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ABSTRACT: Self-assembled monolayers (SAMs) of organic
molecules can be used to tune interface energetics and thereby
improve charge carrier injection at metal—semiconductor
contacts. We investigate the compatibility of SAM formation
with high-throughput processing techniques. Therefore, we
examine the quality of SAMs, in terms of work function shift
and chemical composition as measured with photoelectron and
infrared spectroscopy and in dependency on molecular
exposure during SAM formation. The functionality of the
SAMs is determined by the performance increase of organic

field-effect transistors upon SAM treatment of the source/drain contacts. This combined analytical and device-based approach
enables us to minimize the necessary formation times via an optimization of the deposition conditions. Our findings demonstrate
that SAMs composed of partially fluorinated alkanethiols can be prepared in ambient atmosphere from ethanol solution using
immersion times as short as 5 s and still exhibit almost full charge injection functionality if process parameters are chosen

carefully. This renders solution-processed SAMs compatible with high-throughput solution-based deposition techniques.

KEYWORDS: self-assembled-monolayers, functional printing, organic electronics, organic field effect transistors,

photoelectron spectroscopy, infrared spectroscopy

B INTRODUCTION

The great promise of organic electronics is based on the
compatibility of organic materials with high-throughput, large-
area, and cost-efficient processing techniques. However, one
major obstacle on the route to fully solution processed devices
is the limited availability of solution processable electrode
materials. An important requirement for the optimal perform-
ance of all organic electronic devices (organic field-effect
transistors (OFETs), organic solar cells (OPVs), organic light-
emitting diodes (OLEDs), etc.) is that the frontier orbitals of
the organic semiconductor are well-aligned with the corre-
sponding electrode work function (WF) to reduce contact
losses." Injection layers can be used to tune the WF of the
electrodes, facilitating the injection of charges into the lowest
unoccupied molecular orbital (LUMO) or the highest occupied
molecular orbital (HOMO) of the active material.
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There are different approaches to alter the WF of an
electrode, most importantly, by insertion of a transition metal
oxide (TMO) layer,” a polymeric dipole layer (PDL),** or a
self-assembled monolayer (SAM).%” All these approaches
possess different unique selling points. Advantages of SAMs
are the ease of preparation, vast physiochemical and structural
versatility, and a distinct final layer thickness. Moreover, SAMs
can be structured laterally on various surfaces using different
approaches,® ' prepared from single or multiple compo-
nents,>'! and processed at room temperature, so that their
deposition does not damage substrates with limited temper-
ature tolerance.
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Figure 1. (a) Transfer characteristic of a typical OFETs with PFDT-treated and untreated Au contacts; (b) Vy, of OFETs as a function of molecular
exposure of the Au contacts to PFDT. (c) V, of OFETs identical to (b) as a function of immersion time. The Vj, values in (b) and (c) were
averaged for at least four devices each with the standard deviation shown as statistical error. Lines connecting the data points are guide to the eyes.

SAMs have been a field of active research for more than three
decades,"™"® and over the past decade they have been
successfully implemented as electrode modifiers in a multitude
of organic electronic devices.”'*' Next to charge injection,
SAMs were demonstrated in a variety of possible applications,
such as chemical sensing,'®'” surface passivation,"®' or
molecular devices.”>*! Analytic studies on SAM quality and
structure are, however, typically performed in highly controlled
inert environment, using immersion of the substrate in very
dilute solutions for several hours or even days. Although
saturated coverage and ordering can be ensured this way,
realistic application scenarios of SAMs with high-throughput
deposition techniques require processability under ambient
conditions and immersion times of a few seconds.

The accepted model for SAM formation differentiates
between surface coverage and molecular orientation/ordering.
While coverage, for example, for alkanethiols is completed
within seconds,”* > initially in a “lying down phase”,* the
ordering process of the alkanethiol tails along each other can
take hours or days, depending on the tail length and SAM
process parameters.”’ > In other words, these two growth
phases occur on different time scales, one fast and potentially
suitable for high-throughput processing, the other one time-
consuming and most probably unsuited for such. It has been
shown that phosphonic acid SAMs can be prepared on oxide
surfaces with high quality and functionality via spin coating
from nonpolar solvents, such as trichloroethylene and chloro-
form.>~3*

