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Tuning of Metal Work Functions with
Self-Assembled Monolayers**

By Bert de Boer,* Afshin Hadipour,
M. Magdalena Mandoc, Teunis van Woudenbergh, and
Paul W. M. Blom

Metallic contacts in organic optoelectronic devices are de-
terminative of their ultimate performance.!!! Preparation
methods, diffusion of metal atoms, reactivity of the metal to-
ward air and organic materials,?! and roughness of the metal-
lic contact can have a detrimental influence on the stability
and performance of organic thin-film devices like light-emit-
ting diodes (LEDs), photovoltaic (PV) cells, and (ambipolar)
field-effect transistors (FETs). Although these influences
have to be addressed before a reliable and reproducible de-
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vice can be produced, one first has to take into account the in-
trinsic properties of the metal, like its transparency, reactivity,
and especially for (opto)electronic applications, its work func-
tion.

For efficient electron and hole injection into polymer
LEDs, the work function of the electrode has to match (within
a few tenths of an eV) the energy level of the lowest unoccu-
pied molecular orbital (LUMO) or highest occupied molecu-
lar orbital (HOMO) of the polymer layer, respectively.'*! In
conjugated polymer/fullerene-based solar cells, the experi-
mental open-circuit voltage (Voc) for non-ohmic contacts is
determined by the difference in the work functions of the
electrodes. For ohmic contacts, the V¢ is governed by the
HOMO and LUMO levels of the acceptor and donor, respec-
tively.[4] For ambipolar FETs, the main difficulty is achieving
injection of both electrons and holes in the organic semicon-
ductor from the same electrode, since the work function will
always result in an injection barrier of at least half of the
bandgap for one of the carriers.”) Facilitating the charge injec-
tion improves the device performance and tuning the work
function of the metal to match the HOMO (or valence band)
and/or LUMO (conducting band) is desirable. Obviously, the
performances of all the devices mentioned above are deter-
mined by the work functions of their metal electrodes.

As demonstrated by several authors, tuning of the metal
work function (@y) can be accomplished by using polar mole-
cules that can self-assemble on the metal and form a highly or-
dered, thin, two-dimensional (2D) layer which has a dipole in
the desired direction (Fig. 1).! Alkanethiols (Fig. 1B) and
perfluorinated alkanethiols (Fig. 1C) are known to form such
self-assembled monolayers (SAMS)[6‘12’14'16’20‘22] on group Ib
and group VIII metals. Since alkanethiols and perfluorinated
alkanethiols have opposite dipoles, they can be used to, re-
spectively, decreasel®®'*1% and increase!®'? the work func-
tions of metals (i.e., shift the vacuum energy levels®! in
Fig. 1). In addition, conjugated mono- and dithiols are known
to form highly ordered SAMs on metals surfaces,”* which
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Figure 1. Schematic energy-level diagrams of metal/organic interfaces
with metal work function, @y, located within the HOMO-LUMO gap
(Eg) of the organic semiconductor. A) Electron injection barrier (@.) and
hole-injection barrier (®},) for an untreated interface (without SAM).
B) Alkanethiols impose an interface dipole that decreases @, and in-
creases @yp,. C) 1H,TH,2H,2H-perfluoroalkanethiols impose an interface
dipole that increases @, and decreases @,. + and — depict the direction
of the interface dipole. Eg a,: Fermi energy of Au; E,,.: local vacuum ener-
gy level; IE: ionization energy; EA: electron affinity.
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makes them particularly interesting for use in optoelectronic
devices.®l Besides using the dipoles of SAMs to tune metal
work functions, Kobayashi and co-workers also demonstrated
recently that the interface dipole formed by SAMs can control
the charge-carrier density in organic FETs.?!

