propdrties. For these reasond, it was Df ipterestito
det erm ne whether the TPDSi 2 + TFB
Table 1. Comparison of maximum current efficiencies and turn-on voltages of
PLED devices having the structure: ITO/HTL/TFB + BT blend/Ca/Al. The
HTLs compared are: 1 TPDSi, + TFB blend; 2, C4Si, + TFB blend; 3), TPDSi,
+ polystyrene blend.

An effective HTL can function not only to maximize hole injection from
the anode but also to block electron overflow from, and to confine excitons
within, the EML. However, it is not clear whether PEDOT-PSS has sufficient
electron-blocking capacity for a truly high-performance’PLED HTL. For
example, PEDOT-PSS has much greater conductivity than, and a distinctively
different core structure from, conventional electron-blocking triarylamine
small-molecule HTLs, and may have significantly different levels of electron-
blocking properties. Recent work in the art showed the maximum current
efficiency of a polyfluorene-based PLED was nearly doubled by inserting a
poly(phenylenevinylene) (PPV) electron confinement layer between the
PEDOT-PSS HTL and the EML. This result suggests that PEDOT-PSS HTLs

do not possess as great electron-blocking capacity as PPV.
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of PEDOT- PSS and the TPDSI 2 + TFB bl end,

el ectron-dom nated PLEDs were fabricated with BT as
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ayers. As seen in Figure 8, the 10-fold enhancenent
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ciency hence, lower device current efficiency.
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eater_ el ectraon-bl ocki ng properties than a
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Ca pAU R SRaLy of BN Y FEBMICAT Ry bR flsh 8
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pl anari ze an anode surface, to prevent |ocal shorting
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holgashaenciE aeré ig Iﬁl&’y gi%qpqgl ’dl'at.ilqee(i lemproductively to the ITO anode through
the highly conductive PEDOT-PSS HTL, leading to lower hole-electron
recombination efficiency hence, lower device current efficiency. Clearly, the
TPDSi, + TFB blend exhibits significantly greater electron-blocking properties
than a conventional PEDOT-PSS HTL, and PLED performance can be
dramatically enhanced by depositing a thin TPDSi, + TFB blend electron-
blocking interlayer onto the PEDOT-PSS HTL.

A PLED HTL can also function to planarize an anode surface, to lz;revent

local shorting currents, and to thus improve device performance and uniformity

of performance. The commercial ITO source used herein has an RMS
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anal yzed from three perspéctives ol e Injection
roegpmss teduced il anm$,| mhjlchdéazlsctn I gyeaiemedast)lon A device

| ectron-bl ockin Ccj S y BT sed
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016ff
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spikeb gddubfe-puy@a ETL (PEDOT-PSS/TPDSi, + TFB blend) has thickness of

~ 60 nm and can planarize ITO surface more effectively (RMS roughness now

~ Inm), which is consistent with the observed negligible leakége current
densities (current at 2V ~ 0.00001mA/cm?* --comparable to the uncertainly
limits of the instrumentation) in device 3 of Figure 8.

The response characteristics of the double-layer HTL-based devices vs.
those based on a TPDSi, SAM alone, an HTL blend, and PEDOT-PSS can be
analyzed from three perspectives: 1) hole injection capacity (studied using
hole-only devices); 2) electron-blocking capacity (studied by BT-based
electron-dominated PLED devices); 3) anode planarization effects and leakage

current densities.
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effects on the I TO surface. As discussed int
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capacities of a double-I|ayer
which is probably due to the lack of TPDSi, SAM planarizing effects on the
ITO surface. As discussed in the literature charge tunneling and image forces
can be present at length scales of ~ 1 nm, which is comparable to the width of
the electron-blocking triarylamine core structure of the TPDSi, SAM, leading
to possible electron tunneling through the ultra-thin TPDSi, SAM. To
conclude, although the TPDSi, SAM structure is electron-blocking, it appears
to be too thin to provide optimum electron-blocking or to prevent local leakage

currents, which is also the reason why the double-layer HTL-based PLED

exhibits superior performance.
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HTL and the correspondi ng bl end HTL are conparabl e.
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BT has bal anced el ectfon and hoI e transport, there is
TPBSi4 ¢ompormmt pegptides sshlele, neutrally-charged siloxane and arylamine
moieties, both components should not introduce luminescence quenching as
does PEDOT-PSS. Therefore, the present double-layer HTL may reduce
PEDOT-PSS-induced luminescence quenching by separating the PEDOT-PSS
layer from the EML.

