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ABSTRACT: Surface dipoles are a powerful tool in interfacial
modification for improving device output via energy level
matching. Fluorinated alkanethiols show a strong promise for
these applications as they can generate large and tunable
dipoles based on fluorine location and chain length.
Furthermore, these chains can be designed to possess
fluorocarbons solely along the backbone, enabling an
“embedded” configuration that generates a significant dipole
effect from the fluorines while maintaining surface chemistry to
prevent deleterious side effects from altered surface
interactions. However, fluorine substitution can modify other
molecular electronic properties, and it is important to consider
the transport properties of these interfacial modifiers so that
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knowledge can be used to tailor the optimal device performance. In this paper, we report the transport properties of self-
assembled monolayers derived from a series of fluorinated alkanethiols, both with and without the embedded dipole structure.
Photoelectron spectroscopy and Kelvin probe force microscopy show significant work function modification from all fluorine-
containing molecules compared to purely hydrocarbon thiols. However, although embedded fluorocarbons generate a smaller
electrostatic effect than terminal fluorocarbons, they yield higher tunneling currents across Au/monolayer/eutectic gallium—
indium junctions compared to both terminal fluorocarbon and purely hydrocarbon alkanethiols. Computational studies show that
the location of the fluorine constituents modifies not only dipoles and energy levels but also molecular orbitals, enabling the
presence of delocalized lowest unoccupied molecular orbital levels within the alkanethiol backbone and, thereby, the appearance
of larger tunneling currents compared to other alkanethiols. Ultimately, we show that fluorinated alkanethiols and the embedded
dipole architecture are both powerful tools, but they must be thoroughly analyzed for proper utilization in a device setting.

B INTRODUCTION

Interfacial modification using organic monolayers is a powerful
technique used to tune a wide range of surface properties.
Organic monolayers can directly modify certain intrinsic
properties, such as wettability' and chemical reactivity,”™* and
they can also be used to modify the electrical output of
devices.~'% A simple yet powerful tool for modifying surfaces
is the attachment of molecules via self-assembly to induce
surface dipoles.'' ~'* Surface dipoles shift the vacuum level of
their local environment, enabling work function (WF)
modifications up to an electronvolt."* The ability to introduce
dipoles of various direction and magnitude through chemical
design, which can include in situ modifications through external
stimuli,"'® affords a tunable parameter for electronic control of
surfaces. These dipole effects can modify transistor transition
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voltages and, when used properly, can augment device output
by orders of magnitude through minimizing injection barriers
between materials."” "

While a number of monolayers are capable of generating
surface dipoles, the chemistry of the monolayers and the
physical properties they induce are important to consider.
Different terminal functional groups can alter surface
interactions and reactivities with other materials which, in
some instances, can lead to significantly diminished currents in
electronic devices.”® In the case of organic electronics, devices
are often prepared by depositing active layers from solution
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onto substrates, and changes in the surface free energy
imparted by different monolayers and their terminal groups
can alter the morphology and the transport properties of the
deposited organic semiconductor.”' >’ To properly study and
implement surface dipoles in a systematic fashion, these surface
interactions must be understood and controlled.

Using embedded dipoles in self-assembled monolayers
(SAMs) is a promising strategy to generate surface dipoles
while maintaining control over surface properties.”*** The
strategy behind embedded dipoles is simply to incorporate
dipole-generating functional groups into the interior portions of
the molecule while maintaining the chemical composition of
the terminal groups. Adding dipoles along molecular termini
often leads to the strongest surface dipoles, but embedded
functional groups are also capable of having significant impacts
(vide infra) while maintaining surface energy parameters that
are crucial for interactions with active transport layers. While
this approach is effective at generating large surface dipoles,
embedded dipoles have been shown to generate secondary
effects as well. Kovalchuk et al. have shown that the transition
voltage (V1) of charge transport can be altered in a device
settings with different embedded pyrimidyl groups in p-
terphenyl-based molecules.”® Also, work by Cabarcos et al.
and Taucher et al. highlight that embedded ester groups
generate intramolecular electrostatic effects that modify core
energy levels of the molecular constituents.””*” These
secondary effects provide additional interest in embedded
dipoles, but their appearance also highlights the complexity
embedded dipoles can bring to surfaces and eventually devices,
motivating careful study of embedded dipole-containing
molecules to understand the full impacts they may have.

