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ABSTRACT 
 
 
 Monolayers of tin complexes of phenoxide ligands spanning a range of dipole moments 
were prepared on the surface of ITO via simple metathesis reactions. They were characterized 
by quartz crystal microgravimetry (QCM) and a Kelvin probe. A nearly linear relationship was 
found between the measured ITO work functions and dipoles of the surface complexes.  
Measurements of current densities of diode devices built on surface modified ITO anodes were 
made, and a correlation was found between the total surface dipole per unit area and these 
current densities. Simple OLED devices were also constructed using these modified anodes. 
 
 
INTRODUCTION 
 
 
 Surface modification of ITO has received wide attention as a means to control its anode 
properties, particularly to increase its work function in order to lower the barrier to hole 
injection in novel organic-based optoelectronic devices [1-6].  A simple electrostatic model 
has been proposed [7] within this context as a guide to enable this increase in work function.  
This model is based on an introduced dipole layer on the surface of the ITO [8,9]:  The 
effected work function change (∆φ) should be directly proportional to the normal component of 
molecular dipole moments of surface-attached species (µz) and to the number of such species, 
per unit area, on the surface. 
 Using organics to effect work function changes for ITO according to the "dipole model" 
has been described qualitatively, but no quantitative conformity to the "dipole model" had been 
established.  We described surface modification of ITO in ultrahigh vacuum using a series of 
tin phenoxides [10,11], and we showed that a correlation existed between dipole moments of 
the parent phenols and changes in the ITO work function that occurred on formation of the 
surface complexes [11].  Surface loadings were not known.  We have reported that the 
surface deposition and ligand metathetical reactions for tin alkoxides on ITO recorded in UHV 
[10,11] can be accomplished under normal laboratory conditions (see scheme 1).  We found 
that performing these deposition and metathesis reactions on an ITO electrode-equipped quartz 
crystal microbalance (QCM) gives us surface complex loadings which, together with Kelvin 
probe vibrating capacitor measurements of the ITO work function, enabled calculation of 
surface complex dipole moments to be made and to be related to the “dipole model” [12].  The 
current density results of ITO treated with such modifications further reveal the quantitative 
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control of device performance based on electrostatic theory.  OLEDs based on these modified 
electrodes have now also been prepared and studied. 
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Scheme 1. Synthesis of Surface Tin Phenoxides.  
a: R1=R3=R2=H; b: R1=R3=H, R2=F; c: R1=R3=H, R2=CF3; d: R1=R3=F, R2=H 
 

 
EXPERIMENTAL SECTION 
  
 
 ITO slides were cleaned using detergents and organic solvents [12], without ozone or 
plasma treatment [9].  Then they were placed in a vacuum chamber (10-3 torr) and were 
exposed to vapor of 1.  Excess 1 was removed in vacuo, and the treated surfaces were exposed 
to vapor of 3a-d.  Excess phenol was removed in vacuo.  A homemade Kelvin probe [12] 
was used for the measurement of work function changes for the treated ITO. The same gold 
standard was used for each trial.  Loadings of surface complexes and surface complex 
stoichiometries were determined by quartz crystal microgravimetry (QCM) [12]. 
 ITO glass slides used for device fabrication were polished with silica before cleaning as 
described above.  Deposition of α-NPD, Alq3 and aluminum was done successively in an 
Edwards 306A thermal evaporation system at 8 x 10-7 mbar. For hole-only devices, 140 nm of 
α-NPD and 60 nm of Al were deposited on the ITO substrates. For OLED devices, 60 nm of α-
NPD, 60 nm of Alq3 and 75nm of Al were deposited successively on the ITO substrates. 
Photos of luminescent devices were taken at 15 V driving voltage with a Nikon Coolpix 950 
digital camera.  

