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Abstract: Hole transporting materials are widely used in multilayer organic and polymer light-emitting diodes
(OLEDs, PLEDs, respectively) and are indispensable if device electroluminescent response and durability
are to be truly optimized. This contribution analyzes the relative effects of tin-doped indium oxide (ITO)
anode-hole transporting layer (HTL) contact versus the intrinsic HTL materials properties on OLED
performance. Two siloxane-based HTL materials, N,N'-bis(p-trichlorosilylpropyl)-naphthalen-1-yl)-N,N'-
diphenyl-biphenyl-4,4'-diamine (NPB-Si,) and 4,4'-bis[(p-trichlorosilylpropylphenyl)phenylamino]biphenyl
(TPD-Si,), are designed and synthesized. They have the same hole transporting triarylamine cores as
conventional HTL materials such as 1,4-bis(1-naphthylphenylamino)biphenyl (NPB) and N,N-diphenyl-N, N-
bis(3-methylphenyl)-1,1-biphenyl)-4,4-diamine (TPD), respectively. However, they covalently bind to the
ITO anode, forming anode-HTL contacts that are intrinsically different from those of the anode to TPD and
NPB. Applied to archetypical tris(8-hydroxyquinolato)aluminum(lil) (Alg)-based OLEDs as (1) the sole HTLs
or (2) anode-NPB HTL interlayers, NPB-Si, and TPD-Si, enhance device electroluminescent response
significantly versus comparable devices based on NPB alone. In the first case, OLEDs with 36 000 cd/m?
luminance, 1.6% forward external quantum efficiency (7ex), and 5 V turn-on voltages are achieved, affording
a 250% increase in luminance and ~50% reduction in turn-on voltage, as compared to NPB-based devices.
In the second case, even more dramatic enhancement is observed (64 000 cd/m? luminance; 2.3% 7ex:;
turn-on voltages as low as 3.5 V). The importance of the anode—HTL material contact is further explored
by replacing NPB with saturated hydrocarbon siloxane monolayers that covalently bind to the anode, without
sacrificing device performance (30 000 cd/m? luminance; 2.0% 7ex; 4.0 V turn-on voltage). These results
suggest new strategies for developing OLED hole transporting structures.

1. Introduction led to appreciable fundamental understanding of the physical

The past decade has witnessed the emergence of organic Iight‘?‘nd chemical aspects of molecular solid-state electrolumines-
emitting diodes (OLEDs) as a practical display technology due cenc6eil(3EL) and prototype devices with impressive perform-
to distinctive attractions such as low materials costs, self- @1C€- > The mechanism of emission in OLEDs is now
emission, efficient and broad color tunability, compatibility with reasonably well understood and involves injection Qf electrons
CMOS technology, and amenability to large-scale produdtien. ~ @nd holes from the cathode and anode, respectively, under
Improving OLED electroluminescent characteristics has been appllcayon of an glectrlc field. nge fract_lon.of the eleptrpn
the focus of an extensive worldwide research effort that has N°le pairs recombine to form excitons, which in turn radiatively
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Figure 1. Cross-section of a typical multilayer OLED structure.

decay to ground states and emit ligtf8ophisticated multilayer

indium oxide, ITO)-HTL interface is crucial to hole injection

in a common scenario where IFMHTL contact rather than HTL
bulk mobility limits charge injectiod’ 3! A variety of interfacial
engineering approaches have been applied to the artdte
junction$2-37 including introduction ofr-conjugated polymer®,
copper phthalocyaniri;3%4%organic acid$! a thin layer of
platinum?8 self-assembled polar molecuigé?or siloxanes143

and plasma treatment of the ITO surfdéeAll of these
approaches have effects on hole injection and yield varying
degrees of improved device performance in terms of turn-on
voltage, luminance, stability, and/or quantum efficiency. How-
ever, in general, the interlayers employed in these approaches
cannot replace conventional triarylamine HTLs to yield high-

structures incorporating specifically tailored hole transport layers performance OLEDs. Note that designing new HTL materials

(HTLs), emissive layers (EMLs), and electron transport layers specifically targeting anodeHTL interfacial contact has largely
(ETLs) sandwiched between the two electrodes have beenpeen ignoreds 1545

developed and generally exhibit superior device performance

In this contribution, we present a full discussion of our efforts

versus single-layer counterparts (Figure 1). To date, much effortys gesign, synthesize, implement, and understand the conse-

has been devoted to developing new HTL materials to fulfill
criteria such as substantial hole mobility, good energy level
matching with anodes and EMLs (low hole injection barriers
from the anode to the HTL and from the HTL to the EML;
large electron injection barrier from the EML to the HTL), good
thermal properties (stabilityfy), low optical absorption in the
visible region, and smooth, amorphous film-forming mor-
phology14-22

guences of hole transporting materials as OLED HTLs which
achieve covalent ITO anodédTL bonding (Scheme 2%
Followed by deposition of a conventional EML/ETL (tris(8-
hydroxyquinolato)aluminum(lll) (Alg, Scheme 1), this approach
affords OLEDs with superior performance versus devices relying
on simple ITO-NPB interfaces. For TPD-gifunctionalized
anodes, luminances as high as 36 000 édwith turn-on
voltages as low as 5.0 V are achieved,>2 Brighter and 4 V

To date, triarylamines have proven to be one of the most g\er, respectively, than for analogous NPB-based devices.

efficient classes of HTL molecules according to the above
criteria, with 1,4-bis(phenyir-tolylamino)biphenyl (TPD, Scheme

Also, a current efficiency of-6 cd/A, equivalent to~1.6%
external forward quantum efficiency, is achieved at 12 V. We

1) an archetypical example. However, TPD has a low glass 3iso show that the same approach can be applied as covalently

transition temperaturel§ = 65 °C) and tends to crystallize at

bonded ITO anodeNPB interlayers, resulting in OLEDs with

elevated temperatures, disrupting the amorphous nature of theyore impressive performance (64 000 céllaminance; 8 cd/A

HTL and causing device degradati&hTherefore, one major
focus in developing HTL materials is to improve the poor
thermal stability of TPD by synthesizing small molecule TPD
analogues with highefy parameters and/or by incorporating a
triarylamine hole transport motif into a polymer chaif#25

In this regard, 1,4-bis(1-naphthylphenylamino)biphenyl (NPB,
Scheme 1) is a TPD analogue with a higfigrand has been
widely used as a TPD replaceméhtiHowever, most of the
effort in this direction has not led to significant device

(27) Forsythe, E. W.; Abkowitz, M. A.; Gao, Yd. Phys. Chem. BR00Q 104,
3948-3952.
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Phys.200Q 87, 7973-7980.

(30) Appleyard, S. F. J.; Day, S. R.; Pickford, R. D.; Willis, M. R.Mater.
Chem.200Q 10, 169-173.
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Scheme 1. Structures of Multilayer OLED Constituent Materials: TPD, NPB, and PEDOT(HTL), Alg (EML/ETL), DIQA(EML Dopant), and
BCP (ETL)
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Scheme 2. Chemical Structures of the Organosiloxanes Used as from Sigma-Aldrich and purified via vacuum gradient sublimation. The
HTLs and ITO Anode Modification Layers OLED component, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP,

@ @ @ @ Scheme 1), was purchased from Fluka and purified via vacuum gradient
‘,N s ‘,NNI sublimation. NPB was synthesized according to the liter&tared was
Jﬁ) QS (ﬁ@ purified by recrystallization followed by vacuum gradient sublimation.
s N,N'-Di(3-heptyl)quinacridone (DIQA, Scheme 1) was synthesized and
o d N ,d \o\ purified according to the literatur€.NMR spectra were obtained on
790N ,e \o\ 70 ! Varian VXR-400 or 500 MHz NMR instruments. MS analyses were
TPD-Si; ' NPB-Si; conducted on a Micromass Quattro Il Triple Quadrupole HPLC/MS/
MS mass spectrometer. Elemental analyses were carried out by Midwest
Microlabs. Cyclic voltammetry was performed with a BAS 100
electrochemical workstation (SAM-coated ITO withl cn? area
working electrodes, Ag wire pseudo-reference electrode, Pt wire counter
electrode, 0.1 M TBAHFP in anhydrous MeCN supporting electrolyte,

% and 0.001 M ferrocene as the internal pinhole probe; scan=ael

4

CHj

d
071 No !
4 ? \ o~ ?I\o
/7 Io \

V/s). TBAHFP was recrystallized from an ethyl acetate/hexanes mixture
N and dried in vacuo at 10TC for 10 h. Ferrocene was purchased from
/o/i'\o\ / 9 ‘i Sigma-Aldrich and purified via vacuum gradient sublimation. IR spectra
] | were obtained on a Bio-Rad FTS-40 FTIR spectrometer. AFM images
n-octylsiloxane n-octadecylsiloxane were obtained on a Nanoscope IIl AFM under ambient conditions in
the contact mode with 8N, cantilevers. Specular X-ray reflectivity
current efficiency at 10 V; turn-on voltages as low as 3.5 V). experiments on coated single-crystal Si (111) or Si (100) substrates
These anode functionalization processes are expected to sig¥/ere pe_rformed on the Naval_ Research Laboratory X23B be_amline at
nificantly modify anode-HTL interfacial propertied” and here ~ the National Synchrotron Light Source. Data were acquired and
we discuss how these modifications translate into modified analyzed as described previoustyThe thickness of spin-cast films
OLED EL device response. We also present here evidence thawas measured with a Tencor P-10 profilometer. Ultraviolet photoelec-

. '_iron spectroscopy (UPS) experiments on TPR&bid NPB-Si SAM-
simple saturated hydrocarbon self-assembled monolayers (SAMS¢nated ITO substrates were carried out at the University of Arizona

methylsiloxane n-butylsiloxane

Scheme 2) can function as HTLs and IT®PB interlayers, using the 21.2 eV He (1) source (Omicron H15-13) of a Kratos Axis-

affording a better understanding of silane-anode modification 165 Ultra photoelectron spectrometer. HOMO values were estimated
effects. Devices with luminances as high as 30 000 &chnal from the median energy of the clearly defined photoionization peak,
current efficiencies of~7 cd/A, equivalent to~2% external while IP values were estimated from the extrapolation of the high kinetic

forward quantum efficiency, at 7.0 V can be achieved. Taken energy edge of that peak to zero intensity.

