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Controlling Schottky energy barriers in organic electronic devices
using self-assembled monolayers
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We demonstrate tuning of Schottky energy barriers in organic electronic devices by utilizing chemically
tailored electrodes. The Schottky energy barrier of Ag on [@sipethoxy, 5¢2'-ethyl-hexyloxy-
1,4-phenylene was tuned over a range of more than 1 eV by using self-assembled mon8AMs to
attach oriented dipole layers to the Ag prior to device fabrication. Kelvin probe measurements were used to
determine the effect of the SAM’s on the Ag surface potentdd. initio Hartree-Fock calculations of the
molecular dipole moments successfully describe the surface potential changes. The chemically tailored elec-
trodes were then incorporated in organic diode structures and changes in the metal/organic Schottky energy
barriers were measured using an electroabsorption technique. These results demonstrate the use of self-
assembled monolayers to control metal/organic interfacial electronic properties. They establish a physical
principle for manipulating the relative energy levels between two materials and demonstrate an approach to
improve metal/organic contacts in organic electronic devic88163-182(06)52744-X]

Electronic devices made from conjugated organic materistructure, the molecular dipoles are oriented relative to the
als have potential fabrication, mechanical, and cosinetal surface. This chemically tailored electrode is then used
advantages$.Organic light emitting diode$LED’s) are par- in the fabrication of the organic electronic device.
ticularly promising=* and transistors,photodetector§,and Schematic energy level diagrams of metal/organic inter-
other devices have also been demonstratéd. organic  faces which illustrate the approach are shown in Fig. 1. Fig-
LED's, electrons and holes are injected from metal contactsire 1(a) represents the untreated metal/organic interface, i.e.,
into an undoped organic material where they subsequently
recombine emitting light. In order to achieve efficient injec-
tion, it is necessary that both the electron and hole injecting
contacts have small Schottky energy barriers.

Contacts can be a serious problem that can limit the per-
formance and stability of organic electronic devices such as
LED’s. Metal/organic Schottky energy barriers have been
shown to follow ideal Schottky behavior; that is, the electron
(hole) Schottky barrier is determined by the energy differ-
ence between the metal work function and the electron affin-
ity (ionization potentigl of the organic materid® There-
fore, low work-function metals are used for electron
injection and high work-function metals are used for hole
injection. The work functions of metals which can be used
for contacts span a relatively restricted range from about 3 to
6 eV. The electron affinities and ionization potentials of or-
ganic materials often lie outside these values and therefore it
is desirable to extend the effective range of work functions
for contact metals.

In this paper, we demonstrate that the Schottky energy
barrier between a metal and a conjugated organic material

can be manipulated by the insertion of an oriented dipole Metal SAM Polymer

layer between the metal and the organic material. We spe-

cifically consider Ag electrodes and the electrolumines- (d)

cent conjugated polymer pdB-methoxy, 5-(2-ethyl-

hexyloxy-1,4-phenylene vinylede (MEH-PPV). Self- FIG. 1. Schematic energy level diagrams of metal/organic inter-

assembled monolayegiSAM) techniques were used to at- faces: paneh, untreated interface; panbl (panelc), dipole layer
tached a monolayer of polar molecules to the surface of thehich decreaseéincreasesthe electron Schottky energy barrier;
Ag electrode. Because of the ordering inherent in the SAMand paneld, magnified view of the interface.
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FIG. 3. Kelvin probe current as a function of substrate bias for a
pristine Ag electrode and for Ag electrodes modified by the three
SAM'’s. The applied substrate bias has been shifted by the differ-
ence in the surface potentials of the Kelvin probe tip and the pris-
tine Ag substrate.

FIG. 2. Molecular structure of the neutral radicals for the three

SAM's used in the study. Also shown are the resultsabfinitio .
Hartree-Fock calculations of the molecular dipole moments of theédtructures. They were prepared by vacuum sputter deposition
three neutral radicals. and were dominantly111) oriented. The structure and cov-