 
 

RESULTS AND DISCUSSION 
  
 
 Surface alkoxytin complexes metathesize readily with phenols because of their pKa values 
[13] relative to the tert-butanol product (ca. 10 and 18, respectively).  Ligand metathesis 
reactions were carried out on an ITO-coated aluminum electrode-equipped QCM, and surface 
coatings and complex stoichiometries were calculated [12,14] (table I). 
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Table I. Loading of surface complexes measured by QCM 
 

Species Surface Loading (nmol/cm2) 
ITO surface OH content 0.17 

4b 0.18 
4c 0.19 
4d 0.17 

 
 
 The work function (φ) of a freshly prepared sample of untreated ITO was measured as a 
baseline with an accuracy of ± 0.2 eV. The work functions of 2-modified and then 4a-d-
modified surfaces were measured using the same gold and untreated ITO standards.  Even in 
the absence of dielectric constants for surface monolayer complexes, it is possible to calculate 
relative complex dipole moment normal component values (µz(4)); for 4b-d µz(4) = 1.67, 2.60 
and 0.66 D, respectively [12].  It is noteworthy that a good correlation exists between ∆φ and 
µz(4) and, even more significantly, with the total dipole (z- component) per unit area, µz(4) x £4 
(table II), as predicted by the Helmholtz equation [15]. 
 Devices were prepared by evaporation of α-NPD, Alq3 and Al successively onto 4b-d, and 
current-voltage characteristics were measured.  At 7 volts, diodes using 4b-d modified ITO 
showed an increase in current density of 133-fold, 2100-fold and 18-fold, respectively, vs. 
untreated ITO.  Thus our ITO surface modification procedure allows for controlled, 
quantitative adjustment of electrode work function and, as well, control of the resulting organic 
optoelectronic device behavior. 

 
 

Table II. Gas-phase dipole moments for parent phenols (3), ∆φ for surface phenoxide 
complexes (4), calculated complex dipole moments for 4 normal to the ITO surface (µz(4)), and 
dipole moments normal to the ITO surface x surface complex loading (µz(4) x £4). 
 

Parent Phenol ∆φ  (eV)a µz(phenol) (D)b µz(4) (D)c µz(4) x £4d 
phenol (3a) 0.59 -0.44 e e 

p-fluorophenol (3b) 1.10 1.20 1.67 0.301 
4-(trifluoromethyl)phenol (3c) 1.48 3.06 2.60 0.416 

2,6-difluorophenol (3d) 0.47 -1.85 0.66 0.132 
 
 

 Current density-voltage curves were determined for simple hole-only devices (see figure 
1). When the log of the current density at fixed voltage (7V) for 4b-d-modified surfaces, as 
well as blank ITO, was plotted against relative work function changes vs. blank ITO, an almost 
linear relationship was found (see figure 2).  This suggests that the hole injection barrier 
results primarily from the energy mismatch between ITO and NPD at their interface, according 
to a thermionic emission model [16].  Increasing the ITO work function by systematically 
changing the structure of surface derivatives decreases this energy barrier.  A simple OLED 
device based on 4c was built and, as expected, was significantly brighter than the control using 
unmodified ITO (see figure 3). 
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Figure 1. J-V curves for a 4c-based simple hole-only device compared with a control device 
based on untreated ITO. 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.000

0.005

0.010

0.015

0.020

0.025

0.030

C
ur

re
nt

 D
en

si
ty

 (A
/c

m
2 )

Work Function Change (eV)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

Lo
g 

(c
ur

re
nt

 d
en

si
ty

)

Work Function Change (eV)

 
Figure 2. Correlations between work function changes (eV) and current density or log of 
current density for devices made using 4b-d or untreated ITO. 
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Figure 3. Images of an OLED device (at 15V) (A) based on 4c, and (B) based on untreated 
ITO.  

 
 

CONCLUSIONS 
 
 

 We have shown that we can control the work function of ITO systematically and 
quantitatively by surface complex structural modification.  We have further shown that 
such modification, arising from simple ligand metathesis schemes, translates predictably 
into control of resulting device behavior. 
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