together, these results require some reassessment of current HTL Synthesis of 4,4Bis[(p-bromophenyl)phenylamino)]biphenyl (1).
structure-function models. To a toluene solution (50 mL) of tris(dibenzyldeneacetone)dipalladium

(0.55 g, 0.60 mmol) and bis(diphenylphosphino)ferrocene (0.50 g, 0.90
2. Experimental Section mmol) was added 1,4-dibromobenzene (18.9 g, 0.0800 mol) &€25
Following stirring under an Natmosphere for 10 min, sodiutert-
Materials and Methods. ITO glass sheets (2Q/0, rms roughness butoxide (4.8 g, 0.050 mol) and,N'-diphenylbenzidine (6.8 g, 0.020
= 2.5 nm) were purchased from Colorado Concept Coating. All mol) were added. The reaction mixture was then stirred st®6or
chemical reagents were used as received unless otherwise indicated12 h, followed by cooling to 25C. The reaction mixture was then
All manipulations of air/moisture-sensitive materials were carried out poured into water, and the organic and aqueous |ayers were Separated.
on a dual-manifold Schlenk line or in a nitrogen-filled glovebox. Ether  The aqueous layer was extracted with toluene<(300 mL), and the
and THF were distilled before use from sodium/benzophenone ketyl.
Methylene chloride was distilled before use from calcium hydride. (47) Cahen, D.; Hodes, G\dv. Mater. 2007 14, 789-798. _
Toluene was dried using activated alumina and Q5 columns and tested(48) fhgne,ag’sﬁ" E K'PEEE%?A?%%SQ%T?\?’ g_';’ \é\g\r)gl’)g; ;:A';gﬂerson’
with benzyphenone ketyl in ether solution. TPD and Alg were purchased Phys.1999 85, 7939-7945.

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10229
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resulting extracts were combined with the original organic layer. The ether extracts were washed with waterx2100 mL) and brine (2«
solvent was removed in vacuo giving a crude product which was 100 mL), and dried over anhydrous .. Following filtration, the
purified by chromatography on a silica gel column (6:1 hexane:ethylene solvent was removed in a vacuum to yield an oil. Chromatography on
chloride eluent) to yield purd as a colorless solid (6.9 g) in 50% silica gel with hexane:methylene chloride (10:1) afforded 0.070% of
yield. *H NMR (CDCl): ¢ 6.99 (d,J = 8.8 Hz, 4H), 7.027.16 (m, as a colorless solid. Yield, 80% NMR (CDCl): 6 3.90 (d,J=4.5

10H), 7.28 (tJ = 7.6 Hz, 4H), 7.34 (dJ = 8.8 Hz, 4H), 7.45 (dJ = Hz, 4H), 5.175.20 (m, 4H), 6.20 (m, 2H), 6.95 (§,= 7.5 Hz, 2H),
8.4 Hz, 4H). 7.06-7.10 (m, 10H), 7.247.24 (m, 4H), 7.30 (dJ = 7.5 Hz, 2H),

Synthesis of 4,4Bis[(p-allylphenyl)phenylamino]biphenyl (2). 7.37-7.40 (m, 8H), 7.56-7.53 (m, 2H), 8.04 (dJ = 8.0 Hz, 2H),
Using standard Schlenk techniques, 1.6 mL (3.5 mmolp-biutyl- 8.09 (d,J = 9.0 Hz, 2H). MS (/2): 669.2 [M, 100]. Anal. Calcd for

lithium(2.5 M in hexanes) was added dropwise under inert atmosphere CsoHaoN2: C, 89.77; H, 6.04; N, 4.19. Found: C, 89.54; H, 6.04; N,
to an ether solution (10 mL) df (1.02 g, 1.58 mmol) while maintaining ~ 4.21.

the temperature at 28C. The mixture was stirred for 2 h, after which Synthesis of N,N’-Bis(p-trichlorosilylpropyl)-naphthalen-1-yl)-

time Cul (0.76 g, 4.0 mmol) was added. Upon cooling the reaction N,N'-diphenyl-biphenyl-4,4-diamine (NPB-Sp, 6). To a solution of
mixture to 0°C, allyl bromide (0.60 g, 5.0 mmol) was added in one 5 (0.040 g, 0.060 mmol) in 25 mL of dry toluene at 256 under inert
portion, and the mixture was stirred for 14 h, followed by quenching atmosphere was addedPCk-nH,O (0.001 g), followed by trichlo-
with saturated aqueous NEI solution (100 mL) and extraction with rosilane (0.060 mL, 0.60 mmol). The reaction solution was warmed to
ether (3x 100 mL). The combined ether extracts were washed with 50 °C and monitored by NMR until the completion of reaction. Re-
water (2x 100 mL) and brine (2 100 mL), and dried over anhydrous = moval of the solvent in a vacuum yielded an oil. Next, 20 mL of dry
Na,SQ.. Filtration and removal of solvent in vacuo afforded a yellow toluene was added to the residue and the resulting solution was filtered
oil, which was further purified by chromatography on a silica gel into a Schlenk flask by cannula. The filtrate was concentrated under
column (4:1 hexane:methylene chloride) to yield 0.63 g of fuas a vacuum to giveb as a pale-yellow oil. Yield, 98%H NMR (CDCls):

colorless solid. Yield, 709%¢H NMR (CDCl): 6 3.40 (d,J = 10 Hz, 6 1.70 (t,J = 6.0 Hz, 4H), 2.10 (tJ = 7 Hz, 4H), 3.21 (tJ = 7 Hz,

4H), 5.10-5.20 (m, 4H), 6.02 (m, 2H), 6.997.10 (m, 2H), 7.16 4H), 6.94 (m, 2H), 7.037.07 (m, 10H), 7.197.22 (m, 4H), 7.33

7.20 (m, 16H), 7.28 (t) = 7.6 Hz, 4H), 7.46 (d) = 8.8 Hz, 4H). 7.40 (m, 8H), 7.56-7.53 (m, 2H), 7.54 (dJ = 8.0 Hz, 2H), 7.72 (d,

Anal. Calcd for GoHzeN2: C, 88.68; H, 6.39; N, 5.23. Found: C,87.50; J = 9.0 Hz, 2H), 8.04 (d,J = 9.0 Hz, 2H). Anal. Calcd for

H, 6.35; N, 4.93. CsoH42ClgN2Si: C, 63.90; H, 4.50; N, 2.98. Found: C, 63.54; H, 4.04;
Synthesis of 4,4Bis[(p-trichlorosilylpropylphenyl)phenylamino]- N, 2.90.

biphenyl (TPD-Si,, 3). Under inert atmosphere at 2&, a grain of Self-Assembly of TPD-Si and NPB-Sp on ITO Substrates.ITO

H,PtCk-nH,0, followed by HSIC} (0.73 g, 5.5 mmol), was added to  substrates were cleaned in an ultrasonic detergent bath, followed by
a CHCI; solution (30 mL) of2 (0.32 g, 0.55 mol), and the reaction = methanol, 2-propanol, and finally acetone. The substrates were subse-
mixture was stirred at 30C for 4 h. Removal of the solvent in vacuo  quently treated in an oxygen plasma cleaner for 1 min to remove any
yielded a dark-yellow oil, which was triturated with a mixture of 50 residual organic contaminants. Following strict Schlenk protocol, clean
mL of pentane and 10 mL of toluene to yield a solid that was removed ITO substrates were immersed in a 1.0 mM dry toluene solution of
by filtration. The filtrate was concentrated in vacuo to yi@ds a TPD-Sk or NPB-Sp, respectively. After heating at80 °C for 1 h, the

viscous, pale-yellow oil. Yield, 98%4H NMR (CDCL): 6 1.45 (t,J toluene solution was removed by cannula and the substrates were rinsed
= 7 Hz, 4H), 1.90 (tJ = 7 Hz, 4H), 2.70 (brs, 4H), 6.867.80 (m, with dry toluene (2x 50 mL) and wet acetone, followed by transferring
26H). Anal. Calcd for GuH3sClsN2Siz: C, 60.07; H, 4.57. Found: C, to a 120°C oven fa 1 h to expedite cross-linking. Longer thermal
60.52; H, 4.87. curing yields films with similar properties, and the coating procedure
Synthesis ofN,N'-Bis(p-bromonaphthalen-1-yl)-N,N'-diphenyl- has negligible effects on the measured sheet resistance of the underlying

biphenyl-4,4-diamine (4). To a toluene solution (50 mL) of tris-  ITO.

(dibenzylideneacetone)dipalladium (0.048 g, 0.052 mmol) and bis-  Self-Assembly of TPD-Sj and NPB-Sk on Silicon Substrates.
(diphenylphosphino)ferrocene (0.044 g, 0.079 mmol) was added 1,4- Silicon (111) or (100) substrates (Semiconductor Processing Co.) were
dibromonaphathelene (1.0 g, 3.5 mmol) at°€a Following stirring subjected to a cleaning procedure as follows: immersion in “piranha”
under an N atmosphere for 10 min, sodiutart-butoxide (0.34 g, 3.5 solution (concentrated #30,:30% HO,; 70:30 v/v) at 80°C for 1 h.
mmol) andN,N'-diphenylbenzidine (0.47 g, 1.4 mmol, purified by After being cooled to room temperature, substrates were rinsed
sublimation) were added. The reaction mixture was stirred at®0 repeatedly with deionized (DI) water followed by an RCA-type cleaning
for 22 h, followed by cooling to 25C. The reaction mixture was then  protocol (H0:30% HO.:NHs; 5:1:1 v/v/v; sonicated at room temper-
poured into water, and the organic and aqueous layers were separatecature for 40 min). The substrates were finally rinsed with copious
The aqueous layer was extracted with toluenex(300 mL), and the amounts of DI water, heated to 126 for 15 min, and dried in vacuo.
resulting extracts were combined with the original organic layer. The TPD-Sk and NPB-Si were then self-assembled onto the clean silicon
solvent was removed in vacuo giving a crude product that was purified substrates following the procedure described above for ITO substrates.
by chromatography on a silica gel column (6:1 hexane:methylene  Spin-Casting TPD-Sp and NPB-Sp on ITO Substrates. Dry
chloride eluent) to yield purd as a colorless solid (0.20 g) in 20%  toluene solutions of TPD-Sor NPB-Sp (10 mg/mL) were spin-coated
yield. *H NMR (CDCly): 6 6.96-7.05 (m, 10H), 7.197.23 (m, 6H), onto clean ITO surfaces at 2 krpm in air, followed by curing in a

