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We investigated the interfacial electronic properties of self-assembled monolayers (SAM)-modified Au
metal surface at elevated temperatures. We observed that the work functions of the Au metal surfaces
modified with SAMs changed differently under elevated-temperature conditions based on the type of
SAMs categorized by three different features based on chemical anchoring group, molecular backbone
structure, and the direction of the dipole moment. The temperature-dependent work function of the
SAM-modified Au metal could be explained in terms of the molecular binding energy and the thermal
stability of the SAMs, which were investigated with thermal desorption spectroscopic measurements
and were explained with molecular modeling. Our study will aid in understanding the electronic prop-
erties at the interface between SAMs and metals in organic electronic devices if an annealing treatment

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The use of self-assembled monolayers (SAM) of polarizable
molecules has been recognized to be a convenient and useful
chemical approach to enable the tuning of the electrical properties
of organic-based devices [1-12]. In particular, a dipolar molecular
layer on an electrode surface can control the two important elec-
tronic properties: the work function [2,4-9,11,12] and the injection
barrier height [1,3-5,7-10] (which is the difference between the
Fermi level of the electrode and the molecular orbital level) of
the subsequently deposited organic active material. These two
parameters, which depend on the dipole moment at the SAM/elec-
trode interface, have been considered to be the main factors to be
adjusted for efficient charge injection properties in organic elec-
tronic devices in various applications. For this reason, a consider-
able number of studies have investigated the influence of SAMs
on the electronic properties of the metal surface and organic de-
vices [1,3-5,7-10]. In addition, in organic electronic devices, the ef-
fect of thermal annealing on the properties of the interface
between the SAM and the electrode surface is an interesting
subject because annealing treatments of organic-based devices
with SAMs are often employed to enhance the morphological and
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interfacial electronic properties of the organic materials in the de-
vices [5,13-15]. In particular, annealing can change the work func-
tion of a SAM-modified metal [5,16,17], that leads to change the
electrical properties of organic electronic device. Therefore, it is
important to understand the influence of the dipole moments for
various types of SAM on the electronic properties of the metal sur-
face at different temperatures for organic device application.

In this study, we investigated the influence of molecular desorp-
tion on the work function of SAM-modified Au metal surfaces under
different temperature conditions with a Kelvin probe technique and
compared the experimental results with those of theoretical
calculations derived from the Helmholtz equation. We developed
a comprehensive explanation for the values of the temperature-
dependent work function of SAM-modified Au metal based on the
molecular binding energy and the thermal stability of the SAM.
These properties were also investigated with thermal desorption
spectroscopic (TDS) measurements and molecular modeling.

2. Experimental
2.1. Preparation of the metal substrate
To prepare the metal substrate, a p-type (100) Si wafer

(1 cm x 1 cm) covered with thermally grown, 300 nm thick SiO,
was cleaned with a detergent and was ultrasonicated in acetone,
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methanol, and DI (deionized) water for ~10 min each. Then, the
substrates were treated with UV (ultraviolet)/ozone to remove
the remaining organic residues. Next, Ti (5 nm) and Au (100 nm)
(99.999%) were deposited on the substrates with an electron beam
evaporator under a pressure of ~10~7 Torr at a low deposition rate
of 0.1-0.2 A/s. The average root-mean-square (RMS) roughness for
the Au/Ti substrate was found to be ~0.8 A by atomic force micros-
copy (AFM, Park Systems XE-100) for scan sizes of 2 pm x 2 pm
(not shown here).

2.2. SAM preparation

Three molecular species ((i) 2-naphthalenethiol (denoted Naph-
S), (ii) 2-naphthyl isocyanide (Naph-NC), and (iii) 1H,1H,2H,2H-
perfluorodecanethiol (Perfluoro-C10-S)) were self-assembled on
the Au surface from molecular solutions in anhydrous ethanol. To
form SAM of these molecules on the Au surface, we used 3 mM
molecular solutions and an incubation time of at least two days
in a nitrogen-filled glove box with an oxygen level of less than
~10 ppm to avoid potential oxidation problems. Before the Kelvin
probe measurement, the SAM-modified Au substrate was rinsed
with anhydrous ethanol and was dried under flowing N,. All
molecular species in this study were purchased from the Aldrich
Chem. Co.