Fluorinated alkanethiols are an ideal candidate for generating
embedded dipole architectures. The incorporation of fluorines
in monolayers is known to generate large surface dipoles
because of their electronegativity, leading to large WF
modifications.”* A common substitution of these atoms
replaces hydrogen in C—H bonds, leading to C—F functional
groups. While a number of synthetic strate§ies can lead to
molecules possessing terminal fluorocarbons,®” recent work has
enabled fluorination solely along the backbone CH, groups
(generating CF, groups) in alkanethiols, leaving the terminal
CHj; group unfluorinated and thereby generating an embedded
dipole structure.’’ These embedded fluorocarbons afford the
potential to generate large surface dipoles, but as discussed
above, secondary effects can be generated from embedded
dipole molecules. To understand both the impacts of selective
fluorination and the embedded dipole in devices, we must first
look at the electronic properties of the molecules themselves.

Herein, we report the impact of fluorine substitution in
alkanethiols on the transport properties of SAMs derived from
these molecules. We chose a subset of molecules with selective
fluorination (Figure 1): a terminal fluorocarbon alkanethiol,
“FH,;,SH”; an alkanethiol with the terminal CH; group and
fluorines embedded along the backbone, “HF H;SH”; and a
purely hydrocarbon alkanethiol control, “H,,SH”. These
molecules were incorporated into eutectic gallium—indium
(EGaln) junctions to measure the charge transport properties
of these molecules as monolayers on gold. In combination with
measurements of surface properties [photoelectron spectros-
copy, Kelvin probe force microscopy (KPFM)] and computa-
tional studies, we observed that the selective fluorination
generates significant WF modification. However, we also
observed differences in the charge transport properties of
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Figure 1. Diagram of the molecules studied, including an all-
hydrocarbon alkanethiol (H,,SH) and two selectively fluorinated
alkanethiols (FH,oSH and HF¢H;SH). Red arrows indicate the dipole
contribution from the thiol group, and blue arrows indicate the dipole
contribution from the (green) fluorine constituents, following the

convention that the arrow is pointing toward the negative pole.

these molecules, which did not correlate to WF alteration or
surface chemistry. We ultimately highlight that the electrostatic
properties of these molecules (measured through their surface
dipole effects) are not analogous to their transport properties in
a device setting, and we must consider the full impact these and
similar embedded dipole molecules may have on modifying
device output.

B EXPERIMENTAL SECTION

CF;(CH,),sSH (abbreviated as “FH,;,SH”) and
CH,(CF,)4(CH,),3SH (abbreviated as “HF¢H,;SH”) were
synthesized as previously reported.’’ 1-Hexadecanethiol
(abbreviated as “H,;(SH”) was purchased from Sigma-Aldrich,
and 1-eicosanethiol (abbreviated as “H,,SH”) was purchased
from Alfa Aesar; both were used as received. [Disclaimer: Any
mention of commercial products is for information only; it
does not imply NIST recommendation or endorsement, nor
does it imply that the products mentioned are necessarily the
best available for the purpose].

Self-Assembled Monolayers. Gold evaporated on silicon
was purchased from Platypus and cleaned immediately prior to
use with an ultraviolet (UV)—ozone exposure for 10 min and a
60 s rinse in deionized H,O. SAMs of all molecules were
prepared inside a nitrogen glovebox (O, < 5.0 ppm) by soaking
gold pieces in 10 mmol/L ethanol solution overnight,
sonicating, and then rinsing with neat solvent. All molecules
were electrically measured or otherwise characterized within 24
h after removal from the solvent.

Photoelectron Spectroscopy. Monolayer properties on
gold were evaluated with photoelectron spectroscopy using
commercial sources and detectors. Ultraviolet photoelectron
spectroscopy (UPS) experiments utilized a helium source
(He I, photon energy = 21.2 eV). Each measurement was
averaged from three sweeps of the same spot on the sample.
Measurements were taken with 25 meV steps for full scans or
10 meV steps for high-resolution scans. Linear fits at the high
and low kinetic energy regions of the data were used to identify
onsets of the low binding energy and cutoff regions of the
spectra, respectively.

X-ray photoelectron spectroscopy (XPS) data were collected
using a monochromatic Al Ka source with 10 mA emission
current and 15 kV emission bias. All signals were optimized to
maximize the Au 4f,,, signal and used a 50 meV step size.
Spectra were analyzed by subtracting a Shirley background and
then fitting a combination of Lorentzian and Gaussian (Voigt)
functions. Spin—orbit separation between the S 2p;/, and S
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2py/, signals was set to 1.18 eV and that between the Au 4f,,
and Au 4f;,, signals was set to 3.67 eV.

Fourier Transform Infrared (FTIR) Spectroscopy. Infra-
red spectra were recorded with a commercial FTIR instrument
with a HgCdTe (MCT) detector at 8 cm™' resolution
collecting 512 coadded scans. Measurements from gold on
silicon substrates were acquired with a commercial 80°
reflection accessory.

