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Layer-by-layer, self-limiting chemisorptive siloxane self-assembly using Si3O2Cl8 as the
precursor affords thin, conformal, relatively dense, largely pinhole-free dielectric films that
can be deposited on oxide surfaces with sub-nanometer control of film thickness (8.3(1)
Å/layer). Deposition chemistry, microstructure, and hole injection/work function modification
properties of these (SiO2)x-like films on single-crystal Si(111) and polycrystalline indium tin
oxide (ITO) substrates have been characterized by synchrotron specular X-ray reflectivity,
cyclic voltammetry, X-ray and UV photoelectron spectroscopy, and atomic force microscopy.
Chemisorption of these (SiO2)x films onto the ITO anodes of three-layer, vapor-deposited
organic electroluminescent devices (ITO/(SiO2)x/TPD/Alq/Al) nearly triples the external
quantum and luminous efficiencies. The efficiency enhancement is attributed to hole and
electron injection fluence balance caused by modification of the effective voltage profile
brought about by the assembly of well-ordered siloxane layers. Interestingly, as a function
of increasing (SiO2)x layer thickness, device turn-on voltage first increases (x ) 0 f 1),
progressively decreases (x ) 1 f 2 f 3), and then increases (x ) 3 f 4). A theoretical model
based upon computation at the ab initio level is proposed in which the self-assembled
dielectric layers induce an additional, thickness-dependent “built-in” electric field across
the organic transport layers, thereby simultaneously enhancing electron injection from the
cathode (increasing luminescence efficiency) and decreasing the efficiency of hole injection
(changing the turn-on voltage).

Introduction

Following initial reports by Tang and VanSlyke1 of
vapor-deposited thin-film organic light-emitting diodes
(OLEDs),2 intense research activity has focused on
understanding microstructure-luminescence relation-
ships and on enhancing the operating performance

characteristics of such devices. These studies reflect the
fundamental challenge of understanding charge trans-
port and luminescence in bulk molecular and macro-
molecular solids as well as across interfacial regions
present in such structures.2,3 Additionally, an important
technological driving force has been to ultimately in-
corporate these materials and heterostructures into a
host of monochrome and full color display systems.
These applications require organic materials to afford
heterostructures capable of operating at low voltages,
with high emissive quantum efficiencies, for a variety
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of colors, with sufficiently long device lifetimes.2e,4 The
basic fabrication of OLED structures involves creating
molecular/macromolecular layers sandwiched between
a transparent conductive oxide anode such as indium
tin oxide (Sn-doped bixbyite In2O3; ITO) and a low work
function metal cathode via vapor or solution phase
deposition.2,5 Injected electrons and holes migrate (pre-
dominantly via disorder-modulated hopping mecha-
nisms6) through the interposed organic layers to recom-
bine radiatively within the emissive layer. Efficient
performance of such devices requires maximum and
balanced fluence of injected holes and electrons. Such
a balance of injected charge minimizes the number of
carriers that migrate unproductively to the opposite
electrode without radiatively recombining, hence reduc-
ing the luminous efficiency and simultaneously risking
layer degradation.2 Of equal importance is electron-
hole recombination in a region sufficiently remote from
the electrode to avoid quenching of emissive excitons.2,7,8

At each metal/semiconductor-organic interface, a
barrier to charge injection exists that is poorly under-
stood but doubtless dependent upon, among other
factors, atomic scale microstructural details and the
energetic alignment of the electrode Fermi levels with
the HOMO or LUMO of the hole transport layer (HTL)
or electron transport layer (ETL), respectively.2,4,6,9-12

It has recently been observed that OLED response
characteristics (quantum efficiency, turn-on voltage, and
device robustness) can be dramatically altered by nano-
scale modification of the electrode-organic interface and
via mechanisms that are in a great many cases incom-
pletely defined.3f,5b,13,14 Modifications to the ETL-metal
cathode interface are variously postulated to increase
the electron injection fluence into the ETL, to prevent
migration of cathode metal ions into the ETL,3f,5b,13e and
to provide buffer layers to protect the ETL from sputter
damage during cathode deposition.3c Likewise, the ITO-

HTL interface has also been subjected to extensive
empirical manipulation. Recent reports describe ITO
surface modification by oxidative/protic chemical treat-
ment, oxide overlayer physical vapor deposition, metal
deposition, and amphiphile/polymer/monolayer chemi-
sorption.3a,b,13,15 Details of the resulting interface struc-
ture(s) (e.g., contiguity, thickness, smoothness, micro-
structure, cohesion, and pinhole density) and mecha-
nism(s) of action have generally been difficult to
characterize; however, altering interfacial electric
fields,10,13e balancing electron/hole injection fluences,14

reducing injected charge backscattering,13i confining
electrons in the emissive layer,13k and minimizing anode
Fermi level-HTL HOMO energetic discontinuities13d,j,k

have all been proposed. In each case, varying degrees
of improved device performance such as lower turn-on
voltage, greater thermal stability, and/or higher quan-
tum efficiency have been reported. Recent studies in this
laboratory with self-assembled arylamine hole transport/
injection monolayers suggests that one major function
of these, and by implication, similar ultrathin organic
anode derivatization processes, is to stabilize the physi-
cal integrity of anode-HTL interfacial cohesion and
ohmic contact by moderating the disparate surface
energies.13a,b

In an effort to better understand the aforementioned
anode functionalization effects, we sought a means by
which to deposit ultrathin, structurally precise, co-
valently bound anode coatings. In this contribution, we
present a full discussion of layer-by-layer, self-limiting
chemisorptive siloxane self-assembly techniques14,16,17,18

to introduce smooth, robust, conformal, contiguous,
microstructurally/electronically well-defined dielectric
layers of controllable dimensions at the ITO anode-
HTL interface of conventional three-layer, vapor-
deposited OLED devices.14 Applying diverse physico-
chemical characterization techniques, we show that this
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functionalization approach yields relatively pinhole-free
(SiO2)x-like dielectric layers with the aforementioned
characteristics on oxide surfaces with Angstrom-level
control over the thickness. Using a well-characterized
TPD/Alq heterostructure type, hole-only devices, and
cathodes of varying work function, we show that these
anode functionalization layers can effect significant
modulation of OLED device turn-on voltage as well as
external quantum and luminous efficiency. Moreover,
we present a theoretical/computational model that ac-
counts for these characteristics and the unusual (SiO2)x
thickness-dependent aspects of the luminous and cur-
rent-voltage response.