As shown in Figure 6, for the TFB + BT-based device series in which
the EML has balanced charge transport, the double-layer HTL still provides
significantly greater device performance than PEDOT-PSS (current efficiency
=17 cd/A vs. 10 cd/A). The reason for this appears to be that, although TFB +

BT has balanced electron and hole transport, there is still a non-negligible

electron flow reaching the PEDOT-PSS HTL/EML interface without
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Thus, hole transport fromthe HTL to the EML can

pobegra faving greaisy holchaarsposimeand/or alectros:blogldng capacity

il SRRl PR bt hosfipe SPT EriroB PRy e Savers

and BY&Hél PNE rﬁ%rﬂbi%g %%ﬁkngsm@@g:ﬁelt level
mani pul at e ED HTL- | evel —alignnent.PEDOT- 1,
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maicllge I%Wl\@%gpf §V &*91.1%51 RHS 1§%er1ng§ %gecﬂ' ésla ﬁ'olge-
transporting component of both the HTL and EML device components. Thus,
hole transport from the HTL to the EMI. can propagate through the same TFB
structure, with near-perfect HTL-EML HOMO level alignment. Therefore,
such an approach with various compositions of this invention can be used as a

general strategy to manipulate PLED HTL-EML HOMO level alignment.

15



Pl anari zati on Hole Injection Good Good Good Good

El ectron-

No No Good Best

Bl ocki ng Maxi num 10 6.0 14

waZo080606ent Efficiency (Cd/A) Turn-on Voltage PCDUR2064/041386

2.0 2.0 (V) Notes Poor
El ect ronel ectron-
bl ocki ng hol e injection erX|b|I|ty

AT

— T ENVHOMD,
O TPDSi 2 SA|
PEDOT- PSS f ¢
recently in

pol y(p- pheny

Interfa

nodi fi cati on;

ci al
networ k; bl oc
ratl onal

Crossl i nked

ki ng;
e for

new

e

the art
| enevin

ot OT
| & t
éf\%l_ED fa
upon i nse
ylene) (PPV

brication. As
rting a

) electron conf

S

Jor |arne dn

dm’r TL

nenment

le

I..

A

1 S W od
derfSi ty

Iil"DD Ht

Cin th PLE

dﬂ(Td II Ureneu
D devi cé was re

SEd—ENL,

uced

qd
q

)

e gxi n
t hat st

'\f\f vl £ 4
LELEEL]

’m CcUy & ent
Ldy, the EM

efficliepgy was
L was a blend o

a¥a anal

PT- +-hAat
CTITC

rearlylo
¢ .

LG

v/ QO Q
PAN

NCEEEAR L

14| ancedchal
Plgnardgation obs ¢

@ettw a
hrved ma

(PF
<)\t

nsporl’ﬂti' ng
be parti

and
ATTU Dl’

M.. Th&epéduced
|1y due to the

TS5

a
curr Begt

HHL Thisb&over
PFO.” However

, the ¢

f@&ﬁ m

Urrent redu

pbi | Hhyg of PPV coggggsed t he

tion alone is

t OfGood
ot

ERARHEh to e
Bloblih$ SUJYEs

pl aj t

IEW_NET RN W\

5t ed t hat

he dogpl i ng
a signifi

of cugeqpt eff
cant contri buti

i
d

Ci engyst
ntothe

CI I €+ CIIbY

Maxipgae  at ¢
Cyrert ni ght
Effigieney (G/Ak

!

e Ay /
ot poss
PPV. To

corres—F+o
EML ¢-Oterf
PSS as grea
pxani ne thi

. ha ol ot r A b1
FrCITC— CT CTOUUTT O™ Ul

and4t hat PH

ace,
t el ectronbl ock
S i ssue, rather

acnlc
DOT- PSS
ng

t han

ThM-6n Vbikdse bl
(Vgl ectron- dor

| anged
N nat ed

Char ggstran
ML, BT was

sport agsgin an
chosen to fabr

2.0

iicate an

CI EL U1 UITUUII
Notes

& L
Iat ©u
Poor

electron-
blocking

Interfacial
modification;
hole injection

Crosslinked
network;
flexibility;
HTL/EML HOMO
alignment

Electron-
blocking; new
rationale for
PLED design

Table 2. Comparison of TPDSi, SAM, the blend HTL, the double-layer HTL,
and PEDOT-PSS features for PLED fabrication.

As shown recently in the art, upon inserting a poly(p-phenylenevinylene)
(PPV) electron confinement layer between a PEDOT-PSS HTL and a fluorene-
based EML, the current density in the PLED device was reduced by ~ 20% and

the maximum current efficiency was nearly doubled. In that study, the EML
was a blend of poly(9,9-dioctylfluorene) (PFO) and BT; that is, a balanced-
charge-transporting EML. The reduced current density observed may be
partially due to the 10-fold lower hole mobility of PPV compared that of PFO.

