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The rapid increase in charge carrier mobility in organic field-effect transistors (OFETs) in the past few 
years, with a number of reports >10 cm2/Vs, calls for a simultaneous improvement in charge injection at 
the electrode-semiconductor interface. Chemical modification of the electrodes with self-assembled 10 

monolayers (SAMs) allows the optimization of three key properties for lowering the contact resistance, 
thus fine-tuning the charge injection into OFET channels: the electrode work function, the surface energy 
of the modified electrodes and tunnelling resistance of the SAM. Understanding of the interplay of these 
properties is of vital importance for organic device design. In this paper, we report a model study based 
on the modulation of all three of these properties via chemisorption of fluorinated mono- or biphenylthiol 15 

molecules (PFBT and PF2BT, respectively) onto gold electrodes. Density functional theory simulations 
confirm the higher work function of the PFBT monolayers compared to PF2BT and provide evidence that 
this work function difference is entirely due to differences in the bond dipole to the gold surface. This 
observation is of importance for the development of future SAM molecules both for organic electronics 
and across the field of surface chemistry. Incorporation of these SAM-modified Au surfaces as the source 20 

and drain electrodes of an OFET with prototypical polymer semiconductors exhibiting different transport 
levels makes it possible to unravel the role of energetic alignment as well as surface energy and tunnelling 
resistance on the device performance. Interestingly, our results show that it is not always the high work 
function PFBT-modified electrodes that give the lowest contact resistance.  

1 Introduction 25 

Interfaces are of critical importance in organic (opto)electronics: 
the device design and optimization relies on the use of interlayers 
to control organic-organic and organic-inorganic interfaces. In 
organic field-effect transistors (OFETs), optimization of charge 
injection and extraction at the electrode-semiconductor interface 30 

is required when targeting the fabrication of high performing 
devices. Such an optimization can be achieved via the control of 
both the wettability of the electrode to ensure favourable 
morphology of the semiconductor on top1, 2 and its work function 
which needs to be matched with the semiconductor charge 35 

transport levels to reduce series (contact) resistance. Hitherto 
various type of interlayers have been employed for work function 
optimisation including polymers,3 polymer brushes,4 barium 
salts5, physisorbed dendrimer monolayers,6 and chemisorbed self-
assembled monolayers (SAMs)1, 7, 8, with the common factor 40 

between them all being that they introduce a dipole at the metal 
surface capable of raising or lowering its work function. 
 In the case of chemisorbed SAMs, since the number of 
possible anchoring groups8-15 is limited by the chemistry of the 
electrode metal to which they need to bind, modification of the 45 

magnitude and direction of the surface dipole has primarily been 
attempted by varying the nature of the terminal moieties in the 
ω-position.16 Terminal groups commonly employed for 
decreasing electrode work functions include methyl, methoxy, 
sulphoxy and amino17 moieties, whilst for increasing work 50 

functions cyano8, 18 and halogenated7, 17, 19 groups are used. For 
modifying gold electrodes, alkanethiols20, 21 and phenylthiols22, 23 
are typically used as the core onto which these terminal groups 
are connected, where phenylthiols offer a lower tunnelling 
resistance due to their conjugation and typically shorter length.24  55 

 Perfluorinated monophenyl thiol (pentafluorothiophenol, 
PFBT)2, 25-27 and its analogues with different binding groups28 are 
SAM forming molecules commonly utilized for increasing 
electrode work functions for organic devices. PFBT-modified 
gold electrodes, with work functions in the range of 5.5 - 60 

5.8 eV,17, 27, 29 have shown reduced contact resistances in OFETs 
if compared to uncoated gold electrodes when applied in 
combination with a range of organic semiconductors.2, 25, 27  The 
molecular arrangement within these SAMs chemisorbed on the 
gold surfaces can be characterized by a number of different 65 

possible unit cells depending on the film preparation conditions, 
as revealed by scanning tunnelling microscopy (STM) 
investigations.30, 31  
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Fig. 1 a) Structures of the two SAM molecules used in this study. b) STM 

image of partially ordered PFBT SAMs on Au(111) formed at room 
temperature (constant current mode, 5 pA setpoint, 200 mV bias). c) STM 

of PFBT SAMs on Au(111) formed at 75 °C showing long range order 5 

(constant current mode, 6.5 pA setpoint, 20 mV bias). 