Microcontact Printing. Polydimethylsiloxane (PDMS)
molds were prepared from Sylgard 182 silicone elastomer,
poured onto silicon wafers lithographically defined with a SU-8
negative resist, and cured at 100 °C for 2 h. Once removed
from the silicon wafer, PDMS contained raised micrometer-
sized lines to be used in the patterned transfer of monolayers.
Monolayer solutions in ethanol were drop-cast onto
~l cm X 1 cm pieces of the PDMS mold and allowed to
dry. Finally, the monolayer-soaked PDMS stamp was contacted
to cleaned gold surfaces for <30 s. No further cleaning of the
monolayer on gold pieces was performed to prevent diffusion
of molecules into bare gold regions.

Kelvin Probe Force Microscopy. KPFM measurements
were carried out using a Dimension 5000 microscope with
Nanoscope V electronics (Bruker, Santa Barbara, USA). Pt/Ir-
coated silicon tips (Nano World Holding AG, Neuchatel,
Switzerland) have a typical first resonance frequency of around
75 kHz and a force constant of 3 N/m. In this work, KPFM was
performed in LiftMode, where the first trace recorded
topographical data in the tapping mode, then the tip was
held at a constant separation from the local surface topography
(here 10 nm), and the second trace recorded surface potential.

Electrical Measurements. Transport measurements of the
monolayers were accomplished using EGaln top contacts with
device structure consisting of Au/SAM/EGaln. EGaln was
purchased from Sigma-Aldrich (75.5% Ga, 24.5% In by mass)
and used as received. The material was used to form conical tips
by dispensing 0.2 yL from a Hamilton 701SN 10 uL syringe,
contacting the dispensed liquid with a bare gold surface, and
retracting the syringe until cleavage of EGaln in the syringe
from the EGaln adhered to the gold.”* The resulting tips were
commonly ~20 ym in diameter. DC current—voltage (I-V)
sweeps were performed by contacting the EGaln tip in the
syringe with monolayers on gold, using EGaln as the top
contact and gold substrate as the bottom contact, and sweeping
the voltage from +0.5 V. Each electrical junction was optically
recorded and measured to extract current density (J) values.

Computational Details. The dipole moments and
molecular orbitals were obtained with the ADF program,
version 2016.>7° The triple zeta basis set’® and the B3LYP
functional’” with the Grimme D3-dispersion correction®® were
used. An all-electron calculation was performed during the
geometry optimization. Usinzg angles determined from previous
ellipsometry measurements'~ and calculated molecular lengths,
the angles of the SAM molecules were kept constant during the
optimization to ensure that the alkyl chains remained in the
trans-extended zigzag structure.

B RESULTS AND DISCUSSION

Surface Dipole Calculations. The molecules selected for
this study present different dipole magnitudes that can generate
a range of WFs from the metal surfaces to which they are
attached. For each of these molecules, there are several
components which impact the surface dipole and, subsequently,
the surface WF. Predominantly, the fluorinated SAMs will have
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strong contributions from the thiol—gold bond and the fluorine
atoms. The Au—S bond will pull electron density toward the
substrate and decrease the surface WF (as indicated with the
red dipole arrow in Figure 1, following the convention that the
arrow is pointing toward the negative pole), and the
electronegative fluorine atoms will draw electron density away
from the metal surface and increase the surface WF (as
indicated by the blue dipole arrow).

Figure 2 contains the calculated total dipole moment of the
three studied SAM molecules. The molecular chain length is

HySH  FH,SH HF¢H,,SH
A B 30.3°
37.7°

1,=2.5 nm

Figure 2. Calculated monolayer lengths (I,) and total dipole moments
(p.) perpendicular to the substrate (z direction) of the three SAM
molecules (left to right: H,,SH, FH,SH, and HF¢H,;SH)
incorporating their tilt angle relative to surface normal. Dipole arrows
(orange) follow the convention where the arrow is pointing toward the
negative pole. Yellow atoms represent sulfur, green atoms represent
fluorine, gray atoms represent carbon, and white atoms represent
hydrogen. Dipole moments are presented in Debye (also in C-m in the
text).