2.3. Kelvin prove measurement

The work function of each SAM-modified Au sample was de-
tected with a Kelvin probe (KP 6500 Digital Kelvin probe, McAllis-
ter Technical Services, Co.). To investigate the work function of the
samples at elevated temperatures, the samples were annealed on a
calibrated hotplate in a glove box for at least 10 min at different
temperatures (300, 323, 343, 363 and 383 K). After cooling to room
temperature, the samples were rinsed again with anhydrous etha-
nol and were dried under flowing N, to remove the residual des-
orbed molecules on the substrate. Then, the work function of the
samples was measured with the Kelvin probe in the glove box.
The contact potential difference was calibrated to highly ordered
pyrolytic graphite (HOPG) at 4.58 + 0.03 eV. The work function of
the deposited Au/Ti metal on the SiO,/Si substrate was found to
be 4.94 + 0.06 eV.

2.4. Thermal desorption spectroscopy measurement

To examine and compare the thermal desorption behavior and
stability of the SAMs on the Au surfaces, thermal desorption spec-
troscopy (TDS) measurements (WA-1000S system, ESCO, Ltd.)
were performed with a quadrupole mass spectrometer (QMG422;
Balzers). The heating rate was approximately 1 K/s, and the surface
temperature was measured with a chromel-alumel thermocouple
in contact with the SAM/Au samples. The vacuum pressure in the
chamber was less than 107 '° Torr. The desorption fragments for
each SAM sample were detected as a function of surface
temperature.

2.5. Molecular modeling

The potential drop (A®) of the SAM-modified Au metal sub-
strates with various molecular species can theoretically be ex-
tracted from the Helmholtz equation (Eq. (1)) [4,18]. The dipole
moments (i in Table 1) of the molecular species (Naph-S, Naph-
NC, and Perfluoro-C10-S) used in the equation were calculated
for geometries optimized in the gas phase with density functional
theory (DFT) at the B3LYP/6-311++G " level of theory and imple-
mented in Jaguar v6.5. And the binding energies of the molecules
adsorbed on the Au(111) surface were estimated with a classical

molecular mechanics calculation based on the final geometries,
which were optimized with the conjugate gradient method for
the universal force field (UFF) [19,20] (see Table 2).

3. Results and discussion

We used three types of molecules (Fig. 1) to study the influence
of the density and magnitude of the dipole moment on the SAM-
modified metal surfaces. The molecular systems investigated in
this study can be categorized by three different features based on
chemical anchoring group (-S or -NC), molecular backbone struc-
ture (naphthalene or perfluorodecane), and the direction of the di-
pole moment (from metal to molecule or vice versa). The direction
of the molecular dipole moment is defined by the direction from
the negative charge (5—) to the positive charge (5+) for molecules
whose charge distribution has non-uniform polarity [8]. In our
molecular systems, the direction of the dipole moment for Naph-
S and Naph-NC is oriented from Au metal (5—) to the molecular
material (6+). In contrast, the direction of the dipole moment for
Perfluoro-C10-S is oriented from the molecular material (6—) to
the Au metal (5+) because of the relatively high electronegativity
of the fluorine atoms [4]. The direction and magnitude of the dipole
moments of the molecular systems were calculated with DFT for
unbound and isolated (gas phase) molecules (see Table 1).

In the energy level diagrams for the SAM/Au interface shown in
Fig. 2, the directionality of the dipole moment determines the sign
of the interfacial potential drop (A®) with respect to the Fermi le-
vel of the Au reference metal. Therefore, the direction of the dipole
moment can change the work function (®yy) of the SAM-modified
Au metal. For example, Naph-S and Naph-NC molecules, with di-
pole moments directed from the metal to the molecule, have neg-
ative values for A®, which lead to lower work functions for the Au
metal (®a,) (Fig. 2a). In contrast, Perfluoro-C10-S molecules in-
crease the work function of the Au metal (®,,) (Fig. 2b). From
the perspective of classical electronics, this potential drop, A®
(the change in the work function), between the molecule and the
metal can be derived from the Helmholtz equation (Eq. (1)) [4,18],