 In this paper, we decorate the surface of gold with 
chemisorbed SAMs of fluorinated mono or biphenylthiols in 
order to tune simultaneously the work function and surface 
energy of the electrode and exploit it for optimizing the charge 10 

injection at the electrode-semiconductor interface in OFETs when 
p-type polymer semiconductors with specific highest occupied 
molecular orbital (HOMO) levels are employed as active layers. 
The combination of the chosen electrode treatment with the 
specific polymer semiconductor enables tuning of the energetic 15 

barrier to injection from a regime of large, to moderate and even 
zero barrier. 
 Towards this end, we have designed and synthesized a 
biphenyl analogue of PFBT which we refer to as PF2BT (S-
(2’,3’,4’,5’,6’-pentafluoro-[1,1’-biphenyl]-4-yl) ethanethioate). 20 

PF2BT incorporates an additional (non-fluorinated) phenyl group 
between the sulphur anchoring atom and the perfluorinated 
phenyl terminal moiety (Fig. 1a). Increasing the length of 
oligophenylthiol SAM molecules increases the intermolecular π-
interactions which can aid self-assembly though at the expense of 25 

solubility. Despite identical terminal groups, differences in 
molecular arrangement, bond dipoles, tunnelling resistance and 
other molecular level properties can affect the macroscopic work 
function, surface energy and contact resistances in devices. By 
careful comparison of the structure and macroscopic properties of 30 

SAMs made of these two molecules by both experiment and 
simulation we show that we can fine tune the SAM properties and 
understand the origin of the large work function shift of gold 
upon functionalisation with PFBT.  

2 Experimental methods 35 

2.1 Materials 

2,3,4,5,6-pentafluorothiophenol, 1-decanethiol and 

trichloro(octadecyl)silane were purchased from Sigma Aldrich 
(product numbers P5654, 705233 and 104817 respectively). 
Polymeric semiconducting materials were obtained 40 

commercially: P3HT (BASF, Sepiolod P200), IIDDT-C3 (1-
Material, OS0402-C3), F8T2 (Sigma Aldrich, 685070). All 
solvents were used as received without further purification. 
300nm epitaxial Au(111) surfaces on mica were purchased from 
Georg Albert Physical Vapour Deposition.  45 

 The synthesis of S-(2’,3’,4’,5’,6’-pentafluoro-[1,1’-biphenyl]-
4-yl) ethanethioate is reported in the Electronic Supplementary 
Information. 

2.2 SAM preparation 

Except where stated otherwise in the text, SAMs were prepared 50 

by a two hour immersion of the gold surface in a 1 mM (PFBT) 
or 0.5 mM (PF2BT) ethanolic solution maintained at 75°C by an 
oil bath. After immersion, the samples were thoroughly rinsed 
with ethanol then dried with a nitrogen gun. With the exception 
of the transistor electrodes all gold surfaces were cleaned in with 55 

ozone (Novascan PSD-UV UV Surface Contamination System) 
immediately prior to immersion in the PFBT/PF2BT solutions. 
Note that PF2BT had limited solubility in ethanol and 
undissolved particles could be seen even at 0.5 mM. 

2.3 Water contact angle 60 

Contact angles of sessile water drops on (functionalised) gold 
surfaces were measured with a Krüss DSA100 Drop Shape 
Analyser. 

2.4 Ambient photoelectron spectroscopy 

The work function of SAM-modified electrodes and HOMO 65 

levels of the polymer semiconductors were measured by means of 
ambient photoelectron spectroscopy with a Riken Keiki 
spectrophotometer (Japan) model AC-2. The conditions used 
during the measurements were scanning energies in the range of 
4.0 to 6.2 eV with a measurement interval of 0.05 eV and a UV 70 

spot intensity of 35 - 50 nW, to warrant a 20 meV accuracy. 

2.5 Scanning Tunnelling Microscopy 

Scanning Tunnelling Microscopy (STM) measurements were 
performed using a Bruker scanning tunnelling microscope 
(multimode Nanoscope III, Bruker) on SAM modified gold 75 

substrates, mapping a maximum area of 1 µm × 1 µm. To 
increase the imaging resolution, a drop of 1-phenyloctane was 
added to screen the tip–sample contact from condensing water 
vapour. The substrates were glued onto a magnetic disk and an 
electric contact was made with silver paint (Aldrich Chemicals). 80 

The STM tips were mechanically cut from a Pt/Ir wire (90/10, 
diameter 0.25 mm). Imaging was carried out in constant current 
mode. The STM images were recorded at room temperature once 
a negligible thermal drift was achieved.  