Experimental Section
Reagents and Physical Measurements. Pentane (Fisher

Scientific) and heptane (Fisher Scientific) were distilled from
Na/K alloy immediately before use. Octachlorotrisiloxane
(Si3O2Cl8) was prepared and purified according to the proce-
dure of Schumb.19 The hole transport material N,N′-diphenyl-
N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine (TPD)
was obtained from Aldrich and gradient-sublimed before use.
Tris(8-hydroxyquinolinato)aluminum(III) (Alq, Aldrich) was
doubly gradient -sublimed. Tetra-n-butylammonium perchlo-
rate (TBAP) was recrystallized from an ethyl acetate/hexane
solution and dried under vacuum at 100 °C for 10 h. The
deposition of self-assembled dielectric layers was performed
under rigorously anhydrous/anaerobic conditions using stand-
ard Schlenk techniques.

Specular X-ray reflectivity experiments on coated single-
crystal Si(111) substrates were performed at the Naval
Research Laboratory X23B beamline at the National Synchro-
tron Light Source. Details of this experimental procedure and
data analysis are reported elsewhere.16,18 X-ray photoelectron
spectroscopic (XPS) measurements were performed using the
Al KR source of a VG ESCALAB MKII photoelectron spec-
trometer and, more recently, a monochromatized Al KR source
in a Kratos Axis-Ultra photoelectron spectrometer. UPS
measurements were made using a He-I (21.2 eV) illumination
source (Omicron) on the same Kratos spectrometer. As-
received ITO samples (Donnelly Corp.) were Ar+ sputter-
cleaned to reveal low-intensity photoemission (UPS) from the
Fermi edge. All other ITO samples were examined as-received,
after deposition (vide infra) of the (SiO2)x layers. Atomic force
microscopy measurements were performed using a Nanoscope
III microscope operating in contact force mode. All images were
obtained in air with Si3N4 cantilevers having pyramidal tips
with 70° cone angles and 20-50-nm radii of curvature. Images
were verified by scanning the same area several times to
ensure reproducibility as well as by scanning different area
sizes to examine image consistency. No attempt was made to
correct for AFM tip convolution.20 Cyclic voltammetry was
carried out on a Cypress Systems model CySy 2Ra potentiostat
employing self-assembly modified ITO substrate working
electrodes (A ∼ 0.70 cm2) in standard three-electrode electro-
chemical cells. All potentials were measured and are reported
relative to a pseudo-Ag reference electrode and all cyclic
voltammetric measurements were recorded at 100 mV/s. The
nonaqueous probe solution (1 mM ferrocene in 0.1 M TBAP)
was prepared by passing a HPLC-grade benzene/acetonitrile
(1:1) solution through an activated basic alumina column
immediately before use. Ferrocene was purified by vacuum
sublimation.

Preparation of ITO Substrates for OLEDs. ITO-coated
glass (20 Ω/sq. Donnelly Corp.; 20-30-Å rms roughness) was
cut into 2.54 × 2.54 cm2 pieces and then cleaned in an
ultrasonic 2-propanol bath, followed by acetone, and finally

methanol. Substrates were subsequently treated in an oxygen
plasma cleaner for 30 s to remove any residual organic
contaminants. An SiOx strip (120 nm) about 1-cm wide was
then vapor-deposited onto the cleaned ITO to avoid short-
circuiting of the electrodes during device evaluation. The
cleaning process described above was repeated after the SiOx

deposition.
Cleaning Procedure for Silicon Substrates. Silicon

(111) substrates (Semiconductor Processing Co.) were im-
mersed in “piranha” solution (concentrated H2SO4:30% H2O2;
70:30 v/v) at 80 °C for 1 h. After cooling to room temperature,
substrates were rinsed repeatedly with deionized (DI) water
followed by an RCA-type cleaning protocol (H2O:30%H2O2:NH3;
5:1:1 v/v/v; sonicated at room temperature for 40 min).
Substrates were finally rinsed with copious amounts of DI
water, heated to 125 °C for 15 min, and dried in vacuo.

Deposition of Self-assembled Siloxane Dielectric Lay-
ers. Cleaned ITO or Si(III) substrates were heated in air at
125 °C for 15 min and placed into a Schlenk-type reaction
vessel where a vacuum of 25-50 mTorr was applied for 20
min to remove excess surface water; the vessel was then back-
filled with nitrogen. A 24.0 mM solution of octachlorotrisilox-
ane in freshly distilled heptane was added under an inert
atmosphere to the reaction vessel in sufficient quantity to
totally immerse the substrates. The substrates were allowed
to react with the stirring siloxane solution under nitrogen for
30 min. Following removal of the siloxane solution by cannula,
the substrates were rinsed and sonicated two successive times
in freshly distilled dry pentane under nitrogen. The substrates
were then removed from the reaction vessel, washed, sonicated
with acetone, and subsequently dried in air at 125 °C for 15
min. This process was repeated to form dielectric layers of
incrementally increasing thickness.

Fabrication of OLED Devices. The bare and self-
assembly modified ITO substrates were loaded into a bell jar
deposition chamber housed in a nitrogen-filled glovebox. At
10-5-10-6 Torr, a 60-nm layer of TPD was first deposited,
followed by 60 nm of doubly gradient-sublimed Alq. Both
organic layers were grown at a deposition rate of 1 Å/s.
Following the deposition of the organic layers, a 200-nm-thick
Al cathode was deposited through a shadow mask. This
metallic layer was patterned to give six devices, each with an
area of 0.12 cm2.3f The device output power was measured with
a calibrated Si photodiode and was then converted to
photons‚s-1. The ratio of the photons‚s-1 to current defines the
external quantum efficiency. As presented here, turn-on
voltage is defined as the voltage when emitted light is first
detected.

Fabrication of Hole-Only Devices. Bare and self-
assembly modified ITO substrates were loaded into a bell jar
deposition chamber housed within a nitrogen-filled glovebox.
At a maximum base pressure of 2 × 10-5 Torr, TPD (2500 Å)
was vapor-deposited at a rate of ∼3 Å/s. Following TPD
deposition, substrates were sputter-coated with 60 Å of Au
through the same shadow mask employed for OLED fabrica-
tion described above. Single-carrier device assembly was
subsequently completed with the masked thermal vapor
deposition (maximum base pressure 2 × 10-5 Torr) of Al (150
nm). Device behavior was evaluated using a computer-
controlled Keithley 2400 source meter.

Results

We report here the growth, microstructural charac-
terization, and current/luminous function in organic
heterostructures, of thin, contiguous, dielectric films
deposited at the anode-organic interface of archetypical
vapor-deposited OLEDs. By utilizing the high reactivity
of chlorosilyl functionalities toward hydroxylated sur-
faces,16,17,21 films having a (SiO2)x-type microstructure

(19) Schumb, W. C.; Stevens, A. J. J. Am. Chem. Soc. 1947, 69,
726.
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Jensen, T. R.; Van Duyne, R. P. J. Phys. Chem. B 1999, 103, 3854-
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can be deposited via a self-limiting, solution-based
chemisorption process.16,22 The growth, microstructure,
and electronic properties of these films are first dis-
cussed, followed by their influence on OLED character-
istics. A theoretical model is presented to explain the
(SiO2)x-thickness dependence of the device response.