erage of the SAM layers on the Ag substrates were consistent
_ , with previous work!!'? Silver was chosen as the electrode
there is no SAM dipole layer on the metal. The electronyecqise its work function is well within the MEH-PPV en-
Schottky energy barrieg, is the energy difference between grqy gap, which allows the electron Schottky energy barrier
the metal Fermi energy and the lowest unoccupied singley pe both increased and decreased.
electron state of the organic film. Figurejland Ic) show We determined the electrostatic effect of the dipole layer
the effect of inserting an oriented dipole layer between theyn the chemically tailored electrodes by measuring the
metal and the organic film. In Fig.(4), the dipole layer is change in their surface potential with respect to pristine Ag
oriented so that the electron Schottky energy barrier is degsing a Kelvin probe. In the Kelvin probe technique, the
creased and in Fig.(8), the dipole layer is oriented so that gpstrate metal surface and a metallic, vibrating probe tip
the electron Schottky energy barrier is increased. Figlie 1 constitute the two plates of a capacitor. The vibration of the
is a magnified view of the interface showing a 1-nm-thick prope tip induces an ac current. The current is nulled when
SAM with an electric field across it representing the effect ofie voltage applied to the tip is equal to the difference in
the dipole layer. In this work, we demonstrate control of thegyrface potential between the tip and the substrate.
sert an or|e|_’1ted dipole layer between the metal and the Ok pstrate biasMappVag) for a pristine Ag electrode and for
ganic material. _ _ Ag electrodes modified by the three SAM’s. The applied
Three thiol adsorbates, shown in Fig. 2, werégpsirate bia¥ sy, has been shifted by the difference in sur-
used to form the self-assembled monolayersiace potential between the Kelvin probe tip and the pristine
CH3(CH3)oSHCH;3 SAM], NH5(CH;)16SHNH, SAML - aAg substrateV,,. The differenceVy,-Vaq represents the
and CRy(CF;)7(CH,),SHCF; SAM]. When the thiol ad-  change in surface potential with respect to the pristine Ag
sorbate forms a monolayer film on the surface of Ag, thegiectrode. The Ch, NH,, and CF;, SAM’s change the sur-
hydrogen attached to the sulfur is removed and the sulfufzce potential with respect to pristine Ag by0.70, —0.45,
bonds to the Ag. Also shown in Fig. 2 are the resultsabf 544 085 v, respectively. The GHand NH, SAM’s de-
initio Hartree-Fock calculations of the molecular dipole Mo-.re5se the effective work function and the CBAM in-

ments of the neutral radicafse., the thiol with the hydrogen  ¢reases the effective work function of the Ag electrode.
removed of the adsorbates. These adsorbates were chosen The expected surface potential shift due to a molecular

beca_luse their self-assembly properties have been extensivqj}bme layer has the form
studied and they are known to form dense, well-ordered
monolayers on the(111) surface of the columnlb
metal$®~1"and because the set includes molecules with di- Ag= N(“”‘O'
pole moments of both signs. Employing adsorbates with op- €
posite dipole moments demonstrates control of the Schottky
energy barrier; a SAM with one sign of the dipole momentwhereN is the areal density of moleculeg,,, is the dipole
decreases the electron Schottky energy barrier while a SANMnoment of the moleculgyag+s- is the screened dipole mo-
with the opposite sign of the dipole moment increases thénent of the Ag"S™ bond, ande is a static dielectric con-
electron Schottky energy barrier. stant. For the SAM'’s investigated hel takes on values
The self-assembled monolayers were formed by immersbetween about 3 and>*610* cm™2 and e is between 2 and
ing Ag electrodes in 10° M solutions of the adsorbate in 3.~ The precise value g ay+s- is hard to estimate, but it
ethanol. The Ag electrodes were semitranspaféft nm is expected to have the sign of the £SAM and to be
films on glass substrates to allow optical access to the diodeearly the same for the three SAM®S.
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We have studied the dipole moments of the SAM’s using 1.0
ab initio quantum chemistry techniqu&sThe adsorbate is
viewed as a free thiol in which the S-H bond is replaced by
a S-Ag interaction. The molecular geometry of the free thiol
is obtained by minimizing the energy at the Hartree-Fock
level of approximation using a minimal STGB3basis set?

The thiol hydrogen is then removed, and the dipole moment

of the resulting radical calculated using a more extensive

6-31G basis set® The calculated dipoles listétin Fig. 2

give the correct trends and approximate absolute magnitudes , , ,
for the measured surface potential shifts of the three SAM 1.0 -05 00 05 1.0
films. ; .

