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Tin complexes of phenoxide ligands having a range of dipole moments were prepared on the surface of
indium—tin oxide (ITO). Surface complex loadings and stoichiometries were measured by quartz crystal
microgravimetry. Work functions of ITO substrates treated with these various surface complexes were measured
using a Kelvin probe. Surface complex dipole moments were then calculated based on measured surface
loadings. Changes in the ITO work function effected by surface phenoxide complex introduction correlate
with these surface complex dipole moments and with total surface dipole per unit area, and current densities
in simple hole-only diode devices also correlate with these total surface dipoles.

Surface modification of indiumtin oxide (ITO) has received  conditions!” We now demonstrate that performing these deposi-
wide attention as a means to control its anode properties,tion and metathesis reactions on an ITO electrode-equipped
particularly to increase its work functiow) in order to lower quartz crystal microbalance (QCM) gives us surface complex
the barrier to hole injection in novel organic-based optoelectronic loadings which, together with Kelvin probe vibrating capacitor
devicest™” The Helmholtz expression derived from simple measurements of the ITO work function, enables calculation
electrostaticsA¢ = qnAuc/ereo, provides the conceptual basis  of surfacecomplexdipole moments to be made and to be related
for many practical attempts to enable this change in work to the “dipole model”. In support of the Helmholtz model, we
function; hereq is the elementary chargejs the surface dipole  find that there is a good correlation between total surface dipole
density,Aun is the dipole moment perpendicular to the surface, per unit area and¢ effected by ligand substitution in surface
e is the relative dielectric constant, ang is the vacuum tin phenoxide complexes. Significantly, we show that these
permittivity 8 An elegant model that has been propdseithin values forA¢ correlate well with current density enhancements
this context is based on an introduced dipole layer on the surfacemeasured in simple hole-only diode devices; thus controlled
of the ITO1%11|f the negative end of the surface dipole species surface modification chemistry and diode device behavior can
points away from the ITO surface, the work function of ITO is now be related quantitatively.
increased, and the hole injection barrier is decreds&ilhe
effected work function changeé\g) should be directly propor-  Experimental Section

tional to the normal component of molecular dipole moments g Tetraert-butoxy)tin (1) was used as received

of su_rface-attac_hed speciqiz)( andfa?é_the ”;‘mb‘?f of S#Ch (Aldrich) and was stored under nitrogen. Phentd) ((Allied

species, per unit area, on the surfacein conformity to the  cpemical) p-fluorophenol 4b) (Aldrich), 4-(trifluoromethyl)-
Helmholtz expression. Many studies using organics to effect phenol @c) (Lancaster), and 2,6-difluorophendid) (Aldrich)

\(/ivork fgnctlofn char'lges.égrrlslTO, f(;r exa{np!e, % syrhface were used as received and were stored under nitrogen. Glass
eposition of organic aci or surface sillanizatiof With  gjijeg coated with indium-tin oxide (Colorado Concept Coatings,
hole transport materials derivatives, have been descrlbedlsg/u 1500 A) were first cut into pieces of approximately 1

?u?jlitatiyily. Hoyve\;er, ri]n the rfabsedr!celof struqtural or Surche cm?. They were cleaned by rinsing with sonication for 30 min
oading information for the surface dipolar species, no quantita- j, 5q, ag NP-10 Tergitol solution, rinsing thoroughly with

tive relationships between them and measured valueador  jqionised water, rinsing with sonication for 5 min in acetone,

or their impact on (_Jlevice behavior COP!O‘ b_e establisheq. submerging for 5 min in boiling trichloroethylene (3 cycles),
We have described surface modification of ITO in an gypmerging for 5 min in acetone (3 cycles), and submerging

ultrahigh vacuum (UHV) using a series of tin phenoxidieand for 5 min in boiling methanol (3 cycles). They were then heated

we showed that a correlation existed between dipole moments,; 100°C for 1 h invacuo and then stored in a holding chamber

of the parent phenols and changes in the ITO work function \nger vacuum (16 Torr). Reflectance absorbance IR spectra
that occurred on formation of the surface complei®eet, even were taken using a MIDAC FT-IR, with a blank ITO slide as

for these well-defined surface species, surface loadings were,q background.

