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Abstract: A new method is described for surface modification of ITO with an electroactive organic monolayer.
This procedure was done to enhance hole injection in an electronic device and involves sequential formation
of a monolayer of a -conjugated organic semiconductor on the indium tin oxide (ITO) surface followed by
doping with a strong electron acceptor. The semiconductor monolayer is covalently bound to the ITO,
which ensures strong adhesion and interface stability; reduction of the hole injection barrier in these devices
is accomplished by formation of a charge-transfer complex by doping within the monolayer. This gives rise
to very high current densities in simple single layer devices and double layer light emitting devices compared
to those with untreated ITO anodes.

Introduction One way to change the efficiency of hole injection from ITO
. o . o into an organic hole transport layer (HTL) is by surface dipole

As is widely known, significant barriers to charge injection i aninyiationt? If the negative end of this dipole were oriented
may exist at interfaces between dissimilar materials such aSaway from the ITO surface, then the work function of IT@r6)
between inorganics and organics. Such junctions are found atyoid be increased, and the hole injection barrigh) would
the anode (for example, indium tin oxide, ITO) and cathode of pe reduced compared to bare IT@)!* Conversely, if the
organic light emitting diodes (OLEDs), or at electrodes in other negative end of the dipole were oriented toward the ITO surface,
novel (opto-)electronic devices comprising conjugated organic ¢, would decrease, and*, would increase. This surface
materials! It is therefore of interest to develop methods to dipole introduction can be accomplished by depositing discrete,
suitably modify interactions at the interfaces of such dissimilar small molecular species onto the ITO surfatindeed, the hole
materials so that desired electronic properties of devices injection efficiency in simple diode devices has been shown to
incorporating them can be realized. One way to accomplish this decrease or increase by ITO surface adsorption of phosphonic
is by attaching a functional organic onto the electrode surface: acids substituted with electron donating or withdrawing groups,
It is proposed that charge transport across interfaces can beespectively.1216
enhanced in this way, so it is not surprising that considerable A second means to increase current density through an OLED
research has been repofted on methods for bonding organics is to bond films of silane-derivatized HTL molecules onto the
onto an anode surface such as ITO. ITO surface. It was fourld that by using such silanized films
the light output of the OLEDs increased proportionally with
the thickness of the film, but device current density was
enhanced by less than an order of magnitude versus unmodified
ITO.

Yet another way to modify charge injection properties at the
anode-HTL interface is to synthesize doped layers. For example,

Tnstitut fir Physik, Humboldt-Universitazu Berlin, D-12489 Berlin,
Germany.

(1) Conjugated Polymer and Molecular Interfaces: Science and Technology
for Photonic and Optoelectronic ApplicationSalaneck, W. R., Seki, K.,
Kahn, A., Pireaux, J.-J., Eds.; Marcel Dekker: New York, 2001.

(2) Campbell, I. H.; Kress, J. D.; Martin, R. L.; Smith, D. L.; Barashkov, N.
N.; Ferraris, J. PAppl. Phys.Lett. 1997, 71, 3528.

(3) Zuppiroli, L.; Si-Ahmed, L.; Kamaras, K.; Nisch, F.; Bussac, M. N.; Ades,
D.; Siove, A.Eur. Phys. J. B1999 11, 505.
(4) Appleyard, S. F. J.; Willis, M. ROpt. Mater.1998 9, 120.
(5) Yan, H.; Huang, Q.; Cui, J.; Veinot, G. C.; Kern, M. M.; Marks, TAdl.
Mater. 2003 15, 835.
(6) Morgado, J.; Charas, A.; Barbagallo, Nppl. Phys. Lett2002 81, 933.
(7) Appleyard, S. F. J.; Day, S. R.; Pickford, R. D.; Willis, M. R. Mater.
Chem.200Q 10, 169.
(8) Cui, J.; Huang, Q. L.; Veinot, J. G. C.; Yan, H.; Marks, TAdlv. Mater.
2002 14, 565.
(9) Hatton, R. A.; Willis, M. R.; Chesters, M. A.; Rutten, F. J. M.; Briggs, D.
J. Mater. Chem2003 13, 38.
(10) Ho, P. K. H.; Granstmo, M.; Friend, R. H.; Greenham, N. @dv. Mater.
1998 10, 769.
(11) Nuesch, F.; Rotzinger, F.; Si-Ahmed, L.; Zuppiroli, Chem. Phys. Lett.
1998 288 861.
(12) Guo, J.; Koch, N.; Schwartz, J.; Bernasek, SJLPhys. Chem. B005
109, 3966.

