
RESEARCH ARTICLE
www.advelectronicmat.de

Gate-Dielectric Surface Engineering With Fluorinated
Monolayers: Minimizing Contact Resistance and
Nonidealities in OFETs

Shaghayegh Mesforush, Alba Cazorla, Hayley Melville, Philippe Blanchard, Hagen Klauk,
Ute Zschieschang, Min Zhang, Lamiaa Fijahi, Marta Mas-Torrent, and Esther Barrena*

Organic field-effect transistors (OFETs) hold great potential for flexible,
large-area electronics, but face challenges related to hysteresis in the transfer
characteristics, contact resistance, and charge trapping. This study examines
the growth and electrical properties of 2-decyl-7-phenyl[1]benzothieno
[3,2-b][1]benzothiophene (Ph-BTBT-10) organic-semiconductor films on Al2O3

as gate dielectric, focusing on the effects of surface functionalization with a
self-assembled monolayer (SAM) of either a non-fluorinated or a more or less
strongly fluorinated phosphonic acid. This functionalization of the gate
dielectric surface is found not to significantly affect the structural organization
of Ph-BTBT-10 thin films grown at room temperature. Thin films grown at
room temperature exhibit a single-layer lamella with a step height of 26.7 Å,
although there is evidence of a bilayer arrangement at the semicon-
ductor-dielectric interface. Remarkably, the use of Al2O3 functionalized with a
fluorinated SAM leads to significant improvements in OFET performance,
including near-zero threshold voltages, reduced hysteresis, reduced contact
resistance, and more ideal electrical characteristics compared to bare Al2O3.
This work highlights the significant yet non-trivial benefits of gate-dielectric
surface functionalization in reducing contact resistance and mitigating
non-ideal behaviors in OFETs, offering an alternative to traditional approaches
like contact doping or functionalization of the source/drain contacts in
bottom-contact organic thin-film transistors (TFTs).
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1. Introduction

Organic field-effect transistors (OFETs),
based on organic semiconductor (OSC)
thin films, are promising candidates
for low-cost, large-scale, and flexible
electronics.[1–3] However, the practical
implementation of OFETs is hindered by
several challenges, including operational
instability, hysteresis in the transfer char-
acteristics, non-zero threshold voltage,
and contact resistance.[4–9] These issues
are closely related to the interfaces be-
tween OSC film and gate-dielectric and
source/drain contacts.[10–12]

Over the last few years, the observation
of pronounced non-ideal behaviors in
current–voltage characteristics of organic
transistors has received increased atten-
tion. Among other effects, it is commonly
found that the drain current (or its square
root) exhibits a change in slope as a func-
tion of gate-source voltage (VGS) in the
linear (or saturation) regime, which hin-
ders a reliable extraction of the field-effect
mobility. Although the origin of non-ideal
behaviors in OFETs is complex and not
yet fully understood, contact resistance

is widely acknowledged as a major contributing factor.[4,8,13] This
issue becomes especially significant for large carrier mobilities
and small channel lengths.
In the quest for high-performance and stable organic

semiconductors, benzo-substituted thienothiophenes have at-
tracted considerable interest, not only because of their im-
proved charge-carrier mobility (compared to acenes or oligoth-
iophenes), but also because of their remarkable environmental
stability.[14–16] In particular, 2-decyl-7-phenyl[1]benzothieno[3,2-
b][1]benzothiophene (Ph-BTBT-10) has attracted considerable at-
tention due to its potential for OFETs with high mobility.[17–20]

High field-effect mobility has been related to the formation of
a layered crystallinity with bilayer packing (with a thickness of
the bilayer of 5.3 nm).[17] However, it has been observed that the
growth of Ph-BTBT-10 thin films on SiO2 surfaces at room tem-
perature results in a layered packing of single layers (with an in-
terplanar distance of 2.64 nm).[21–23]