7.36-7.42 (m, 4H), 7.57 (tJ = 8.5 Hz, 4H), 7.77 (dJ = 9.5 Hz, vacuum oven at 110C for 1 h.
2H), 7.98 (d,J = 10.5 Hz, 2H), 8.27 (dJ = 10.5 Hz, 2H). Fabrication of OLED Devices.All OLED devices were fabricated
Synthesis ofN,N'-Bis(p-allylnaphthalen-1-yl)-N,N’'-diphenyl-bi- on bare ITO substrates that were treated with solvents and an oxygen

phenyl-4,4-diamine (5). To a stirring, anhydrous THF solution (10  plasma, as described previously, or on TPRMPB-Sp modified ITO

mL) of 4 (0.10 g, 0.13 mmol) under inert atmosphere was added substrates. The substrates were loaded into a bell jar deposition chamber
dropwise at=78 °C n-butyllithium (1.6 M in hexanes, 0.17 mL, 0.27  housed in a nitrogen-filled glovebox. A typical deposition procedure
mmol), and the mixture was stirred for 15 min. Copper iodide(l) (0.051 is as follows: at 1x 107¢ Torr, a 20 nm layer of NPB was first de-

g, 0.27 mmol) was then added. After the mixture was stirred for 5 posited, followed by 60 nm of Alg doped with 1% DIQA. Both organic
min, allyl bromide (0.07 g, 0.54 mmol) was added in one portion. The layers were grown at a deposition rate 6f® A/s. Another 20 nm
solution was gradually warmed to 26 and stirred for 2 h, after which thick layer of BCP was then deposited, followed by thermally evap-
time it was quenched with 100 mL of saturated aqueousiTH orating 1 nm thick Li. Finally, a 100 nm thick Al cathode was deposited
solution, followed by extraction with ether ¢3 100 mL). The combined through a shadow mask. This metallic layer was patterned via a shadow
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Scheme 3. Synthesis of TPD-Si, and NPB-Si, Scheme 4. Scheme for ITO Surface Modified by Covalently
@ @ Bound HTL Materials
= _nn-@ B"‘@'Br Q ,\INN: 1. n-Bui, ether, r.t. R R
Py(dba);/DPPF @ @ 2Cul alyl bromide OH OH OHOH OH Hydrolysis P 3'\? % Si~ O’;I\P
NaO'Bu, 90°C °Ctort. .
& o . oo +Reicl, > s
1 =
S ‘INN: HSICl3, H,PtClg @N N,@
W toluene, 50 °C = { silanes to the surfac®-52 Further exposure to air and moisture
\ /
/ 8 chsi in the following wet acetone rinse in air hydrolyzes any
2 3 (TPD-Si,) SiCly

unreacted trichlorosilyl groups. Thermal curing facilitates the
Br_'_sr @ @ T formation pf _cross-linked siloxan_e netW(_)rks, resulting in a thin

SN C) —L o NN, o layer consisting of hole transporting motifs covalently anchored
o il ~ ‘ occtort to the ITO or Si surface. At completion of the silane condensa-

B tion, chlorine concentrations in the film are below XPS detection

limits.5354 The microstructural characterization of these layers

—

Hs.c., HoPICls is presented below. Spin-casting TPDR-8nd NPB-Si from
toluene, 50 °C \/\5\:6 @ hydrocarbon solutions onto ITO or Si substrates affords thicker
83 Q cissi (~40 nm) films on these substrates, following chemistry similar
o (NPB-Siy sicly to that described above, given that the spin-coating parameters

such as solution concentration and spinning speed are carefully
] ] ] ) controlled (see Experimental Section for details).

mask to give four dewces,.each Wlth an area of 0.18 @hED dewge Characterization of TPD-Si, and NPB-Sh Siloxane Films
characterization was carried out with a computer-controlled Keithley by Specular X-ray Reflectivity Measurements Specular X-ray

2400 source meter and IL 1700 research radiometer equipped with a - .
calibrated silicon photodetector at 28 under ambient atmosphere. reflectivity (XRR) measurements were performed upon the films

External quantum efficiency was estimated from current density versus d€POsited on cleaned single-crystal Si(111) or Si (100) surfaces,
voltage and luminance versus current density characteristics. using the self-assembly procedure discussed above. Fitting of

Fabrication of Hole-Only Devices. All hole-only devices were the X-ray reflectivity data, normalized to the Fresnel reflectivity,
fabricated on bare ITO substrates that were treated with solvents andto @ physically reasonable model provides details of the film
an oxygen plasma, as described previously, or on TRINBB-Sh thickness, smoothness, interfacial abruptness, and density. In
modified ITO substrates. The substrates were loaded into a bell jar general, the reflectivity can be expressed in terms of the average
deposition chamber housed within a nitrogen-filled glovebox. Ata base electron density by egs 1 and®2,
pressure ot&/ Ix 1076 Torr, NPB (400 nm) was vapor deposited at a
rate of ~3 Als, followed by sputter-coatingf@ 6 nm of Aulayer _ 2
through the same shadow mask employed for OLED fabrication de- R(k;) = Re(k))| (k) @
scribed qbove. Single-carrier device assemply was subsequently com- 1 dl]b
pleted _Wlth the masked thermal vapor deposition of Al (150 nm). Device d(k) = j‘ akZ 4z 2)
behavior was evaluated using the computer-controlled Keithley 2400
sourcemeter.
where Rr is the theoretical Fresnel reflectivity for a smooth
interface, k, is the momentum transferredk,( = 4n/A

In Section 3.1, we report the deposition and characterization sin ), diplldz is the derivative of the electron density along
of TPD-Sp and NPB-Si on ITO or Si substrates. In Section the surface normal direction, averaged over the in-plane
3.2, spin-coated or self-assembled TPR-&8id NPB-Si layers coherence length of the X-rays, apd is the electron density
replace the conventional vapor-deposited NPB layer in of the substrate (Si). By fitting the XRR data for the self-
Alg-based OLEDs. Their current/luminous functions as new assembled TPD-giand NPB-Si films on Si, the thickness,
types of covalently bonded HTLs are described. Alternatively, electron density, and roughness were determined. These data
TPD-Sh and NPB-Si are used as ITO anodd&lPB interlayers, are compiled in Table 1.
and the effect on OLED EL response is analyzed here. In Section Characterization of Self-Assembled TPD-Si and
3.3, alkylsiloxane SAMs are employed as HTLs and +IiIPB NPB-Si Monolayers by Ultraviolet Photoelectron Spec-
interlayers, and the effect on device performance is comparedtroscopy (UPS).UPS measurements were conducted on ITO
to that of the above triarylaminesiloxanes. surfaces covered with TPD-Sand NPB-Sj SAMs. The bare

3.1. Deposition and Characterization of TPD-Si and ITO surface, which had been Asputtered in vacuo, is used
NPB-Sk on ITO or Silicon Substrates. The synthetic pathways
to TPD-Sp and NPB-Sj are summarized in Scheme 3, while  {80) Jeon N. L+ Nuzeo, R, G.. Xia. v Miksich, M. Whitesides, G. M.

51)
2)

3. Results

detailed procedures and characterization data are presented |n Langmuir 1995 11, 3024-3026.

Ulman, A.Thin Solid Films1996 273 48—53.
the Experimental Section. Utilizing a self-limiting, solution-  (52) woodward, J. T.; Ulman, A.; Schwartz, D. Kangmuir1996 12, 3626-

. . e Qi 3 3629.
based chemisorption prqgess, TPR-8nd NPB-Sj are .S€|f (53) Donley, C.; Dunphy, D.; Paine, D.; Carter, C.; Nebesny, K.; Lee, P;
assembled onto hydrophilic ITO substrate surfaces with nano- Alloway, D.; Armstrong, N. RLangmuir2002 18, 450-457.

(54) Malinsky, J. E.; Veinot, J. C. G.; Jabbour, G. E.; Shaheen, S. E.; Anderson,
precise control in thickness. As illustrated in Scheme 4, clean 3. D Loe. P Richter. A. G.. Burin. A. L. Ratner M. A Marks. T. 1

ITO-coated glass or single-crystal silicon surfaces possess  Ammstrong, N.R.: Kippelen, B.; Dutta, P.; PeyghambarianChem. Mater.
; i ; ; 2001, 14, 3054-3065.

hydroxyl funct|9nal|t|es and adsorbegl water, wh|ch_ ar(_a reactive (55) Richter. A. G.- Yu, C. J.: Datta, A.: Kmetko, J.: Dutta, Fhys. Re. E

toward chlorosilanes, thereby affording covalent binding of the 200Q 61, 607—615.
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Table 1. XRR-Derived Electron Density, Roughness, and
Thickness Data for Self-Assembled TPD-Si, and NPB-Si;
Monolayers on Si (100) Substrates

electron density roughness thickness
monolayer (eA3) (6N R
TPD-Sb 0.32-0.35 7.8£0.2 17.8+ 0.2
NPB-Sk 0.45-0.47 4.1+ 0.2 14.1+ 0.2

Table 2. UPS Measured lonization Potential, Highest Occupied
Molecular Orbital (HOMO) Energy, and Vacuum Level Shift for
TPDSi, and NPBSi; Self-Assembled Monolayers on ITO
Substrates

ionization HOMO vacuum level
potential (eV) (eV) shift (eV)
TPD-Sb 5.2 6.1 +0.1
NPB-Sp 54 6.1 —-0.1

as reference for the low kinetic energy edge of the photoemission
spectrum in the measurement. A 0.1 eV shift in the low kinetic
energy edge of the photoemission spectrum obtained from
the analysis of the SAM-covered ITO surface is observed for
both TPD-S; and NPB-S;, indicating interfacial dipole for-
mation2® The sign of the vacuum level shift for the TPD,Si
SAMs is uncertain due to experimental errors. Estimates of the
effective surface work function can be obtained from the
measured width of the UV-photoemission spectrum, subtracted
from the source energy, using the high and low kinetic energy
edges of the photoemission spectra. The analysis shows nearl
identical HOMO and IP values for TPD-Sand NPB-Si
SAM modified ITO surfaces (5.2 and 5.4 eV, respectively,
Table 2).