10058 = J. AM. CHEM. SOC. 2005, 127, 10058—10062

introducing a small amount of the strong electron acceptor
tetrafluorotetracyanoquinodimethane-FCNQ) at the anode/
HTL interfacé®19resulted in an increase in the hole injection

(13) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, KAdv. Mater. 1999 11, 605.

(14) Christmann, K.ntroduction to Surface Physical Chemistrpringer-

Verlag: New York, 1991.

(15) Bruner, E. L.; Koch, N.; Span, A. R.; Bernasek, S. L.; Kahn, A.; Schwartz,

J.J. Am. Chem. SoQ002 124, 3192.

(16)
)
)
)

Shanzer, AJ. Am. Chem. S0d.994 116, 2972.

Cui, J.; Huang, Q. L.; Wang, Q. W.; Marks, T.llangmuir 2001, 17,
2051.

Gao, W.; Kahn, AJ. Appl. Phys2003 94, 359.

Zhou, X.; Pfeiffer, M.; Blochwitz, J.; Werner, A.; Nollau, A.; Fritz, T.;
Leo, K. Appl. Phys. Lett2001, 78, 410.

Bruening, M.; Moons, E.; Yaron-Marcovich, D.; Cahen, D.; Libman, J.;
a7

(18
(19

10.1021/ja050481s CCC: $30.25 © 2005 American Chemical Society



Advanced Surface Moadification of Indium Tin Oxide ARTICLES

density in simple devices by several orders of magnitude versusextensive rinsing with ethanol and then distilled/deionized water.
the untreated anode (Atior ITO9). In the case of Ad® this Samples were then dried in a stream of dry Nis important to note
effect was attributed to a narrowing of the depletion region via that extensive loss of surface phosphonate material occurs if coupons

doping of the HTL, thereby reducing the barrier for charge @@ Pase-rinsed prior to heating.
carrier injection. Quartz Crystal Microgravimetry Measurements. ITO-electrode

We now report a new aporoach to reducing the barrier to equipped quartz crystals (10.000 MHz, AT-cut, 1000A ITO on 500A
P PP 9 Al) were obtained from International Crystal Manufacturing and were

hole !nject|on at the ITO/HTL junction that can. be realized by used as received. Quartz crystal microgravimetric (QCM) measurements
bonding a monolayer (ML) of an organic semiconductor onto \yere made using an ICM 35360 crystal oscillator powered by a Hewlett-
the ITO Surface as an Intel’medlal’y ITO/ML/HTL Intel’face Packard 6234A dual output power Supp|y The Crysta| frequency was
Indeed, we show that this ML, when p-type doped, in fact gives measured using a Hewlett-Packard 53131A universal counter. In each
rise to very high current densities in simple hole-only or OLED experimental run, the fundamental frequengy ¢f an untreated QCM
devices. Our approach combines complementary aspects ofcrystal was measured. Then a ¥ solution of 4TP in THF was
surface modification chemistry and leads to excellent interfacial used to deposit SAMs of 4TP on both sides of the crystal by T-BAG;
properties. The key steps in our process are as follows: (1) formthe crystals were then baked at 130 under N for 90 min. Rinsing

a self-assembled monolayer (SAM) of a phosphonic acid on W|th THF, methanol and triethylamine (Acros) was done successively
the ITO surface; (2) convert the SAM to a covalently bonded um'! the CrySt‘f"l f(equency was unchanged. Repeated cycles of T-BAG,
ML on the ITO to ensure strong adhesion and interface stability; baking and rinsing were performed to ensure full coverage of the

. L - . densely packed monolayer on the ITO electrode. Measuring identical
(3) use a SAM of extended-conjugated moieties (vs aliphatic,  fequency readings for two successive cycles was deemed to represent

insu_lating one’10.20that yield increa;edbarriers for charge  that point when the entire surface was fully covered. The frequency
carrier transport across the ITO/HTL interface); and (4) reduce change front,, Af = 183+ 1 Hz, was used to calculate the surface

the hole injection barrier by formation of charge transfer loading?