However, the current reduction alone is not enough to explain the doubling of

current efficiency. It is suggested that a significant contribution to the

efficiency increase comes from the electron-blocking effect at the PPV / EML

interface, and that PEDOT-PSS HTLs might not possess as great electron-

blocking capacity as PPV.
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PLED structure, PEDOT-PSS / BT / Ca, in which there

are sizable electron currents reaching the PEDOT- PSS /
w®toosnsmes ace, and el ectronbl ocki ng ef fects atPCT/US2004/041386

interface can be readily studied. Using this nodel

structure, the insertion of a TPDSi 2 + TFB el ectron

bl ocki ng | ayer (EBL) between the PEDOT- PSS HTL and the
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PERGTIPS SR | drfd¥in€ ?ﬁpﬁi\@g h&adsQo P %ld-liﬁgrea@% lglgEgDoaevme

suppress PLED ano I'njection, as sSu

curtdre etﬂﬁblency gndl é*ffolrbdet&base(lﬁlc@ufeﬁt dgnsityD craflraskult BPV
has I Q@G mobi I jty than nost pol yfl uorene EMSs,
eff?nﬂ’ﬂ"&we ﬁfﬁgqu kngsithe HijlecEMA 11i1tﬁrfﬁﬁ% The resailizalgo shows

era | + TFB

tha} PRERTPSSTATES HestesaR AL Ay RepRiectlon bioeking, | e
capaegymlﬂaramé présent d‘PbISl& esEFBickalposttionsnt erfere with EM
I iﬂ;t em ssion than should PPV, a well -known efficient

%%QS@%WO%WW@W%» g DSz %m;@@.o@fmmﬁos.
sl B 5 10 O B, L O

1) BPDSH, 5 mm} bleadls sigbuld havé adlold BRIBIlSTHRBNFHrABIE to WH o O
speci al high-tenperature curing, photo, or thernal

TF Br #3d 0p et pgpnr éQ}?LRIFEH anadadipde injecthom, aatsupport;fd lanthe hole-

b PPV
S AT e
mo§i Iﬁdlyﬂﬁbbéﬂ@ MRk \QHlChTIBQy FE&RKeHIN IIF Efidifi8he 'd%vﬁ:%tand

covalently linked to the anode surf ace I.n any obvi ous
incygage thy) deine dparatinfy/Pobage.gd) TPDSi+d¥B hiendy at moshenly

et §(FER 9GP 11Dl Toaigu Ang sBowY hs sy Wkclyiganterfere
Wlthmaﬁ gifEMmib NPyl YR7ud Pr%, 3 v 1?‘1@19%%@%% gellow-

ther ef of 6 give rise to greatér o ect
greca@atiting pdyni%PVB}DEabncmm]r:@BTEDSﬁj‘re TFB:BleAtls & ¢axankent.

HTL a re at | east. two
As noted ovea'%P'D i, + TFB blend cr osslmklng is complete within seconds

after spin-coating in air at room temperature, with no special high-temperature
curing, photo, or thermal crosslinking required. However, fabrication of an
insoluble PPV layer involves the spin-coating of a PPV precursor followed by
high-temperature (200-300°C) in situ polymerization. The resulting PPV layer
is not covalently linked to the anode surface in any obvious way. 4) PPV has
LUMO energy of ~ 2.7 eV; however, the LUMO energy of the TPDSi, + TFB
blend is ~ 2.3 eV (Figure 3), which is at least 0.5 eV smaller than typical EML
LUMO values (2.8-3.1 €V) and should therefore give rise to greater electron-
blocking capacity vs. PPV.
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fold. First, the results show for the first tinme that

hi gh- perf ormance PLEDs can be achi eved usi ng an
web@ssmwe4 dom nated EML. For a conventional PLEDI/US2004/041386

devi ce, in which p-doped conducting polyners (e.qg.

PEDOT- PSS) are usually enployed as the HIL, it has

been necessary for the EM. to have bal anced hol e and

el @dﬂs@quetnrca@@pﬂfetﬁeg&n %HBke?ﬁéeHTﬂ%ﬁré’échPérEQt least two-

per formance, and t'he choice of hi"gh- per f or mance PLED
foldENAr Sﬁd@etwldatséobeﬁm thyei fits timemhae tighvberformanmel RILEDs can
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material is BT, which haz) cel |

anda SENIFUTPALS L ATHipY S purarios PRY mn%ﬁ: @Bflr% choice

éﬁg}g, | ng
Ofa%%ig}é? ?ﬁg& M. an P%Béés%’ %egétb %%ﬁ Exgnl}geHEy exhi bi t
unippsier cidsgiveeqtembor (hettont domhinardd @f ioleidomtipatedd, despite

.cd/ A53) Here however, it is ,{s(?ovvn t hat BT base
theip{ipressiyf WRMIsFENcERIePEics: 3&@ FPetPF‘é ormance

andgfr&g}séz’lg%frl}g%& (F%neﬁgg %’ :gpl on o thls

exampteof suwh dnheltcthas-dgneasted Moﬁat@ﬁabisdkfm wWhichdpaci ty.
Thi s resul t indicates that_ the pargi nal performance of
excelipntplsyglymmesgent propertigs Bathighly ¢lectzan é@anwtttr?@smrt

corlBLT AL, 19501 QOB B9 LE CERAT LAY PO s e e
HTbrepslly tdsibitipddf deBitegeplopiiange freneeficiondy pokidia™).