not known. We have reported that the surface deposition and [ITO] —[0] —SN(OBW)s. ITO samples were placed in a
ligand metathetical reactions for tin alkoxides on ITO recorded ,5c,um chamber (16 Torr) and were exposed to vapor bf

in UHV71% can be accomplished under normal laboratory tor 5 min under active vacuum. The active vacuum was

closed off, and the chamber was cooled externally with dry ice
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[ITO] —[O] —Sn(OBW)(OCgHs), (5a). Samples of2 were sonicated again, successively, in boiling acetone, isopropyl
treated with vapor ofla for 5 min without active vacuum and  alcohol, and methylene chloride (5 min for each solvent, 3).
with external dry ice cooling. The reaction mixture was allowed The coupons were then dried overnight underall 110°C.
to warm over about 10 min to approach completion of ligand Surface complexesb, 5¢, and5d were then prepared on these
metathesis. Exceséa was removed by evacuation at room electrode surfaces as described above. DepositidfNfbis-
temperature for 30 min. Complex&b, 5c¢, and 5d were all (1-naphthyl)N,N'-diphenyl-1,1-biphenyl-4,4diamine (99.9%,
prepared similarly, except with two cycles of exposure o Aldrich, o-NPD) and aluminum (Alfa Aesar) layers was
the respective phenols. performed using an Edwards 306A thermal evaporation system

The Kelvin Probe. The work function of the surface was at & base pressure of 8 1077 mbar. a-NPD was used as
studied using a Kelvin probe that was located in a nitrogen received and was deposited at a rate 8824/s to a thickness
atmosphere glovebox and driven using homemade circuitry. TheOf approximately 1400 A. Aluminum contacts were defined
sinusoidally oscillating reference electrode was driven by a by a shadow mask and were deposited at a rate of 12 A/s to a
piezoelectric ceramic made of lead zirconate titanate (APC total thickness of 600 A. The overlap of the ITO stripe and Al
International Ltd; Model APC 850). The tubular piezoelectric Ccontacts defined the active device areas (4?ramd 8 mn).
(outside diameter, 0.375 in.; inside diameter, 0.281 in.; length, Device testing was accomplished using a Keithley 2400
0.789 in.) was electrically shielded and held vertically. The piezo Sourcemeter controlled by Labview software. Devices were
was driven using a Hewlett-Packard 200AB audio oscillator, cycled from 0to 7 V. A device using a cleaned ITO electrode
and its frequency was measured using a Hewlett-Packard 5334Bvas used as the control.
unive_r_sal counter. The §urface potential differeng:e signal was Rasuits and Discussion
amplified using a Perkin-Elmer 5182 preamplifier and was . ) .
filtered using an EG&G 5206 two-phase lock-in analyzer. To  1TO/glass slides were cleaned and plasced In a reaction
find the probe resonant frequency, the probe was brought closeCha@mber that could be evacuated to about*Iorr and that

to the surface of a gold standard, and a 30-V direct current (dc) V&S quipped with st%%COCkS to admit vgporlocbr phenols,
potential was applied to its tip. Alternating current voltage 25 previously described. Surface alkoxytin complexes met-

was then applied to the piezo and was scanned in the rangefthesize readily with phenols because of thei, palues?

100—-300 Hz. When the resonant frequency of the preb210 relative_ to thetert—bytyl alcohol prpduct (ca. 10 and_ 18,
Hz) was reached, a maximum reading of the potential difference respectively). According to the volatility of the phenols, slightly
between the probe tip and the gold was shown using the lock- different deposition conditions were used to ensure completeness

in analyzer. A sample was then brought close to the probe, and®f the metathesis reaction. In general, when ITO was exposed

a 30-V dc potential was applied to the probe tip. When the probe to 1 the reaction vessel fogged near the site of external cooling;

was set at the same distance from the sample as was used foi i disappeared and the surface became transparent again on
the Au, a controlled, opposite-bias dc voltage, which was subsequent evacuation. All surface-treated ITO materials (Scheme

monitored by a multimeter, was applied to the probe. This 1) were colorless. IR analysis showed the presence of these
voltage was adjusted until the reading on the lock-in analyzer SUrface complexes; clean ITO was used as the background.