Monolayer Synthesis and Self-assembly. As il-
lustrated in Scheme 1, multiple layers of octachloro-
trisiloxane can be sequentially chemisorbed from dry
hydrocarbon solutions onto clean ITO-coated glass or
single-crystal Si(111) surfaces. These surfaces possess
hydroxyl functionalities and adsorbed water,23 which are
reactive toward chlorosilyl groups, thereby affording
covalent fusion of the siloxane molecule to the surface.
Exposure to ambient and subsequent hydrolysis of the
film acts to totally convert any unreacted chlorosilyl
groups into silanol functionalities. Following thermal
curing/cross-linking in air at 125 °C, a thin layer of
dielectric material is formed on the ITO surface. The
properties of these films are discussed below. In-
corporation of these self-assembled (SiO2)x films into
OLED devices (see Scheme 1) will be shown to signifi-
cantly affect turn-on characteristics and luminous ef-
ficiencies.

Specular X-ray Reflectivity Measurements. Film
Thickness, Density, and Interfacial Structure. To
determine the thickness and microstructure of the
dielectric layers formed with each successive deposition,
specular X-ray reflectivity (XRR) measurements were
performed upon a series of films deposited on the native
oxide surface of single-crystal Si(111), using the self-
assembly procedure discussed above. Figure 1a shows
the X-ray reflectivity data normalized to the Fresnel
reflectivity, for a film formed by four successive chemi-
sorptive Si3O2Cl8 depositions. Fitting of these data to a
physically reasonable model provides details of the film
thickness, smoothness, interfacial abruptness, and den-
sity. In general, the reflectivity can be expressed in
terms of the average electron density by eqs 1 and
2,17c,18,24 where RF is the theoretical Fresnel reflectivity

for a smooth interface, kz is the momentum transferred
(kz ) 4π/λ sin θ), d〈F〉/dz is the derivative of the electron
density along the surface normal direction, averaged
over the in-plane coherence length of the X-rays, and
F∞ is the electron density of the substrate (Si).

By fitting XRR data as in Figure 1a, it is possible to
determine the thickness of the deposited film as well

(22) (a) van der Boom, M. E.; Evmenenko, G.; Dutta, P.; Marks, T.
J. Chem. Mater. 2001, 13, 15-17. (b) Yitzchaik, S.; Marks, T. J. Acc.
Chem. Res. 1996, 29, 197-202. (c) Roscoe, S. B.; Yitzchaik, S.; Kakkar,
A. K.; Marks, T. J.; Xu, Z. Y.; Zhang, T. G.; Lin, W. P.; Wong, G. K.
Langmuir 1996, 12, 5338-5349. (d) Parikh, A. N.; Allara, D. L.; Azouz,
I. B.; Rondlez, F. J. Phys. Chem. 1994, 98, 7577-7590.
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J. Appl. Phys. 2000, 87, 572-576. (b) Gardner, T. J.; Frisbie, C. D.;
Wrighton, M. S. J. Am. Chem. Soc. 1995, 117, 6927-6933. (c) Wilson,
R.; Schiffrin, D. J. Analyst 1995, 120, 175-178. (d) Chen, K.; Caldwell,
W. B.; Mirkin, C. A. J. Am. Chem. Soc. 1993, 115, 1193-1194.

(24) Tidswell, I. M.; Ocko, B. M.; Pershan, P. S.; Wasserman, S.
R.; Whitesides, G. M.; Axe, J. D. Phys. Rev. B 1990, 41, 1111-
1128.

Scheme 1. Procedure for Layer-by-Layer Chemisorptive Self-assembly of (SiO2)x Layers upon ITO Surfaces
and Their Subsequent Incorporation into OLED Heterostructuresa

a The layer thickness created on each successive Si3O2Cl8 deposition is 8.3(1) Å.

R(kz) ) RF(kz)|Φ(kz)|2 (1)

Φ(kz) ) ∫ 1
F∞

d〈F〉
dz

eikzz dz (2)
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as the electron density profile of the (SiO2)x layer, as
shown in Figure 1b. The electron density-distance
profile in Figure 1b reveals that the electron density
undergoes an initial decrease as the transition is made
from the Si substrate to the native oxide overlayer on
the substrate surface. Further from the substrate
surface, a second decrease in electron density that
corresponds to the native oxide-deposited dielectric film
interface is observed. Measurement of the electron
density in this region provides a value for the total
thickness of the deposited dielectric film, which in the
case of Figure 1b is 33.3 Å. Note also that the derived
electron density of the deposited (SiO2)x layer is ∼85%
that of the native oxide, indicating the formation of a
relatively dense microstructure.

X-ray reflectivity measurements (Figure 2a) on a
series of dielectric-coated Si(111) substrates indicate
that the total deposited film thickness increases mono-
tonically with repeated layer depositions. From the slope
of the least-squares line, it can be inferred that each
exposure to the Si3O2Cl8 solution results in deposition
of a 8.3 ( 0.1 Å thick (SiO2)x layer. This individual layer
thickness can be convincingly modeled by a surface-
anchored octahydroxytrisiloxane molecule (Figure 2b)
using AM1-level semiempirical energy minimization
performed with the program CS Chem3D Pro (Cam-
bridgeSoft Corp.). Here, a calculated dimension of ∼8.28
Å is estimated for a single molecule, although the actual
layer internal connectivity is doubtless more complex.
This linearity in the (SiO2)x deposition process affords

considerable precision in tailoring the cumulative di-
electric thickness.

Atomic Force Microscopy Studies. Film Mor-
phology. AFM imaging of a four-layer self-assembled
dielectric film deposited on single-crystal Si(111) (Figure
S1; Supporting Information) indicates the (SiO2)x film
is essentially featureless and extremely smooth, with
no indication of island growth, film cracking, or pitting.
It is indistinguishable from the Si(111) substrate image,
and the apparent estimated rms roughness is e2.0 Å.
This argues that the present self-assembly process is
capable of depositing dielectric films as smooth, uniform,
continuous layers.

X-ray Photoelectron Spectroscopy. Surface Cov-
erage and Composition. Figure 3 presents a series
of XPS spectra for an unmodified, clean, bare ITO
surface and similar ITO surfaces covered successively
with one, two, and four layers of self-assembled siloxane
dielectric. There is a marked decrease in both the In(3d)
and Sn(3d) features as the dielectric layer coverage
increases, which is accompanied by a corresponding
increase in both the Si(2p) and Si(2s) intensities, and,
most importantly, a monotonic increase in the Si(2p)/
In(3d) intensity ratio, as expected for layer-by-layer
growth.14,16-18,25 Upon deposition of a single (SiO2)x

(25) Lüth, H. Surfaces and Interfaces of Solids; Springer-Verlag:
New York, 1993; Vol. 15, pp 101-114.