Although there are numerous studies on thiol SAM
accumulation on metal surfaces at short times, they focus on
the SAM quality, such as coverage and ordering.”>”>*"*%3
Studies on thiol SAMs as injection layers, however, are typically
carried out on SAMs prepared with long (~24 h) immersion to
ensure well-saturated SAMs.”"***

The motivation for this work is the investigation of the
relationship between quality and functionality (i.e., improved
charge injection) of SAMs, when deposited from solution
under ambient conditions, and with immersion times relevant
for high-throughput processes. We focus on the central
question: How much quality is actually needed for satisfying
functionality? We chose 1H,1H,2H,2H-perfluorodecanethiol
(PFDT) immobilized on Au surfaces as model system, as
partially fluorinated alkanethiols have been studied extensively
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and were demonstrated to be versatile for application in metal
WEF tuning.**~** PEDT is known to increase the WF of Au by
~0.5 eV.* We investigated the formation process of PFDT
SAMs by varying the molecular exposure (defined as product of
immersion time of the substrate and the concentration of the
solution) and the processing environment. To compare
functionality and quality, SAMs were characterized by X-ray-
and UV-photoelectron spectroscopy (XPS/UPS) and IR-
reflection—absorption-spectroscopy (IRRAS), and they were
implemented as charge injection layers in OFETs.

Our findings demonstrate that exposure of Au surfaces with
PFDT in solution leads to (i) a fully covered SAM layer with
substantial injection functionality prepared with high concen-
tration in ambient conditions as fast as S s and (ii) a fully
covered and oriented SAM layer with full functionality for
charge injection after an exposure of 10 s-mM in inert
atmosphere. However, a decrease in charge injection
functionality with long immersion under ambient conditions
is induced by a chemical change of the PFDT monolayer.

B RESULTS AND DISCUSSION

Organic Field Effect Transistor Devices. In Figure la
OFET devices containing PEDT (chemical structure PFDT:
Figure 2a) treated Au source-drain contacts are compared to
devices with untreated Au contacts. A schematic cross section

a)

Figure 2. (a) Chemical structure of PFDT (white: hydrogen, yellow:
sulfur, gray: carbon, green: fluorine) (b) Overview of prepared
immersion times in logarithmic scale (blue) and time markers for
orientation (red). (c) Schematic cross section of the bottom-contact
top-gate OFET stack.
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Figure 3. (a) XPS and UPS spectra. F 1s and C 1s emission and SE cutoff with and without SAM treatment, various immersion times, and different
concentrations (0.004—0.1 mM). (b) Assignment of F 1s emission line to the molecular structure of PFDT. (c) Assignment of C 1s emission peaks
to the molecular structure of PEDT. All data shown in this figure were derived from SAMs prepared under N, atmosphere in a glovebox. (b, c):
Black dots correspond to the measured spectra but with background removed.

of the prepared devices is shown in Figure 2c. The PFDT-
treated OFETs exhibit improved hole injection, reflected by a
decreased threshold voltage (V). Vi, was evaluated using the
extrapolation in the saturation region (ESR) method as
described in refs 33 and 34. The influence of the molecular
concentration in solution, immersion time, and atmospheric
condition on the charge injection functionality (i.e., Vy,) of the
SAM is presented in Figure 1b,c. In Figure 1b Vy, is plotted as a
function of exposure to the SAM molecules, defined by the
product of immersion time and concentration. For very low
exposure, the injection barrier was observed to increase with
respect to the untreated Au contacts. As the coverage increases,
the injection barrier decreases, and the best device performance
is reached at an exposure of ~10 s-mM. Comparing the
behavior of the 0.1 mM and the 0.004 mM concentration series
illustrates that the performance increase with SAM coverage is
dominantly correlated to molecular exposure.