Characterization of TPD-Si, and NPB-Sp Siloxane Films
by Atomic Force Microscopy. Contact mode AFM imaging
was carried out on three spots randomly chosen on self-
assembled or spin-cast TPD;Sor NPB-Sp covered ITO
substrates, respectively. Uniform films with no evidence of
cracks or pinholes were observed over & % um scan area
(Figure 2). The rms roughness is 1.39 and 3.18 nm, respectively,
for TPD-Sp and NPB-Si SAMs, and 0.79 and 3.43 nm,
respectively, for spin-coated TPD,Sind NPB-Sj films, as
compared to bare ITO substrates with an rms roughness of
2.5 nm.

240
1.540% |
110 |

+TPDSi2 SAM
—+—NPBSi_ SAM

2 Iy
Bare ITO

T T T T

"

(3,
X
° o
o

Current (A)

"o
% 2
s o

4

2 16120804 0 -04-08
Potential vs Ag (V)

Figure 3. Cyclic voltammetry characteristics of self-assembled TPD-Si
and NPB-Si monolayer films on an ITO electrode immersed in a ferrocene
solution. Electrolyte: 0.1 M TBAHFP in anhydrous MeCN. Sweep speed:
0.1 V/s.

Characterization of TPD-Si, and NPB-Sp, Siloxane Films
by Cyclic Voltammetry. TPD-Sp and NPB-Si SAM-coated
ITO, silver wire, and Pt wire were used as the working elec-
trode, reference electrode, and counter electrode, respectively,
in 0.1 M acetonitrile solution of tetrabutylammonium hexa-
fluorophosphate as the electrolyte without the ferrocene. Inte-
gration of the oxidation peak areas and assuming two elec-
tron oxidation/reduction events per molecular unit yields
surface coverages of 2:6 10-1° mol/cn? (TPD-Sp SAM) and

.2 x 10719 mol/cn? (NPB-Sp SAM), respectively’’ Analo-
gously, a close-packed monolayer of ferrocene dicarboxylic
acid absorbed on ITO vyields 4.2 1071° mol/cn? surface
coverage?

To examine the present HTL SAMs for pinholes over the
entire ITO substrate area, cyclic voltammetry experiments
using ferrocene as a redox probe were then carrie@ddere,
TPD-Si or NPB-Sp SAM-coated ITO substrates were used as
working electrodes. Bare ITO substrates were used as references
to calibrate the ferrocene redox potential for each measurement.
It was observed that the ferrocene oxidation potential shifts from
0.59 V, as shown in Figure 3, when bare ITO substrates are
used as working electrodes, to 0.84 and 0.77 V, respectively,
for the TPD-S} and NPB-Si SAM-covered ITO substrates as
working electrodes. It is expected that the pinhole-free films of
TPD-Sp and NPB-Si SAMs on ITO electrodes will block the
oxidation of solution ferrocene, until potentials are reached
where the bis-trarylamine groups are oxidized, providing sites
for mediated oxidation of solution phase ferrocéh&.For both
TPD-Sh and NPB-Si SAMs on ITO, the peak potential for
oxidation of ferrocene is indeed shifted positively by ca.
0.2 V. The reduction of the ferricenium cation on the return
sweep is partially blocked by the NPB.,Sayer, and more
completely blocked by the TPD-Slayer, suggesting that the
latter SAM layer is somewhat more pinhole ff@€lhe larger
separations of ferrocene oxidative and reductive peak potentials
at the SAM-coated ITO electrodes versus on the bare ITO ones

Figure 2. Tapping mode AFM images of self-assembled and spin-cast
TPD-Sk and NPB-Si films on ITO substrates. (A) TPD-S8AM on ITO.
RMS roughness= 1.39 nm. (B) TPD-Si spin coated film on ITO. RMS
roughness= 0.79 nm. (C) NPB-SiSAM on ITO. RMS roughness 3.18

nm. (D) NPB-S; spin coated film on ITO. RMS roughness 3.43 nm.
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(1.68 V, TPD-Sj SAM; 0.86 V, NPB-Si SAM; 0.30 V, bare A 10’ . .
ITO) may also indicate that in the redox processes, counterion * @ NPB-Si; SAM
: e < oF O TPD-Si,SAM
penetration and diffusion in the SAMs are retarded, presumably £ 10°} 4 NPBonly [} 3
due to the densely packed, cross-linked SAM netw&#k It < A NoHTL o dﬁﬁﬁ“‘
is likely that TPD-S4, due to its smaller core triarylamine %‘10'1 3 ° DAQA 1
molecular volume, encounters less steric hindrance in the film- g R QEEAA
forming intermolecular cross-linking process as compared to =107} ® .4
NPB-Sp, resulting in more densely packed films. The more E A
distorted curve shape for the TPD;SBAM is presumably S0} e
related to its more densely packed, cross-linked coverage and Wbl A
different z-system redox kinetics versus NPB;Si 10 5 10 15 20
3.2. Self-Assembled and Spin-Cast TPD-gand NPB-Sp Voltage (V)
Films in OLEDs. Replacing NPB with TPD-Sp and s
NPB-Sih SAMs in OLEDs. Alg-based OLEDs having the B. " NSRS
structure ITO anode/HTL/Alq doped with DIQA/BCP doped o~ 10*[ F 4 ﬂAAAAA“
with Li/Al were fabricated to study the function of TPDSi s . ° DDﬁA
and NPB-Si films as HTLs. Replacing vapor-deposited con- < 10 o U 47744
ventional 20 nm thick NPB HTLs with nanometer-scale thick 210} O .
SAMs of TPD-S; or NPB-S} in the above OLEDs was first F , R @ NPB-Si, SA
investigated, and EL response data are shown in Figure 4. Note £ 107y A Ll TPD-8, S
o . . . R A A NPB only
that the OLEDs exhibit greater luminance and, in some regimes, < 10 A No HTL
higher external quantum efficiencies when the conventional 20
nm thick HTL (NPB) is replaced with~v2 nm thick TPD-Si 10" 0
and NPB-Si SAMs. The maximum luminance is18 000 cd/ Voltage (V)
m? (NPB-Sk), ~17 000 cd/m (TPD-Sk), and~14 000 cd/m
(NPB-only). Also, the NPB-Si and TPD-Si SAM-based C g 3
OLEDs have lower turn-on and operating voltages. For instance, * § 25t ; NPB-Si, SAM
the operating voltage at 300 cdfma standard brightness for 2 A I;gf:ghs,AM
displays, is 8.0, 8.5, and 10.5 V for NPB,STPD-Sp, and £ 2F A NoHIL A,
NPB-only, respectively. However, the maximum external E 45 A
forward quantum efficiencies are 0.8% (NPB)Si0.75% £ A A
(TPD-Sb), and 1.87% (NPB-only). OLEDs without HTLs were g 1t A a. ]
also fabricated here as a comparison, and the dramatic effects s 0.5 ° ‘ m AL
. . : £ o DﬁA% A
on device performance induced by the SAMs are clearly evident e e 0, A
(Figure 4). )
Replacing Conventional HTLs with Spin-Cast TPD-Sj Voltage (V)

an_d NPB-Sp Films in OLEDs. TPD-Sp and NPB'S? were Figure 4. Responses of OLEDs having structures ITO/HTL/Alg: 1% DIQA
spin-coated onto ITO substrates and thermally cured in a vacuum(go nm)/BCP:Li (20 nm)/Al (100 nm), HTI= NPB-Sh SAM (1.4 nm),
oven at 110°C for 1 h, yielding films with a thickness o£40 TPD-Sk SAM (1.7 nm), NPB (20 nm) only. (A) Current density versus
nm, as measured by profilometry, followed by vapor-deposition voltage; (B) luminance versus voltage; (C) external forward quantum
. . . efficiency versus voltage.
of Alg doped with DIQA, then BCP, Li, and Al. Again,
replacing NPB with the cross-linked siloxane films results in  Applying TPD-Si; and NPB-Sp SAMs as ITO Anode—
higher luminance and external quantum efficiencies at identical NPB  Interlayers. OLED EL Response. Self-assembled
bias (Figure 5). The maximum luminance achieved &3 000 TPD-Sh and NPB-Si films can also be applied as interlayers
cd/m? (NPB-Sp), ~36 000 cd/m (TPD-Sb), and ~14 000 between the ITO anode and the conventional NPB HTL in
cd/m? (NPB-only). Maximum forward external quantum ef-  OLEDs having structures ITO anode/SAM/NPB/AIq doped with
ficiencies are 0.8% (NPB-Bi 1.6% (TPD-Sj), and 1.87%  DIQA/BCP/Li/Al. Insertion of these interlayers between the
(NPB-only). The operating bias for 300 cdfiis 7.0, 7.0, and  anode and the NPB HTL dramatically enhances OLED EL
10.5 V for NPB-Sj, TPD-Sp, and NPB-only, respectively. In response as compared to devices without the interlayers (Figure
Table 3, the EL response data are compared among devices). As compared to OLEDs using TPD,Sir NPB-Sp SAMs
using NPB-Si and TPD-Si SAMs, spin-cast NPB-gand TPD- as the HTLs, which are directly in contact with the EML (Figure
Si; films, and NPB-only as the HTL, respectively. OLEDs with  4)  the maximum light output is enhanced by a factor-&x
spin-cast TPD-Sifilms as the HTL exhibit more than a 2-fold  poth for TPD-Sj- and for NPB-Si-based devices~18 000
increase of maximum luminance50% lower turn-on voltage,  cd/m? — 50 000 cd/M (NPB-Sp/NPB), ~17 000 cd/m —
and comparable external forward quantum efficiency versus 45 000 cd/ri (TPD-Sk/NPB). Likewise, the maximum forward

those of devices having NPB only as the HTL. external quantum efficiency is increased to 1.8% (NPENGIB)
and 2.3% (TPD-SINPB) versus 0.8% (NPB-§i 0.75%
(62) Napper, A. M.; Liu, H. Y.; Waldeck, D. HJ. Phys. Chem. BR001 105, (TPD-Sig) and 1.87% (NPB a|one)
7699-7707. , : :