Figure 1. (a) Representative X-ray reflectivity data showing
the response from four (SiO2)x layers successively self-as-
sembled via the procedure of Scheme 1 on the native oxide
surface of single-crystal Si(111). The solid line represents the
best fit to the data using a three-layer Si/SiO2/(SiO2)x model.
(b) Electron density profile of the above fit. Electron densities
have been normalized to the Si substrate. The origin of the x
axis is at the center of the film-substrate interface.

Figure 2. (a) X-ray reflectivity-derived thickness data for self-
assembled (SiO2)x layers deposited on single-crystal Si(111),
showing the monotonic increase in total film thickness with
number of depositions. The line is a least-squares fit to the
data. (b) Semiempirical AM1 quantum mechanical energy
minimized model structure of a model octahydroxytrisiloxane
fragment oriented on a surface to illustrate a plausible fit to
an 8.3-Å extension. Hydrogen atoms are omitted for clarity of
viewing.
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layer, the In(3d) intensity decreases by ∼50% with
respect to that of the bare surface, as anticipated for a
conformal, approximately pinhole-free film, where the
emitted photoelectrons have a kinetic energy of ∼1000
eV (Al KR excitation), hence, an inelastic mean free path
of ∼30 Å. Under these conditions, the intensity is
expected to decrease exponentially with each added
monolayer.26 Furthermore, the Cl(2p) photoemission
peaks are just at the detection limit for this spectros-
copy, indicating at most approximately part-per-thou-
sand chloride concentration in the near-surface region,
consistent with full hydrolysis of the Si-Cl bonds during
the self-assembly process as depicted in Scheme 1.
Likewise, these results indicate that negligible quanti-
ties of In chlorides are formed in the self-assembly/
hydrolysis/cure process. The O(1s) signal arises from
both the ITO substrate and the deposited dielectric and
is therefore not used in this characterization. The C(1s)
signal on the as-received ITO is of nearly the same
magnitude as the SAM-modified ITO surfaces and is
judged to be due to adventitious carbon and not to be
an indicator of the dielectric film surface coverage.

Ultraviolet Photoelectron Spectroscopy. Work
Function. UPS measurements were conducted on clean
(as-received) ITO, ITO that had been Ar+-sputtered in
vacuo to remove the last vestiges of carbon, and on ITO
surfaces covered with one to four monolayers of the
dielectric material. Estimates of the effective surface
work function can be obtained from the measured width
of the UV-photoemission spectrum, subtracted from the
source energy,27,28 using the high and low kinetic energy

edges of the photoemission spectrum for this measure-
ment. In the present study, the sputter-cleaned ITO
surface exhibits a spectral width of 16.2-16.4 eV,
indicating a surface work function of 4.9 ( 0.1 eV, which
is within the relatively wide range of work functions
reported for ITO.23a,29 For the Si3O2Cl8-modified ITO
surfaces, the width of the photoemission spectra de-
creases to ca. 14.0 ( 0.2 eV, yielding an estimated
surface work function for all samples of 7.1 ( 0.2 eV
(layer thickness, Φ: 8 Å, 7.2 eV; 17 Å, 7.5 eV; 25 Å, 6.9
eV; 33 Å, 7.1 eV). This shift in the apparent work
function is accompanied by a shift in the low kinetic
energy edge of the photoemission spectrum by only
∼0.1-0.3 eV, indicating a minor shift in the vacuum
level due to the formation of interface dipoles.27,28 The
present UPS data are therefore consistent with es-
sentially complete coverage of the ITO surface with
insulating dielectric layers (the UPS penetration depth
is ∼5-20 Å)26 and that the bulk of the change in
effective work function arises from the offset in energy
between the ITO Fermi edge and the upper edge of the
dielectric HOMO level. The net effect of this modifica-
tion is to lower the ITO surface Fermi level from ∼0.3
eV above the TPD HOMO level (I ∼ 5.2. eV)27,30 to as
much as ∼1.5-1.8 eV below it.

Cyclic Voltammetry. Film Pinhole Assay. A series
of cyclic voltammograms for the oxidation/reduction of
a 1.0 mM ferrocene solution in acetonitrile, using a
clean, bare ITO surface and a series of modified ITO
surfaces covered with one, two, three, and four layers
of the self-assembled (SiO2)x material as the working
electrode (Figure 4A). As judged both by the separation
between anodic and cathodic peaks, and by the overall
magnitude of current flowing at any potential, there is
a successive passivation of the ITO surface with respect
to this redox chemistry as the dielectric layer thickness
is successively increased. This process is dependent
upon the type of solvent and redox probe molecule
employed. Thus, in aqueous media with complete ITO
surface coverage by the dielectric layer, it is also possible
to suppress significantly the reduction/oxidation proc-
esses for a 1.0 mM ferricyanide solution with only one
to two layers of the dielectric material (Figure 4B).
Electrochemical responses of other passivated electrode
surfaces possessing pinhole densities of <1% of the
geometric area lead to current/voltage responses similar
to those in Figure 4.31 This suggests that three to four
layers of the self-assembled dielectric layer are sufficient
to eliminate the majority of pinholes, which would
compromise OLED device performance.

Anode Modification Effects on Organic Light-
Emitting Diode Response. Conventional OLED de-
vices consisting of a TPD hole transport layer and an
Alq electron transport/emissive layer (TPD and Alq were
rigorously purified) were fabricated via vacuum deposi-
tion onto bare and self-assembly modified glass/ITO

(26) Seah, M. P. In Practical Surface Analysis by Auger and X-ray
Photoelectron Spectroscopy; Briggs, D., Seah, M. P., Eds.; John Wiley
and Sons, Ltd.: New York, 1983; Vol. 14, pp 181-216.

(27) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, K. Adv. Mater. 1999, 11,
605-625, and references therein.

(28) (a) Schlaf, R.; Parkinson, B. A.; Lee, P. A.; Nebesny, K. W.;
Jabbour, G.; Kippelen, B.; Peyghambarian, N.; Armstrong, N. R. J.
Appl. Phys. 1998, 84, 6729-6736. (a) Schlaf, R.; Parkinson, B. A.; Lee,
P. A.; Nebesny, K. W. J. Phys. Chem. B 1999, 103, 2984-2992.