2.6 Transistor fabrication 85 

Transistors were fabricated in the bottom-gate bottom-contact 
configuration using pre-patterned electrodes purchased from 
Frauenhofer Institute for Photonic Microsystems IPMS, Dresden, 
Germany. The electrodes consist of 30 nm gold contact pads with 
a 10 nm ITO adhesion layer, patterned to have 2.5 µm, 5 µm, 90 

10 µm or 20 µm channel lengths. The gate oxide is 230 nm SiO2, 
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Table 1. Experimental and simulated properties of the modified Au(111) surfaces. 

θc = Water contact angle;     Φ = Work function obtained by ambient UPS;     e∆VSAM = Work function shift achieved by a free-standing SAM layer; θc = Water contact angle;  

has a capacitance of 15 nF/cm2 and is supported on an n-doped 
silicon wafer. These electrode chips were rinsed in acetone then 
sonicated in acetone then isopropanol for 20 minutes in each. 5 

They were exposed to ozone for 30 minutes (Novascan PSD-UV 
UV Surface Contamination System) to clean the surface and 
remove the native HMDS layer from the gate dielectric. The 
chips were transferred to a nitrogen glove box and the silicon 
oxide surface was passivated with a trichloro(octadecyl)silane 10 

(OTS) monolayer by immersion in a 50 mM OTS solution in 
toluene which was then heated to 60°C for 1 hour, before 
incubation for 18 hours. The chip was rinsed extensively and then 
spin-rinsed in toluene before functionalizing the electrodes 
(section 2.2). The semiconductor was deposited by spin-coating 15 

from 0.8 wt.% solutions in tetrahydrofuran (F8T2), from 4 
mg/mL solutions in chloroform (IIDDT-C3) or drop-cast from 3 
mg/mL solutions in chloroform (P3HT). For F8T2 and P3HT 
devices, the samples were subsequently annealed at 60 °C for 1 
hour.  20 

2.7 Electrical testing 

Electrical measurements were performed in the nitrogen 
atmosphere of a glove box by using a Cascade M150 probe 
station coupled to a Keithley 2636A sourcemeter. Contact 
resistances were extracted using the transfer line method based on 25 

measurements of 32 devices with channel lengths of 2.5 µm, 
5 µm, 10 µm or 20 µm. Error bars represent the fitting error of the 
transfer line. Because of low currents in F8T2 devices we found it 
more practical to apply the transfer line method using the transfer 
curves32 rather than the output curves. Reported values and errors 30 

of the mobilities and threshold voltage are based on the mean and 
standard deviation of the measurements on the same 32 devices.  

2.8 Computational studies 

To further understand the origin of the difference between the 
phenyl and biphenyl species, we computed the work function of 35 

the surfaces with density functional theory (DFT) calculations, 
using an approach which has been validated by several previous 
studies.7, 33 The first phase of our characterization was to define 
an input geometry for both species. To do so, we used the STM 
image given in Fig. 1c. This allowed us to define a unit cell that 40 

includes six independent molecules matching both the periodicity 
of the gold (111) surface (with a lattice parameter of 4.08 Å34) 
and the unit cell parameters derived from the STM image of the 
PFBT SAM (Fig. 1c). Our surface unit cell has a parallelogram 
shape with the following parameters, which are 45 

close to the experimental ones: a = 27.509 Å; b = 5.767 Å; α = 93

° (experimental parameters are aexp = 28.4 ± 2.8 Å; 
bexp = 6.3 ± 0.6 Å; αexp = 95.1 ± 2°). This leads to a theoretical 
area per molecule of about 26.3 Å² which is in agreement with 
the experimental value of 30 ± 4 Å². In view of the low resolution 50 

of STM images on the biphenyl SAM, we assumed both species 
to pack according to the same structural motif; thus we have in 
both cases employed unit cell parameters estimated 
experimentally by mapping by STM image of the SAM of the 
perfluorinated monophenylthiol. 55 

 In addition to the six SAM molecules, our simulated unit cell 
includes five gold atomic layers and a vacuum layer (>20 Å 
thick) in the direction normal to the gold surface. All our 
calculations are done at the same level of DFT, using the 
LDA.CA exchange-correlation functional, a 15x5x1 Monkhorst-60 

Pack35 k-sampling and a 250 Ry mesh cut-off, as implemented in 
the SIESTA package.36 Core shell electrons are frozen and 
described by Troullier-Martins pseudopotentials and only valence 
electrons are explicitly treated in the Hamiltonian, described with 
a Double Zeta+ Polarization (DZP) numerical basis set.36, 37 The 65 

agreement between the work function computed for our bare unit 
cell (5.21 eV, Table 1), and that tabulated for the (111) gold 
surface34 validates our theoretical approach.  