HTL in a PLED structure, the choice of PLED EM. i s no
Hereohgieevari itiiy skpwe thes IBihrbesreshBE ED's cen#xbit exaedlent

perfRlp a3 B O Eomyr o PP AP e The Endpfeiid
cro$iPik 8 3bA R -seFIEER. E%x‘f)osﬂtﬁnaeﬁdmfs' i80entidifthat has greater

performance of PLEDs based on an el ectron-dom nat éed
eledavin-YIBTKingrmdpacite| Ebisrmesulb imhkatmgtha‘ﬂ'the(magmalmfmwnce

ot R s T RS RL LAYp Ty ERIBSH o %
A S, oS
transpod peopargepof Bite rBme(chEﬁ)@'Eﬁ?%&ctmmpblenknngTﬂ iancy =
PL}%S s(t:r%/c{%re tﬁg Ic {cgso PtLEC]% E rs?lgllgrrl]gaelzrl hzrgged Itc? bglgraléecll-n
charge-transporting emissive polymers, and consequently, there should be far
greater flexibility for further development and optimization of PLED EMLs.
In addition, the performance of PLEDs based on an electron-dominated
EML (BT) and an electron-blocking HTL (e.g., various TPDSi, + TFB-based
double-layer HTL compositions) of this invention (e.g., current efficiency = 17
cd/A) significantly surpasses that of conventional PLEDs based on a charge-
balanced EML (TFB + BT blend) and a conductive polymer HTL (PEDOT-
PSS; current efficiency = 10 cd/A). This result can be rationalized, in that in a

PEDOT-PSS / TFB + BT-based device, although TFB + BT has balanced
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PEDOT- PSS / TFB + BT-based devi ce, although TFB + BT
has bal ancedel ectron and hole transport, there is
wo 2doslogoco be a non-negligible el ectron flux tPer/usS2004/041386
reaches the HIL/EM. interface and is drained with
reconbi nation to the anode, leading to | ower | um nous
efficiency. Furthernore, the peak reconbination zone
A b A S S
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congzgkéb% BhofY 8P PRDGTIPREHRRCE] BSmfRESed A& RN Th:PE3r a
since Its triarylamne core structure ' 1s w éel y
TPIDSad- THBRPLED-Habkd devipeteswever,Tihe pehk teconabidagoh kené wo

approaches to desi gn PLEDs (PLEDs having .an.
shogfcbleq Tasatedaren e BT BRY: “Ard BahBd | Bt R SBIGB IS i OHFn,
Rale) b e :
awdd[ BB A0l Aaflao U6 Sl ARfgBscgnes
queathiapd Aslsg TPO®Y +YTHB &afce shdiliBRop quémshRinciaesddpee as

fundanental |y, this invention shows that utilizi nlg t he
doeg dhe PEDQ HilLovigcaitel tréssy lamine ggre-ptructure is widely used

. lest - bl ' ties re_prodqucti.ve

i 509500 ChBEAS, PEAREFS Ful RSB el b

PLBEE €PVEMBMaRil2dd Bigctrbe-dohahaed TNDSAR 4n SlebR6k bl Skind
the EML.. Exanples of the Invention . The foll ow ng

HThear PLEDsi hayitsashisgs batehcdd &VIL 1 andst ecatventianaldd$L), the

B0 R 8 A 3 kP PR
Mot idatdIle 1iais sevdlion@holsehirRiliAidé Bk v derdevi ces

conprising various hole transport conpositions and/ or
conhpznsetians amsl eptamivieg HAR eletctonbidckitge ptoapentivsoney baradmore

_ HEIH electiomis e banino
prof15% SEPORGIN PGSR DIPOEPEIbINE PR ISR

SSV1E58S tRE eNi @1% i _are surprising,
mau?expe%t ed gﬁ%‘ég{)ﬁ?glﬁ@rt erlgsta%ﬁh%@ the utility of
Exdrhples bfitteniniventios. i | | ustrated through the use of

several conpositions. and rel ated . )
The Tollowing non-limiting examples and data illustrate various aspects

and features relating to the compositions, devices and/or methods of the present
invention, including the assembly of light-emitting diode devices comprising
various hole transport compositions and/or layers, as are available through the
techniques and methodologies described herein. In comparison with the prior
art, the present compositions, layers and/or devices provide results and data
which are surprising, unexpected and contrary thereto. While the utility of this
invention is illustrated through the use of several compositions and related
device structures, it will be understood by those skilled in the art that