about 2.6 nm measured from the sulfur atom to the most
distant hydrogen or fluorine atom along the chain for all three
molecules. However, the monolayers have varying tilt angles
with respect to the gold substrate, and vertical film thicknesses
between 2.5 and 2.1 nm for these SAMs are reported.'” Taking
this tilt into account, we can determine the dipole moment
perpendicular to the surface, which will be most relevant to
devices where transport occurs in that direction. Our
calculations yield that both H,SH and HF¢H,;SH have net
positive dipole moments (toward the surface) of 4.94 X 107*°
Cm (1.48 D) and 2.70 x 107° C-m (0.81 D), respectively.
FH,,SH, on the other hand, has a small net dipole moment in
the opposite direction (away from the surface) of —3.34 X
1073 C-m (=0.10 D). The reason for this is the thiol head
group that introduces a dipole moment of about 5.00 X 107
C'm (1.50 D), whereas the CF;-terminating group has a dipole
moment of —5.47 X 107°° C:m (—1.64 D), thus giving a near
cancelation of the total dipole moment (see the Supporting
Information). The wide range in calculated monolayer dipoles
suggests that these molecules are an ideal set to consider the
impact of dipoles from selective fluorination on WEF changes
and charge transport at the metal—organic interface.

It should be noted that the presence of any adsorbate on a
metal surface will alter the WF by changing the local electron
density at the surface. Specific causes for this effect include
Coulomb repulsion and Pauli exclusion effects.’”*’ In addition,
the local dipole of the Au—S bond has been the subject of
vigorous debate. Previous XPS studies of aliphatic SAMs
suggest that the contributions from the bond toward the surface
dipole can range from near zero (+0.05 eV) up to several
tenths of an electronvolt.””*' Our dipole calculations above do
not consider contributions from the Au—S bond. However, the
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molecules in this study contain nearly identical Au—S bonding
as observed through the XPS Au—S peak location (Supporting
Information) and are similar in chain length and other
monolayer properties, indicating that any resulting change in
WEF from these SAMs will be dominated by the fluorination
differences.

Monolayer Formation and Gold WF Modification.
Alkanethiols tend to form well-packed monolayers on gold,42
and in spite of the substitution of fluorine atoms, the molecules
in this study possess 20-carbon long backbones that are
designed to promote highly ordered SAMs. Once assembled as
SAMs on gold surfaces, we do observe slight differences in
packing density between the molecules, but our character-
ization of functionalized gold surfaces by XPS, FTIR, and
contact angle (see the Supporting Information) indicates the
presence of high-quality monolayer packing for all molecules,
consistent with previous reports of similar molecules.'**"

The surface dipoles from the selective fluorination are
experimentally observed through the UPS characterization of
the SAMs (Figure 3). Because the Fermi edge for all
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Figure 3. (a) UPS spectra for fluorinated alkanethiol SAMs on gold
(black lines: bare Au, red lines: H,(SH, blue lines: FH ,SH, green
lines: HF¢H,;SH). Highlighted regions are expanded to show the (b)
Fermi edge of all surfaces, and (c) secondary electron cutoff region,
plotted as WF and presenting AWF relative to the bare gold surface.
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monolayers is identical (Figure 3b), the WF can be observed
through the shifts in the secondary electron cutoff region
(Figure 3c), which is plotted to directly show the WFs of the
SAMs. The WEF of bare gold surfaces has been measured as
WPEF,, = (5.0 £+ 0.1) eV, where the value after “+” denotes one
standard deviation. By comparing this to SAM-functionalized
surfaces, we see that SAMs of H,,SH exhibit a decrease in WF
(WFHZUSH = (3.8 £ 0.1) eV) in agreement with prior
reports.””** As suggested, fluorination will increase the WF
from this point, and we measure that the two fluorinated

monolayers on gold have WF greater than H,,SH (WFgy g =
(49 + 0.1) eV, WFypyy s = (45 £ 0.1) eV). These WF
modifications match previously reported values of similar
molecules'>*"** and also correlate to the trend of calculated
surface dipoles (vide supra). In addition, the WF difference of
~1.1 eV between the CHj;-terminated H,,SH and the CF;-
terminated FH;oSH matches literature reports of surface
potential differences because of fluorination of the alkanethiol
terminal group.” Finally, this result highlights that the
HFH,;SH SAM and its embedded dipole from the
fluorocarbons have a significant contribution toward the total
surface dipole (20.7 eV difference in WF from H,,SH).