(63) Nahir, T. M.; Clark, R. A.; Bowden, E. Anal. Chem1994 66, 2595
2598. (65) Richardson, J. N.; Rowe, G. K.; Carter, M. T.; Tender, L. M.; Curtin, L.
(64) Forster, R. Jinorg. Chem.1996 35, 3394-3403. S.; Peck, S. R.; Murray, R. \Electrochim. Actal995 40, 1331-1338.
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Figure 5. Responses of OLEDs having structures ITO/HTL/Alg: 1% DIQA 5 PY
(60 nm)/BCP:Li (20 nm)/Al (100 nm), HTl= spin-cast NPB-Sifilm (40 o A .
nm), spin-cast TPD-gffilm (40 nm), and NPB (20 nm) only. (A) Current 0 10 15 20
density versus voltage; (B) luminance versus voltage; (C) external forward Voltage (V)

guantum efficiency versus voltage.
Figure 6. Responses of OLEDs having structures ITO/HTL SAM/NPB

in- _Si _Qi Fi _ (20 nm)/Alg: 1% DIQA (60 nm)/BCP:Li (20 nm)/Al (100 nm), HTL SAM
NPSBF,)IIn CallSt TPDOSLIEgngLNRPB Sk F"gs.as ITQ A?_g%e . = NPB-Sp SAM and TPD-Si SAM. (A) Current density versus voltage;
nterlayers. esponse.Spin-casting -2 (B) luminance versus voltage; (C) external forward quantum efficiency

or NPB-Sp layers onto ITO anodes, followed by vapor-depo- versus voltage.
sition of NPB, was also investigated as an alternative approach
to applying these silanes as the aneti’B interlayers. Again, on hole injection efficiency from the ITO anode into the NPB
improved EL response is observed versus that of OLEDs with- HTL.55 |-V characteristics were measured on devices having
out interlayers and versus devices fabricated with only spin- structure ITO/siloxane/NPB(400 nm)/Au (6 nm)/Al (Figure 8).
coated films as HTLs (Figure 7): maximum light output, Orders of magnitude larger hole currents are observed for
~46 000 cd/rA (NPB-Si/NPB), ~64 000 cd/m (TPD-Si/NPB) devices with the siloxane SAMs as ITO aned¢PB interlayers,
versus~23 000 cd/m (NPB-Sb), ~36 000 cd/m (TPD-S), indicating strong hole injection enhancement by modifying the
~14 000 cd/m (NPB-only); maximum forward external quan- anode with NPB-Siand TPD-Sj, respectively. Attempting to
tum efficiencies, 2.4% (NPB-8NPB), 2.3% (TPD-SINPB) measure hole fluence through either the self-assembled or the
versus 0.8% (NPB-9), 1.6% (TPD-Si), 1.87% (NPB-only); spin-coated siloxane films in ITO/siloxane/Au/Al structures
turn-on voltages, 4.0 V (NPB-8NPB), 6 V (TPD-Sp/NPB) yielded irreproducible results, presumably due to the leakage
versus 5.0 V (NPB-gJ, 5.0 V (TPD-S}), 9.0 V (NPB-only). currents in such device configurations.
In Table 4, the EL response data are compared for devices using 3.3. Saturated Alkyl Siloxane SAMs as OLED Anode
NPB-Sk and TPD-Si SAMs, as well as spin-cast NPB2Si  Functionalization Layers. Saturated Alkyl Siloxane SAM
and TPD-Sifilms as ITO anode NPB interlayers, respectively.  HTLs in OLEDs. To further understand the function of
Hole-Only Devices.Hole-only devices were fabricated to  TPD-Sp, NPB-Sp, and similar interlayers in OLEDSs, saturated
investigate the effect of NPB-Sand TPD-Si SAM coatings alkylsilanes having varied alkyl chain length (Scheme 2) were
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Table 3. OLED EL Response Data for Devices Having the Structure ITO Anode/HTL/Alg Doped with DIQA/BCP Doped with Li/Al2

no NPB-Si, TPD-Si, NPB-Si, TPD-Si,
HTL SAM SAM (spin-coated) (spin-coated) NPB-only
maximum luminance (cd/& ~1500 ~18 000 ~17 000 ~23 000 ~36 000 ~14 000
maximum external forward 0.6 0.8 0.75 0.8 1.6 1.87
quantum efficiency (%)
turn-on voltage (V) 9.0 4.6 5.5 5.0 5.0 9.0
operating voltage at 300 cd#r(V) 10.5 8.0 8.5 7.0 7.0 10.5

aThe HTL is NPB-Sj SAMs, TPD-S3 SAMs, spin-cast NPB-gifilms, spin-cast TPD-Sifilms, and vapor deposited NPB alone, respectively.
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Figure 7. Responses of OLEDs having structures ITO/spin-cast HTL/NPB
(20 nm)/Alg:1% DIQA (60 nm)/BCP:Li (20 nm)/Al (100 nm), spin-cast
HTL = spin-cast NPB-Sifilm and TPD-S; film. (A) Current density versus
voltage; (B) luminance versus voltage; (C) external forward quantum
efficiency versus voltage.
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Figure 8. Evaluation of hole injection properties of anode SAM function-

alization layers NPB-Siand TPD-Si, comparing-V response for hole-

only devices having the structure ITO/HTL SAM/NPB(400 nm)/Au(6 nm)/
Al (120 nm).

TPD-Sp SAM-based OLEDs as well as to devices having no
HTL (Figure 9, NPB-Si SAM data omitted for clarity; refer to
Figure 4 for comparison between TPDy8nhd NPB-Si SAMS).
Note that the ITO#-butylsiloxane SAM/Alq OLED exhibits
efficiency and luminance greater than those of the TPD-Si
SAM-based devices, with a maximum luminance~aZ6 000
cd/m? and a maximum forward external quantum efficiency
~1.5% at 15 V. Also, the device performance is competitive
with that of NPB-based OLEDs. Interestingly, pronounced alkyl
chain length effects on the EL response are observed. For in-
stance, the maximum light output is 5000 cél{methyl), 26 000
cd/n? (n-butyl), 13 000 cd/rA(n-octyl), and 60 cd/r(n-octa-
decyl), and forward external quantum efficiency is 0.4% (meth-
yl), 1.5% (-butyl), 1.1% (-octyl), and 0.025%r(-octadecyl).
In Table 5, the EL response is compared among devices using
alkylsiloxane SAMs, a TPD-%iISAM, and NPB alone as HTLs.
Saturated Alkyl Siloxane SAMs as ITO Anode-NPB
Interlayers. OLED EL Response.Similar to the experiments
with TPD-Sp and NPB-Si SAMs, alkyl siloxane SAMs were
self-assembled onto ITO anodes, followed by vapor deposition
of 20 nm thick NPB, so that the SAMs function as anede
NPB interlayers in OLEDs having structures ITO anode/SAM/
NPB/Alq doped with DIQA/BCPI/LI/Al. -V —L characteristics
were measured and are shown in Figure 10. As compared to
OLEDs without anode HTL interlayers, orders of magnitude

self-assembled onto ITO surfaces, forming nanometer-thick increased (methyln-butyl, and n-octyl siloxane SAMs) or

SAMs. In contrast and not unexpectedly, smooth and uniform decreased¥octadecyl siloxane SAM) levels of current density,
films could not be fabricated by spin-casting due to inefficient light output, and quantum efficiency at identical bias are
cross-linking: the silanes have only a single trichlorosilyl group observed, indicating dramatic effects on hole injection efficiency
per molecule. These silanes do not have hole transporting triaryl-are effected by depositing the nanometer-thick alkylsiloxane
amine motifs as TPD-giand NPB-Sj, but covalently modify layers on the ITO anode surface. For example, at 10 V, the
the ITO anode via silane condensation in a phenomenologically light output is 7500 cd/m(methyl SAM/NPB), 6500 cd/f(n-
manner similar to TPD-$iand NPB-Si. I-V—L characteristics ~ butyl SAM/NPB), 7100 cd/rh(n-octyl SAM/NPB), <1 cd/n?

of OLEDs having the structure ITO anode/alkylsiloxane (n-octadecyl SAM/NPB), and 110 cd’niNPB-only). Further-
SAM/Alq doped with DIQA/BCP/Li/Al were compared to  more, the forward external quantum efficiency is 1.8% (methyl
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Table 4. OLED EL Response Data for Devices Having the Structure ITO
Li/Ala

Anode/Interlayer/NPB/Alq Doped with DIQA/BCP Doped with

NPB-Si, TPD-Si, NPB-Si, TPD-Si;
SAM SAM (spin-coated) (spin-coated) NPB-only
maximum luminance (cd/& ~50 000 ~45 000 ~46 000 ~64 000 ~14 000
maximum external forward 1.8 2.3 2.4 2.3 1.87
quantum efficiency (%)
turn-on voltage (V) 35 5.0 4.0 6.0 9.0
operating voltage at 300 cd?r(Vv) 55 7.2 7.2 7.0 10.5

aThe interlayer is an NPB-8iISAM, a TPD-Sj SAM, a spin-cast NPB-Sffil
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Figure 9. Responses of OLEDs having structures ITO/HTL SAM/Alq:
1% DIQA (60 nm)/BCP:Li (20 nm)/Al (100 nm); HTI= methylsiloxane

SAM (C1),n-butylsiloxane SAM (C4)n-octylsiloxane SAM (C8)n-octa-
decylsiloxane SAM (C18), TPD-giand NPB. (A) Current density versus
voltage; (B) luminance versus voltage; (C) external forward quantum
efficiency versus voltage. Lines through the data points are drawn as a guide
to the eye.

SAM/NPB), 1.5% (-butyl SAM/NPB), 1.5% (-octyl SAM/
NPB), 0.24% (-octadecyl SAM/NPB), and 0.5% (NPB-only).
Similar to using a TPD-SISAM as the anodeNPB interlayer,

the alkylsiloxane SAMs with short alkyl chains result in
significant OLED performance enhancement as ITO arode
NPB interlayers. In Table 6, EL response is compared among
devices using the alkylsiloxane SAMs and a TPR-SAM as

ITO anode-NPB interlayers.
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m, or a spin-cast TPD-Sifilm.