Although the majority of studies with BTBT derivatives have
been performed on a thick layer of thermally grown silicon
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Figure 1. Schematic representation of the transistor architecture fabricated with various channel lengths (L = 200, 400, 600, and 800 μm), a constant
channel width of W = 5000 μm, and a dielectric thickness (Al2O3) of 60 nm. A molecular representation is shown for the employed phosphonic acids
(F15C18-PA, F21C12-PA, C18-PA) and the organic semiconductor (Ph-BTBT-10).

dioxide as the gate dielectric, there is an interest in using higher-
k gate dielectrics to fabricate low-voltage operating OFETs. Alu-
minum oxide (Al2O3) as gate oxide, deposited by atomic layer de-
position (ALD), produces oxide films with a small defect density,
small surface roughness, and precise control of the oxide thick-
ness. In addition, Al2O3 can be easily functionalized with self-
assembled monolayers (SAMs) based on alkylphosphonic acids.
The use of SAM-modified gate dielectrics is an effective strategy
to passivate the unavoidable charge-carrier trap sites on the oxide
surface (usually associated with OH groups)[24–28] and to tune the
threshold voltage.[27,29–33] Since surface-energy changes can affect
thin-film growth, possible changes in morphology and structure
must be considered.
In this work, we focus on thin films of Ph-BTBT-10 on bare

alumina (Al2O3) and alumina functionalized with SAMs based
on three alkylphosphonic acids (PA-SAMs), two of them fluori-
nated with different fluorine content (Figure 1). Our choice of
fluorinated SAMs is motivated by their proven ability to shift the
threshold voltage to a value close to zero.[30,34] We assess here
their impact on the structure of Ph-BTBT-10 thin films and the
electrical performance of the fabricated OFETs. Our results show
that self-assembled monolayers (SAMs) have minimal effect on
the structural organization of Ph-BTBT-10 films. However, fluo-
rinated SAMs notably improve the performance of OFETs by sig-
nificantly reducing contact resistance and mitigating non-ideal
electrical behaviors.

2. Results and Discussion

2.1. Morphology

Water contact angle measurements confirmed the hydropho-
bic nature of the dielectric surface after SAM functionalization

(Figure S1, Supporting Information), with values consistent with
those reported in previous studies.[30,35] Nevertheless, fluorina-
tion also has an adverse effect on the packing due to stearic hin-
drance; here it affects the magnitude of the net surface dipole.[36]

Another factor is the chain length. Although a longer alkyl chain
results in a lowering of the surface work function, the dipole
moment is significantly more influenced by fluorination (i.e.,
leading to an increase of the work function).[37] Here we use
photo-electron spectroscopy in air (PESA) to measure the effect
of the SAM treatment on the work function of the gate dielectric.
The results (Figure 2a) indicate that both fluorinated SAMs (F-
SAMs) increase the work function compared to the bare alumina
substrate. The values are reported in Table 1, which have been
extracted from Figure 2a. The increase in the work function in F-
SAMs is attributed to the interface dipole created by the fluorine
atoms.[38] Themethyl-terminated SAMC18-PA shows aminimal
work function change with respect to the bare alumina. However,
the clean alumina surface’s tendency to adsorb hydrophobic con-
taminants reduces the reliability of the values measured for its
work function.[39] The observed trend, with a larger increase in
the work function for F21C12-PA than F15C18-PA (both larger
than for C18-PA) agrees with the larger fluorine content.
The quality of the surfaces was verified by Kelvin probe force

microscopy (KPFM), which enables the detection of surface in-
homogeneities through differences in the local work function.
The flat surface morphology and the homogeneous surface po-
tential maps measured by KPFM indicate a uniform coverage of
the functionalized surfaces, with the same trend in thework func-
tion as PESA (Figure S2, Supporting Information).
Thin films of Ph-BTBT-10 with a nominal thickness of 20 nm

were grown by physical vapor deposition on four types of sub-
strates at room temperature. The morphology of the films mea-
sured by AFM is depicted in Figure 2. A terraced morphology
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Figure 2. a) Spectra of photo-electron spectroscopy in air for bare alumina and the different SAMs. b–e) Morphology of Ph-BTBT-10 thin films (with
20 nm thickness) on the different substrates obtained by atomic force microscopy. f) Specular X-ray diffraction graphs obtained for 20 nm-thick films of
Ph-BTBT-10 on the different substrates.