In this work, the tuning of metal work functions (@) using
SAMs is described and we demonstrate that the work function
of a silver electrode can be tuned from 3.8 to 5.5 eV using two
different SAMs. Consequently, the hole-injection barrier of
Ag (Pa,=4.4 eV) with poly(2-methoxy-5-(2’-ethylhexyloxy)-
1,4-phenylene vinylene) (MEH-PPV) can be completely
eliminated resulting in an ohmic contact, or increased to such
an extent that the current densities between the two modified
electrodes differs by 6 orders of magnitude at a 5 V bias. The
latter allows the electron-only current to be measured in a
polymer/polymer blend solar cell.

One can consider a SAM based on alkanethiols to be a di-
pole layer in which the total dipole moment arises of two inter-
nal dipoles stacked on top of each other. The first effective
dipole is formed by the metal-sulfur (M-S) charge-transfer in-
teraction, and the second effective dipole is determined by the
composition of the monolayer itself. The total effective dipole
at a metal surface can be visualized as a double layer of two
parallel charge sheets with a charge density, o (= Ng, N = graft-
ing density; g = unit charge), which are separated by two dielec-
tric layers of thicknesses ly_s and Isan, with dielectric
constants of ky_g and ksam, respectively. From classical elec-
trostatics, one can calculate the potential drop caused by the
dipole from the integral of the electric fields across the parallel
sheets.!®l The change in work function can be written as:

M= ] M

Ag = —N H, sam
€Ky s

€Ksam

where the first term represents the effective dipole moment
(vector perpendicular to the surface) of the monolayer, and
the second term takes into account the effective intrinsic M-S
dipole created by the metal surface, which is chemically modi-
fied with the thiolate end group of the SAM (u, sam: dipole
moment of the SAM perpendicular to the surface; &: permit-
tivity of free space). The effective M-S dipole (un_s/€oknm-s)
is assumed to be almost independent of the alkane chain
length and composition, but strongly dependent on the nature
of the metal.

For alkanethiol SAMs, the effective M-S dipole has an op-
posite, but smaller value than the effective dipole of the SAM
itself, which results in a smaller shift of the work function
when compared to the perfluorinated alkanethiols. The latter
exhibits an effective M-S dipole in the same direction as that
of the monolayer. Furthermore, the M-S dipole depends on
the kind of metal used. In this work, we demonstrate that the
silver—sulfur dipole is larger than the gold—sulfur dipole.

The grafting density of the SAMs on a metal depends on
the commensurate, close-packed structure of the SAM on that
metal. Alkanethiols adopt the commensurate (v/3 x v/3) R30°
(following the Wood’s notation) hexagonal lattice on Au(111)

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with an approximate off-normal tilt, a, of 30° and a nearest-
neighbor distance of 4.97 AP The sulfur head group occu-
pies the threefold hollow sites of the Au(111) surface. This
results in a value of N of 4.6x10"® m™ on Au (111). For al-
kanethiols on Ag, the chains are oriented closer to the normal
axis (o~ 12"),[27] due to the larger nearest-neighbor spacing in
the (111) plane for Ag (2.89 A versus 2.88 A for Au®l), but
the grafting density of alkanethiols on Ag is the same as on
Au (N=4.6x10" m™). This implies that only the difference
in the tilt angles of the SAM for Au (30°) and Ag (12°) will re-
sult in a change of about 11 % in the effective dipole moment
perpendicular to the metal surface, since the effective dipole
moment is given by: #; sam = UmoleculeCOSA.