Kelvin Probe Force Microscopy. To further highlight the
WF modification from these molecules, we used KPFM to
measure the change in WF from patterned microcontact-
printed (#CP) monolayers (Figure 4). KPFM, which utilizes a
nanometer-sized cantilever for measuring surface potential,
offers the ability to collect local surface measurements at a
smaller scale than is typically offered with UPS. In combination
with the capability of #CP to pattern micrometer-sized strips of
monolayers while leaving adjacent regions of bare gold exposed,
this technique allows for direct measurement of WEF
modification imparted by the monolayers. For these measure-
ments, we utilized a slightly shorter alkanethiol monolayer,
H,cSH, alongside our 20-carbon fluorinated alkanethiols. The
shorter H (SH exhibits a slight change in WF modification
compared to H,,SH when measured as a solution-soaked SAM
in UPS (WFy sy = (42 % 0.1) eV; see the Supporting
Information), which correlates to its slightly diminished dipole
moment (Supporting Information), but otherwise, it is an
analogous hydrocarbon thiol to its longer counterpart in these
measurements. In addition, the stamps used to print
monolayers possessed a range of widths (2—10 ym), and,
while representative images are shown here, differences in
widths of the monolayer regions have no impact on the
obtained results.

For these uCP monolayers, H)(SH exhibits the largest
negative shift in the WF, while the fluorinated monolayers
induce smaller WF changes (increased WF) in agreement with
the UPS data. In this instance, the shift for the FH,,SH
monolayer is slightly positive, which has been seen previously
with data obtained from other terminally fluorinated mono-
layers,” though both this and the UPS result yield AWF values
very close to zero. The KPFM results match the UPS-measured
WF trend in agreement with literature reports of strong
correlation between UPS and KPFM.>* In our measurements,
we observed a smaller WF change from the molecules on the
KPFM-measured sample than on the UPS-measured samples.
The reduced impact is likely due to a number of factors. First,
while monolayers used for UPS were soaked overnight for
optimized packing and density, the short equilibration time
used to form the yCP monolayers (<30 s) leads to lower
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Figure 4. KPFM results for fluorinated alkanethiols patterned on gold
using yCP from PDMS stamps for (a) H;,SH, (b) FH;,SH, and (c)
HFH,;SH. All figures show, from top to bottom: molecule location,
measured height, measured surface potential, and average line profile
of the surface potential. The surface potential in monolayer regions
and potential in bare gold regions are used to calculate the WF values
shown. All AWF values contain an error bar of +10 meV.

molecular density. Such a short time for the stamp to be in
contact with the gold film is necessary to prevent
contamination of the monolayer into the bare gold regions,
but direct comparison of solution-soaked monolayers and yCP
monolayers yields different WF shifts because of this density
difference. This is experimentally verified by comparing
solution-soaked SAMs and unpatterned pCP films (molecules
printed in large area, ~#1 cm X 1 cm sheets), which confirms
different WF shifts (Figure 5). Second, our KPFM measure-
ment is achieved using a setup in ambient conditions. This
allows for quick measurements on freshly prepared films;
however, the ambient conditions can allow the presence of a
water meniscus or the adsorption of adventitious carbon to
minimize the measured change in surface potential.
Au/SAM/EGaln Device Measurements. Having shown
the impact of selective fluorination and embedded fluorine
dipole on surface WF, we next turn our focus to charge
transport through these monolayers. We selected molecules
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Figure S. UPS spectra for solution-soaked self-assembled monolayers
(SAMs; black line) and unpatterned, #CP monolayers (red line),
highlighting the WF difference caused by different monolayer densities
from the preparation techniques. Unpatterned yCP monolayers are
used here to prevent convoluted results from alternating Au and
monolayer regions. (a) H,SH monolayers, where higher density
decreases WF; (b) FH ,SH monolayers, where higher density from
more fluorines increases WF; and (c) HF;H;SH monolayers, where
higher density from more fluorines increases WF.

with identical length for this study (FH,,SH, HF¢H,;SH, and
H,,SH), and while small differences in tilt angle were observed
because of slight differences in monolayer packing (Supporting
Information), the through-bond tunneling length for these
molecules is identical and should dominate the transport. The
monolayers were incorporated into electrical junctions using
EGaln to form a top contact. While numerous methods exist
for incorporating organic-based monolayers into molecular
junctions,*~*° EGaln top contact devices afford the ability for
facile and repeatable measurements in ambient environ-
ment.””** EGaln top contacts were formed by contacting a
drop from a syringe onto a bare gold surface and retracting the
syringe, causing a severance in the center of the eutectic liquid.
Because of the non-Newtonian EGaln properties, this
severance resulted in the formation of approximately 20 ym
diameter conical tips that were used as an electrical top contact
to measure the charge transport properties of the monolayer/
Au substrate. We used a manipulator stage with sub-
micrometer resolution to create electrical contact between
EGaln and the monolayer (see the Supporting Information for
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Figure 6. Electrical measurements from 100+ EGaln/monolayer/Au devices for each monolayer. (a) Geometric average loglJl plots for all electrical
data for SAMs derived from H,,SH (red circles), FH;,SH (blue squares), and HF;H,;SH (green triangles). Colored regions surrounding the points
represent one standard deviation. Inset: Geometric average J vs V plot. (b) Histograms of device currents at —0.4 V for EGaln/monolayer/Au
devices, fitted with Gaussian distributions. Dotted lines correspond to maximum loglJl location of each Gaussian.