complexes within the ML (corresponding to p-type doping). Our  X-ray Photoelectron Spectra.XPS data were collected using a
surface modification technique is not limited to use with ITO, Phoibos 150 hemispherical energy analyzer (SPECS) and a monochro-
and thus should be applicable for surface modification of matized Al (1486.6 eV) source. A pass energy of 30 eV was used for
virtually any oxide surface (including transparent, conductive Wide range (survey) scans, while a 10 eV pass energy was used for

oxides). high-resolution measurements. For quantitative estimations of surface
compositions standard atomic photoionization cross-section values from
Experimental Section the SPECS database were used. All measurements were carried out at

normal and grazing takeoff angles. The sampling depth at normal
General. ITO-coated glass (Colorado Concepts) samples were cut takeoff angle is considered to be 680 A, while grazing angle
into 20 mmx 20 mm coupons. A 1& 20 mm strip of ITO was defined measurements (7%rom the surface normal) are more surface sensitive
by covering the appropriate area with electrical tape and etching the (sampling depth of about 20 A).
surrounding ITO in 37% HCI; the tape was then removed. These Preparation and Testing of Single Layer and Double Layer
samples were cleaned by hand polishing in a silica (grade 60; 230 | Ep Devices. Depositions ofN,N'-bis-(1-naphthyl)N,N'-diphenyl-
400, Aldrich)/distilled water slurry for 30 s, rinsing i M NaOH (to 1,1-biphenyl-4,4diamine (99.9%:; Aldrichi-NPD), tris(8-hydroxy-
remove remaining Si€) and distilled water. These polished samples quinoline)aluminum (99.995%, Aldrich; Al and Al layers were
were sonicated in detergent (2% Tergitol [Aldrich]/distilled water) for  performed using an Edwards 306A thermal evaporation system at a
20 min, rinsed with copious amounts of distilled water followed by pase pressure of10°6 mbar.a-NPD was used as received and was
sonication (10 min) and removal from boiling acetone. These samples deposited at a rate of-23 A/sec to a thickness of 1500 A. Aluminum
were then further rinsed by boiling first in electronic grade isopropyl  (alfa Aesar) contacts were defined by a shadow mask and deposited
alcohol, then methylene chloride. Samples were dried undearid at a rate of ca.12 A/sec to a total thickness of ca. 750 A. The overlap
used immediately-Quarterthiophene-2-phosphonic acid was prepared of the |TO stripe and Al contacts define the active device areas (ca. 4
as previously described. A Zeiss LSM 510 confocal fluorescence  mpy and 8 mm). Single layer device testing was accomplished using
microscope was used for fluorescence imaging. a Keithley 2400 Sourcemeter controlled by Labview software. All
T-BAG Preparation of a-Quarterthiophene-2-phosphonate/ITO. device characterization measurements were made under ambient
Yellow-green solutions ofi-quarterthiophene-2-phosphonic acid (4TPA)  conditions. Devices were cycled from 0 to 10 V until the current
were made by dilution of a stock solution of 4TPA in 50 mL THF  yoltage (3-V) curves were reproducible withik5% (typically, 1
(0.73 mM, 15 mg), and diluted solutions were passed through 0.2 cycle). OLEDs were fabricated using a similar procedure to have 500
PTFE syringe filter before use. The monolayer film @fquarter- A o-NPD, and 500 A Alg deposited successively at rates of 2 A/sec
thiophene-2-phosphonate/ITO was prepared according to the T-BAG for each organic layer, and 750 A Al deposited at a deposition rate of
proceduré as follows: ITO/glass coupons were held vertically using 12 A/sec to serve as the cathode material. In addition, OLEDs equipped
a small clamp in a solution of 4TPA in a 50 mL beaker. The solvent ith LiF/Al cathodes were prepared (ITO/500ANPD/500 A Alcs/5
was allowed to evaporate slowly over 3 h, until the level of the solution A LiF/500 A Al). A Hewlett-Packard 4145B semiconductor parameter
fell below the glass coupon. Under these conditions, the concentration analyzer with a Newport 1835-C optical power meter and a Newport
of the 4TPA in the remaining solution increased by about 30%. The model 818-UV silicon photodetector was used to meastié and
treated ITO coupon was then removed from its holder and was heated|uminance-voltage (£V) characteristics.
at 140°C in a simple glass tube under nitrogen for 2 days to bond the
SAM to the ITO as a monolayer of-quarterthiophene-2-phosphonate  Results and Discussion
(4TP). Any multilayer 4TPA was removed by sonication in 5%

triethylamine (Aldrich) in ethanol, typically for 30 min, followed by Monolayers ofr-quarterthiophene-2-phosphonate (4TP) were
prepared on indium tin oxide (ITO) using the T-BAG method
(20) Hatton, R. A.; Day, S. R.; Chesters, M. A.; Willis, M. Rhin Solid Films (Figure 1)21 the reaction between phosphonic acids and ITO is
2001, 394, 292. i Q21,22 0,23 i
(21) Hanson, E. L.; Schwartz, J.; Nickel, B.; Koch, N.; Danisman, Ml.iAm. similar tf) t_hat _for SIQ and TIOZ’ these surface oxides
Chem. Soc2003 125, 16074. are all similar in surface hydroxyl group (OH) contéhtXPS
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Figure 1. Preparation of 4TRPF,—TCNQ/ITO.
analysis of the O(1s) region for nonchemisorbed 4TPA showed 1000 : T
peaks at 534.7 eV @P0) and 538.0 eV (P-OH).% Significantly, 100 4
neither peak was present in the O(1s) region for surface-bonded 1015
4TP/ITO, and a new peak, tentatively assigned teCP-Sn/
In, was found at 533.1 eV, in accordance with Figure 1. € 14