It is also observed that ambient-processed SAMs decrease in
performance for high exposures. SAMs processed in N,
atmosphere do not show this effect. This decrease in Vy
under ambient conditions exhibits a correlation with immersion
time, as shown in Figure 1c. In contrast to the initial change in
performance increase driven by surface coverage, the final
performance decrease is independent of the concentration. This
suggests a fundamentally different effect to be responsible for
the SAM functionality loss, such as a chemical reaction with the
environment (e.g, oxidation). More details on the nature of
this degradation effect will be presented later. Figure 1c also
illustrates a significant reduction of Vy, for SAMs that were
immersed for S s in solution with 0.1 mM concentration.
Although at this point the best SAM performance has not been
reached yet, probably due to completed coverage but
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incomplete orientation of the molecules, it demonstrates that
reasonable functioning SAMs can be accumulated as fast as 5 s.
While highly appreciated for high-throughput application, such
short dip coating times are experimentally difficult to control
for a detailed study of the SAM formation. To observe SAM
formation analytically under well-controlled experimental
conditions, very low concentrations of 0.004 mM proved to
be necessary for PEDT.

Photoelectron Spectroscopy. In Figure 3a the XPS core
level emission lines for F 1s and C 1s and the secondary
electron (SE) cutoff of SAM-covered Au surfaces are shown
with increasing exposure to PFDT solution from bottom to top.
Analogous to the OFETs discussed above, a series of samples
immersed in 0.004 mM concentration for 5—5’ seconds was
prepared for XPS/UPS and IRRAS. Additionally, high-exposure
SAMs using 57 s immersion in 0.02 mM and 0.1 mM were
investigated. The F 1s emission line shows the increasing
coverage of the PFDT monolayer with increasing immersion
time until the monolayer formation is completed (after 5° s).
The C1 emission line shows that a first carbon species for very
low exposures (S s, 5% s) is replaced by three different carbon
species, which correspond to the chemical composition of the
PFDT molecule (Figure 3b). We refer the initial carbon line to
other adsorbates (possibly solvent molecules), which are
gradually replaced by PFDT with increasing immersion time.

A consistent effect is observed in the SE cutoff plot, where
initially a WF decrease can be observed. This phenomenon is
known for noble metals as pillow effect”’ ~** and does explain
the inverse effect of low-exposure SAMs on Vi in OFETs
discussed earlier. With advancing monolayer formation the WF
shifts to higher values, exceeds the untreated Au reference at
~5%s (2.5 smM), and saturates at approximately 5.45 eV.

dx.doi.org/10.1021/am5057689 | ACS Appl. Mater. Interfaces 2014, 6, 20234—20241
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Figure 4. (a) IRRA spectra of PFDT monolayers for different immersion times of the gold substrate in a 0.004 mM solution. The dotted and dashed
lines mark vibrational modes with the transition dipole moment parallel (p) and orthogonal (o), respectively, to the molecular axis according to
Alves and Porter*” and Pellerite et al.*® (b) Schematic visualization of PEDT on the gold surface with tilt angle 6 and orientation of vibrational
modes. (c) Absorbance spectra of PFDT as a SAM (measured in IRRAS geometry) and as isotropic bulk (measured in ATR geometry). The dashed

and dotted lines mark the used orthogonal and parallel modes at 1150 and 1370 cm™

SAMs prepared under N, atmosphere in a glovebox.

!, respectively. All data shown in this figure were derived from

Infrared Reflection Absortion Spectroscopy. The
infrared reflection absortion (IRRA) spectra in Figure 4a of
PFDT SAMs (concentration 0.004 mM) clearly show strong
changes with increasing immersion time in the absolute as well
as relative intensities of the vibrational modes. Full spectra
analysis reveals that the shortest immersion times (5 s, 5% s)
exhibit peak features that cannot be assigned to vibrations of
PEDT. This supports observations from OFET devices and
PES discussed above, suggesting that the gold surface for such
low exposures is covered with adsorbates. Because of the
surface selection rule on metal surfaces only vibrational modes
with a transition dipole moment component parallel to the
surface normal can be excited with IRRAS. A PFDT molecule
standing in a tilt angle @ relative to the surface normal is
visualized in Figure 4b. Vibrational modes with the transition
dipole moment orthogonal and parallel to the molecular axis
are indicated by arrows. For short immersion times (5° s £ 0.5
ssmM) characteristic PFDT bands can be observed with the
orthogonal bands showing a higher intensity than the parallel
ones. With increasing immersion time, this ratio changes such
that for long immersion times (3¢ s £ 62.5 ss\mM) the parallel
bands show the higher intensities indicating that the molecular
axis is approaching the surface normal as expected in the SAM
formation process.””** The behavior correlates with the
corresponding XPS measurements in Figure 3a showing strong
changes between S* s and 5° s. By quantification of the relative
reflectance of the absorption bands with a transition dipole
moment orthogonal (Rguy,) and parallel (Rgyy,) to the
molecular axis in the SAM and in the isotropic bulk {Rbulk’o and
Ryup), we derived the tilt angle & of PFDT for the different
immersion times using the relation