was null. The work function difference between the sample and The work function ¢) of a freshly p_repar_ed sample of
the Au could then be determined from the magnitude of this untreated ITO was measured as a baseline with an accuracy of

: : +0.2 eV. Work-function measurements of tin alkoxide complex-
bias potential. modified ITO @) were then made, and samples were transferred
Determining the Work Function of Modified and Un- ' P

T in a closed reaction chamber out of the nitrogen-filled glovebox.
modified 'T%' AnITO s;;mplg (ca._bl 3'3‘) E/)vas prEepa;rSed and Complexesba, 5b, 5¢, and 5d were prepared on individual
was ex%oze to vapor dfas d ehscr' N %?_}_’g' xC srva? dpieces of2-modified ITO as described above. The reaction
irr?trcr)]Zvritrog)ér?;?rﬁléigﬁg}eagloJel?o;[(rig;etaining t\évgig\ilizspfgbee chamber was then transferred back into the glovebox, and the

. k functi f the ITO modified wittb d usi
The work functions of untreated ITO and ITO coated with work tunction of Ine rmodied wittb was measured using

5a 5b 5 d5d h d usi h hod the same gold and untreated ITO standards.
o?tline’d ;l’)o?/r; were then measured using the metho Both the loadings and the stoichiometries of the surface tin

complexes on ITO were determined using the QCM tech-
Quartz Crystal Microgravimetry. Quartz crystals (10000  pjque202! 4b, 4c, and 4d were used in these QCM studies
MHz, AT-cut) equipped with 1000 A ITO on 500-A Al pecause their relatively large molecular weights enabled the most
electrodes were obtained from International Crystal Manufactur- accurate measurements of frequency Changes_ An evacuable
ing and were used as received. The QCM was driven using anreaction chamber equipped with two separate inlet ports was
ICM 35360 commercial crystal oscillator. The crystal frequency ysed. The QCM ensemble was attached to this apparatus (Figure
was measured using a Hewlett-Packard 53131A universal 1) which allowed for exposure of both ITO-coated Al electrodes
counter and was recorded using a laboratory computer. to the vapor of choice. Tin alkoxide(ca. 300 mg) was placed
Preparation and Testing of Hole-Only DevicesITO slides in a small vial attached to one port by a high-vacuum stopcock,
were cut into coupons approximately 20 mn20 mm. A 10 and a phenol (ca. 300 mg) was placed in a second small vial
mm x 20 mm strip of ITO was defined by covering the central attached to the other inlet port via a high-vacuum stopcock.
area of the coupon with tape and etching away the exposedBoth were degassed by three freeppmp-thaw cycles. The
ITO using concentrated HCI. The tape was removed, and the assembly was isolated from the two organic reagents and was
remaining ITO was polished using an aqueous suspension ofevacuated fo2 h at 3x 1072 Torr. With the vessel opened to
silica gel (grade 60, 2386400 mesh, Aldrich) for 30 s, then  the vacuum system, the QCM was exposet by opening the
rinsed with 0.1 M KOH and then hot water. The polished appropriate stopcock. Rapid adsorptionlofvas noted gravi-
coupons were then rubbed with a sponge soaked in 2% agmetrically. An initial frequency change of ca. 50 Hz was
Tergitol (Aldrich) for 30 s and were then rinsed with distilled recorded (over about 3 min), but rapid desorption of exdess
water. The coupons were then sonicated in the Tergitol detergentwas also measured by the QCM when the vessel was evacuated
solution for 25 min, then rinsed with distilled water, and then at 3 x 1072 Torr for approximately 10 min. A net frequency
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SCHEME 1: Synthesis of Surface Tin Phenoxides
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Tetra(tert-butoxy)tin (1) phenols (4b-d) Figure 2. QCM measured changes in frequency on reaction first