is observed on the four substrates, exhibiting a step height of
≈2.7 nm, with visibly larger terraces on bare alumina (Figure 2b).
The flat terraced morphology achieved on F15C18-PA is partic-
ularly noteworthy (Figure 2e). The structure of the nominally
20 nm-thick films was characterized by specular X-ray diffraction
and is shown in Figure 2f. The peak found at qz = 0.235Å −1 corre-
sponds to the Bragg reflection (001), which translates to an inter-
planar distance of 26.7 Å. Second- and third-order reflections are
also observed. Thus, AFM and XRD data indicate the formation
of a single-layer lamellar packing, similar to that found on SiO2
surfaces.[17,21,40,41]. The peaks observed around the (001) Bragg
peak are Laue oscillations due to the coherent diffraction from
crystalline domains in the film, being a sign of smooth inter-
faces. A superposed oscillation pattern mostly visible at lower q,
are Kiessig fringes arising from the thickness of the Al2O3 layer.
A faint intensity observed between the Bragg peaks (≈0.36 and
0.6Å −1) suggests the presence of some bilayer packing in the
film grown on bare alumina.
As themorphology of the first fewmonolayers is where charge

transport takes place, we have characterized Ph-BTBT-10 films
with a nominal thickness of 6 nm (Figure 3). For such low
thicknesses, some regions of uncovered substrate remain, which
are clearly distinguished by AFM in the phase channel (when
measured in dynamicmode) or in the lateral force channel (when
measured in contact mode)[42] due to the different surface-tip in-
teractions. It can be noted that the SAM treatment consistently
leads to better surface coverage, whereas the film on bare alu-

mina shows more exposed substrate and exhibits a larger num-
ber of terrace levels. In other words, the SAM treatment enhances
the continuity of the film during the early stages of growth, while
the bare alumina leads to a more 3D growth. The root mean
square roughness of the films (extracted from 1.8 μm × 1.8 μm
images) is 4.5 nm on bare alumina and 3, 2.3, and 1.2 nm on
C18-PA, F21C12-PA and F15C18-PA, respectively. The smoother
growth achieved on F15C18-PA can be attributed to a superior
SAM quality compared to the SAMwith a fully fluorinated chain,
plausibly because partial fluorination reduces steric hindrance
from bulky CF2 groups. Another notable observation is the for-
mation of a continuous bottom layer with a thickness of ≈5.5 nm
for the four cases (Figure 3; Figure S3, Supporting Informa-
tion), consistent with the formation of a bottom bilayer struc-
ture as reported for growth on SiO2 substrates.

[21,23] After bi-
layer formation, single-layer terraces begin to grow, leading to the

Table 1.Work function measured by PESA based on the threshold of pho-
toemission.

Substrate treatment Work function [eV]

Bare Alumina 5.3

F21C12-PA 5.9

F15C18-PA 5.7

C18-PA 5.5
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Figure 3. Topographical images showing the morphology of Ph-BTBT-10 thin films with a nominal thickness of 6 nm on bare alumina (size of
2.7 μm × 2.7 μm) functionalized with the different SAMs (with a size of 1.8 μm × 1.8 μm). For the growth on bare alumina, we also provide the phase
channel (inset) to signalize the regions with uncovered substrate (appearing darker). The bottom panels show the height profiles (along the indicated
blue segment in the images). On the four substrates, a bottom layer forms with a height of ≈5.5 nm.

single-layer lamellar packing in thicker films. The bilayer at the
interface is expected to enhance charge mobility in the channel,
as the BTBT cores exhibit tighter in-plane packing in the bilayer
than in the single layer.[18] These findings also suggest that a bi-
layer molecular arrangement on the dielectric is primarily influ-
enced by the flat geometry of the surface, independent of its sur-
face energy.