3 Results and discussion 

3.1 SAM properties 70 

Scanning tunnelling microscopy images of PFBT based SAMs on 
Au(111) prepared by keeping the gold substrate in the ethanol 
solution at room temperature (48 hours), or at 75 °C (2 hours) are 
shown in Fig. 1b and c, respectively. While poorly ordered SAMs 
are observed for the former case, >50 nm sized two-dimensional 75 

crystalline domains have been imaged in the latter case 
(Electronic Supplementary Information). Such an increase in 
order upon mild thermal treatment is typical of (substituted) 
benzenethiol SAMs on gold where, firstly, the π interactions 
driving assembly are not as strong as for longer 80 

oligophenylthiols30, 38-41 and, secondly, gold adatoms, which are 
formed by relaxation of the Au(111) surface reconstruction 
during thiol chemisorption42, 43 and inhibit the formation of large 
domains, can migrate to form a smaller number of larger islands 
when processing above about 50 °C30, 40, 43, 44. Ambient UPS 85 

(Electronic Supplementary Information) estimation of the work 
function of PFBT functionalized Au(111) prepared at room 
temperature (48 hours) and at 75 °C (2 hours) amounts to 

 

On polycrystalline Au On Au(111) From simulations 
θ

c
 (°) Φ (eV) θ

c
 (°) Φ (eV) Φ (eV) e∆V

SAM
 (eV) e∆V

BD 
(eV) 

Au-only 56.3 ± 2.2 4.84 ± 0.02 77.6 ± 0.6 4.93 ± 0.03 5.21 - - 
Au/PFBT (75°C) 81.8 ± 0.7 5.63 ± 0.03 88.8 ± 2.6 5.75 ± 0.01 5.42 -0.51 +0.72 
Au/PF2BT (75°C) 95.5 ± 1.9 5.50 ± 0.03 80.6 ± 1.5 5.60 ± 0.02 5.25 -0.49 +0.53 
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Fig. 2 The packing of PFBT molecules on the Au(111) surface viewed a along the normal to the surface b along the short (B) axis of the unit cell. The 
packing of PF2BT molecules on the Au(111) surface viewed c along the normal to the surface d along the short (B) axis of the unit cell. Red boxes and 
lines mark the unit cell boundaries. e Comparison between the simulated (overlay) and measured (underlay) STM images for the PFBT SAM on gold. 

White boxes indicate the unit cell boundaries. The bright spots are located at the topmost fluorine atoms. Measured STM image was recorded in constant 5 

current mode using a 6.5 pA setpoint and a 20 mV bias)

5.73 ± 0.06 eV and 5.75 ± 0.02 eV, respectively. Such similar 
work functions imply that the different degree of molecular order 
within the SAM, evidenced in Fig. 1b,c play a minor role. The 
work functions of the SAMs prepared at room temperature are in 10 

good accordance with previous reports of PFBT-modified 
electrodes.27, 29 Interestingly, a small but surprising reduction in 
the surface energy of the lower quality SAM when compared to 
the higher quality one has been monitored, as evidenced by a 
larger water contact angle (θc).  15 

 In the case of PF2BT SAMs on Au(111), a much lower work 
function is observed if the SAM is processed at room temperature 
(48 hours, ΦPF2BT, RT = 5.28 ± 0.02 eV) than when formed at 
75 °C (2 hours, ΦPF2BT, 75°C  = 5.60 ± 0.02 eV) (Table 1) indicating 
limited formation of ordered monolayers upon chemisorption at 20 

room temperature whereas upon thermal annealing a denser and 
more ordered monolayer is obtained. In fact, despite the increased 
π-interactions afforded by the extra phenyl group on the 
molecule, an enhanced barrier to chemisorption for thioacetates 
compared to analogous thiols45 combined with the low solubility 25 

of this molecule in ethanol are playing a key role. SAMs can be 
formed from thioacetate-containing molecules without prior 
deprotection, though it is documented that the SAM formation 
process is slower than for analogous thiols.45, 46 In this case we 
found that an elevated temperature was needed for a SAM to 30 

form, which was confirmed by STM and by water contact angle 
which showed a decreased surface energy over gold immersed in 
ethanol without the SAM molecules. 
 The lower work function with respect to PFBT-functionalised 
gold will be discussed with the simulation results in the following 35 