: ; between ITO andl and then betwee and 4b. Points (A) begin
Figure 1. Diagram of the cell used for QCM measurements.
'gu 'ag us Q . S exposure t@; (B) end exposure t@ and begin evacuation; (C) end

change of 44 Hz was observed (Figure 2). If deposition occurred evacuation; (D) begin exposure 40 (E) end exposure té and begin
with protolytic loss of one alkoxy group (Scheme 1) (as was evacuation; (F) end evacuatioktspis the measured frequency change

. . \ : on formation of2, andAfmetis the measured frequency change for ligand
found to predominate in UHV and consistent with a low- | otaihesis to give.
surface hydroxyl group content of ca. 1 per 10824, this
reaction would yield a net molecular weight increase of 337 D. 1) were also evaluated using these data, but the correspondence
The measured frequency change would thus correspond to abetween surface loadings for alkoxide precursors and phenoxide
nominal coverage (surface loading, “£E”) of the ITO Byof products was poorer in these other cases (Table 1). Similar
0.181+ 0.004 nmoles/ci(correcting for a surface roughness observations were made usidg and4d (Figure 2). In other
factor of 1.6%). The stopcock to the bulb containing thle was words, 2 is the major component of surface alkoxide formed
opened for 3 min. Excess phenol was then removed in vacuo.on ITO under typical laboratory conditions, ahds the major
A net frequency change of 20 Hz was observed (Figure 2). If product of ligand metathesis.
this reaction proceeded with replacement of two alkoxy groups  An important ramification of the studies described herein,
(as in UHWAY), there would be a net molecular weight increase which comprise both work-function changes¢) for a series
of 76 D per complex (Scheme 1). The measured frequency of phenoxide complexe$ relative to ITO A¢ = ¢s — ¢ito)
change would correspond to a surface loading5af 0.18 and surface complex loading measurement$s that surface
nmol/cn?, in good agreement with the loading measured2for ~ complex molecular dipole moment normal componeptg}
Other stoichiometries for deposition and metathesis (Schemeand total surface dipole could now be determined if dielectric

TABLE 1: Net Frequency Changes Af, Hz) and Corresponding Calculated Surface Loadings (£, nmol/cA) for Alkoxide
Precursors and Phenoxide Products, According to the Reaction Stoichiometries Shown in Schente 1
Afgep Afet £ (2P £(3) £EQR—5)" £(3—6) £2—7)

440+ 1.0 10.0£ 1.0 0.181+ 0.004 0.232+ 0.005 5b: 0.182+ 0.018 6b: 0.182+ 0.018 7b: 0.121+ 0.012
47.0£1.0 20.0£1.0 0.193+ 0.004 0.247+ 0.005 5¢: 0.1574+ 0.008 6c 0.157+ 0.008 7c. 0.105+ 0.005
42.0+1.0 15.0+£ 1.0 0.172+ 0.004 0.221+ 0.005 5d: 0.185+ 0.012 6d: 0.185+ 0.012 7d: 0.123+ 0.008

aNote that the most consistent measurements for alkoxtdphenoxide loadings are fd2 — 5. P Best fit for surface complex loading
(nmole/cnd).
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TABLE 2: Gas-Phase Dipole Moments for Parent Phenols
(4), A¢ for Surface Phenoxide Complexes (5), Calculated
Complex Dipole Moments for 5 normal to the ITO Surface
(#zs), and Dipole Moments normal to the ITO Surface x
Sun)ace Complex Loading fys) « £5)