2.2. OFET Fabrication and Electrical Characterization

Bottom-gate, top-contact (inverted staggered) OFETs were fabri-
cated using bare alumina or alumina functionalized with one of

the three phosphonic acids as the gate dielectric (Figure 1).We se-
lected a top-contact device architecture for the source/drain con-
tacts to avoid the bottom electrodes disrupting the morphology
of the thin film at the contact edges.[6,43–45] The transfer char-
acteristics are presented in Figure 4a for the linear and satura-
tion regimes (the output characteristics are given in Figure S4).
The treatment with fluorinated SAMs has a visible impact on the
threshold voltage (Vth), with a shift from Vth = −11.7 V in bare
alumina to Vth = −5.8 V for F21C12-PA, and −2.5 V for F15C18-
PA. For OFETs with a gate dielectric treated with C18-PA, the
threshold-voltage shift (–7.8 V) is less pronounced than that ob-
served for the F-SAMs. Thus, these results demonstrate the ben-
eficial role of SAMs based on fluoroalkyl-phosphonic acids to

Figure 4. a) Transfer curves of OFETs (forward and backward sweeps) with a channel length L = 800 μm displaying the absolute drain current (in blue)
and square root of the absolute drain current (in red) measured at a drain-source voltage of VDS = −14 V for fresh samples with bare alumina and
alumina functionalized with SAMs of C18-PA, F21C12-PA, F15C18-PA. b) Charge-carrier mobility calculated from the transfer characteristics in linear
(VDS = −2 V) and saturation (VDS = −14 V) regimes (forward and backward sweeps). The values for C18-PA are calculated from an OFET with L =
600 μm.
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induce a Vth close to 0V, in agreement with previous works.[33,46]

The pronounced effect of fluorinated SAMs can be attributed to
two factors. On the one hand, fluorine groups impart hydropho-
bicity and chemical inertness, which mitigates charge trapping
at the interface.[47] On the other hand, they induce the forma-
tion of a space-charge layer of mobile holes induced by elec-
tronic effects at the semiconductor/dielectric interface. This phe-
nomenon is similar to interfacial doping, but it has an electro-
static origin (rather than charge transfer).[30,48,49] Variations in
SAM packing quality and OSC film morphology can also influ-
ence charge trapping at the semiconductor-dielectric interface.
We see here that the differences observed in the threshold-voltage
shift for F21C12-PA and F15C18-PA do not correspond with the
measured change in the work function (Table 1). A better quality
of the OSC/SAM interface for F15C18-PA, as revealed also by the
smoother morphology, may contribute to the behavior. Neverthe-
less, it can be observed that transistors in which the gate dielectric
has been treated with a F15C18-PA SAM exhibit no hysteresis,
which agrees with the role of SAMs in passivating traps. How-
ever, these devices exhibit a larger subthreshold swing, which
can be attributed to the effects of interfacial doping.[49–51] (see
Figure S5, Supporting Information)
The relevant parameters extracted from the transfer charac-

teristics are listed in Table 2. The field-effect mobility has been
calculated from the saturation and linear regimes. The field-effect
mobility of the OFETs with bare alumina as the gate dielectric has
a mean value of μlin = 3 cm2 V−1s−1, as extracted from the satu-
ration regime of the measured transfer curves, while the linear
regime of the transfer curves yielded a considerably lower value.
Functionalization with fluorinated SAMs leads to a value of μsat
= 1.88 cm2 V−1s−1 for F15C18-PA and μsat = 3.02 cm2 V−1s−1

for F21C12-PA, with better consistency between linear and sat-
uration mobilities in F21C12-PA, and complete consistency in
F15C18-PA. For alumina treated with C18-PA, the linearmobility
μlin = 1.3 cm2 V−1s−1 and saturation mobility μsat = 0.97 cm2/V s
were lower compared to both fluorinated SAMs and bare alu-
mina. It is worth mentioning that the single-layer structure in
thin films of Ph-BTBT-10 generally results in charge-carrier mo-
bilities lower than 1 cm2 V−1 s−1,[17,20,52,53] whereas the values in
this work consistently exceed 1 cm2 V−1s−1. This can possibly be
due to the beneficial role of the bilayer at the interface in chan-
nel transport.
Nevertheless, the discrepancy between the field-effect mobil-

ity extracted from the saturation regime and the linear regime
of the transfer curves, particularly for bare-alumina transis-