the optical device image). While the junctions were sometimes
measurable to +2.0 V before electrical breakdown, the most
consistent measurements were obtained using a +0.5 V
window. Over 100 measurements were obtained across
multiple monolayer/Au substrates to gain a statistical
representation of the device properties. To account for
differences in tip sizes between measurements, the size of
each junction was optically measured and the current
normalized to the junction area. Furthermore, to prevent
contributions from the oxidation of EGaln,”' we formed a new
EGaln tip after every five measurements. Careful controls for
tip size, tip oxidation, and other device variations are discussed
in detail in the Supporting Information to ensure that the
EGaln data are an accurate measurement of charge transport
through these molecular layers.

Figure 6 shows the results from our EGaln measurements.
These monolayers express primarily tunneling characteristics
(Figure 6a), which is expected given that they are primarily
~2 nm long aliphatic chains. To gain statistical representations
of our measurements, we selected the current densities
measured at —0.4 V bias and plotted a histogram of the output
for all 100+ devices (Figure 6b). These histograms exhibit log—
normal Gaussian distributions that are common for molecular
electronic junctions.”” The results of similar histogram fits for
different biases are shown in Table 1.

From the log—normal fits obtained from the histograms, we
can see that devices formed using HF¢H ;SH SAMs have a
higher log IJl when compared to those formed using H,,SH and

Table 1. Gaussian Fits for EGaln/SAM/Au loglJl Histograms
at Various Biases

max logl]l (A/cm?)

Bias (V) H,,SH FH,,SH HFH,;SH
—-0.4 —14 £ 0.5 —-1.4 + 0.6 -1.1 £ 06
-0.2 -1.9 + 0.6 -1.8 + 0.6 -1.6 + 0.6
—0.1 —-2.2 + 0.6 -2.2 + 06 -1.9 + 0.6
+0.1 -22 + 0.6 -2.2 + 06 -1.9 + 0.6
+0.2 —1.8 + 0.6 —-1.8 £ 0.5 —1.6 +£ 0.6
+0.4 -1.4 £ 0.6 —-1.4 + 0.6 -1.2 + 06
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FH,,SH SAMs (as confirmed by t-test with 99% confidence),
whereas Hy,SH and FH,,SH SAM devices exhibit statistically
equivalent current densities. Such an outcome is slightly
unexpected because the barrier for tunneling transport across
the metal-molecule junction should be correlated to the
alignment of the Fermi level and the molecular orbitals,** and
we would expect the charge transport to be dominated by the
shifting of vacuum level/energy levels as indicated by the
change in WF. From this model, we would expect the largest
current density to occur through the H,,SH monolayer (where
energy levels and therefore barriers are lowered by the large
decrease in WF) and the smallest current density through
FH,,SH. This expectation failed to match our results, indicating
that a different phenomenon is dominating the charge
transport.

Impact from Interfaces. Interfaces play an important role
in this study as the barrier at either interface could dominate
the charge transport through the molecular layer. Previous
reports of aromatic molecules with fluorine-capped monolayers
have shown significant contact resistance changes in EGaln
junctions with the fluorine constituent causing as much as a
30% reduction in the measured current density.”” Herein lies
the original intention of embedding dipoles in these molecules:
to maintain the interface while adding dipoles into the
noninterfacial regions of the molecules. HySH and FH ,SH
are the best comparison of contact resistance in this study, with
only the terminal group differing between the molecules.
However, the electrical data obtained from these junctions is
indistinguishable, indicating that there is no significant impact
from the CF;— versus CH;— terminus in these measurements.
Furthermore, despite maintaining the terminal CH; group for
H,,SH and HFH,;SH SAMs, we obtained statistically different
current densities. Inelastic electron tunneling spectroscopy in
literature experiments observed a similar lack of dependence
with nonembedded fluorine substitution in aliphatic molecules,
suggesting that tunneling is insensitive to fluorine substitution
for the molecules in question.”* The significant >2 nm
tunneling barrier from the aliphatic chains likely dominated
the measured charge transport, effectively overriding any
differences in the contact resistance.
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Table 2. Calculated Frontier Orbitals, Ionization Potential, and HOMO—-LUMO Gap (Eg) Values for SAMs Derived from the

Indicated Thiols”

molecule HOMO-1 [eV] HOMO [eV] LUMO [eV] LUMO+1 [eV] vertical ionization potential (IP) [eV] HOMO-LUMO gap (E,) [eV]
H,,SH —7.55 —643 —043 027 8.02 6.00
HFH,;SH —-8.04 —6.48 —0.69 —0.54 8.38 5.79
FH,,SH =773 —6.45 —-0.44 0.09 8.15 6.01

“Frontier Orbital values were internally referenced to the calculation, thus the zero point is common though externally unreferenced. Ionization

potential defines the absolute reference point for these energy levels.