Perfluorinated alkanethiols on Au (111) probably adopt a
commensurate high-order c¢(7 x7) (c: centered structure, fol-
lowing the Wood’s notation) superlattice of close-packed mol-
ecules with a lattice constant of 5.8+0.1 A.?**'l Although a
commensurate p(2x2)®! (p: primitive structure, following
the Wood’s notation) or an incommensurate lattice®” were
also reported, the nearest-neighbor distance is ~5.8 A. The
tilt angle of perfluorinated alkanethiols is lower than that for
alkanethiols, namely about 12-20°.202 This results in a graft-
ing density for 1H,1H,2H2H-perfluoroalkanethiols of
3.4x10" m™” on Au (111). Although data on the tilt angle of
perfluorinated alkanethiols on Ag is not available, we expect
similar behavior to that of perfluorinated alkanethiols on Au.
The tilt angle is expected to be closer to the surface normal,
since Ag has a slightly larger nearest neighbor spacing in the
(111) plane than Au, and the grafting density for
1H,1H2H 2H-perfluoroalkanethiols is estimated to be
3.4x10"® m™ on Ag. Since the grafting density is the same on
Ag and Au, and the tilt angles are very small (<20°) for both
metals, this SAM is expected to give almost the same shift in
work function (not taking into account the M-S dipole) for
both Au and Ag (<5 %). An overview of the properties, and
the calculated and measured work-function shifts of the
SAMs on a particular metal surface is given in Table 1.

Figure 2 displays the work functions of 20 nm Ag layers
(unmodified and modified with SAMs) on glass, measured
using a Kelvin probe under a N, atmosphere. The work func-
tions measured were stable for at least 5 days. The modifica-

Table 1. Overview of properties of SAMs on Au and Ag.

Ksam N a  uisam[b] ADc[c]  ADpeas[d]
[m?] 1 D] [eV] [eV]
Au-SCygH3; 2.5 46x10"® 35 1.60 -1.0 0.8
Au-SCH4CgFy;  2.1[a] 3.4x10" 16 219 13 0.6
Ag-SCrgHs3 25 46x10% 12 191 -13 -0.6

Ag-SCH,CgFr;  21[a] 3.4x10% 8 225 1.4 1.1

[a] Dielectric constant taken from poly(tetrafluoroethylene) (PTFE) [30].
[b] Dipole moment of the SAM corrected for the tilt angle. The dipole
moment was calculated for unbound, isolated molecules with a thiol end
group (see Experimental). [c] Work-function shifts calculated from Equa-
tion 1 and excluding the M-S dipole. [d] Work-function shifts measured
with Kelvin probe.
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Figure 2. Work function of as-deposited Au, Ag, and Au and Ag modified
by self-assembled monolayers of hexadecanethiol, and 1H,1H,2H,2H-
perfluorodecanethiol.

tion was performed by two SAMs of opposing dipoles, namely
1H,1H2H 2H-perfluorodecanethiol and hexadecanethiol. A
large increase of @ is observed when Ag was modified with a
SAM of 1H,1H,2H 2H-perfluorodecanethiol, resulting in a
work function of 5.5 eV that slowly stabilized at 5.4 eV. Com-
pared to silver (4.4 eV), we were able to increase @ by 1.1 eV.
Alternatively, modification of silver with a self-assembled
monolayer of hexadecanethiol lowered @ by 0.6 eV to 3.8 eV
(Fig. 2).

Similarly, we prepared Au-coated (20 nm) substrates with-
out and with SAMs of 1H,1H,2H 2H-perfluorodecanethiol
and hexadecanethiol. We measured @ for the untreated gold
to be 4.9 eV, whereas the SAMs of 1H,1H,2H 2 H-perfluoro-
decanethiol and hexadecanethiol shifted @ to 5.5 eV and
4.1 eV, respectively (Fig. 2). Apparently, the interface-dipole
formation of the perfluorinated alkanethiol on Au is less effi-
cient than on Ag, whereas the opposite is true for the alkane-
thiol. This difference can not be attributed to the difference in
tilt angle of the SAMs on Au and Ag (Table 1). Alkanethiols
have a tilt angle of ~30° on Au, whereas on Ag the chains are
closer to the normal axis (~ 12"),[27] due to the larger nearest-
neighbor spacing in the (111) plane for Ag. Similarly, the tilt
angle for perfluorinated alkanethiols on Ag is assumed to be
smaller than the tilt angle on Au (~15°). This relatively small
difference in tilt angle on Ag can therefore only account for a
small increase in the interface dipole perpendicular to the
metal surface (~11 % for alkanethiol and ~5 % for perfluori-
nated alkanethiols). However, more important by far is the
contribution of the M-S effective dipole to the overall work-
function shift. As mentioned before, the M-S dipole moment
has the same sign as the dipole moment of the perfluorinated
alkanethiol and an opposite sign to that of hexadecanethiol.
Since the work-function shift of the perfluorinated alkanethiol
is larger on Ag than on Au, and the work-function shift of
hexadecanethiol is smaller for Ag than for Au (Fig. 2), it is
evident that the Ag-S dipole moment is larger than the Au-S
dipole moment.