Table 2. Summary of the performance parameters of Ph-BTBT-10 tran-
sistors with four different gate dielectrics, all having a channel length of
600 μm (C18-PA) or 800 μm (all others) and a channel width of 5000 μm.

OFETs characteristics Bare alumina F21C12-PA F15C18-PA C18-PA

μsat[cm
2/V s] forward at VDS = −14 V 3 3.02 1.88 0.97

μlin[cm
2/V s] forward at VDS = −2 V 1.7 3.5 1.96 1.3

Vth[V] −11.7 −5.8 −2.5 −7.8

Subthreshold swing [V/decade] 0.56 1.75 1 1.09

Ion/Ioff 104 104 104 104

RS + RD [kΩ cm] at VDS = −0.5 V 56.1 3.4 1.1 –

tors, indicates a non-ideal behavior, a common phenomenon
in OFETs that complicates the reliable extraction of field-effect
mobility.[13,54–56] To verify the ideality of the OFETs, the differ-
ential mobility as a function of the gate-source voltage was ex-
tracted from the slope of the square root of the drain current
(saturation) and the drain current (linear) as a function of the
gate-source voltage (see Figure 4b; Figure S6, Supporting Infor-
mation). Transistors fabricated with bare-alumina gate dielectric
exhibit significant hysteresis and a pronounced difference be-
tween the carrier mobility obtained from the saturation regime
and the linear regime of the transfer curves, displaying a peak
in the apparent mobility at low gate-source voltages with a maxi-
mum value of μsat(backward) = 4.5 cm2 V−1 s−1. The dependence
of mobility on gate-source voltage has been previously reported
and attributed to contact resistance.[16,53] For transistors in which
the gate dielectric was treated with C18-PA, an improvement in
the gate dependence of mobility was achieved, though the over-
all mobility values were reduced. (Figure 4b). In contrast, transis-
tors in which the gate dielectric was treated with F-SAMs demon-
strate better consistency between linear and saturation mobility
and more ideal electrical characteristics, achieving the best re-
sults with F15C18-PA. We confirmed that after a few weeks, the
transistors still exhibited good performance, with all transistors
showing a further shift of the threshold voltage (Vth) toward zero
(see Figure S7 and Table S1, Supporting Information).
Although the origin of non-ideality in OFETs is still not fully

understood, there is a consensus about the important role of the
properties of the interface between the organic semiconductor
and the source/drain contacts, as it is critical for efficient charge
injection. The energy difference between the Fermi level of the
metal contact and the transport level of the OSC (in p-channel
TFTs, this is the highest occupiedmolecular orbital, HOMO) cre-
ates a Schottky barrier, which hinders an efficient charge-carrier
injection and extraction into/from the OFET channel. A gate-bias
dependence of the contact resistance is thus a common source of
non-linear behavior in OFETs arising from changes in the injec-
tion barrier and band bending under varying gate fields. Thus,
the VGS-dependence of the apparent mobility observed on Al2O3,
which peaks at low VGS, is a clear sign of transistors dominated
by contact resistance effects.[57]

In this work, the use of the top-contact device architecture
ensures that all transistors (regardless of the gate-dielectric sur-
face functionalization) have the samemetal-semiconductor inter-
face. The differences among the fabricated OFETs primarily stem
from the properties of the gate-dielectric surface. A potential in-
fluence of the OSC/dielectric interface on the contact resistance
is less evident and has been highlighted in only a small number
of studies on organic TFTs with polymer gate dielectrics.[56,58,59]