Fluorination Effects on Energy Levels. With no
observed correlation between terminal functionality and current
density, we look to other sources for the observed current
density trends. Fluorination is known to modify the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels of organic materials and is
used as a common method to lower energy levels by as much as
1 eV.”° To observe any similar energy level modification in our
molecules, we calculated the energy levels and molecular
orbitals for the fluorinated alkanethiols using gas-phase density
functional theory (DFT) (Table 2). First, the calculations
showed shifts in the HOMO and LUMO energy levels for these
molecules relative to each other, with the largest shift seen in
the HF¢H;SH LUMO at 0.3 eV lower than the LUMOs for
H,,SH and FH,,SH, respectively, once the different
HOMO-LUMO gaps are taken into account. Because the
LUMO is expected to dictate the tunneling barrier in these
molecules,® such a shift can generate different tunneling
barriers and therefore different current densities across our
devices.

Figure 7 expresses this point by presenting band diagrams
and tunneling barriers for the molecules, incorporating the

(a) (b) (c)

AE,.=-1.2eV AE, =-05eV AE, . =-0.1eV
A, ———pmeso_a__ [ A
3| - 3 3
S < S
© Lumo 0 Lumo 0 Lumo
AE ymo AE ywo AE umo
1.9eV 1.6eV 1.9eV
vvvvvv E; et Er .
A Eyowo A Eyonmo a 4E7%"</°
Au 4.1eV Au 4.2eV Au g
— HOMO
proms HOMO

Figure 7. Band diagrams for (a) H,,SH, (b) HFH,3SH, and (c)
FH,,SH. Diagram based on experimentally determined HOMO levels
from UPS (AEyoymo), measured surface dipoles used to estimate the
change in vacuum level (AE,,, with the assumption that AWF =
AE,,.), and measured WF,, = 5.0 eV. AE| ;0 is determined using the
computed HOMO—LUMO gap in the main text and represents the
tunneling barrier height for transport from Au into the molecule. All
values have +0.1 eV error.

experimentally determined HOMO levels, AE,,. (from AWF
and the UPS measurements), and the calculated
HOMO-LUMO gap. To construct the band diagram, we
started with the WF of clean gold (WF,, = (5.0 £ 0.1) eV) as
measured by UPS. The shift in WF with the addition of the
SAMs leads to a change in the vacuum level as indicated at the
top of each band diagram. The HOMO energy level for all
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three molecules was determined from the UPS data (Figure 3a)
and appears pinned at 4.1 to 4.2 eV below the Fermi level,
likely because of similar Au—S interfacial bonding. The LUMO
levels were determined by using the calculated
HOMO-LUMO gap (E,). The LUMO level offset from the
gold becomes the injection barrier for transport and ranges
from 1.6 to 1.9 eV, with a slightly smaller barrier height
obtained for HFH,;SH because of the aforementioned
lowered LUMO. Band diagrams using the calculated HOMO
and LUMO energies and ionization potential values are shown
in the Supporting Information and follow the same trend with
slightly higher barrier heights (2.4 —3.0 eV). The lower barrier
height from HF¢H;SH is in agreement with the higher current
density observed for the EGaln junctions incorporating
HF¢H,;SH, providing a possible explanation for the results
from our EGaln measurements.

In addition, examining the energy levels beyond the LUMO
gives an indication of whether there are additional energetically
accessible tunneling states. The molecular orbitals are shown in
Figure 8 and Table 2, while the relative energy scale of the
orbitals is contained in the Supporting Information. Both
H,,SH and FH,,SH have an energy barrier greater than 0.5 eV
between the LUMO and the next accessible MO, LUMO+1.
However, HF(H;SH has the LUMO, LUMO+1, and
LUMO+2 all closely grouped in energy, providing more
accessible molecular orbitals for tunneling. Ultimately, there is
strong correlation between the impact of selective fluorination
on orbital energy levels and the higher current density observed
for the EGaln junctions incorporating HF¢H,3SH, providing a
possible explanation for the results from our EGaln measure-
ments.