section, but it is worth noting that a similar decrease in work 
function with increasing phenyl units is observed for gold 
electrodes functionalized with non-fluorinated 
oligophenylthiols.22  
 Au(111) is a good model system to use to compare our 40 

experimental results to simulations (Section 3.2), but electrodes 
in devices exhibit a polycrystalline gold surface. Thus it is 

informative to also study the macroscopic properties of these 
functionalized surfaces. In devices we prepared our fluorinated 
oligophenyl SAMs at 75 °C (2 hours) to ensure the highest 45 

quality SAMs possible. Moving from SAM-functionalised 
Au(111) to SAM-functionalised polycrystalline gold, there is a 
decrease of 0.1 eV in the work function for both PFBT and 
PF2BT (Supplementary Fig. 2) which can be ascribed to a less 
ordered SAM driven by defects in the gold surface itself. 50 

Significantly, the trend observed on Au(111) surfaces of higher 
work function for PFBT-functionalisation compared to PF2BT 
functionalisation is preserved for polycrystalline gold used for 
electrodes (∆ΦAu(111) = ∆ΦPFBT,Au(111) - ∆ΦPF2BT,Au(111) = +0.16 ± 
0.02 eV; ∆Φelectrode-Au = +0.13 ± 0.04 eV) 55 

3.2 Theoretical insight 

After arranging the six independent PFBT molecules in the unit 
cell to mimic the experimental STM image (Fig. 1c), we 
optimized the geometry, minimizing the forces down to a 
threshold of 0.03 eV/Å. Both the molecular layer and the adjacent 60 

two gold layers were allowed to relax in our optimization. We 
then simulated the STM image at the Tersoff-Hamann level of 
approximation,47 i.e. considering that the tunnelling current is 
proportional to the local density of states around the gold Fermi 
level in a symmetric energy window chosen here to be about 65 
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Fig. 3 Electrostatic potential profiles averaged in the planes parallel to the 

normal axis for (top) PFBT-modified gold surfaces and (bottom) 
PF2BT-modified gold surfaces. The black lines are the profiles of the free 

unperturbed gold surfaces. This perfectly matches the blue curves, 5 

representing the gold surface for which the geometry has been perturbed 
by the SAM deposition, thus implying that this geometry relaxation does 
not affect the work function shift. The electrostatic potentials of the full 
systems are given in red; the difference with the blue and black lines in 

the vacuum region directly gives the work function shift upon SAM 10 

deposition. The green dashed lines represent the potential of the free 
radical SAM, which reveals the work function shift that would be 

observed in the absence of any interaction between the electrode and the 
monolayer. The small black arrows between the red and green lines on the 

right hand side show the bond dipole contribution to the work function 15 

shift.  

0.8 eV. Comparison between the experimental and theoretical 
STM images, reveals a good consistency between the two images 
(Fig. 2e). We used the anchoring positions of the optimized 
packing of the PFBT system as the starting point for PF2BT 20 

before optimizing the geometry. 
 Despite the same unit cell dimensions and very similar 
anchoring positions of the molecules in the PFBT and PF2BT 
SAMs, the geometric arrangement of molecules is quite different 
in each case. We attribute this to the repulsion between the 25 

fluorine atoms (which have a large van der Waals radius) on the 
terminal phenyl unit (steric effect). The shorter PFBT molecules 
can explore a large range of tilt angles whilst keeping the 
fluorinated units at a reasonable distance, with some molecules 
finding an energy minimum at tilt angles >45°. On the other 30 

hand, PF2BT SAMs have the same area per molecule but the 
greater length of those molecules means that they cannot explore 
such a wide range of tilt angles without feeling the steric 
hindrance. As a result, all molecules in the PF2BT SAM adopt 
orientations normal to the surface and their terminal (fluorinated) 35 

phenyl units orient in the same direction within the plane. These 

significant differences in molecular ordering are likely to have an 
impact on the SAM work functions.  
 After solving the DFT equations, we get access to the 
electrostatic potential at each point of the unit cell. This allows us 40 

to average this latter quantity along the planes parallel to the gold 
surface and to create an electrostatic profile along the z direction 
normal to the surface. After setting the zero of energy to the 
Fermi level of the system, the work function is directly readable 
from the profile value in the vacuum area. Such profiles are 45 