(29) Kim, J. S.; Lagel, B.; Moons, E.; Johansson, N.; Baikie, I. D.;
Salaneck, W. R.; Friend, R. H.; Cacialli, F. Synth. Met. 2000, 111, 311-
314.

(30) From UPS measurement of a thin film deposited on Au: Lee,
P. A.; Armstrong, N. R.; Chou, H.; Marks, T. J., unpublished results.

(31) Finklea, H. In Electroanalytical Chemistry; Bard, A. J., Ruben-
stein, I., Eds.; Marcel Dekker: New York, 1996; Vol. 19, pp 177-194.

Figure 3. XPS spectra (Al KR excitation) of (a) bare ITO, (b)
one layer, (c) two layers, and (d) four layers of self-assembled
(SiO2)x film.
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anodes. Without exposure to ambient, vapor deposition
of a metal cathode completed fabrication of a series of
devices having the following structure: ITO/SA dielec-
tric layer (8-33 Å)/TPD (600 Å)/Alq (600 Å)/metal
cathode (2000 Å). Figure 5 shows current density and
log(forward light output) as a function of bias voltage
for a series of devices with Al cathodes and varying
thicknesses of self-assembled dielectric layers deposited
on the ITO anode. Note that incorporation of the first
dielectric layer at the ITO-TPD interface results in a
significant increase in the device turn-on voltage (de-
fined here as the point where the luminence reaches
50 cd/m2). As will be seen, this effect likely reflects,
among other factors, the added barrier to hole injection
that would be introduced by the incorporation of a thin
insulating layer at the ITO-organic interface. As is

evident in Figures 5A,B while incorporation of a single
8.3-Å layer of dielectric film results in a large increase
in turn-on voltage, subsequent incremental increases in
(SiO2)x thickness by 8.3 and 16.6 Å lead to successively
lower turn-on voltages (more current flow and light
output for a given voltage). Interestingly, incorporation
of four dielectric layers at the anode-HTL interface
reverses this trend and the turn-on voltage again
increases, presumably reflecting increasing barrier height
with insulating film thickness. All OLEDs fabricated
with the self-assembled dielectric films invariably ex-
hibit higher forward light output than bare ITO devices
at all current densities (Figure S2, see Supporting
Information). This behavior is also evident in Figure 6,
which shows forward external quantum (photons out/
electrons in) and luminous efficiencies (lm/W) as a
function of (SiO2)x thickness. Note that incorporation
of a single, ∼8.3-Å-thick self-assembled dielectric layer
has the effect of more than doubling maximum device
quantum efficiency.

To isolate the hole injection characteristics of the
dielectric-functionalized anodes, “hole-only” devices32 of
structure ITO/(SiO2)x/TPD(2500 Å)/Au(60 Å)/Al(2000 Å)
were fabricated and characterized. Current density
versus applied bias and log(current density) versus
log(electric field) are shown in Figure 7.33 It can be

(32) Giebeler, C.; Antoniadis, H.; Bradley, D. C.; Shirota, Y. J. Appl.
Phys. 1999, 85, 608-615, and references therein.

(33) Arkhipov, V. I.; Emelianova, E. V.; Tak, Y. H.; Bässler, H. J.
Appl. Phys. 1998, 84, 848-856.

Figure 4. (A) Cyclic voltammetry of a 1.0 mM ferrocene
solution at (a) a bare ITO-on-glass surface and with (b) one
layer, (c) two layers, (d) three layers, and (e) four layers of
self-assembled (SiO2)x overlayer deposited on ITO-coated glass.
(B) Cyclic voltammetry of a 2.0 mM aqueous K3Fe(CN)6

solution in a 0.1 M KCl electrolyte at (a) a bare ITO-on-glass
surface and with (b) one layer, (c) two layers, (d) three layers,
and (e) four layers of self-assembled (SiO2)x overlayer deposited
on ITO-coated glass. The sweep rate in both sets of experi-
ments is 100 mV/s and the electrode area is ∼0.7 cm2.

Figure 5. Current density (A) and log-forward light output
(B) vs bias voltage plots for ITO/(SiO2)x/TPD(600 Å)/Alq(600
Å)/Al (2000 Å) OLEDs, showing the effect of interposing self-
assembled (SiO2)x layers at the anode-hole transport layer
interface. The lines through the data points are drawn as a
guide to the eye.
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clearly seen that the effect of incrementally increasing
the dielectric layer thickness is to incrementally sup-
press hole injection from the ITO anode into the TPD
hole transport layer. Interestingly, the effect of layer

thickness is not monotonic, but rather the greatest
diminution of hole injection occurs upon application of
the first and second 8.3-Å dielectric layers.

Alterations in the cathode-ETL interface or in the
cathode material can also be employed as OLED mecha-
nistic probes because they can alter the hole-electron
injection balance by altering the work function, hence,
the barrier to electron injection. A priori, using a Mg
cathode instead of Al should enhance electron injection
efficiency as a consequence of the improved energetic
match between the Mg work function (3.7 vs 4.3 eV for
Al) and the Alq LUMO level (3.1 eV).34 Current density
and log-forward light output versus voltage plots are
shown in Figure 8 for OLED devices differing in
structure from those in Figure 5 only in the cathode
material. As can be seen in Figure 8, incorporation of
the self-assembled (SiO2)x layers at the anode-organic
interface has diminished effects; however, the same
qualitiative trend remains: incorporation of a single,
8.3-Å dielectric layer greatly increases the operating
voltage, while devices with subsequent thicker layers
operate at lower voltages with the (SiO2)4 device again
shifting to higher operating voltage. Forward light
output versus current density plots for these Mg-based
devices (Figure 2S, see Supporting Information) reveal
that incorporation of the self-assembled (SiO2)x layers
into the Mg device has a smaller affect on device

(34) Kalinowski, J.; DiMarco, P.; Cocchi, M.; Fattori, V.; Camaioni,
N.; Duff, J. Appl. Phys. Lett. 1996, 68, 2317-2319.

Figure 6. Forward external quantum efficiency (a) and
luminous efficiency (b) vs voltage plots for ITO/(SiO2)x/TPD(600
Å)/Alq(600 Å)/Al (2000 Å) OLEDs, showing the effect of
incorporating various numbers of self-assembled dielectric
layers at the anode-hole transport layer interface. The lines
through the data points are drawn as a guide to the eye.

Figure 7. “Hole-only device” data for a series of ITO/(SiO2)x/
TPD(2500 Å)/Au(60 Å/Al(2000 Å) heterostructures as a func-
tion of (SiO2)x thickness, plotted as current density versus
voltage (A) and log(current density) versus log(electric field)
(B).