Mzphenol) Uzs5)

parent phenol Ap (VR (D)’ (D)° U x £
phenol @a) 059 —-044 e e
p-fluorophenol éb) 1.10 1.20 1.67 0.301
4-(trifluoromethyl)phenol4c)  1.48 3.06 2.60 0.416
2,6-difluorophenol 4d) 0.47 -—-1.85 066 0.132

a ¢ for 5 relative to ITO.? Positive values indicate the negative end
of the dipole is oriented away from the phenolic oxygeRositive
values indicate the negative end of the dipole is oriented away from
the ITO surface? Relative valuest Surface loading not measured by
QCM.
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Figure 3. A good correlation exists between measurepl (vs ITO)
and (a) the dipole moment of the parent phen@isens (b) the
calculated complex dipole momentys); and (c) the total dipolez(
component) per unit ares)xze).-

constants for the surface complexonolayersas opposed to
values for the bulk materials, were known; were the Helmholtz
model applicable, the total surface dipole should correlate with
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Figure 4. Current density J, A/cn?) vs voltage curves (87 V) for
simple hole-only diodes prepared using each of three surface tin
complexes compared with ITO. (a) Complexdsand5d vs ITO; (b)
complex5c vs 5d.

and 0.66 D, respectively (Table 2). It is noteworthy that a good
correlation does exist betweekp and uys and, even more
significantly, with the total dipolezZcomponent) per unit area,
Uzs)xes, as predicted by the Helmholtz equation (Figure 3).
Current density-voltage (0—V, Figure 4) characteristics were
determined for simple hole-only diodes fabricated with ITO
anodes surface-modified wiib, 5¢, and5d. All three surface-
modified electrode diodes showed higher current densities than
the control, which used clean ITO as the anode. These diodes
had increases in current density7aV that were 133%b), 2500
(50), and 18 §d) times greater than those measured for the clean
ITO electrode control device. Examination of idealized structures
for tetrahedrally substituted surface tin compleseshiows that
rotation about the SAO—C linkage can generate a family of
rotamers. Each member of this family contributes /igs
according to its particular conformation; we assume that, on
average, complex geometries fob—d are similar. Thus the
net surface dipole that results from tin complex formation
apparently involves the superposition of the dipole introduced
by replacement of a surface OH by a surface tin species, plus
any net dipole moment of the various-S@ interactions, both
with regard to the surface and through bonding to the various

A¢. Even in the absence of these monolayer dielectric constants,alkoxides, and the dipole moments of the phenoxide ligands

it is possible to calculate relative complex dipole moment normal
component valuegs)); for 5b, 5¢, and5d, uys = 1.67, 2.60,

themselves. The relationship between measured device current
densities andi,s)«e5 at 7 V remains to be interpreted from a
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theory perspective, and future device work will be directed (2) Sugiyama, K.; Ishii, H.; Ouchi, Y.; Seki, Kl. Appl. Phys200Q

toward elucidation of this important issue. 87, 295 , . _ _
(3) Steuber, F.; Staudigel, J.;"Sgel, M.; Simmerer, J.; Winnacker,
A. Appl. Phys. Lett1999 74, 3558.
(4) Wu, C. C.; Wu, C. I.; Sturm, J. C.; Kahn, Appl. Phys. Lett.
We have demonstrated that controlled surface modification 199(7%)70(':;3,“8,\-/' W Cho. K. Suna. G Yane. 1 No. Y. Y. M. Chor
. . oi, M. W_; o, K.; Sung, C.; Yang, J.; Noh, Y. Y. M.; oi,
of ITO can be effected chemlcall'y' by a §tra|ghtforward J. C.: Jeong, KJ. Vac. Sci. Technol B004 22 758.
procedure of surface complex deposition and ligand exchange,  (g) Tang, J. X.; Li, Y. Q.; Zheng, L. R.; Hung, L. S. Appl. Phys.
and we have shown that such surface modification has a direct,2004 95, 4397.
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d . devi behavi h h d d lend Springer-Verlag: New York, 1991.
ensity on device behavior that we have demonstrated lends ™ ) ispii H.: Sugiyama, K.: Ito, E.; Seki, KAdy. Mater. 1999 11,
direct support for the Helmholtz model to predict simple device 605.
outcomes based on molecular processes for surface maodification, (10) Ito, E.; Oji, H.; Furuta, M.; Ishii, H.; Oichi, K.; Ouchi, Y.; Seki,
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