reported in Fig. 3, showing a work function of 5.42 eV in the 
PFBT case and 5.25 eV in the PF2BT case. This corresponds to 
an upward shift of the work function in both cases compared to 
the bare gold surface, in agreement with experimental 
measurements. Furthermore, the calculation of a work function 50 

higher by 0.17 eV for the PFBT system compared to the PF2BT 
system is also in very good quantitative agreement with the 
experiments (0.15 ± 0.02 eV). However, our computed work 
functions for the defect-free covered electrodes are about 0.3 eV 
lower in absolute terms than the experiments, which is something 55 

that we have observed previously when comparing our modelling 
to experimentally-measured work functions7, 48. We also stress 
that that we do not consider differences between the experimental 
(4.93 ± 0.03 eV) and theoretical values (5.21 eV) of the gold 
work function to be problematic since the UPS measurements 60 

were done in air where the gold surface is likely to become 
contaminated soon after cleaning, which will reduce its work 
function to values lower than that of pristine Au(111) surfaces. 
Nevertheless, our calculation grasps the variation in the work 
function between the two gold-SAM systems. 65 

 We can further analyze the origin of this difference in work 
functions of the two SAM-modified surfaces by decomposing the 
shift of the work function into two contributions. The origin of 
the work function shift, ∆Φ, is the surface dipole which  arises 
both from the intrinsic dipole of the molecules in the SAM layer 70 

(∆VSAM) and the dipole created as the thiol anchoring groups bind 
to the gold surface (BD): 

∆Φ � ∆���� � 	
 
To assess these two contributions, we must consider two 
additional systems. Firstly, we remove the molecular layer and 
compute the electrostatic profile of the relaxed free gold surface. 75 

Secondly, we remove the gold surface and compute the 
electrostatic profile of the free radical SAM (with spin-
polarization). We then superpose the electrostatic profile of these 
two systems in Fig. 3, after aligning the vacuum level on the left 
part.  80 

 The free SAM profiles show that the intrinsic contributions, 
∆VSAM, lead to a downward shift of the work function by about 
-0.51 eV for the phenyl and -0.49 eV for the biphenyl. Thus, the 
incorporation of an additional phenyl unit into the SAM molecule 
does not significantly affect the intrinsic dipole moment of the 85 

SAM. Surprisingly, for PFBT SAMs, we note that different 
geometric organization of the SAM molecules obtained during 
optimization had little impact on ∆VSAM which varied by only 
6.5%, which may explain our observation of similar work 
functions for ordered and disordered PFBT SAMs in section 3.1. 90 

On the other hand, the bond dipole, BD, contributions are +0.72 
eV for PFBT SAMs and +0.53 eV for the PF2BT SAMs. We then 
conclude that the small difference in work function between the 
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Fig. 4 a Energy levels of the (modified) electrodes and the polymer semiconductors. b Schematic of the OFET structure. c Contact resistance, d saturation 

regime mobility and e linear regime mobility of the devices made with gold or SAM-modified electrodes and the three semiconducting polymers 
IIDDT-C3 (black squares), P3HT (red circles) and F8T2 (blue triangles). 5 

PFBT and PF2BT SAMs is only due to the charge reorganization 
at the metal/SAM interface. This rationalizes both the small 
experimental difference in work function between the two 
systems, and the reason for the slightly lower work function in 
the case of PF2BT. 10 

3.3 SAMs in devices 

To test our SAMs in transistors, we used a bottom gate bottom 
contact configuration and as active layer we selected three 
polymeric p-type semiconductors with three distinct HOMO 
levels (Fig. 4a). In particular, the HOMO level for P3HT 15 

(-4.86 ± 0.02 eV) lies at the same energy as the Fermi level of 
gold and therefore offers no energetic barrier to hole injection 
from either the bare gold or from the PFBT/PF2BT-
functionalised gold electrodes. On the other hand, IIDDT-C3 
(HOMOIIDDT-C3 = -5.34 ± 0.02 eV) has an energetic barrier for 20 

injection from bare gold electrodes but not from the 
functionalized electrodes, whilst F8T2 
(HOMOF8T2 = -5.55 ± 0.02 eV) has an energetic barrier to 
injection from bare gold and PF2BT-functionalised electrodes but 
not from the PFBT-functionalised ones. In this way, we are able 25 

explore a wide range of combinations of the work function of the 
electrodes with the HOMO of the polymers to study the effect of 
energy level alignment on the contact resistance in the context of 
other effects such as SAM tunnelling resistance and 
morphological effects due to changes in the electrode surface 30 