We have determined the contact resistance (Rc) employing the
transfer length method (TLM).[60] The contact resistance is deter-
mined by extrapolating the linear fit of the total device resistance
versus channel length to a channel length of zero. The results are
shown in Figure 5. It was found that functionalization with the
two fluorinated SAMs led to a significantly reduced contact resis-
tance compared to OFETs fabricated with bare alumina. In com-
parison, C18-PA did not result in a contact improvement with
inconsistencies in the TLM results. The reliability of the TLM is
known to be affected by variability in the electrical performance of
fabricated devices.[61] Tominimize this source of error, all devices
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Figure 5. Channel-width-normalized total resistance W · R measured at different channel lengths for contact resistance calculation using the transfer
length method (TLM) (VDS = −0.5 V, VGS = −15 V). The dashed lines represent the linear polynomial fits for each data set.

in our study were fabricated within the same processing run.
However, we attribute the poor linearity observed in the total de-
vice resistance versus channel length for C18-PA-treated alumina
to inconsistencies in the quality of the self-assembled monolayer
(SAM). Likewise, the anomalous data point corresponding to the
200 μm channel length on bare alumina was excluded from anal-
ysis due to its unreliability. Despite these limitations, it can be
concluded that the best improvement was observed with F15C18-
PA, which exhibited a 50-fold decrease in Rc.
The value of the threshold voltage provides a direct mea-

sure of the trap density, as it represents the gate-source volt-
age required to fill the traps at the semiconductor-dielectric in-
terface before the accumulation channel of mobile carriers is
formed.[62] Figure 6 summarizes the evolution of the trap den-
sity, as estimated from the shift in Vth, using the following
relationship:

Nt1 ≃
Cdiel.Vth

e
(1)

where Cdiel is the capacitance per unit area of the gate dielectric
and Vth is the threshold voltage.
The reduction of charge trapping at the semiconductor-

dielectric interface in theOFETs functionalized by the fluorinated
SAMs allows a rationalization of the improvement in contact
resistance. A discussion can be grounded in the studies of Liu
et al.[58] and Paterson et al.[56] for OFETs using polymer-based di-
electrics. Liu et al. reported bias-stress tests, which showed vary-

ing degrees of charge trapping induced by the gate dielectric, with
a strong correlation with contact resistance. The variation in Rc
was attributed to trapped charges at the OSC/dielectric interface,
which screen the gate electric field and simultaneously reduce
the effective carrier mobility. Because charges injected from the

Figure 6. Estimation of shallow (Nt1) traps from the threshold-voltage
shift.
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top contact electrode have to travel across the film to reach the
channel, trapped charges can lead to an increase of the access
resistance. Paterson et al. (2019) compared two fluoropolymers
(Cytop and AF2400) and found more pronounced charge trap-
ping at the Cytop/OSC interface (compared to the other polymer
dielectrics), further supporting the idea that accumulated charge
trapping at the channel interface is related to a larger Rc. Fluori-
nated SAMs, being hydrophobic and chemically inert, minimize
the density of interfacial traps,[63,64] hereby lowering the contact
resistance (Rc) through the mechanisms previously discussed.
There are other contributing factors deserving of discussion.

One is the possible impact of the dielectric functionalization on
energy level alignment: The C-F dipole (negative side pointing
up) shifts the local vacuum level upward (Table 1), which can raise
the energy levels of the nearby semiconductor. For hole injection,
shifting theHOMO level of the semiconductor upward relative to
themetal Fermi levelmay reduce the injection barrier. It has been
reported that functionalizing the dielectric oxide with fluoroalkyl-
based SAMs enhances hole accumulation at the semiconductor-
dielectric interface, effectively providing interfacial p-type doping
due to electrostatic interactions between the fluorine groups in
the SAM and the organic-semiconductor molecules.[49] This phe-
nomenon was discussed in the literature in relation to its impact
on the threshold voltage[30,33,49,65] and it is observed in the present
work. Trap passivation and dipole-induced band alignment shifts
cannot be clearly separated, and it is likely that both contribute to
the observed effects. Another factor is the ordering of the semi-
conductor at the interface. In general terms, a better molecular
ordering of the semiconductor near the interface is beneficial for
minimized structural and energetic disorder and larger mobil-
ity. There is a general consensus that a larger mobility leads to
a smaller access resistance.[66,67] In this work, regardless of the
gate dielectric, Ph-BTBT-10 films exhibit a bilayer arrangement
at the interface, followed by a stacked sequence of single layer
terraces. Although functionalizing Al2O3 does slightly affect the
film morphology, with differences in roughness (the lowest for
films on F15C18-PA-treated Al2O3) or differences in the terrace
width (considerably larger terraces for films on bare Al2O3), we
do find it likely that these morphological differences can account
for observed dielectric-dependent behavior of Rc.