Metal/polymer Schottky energy barriers were investigated Diode Bias (Vapp- Vag)
in diode structures consisting of a semitransparent Ag elec- FIG. 4. Electroabsorption signal as a function of diode bias for
trode on a glass substrate, an undoped MEH-PPV polymekg/polymer/Ca structures with a pristine Ag electrode and for Ag
layer roughly 50 nm thick, and a top Ca contact. The strucelectrodes modified by the three SAM’s. The applied substrate bias
tures were fabricated in an inert atmosphere using spin casias been shifted by the built-in potential in the pristine Ag/
ing to produce the polymer film. The top metal contact wasPelymer/Ca structure.
vacuum evaporated through a shadow mask to produce déchottky energy barrier of Ag on MEH-PPV in an organic
odes with active areas o410~ 2 cn?. The diode structures giode structure over a range of more than 1 eV.
were loaded into a vacuum cryostat and measured at room comparing Figs. 3 and 4 shows that changing the effec-
temperature. . . . tive work function of the Ag substrate produces a corre-

Organic diodes have a built-in electrostatic potential ingnonding change in the Ag/polymer electron Schottky energy
the organic layer equal to the difference between the metalfarier, The shift of the surface potentials seen in Fig. 3 is
organic electron Schottky energy barriers of the two metapssentially the same as that of the Schottky energy barriers
contacts, seen in Fig. 4 except for the GRSAM. The effective work

Vo= (de1~ be2), function of the Ag/CR SAM film is greater than the ioniza-
tion potential of MEH-PPV. The electron Schottky energy
barrier is saturated at a shift of 0.50 V. This saturation is
onsistent with previous measurements of Schottky energy
arriers in these structurés.

The molecules used here to form the ordered dipole layers
‘were chosen because their self-assembly properties have
Ibeen extensively studied. The dipole moments of these mol-
ecules are not particularly large. Molecular dipole moments
in excess B5 D are well knowrs* so it should be possible to

hift the Schottky energy barrier by substantially more than 1

AT/TI (arb. units)
o
|9,

0.0

where ¢ (7 is the electron Schottky energy barrier for
metal X2). The electron Schottky energy barrier is equal to
the difference between the polymer electron affinity and th%
metal work function if the work function of the metal lies
within the energy gap of the polymer. It is zero if the work
function of the metal is less than the polymer electron affin

than the polymer ionization potential.

We use an electroabsorption technittfeto measure
these electrostatic potentials and thus determine the Schott
energy barrier in the Ag/polymer/Ca structures. The built-in~ "

potential is determined by applying an external dc bias ofS Ihn t?I?nCIrzjslon,bgreri drens:nftra:;iad tlunlt?gnicz:f dm\e/itallorbgalr};?:_
opposite polarity to the built-in field and measuring the ex- chotiky energy €IS In organic electro evices by

ternal potential at which the electroabsorption signal il'gprgerCth:'faAIg dt?)”%rreg gﬁcgoge;'ojeh?hasﬁqogl\(/ybenesrgny
nulled, i.e., the bias necessary to cancel the internal electro- Ifl W blud VI tg ttach well-defined di ylu II 9
static potential produced by the different metal contacts. >C' a>>€Mmbled monolayers fo attach well-detined dipole lay-

Figure 4 shows the measured electroabsorption signzﬁrs to metal contacts prior to fabrication of the device. These
|AT/T| as a function of diode biasV,,-V o) for a pristine results demonstrate the use of self-assembled monolayers to
pp” ¥ Ag

Ag electrode and for Ag electrodes modified by the threecontrol metal/organic interfacial electronic properties. They

SAMS, The applied Spstate bia, s becn Shited by_ et & PHVSCA prncble for manipiling e reithe
the built-in potential in the pristine Ag/polymer/Ca structure. 9y P

Since the calcium/polymer Schottky energy barrier is CDn_proach to improve metal/organic contacts in organic elec-

stant, the differenceV,,-Vaq, represents the change in tronic devices.

electron Schottky energy barrier with respect to the pristine  We thank D. R. Brown, P. S. Davids, C. M. Heller, and
Ag electrode. The CH, NH,, and CF; SAM’s change the M. D. Joswick for technical support and useful discussions.
electron Schottky energy barrier by0.60,—0.45, and 0.50 This work was partially funded by the Los Alamos National
V, respectively. These results demonstrate tuning of thdéaboratory LDRD program.
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