Figure 8. Current density vs (A) log-forward light output (B)
voltage plots for ITO/(SiO2)x/TPD(600 Å)/Alq(600 Å)/Mg (2000
Å) OLEDs, showing the effect of incorporating various num-
bers of self-assembled dielectric layers at the anode-hole
transport layer interface. The lines through the data points
are drawn as a guide to the eye.
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performance than in the corresponding Al devices.
Furthermore, the forward external quantum and lumi-
nous efficiency plots presented in Figure 9 reveal a
compressed but qualitatively similar response due to
anode functionalization versus the Al-based devices of
Figure 6. The generally lower operating voltages and
higher external quantum and luminous efficiencies in
the Mg devices versus Al reflect the lower barrier to
electron injection and more productive use of the
injected holes.2,3

Discussion
Anode Functionalization. Microstructure-Charge

Injection-Luminence Effects. On the basis of several
complementary lines of physicochemical characteriza-
tion, the present experimental results indicate that self-
assembly of insulating (SiO2)x structures via layer-by-
layer, self-limiting siloxane chemisorption affords smooth,
conformal, relatively dense, microstructurally/electroni-
cally well-defined layers with sub-nanometer control
over total layer thickness. XRR measurements on a
single-crystal model substrate indicate a constant thick-
ness is added with each repetition of the deposition
sequence in Scheme 1. AFM reveals the deposition of
smooth and conformal films with no evidence of pinholes
or cracking. The lack of widespread pinholes is further
supported by electrochemical studies on coated ITO
substrates, which reveal electrode passivation by the
self-assembled (SiO2)x layers. XPS data additionally
verify that the Si3O2Cl8 precursor undergoes rapid and
complete chemisorptive hydrolysis, thus creating a
contiguous (SiO2)x film that completely covers the ITO
surface as evidenced by the paucity of Cl photoelectrons.
The UPS data are also consistent with complete cover-

age of the ITO surface and reveal a significant positive
shift in the ITO surface work function, which is, within
the detection limits, insensitive to the (SiO2)x layer
thickness. The present study arguably yields structur-
ally the most complete picture to date of an OLED anode
functionalization processsa requisite for understanding
and modeling device response.

As noted in the discussion of OLED device response
(vide supra), the striking aspects of ITO/(SiO2)x/TPD/
Alq/Al and ITO/(SiO2)x/TPD/Alq/Mg heterostructure
characteristics as a function of x are as follows: (i)
increased ITO work function with dielectric function-
alization, (ii) increased quantum efficiency and turn-
on voltage with interposition of an 8-Å interfacial
dielectric layer at the anode-HTL interface, (iii) slightly
declining quantum efficiency and decreasing turn-on
voltage (more current and light for a given bias) with
further, incremental increases in dielectric layer thick-
ness to ∼25 Å, (iv) decreased quantum efficiency and
increased turn-on voltage when the dielectric thickness
reaches ∼33 Å, (v) nonmonotonic decrease in injected
hole fluence with incremental increases in dielectric
layer thickness, and (vi) qualitatively similar but com-
pressed heterostructure response for Mg versus Al
cathodes, with voltage features shifted to lower bias. At
an initial, broad level of analysis, certainly the better
work function-ETL LUMO energetic match of Mg/Alq
versus Al/Alq accounts for the generally lower turn-on
characteristics of the Mg cathode system. That quantum
efficiency is enhanced by the interfacial anode-HTL
dielectric layer is consistent with other evidence that
TPD/Alq devices are, especially with Al cathodes, elec-
tron flux-deficient2 so that any barrier to/attenuation
of13f,15b,c hole injection should, a priori, afford better
balance with electron injection, hence, more productive
(and less destructive35) use of holes. Such an effect
would result in increased quantum efficiency. However,
this qualitative picture cannot explain many details of
features (i)-(vi) outlined above.

The present observed increase in heterostructure
quantum efficiency with anode dielectric functionaliza-
tion is in partial phenomenological agreement with two
other recent studies in which the microstructure and
contiguity of dielectric structures, grown by nonconfor-
mal line-of-sight physical vapor deposition techniques
were not as well-characterized. For SiO2,13d Vturn-on was
found to first fall and then rise with apparent increasing
dielectric thickness, while for Al2O3,15b,c Vturn-on rises
continuously with apparent increasing dielectric thick-
ness. In both cases, the rationalization for this behavior
has been better balance between hole and electron
injection into the HTL and ETL, respectively. In direct
contrast to this viewpoint, several studies that focused
on oxidative treatment of the ITO surface23a or chemi-
sorption of molecular dipoles13c argued that increasing
the effective ITO work function drops the ITO surface
Fermi level to an energy closer to or below that of the
HTL HOMO, hence, decreasing the intrinsic barrier to
hole injection, thus lowering Vturn-on and increasing
quantum efficiency.

In the present study, it has been possible to insert
microstructurally and electrically well-defined dielectric

(35) Aziz, H.; Popovic, Z. D.; Hu, N. X.; Hor, A. M.; Xu, G. Science
1999, 283, 1900-1902.

Figure 9. External quantum efficiency (a) and luminous
efficiency (b) vs voltage plots for ITO/(SiO2)x/TPD(600 Å)/
Alq(600 Å)/Mg (2000 Å) OLEDs, showing the effect of incor-
porating various numbers of self-assembled dielectric (SiO2)x

layers at the anode-hole transport layer interface. The lines
through the data points are drawn as a guide to the eye.
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layers at the ITO-HTL interface with sub-nanometer
thickness control and that, among other effects, these
layers substantially increase the anode work function.
These results and the OLED current-voltage and
luminous response data as a function of anode material
and dielectric layer thickness are only partially con-
sistent with mechanisms in which either hole injection
is attenuated by the (SiO2)x structures, affording better
balance of the hole-electron injection fluence, or that
the increased ITO work function reduces the barrier to
hole injection into the triarylamine HTL. Although both
effects may be operative to some degree at appropriate
dielectric layer thicknesses with appropriate cathodes,
neither alone nor in combination do they explain the
present nonintuitive increase and then fall of device
operating voltage with increasing layer thickness while
the quantum efficiency abruptly increases and then
slowly falls. In the following section, we propose a model
to explain this additional complexity.

Theoretical Model of Enhanced “Built-In” Field.
We propose that the qualitatively new behavior ob-
served here in OLED response with increasing (SiO2)x
thickness arises from structural and electronic specifics
of the self-assembly process. Understanding these ef-
fects is significant because a potential opportunity exists
to control and improve OLED performance. It is sug-
gested that the incorporation of even a single (SiO2)x
monolayer strongly suppresses hole injection compared
to bare ITO; this is supported by the hole-only device
results (Figure 7) and is different from the straight-
forward expectation following a change in the work
function. The present UPS measurements suggest that
the effective Fermi energy of ITO with a self-assembled
surface monolayer drops below the TPD HOMO level;
this would formally lead to charge redistribution, fixing
the ITO Fermi level below the top of the HOMO of TPD.
However, any charge transferred into the TPD layer at
zero bias voltage will be trapped in the image poten-
tial,36 and the image potential barrier can be larger than
the hole injection barrier for the bare ITO. In fact, this
energy barrier can reach the 1-eV scale,8,37 while the
present intrinsic hole injection barrier is only ∼0.3 eV
for ITO. In addition, energy disordering can contribute
an additional trapping energy for this transferred
charge.38 Therefore, an increase in the ITO work func-
tion could, in principle, lead to strong diminution of the
hole injection efficiency.