Moty Nolt 49 (1)

EoKsam

AP = — =
EoKsam

where N, is the grafting density (or the dipole moment density) of
the SAM (#/m?) at room temperature, 4, is the effective dipole mo-
ment of the SAM along the direction perpendicular to the metal
substrate, 0 is the tilt angle of the molecules with respect to the sur-
face normal of the metal substrate (@, = pcos0), & is the permit-
tivity of vacuum, and Ksay is the dielectric constant of the SAM.
The grafting density (N,) of the SAM on the Au surface depends
on the type of close-packed structure of the molecules on the Au
surface. For Naph-S on an Au(111) surface, the molecular chains
are oriented closer to the plane of the Au surface (6 = ~44°) and
adopt an ordered 3 x 3,/3 (Wood’s notation) structure with a
rectangular unit cell because of the contributions from the larger
nearest-neighbor spacing and the molecular structure, which yields
a less dense packing than that of alkanethiol [4,21]. This results in a
grafting density (N,) for the Naph-S SAM of ~2.9 x 10'® m~2 on the
Au(111) surface [21]. It is known that Perfluoro-C10-S on an
Au(111) surface adopts an ordered c(7 x 7) superlattice of closed-
packed molecules with a lattice constant of 5.8 + 0.1 A and a smaller
tilt angle (12-20°) [4,22,23]. From these values, the grafting density
for the Perfluoro-C10-S SAM can be estimated to be
~3.4 x 10" m~2 on Au(111) [4]. For the Naph-NC SAM, the exact
values of N and 6 are not known. Here, we assume that N and 6
for the Naph-NC SAM are the same as those for the Naph-S SAM be-
cause the molecular structure is the same although a different
chemical anchoring group on Au surface. The physical properties
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Table 1
Summary of the properties of SAM on Au. Note that the dielectric constants of Naph-NC and Perfluoro-C10-S are from isocyanide film [27] and from poly(tetrafluoroethlene)
(PTFE) [4,25].
Ksam No (x10"® m~2) 0(°) (D) ADyc (V) ADeas (eV) Adw|AT (x10~*eVK™)
C10HS (Naph-S)-Au 25 2.9(21] 44 21] 1.1 -0.34 ~0.28 +0.06 23.9+8.69
C10H7NC (Naph-NC)-Au 3.5 [26] 2.9[21] 44 [21] 46 ~1.02 ~0.70 £0.07 66.5 +10.7
C10H4F17S(Perfluoro-ClO-S)-Au 2.1[4.24] 3.4 (4] 12-20 [4,22,23] 2 1.15 0.88 £0.05 40.7 +7.09

Table 2
Summary of energy required to desorb one molecule from the SAM on Au.

Esam(n) (kcal/mol)

Esam(n-1 (kcal/mol)

Emol (kcal/mol) (ESAM(n—l) + Emol)_ESAM(n) (l(cal/mol)

C10H5S (Naph-S)-Au 117 109
C10H7NC (Naph-NC)-Au 69 60
Cy0H4F15S (Perfluoro-ClO-S)-Au 17 34

22 -14
22 -13
26 —43

S| | 8+?

Au Au Au
(i) (i) (iii)

Fig. 1. Schematics of SAM-modified Au metal with (i) Naph-S, (ii) Naph-NC, and (iii)
Perfluoro-C10-S. The 5— and &+ depict the negative charge (5—) and the positive
charge (8+), respectively, at the SAM/Au interface.

of the three types of molecules and the calculated and measured
interfacial potential drops (A®c,c and A®,e,s) on the Au surface
are summarized in Table 1.