T-BAG procedures effected on SiSi had been followed 2 0_1;
by QCM which, after correcting for surface roughness factor £ 0.01
1.2128 indicated surface molecular packing of 4TP to be 0.6 ‘E .
nmol/cn?.2 Similarly, the loading of 4TP on ITO was measured 8 1E-3+
by QCM and, after correcting for surface roughness factor E‘ 1E-4 4 ‘w/-r"/
1.4526 was also found to be 0.6 nmol/émThese values 1S I //: TN
correspond to a molecular footprint area of 253ndolecule, © 1E'5’5 e _ /\/\‘ E
intermediate between those measured crystallographically for ~ 1E-64 o ITO only .
films of a-quarterthiophene deposited at high and low substrate 1E_?5 I e ]

temperatures (23-425.6 A¥moleculé’), and demonstrate that
the 4TP/ITO is molecularly dense.

A nearly @ tilt angle was determined by AFM for the 4TP
ML on the SiQ/Si substrate; the 4T moieties are almost
perpendicular to the surfaéé.This AFM determination was
corroborated by X-ray reflectivity studies, which showed the
4TP ML to be 1.8 nm thick, with some microscopic disorder
within the film;2 similar packing is likely on ITO because

0.1 10

bias voltage (V)
Figure 2. Effects of different surface treatments on current density. The
type of ITO modification is indicated for each curve.

and the reaction between 4TP ang-FCNQ likely generates
an analogous complex, which should not fluoresce. Calculations
regarding such charge transfethave been done for bulk

molecular densities of 4TP on the two materials are the same.Systems, and density functional theory calculations done for the

Density functional theory calculatioffsshow that the extent
of 7— overlap between neighboring 4T units is dramatically

gas-phase /~TCNQ syster?? yield similar conclusions. There-
fore, we are confident that charge transfer also occurs for our

affected by their orientation, and 4T molecules have the highestmonolayer system.

amount ofr—m overlap when the ring systems line up, as is

Single layer devices were fabricated to test the effects of 4TP

apparently the case for 4TP MLs here. Fluorescence observedand 4TP-F,—~TCNQ MLs on hole injectiono-NPD and Al

from a ML of 4TP/ITO appeared (by fluorescence microscopy)
to cover the ITO evenly after rinsing, especially compared to
multilayered films of 4TP, which suggests that the 4T units are

not chemically altered by the T-BAG and heating steps (e.g.,

by incorporation of adventitious dopants).

Doping an HTL can increase the hole injection efficiency in
bilayer OLEDs!81°doping the 4TP/ITO ML was accomplished
simply by soaking in a solution of /=TCNQ in CHCl,
overnight followed by copious rinsing with GBI, with
sonication (Figure 1). The fluorescence of the 4TP ML was
completely quenched after its submersion in this solution.
Charge-transfer complexes of 4T and TCNQ are kn&Ww,
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were used as the HTL and cathode, respectively; electron
injection from Al intoa-NPD is poor. The effects of different
surface treatments on the current density are summarized in
Figure 2. The change in the work functioA¢) for ITO on
formation of the 4TP/ITO ML was determined using a Kelvin
probé? which showed a small decrease(.28 & 0.02 eV);
using this anode a small change in current density (10 V, 9.8
uAlcm?) versus unmodified ITO was measured (10 V, 8A¢
cn?). However, doping the SAM of 4TP/ITO withy4AFTCNQ
(followed by extensive rinsing and sonication in &H, to
remove excess/~TCNQ) resulted in an increase in the work
function, A¢p = 0.35+ 0.05 eV vs unmoadified ITO, and an
increase in the current density that was quite dramatic (10 V,
142 mA/cn®). In fact, this more than 10 000-fold increase in
current density was even greater than that obtained (10 V, 95
mA/cn?) by deposition of 15 monolayers of FTCNQ on ITO
(as measured by quartz crystal microgravimetry) from solution
without subsequent rinsing, even after 10 “burn in” cycles of
the R—TCNQ/ITO device.