comparable results are obtainable with various other hole transport
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device structures, it wll be understood by those
skilled in the art that conparable results are

wobdiogiosmsd e wi t h vari ous ot her hol e PCT/US2004/041386
transportconpositions, layers, |um nescent nedia
and/ or devices, as are commensurate with the scope of
this invention. Materials. Starting materials such as
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whi ch has stated PEDOT/PSS r t|o of 1:6 and .a_cast
COpPRIHata¥sts Py MQSS WACE2)- Rthyl b Wasdredpyer and

disfffc fﬁﬁﬁ%:ﬂﬁer{zg) i 1?@%) Upls BB 9%'@%‘%@&3%%” ‘Ei%f?@ggtron P)

rumtin oxi coated glass
WaﬁljzﬁrCMgdh fiess = C3Gtd@kA) Bageecpupanpsad dsedwiftauwr ado

nce t| ng. _Single-crystal Si (11 1) substrat es
go g@@é! 1an(§§13’?r@¥ll eeiardg i K Aded) gérvéaﬁeuﬁ@ Which has a

staPs] BEPRSE/P ?S%@Q{f'ﬁ@ P& ﬂiﬁl& rest R Al ﬂ@osdz %11) All

asur enen ana YSI'S was usin

othérreagenti®WertOtkcl¥kiz rélbé?v&bﬁﬁle&@ B‘&ieﬁsﬁns@ih@@al@@cﬂﬁdﬁ@n tihe
solvent. Chem cal shifts are referenced to the

OX'ersGIEQéJrcogtedtgimtSél@e‘ssdBOéMDrEMﬁ]Hm@neE =AErGA) Were
Pu?ﬁ%%é%@ﬁ%ﬁb“@?ko%gh?%%%%ﬁtgﬁiwg R&lesprvaed 3L sRbsties
fol B eRhiab& rdf Rkl %&é@&%@%@%ﬁ%ﬁﬂé&ﬂ 8RR ISYIRd ot
ThernngraV|netr|c anal YSI'S carrle out on an

Seff#TIiR960 si nul t aneous DTA- TGA instrument (TA
10, C/ m n under

I h te of
l\/tr)]ISt B tpi)é(ﬁlgﬁ{ Megﬁgﬁ%%&n%% | lyh%wnélymsw@%s E@éowdeusmg a
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room tenpera ernmeat | romaf ogr ap
Cleysitglinnhefis hepeteranddd t@ the residual protonated solvent resonance.

Elemental analysis was carried out at Midwest Microanalysis Lab
(Indianopolis, IL). The structures of all organic materials are verified by NMR
and elemental analysis. Thermogravimetric analysis (TGA) was carried out on
an SDT 2960 simultaneous DTA-TGA instrument (TA Instruments) with a
scan rate of 10 °C/min under N,. Molecular weights of the polymers
synthesized were measured versus polystyrene standards using a Waters room
temperature gel permeation chromatography (GPC) system equipped with a
Waters 2410 refractive index detector and a Waters 515 HPLC pump. Optical
absorption spectroscopy of organic films were carried out with a Varian Cary

1E UV-Visible instrument.
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Waters 2410 refractive index detector and a Waters 515
HPLC punp. Optical absorption spectroscopy of organic

wo pdoswooses e carried out with a Varian Cary | E PCT/US2004/041386
UV- Vi si bl e i nstrunent. The norphol ogies of all thin
films were evaluated by atom c force m croscopy (AFM
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films rsere moeasteasl wWingr TeagpaPildhsyrimg@refiler) with the

t f 300 W Al | ect fl
gun ey EnBR¥FeS shimbio R P Ref i AitolySfat
Nciftae st IUh%rﬁ?ﬁxﬁ)lthahQDln&ﬁ@ﬂ BYC A pr6bd, 86hieH vl dilipped
pass energies 50 and 25 eV, respectively. Binding

widnhBAdi2Zénefeys pealyza. oo anaissio neasctimulates! 1y 4 5

B aEa kB Shtiofin £ RHE EVa v USRS BT PE300
W' IO eI eHs] &E@r&? HoBY tv(l:?svérﬁéﬁﬁr{agl?gy; %r?@ hE@Ralization.

spectroscopy (UPS) at tthe Unive ArTzona usi ng
Surtey &bhnZne\hiph-rédgluionscan Wera cm‘lhntdd]@iﬂgpassfemrg{eabﬁ%