-1
log(Rsamp) [ 10g(Rouip) | 2, 1
Iog(RSAM,o)

" tan?(0) (1)

log(Rbulk,o) l/p

As the bulk measurements were performed in ATR geometry a
dependence on the wavenumber v, and v, of the parallel and
orthogonal absorption bands, respectively, must be considered
within the term v,/ v, A comparison of the obtained bulk and

SAM spectrum is shown in Figure 4c. The orthogonal and
parallel modes that we used for the angle determination are
marked. The derivation of the above equation is explained in
the Experimental Section in more detail.

The final angle, in our case determined as 10(%3)°, also
depends on various factors, including, for example, purity of the
solvent, cleanliness, degradation, and roughness of the gold
substrate.**® Therefore, the slight deviation from reported
literature values (12°—16°) can be explained.47_49

Comparison of Approaches. As demonstrated in the
OFET section above, SAM formation initially is directly
correlated to molecular exposure. To visualize the fast
formation process, analytical studies were carried out using
low concentration of 0.004 mM. In Figure 5, a comparison of
resulting angle, WF, SAM coverage (measured by F 1s peak
intensity), and threshold voltage of a series of SAMs prepared
under inert atmosphere is shown. The three resulting data sets
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Figure S. Compilation of measurements performed in this study. The
F 1s emission, as indicator for surface coverage, is fitted to a Langmuir
isotherm adsorption behavior (dashed green line). All data shown in
this figure were derived from SAMs prepared using 0.004 mM
concentration under N, atmosphere in a glovebox. The reference
values of WF and threshold voltage of untreated samples are indicated
by dotted lines.
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Figure 6. (a) oxygen contamination (as measured by integrated O 1s intensity) of ambient-processed SAMs against WF shift. (b) O 1s peak and
respective WF shift measured by SE edge with PES (c, d) C 1s signal of SAMs prepared in a glovebox and under ambient condition. The dots

correspond to the measured spectra but with background removed.

exhibit a similar behavior, indicating SAM formation to be
completed at ~10 s-mM. With a concentration of 0.004 mM
this refers to ~5° s immersion time.

Using a typical concentration of 0.1 mM yields a functional
injection layer within seconds, as is demonstrated for ambient
processed OFETs (Figure 1c).

Pellerite et al.’® suggested a faster ordering process for
partially fluorinated over nonfluorinated alkane tails, using
phosphonic acid as anchor group on AlO, surfaces. Although
the nature of the binding group plays an important role in SAM
formation, we assume the ordering process to be accelerated for
thiol SAMs as well. This property renders molecules with
partially fluorinated alkane tails as ideal candidates for SAM
application with high-throughput processing techniques.

Ambient Processing of PFDT SAMS. In Figure 6a the
WEF shift (SE cutoff in the UPS spectra) of SAMs that were
immersed in ambient atmosphere are plotted against their
oxygen contamination, measured by the integrated PES oxygen
signal intensity. The plot presents data from a wide range of
immersion times, starting at a few seconds up to 7 weeks.
Furthermore, a set of samples was prepared with higher
concentration (0.1 mM) in ambient atmosphere. The O 1s and
SE cutoft spectra are presented in Figure 6b. Using such a high
concentration the maximum WF shift is achieved after only S s
of immersion time. Clearly, there is a reverse linear correlation
between the achieved WF shift and the oxygen contamination
in the PFDT layer, not only canceling out the SAM
functionality, but even resulting in a strong shift of 900 meV
in the opposite direction. This is consistent with the SAM
functionality loss in OFETs from exaggerated immersion time
in ambient atmosphere presented above (Figure 1c). In Figure
6¢c,d the C 1s emission line of PFDT SAMs processed by
immersion for 1 h and 7 d in different atmospheres is shown.
When prepared in a N, glovebox (Figure 6c), the peak
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structure can be attributed to the three carbon species in the
PFDT molecule for long and short immersion. When we
compare the XPS spectra of samples processed under ambient
conditions (Figure 6d), a slight change of the C 1s peaks at
~285 eV occurs between 1 h and 7 d immersion time.
Therefore, we refer the loss in SAM functionality not to
desorption of the SAM from the Au surface but rather to a
change in the surface dipole due to partial oxidative degredation
of the PFDT molecules. Oxidative degredation products of
(partially) fluorinated hydrocarbons are well-studied in the
context of their environmental hazard to the biosphere.®"*
This is not an issue limited to PFDT alone, but to all
fluorocarbon containing SAMs, like fluorobenzyl-mercaptans or
fluorothiophenols.