The increase in current density measured in a simple diode
when B—TCNQ is deposited onto clean ITO is likely due to a
decrease in the hole injection barrier that occurs by doping of

(32) Koch, N.; Pascal Jr., R. A., unpublished results.
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Figure 3. Diode burn-in characteristics with (), FTCNQ/ITO (b), 4TP- (b) 10000 T —— ]
F4—TCNQ/ITO anodes. ] . (A/AIqINPD/ITO) P P
3 yd 3
the subsequently depositedNPD by these adsorbed layers of i © (AVAIQ/NPD/F . TCNQ-4TP/TO) E
F,—TCNQ8 In contrast, the large increase in current density 100+ / 1
observed for the doped 4TP/ITO in the diode experiments E Vi ]
described above is not likely due solely to doping of éhPD =1 E E
layer by any E—TCNQ that might desorb from the 4TP/ITO. g 14 .
Were such doping to be the case, then the effect on the current £ ] ]
density of depositing several layers ofiFTCNQ on ITO 2 7 ;
without rinsing would be expected to be greater than that 0.014 F ]
measured from simply immersing the 4TP/ITO in a solution of E -
F,—TCNQ, butwith extensive rinsing with sonication; indeed, 3 i —— _ 3

the opposite effect was recorded. Another interesting observation 1 ,

bias voltage (V)

relates to the different “burn-in” characteristics for devices

prepared by the surface treatments described above. Deviceg’gure 4. Current-voltage (a) and luminance-voltage (b) characteristics of

LEDs fabricated with blank ITO andsFCNQ-4TP modified ITO anodes,

made using clean ITO, 4TP/ITO (not shown) and 4Fz— and Al cathodes.

TCNQ/ITO all showed negligible changes in current density

with each successive cycle from 0 to 10 V, but the FCNQ/ 100000 g ; T 3

ITO device showed a 4-fold increase in current density after E 4 (AULIF/Alq,/NPD/O,-UV/ITO) - ]

about 10 cycles (Figure 3), i.e., the-FTCNQ/ITO device 10000 F v (AVLIF/AIG/NPDIF -TCNQ4TPTO) 87 3

showed poor performance stability compared with the 4TP F ]

F4,—TCNQ/ITO one. N 1000 3 1
We suggest that charge transfer between the ITO surface- € E y ]

bound 4TP and /~TCNQ leads to a new distribution of E 1005’ e 3

occupied and unoccupied molecular states compared with the 8 i & ]

HOMOs and LUMOs of the pristine partnei®3132This, in g 10¢ 3

turn, pins the position of the newly occupied states closer to & i N ]

the ITO substrate Fermi level, leading to the observed increased — 3 3

work function. Electronic levels of subsequently deposited i s ]

organics (the HTL components) are then aligned closer to the 01k . 3

ITO Fermi level than they were in the absence of the doped i

monolayer, giving rise to a substantial reduction in the barrier 0-011 : S 1‘0

to hole injection and, consequently, the measured increase in bias voltage (V)

hole injection observed for devices comprising this FCNQ/ Figure 5. Comparison of luminance-voltage characteristics of OLEDs with

4TP/ITO system. UV—0streated ITO and one fabricated with FATCNQ-4TP modified ITO.

. . . Both with LiF/Al cathodes.
Current density-voltage (3V, Figure 4a) and luminance- Wi H

voltage (L—V, Figure 4b) characteristics were determined for was further substantiated by its use in an OLED fabricated using
OLEDs fabricated with and without 4FFF,—TCNQ in which state-of-the-art procedures. Here, the 4Fp—~TCNQ treatment
Algz was the light emitter. Significantly, a 10 000-fold increase step was compared with UV Qreated ITO in OLEDs, which
was measured for both current density and luminance of the also used LiF/Al as the cathode matefa(Ozone treatment
4ATP—F,—~TCNQ/ITO OLED versus the one made with un- leads to an increase in the ITO work function 4y0.5 eV2%
treated ITO. Remarkably, almost no difference between these devices was

. EVIdenQe_ that the 4TPF4—TCNQ—d9ped 4TP ML ac_ts_ as _a (33) Heil, H.; Steiger, J.; Karg, S.; Gastel, M.; Ortner, H.; von Seggerr. H.
highly efficient anode treatment for increasing hole injection Appl. Phys.2001, 89, 420.
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measured in either the-Y or L—V plots (Figure 5). Itremains  use of these MLs in OLEDs has now been shown to result in
to be determined how the 4F#F,—TCNQ anode treatment performance comparable to that of state-of-the-art devices.

compares with UV-ozone in terms of effects on long-term device ) )
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