Adv. Mater. 2005, 17, No. 5, March 8
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An important issue is to check whether these strong work-
function shifts are also reflected in the performance of devices
when SAM-modified electrodes are used. In injection-limited
polymer LEDs, in which a semitransparent Ag electrode is
used as the hole-injection contact and MEH-PPV (chemical
structure is presented in Fig. 3A) as the active polymer, a
hole-injection barrier of typically ~0.9 eV exists due to the en-
ergy mismatch of the HOMO of MEH-PPV (5.3 eV) and the
work function of Ag (4.4 eV).’! Since the work function of
Ag could be enhanced by 1.1eV using a SAM of
1H,1H2H 2H-perfluorodecanethiol, it should, in principle, be
possible to change the charge-transport properties from being
heavily injection limited (Ag) to bulk space-charge limited
(Ag/SAM). For this purpose we made an LED based on
MEH-PPV with the configuration glass/Ag/HSC,H,CgF17/

—u— [TOMEH-FPVIAg

MA :

AGHSC,H,C,F, /MEH-PPVIAG]
AGIMEH-PPVIAG
wo'l #/ —— Ag/HSC H, /MEH-PPVIAg
o Ay
107 = ]
< -
ol X |
=2 .‘.
L Sy [h 0\/6\/ 3
I* .
0 &l MQ"’ 1
, | —d  MEH-PPV

J[ANT]

0 2 4 6 8 10 12

Figure 3. A) Current-density-voltage characteristics of diodes based on
MEH-PPV. The hole-injection electrode was modified to be: ITO, Ag with
1H,1H,2H,2H-perfluorodecanethiol, unmodified Ag, and Ag with hexade-
canethiol. B) Current-density—voltage characteristics under dark condi-
tions for a solar cell based on MDMO-PPV and PCNEPV (1:1) with
PEDOT:PSS and LiF/Al electrodes, and with Ag/HSCy¢H;3 and Ba/Al
electrodes.
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MEH-PPV/Ag. Since we are interested in the hole-injection
barrier, all LEDs had a top contact of silver that blocked the
electron injection. As a reference, LEDs without an SAM and
one with C;¢H33SH (which lowered the work function of Ag
and further increased the injection barrier) (Fig. 3A) were
also fabricated. Usually, indium tin oxide (ITO) and/or
PEDOT/PSS are used as electrodes in MEH-PPV-based
LEDs, because both are known to form ohmic contacts with
MEH-PPV. For comparison, an LED based on an ohmic ITO
contact (ITO/MEH-PPV/Ag) was also made (Fig. 3A). From
Figure 3A, it appears that the current-density—voltage (J-V)
characteristics of the device based on Ag modified with
1H,1H 2H 2H-perfluorodecanethiol is nearly identical to the
ITO-based bulk-limited device. As expected, the effective di-
pole created by the perfluorinated SAM shifted the work
function of the Ag electrode by about 1 eV, thereby eliminat-
ing the hole-injection barrier and creating an ohmic contact
for hole injection with MEH-PPV. The LED with an unmodi-
fied Ag hole-injection contact exhibited a contact-energy bar-
rier of typically ~0.9 eV due to the work function of Ag
(4.4 eV), resulting in a current density that was an order of
magnitude lower. The hole current is even more suppressed
by the Ag electrode modified with hexadecanethiol. As dem-
onstrated above, the effective dipole created by this SAM
lowered the work function of Ag to 3.8 eV, creating an energy
barrier of ~ 1.5 eV with respect to the HOMO of MEH-PPV.
This modification clearly increased the energy barrier for hole
injection (Fig. 3A), suppressing the hole current almost com-
pletely.