65 U tra, photoel ectron spect rometer.
an%&‘%»&ﬁgpwvle}f/e méiérag enpsgics Al spedier @Veb%rfeaﬁ:rﬁ@eecbgp the C

13%%&1{1 eﬂgf%h&ﬂtﬁ{;glgwe in energy between the high

onset and the low kinetic energy cutoff
f or Tpmbmzanbﬂ lotatial amheavwkrfanbm@s efiTADS3, YAN-

moedrlfhlgg (]:.'%Ot \r?:fgrestlie(%genn%fed tl:)yeultrawolet photoelectron spectroscopy
(UPS) at the University of Arizona using the 21.2 eV He (I) source (Omicron
H15-13) of a Kratos Axis-165 Ultra photoelectron spectrometer. Work
functions of the clean substrates were obtained by recording the difference in
energy between the high kinetic energy onset and the low kinetic energy cutoff
for photoionization. Samples were biased at =5 V to enhance the slope of the
low kinetic energy cutoff region. Estimates of the high kinetic energy onset for
photoionization were obtained by extrapolation of the high kinetic energy

portion of the photoemission spectrum to the zero count baseline. For ITO

samples with self-assembled films of the molecular modifiers, HOMO and IP
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the addition of 3 mg (4 umol) of tetrakis(triphenylphosphine)palladium(0) as
the catalyst. The reaction was vigorously stirred at ~ 120°C for 4-6h to yield a
highly viscous mixture; to reduce viscosity and maintain vigorous stirring, 5-10
mL toluene was then added. The reaction mixture was maintained under the
same conditions for 10h, after which 0.10 mL (0.80 mmol) of phenylethylene
boronate was added. After another 10h of reaction time, 0.30 mL (2.2 mmol)
bromobenzene was added as an end capping agent. The reaction mixture was

poured into 400 mL methanol after an additional 5 h and the precipitated
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Experi nmental det ai are described as follows. Under
lit¢rare. Ahaweggent 4,7-dibBOmot2, 1 Sabtrizothihlliazél evwaas s,yhnheg;wed

i ) b
usln e R s doseTine in in Pafasiier iisaim el GERLS dtens

d bedd %HHR/ 2, 1, 3-benzothi adi azol e m xture was
egur%lfghts to ~S6OOC with stirring, at which point the

be Aatel it aizmb@héreg adi Oveadl. reBcﬁx(ﬂ fhslaebbyhagedmwitnd. 15 g
(0 %?rrgr%rc]) tc(>ef p(llI‘IﬁQégd 4,7- d1br|01)m0 2, 1 3 belgz%lt}(l)lgldlazole and 3 mL
oxygen-free THF. Next, the 4, 7-dibromo-2, 1, 3-benzothiadiazole mixture
was brought to ~ 60°C with stirring, at which point the benzothiadiazole
dissolved. Bis(tetraethylammonium) carbonate (1.0g 3.0 mol) in 2 mL de-
ionized water was purged with N, gas for 10 min and then added to the reaction
flask, and the mixture was stirred under N, for 10 min. Next, 2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (0.34 g, 0.52mmol)
was dissolved in 3 mL toluene, purged with N, gas for 10 min, and added to the

reaction flask. The reaction mixture was stirred under N, for 20 min before

addition of 3mg (4 pmol) of the catalyst (Ph;P),Pd. The reaction mixture was
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water was purged with N2 gas for 10 mn and then added
to the reaction flask, and the m xture was stirred
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Fabrication pr ocedure for TPDS| 2 self- assenbl ed

m)nol ayers (SAMs). Cean EEME@SHat es were first
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{1 oEtiabioh b0ty Bof EPBsh et oM ionS By e AlS)
cm%hmr@ s%waﬁé@kw&re%@f:ﬁbatea R&thSeh g ?b'(f) ashh A8 IR$n hild tiher

dri ed using | ame or a heat gun, I 1 owed by addition
tramdffermed t@a Wiy, ctﬂglart Sthienle flasit. uFOMWm‘gTS?ﬁSt Sc?hlernk pratheol, the
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uene ‘3 tInmes: e substrates \N_er next i merse
syréngeat e H@%QB@re[tbsﬁv@f@nﬁrﬁé&@@)in Wd TPBSHY stifierm af 01955C
mn and then transferred to a 1200C oven for 30 mn.
forg( mind dpllowedl by¢insing and sonication with anhydrous toluene 3 times.

The substrates were next immersed in a water/acetone mixture (1:100) with
sonication for 5 min and then transferred to a 120°C oven for 30 min. Silyl-
derivatized TPD and TAA are prepared as described in the aforementioned
applications, as well as in the literature. See, J. Cui, Q. Huang, J. G. C. Veinot,
H. Yan, and T. J. Marks, Adv. Mater. 14, 565 (2002); and J. Cui, Q. Huang, Q.
Wang, and T. J. Marks, Langmuir 17, 2051-2054. (2001).
Example 4
Specular X-ray reflectivity measurements. Specular x-ray reflectivity

experiments on coated single-crystal Si (111) substrates were performed at the
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TPD and TAA are prepared as described in the
af orenenti oned applications, as well as in the
wo paosetors e. See, J . Cui, Q Huang, J . G C POPURIING/041386
H. Yan, and T. J . Marks, Adv. Mater. 14, 565 (2002);
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Mal ik, A : Li W _ Durhin, MK Mrks, T. J.; Dutta,
Chsm. Plprehd9 PH@Zz&i@@??SlO?, 645-652.) Exanple 5