Fig. 3 shows the work functions for Au (unmodified and modi-
fied with SAM) at room temperature; in Fig. 3, the experimental
values were measured with a Kelvin probe and the calculated

Interface dipole
A

 AD

(b)

values were estimated through the Helmholtz equation (Eq. (1)).
We measured the work function for the unmodified Au to be @4, -
~ 4.94 + 0.06 eV, whereas SAM of Naph-S, Naph-NC, and Perfluoro-
C10-S shifted & to 4.66 +0.12, 4.24+0.13, and 5.82+0.11 eV,
respectively. The error bars in Fig. 3 represents the standard devi-
ation of the junction (>~10 devices for each molecule type). These
experimental results were in qualitative agreement with the calcu-
lated work functions for the SAM-modified Au estimated with Eq.
(1), as summarized in Fig. 3. Furthermore, we found that the work
function of the Naph-NC SAM-modified Au metal was smaller than
that of the Naph-S SAM-modified Au metal. This result is because
the isocyanide anchoring group (-NC) has a larger polarity (higher
dipole moment) than the thiol group (-S), and this larger polarity
can lead to a larger potential drop A® at the molecule/Au interface
(Table 1).

We characterized the temperature-dependent work functions
of the SAM-modified Au to understand the electrical properties
of SAM-modified Au if the junction temperature is increased.
Fig. 4a shows the change in the work function @y and in the po-
tential drop A® of the SAM-modified Au at different temperatures
(300, 323, 343, 363 and 383 K). As the temperature is increased,
the work functions of the SAM-modified Au substrates approach
the work function of the unmodified Au substrate ~4.94 eV (or
the potential drop approaches zero, A® = 0). At high temperature,

EVBC

Fig. 2. Schematic energy level diagrams at the SAM/Au interface with an Au work function of ®,,, a potential drop of A®, and a work function of @y for the SAM-modified Au
metal. (a) Naph-S and Naph-NC impose an interfacial dipole that lowers A® and ®@. (b) Perfluoro-C10-S imposes an interfacial dipole that raises A® and ®@y. The §— and &+
depict the direction of the interfacial dipole. Er is the Fermi level of Au. E,,. is the vacuum energy level.
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Perfluoro-C10-S

Exp.
I Au +Naph-S

[ Au + Naph-NC
I Au + Perfluoro-C10-S

Cal.

Au + Naph-S
Au + Naph-NC
Au + Perfluoro-C10-S

Fig. 3. Work function values for unmodified and SAM-modified Au metal; these
values were measured with the Kelvin probe technique and were calculated with
the Helmholtz equation (Eq. (1)).
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Fig. 4. (a) The work function @y and the potential drop A® for SAM-modified Au
metal measured with a Kelvin probe as a function of temperature T. The average
work function for unmodified Au metal was @a, ~~4.94 eV (marked with the
yellow line). (b) The thermal stability of the SAM-modified Au metal given by the
calculated N7/N, values and the experimental A®r/A®3qok Values as a function of
temperature T. The inset shows the slope of the N;/N, as a function of T for the SAM-
modified Au metal. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

molecules can be desorbed from the metal surface, and the corre-
sponding molecular configuration can be changed [5,16]; this
desorption can lead to a reduction in the potential drop A® at
the SAM/metal interface. The slope of |A®y/AT]| in Fig. 4a reflects
the reduction in the potential drop A® from molecular desorption
as the temperature is increased. We noted that at full coverage (N,)
and room temperature, the molecules are ideally in a “standing
phase” configuration with their long axes close to the metal surface
normal [4,16]. In contrast, a “lying-down phase” configuration of
the molecules was often observed at low coverage or at high tem-
peratures because of the decreased intermolecular van der Waals
forces [5,16,27]. In fact, the lying-down phase reduces the potential
drop A® at the SAM/Au interface because of the larger molecular
tilt angle 0 relative to the surface normal of the metal. We can also
note that the annealing at high temperature could affect the grain
boundaries of Au substrate, which might lead to change the order-
ing of SAM on Au [16].