energy.  
 In the case of P3HT, the contact resistances are very small 
when using all types of (functionalized) electrodes and is 
essentially zero in the case of gold contacts 
(Rc,Au = 0.3 ± 1.3 kΩcm). This result, which can be explained in 35 

view of the absence of an energetic injection barrier (Table 1 and 
Fig. 4a), is consistent with previous reports on devices based on a 
similar geometry49. On the other hand, a small contact resistance 

has been measured for both PFBT- and PF2BT-functionalised 
electrodes (6.8 ± 1.5 kΩcm and 5.2 ± 1.7 kΩcm, respectively), 40 

indicating that the energetics are not the only factors playing a 
role. In fact there are two other effects that should be considered: 
(i) the surface energy of the functionalized electrode which can 
locally influence the semiconductor morphology and affect the 
transport in the short distance through the semiconductor bulk to 45 

the accumulation layer;50, 51 and (ii) the electrical tunnelling 
resistance of the SAM layer.19, 52, 53 The indistinguishable contact 
resistances between the PFBT and PF2BT devices and the 
similarity of their terminal groups suggest that the semiconductor 
morphology might be playing the dominant role in this small 50 

contact resistance. This interpretation is partly supported by the 
water contact angle measurements showing in both cases values 
which are much larger than for bare gold (Table 1), though with 
slightly larger water contact angles for PF2BT than for PFBT. 
Meanwhile, the simulation predicts that the biphenyl molecules 55 

have a greater tendency to adopt an upright orientation (Fig. 2d), 
which combined with the greater molecular length implies that 
the biphenyl SAM is much thicker than the monophenyl SAM. A 
higher water contact angle in the PF2BT case introduces the 
possibility of increased crystallinity and higher mobility of the 60 

semiconductor near the electrode, whilst a thicker PF2BT SAM 
would exhibit larger tunnelling resistances than PFBT SAMs; 
these opposing effects may explain the similarity in contact 
resistance between PFBT and PF2BT-treated electrodes. It should 
also be noted that similar contact resistances for conjugated 65 

SAMs of different thicknesses can be explained by the modest 
tunnelling beta value being much lower in the case of 
oligophenylthiols (~0.3 – 0.4 Å-1)24, 54 than for non-conjugated 
SAMs such as alkanethiols.24, 53, 55  The field-effect mobilities for 
these devices (not corrected for the contact resistance) amount to  70 

Table 2 Device characteristics. 
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  µ
sat

  (cm2V-1s-1) µ
lin

  (cm2V-1s-1) V
t
  (V) R

c
 (kΩcm) 

P
3H

T
 Au-only (4.8 ± 0.5) x 10-2 0.042 ± 0.004 -5.4 ± 1.3 0.3 ± 1.3 

Au/PFBT (5.5 ± 0.9) x 10-2 0.042 ± 0.004 -2.6 ± 2.3 6.8 ± 1.5 
Au/PF2BT (4.0 ± 0.6) x 10-2 0.040 ± 0.005 -4.5 ± 0.8 5.2 ± 1.7 

II
D

D
T

-C
3 

Au-only (0.91 ± 0.05) x 10-1 0.019 ± 0.001 -16.6 ± 1.2 57.3 ± 4.5 
Au/PFBT (0.99 ± 0.05) x 10-1 0.026 ± 0.003 -10.7 ± 1.2 37.1 ± 6.5 

Au/PF2BT (1.4 ± 0. 3) x 10-1 0.026 ± 0.003 -11.9 ± 1.6 32.9 ± 5.1 
F

8T
2 Au-only (1.3 ± 0.1) x 10-3 (0.95 ± 0.05) x 10-3 -17.8 ± 0.4 (6.3 ± 0.3) x 103 

Au/PFBT (2.1 ± 0.2) x 10-3 (1.3 ± 0.1) x 10-3 -16.4 ± 0.3 (2.1 ± 0.3) x 103 
Au/PF2BT (3.2 ± 0.1) x 10-3 (1.2 ± 0.1) x 10-3 -16.5 ± 0.5 (0.59 ± 0.11) x 103 

µsat = field-effect mobility in the saturation regime;   µlin = field-effect mobility in the linear regime;   Vt  = Threshold voltage;     
Rc = Contact resistance determined from the transfer line method. 