Fluorination Effects on Molecular Orbitals. While the
band diagram and injection barriers correlate with our
experimental results, the DFT-calculated molecular orbitals
for these molecules (Figure 8) also highlight properties that can
explain our experimental results. The observed HOMO is very
similar for all three molecules and correlates well with HOMO
levels being nearly identical in terms of energy. The HOMO—1
electron distributions are still similar, with the fluorine shifting
the HOMO-1 to lower energies for FH,,SH and HFsH,;SH.
However, as asserted above, transport across these molecules is
LUMO-mediated, and there are substantial differences for the
LUMOs for these three molecules. Whereas the electron
density for both the HOMO and the LUMO exists on the thiol
(bottom) portion of the molecule for H,,SH and FH,,SH, the
LUMO for HF(H;SH is delocalized across the fluorinated
(top) portion of the molecule, which accounts for about one-
third the length of the molecule. This shape is similar in the
LUMO+1 of HF¢H,;SH, and finally, the LUMO+2 is localized
on the thiol portion as with the H,,SH and FH;,SH HOMO
and LUMO. This observation is significant because the
delocalized LUMO and LUMO+1 of HFH,;SH can reduce
the effective tunneling distance across the molecule, thereby
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(2) s [HF 5]

HOMO-1 HOMO

HOMO-1

HOMO

HOMO-1 HOMO

LUMO LUMO+1 LUMO LUMO+1 LUMO+2 LUMO

LUMO+1

Figure 8. DFT-calculated molecular orbitals for (A) HOMO-1 and
HOMO orbitals and (B) LUMO, LUMO1, and LUMO+2 orbitals
(lattermost as indicated). From left to right, orbitals correspond to
H,,SH, HF¢H,;SH, and FH,;,SH. Thiol portion of the chain (yellow
circles = sulfur) on bottom of images and fluorinated sections of
applicable chains (green circles = fluorine) on top.

increasing the measured tunneling current.*® Our tunneling
barrier is multiple electronvolts in height and our measure-
ments ranged from —0.5 V to +0.5 V, so we do not suggest
occupation of this orbital during transport. However, the
calculations presented here highlight the unique molecular
orbital nature generated by the fluorocarbon segment of the
HFH,;SH molecule and, specifically, the potential for
delocalized transport across the molecule. Given the significant
size of this segment, we expect this facilitates tunneling in the
HFH,;SH SAM through a means not present in the FH ,SH
and H,,SH SAM:s.

There is a broader significance to be stated from this work:
the chemical makeup of interfacial modifying layers must be
taken into account to fully understand their impact in devices.
Again, the intention behind “embedding” dipoles is to generate
large surface dipoles while removing any influence from the
dipole-generating constituents on other device properties.
However, the embedded fluorines in the HF;H,;SH molecule
gave rise to significant secondary consequences, including
different intermolecular interactions which slightly decrease
monolayer density and, most relevant to the results presented
here, modification of transport properties through orbitals
delocalized along the embedded fluorines. We still suggest that
this embedded structure holds promise as surface interactions
are important to control. In the case of shorter molecules,
contact resistance will have a much more significant impact on
transport than the 20-carbon alkanethiol molecules studied
here. Also, the formation and morphology of organic
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semiconductors deposited on SAMs are still dependent on
surface energy. However, even with analogous surface
interactions, embedded dipole molecules must not be utilized
simply and haphazardly. Careful study of their molecular
properties and, in the case of electrical devices, transport
properties are necessary such that the benefits these molecules
might have on the device output are understood and correctly
assigned.

B CONCLUSIONS

In conclusion, we have prepared and characterized SAMs
generated from selectively fluorinated alkanethiols, containing
both embedded and nonembedded fluorocarbons, to test the
effects of fluorination and embedded dipoles on transport
properties across the monolayer. We find that fluorine location
in the molecule has a measurable impact on the WF
modification of the surface, but that embedded fluorocarbons
are still capable of generating large surface dipoles. When these
SAMs are measured as tunneling junctions, we find no direct
correlation between surface dipole or gold WF modification
and device current density. We also observe a similar lack of
connection between the terminal functional group (CH;— vs
CF;—) and the measured output. We attribute the lack of
interfacial impacts to the significant length of the tunneling
barrier and further attribute the currents measured through the
molecules to the DFT-calculated molecular orbitals. The
energetically lower LUMO positions calculated for HF¢H,;SH
may cause a lower tunneling barrier, and the LUMO/LUMO+1
of HF,H;SH also has a much broader electron density
component, facilitating shorter tunneling distance and increas-
ing the current density through these junctions. This study
overall highlights the importance in measuring and considering
all molecular properties, even when embedding dipoles, to
properly understand the impacts of monolayers for use in
generating surface dipoles.
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