Deposi tion of conventional z£ -SS HILs. For the

deposi ti on of PEDOT- PSS, conmparison with the

pr edxpositionestt domventidiA RHIBOTP $S HELe For the depskieidn of

S| t andard qrgani c, sol vent/soni cati on procedures
PEﬁ%@&?E%%cPYaW@V &1 spmparisan Withathe prefenh inyenspgelD srbsrates

[ [ . iL.n-coati of the
LT, BT ALY OO R LA 005 O
des@ibedldtwveendl|thémglehhédivitheireotyien favres teftnderdiot pl at e
in air at ~ 150-2000C for 10 mn, and stored in an
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wer e cl eaned using the standard organi

privo ity R Sio i B ibdendoocERudepositimever , t he usual
oxygen plasma treatnment was found to be unnecessary.
TPDSi 2 and TFB sol uti ons Example 6a

Deposition of spin-coated TPDSi, + TFB blend films. For the deposition
of TPDSi, + TFB blend coatings, ITO substrates were cleaned using the
standard organic solvent/sonication procedure, however, the usual oxygen
plasma treatment was found to be unnecessary. TPDSi, and TFB solutions
(concentration of each ~ 2.5 mg/mL) in anhydrous toluene were first prepared
in an inert atmosphere glove box (O, and moisture levels < 1ppm) and then
blended (mass ratio of TPDSi, : TFB = 1:1). This blend solution was
transferred from the glove box using a sealed syringe and then spin-coated onto
the clean ITO substrates at ~ 3000 rpm (film thickness of TPDSi, + TFB ~
15nm). The resulting film was dried at ~ 90°C in a vacuum oven (15 Torr) for
0.5 h and, optionally, stored in the glove box before emissive layer (EML)

spin-coating.
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(concentration of each 2.5 ng/nL) in anhydrous tol uene
were first prepared in an inert atnosphere gl ove box
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ratio OTPDSI 2 : TFB = 1:1). This blend sol ution was
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Example 7
Solubility test of TPDSi, + TFB blend films. The optical absorption

—g

spectrum of a TPDSi, + TFB blend (1:1 mass ratio) film was recorded using a
Varian Cary 1E UV-Visible spectrophotometer. Xylenes (~1mL, the solvent
for EML spin-coating) were spin-coated on a TPDSi, + TFB blend film
prepared by the aforementioned procedure, followed by drying in a vacuum
oven at 90°C for 5 min. The optical absorption spectra of the same TPDSi, +
TFB blend film before and after xylene spin-coating were measured versus the
same blank substrate, using the same spectrometer and the same instrumental

setup, and compared.
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nple 9 Hol e-only Device Fabrication. A series of
17%R§S%ﬁwl§/ Radiareetsr equipped wtiily e calitmatedisilicon pirgodetscton)
/ Au (14 nm / Al (120 nmEmerel @I so fabricated
rxample 9

Hole-only Device Fabrication. A series of hole-only devices of structure
ITO/HTL / TFB (75 nm) / Au (14 nm) / Al (120 nm) were also fabricated

using the deposition procedures described. The I-V responses of the present

hole-only devices were characterized on a probe station using the same
computer-controlled Keithley 2400 source meter.
Example 10
Surface characterization results for TPDSi, SAMs and TPDSi, + TFB
blend films on ITO or on PEDOT-PSS-coated ITO substrates. Device response
characteristics of PLEDs based on the TPDSi, SAM, the TPDSi, + TFB blend
HTL, and the double-layer HTL (Figure 2) are compared using EMLs with

predominant electron transport or balanced hole and electron transports. PLED
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usi ng the deposition procedures described. The |-V

responses of the present hole-only devices were
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Exanpl e 10 Surface characterization results for TPDSi 2
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30, Thaadvemcing agesausvepipct pagleofghed PRISiy Saddapedified I TO

is édg?w%rﬂte the relevant angles for clean ITO, ITO/PEDOT-PSS, and TFB

. surfaces are 0-20°, 30°, and 90°, respectively. It is generally accepted in the art
that electron-transport layer surface energy matching plays an important role in
the response properties of organic LEDs. The surface energy mismatch
between hydrophilic ITO and a hydrophobic polymer is likely to cause poor
physical-electronic contact at the ITO / polymer interface and hence inefficient
anode hole injection as well as thermal instability. Modification of ITO anodes
with TPDSi, SAMs reduces the surface energy mismatch at the ITO / polymer
interface and is likely to facilitate PLED anode hole injection, since previous
work indicated that it enhances hole injection into small-molecule hole

transport structures.
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A similar solubility test verifies that the TPDSi, + TFB blend on the
PEDOT-PSS-coated ITO is also insoluble under the xylene spin-coating
procedure. Furthermore, XPS measurements verify that there is negligible
indium contamination in the TPDSi, + TFB blend film on PEDOT-PSS-coated
ITO after heating under air at 120°C for one week.