0.04 - 0.05 cm2/Vs with no measureable influence of the contact 
resistance due to its small value in comparison to the relatively 
large channel resistance.  5 

 In the case of IIDDT-C356 transistors, the contact resistance is 
about 60 % higher for gold electrodes (57.3 ± 4.5 kΩcm) than for 
the SAM-treated electrodes (37.1 ± 6.5 kΩcm and 
32.9 ± 5.1 kΩcm for PFBT and PF2BT respectively). 
Correspondingly, mobilities calculated without compensating for 10 

the contact resistances are slightly lower in the case of bare gold 
electrodes than for the devices with SAM-functionalised 
electrodes (Table 2). This is consistent with the energetic barrier 
for injection playing a role in this case, since the energetic barrier 
for injection from gold should be finite (~0.35 eV), whereas for 15 

the SAM-functionalised electrodes, which have higher work 
functions, there is no energetic barrier to injection (Table 1).  
 Finally, in the case of F8T2, all contact resistances are very 
high, possibly due to the lower mobility of the semiconductor 
which we did not anneal to avoid damaging the SAMs. We see by 20 

far the largest contact resistance from the bare gold electrodes 
(6.3 ± 0.3 MΩcm) much in line with values reported previously 
in the literature49. This resistance is reduced for SAM-treated 
electrodes, with the contact resistance of the PF2BT devices 
(0.59 ± 0.11 MΩcm) being significantly lower than for PFBT 25 

devices (2.1 ± 0.3 MΩcm). The very large contact resistance for 
injection from gold electrodes is in full agreement with our 
energetic picture (Fig. 4a, Table 1) which shows a large (>0.5 eV) 
energetic barrier for hole injection. Despite the expected lower 
contact resistances for SAM-modified electrodes, a larger contact 30 

resistance for PFBT-modified electrodes when compared to 
PF2BT-modified electrodes is surprising considering the absence 
of an energetic barrier to injection for PFBT-modified electrodes 
but a small (0.05 eV) barrier to injection for PF2BT-modified 
electrodes. The origin of this could lie in the different surface 35 

energies revealed by the slightly higher water contact angle for 
PF2BT-functionalised polycrystalline gold, but there are also 
properties peculiar to F8T2 devices that need to be considered. 
F8T2 exhibits a particularly large and stable bias stress effect 
whose origins lie in trapped space-charge57 and the formation of 40 

stable bipolaron species58; this has been shown to have a large 
detrimental effect on the contact resistance near the source 
electrode57, with the effect amplified when a bottom-gate 
bottom-contact geometry like ours is employed. The literature 
also confirms our observation of contact resistances in the region 45 

of several MΩcm in our geometry (for bare gold electrodes).57 In 
fact, in the case of PFBT-treated electrodes, charge transfer from 
the source and drain to F8T2 due to electrode work function 
pinning could increase the space charge in the vicinity of the 
electrodes before device operation and increase the contact 50 

resistance compared to PF2BT–treated electrodes where there 
should be no electrode work function pinning. Whichever of the 
two explanations underpins our observation, we are able to show 
improved device performance for PF2BT-treated electrodes over 
PFBT-treated electrodes. 55 

4. Conclusions 

In summary, we have studied SAMs on gold formed from two 
perfluorinated mono- and biphenylthiol compounds, i.e. PFBT 
and PF2BT. Both SAMs induce a large increase in the gold work 
function, which is slightly larger for the monophenyl PFBT 60 

SAMs (5.75 eV) than for the biphenyl PF2BT SAMs (5.60 eV). 
Numerical simulations show that, although free-standing 
monolayers of the two molecules have almost identical dipoles, 
there is a large difference in the bond dipole of the SAM to the 
gold surface. This difference in bond dipole is proven to be the 65 

only reason for the larger work function of PFBT-modified gold 
surfaces and this finding highlights the importance of considering 
the bond dipole when designing future SAM molecules for work 
function modification.  
 The use of these SAMs on Au electrodes of OFETs in 70 

combination with the use of three prototypical polymeric 
semiconductors with different HOMO levels, made it possible to 
elucidate the effect of electrode functionalisation on changes in 
the contact resistance. Despite observing effects caused by 
tunnelling resistance and surface energy, the electrode work 75 

function dominated the tuning of contact resistance. In all cases, 
devices incorporating PF2BT-functionalised electrodes showed 
contact resistances that were equal to or lower than those 
incorporating PFBT-functionalised electrodes, demonstrating our 
new biphenyl molecule, PF2BT, to be a good choice for 80 

improving injection in OFETs. 
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monophenylthiol self-assembled monolayers enable the tuning of the work 

function and contact resistance in organic transistors. 
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