Once the substrate with the SAM is removed from the
ethanol solution and transferred into oxygen-free atmosphere
or encapsulated by semiconductor and dielectric, no further
decrease of the dipole of the molecule could be observed.

B CONCLUSION

In summary, we demonstrated that PFDT SAMs, deposited by
dip coating, can effectively shift the WF of Au surfaces by ~0.5
eV and enhance the hole injection into a p-type organic
semiconductor within only a few seconds. The final average
angle of PFDT molecules with respect to the surface normal
was found by IR spectroscopy to be 10(+3) °. The Vy, value of
OFETs containing SAM-treated Au electrodes could be
reduced by ~8 V to ~1 V with only 5 s immersion time.

We found that oxygen contaminations can counteract PFDT
SAM functionality and even result in an opposing WF shift.
This effect, however, is significant only after hours of
immersion and therefore is not a fundamental restraint for
printing partially fluorinated SAM injection layers, but it should

dx.doi.org/10.1021/am5057689 | ACS Appl. Mater. Interfaces 2014, 6, 20234—20241
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be considered for future investigations on SAMs as charge
injection layers.

We conclude that deposition of such a SAM from ethanol in
line with a high-throughput printing process is in principle
possible. Crucial for successful application are process
parameters that ensure on the one hand an exposure above
the critical value concerning full coverage and on the other
hand, if processed under ambient conditions, immersion times
short enough to avoid oxidative degredation/contamination.
The parameter to fulfill both of these prerequisites is molar
concentration in the solution, which may be limited by a critical
micellar concentration for some SAM-forming compounds.

B EXPERIMENTAL SECTION

Sample Preparation. SAM Deposition. 1H,1H,2H,2H-Perfluor-
odecanethiol (PFDT, 97%, Sigma-Aldrich) and anhydrous ethanol
(>99.8%, VWR) solvent were used as received. PEDT was handled in
a glovebox and dissolved in ethanol at concentrations of 0.1, 0.02, and
0.004 mM, respectively. Ethanol containers were either freshly opened
under the nitrogen atmosphere of a glovebox or in ambient in a fume
hood and exposed to air for several hours to simulate realistic ambient
oxygen contamination.

All samples used for the same concentration and time were
immersed in the same thiol solution to maximize comparability. After a
given time the samples were washed with pure ethanol, dried under
nitrogen, and immediately transferred through ambient conditions to
the respective measurement technique.

Analytic Samples. To exclude metal oxidation issues thin
evaporated, polycrystalline gold films were used for the SAM
formation. For IR and XPS samples silicon wafers with native oxide
were used as substrates.

All substrates were cleaned with acetone and 2-propanol in an
ultrasonic bath as well as treated with oxygen plasma before thermal
evaporation. A thin (5 nm) titanium adhesion layer was deposited,
followed by deposition of a 150 nm gold layer. The base pressure of
the deposition chamber during evaporation was in the 10™° mbar
regime, the evaporation rate was approximately 2 A/s. All substrates
were then cleaned with argon plasma on both sides to remove organic
contaminations without causing an oxidation of the gold layer. Further
processing was carried out in two separated experiments: one sample
preparation continued in nitrogen atmosphere and one in ambient
atmosphere.

Devices. OFET devices were prepared in staggered bottom contact
top gate (bctg) architecture on glass substrates. Glass substrates were
cleaned with acetone and 2-propanol in an ultrasonic bath before
thermal evaporation of 60 nm Au source-drain contacts via a shadow
mask. All transistors presented in this study feature S0 pm channel
length by 1000 pm width.