3. Conclusion

In conclusion, we have demonstrated the benefit of Al2O3 gate
dielectrics functionalized with an alkylphosphonic acid SAM on
bottom-gate staggered OFETs of Ph-BTBT-10. Despite signifi-
cant differences in surface energy, the crystalline ordering of Ph-
BTBT-10 films is similar on both bare and functionalized Al2O3.
The Ph-BTBT-10 thin films grown at room temperature exhibit
a single-layered lamella, with a step height of 26.7 Å. A bilayer is
formed at the surface of the gate dielectric that is expected to be
beneficial for channel charge transport. Notably, Al2O3 modified
with fluorinated SAMs exhibited pronounced improvement of
the electrical characteristics of the transistors: near-zero thresh-
old voltages, mitigated hysteresis, and more ideal electrical char-
acteristics than those observed in transistors with bare alumina.
The improvement can be attributed to a combined effect of re-
duction of charge trapping at the interface and the electronic im-
pact of the electron-withdrawing fluorine atoms on the OSC film,

leading to a substantial reduction in contact resistance. The best
performance was obtained with F15C18-PA, which exhibited a
contact resistance of 1.1 kΩ cm, plausibly due to the better qual-
ity of the OSC/dielectric interface.
Beyond proven methods to reduce contact resistance, such as

contact doping or functionalization of bottom-contact electrodes,
this investigation underscores the role of dielectric SAM engi-
neering in reducing contact resistance and enhancing the ideality
of the electrical characteristics in OFETs.

4. Experimental Section
The experiments were conducted on heavily doped silicon substrates

onto which a 60 nm-thick layer of aluminum oxide (Al2O3) was deposited
by atomic layer deposition (ALD). The Si/Al2O3 substrates underwent UV-
ozone treatment prior to SAM deposition. Three phosphonic acid-based
self-assembled monolayers (PA-SAMs) were used to modify the dielec-
tric surface: octadecylphosphonic acid (C18-PA; PCI Synthesis, Newbury-
port, MA, USA), pentadecylfluorooctadecylphosphonic acid (F15C18-PA;
synthesized by Matthias Schlörholz, Heidelberg, Germany),[68] and hene-
icosafluorododecyl) phosphonic acid (F21C12-PA; Specific Polymers, Cas-
tries, France).

Treatment with SAMs yielded a hydrophobic surface, which effectively
prevents the adsorption of polar water molecules and enhances surface
passivation. The SAMs were formed by immersing alumina-coated silicon
substrates in 0.5mM 2-propanol solutions of either alkyl or fluoroalkyl
SAM molecules. The immersion lasted 3 h and was performed immedi-
ately after UV-ozone exposure, ensuring uniform SAM coverage. This was
followed by annealing at 100 °C for 10 min.

The organic semiconductor 2-decyl-7-phenyl[1]benzothieno[3,2-
b][1]benzothiophene (Ph-BTBT-10), purchased from Sigma–Aldrich, was
deposited onto the SAMs under a high vacuum of ≈10−6 mbar with the
substrate at room temperature. A quartz crystal microbalance monitored
the 0.3 nm min−1 deposition rate and nominal film thickness of 20
and 6 nm.