4. Discussion

Replacing Conventional HTLs with TPD-Sk- and
NPB-Si-Based Materials. Relationships between ITO Anode
HTL Contact and OLED Hole Injection Efficiency and EL
Response (Turn-on Voltage, Luminance)lt has been dem-
onstrated here that TPD-%ind NPB-Sj, with hole transporting
structural motifs similar to those of traditional triarylamine HTLs
such as TPD and NPB, respectively, can be self-assembled or
spin-cast onto the ITO anode surface, utilizing the reactive
trichlorosilyl functionalities to covalently graft the structure to
the surface. OLEDs having TPDsSiand NPB-Si-based
materials as the HTLs exhibit good EL response (Figures 4 and
5, Table 3). As new HTL materials, TPD-%ind NPB-Si fulfill
the generally accepted requirements for efficacious HTLs: (1)
they possess electronic levels energetically comparable to those
of TPD and NPB according to UPS measurements (Scheme 5);
(2) they form smooth, conformal, uniform, and electroactive
films on ITO surfaces; (3) the films are strongly adherent and
thermally stablé/ and (4) the degree of physical contact
achieved between these HTLs and the ITO surface is not avail-
able to conventional HTLs. To date, in all reported polymeric
and in many reported small molecule OLEDs, HTLs such as
TPD, NPB, and poly(3,4-ethylenedioxythiophene)-poly(sty-
renesulfonate) (PEDOT-PSS) (Scheme 1) are deposited directly
onto the ITO anode by either thermal evaporation or spin-
coating, resulting in anodeHTL contact that is largely physical
in character. This interface is prone to large contact resistance,
which is detrimental to OLED EL respon$&&Furthermore,
thermally induced delamination/dewetting is also observed at
ITO anode-TPD or NPB interfaces due to severe surface energy
mismatches3*-71 and in some cases, traditional HTL materials
cause extensive ITO corrosiéh’>Thermally induced interfacial
morphology changes are also observed on copper phthalocyanine
buffer layerss®7# In contrast, TPD-Si and NPB-Si form
covalent bonds to the ITO surface, ensuring strong adhesion
and, via close surface energy matching, intimate ITO anode
HTL physical and electrical contattThe improved light output
and hole injection efficiency, and reduced turn-on voltages
versus conventional ITO/NPB interfaces (Figures 4, 5, and 8),
demonstrate that such contact is crucial to good device
performance and should be considered in designing new HTL
materials. Interestingly, the magnitudes of hole current across

(66) Crone, B. K.; Campbell, I. H.; Davids, P. S.; Smith, D.Appl. Phys.
Lett. 1998 73, 3162-3164.

(67) Huang, Q. L.; Cui, J.; Marks, T. Abstr. Pap. Am. Chem. Sd2002 224,
POLY 032-033.

(68) Shen, Y.; Klein, M. W.; Jacobs, D. B.; Scott, J. C.; Malliaras, GP8ys.

Rev. Lett. 2001, 86, 3867—3869.

69) Cui, J.; Huang, Q.; Veinot, J. C. G.; Yan, H.; Wang, Q.; Hutchison, G. R;

Richter, A. G.; Evmenenko, G.; Dutta, P.; Marks, T.Langmuir2002

18, 9958-9970.

(70) Cui, J.; Huang, Q.; Veinot, J. G. C.; Yan, H.; Marks Atlv. Mater.2002
14, 565-567.
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Table 5. Comparative OLED EL Response Data for Devices Having the Structure ITO Anode/HTL/Alq Doped with DIQA/BCP Doped with

Li/Al2
methylsiloxane n-butylsiloxane n-octylsiloxane n-octadecylsiloxane TPD-Si,
HTL SAM SAM SAM SAM SAM NPB-only
maximum luminance (cd/& ~5000 ~26 000 ~13 000 ~60 ~17 000 ~14 000
maximum external forward 0.4 15 11 0.025 0.75 1.87
quantum efficiency (%)
turn-on voltage (V) 7.5 7.5 6 12 55 9
operating voltage at 300 cdfr(Vv) 125 9.5 9.5 8.5 10.5

aHTL = a methylsiloxane SAM, an-butylsiloxane SAM, am-octylsiloxane SAM, am-octadecylsiloxane SAM, a TPD-S5AM, and vapor-deposited

NPB alone.
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Figure 10. Responses of OLEDs having the structures ITO/HTL SAM/
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Efficiency. Note that replacing a conventional HTL (NPB) with
very thin siloxane SAMs results in devices with significantly
diminished external forward quantum efficiency. This is at-
tributed to a possible efficiency loss mechanism: as compared
to ~20 nm thick NPB HTL, TPD-Siand NPB-Si SAMs are
likely to have reduced electron-blocking properties due to their
nanometer scale thickness. It has been recently argued that a
minimum of ~20 nm NPB is required to effectively block
electrons from unproductively leaking to the ITO andele.
Possibly the~1.5 nm thick TPD-Si and NPB-Si SAMs are

not sufficiently thick to prevent all electrons from escaping the
emissive HTL/EML (Alq) interfacial zone. This hypothesis is
supported by the device efficiency recovery in the case4

nm thick spin-coated TPD-gias the HTL, due to increased
HTL thickness and, within this explanation, more efficient
electron-blocking properties that outweigh thickness effects.
Also, the dramatic efficiency increase in OLEDs having the
SAMs as ITO anodeHTL interlayers versus as the only HTLs
(Figure 6 vs Figure 4) can be explained on the basis of the
superior electron-blocking properties of the combined NPB
SAM layer. Here, the enhanced ITO-NPB physical/electrical
contact provided by the SAM is combined with the far more
favorable electron-blocking characteristics. However, the above
explanation does not completely explain the modest external

Current density versus voltage; (B) luminance versus voltage; (C) external forward quantum efficiency gain whenl.5 nm NPB-Si SAM

forward quantum efficiency versus voltage.

the ITO anode- TPD-Sp or NPB-Sp SAM interfaces are very

similar, indicating that the contact rather than the details of hole
transporting motif must play a significant role. However, the

ITO/siloxane SAM OLEDs have somewhat lower forward

external quantum efficiencies than conventional ITO/NPB

devices (Figure 4 and Table 3), which is explained below.
Replacing Conventional HTLs with TPD-Si- and NPB-
Si;-Based Materials. Effects on External Forward Quantum

is replaced with a~40 nm spin-coated NPB-Sfilm (Figures
4, 5 and Table 3). We speculate there are other factors
influencing the efficiency here. One reasonable explanation is

CUI J.; Wang, Q.; Marks, T. Rolym. Mater. Sci. Eng200Q 83, 239~

71)

(72) de Jong M. P.; de Voigt, M. J. Appl. Phys. Lett200Q 77, 2255-2257.

(73) Ni, J.; Wang, A Yang, Y.; Stern, C. L.; Metz, A. W.; Jin, S.; Wang, L.;
Marks T.J.; Kannewurf C Rl Am Chem SOQOOS 127 561}5624

(74) Xu, M. S.; Xu, J. BJ. Phys. D: Appl. Phys2004 37, 1603-1608.

(75) Zhang S. T, Wang Z.J.; Zhao, J. M.; Zhan, Y. Q.; Wu, Y.; Zhou, Y. C.;
Ding, X. M,; Hou X. Y. Appl Phys. Lett2004 84, 2916-2918.
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Table 6. Comparative OLED EL Response Data for Devices Having the Structure ITO Anode/Interlayer/NPB/Alq Doped with DIQA/BCP
Doped with Li/Al2

methylsiloxane n-butylsiloxane n-octylsiloxane n-octadecylsiloxane TPD-Si,
interlayer SAM SAM SAM SAM SAM NPB-only
maximum luminance (cd/& ~30 000 ~25 000 ~28 000 ~3500 ~45 000 ~14 000
maximum external forward 1.8 15 15 0.5 23 1.87
quantum efficiency (%)
turn-on voltage (V) 4.2 4.0 4.5 11 5.0 9
operating voltage at 300 cdfr(Vv) 6.2 6.7 7.0 16.8 7.2 10.5

aThe interlayer is a methylsiloxane SAM, arbutylsiloxane SAM, am-octylsiloxane SAM, am-octadecylsiloxane SAM, and a TPD,SSAM.

concerned with the mechanism of siloxane film formation on 100

hydroxylated surface®;’¢in which incomplete thermal cross- 20 T NPB-Si,

linking may result in residual, uncondensed silanol functional- s TUTTRD-SI,

ities.”” Such Si-OH groups are known to induce the chemical E 80

degradation of Al§7® and are likely to react with mobile 2 70

electrons and holes. Furthermore, it has been reported that §

radical ions generated under high electric fields in operating E &0

OLEDs can quench fluorescent dye dopant emission via direct 50

resonant energy transfer from excited states to quenching 00 bl
centers? It is conceivable that SiOH functionalities act as 4000 3500 3000 2500 2000 1500
quencher§! The energy transfer rate is related to the excited Wave number (cm )

state-quenching center distance by eq 3, winésethe energy Figglfe ll(j FTIIR SDecgra of 40 ncrjn TI;D-éstmd NP(IjE’,_-_Sj filr(T)s spirln-cast A

; : H ana cured on glass su strates under the same conditions (bare glass su strate
transfer_ rated is the separation between excited _states _and absorption baseline subtracted).
quenching centers, axddepends on the nature of the interaction

between excited states and quenching cerffers. state quenching. In this case, the effects of increased electron-
L blocking with greater TPD-ifilm thickness are dominant,
rdd ©) affording enhanced external forward quantum efficiency via

replacing a TPD-SiISAM HTL with a spin-coated one (Table
3). In this scenario, the excitons must be spatially removed from
the silanol functionalities to minimize reaction and quenching,
which can be realized by using the siloxanes as ITO arode
NPB interlayers, as discussed below.

Self-Assembled and Spin-Coated TPD-giand NPB-Sp

When siloxanes are used as HTLs, the EML (Alq) is
deposited directly on top of siloxane films, forming a HTL/
EML interface where hydroxyl groups may be present. Because
the Alg electron mobility is orders of magnitude greater than
the hole mobility, holes and electrons should primarily recom-
g'gren:t g; rlﬁzrngr;them;eJLa:fﬁ;zr/r(;‘gé%r?]rggssé\ée Eicﬁihdféxyll\/!atenals as ITO Anode—NE’B_I_nterIayers. As shown in

Figures 6, 7 and Table 4, significantly greater EL response,

groups in this region, via the aforementioned mechanisms. The. . = . .
observation that thicker spin-coated NPB-SITL does not including forward external quantum efficiency, is achieved by

o . - using the TPD-Sior NPB-Sp materials as the anod&PB
significantly improve external forward quantum efficiency interlavers versus anplving them as the onlv HTL. This supports
(Table 3) may be attributable to the presence of uncondensed Y PpyIng y ' PP

. . L ; ” - the above discussion because (1)20 nm thick NPB layer
hydroxyl functionalities functioning as impurities/quenching deposited on the interlavers enhances the electron-blockin
centers’®83 The quenching effect appears to work against the P Y 9

increased electron-blocking properties of the thicker NPB-Si properties; (2) the NPB/Alq interface replaces the TPB/Sq

. - e or NPB-Sp/Alq interface when the siloxanes are used as the
films and results in the overall similar external forward quantum ITO anode-NPB interlaver. and thus the exciton recombination
efficiencies for SAM and spin-coated NPB,SHTL-based yer,

OLEDs. TPD-Si may undergo more complete cross-linking as region Is at or very near the NPB/Alq interface, tens' (.)f
- . . - nanometers away from the siloxane structure. Any reactivity
indicated by the more distorted cyclic voltammetric curve shape - . . ) .