The p-type semiconductor PIF8-TAA>® was spin-coated in a N,-
filled glovebox on top of the SAM-treated substrates from a 10 mL/mg
chloroform solution and heated on a hot plate for 3 min at 100 °C,
yielding ~75(£5) nm thick active layers with surface roughness < 1
nm as determined via profilometry and atomic force microscopy,
respectively.

Parylene-C dielectric was prepared as a 250(+/10) nm thick layer
on top of the active layer via vapor-phase deposition from a PDS2010
Coating System by SPS™.

Gate electrodes were prepared by thermal evaporation of 100 nm
Ag via shadow mask structuring.

Characterization. /RRAS. IR-reflection—absorption spectroscopy
(IRRAS) was performed using a Vertex 80v (Bruker) Fourier-
transform (FT) IR spectrometer equipped with a liquid nitrogen-
cooled MCT detector. The samples were positioned in a customized
reflection unit inside the sample compartment of the spectrometer that
was evacuated to about 3 mbar. The spectra were obtained using p-
polarized light with an angle of incidence of 80° with respect to the
surface normal. All spectra are the average of 500 scans with a

resolution of 1 cm™. Each SAM measurement was divided by

background spectrum of a clean gold substrate, thus giving the relative
reflectance R of the monolayer.

In reflection geometry on metal substrates the intensity I of a
vibrational mode is dependant on the orientation of the transition
dipole moment M relative to the surface normal Z:>*

I o IM-Z* « cos(6)

with the angle 6 between the transition dipole moment and the surface
normal.

The anisotropy of the molecules in the SAM compared to an
isotropic bulk sample, different thicknesses d of the SAM and bulk, as
well as an optical enhancement factor E,, of the gold surface led to the
expression for the intensity ratios of one vibrational mode*®

The spectrum of the bulk material was acquired with an FT/IR 4000
spectrometer (Jasco) equipped with an ATR unit (GladiATR, PIKE-
Technologies). The ATR spectrum is an average over 100 scans with a
resolution of 1 cm™. Building the ratios of the absorbance of a parallel
(1370 cm™) and an orthogonal (1150 cm™) mode of both the SAM
and the bulk spectrum as shown in Figure 4c¢ and dividing those ratios,
the equation simplifies to

-1
log(RSAM,P) Apulip y cosz(ep)
1og(RSAM,o) Abulk,o Up COSZ(QO)

The factor (v,/ I/P) accounts for the ATR geometry corrections as the
penetration depth dy of the IR beam depends in this case on the
used wavenumber v. The trigonometric relations €, = 90° — 0, and
sin(#) = cos(90° — ) thus lead to a final expression for the tilt angle 6
= 0, of the molecular axis relative to the surface normal (see Figure
4b):

-1
log(Rsani,p) [ 10g(Rpgp) L 1
log(Reapo) \ 10g(Rpuo) | 4

tan*(6)
This approach assumes that the transition dipole moments of the
analyzed modes are oriented perpendicular to each other.

XPS/UPS. The PES measurements were performed using the
VERSAPROBE II of PHI. The base pressure of the chamber during all
measurements was in the 107'° mbar regime. The XPS spectra were
measured with monochromatised Al Ka radiation (1486.6 eV),
whereas the SE edge measurements were recorded with Hel radiation
(21.22 €V) of a He discharge lamp and a 2.5 eV bias voltage. The
binding energy is given with respect to the Fermi level edge of a
metallic sample. To determine the exact core level binding energies all
measured emission lines were fitted; thus, a mixed Gaussian—
Lorentzian profile was applied after Shirley background subtraction.
To get a detailed picture of the sample survey spectra, the following
core levels were measured: F 1s, C 1s, O 1s, Au 4f, and S 2p.

OFET Devices. Characterization was carried out under ambient
conditions in a three-probe setup using an Agilent 4155C Semi-
conductor Parameter Analyzer. Transfer characteristics were measured
by operating OFETSs in accumulation mode. V};, were evaluated using
the extrapolation in the saturation region (ESR) method as described
in refs 33 and 34 All V, shown in this study are average values from at
least four single devices, providing the standard deviation as statistical
error.
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SAM, self-assembled monolayer
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WF, work function

HOMO, highest occupied molecular orbital
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OFET, organic field effect transistor

IRRAS, infrared reflection absorption spectroscopy
XPS, X-ray photoelectron spectroscopy

UPS, ultraviolet photoelectron spectroscopy
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