Example 11

Surface morphology study. With reference to the schematic illustrations
of Figure 2, the surface morphologies of TPDSi, SAMs (film 1), the TPDSi, +
TFB blend HTL (film 2), the double-layer HTL (film 3), the PEDOT-PSS HTL
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exhibits maximum luminance of ~ 140,000 cd/m? and still exhibits current
efficiencies as high as 13 cd/A. Compared to the control device with PF:DOT—
PSS as the HTL, the present double-layer HTL and blend HTL-based devices
exhibit 70% and 40% greater current efficiencies, respectively, and 2-fold
greater maximum light output.
Example 13

Hole injection capacity comparison of structures 1, 2, 3, 4, and 5 as
assessed by hole-only devices. The current density vs. electric field
characteristics of TFB-based hole-only devices fabricated with films 1, 2, 3, 4,
and 5 are compared in Figure 7. The hole injection fluence of devices based on

structures 1, 2, 3, and 4 are 50-200-fold greater than that of a bare ITO-based
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present blend HTL and double-layer HTL-based devices achieve ~ 10-fold

greater current efficiency, clearly a result of effective electron-blocking at the
HTL/EML interface.
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ranging from1 to about 4; R1-R7 are independently
sel ected fromH and al kyl noieties ranging fromG to
about C , each said noiety cgrrprl sing a hydrol yzabl e

silyl group, andwherein at | t one OR - nd at
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of claimZ@e’R}Arlsphe nd nis 2. The
conpound of im2 wherein “R7 are indepe ntly
sel ected from al kyl tri hal osi ?/I and 7

al kyl trial koxysilyl noieties. 5. The conpound of claim
4 wherein one OFRi -R3 is a propyltrichlorosilyl
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2. The composition of claim 1 wherein R;-R; are selected from a

C,-Cs alkyl moiety comprising a group selected from trihalosilyl and

trialkoxysilyl.
3. The compound of claim 2 wherein Ar is phenyl and n is 2.
4. The compound of claim 2 wherein R;-Ry are independently

selected from alkyltrihalosilyl and alkyltrialkoxysilyl moieties.
5. The compound of claim 4 wherein one of Rj-Rj is a

propyltrichlorosilyl moiety, and one of R4-R; is a propyltrichlorosilyl moiety.

6. The composition of claim 5 wherein Ar is phenyl and n is 2.

7. The composition of claim 1 wherein said polymeric component is
a poly(fluorene).

8. The composition of claim 7 wherein said polymeric component is

selected from TFB, BT and combinations thereof.

9. The composition of claim 8 wherein said silylated aryl amine

component is selected from TAASi; and TPDSi,.
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9. The conposition of claim8 wherein said silylated
aryl am ne conponent is selected from TAASI 3 and
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where Ry-R; are independently selected from H and alkyl moieties ranging
from C; about Cg, each said alkyl moiety further comprising a hydrolyzable
silyl group, and wherein at least one of R4-Ry is one of said alkyl moieties.

17.  The composition of claim 16 wherein each of R4~-R;7 comprises a
C,-C, alkyl moiety.

18.  The composition of claim 17 wherein each of R, and Rs is H, and

each of Rg and R; comprises a C,-C, alkyl moiety.
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22. The conposition of claim 21 wherein said aryl

am ne conponent is TPDSIi 2. 23. The conposition of
wa@ba@snu@i4in a polynmer light-emtting di ode dercT/@S2084041386

The conposition of claim22 wherein a hole transport

pol yner i s positioned between said conposition and the

anode of said device. 25. The conposition of claim24

whefgi n m%@,@gﬁﬁg& S el BIEDTE e ifilalh HrthidH¥] A% R,

con‘ponent emtting ayer of " sal
madienescRirtenpsmpeise A5Byl group selected from halosilyl and alkoxysilyl.

20.  The composition of claim 16 wherein said polymeric component
comprises TFB.

21.  The composition of claim 20 wherein each of R4 and R; is H, and
each of Rg and R; comprises a C,-C, alkyl moiety.

22.  The composition of claim 21 wherein said aryl amine component
is TPDSH,.

23.  The composition of claim 21 in a polymer light-emitting diode
device.

24.  The composition of claim 22 wherein a hole transport polymer is
positioned between said composition and the anode of said device.

25.  The composition of claim 24 wherein said polymer is PEDOT-
PSS, said aryl amine component is TPDSi,, and the emitting layer of said

device comprises TFB.
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