The present OLED response measurements show
(Figure 5) that further increase of the (SiO2)x layer
thickness leads, for a given bias, to increasing current

flow through the heterostructure (the response of the
(SiO2)4 systems is somewhat more complex; see below)
and a decrease in the turn-on voltage by ∼2-4 V. To
explain this behavior, two alternative models can be
considered:

(A) Incorporation of the dielectric layers suppresses
hole injection to such an extent that the electrons
become the majority carriers. The increase of siloxane
layer thickness (up to the limit at which the charges
become balanced) then must lead to increased electron
injection efficiency.

(B) Further increases in dielectric layer thickness
increase the efficiency of hole injection, with the holes
remaining the majority carriers.

Regarding mechanism A, if we assume that introduc-
tion of the dielectric layers alters the majority carriers,
then a qualitative understanding of the observed be-
havior can be based on a built-in voltage within the self-
assembled layer. The built-in voltage can be modeled
by a voltage drop across the (SiO2)x layer caused by
alternating charged planes (negatively charged oxide
layers, positively charged Si or H layers; Figure 10) and
the large separation between the upper positively
charged H layer and the negatively charged anode
surface. An increase in the self-assembled layer thick-
ness leads to an increase in this built-in voltage while
hole injection is attenuated with the increasing number
of (SiO2)x monolayers as supported by the hole-only
device data (Figure 7).

To explain the further decrease in the turn-on voltage
with increasing (SiO2)x thickness, we suggest that even
a single dielectric layer suppresses the injection of holes
to such an extent that electron injection becomes more
efficient. In other words, the majority carriers are
electrons in devices having even one self-assembled
siloxane layer chemisorbed on the anode. However, the
increase in built-in voltage VB in the (SiO2)x layer leads
to an increase of the effective voltage across the active
organic material at fixed bias voltage U. The effective

(36) (a) Shen, Y.; Klein, M. W.; Jacobs, D. B.; Scott, J. C.; Malliaras,
G. G. Phys. Rev. Lett. 2001, 86, 3867-3870. (b) Klein, M. W.; Dunlap,
D. H.; Malliaras, G. G. Phys. Rev. B 2001, 64, 5332-5346. We thank
Prof. Malliaras for a preprint. (c) Bussac, M. N.; Michoud, D.; Zuppiroli,
L. Phys. Rev. Lett. 1998, 81, 1678-1682.

(37) (a) Burin, A. L.; Ratner, M. A. J. Chem. Phys. 2000, 113, 3941-
3944. (b) Wolf, U.; Bässler, H. Appl. Phys. Lett. 1999, 74, 3848-3850.

(38) The combination of a very large built-in voltage leading to a
large elctronic current flow at low voltages and strong suppression of
hole tunneling through the thick interface could lead to a large
concentration of noncompensated electrons within the layers that
would block electron injection, leading to a space charge limited
current, weakly dependent on bias voltage. At sufficiently high voltage,
additional charge injection mechanisms could enhance hole injection
(e.g., electron density accumulation at the PTD-(SiO2)x interface). Such
processes will be very sensitive to interfacial structural heterogene-
ities,37 the modeling of which is currently beyond the scope of the
present description.

Figure 10. Qualitative model for modification of OLED bias
electric field by interposing nanoscopic self-assembled dielec-
tric layers at the anode-hole transport layer interface. The
dashed line represents the potential in the absence of the
(SiO2)x layers and the solid line the change due to (SiO2)x

incorporation. VΒ and U are, respectively, the built-in voltage
due to the self-assembled siloxane layers and the applied
potential.
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voltage causing electron injection is given by the sum
U + VB (Figure 10). An increase of VB thus renders
electron injection more efficient, and accordingly the
turn-on voltage decreases with increasing layer thick-
ness.

This explanation does not contradict the aforemen-
tioned UPS results showing that the ITO work function
remains nearly unchanged with the increase in (SiO2)x
thickness. To escape from the ITO, electrons must
overcome the contact barrier Wm (Figure 11) that can
deviate from the actual energy difference from the
vacuum level, Wr, because of the voltage VB built into
the (SiO2)x layer. This qualitative model can also be used
to interpret the observed effects on quantum efficiency,
which is defined by the ratio of emitted photons Nph to
injected electrons and holes (Ne and Nh, respectively;
eq 3). If holes are majority carriers, then Ne , Nh, and
if electrons are majority carriers, Nh , Ne. Under
conditions of maximum efficiency, all minority carriers

recombine with the majority carriers, and the maximum
recombination efficiency is given by eq 4. Thus, the
smaller the difference between the numbers of injected
electrons and holes, the greater the device efficiency.

For the bare ITO anode, the holes are majority carriers
and the maximum recombination efficiency is given by
Q0 ∼ Ne/Nh. When the first (SiO2)x layer is introduced,
electrons become majority carriers and the efficiency
becomes Q1 ∼ Nh/Ne. The observed relationship Ql ∼ 3Q0
may reflect the resulting changes in the energetics of
the surface layer, which is difficult to address quanti-
tatively. Further increases of the (SiO2)x layer thickness
further suppress the hole injection and enhance the
electron injection. This will lead to a decrease of the
maximum efficiency given by eq 4, for x > 1, in
agreement with the data of Figure 6. The x ) 4 devices
additionally exhibit somewhat higher current at lower
voltages for both Al and Mg cathodes. This additional
complexity may represent an interplay of maximized

electronic current and minimized hole injection, the
exact treatment of which requires additional structural
homogeneity information.38

Note that the present discussion ignores the effect of
the volume charge within the dielectric layers. This
charge improves the balance between the carriers
because of electroneutrality requirements.39 The balance
effect is less important for the Al-based devices, where
charge density is limited by the weak electron injection
caused by the high injection barrier at the Al/Alq3
interface. In contrast, for Mg-based devices, this effect
is expected to be much weaker given the substantially
increased electron density relative to the Al-based
system. Therefore, the present theoretical consider-
ations are primarily suitable for OLEDs where a strong
charge volume effect is observed.