The ability to completely suppress the injection of one kind
of charge carrier is a very attractive tool for the characteriza-
tion of charge transport in composite materials, as used in, for
example, PV devices. In many conjugated polymers, charge
transport is mainly dominated by holes.®!] Consequently, the
dark current of solar cells based on a polymer/polymer blend
will be dominated by the holes in the donor polymer, making
it difficult to extract information about the electron transport
in the acceptor polymer inside the blend. As an example, the
dark-current densities of a PEDOT:PSS/MDMO-PPV:
PCNEPV(1:1)/LiF/Al (where MDMO is 2-methoxy-5-(3",7-
dimethyloctyloxy) and PCNEPV is poly[oxa-1,4-phenylene-
(1-cyano-1,2-vinylene)-(2-methoxy-5-(3’,7’-dimethyloctyloxy)-
1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene]; chemical
structure is presented in Fig. 3B) device and a Ag/HSCsH33/
MDMO-PPV:PCNEPV(1:1)/Ba/Al device are shown in Fig-
ure 3B. The PCNEPV is known to have a low reduction
potential (LUMO at 3.52 eV) due to the high electron affinity
of the cyano groups. Therefore, PCNEPV is used in polymer/
polymer solar cells as the electron accepting and transporting
material.?>%! The observed dark current of a conventional
PV cell with a PEDOT:PSS bottom electrode is completely
dominated by the holes in the PPV since the hole current is
orders of magnitude higher than the electron current. How-
ever, when a Ag/HSC;cHs; bottom electrode (with
@=3.8¢eV) is employed, a large hole-injection barrier is cre-
ated (~1.5 eV) and the hole current in the PPV can be com-
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pletely blocked (Figs. 1B, 3A). The resulting dark current now
stems from the electron transport in the PCNEPV (Fig. 3B).
Thus, apart from improving charge injection, SAM-modified
electrodes are also very useful in selectively blocking one type
of charge carrier in optoelectronic devices. In this manner, the
electron-only currents can be measured in pristine polymers
or in polymer/polymer blends without having to spin-coat
them onto highly reactive bottom contacts like Ca or Ba.l*"

In conclusion, we have demonstrated the tuning of metal
work functions by chemically modifying the metal surfaces
through the formation of chemisorbed SAMs derived from
1H,1H2H 2H-perfluorinated alkanethiols and hexadeca-
nethiol. The ordering inherent in the SAMs creates an effec-
tive, molecular dipole at the metal/SAM interface, which in-
creased the work function of Ag (Pa,~4.4¢eV) to 55eV
(A®~1.1 eV) for 1H,1H,2H 2H-perfluorinated alkanethiols.
Hexadecanethiol, on the other hand, shifted @4, to 3.8 eV
(A®~0.6 eV). On Au, the SAM of 1H,1H,2H 2H-perfluoro-
decanethiol raised @4, (4.9 eV) by 0.6 eV to 5.5 eV, whereas
hexadecanethiol decreased @, by 0.8 eV. These chemically
modified electrodes were used in polymer LEDs and hole in-
jection into MEH-PPV was investigated. An ohmic contact
for hole injection between a silver electrode functionalized
with the perfluorinated SAMs and MEH-PPV, with a HOMO
of 5.3 eV, was established. Conversely, a SAM of hexadeca-
nethiol lowered @5, of a silver electrode to 3.8 eV, and
blocked hole injection into PPV, which enabled studying the
electron transport in composite devices. The electron-only
current was measured in a polymer/polymer blend PV cell
based on MDMO-PPV and PCNEPV. This method demon-
strates a simple and attractive approach to modify and im-
prove metal/organic contacts in organic electronic devices like
LEDs, PV cells, and FETs.