S - . or exciton quenching by silanol functionalities should be greatly
than that of NPB-Si(Figure 3) and the weaker intensity of the reduced according to eq 3
silanol OH vibration transitions at 315@700 cnt! in FTIR g N

. . . In addition, the substantial OLED EL response enhancement
spectra (Figure 11), suggesting more complete siloxane forma- . ' . ) .
tion and correspondinaly diminished reactivity and emissive obtained by inserting the various siloxane structures between
P gy y the ITO anode and the NPB HTL, as compared to ITO/NPB,
(76) Silberzan, P.; Leger, L.; Ausserre, D.; Benattar, Lahgmuir1991, 7, can be plausibly explained on the basis of the current under-
1647-1651. standing of ITO anodeHTL interfacial function. To date, a

77) Zhao, X.; Kopelman, R]. Phys. Chem1996 100, 11014-11018. . .
2783 Liao, L. S.; H%, J.; Zhou, X.;yLu, M.; Xiong, z.%.; Deng, Z. B.; Hou, x.  variety of explanations for the effects of ITO aneddTL

Y.; Lee, S. T.J. Appl. Phys200Q 88, 2386-2390. i i ing i iniae-
(79) XU M S XU 3 B Chen. H. . Wang, N1. Phys. D: Appl. Phy2004 mterla.yers. have been prqposed, |n¢|udmg |ncrease.d hple injec
37, 2618-2622. tion via dipole moment-induced additional electric fiefds,
(80) Young, R. H.; Tang, C. W.; Marchett, A. Bppl. Phys. Lett2002 80, reduced injected charge backscattefhdecreased anode work
(81) Schaer, M.; Nesche, F.; Berner, D.; Leo, W.; Zuppiroli,Adv. Funct. function-HTL HOMO energetic barrief,increased recombina-

Mater. 2001, 11, 116-120.

(82) Kondakov, D. Y.; Sandifer, J. R.; Tang, C. W.; Young, R.H.Appl.
Phys.2003 93, 1108-1119.

(83) Aziz, H.; Popovic, Z.; Tripp, C. P.; Hu, N.; Hor, A.; Xu, @ppl. Phys. (84) Lee, S. T.; Wang, Y. M.; Hou, X. Y.; Tang, C. ppl. Phys. Lett1998
Lett. 1998 72, 2642-2644. 74, 670-672.

tion efficiency via balancing electron and hole injectf@fand/
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or confining electrons to the emissive layéiSurface energy-
promoted wetting/cohesion at the IF@rganic layer interface

is also known to be a significant factbf®7%.74According to
these arguments, we propose that the TPPa8id NPB-Si
materials, when employed as ITO aned¢PB interlayers,
increase hole injection principally by: (1) reducing the hole
injection barrier from the ITO anode to NPB (HOM® 5.5
eV) by providing an energy-mediating step (Table 2); (2)
enhancing ITO anodeNPB interfacial cohesion via eliminating
the surface energy mismatéh;and (3) contributing to the
aforementioned electron confinement effects in conjunction with
NPB. Any interfacial dipole effects would appear to be relatively
small as indicated by the small UPS-determine6.1 eV
vacuum level shift (Table 2), and cannot be fully responsible

Current (A)

Potential vs. Ag (V)

Figure 12. Comparative cyclic voltammetry characteristics of self-
assembled alkylsiloxane-coated ITO electrodes in ferrocene solution. The
SAMs are methylsiloxane SAM (Cl)-butylsiloxane SAM (C4),n-

for the dramatic EL response enhancement evident in Figuresoctylsiloxane SAM (CS), and—octadecylsiloxane SAM (C18) SAM-coated

6, 7 and in Table 4. The effect of TPD-Sand NPB-Si
interlayers on balancing electron and hole injection will be
discussed below. Overall, these factors contribute to improved
hole injection and device performance.

Alkylsiloxane SAMs as HTLs in OLEDs. In a conventional
picture, OLED response should be eroded in the absence of
triarylamine functionality interposed between the anode and the
EML/ETL. Interestingly, however, we find that replacing NPB
with n-butylsiloxane SAMs (Scheme 2) results in appreciable
increase in EL response (maximum light outpat26 000
cd/m? (n-butyl) vs 16 000 cd/rh(NPB-only); forward external
guantum efficiency 1.5%nfbutyl) vs 1.9% (NPB-only), Figure
9). In contrast, replacing NPB with methylsiloxanereocta-
decylsiloxane leads to significantly diminished EL response
(Figure 9, Table 5). The poor EL response of OLEDs having
the n-octadecylsiloxane SAM can be readily explained from

established relationships between distance-dependent charg

carrier tunneling efficiency and alkylsiloxane SAM chain
length®-88 Here, tunneling is believed to be the primary charge
transport mechanism through alkylsiloxane SAMs and follows
eq 48889

i =i exp(—pd) 4)
whered is the thickness of barrier through which the electron
tunneling takes place, anftlis the tunneling coefficient (0.64
1.1671 for alkanethiol monolayers on gdf). The thickness of
the methylsiloxanen-butylsilxoane n-octyl-, andn-octadecyl-
siloxane SAMs is reported to be 2.8, 6.2, 8.0, and 23t A,
respectively. In the case of the SAMs with short alkyl chains,
it is reasonable that significant hole injection from the ITO anode
into the EML can occur via tunneling through the very thin
SAMs, while in the case of the-octadecylsiloxane SAM, the
tunneling becomes inefficient and the insulating properties
dominate?®-9293 This can explain the dramatically decreased
current density, light output, and forward external quantum
efficiency seen in Figure 9, due to the significant energy barrier

(85) Forsythe, E. W.; Abkowitz, M. A.; Gao, Yd. Phys. Chem. B00Q 104,
3948-3952.

(86) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A. MAm.
Chem. Soc199Q 112 4301-4306.

(87) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton,
M. D,; Liu, Y. P. J. Phys. Cheml1995 99, 1314}-13149.

(88) Chidsey, C. ESciencel99], 251, 919-922.

(89) Parker, I. DJ. Appl. Phys1994 75, 1656-1666.

(90) Zhao, J.; Uosaki, KJ. Phys. Chem. B004 108 17129-17135 and
references therein.

(91) Jin, Z. H.; Vezenov, D. V.; Lee, Y. W.; Zull, J. E.; Sukenik, C. N.; Savinell,
R. F.Langmuir1994 10, 2662-2671.

ITO, silver wire, and Pt wire were used as the working electrode, reference
electrode, and counter electrode, respectively. All experiments were carried
out in 0.1 M acetonitrile solution of tetrabutylammonium hexafluorophos-
phate as the electrolyte and 0.001 M ferrocene as the internal pinhole probe
at scan rate 0.1 V/s.

for effective hole tunneling from the ITO anode through the

zj’h-octadecylsiloxane SAM into the Alg emissive layer.

Further discussion is appropriate to explain the lower forward
external quantum efficiencies of OLEDs using the very thin
methylsiloxane SAM as the HTL versusbutyl- andn-octyl-
siloxane SAMs (Figure 9), even though all of the SAMs should
support efficient charge carrier tunneling according to the above
arguments. We suggest that methylsiloxane SAM has poorer
electron-blocking properties thambutyl- andn-octylsiloxane
SAMs due to, among other factors, greater defect densities. It
is reported that SAM defects are correlated with the alkyl chain
length, with longer chains leading to SAMs with less defétts.

fh ITO/SAM/Alg OLEDs, the SAM defects may provide

pathways for electrons to escape the SAM/Alq interfacial region,
and reduce the SAM electron-blocking function, which is a
critical requirement for high-performance HTIXGreater defect
densities for the methylsiloxane SAM than for thédutyl- or
n-octylsiloxane SAM would result in less efficient electron-
blocking and hole-electron recombination, consequently lower-
ing device efficiency.

To probe the presence of SAM defects, cyclic voltammetry
experiments using ferrocene as a redox probe were carried out
using the above SAM-coated ITO substrates as working
electrodes (Figure 12). The results of these experiments are
consistent with the above hypothesis. In the case of the
methylsiloxane SAM, ferrocene redox peaks are observed, which
are largely unchanged from those observed with bare ITO,
suggesting significant defect densities are present in the SAM
layer, which provide uninhibited ferrocene oxidation at the ITO
electrode surface. In the casesmbutyl andn-octyl siloxane
SAMs, the apparent defect densities vary significantly with film
deposition conditions. Presumably, trace amounts of water have
large effects on SAM quality® SAMs with lower pinhole
densities, indicated by the shifted ferrocene oxidation peak
potential, lead to higher OLED efficiency seen in Figure 9.
Finally, then-octadecylsiloxane SAM extensively passivates the
ITO surface, as judged both by the large separation between

(92) Wang, B.; Luo, J.; Wang, X.; Wang, H.; Hou, J. Gangmuir2004 20,
5007-5012.

(93) Lercel, M. J.; Whelan, C. s.; Craighead, H. G.; Seshadri, K.; Allara, D. L.
J. Vac. Sci. Technol., B996 14, 4085-4090.