The degree of molecular desorption at elevated temperatures
can be inferred from the relation between the grafting density N,
and the potential drop A® in the Helmholtz equation (Eq. (1)).
Fig. 4b shows the calculated N7/N, values and the experimental
ADr|AD, 300  Values as a function of temperature for three differ-
ent types of SAM-modified Au substrates. Here, Ny is the molecular
grafting (or dipole moment) density at the temperature T. Simi-
larly, A®z is the interfacial potential drop at T. The slope of the plot
of Nz/N, as a function of T reflects the decrease in the grafting
density of the molecules as the temperature is increased, as shown
in the inset in Fig. 4b. A larger slope implies a faster decrease in the
grafting density of the molecules on Au metal; in other words, the
molecules are easily desorbed from the substrate because of their
relative lower binding energies and poorer thermal stabilities.
We found that the magnitudes of the slopes were Naph-
NC > Naph-S (Perfluoro-C10-S) based on the Kelvin prove
measurement. This result means that molecules are easily des-
orbed in the same order; Naph-NC is easier than Naph-S, which
is easier than Perfluoro-C10-S. Therefore, the magnitudes of the
molecular binding energies are simply expected to be in the
opposite order of the desorption rates; that is, Perfluoro-C10-
S > Naph-S > Naph-NC.

TDS measurements were performed to examine and compare
the thermal stabilities and desorption behaviors of SAM on Au sur-
faces. Fig. 5 shows a clear difference in the thermal desorption
behavior and the stability of these SAMs. Especially, the thermal
desorption processes of the SAMs containing the naphthalene moi-
ety (Fig. 5 a and b) are different from that of the SAM containing the
fluorinated alkyl chain moiety (Fig. 5c). Both SAMs of Naph-S and
Naph-NC have strong desorption peaks of the parent molecular spe-
cies (m/e=160 for Naph-SH+ and mje=153 for Naph-NC+),
whereas the Perfluoro-C10-S SAMs has no such parent desorption
peak (m/e = 480). These desorption behaviors are consistent with
the observed change of the work function for these SAMs (Fig. 4).

— me=127 () Perfluoro-C10-S — me=113
— me =153 — m/e =447
——— m/e =306 — m/e =479
— m/e =480
—— m/e =958

Intensity (arb. units)

(a) Naph-S — me=127 (b) Naph-NC
— m/le =159
—_ — m/e =160 =
28 —_ m/i =318 ‘é
5 >
£ 5
-~ 2
2; e
z 2
g £
323 373 423 473 523 573 623

Fig. 5. TD spectra showing the remarkable differences in thermal desorption behaviors of the SAMs of (a) Naph-SH, (b) Naph-NC, and (c) Perfluoro-C10 on Au surfaces.

Temperature (K)

323 373 423 473 523 573 623

Temperature (K)
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Temperature (K)
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Fig. 6. The cross-sectional and top views of each structural model for Naph-S (a and b), Naph-NC (c and d), and Perfluoro-C10-S (e and f) SAM on Au. In these models, the
(3 x 3y/3) structure for Naph-S and Naph-NC and the c¢(7 x 7) structure for Perfluoro-C10-S are constructed identically to previous experiments [4,21-23]. The vacuum gap
between the topmost molecular atom and the next slab was 30 A. Note that the red boxes in (b), (d), and (f) indicate vacancies from desorbed molecules in the SAM system.
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As the Naph-S- and Naph-NC-modified SAMs showed nearly similar
slopes in the change of the work function, the Perfluoro-C10-S-
modified SAM showed quite different slope (Fig. 4b). For the
Naph-S-modified SAMs on Au, two main desorption peaks corre-
sponding to the doubly ionized dimer fragments (m/e=159,
Naph-S+) and the parent fragments (m/e = 160, Naph-SH+) were
observed at 341 and 473 K, respectively, which might be derived
from a hydrogen abstraction reaction of the chemisorbed molecular
species from the walls inside the chamber or/and the SAM surface
[28-31]. For the Naph-NC-modified SAMs on Au, they show the
desorption of the parent molecular species (m/e = 153, Naph-NC+)
in very strong intensity after the cleavage of the C-Au bond at
380K (Fig. 5b). Although the decomposed fragments (m/e =127,
Naph+) derived from the cleavage of the C-S bond in the SAMs of
Naph-SH were not detectable significantly, we observed relatively
strong desorption peak of the decomposed fragments derived from
the cleavage of the NaphC-N bond for the SAMs of Naph-NC at 393
and 518 K. We suggest that the advent of the decomposed peak at
518 K may be due to the structural change of the SAMs resulting
from the desorption of the adsorbed molecules from the Au surface.
Contrary to the SAMs of Naph-S, we did not observe the dimer spe-
cies [m/e = 306, (Naph-NC),+], which means that the dimerization
of the -NC group did not occur during the heating. The thermal
desorption behavior of the Perfluoro-C10-modified SAMs on Au
was completely different from those of the Naph-S- and Naph-
NC-modified SAMs. There were no desorption peaks from the
chemisorbed molecular species [m/e = 479, perfluorodecanthiolate
(R-S+)], parent molecular species [m/e = 480, perfluorodecanthio-
late (R-SH+)], dimer [m/e=958, diperfluorodecane disulfide
(R-S-S-R+)], nor decomposed fragments (m/e = 447, R+) after the
cleavage of the C-S bond (Fig. 5¢). These kinds of desorption peaks
are usually observed from the n-alkanethiol SAMs on Au. Instead of
these peaks, we observed the very strong decomposed fragments
(m/e = 113) of unknown nature at 450 K. Decomposition of the mol-
ecules is initiated slowly from 343 K, and decomposition intensity
steeply increased above 415 K, which is consistent with the recent
X-ray photoelectron spectroscopy (XPS) results showing the sud-
den decrease in the fluorine intensity above 423 K [32].