Experimental

The perfluorinated alkanethiols (CeF;3C,H4—SH, CsH;7,C,H,~SH)
were synthesized according to a previously reported method [35].
These compounds were readily obtained in high yields. Hexadeca-
nethiol (Aldrich) was distilled prior to use. Poly(2-methoxy-5-(2’-ethyl-
hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) was synthesized via
the Gilch method [36]. Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-
phenylene vinylene] (MDMO-PPV) and poly[oxa-1,4-phenylene-(1-
cyano-1,2-vinylene)-(2-methoxy-5-(3’,7-dimethyloctyloxy)-1,4-phenyl-
ene)-1,2-(2-cyanovinylene)-1,4-phenylene] (PCNEPV) [33] (chemical
structures are given in Fig. 3B) were kindly provided by TNO, Eind-
hoven, The Netherlands. Glass slides and ITO substrates were thor-
oughly cleaned with soap/water, rinsed with copious amount of Milli-
pore water, ultrasonically cleaned with acetone and 2-propanol, and
dried in an oven at 120 °C. Prior to metal-vapor deposition, the sub-
strates were UV-ozone treated for 20 min. Metal-coated substrates
were prepared by vapor-depositing silver or gold (200-500 A thick-
ness) on cleaned glass slides or ITO substrates. The self-assembly was
performed by immersing the substrates into a ~3 x 10~ M solution of
alkanethiol in ethanol (in a N,-purged glove box). Immediately after
deposition of the metal layer, the gold or silver substrates were im-
mersed into the SAM solution for at least 2 days without exposure to
ambient. The substrates were thoroughly rinsed with ethanol, toluene,
and 2-propanol, dried with a N, flow, and immediately measured or

Adv. Mater. 2005, 17, No. 5, March 8



used for the fabrication of LEDs or solar cells. The reference solar cell
devices in this study were prepared using ITO-coated glass substrates.
To supplement this bottom electrode, a hole-transport layer of
PEDOT:PSS (Bayer AG) was spin-coated from an aqueous dispersion
solution, under ambient conditions, before drying the substrates at
140 °C. Next, composite layers of MDMO-PPV and PCNEPV were
spin-coated from a chlorobenzene solution on top of the PEDOT:PSS
layer, with film thicknesses of 210 nm. To complete the solar-cell de-
vices, 1 nm lithium fluoride (LiF) or 5 nm Ba topped with aluminum
(Al, 100 nm) electrodes were deposited by thermal evaporation under
vacuum (1 x 107 mbar; 1 mbar =100 Pa).

The Kelvin probe was calibrated with freshly cleaved highly orient-
ed pyrolytic graphite (HOPG) in a nitrogen atmosphere (glove box).
Freshly cleaved HOPG is known to have a stable work function of
4.48 eV [37].

The dipole moments were calculated (HyperChem 6.03) using a
geometry optimization with molecular mechanic force field MM,
Polak-Ribiere (RMS gradient 0.05 kcal A mol™), followed by a ge-
ometry optimization with the semi-empirical PM3 method (Polak-
Ribiere, RMS gradient 0.05 kcal A mol™). In this geometry the di-
pole moment was calculated. The dipole moments of the molecules
were calculated for the unbound, isolated (gas phase) molecules (with
—-SH end groups). Upon adsorption, the effective dipole moment of
the molecule and its optimized geometry could have changed due to
the Au-S interaction.

LEDs were prepared by spin-coating MEH-PPV from toluene
(40 mg MEH-PPV per 10 mL toluene, dissolved at 60°C) onto the
freshly prepared substrates in a N-atmosphere (layer thickness
~150 nm). Subsequently, a 50 nm Ag top electrode was vapor-depos-
ited at a pressure <2 x 10" mbar. Current-density-voltage (/J-V) mea-
surements were performed under an N, atmosphere in the dark
(<1 ppm O, and <1 ppm H,O) using a computer-controlled source
measure unit Keithley 2400.
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