An overall reduction of the turn-on voltage with
increasing layer thickness by ∆Vturn-on ∼ 2 V (Figure
5A) requires the same scale for the built-in voltage in
the (SiO2)x layer. This estimate exceeds the standard
scale of the interlayer voltage, which is normally less
than ∼1 V.13c We suggest that this difference reflects
the covalent bonding within the siloxane layer, which
can constrain the molecular dipole moments to similar
orientations, while the usual van der Waals interactions
cannot compete with the electrostatic energy of the
dipole-dipole interactions that can reduce order in the
films.

To examine the consistency of the proposed built-in
voltage VB ∼ 2 V, a first-principles electronic structure
study was carried out on a simple model for the
fragment of a self-assembled layer, formed by n-coor-
dinate In3+ (in the ITO crystal structure n ) 640) coupled
through a single bridging oxygen atom to a tetrahedral
SiO3 center. Hydrogen atoms were used to saturate all
In-O- bonds. Geometry optimizations of various struc-
tures having six-coordinate In3+ lead to expulsion of one
water molecule from the coordination sphere. Therefore,
we studied a model five-coordinate In3+ (Figure 12)
structure, which is stable. The value of interest is the
dipole moment of this type of fragment. Considering a
layer of parallel dipoles, the total voltage drop through
such a layer is given by eq 5, where d is the dipole

moment, A is the area per single dipole, ε is the material
dielectric constant, and ε0 is the vacuum dielectric
constant. A Hartree-Fock study using the program

(39) (a) Khramtchenkov, D. V.; Arkhipov, V. I.; Bässler, H. J. Appl.
Phys. 1997, 81, 6954-6962. (b) Khramtchenkov, D. V.; Arkhipov, V.
I.; Bässler, H. J. App. Phys. 1996, 79, 9283-9290.

(40) (a) Thilakan, P.; Minarini, C.; Loreti, S.; Terzini, E. Thin Solid
Films 2001, 34, 388, 34-40. (b) Yin, L. T.; Chou, J. C.; Chung, W. Y.;
Sun, T. P.; Hsiung, S. K. Mater. Chem. Phys. 2001, 70, 12-16.

Figure 11. Diagram showing the difference between real (Wr)
and measured (Wm) ITO work functions for an OLED anode
functionalized with self-assembled (SiO2)x layers.

Q ∝
Nph

Ne + Nh
(3)

Qmax ∝
min(Ne,Nh)

Nh + Ne
(4)

Figure 12. Five-coordinate In3+ local model used to compute
the change in work function using ab initio electronic structure
methods.

VB ) d
εε0A

(5)
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Q-Chem 2.041 with the CBKJC basis set and full
geometry optimization from various initial configura-
tions leads to an estimate of d ∼ 3.5 D. The area per
single dipole can be estimated by assuming that the
dipoles form a square lattice with period given by the
distance between two oxygen atoms in the plane parallel
to the anode-siloxane interface, 4.2 Å. We then estimate
A ∼ 18 Å2. Using this parameter and the vapor-
deposited SiO2 dielectric constant ε ) 4 established
previously for thin SiO2 films,42 we obtain a voltage drop
VB ≈ 2 V, which suffices to understand the experimental
data. Note that the above results are admittedly (and
pragmatically) approximate. Extensive studies on larger
fragments would be required to compute a more realistic
representation of the experimental data.

Alternative explanation B assumes that holes remain
the majority carriers for all (SiO2)x thicknesses. The
bottleneck then in charge current is hole injection from
the traps (arising from the image potential). At a fixed
voltage drop (defined by the energetic difference be-
tween the modified ITO-siloxane work function and the
TPD HOMO level) a reduction of charge injected into
the TPD layer is observed with increasing interlayer
thickness. In fact, the voltage drop inside the (SiO2)x
layer is proportional to the product of the charge density
and the layer thickness. Therefore, the charge density
decreases inversely in proportion to the thickness. The
increase of the layer thickness thus should reduce the
effective image potential36 and, correspondingly, the
hole injection barrier into the bulk TPD for holes
trapped near the siloxane surface. This would also lead
to the observed decrease in the turn-on voltage. The
observed behavior of quantum efficiency can be ex-
plained by the arguments identical to the previous case
with the replacement of electrons by holes.

In principle, mechanisms A and B can be distin-
guished by analysis of the hole-only device data where
electronic transport can be neglected because of the
large electron injection barrier. If the explanation based
on the built-in voltage and majority carrier replacement
is correct, then the current should decrease with in-
creasing thickness of the self-assembled layer. Other-
wise, the current should first decrease when the single
monolayer is inserted and then subsequently increase.
To resolve this question, hole-only devices were studied
as described above. The measurements (Figure 7)
indicate that the hole current density decreases incre-
mentally with increasing dielectric layer thickness.43

Accordingly, the hole injection barrier increases, pre-
sumably because of the increase in the built-in voltage.

Hence, the observed increases in measured current
density for OLEDs having x > 1 versus the single-layer
device (x ) 1; Figure 5a) can only be explained in the
present model by enhanced injection of electrons, which
become the majority carriers for more than one self-
assembled layer (x > 1). Thus, the injection of electrons
and holes can be controlled and balanced by the thick-
ness of the self-assembled anode functionalization layer.
The increase of the layer thickness increases the hole
injection barrier and simultaneously reduces the barrier
for electron injection. The optimally efficient thickness
for device performance is reached when those barriers
are comparable in magnitude. For the case of an ITO/
(SiO2)x/TPD/AlQ/Al device, this optimum thickness is ∼1
nm (x ) 1).

As discussed, the aforementioned effects are more
pronounced for the Al cathode device, which possesses
a larger energy barrier to electron injection than the
Mg cathode and therefore would benefit more from
mechanisms that aid electron injection. For similar
reasons, the effect on the maximum quantum efficiency
in the Mg cathode devices is also diminished.

Conclusions
Chlorosilyl self-assembly techniques effect the self-

limiting deposition of conformal, contiguous, smooth,
microstructurally well-characterized dielectric layers on
the surface of ITO anodes used for OLED devices. These
layers can be deposited with Angstrom-level control of
film thickness to form relatively pinhole-free films.
Insertion of these films at the anode-HTL interface of
OLED structures dramatically enhances the quantum
and luminous efficiencies of such devices and affords
significant insight into the fluence of hole injection at
the anode-HTL interface, especially when Al is used
as the cathode. This increase in efficiency and ac-
companying turn-on voltage effects can be associated
with several competing factors: (1) balance between the
fluence of injected holes and electrons achieved via
attenuation of majority carrier (hole) injection, (2)
alteration of the ITO work function and the ITO surface
Fermi level relative to the HTL HOMO, (3) creation of
an internal “built-in” field that enhances electron injec-
tion fluence from the cathode.
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