From this all observation, we confirmed that Perfluoro-C10-S-
modified SAM on Au had higher thermal stability than the Naph-
S- and Naph-NC-modified SAM; this finding is consistent with
the observed tendency for the work function changes, which im-
plies that the thermal desorption behaviors and thermal stabilities
of the SAM are strongly influenced by the anchoring headgroup
and molecular backbone structures.

In order to estimate the molecular binding energy, we used the
classical molecular mechanics calculation. The Au(111) surface
was represented by a periodic, three-layer slab, and the SAM of
each molecule was prepared with the adsorption geometry and
packing density proposed from experiments [4,21,22], as shown
in Fig. 6. The binding energy corresponds to the desorption energy
required to remove one molecule from the SAMs (composed of n
molecules) into the gas phase (leaving behind a SAM composed
of n—1 molecules); that is, binding energy = (Esamn—1) * Emol)—
Esam(n)- Here, Esam(ny and Esamn—1) are the energy of the SAM con-
sisting of n and n—1 molecules adsorbed on Au(11 1), respectively.
Additionally, E,, is the energy of an isolated molecule in the gas
phase. For each species (Naph-S, Naph-NC, and Perfluoro-C10-S),
these energy values were calculated in the final geometries, which
were optimized with the conjugate gradient method for the uni-
versal force field (UFF) [19,20] implemented in Forcite (Accerlys).
From this molecular mechanics calculations, we found that Perflu-
oro-C10-S binds the most strongly (with a binding energy of
~43 kcal/mol) of the three species and is followed by Naph-S
(~14 kcal/mol) and Naph-NC (~13 kcal/mol) (see Table 2), which
is also consistent with our experimental results (Figs. 4 and 5).

4. Conclusions

We investigated the work function of SAM-modified Au metal
at the annealed temperatures. The work function of SAM-modified
Au metal approached the work function of the unmodified Au
regardless of the direction or magnitude of the dipole moment of
the SAM species as the temperature was increased. These observa-
tions can be explained by the degree of thermal desorption of the
molecular dipole layers. From thermal desorption spectroscopic
measurements and molecular modeling calculations, we demon-
strated that the thermal molecular desorption and the thermal sta-
bility of the SAM on the metal were strongly influenced by the
molecular binding energy that depended on the anchoring head-
group and molecular backbone structures. This study extends our
understandings of the influences of molecular desorption and
binding energy at the SAM/electrode interfaces on the electronic
properties of organic-based devices if the devices are treated by
thermal annealing to improve device performance. Furthermore,
the control of the work function of SAM-modified electrode by
thermal annealing will allow the fine tuning of the electrical prop-
erties of organic-based devices.
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