(94) Ohtake, T.; Mino, N.; Kazufumi, Q.angmuir1992 8, 2081-2083.
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ferrocene anodic and cathodic peaks and by the overall A 10’ N —
magnitude of current flowing at any potentfalNote that the *
agueous advancing contact angles for the above SAMs on ITO e 10°} 4
glass substrates are all similar (236°), making the correlation i %
between SAM defects and contact angle indexed surface 2 10" by 1
energies inconclusivé. g , ® canl

The SAM alkyl chain length effects on OLED response are 2 10 A T L e
also consistent with image force effects. It is generally accepted g O:V 3 moorbesn LAl
that an image force model can be applied to charge injection 3 104 ' = :g::f-sriwm’
from electrodes into organic soli@%Here, injected charges 4&0%3’ v NPB LilAl
induce counter charges on the electrode surface, which in turn Ll R T T T T T
exert a force on charges being injected away from the electrodes. Voltage (V)
This so-called image force effect has both negative and positive s
characteristics with respect to charge injection. At close prox- B. 10 AR
imities to the electrode<1 nm), the charge backscattering — 10'] %ﬁ
region, charges experience strong Columbic forces attracting .5. 2%
them back to the electrode, thereby retarding injection. However, <40 i *“;,.r
if the charges escape this region, they experience a lower barrier 4
and injection is facilitated. The thickness of the presehtityl- § 102} ) vj e POt
andn-octylsiloxane SAMs are in the dimensional length scale £ Ay A TPD-Si, Al

. . . [=] ] v A TPD-Si, Li/AI
of typical charge backscattering regionsl(nm)? We suggest J10'| Ty B SC-TPD-Si,Al |
that holes can therefore be injected with a low barrier substan- ay v heaan
tially through or beyond the backscattering region of the image 10° ot '1-0 s Z'oNP;':IAI:».'o o
force field. In this way, hole injection is enhanced as compared Voltage (V)
to that of bare ITO. Thus, thebutylsiloxane andh-octyl SAMs
reduce the negative effect of the image force in terms of hole C. g3 ey aval
injection. In the case of the thinner2.8 A) methylsiloxane 2,5k Q caua 1
SAM deposited on the ITO surface, the negative side of the 8" A TPDSIs LUA
. . 2 W SC-TPD-Si; Al
image force effect should dominate and should retard hole E 2t o O scTPosi LAl
injection. The total current observed in the\f characteristics £ MM
of Figure 9 is the sum of the injection current and of the leakage 2 b E\VO,QO
current near either the hole or the electron injection confdcts. § 1f Dﬂ%)o o ]
Based on the above discussion of SAM defects and image force 5 &8 v@
effects,n-butyl- andn-octylsiloxane SAMs would have larger 5 05¢f ARV ]
injection currents and smaller leakage currents versus those of a 0 Fﬂl;m_‘_‘—_
t 10 15 20 25 30 35

methylsiloxane SAM, and larger total currents, which explains

relative the +V, L—V, and quantum efficiency characteristics Voltage (V)
in Figure 9 Figure 13. Comparison of responses of OLEDs having the structures ITO/
- . . HTL/Alg: 1% DIQA (60 nm)/Al to ITO/(HTL)/Alg: 1% DIQA (60 nm)/
_Comparison of Alkylsiloxane SAMs to TPD-Spand NPB- gcp.Lj (20 nm)/Al, HTL = n-butylsiloxane SAM (C4), TPD-SiSAM
Sip SAMs as HTLs. Evidence of Significant ITO Anode- (TPD-Sb), spin-cast TPD-S$i(SC-TPD-Sj), and NPB alone. (A) Current

HTL Contact Effects on OLED EL Response.The simple density versus voltage; (B) luminance versus voltage; (C) external forward
treatment of the ITO surface with a saturated hydrocarbon 9uantum efficiency versus voltage.
n-butyl siloxane monolayer results in a dramatic OLED EL

response enhancement (ITO/SAM/Alq vs ITO/AIq OLEDs), and loxane and TPD-$j excepting the trichlorosilyl tethers, which
device performance roughly comparable to NPB-only HTL- covalently graft them to the ITO anode. By carefully controllin
based OLEDs (ITO/SAM/Alq vs ITO/NPB/AIq OLEDSs). These y grait Anocde. by caretully 9

. the chemisorption process, a simple alkylsiloxane monolayer
results demonstrate that conventional hole transport layers may

be deleted from small molecule OLED structures without major of apprppnate thlckness_ and d?feCt density can replace a
. . . conventional HTL constituent with a much more complex
degradative effects on quantum efficiency and luminance, . . L .
: L structure. This provides motivation to shift research focus from
conveying fundamental implications for OLED and HTL

design® The favorable performance data for OLEDs fabricated developing hole-transporting materials with new hole transport
- . - . . o motifs, to modifying currently available molecules to form
with the alkylsiloxane or triarylamine siloxane-modified ITO .
. RS - stable, robust contacts with ITO anodes.
anodes and efficient electron injection systems indicate that ITO ) )
anode-HTL chemical/physical/electrical contact is a significant _ Alkvlsiloxane SAMs as ITO Anode-NPB Interlayers in

factor contributing to effective HTL function, considering the OLEDs. As noFed above, introducing alkyls_,iloxane SAMs with
short alkyl chain lengths as ITO ancddPB interlayers results

(95) Finklea, H. O. IrElectroanalytical ChemistryBard, A. J., Rubenstein, I, in dramatic device performance enhancements versus applying
Eds.; Marcel Dekker: New York, 1996; Vol. 19, pp 17794. i i i

(96) Tutis, E.; Bussac, M. N.; Zuppiroli, LAppl. Phys. Lett1999 75, 3880~ them a_s the. or_1|y HTL (Figure 10), .WhICh can b.e explained by
3882 a function similar to that of TPD-%iand NPB-Si as anode

very different molecular and electronic structuresydjutylsi-

©7) %‘rggggfggggv' D. V.. Bssler, H.. Arkhipov, V. I. Appl. Phys1996 NPB interlayers because (1) direct ITO surfa@ML contact
(98) Chan, I. M.; Hong, F. CThin Solid Films2004 450, 304-311 in ITO/SAM/Alg OLEDs via SAM defects is avoided by the
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Figure 14. Comparison of responses of OLEDs having structures ITO/(siloxane)/NPB (20 nm)/Alg: 1% DIQA (60 nm)/Al to ITO/(siloxane)/NPB (20
nm)/Alg: 1% DIQA (60 nm)//BCP:Li (20 nm)/Al, siloxane n-butylsiloxane SAM (C4), TPD-3iSAM (TPD-Sb), spin-cast TPD-Si(SC-TPD-Sj). (A)
Current density versus voltage; (B) luminance versus voltage; (C) external forward quantum efficiency versus voltage; (D) external forwardfticiantty
versus voltage for OLEDs having structures ITO/(siloxane)/NPB/Alg: 1% DIQA/AI.

20 nm thick NPB layer, and electrons should be largely confined 9 1 T T T T

to the NPB/Alqg interface, increasing the probability of hole- E o

electron recombination, hence EL response; and (2) exciton £ 08t v :;83/':\'73 Al 1

guenching and/or Alq degradation associated with any remaining _Z:

silanol functionalities is also avoided by depositing NPB on w0.6] ]

top of the SAMs. The present device performance improvement g

versus ITO/NPB devices is therefore primarily attributable to 'g' 0.4l ]

improved ITO anodeNPB contact via surface energy match- a o

ing.’® In contrast, employing the thicker-octadecylsiloxane T 02 D,wawvw ]

SAM as an ITO anodeNPB interlayer blocks hole injection, § ) "Eﬂ: ‘V‘w

thereby reducing hole-electron recombination efficiency and b

diminishing device performance. u 00 5 10 15 ~—25
Balancing Electron and Hole Injection in OLEDs Having Voltage (V)

Siloxanes a$ HTLs o_r ITO Anode-NPB Interl?yers' In th(? Figure 15. External forward quantum efficiency versus voltage for
OLEDs fabricated with self-assembled or spin-coated triaryl- oLEDs having structures IT@/octadecylsiloxane SAM/NPB/Alg: 1%
aminosiloxanes or alkylsiloxanes as HTLs, the effects of elec- DIQA/AI

tron injection/transport and hole-electron recombination on ) ) L o
device performance are very significant (Figure 13). Replacing rélationship between hole injection and quantum 187?805"330%
Alg/Li-doped BCP/Al with simple Alg/Al results in a larger  Particularly in an electron injection-limited scenaffe>! 0
electron injection barrier and lower electron density in the charge SUPPression of hole injection is known to ameliorate the
carrier recombination region, which diminishes device efficiency imPalance of major (hole) and minor (electron) charge carrier
and light output. A similar trend is observed when siloxanes densities Zr;esf‘r the HTL/EML interface, improving quantum
are applied as ITO anode\PB interlayers (Figure 14). Also, ~ efficiency="* However, a number of research groups have
note that inserting siloxane interlayers enhances external forwargeXPerimentally observed and theoretically predicted regimes
quantum efficiency in the electron-limited AlQ/Al OLEDS qq) 710, x . preiffer, M.; Blochwitz, J.: Werner, A.; Nollau, A Fritz, T;
(Figures 14d and 15), requiring further examination of the Leo, K. Appl. Phys. Lett2001, 78, 410-412.
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having increased quantum efficiencies with enhanced hole robust covalent bonding. This unique contact effect distinguishes
injection in electron-limited device§:1°0-193 The former regime  the present HTL materials from traditional ones and results in
is observed whem-octadecylsiloxane SAM is inserted as dramatic OLED device performance enhancement. It is also
ITO anode-NPB interlayer, and the latter is observed when demonstrated here that alkylsiloxane SAMs can function as
TPD-Si andn-butylsiloxane are used as the interlayers, arguing HTLs, even though they lack classical hole transport motifs,
that holes are injected and accumulated at the HTL/EML inter- provided that suitable alkyl chain lengths are chosen. This further
face (aided by the hole/exciton-blocking characteristics of BCP), evidences the important role of ITO aneddTL contact in HTL
thus altering the internal electrical field, enhancing the electric design. The new HTL materials developed here can also be
field drop across the ETL, and thereby enhancing electron applied as ITO anodeNPB interlayers, further enhancing
injection100 device performance and representing an effective approach to
fabricating OLEDs with high brightness (maximu64 000
cd/m?), low operating voltage~7 V at 300 cd/m), and large
current efficiencies~+8 cd/A).

5. Conclusions

ITO anode-HTL contact plays a significant role in OLED
EL response. A new strategy in HTL materials development is
presented here, focusing on chemical/physical/electrical contactth
rather than on HTL molecular architecture. In this contribution,
traditional HTL molecules such as TPD and NPB are modified
with trichlorosilyl groups and can be self-assembled or spin-
coated onto the ITO surface, enhancing HBTL contact via
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