Inverted staggered bottom-gate, top-contact OFETs were fabricated by
thermally evaporating gold source/drain contacts through a shadowmask
onto the organic semiconductor. The OFETs had channel lengths ranging
from 200 to 800 μm and a channel width of 5000 μm. The gate dielectric
consisted of 60 nm ALD-deposited Al2O3 with a PA-SAM.

X-ray diffraction (XRD) measurements were performed using Cu K𝛼 ra-
diation with a wavelength of 𝜆 = 1.5406 Å. The diffraction patterns were
recorded as a function of the angle 2𝜃, which was converted from degrees
to radians for analysis. The out-of-plane momentum transfer, qz, was cal-
culated using the relation:

qz =
4𝜋 sin(𝜃)

𝜆
(2)

where 𝜃 is the half-angle corresponding to 2𝜃.
Surface morphology and potential were characterized by atomic force

microscopy (AFM) and kelvin probe force microscopy (KPFM) using
systems from Nanotec Electronica and Asylum Research. Chromium-
platinum-coated silicon cantilevers (Budget Sensors) with a force constant
of 3Nm−1 and a resonance frequency of 75 kHz were used. KPFMwas per-
formed either in frequency modulation mode by applying an AC voltage
(≈0.5 V) to the tip at 0.7 kHz, or in amplitude modulation in a double pass
by applying an AC voltage (≈1 V) to the tip at the frequency of the first
eigenmode. Electrical measurements were performed at room tempera-
ture in ambient air using a Keithley 2612 source-meter connected via a Karl
Suss probe station. Transfer curves were measured in both the linear and
saturation regimes, with forward and reverse sweeps. The threshold volt-
age values were calculated using the Linear Extrapolation (LE) method.[69]
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Table 3. Dielectric Capacitance Calculation Parameters and Results.

Layer Thickness [t, nm] Permittivity [ɛ] Capacitance [C, μF cm−2]

Bare Al2O3 60 9 0.13

F-SAM on Al2O3 60 (oxide) + 2.1 (SAM) 9 (oxide), 2.2 (SAM) 0.12

The mobility values were extracted in the saturation and linear regimes ac-
cording to refs. [62,70,71]:

𝜇lin = L
Cdiel.W.VDS

𝜕ID
𝜕VGS

(3)

𝜇Sat =
2L

Cdiel.W

(
𝜕
√
ID

𝜕VGS

)2

(4)

where L is the channel length and W is the channel width.
The dielectric capacitance, denoted Cdiel, is utilized to estimate the mo-

bility and trap densities of the transistors. The dielectric stack consists of
a 60 nm-thick Al2O3 layer and, in the case of SAM-treated samples, an ad-
ditional self-assembled monolayer (SAM). For the bare Al2O3 layer, the
capacitance is calculated using the formula:

Coxide =
𝜀0𝜀oxide

toxide
(5)

where ɛ0 is the vacuum permittivity, ɛoxide is the relative permittivity of
Al2O3, and toxide is the thickness of the Al2O3 layer and results in Cdiel =
0.13 μF∕ cm2.

For the F-SAM-treated samples, the capacitance of the dielectric stack
is calculated by considering the contributions of both the Al2O3 layer and
the SAM, using the formula for capacitors in series:

Cdiel =
(

1
Coxide

+ 1
CSAM

)−1
= 𝜀0

(
toxide
𝜀oxide

+
tSAM
𝜀SAM

)−1
(6)

Here, tSAM represents the thickness of the SAM, and ɛSAM is the relative
permittivity of the SAM.

The resulting capacitance for the SAM-treated samples is only slightly
lower than the Coxide calculated for the bare Al2O3 layer, indicating that
the presence of the F-SAMs has an insignificant effect on the overall ca-
pacitance with 60 nm Al2O3 dielectric present. Thus, for simplicity, we use
the capacitance value Cdiel = 0.13 μF∕ cm2 in all mobility and trap density
calculations. (Table 3)

The subthreshold slope (SS) was calculated from:

SS =
𝜕VGS

𝜕(log(10)ID)
(7)
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