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ABSTRACT: Three promising small-molecule organic semiconductors,
namely, 2,9-bis(heptafluoropropyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraazapero-
pyrene (TAPP-Br4), N,N′-bis(2,2,3,3,4,4,4-fluorobutyl)-(1,7 and 1,6)-dicyano-
perylene-tetracarboxylic diimide (ActivInk N1100), and diphenylethyl-3,4,9,10-
benzo[de]isoquinolino[1,8-gh]quinolinetetracarboxylic diimide (PhC2-BQQDI),
are employed for the fabrication of n-channel thin-film transistors (TFTs). The
TFTs are fabricated on rigid silicon and flexible polymeric substrates, in both the
inverted staggered (bottom-gate, top-contact) and the inverted coplanar
(bottom-gate, bottom-contact) device architecture. In the coplanar TFTs, the
source and drain contacts are functionalized with one of four different thiols to
minimize contact resistance. The best performance is obtained for PhC2-
BQQDI TFTs with bottom contacts functionalized using 4-(methylsulfanyl)-
thiophenol (MeSTP). For these TFTs, we measure contact resistances of 130 Ω
cm for TFTs fabricated on silicon substrates and 210 Ω cm for TFTs on flexible
polymeric substrates; these are the smallest contact resistances reported to date for n-channel organic TFTs, despite the fact that the
measurements are carried out in ambient air. The observation that functionalizing the contacts with MeSTP leads to the smallest
contact resistance is consistent with the fact that MeSTP provides the lowest effective work function. The TFTs fabricated on
flexible polymeric substrates showed excellent bending stability.
KEYWORDS: organic thin-film transistors, n-channel organic transistors, small-molecule organic semiconductors, contact resistance,
contact functionalization, bending stability, bias-stress stability, long-term air stability

■ INTRODUCTION
Thin-film transistors (TFTs) based on organic semiconductors
can be manufactured at relatively low process temperatures,
making it possible to fabricate them not only on rigid
substrates, such as silicon or glass, but also on flexible
polymeric substrates and fabrics. This enables wearable
electronics,1 sensors,2 radio-frequency identification (RFID)
tags, and flexible displays.3,4 For mobile devices that rely on
batteries, a low operating voltage and a low power
consumption are critical requirements.5,6 The most effective
approach to minimize the power consumption of integrated
circuits is to combine p-channel and n-channel transistors in a
complementary circuit topology.5,6

For flexible p-channel organic TFTs, charge-carrier mobi-
lities in excess of 10 cm2 V−1 s−1,7,8 subthreshold swings at the
physical limit (59 mV decade−1),9 contact resistances as small
as 10 Ω cm,7,10 and excellent long-term stability have already
been reported.11 In contrast, the performance of air-stable n-
channel organic TFTs is still comparatively poor: The largest
charge-carrier mobilities reported for flexible air-stable n-
channel organic TFTs are no greater than about 1 cm2 V−1

s−1,12−15 and the steepest subthreshold swing reported to date
is 80 mV decade−1.16

Perhaps more troubling, the lowest contact resistances
reported so far for n-channel organic TFTs are 0.3 kΩ cm for
TFTs on rigid substrates operated in a glovebox,17 1.2 kΩ cm
for TFTs on rigid substrates operated in air,18 1.0 kΩ cm for
flexible TFTs operated in a glovebox,20 and 15 kΩ cm for
flexible TFTs operated in air.21 Such large contact resistances
are problematic, as they restrict the dynamic TFT performance
and thus the dynamic performance of organic complementary
circuits.22 Indeed, the smallest signal propagation delays
reported to date for flexible organic complementary ring
oscillators are more than an order of magnitude larger than the
smallest signal delays reported for unipolar ring oscillators
based on p-channel organic TFTs.10,23,24

The fact that the performance and stability of n-channel
organic TFTs are generally inferior to those of p-channel
organic TFTs is related to the fact that the energy difference
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between the charge-transport level and the vacuum level is
substantially smaller in n-channel TFTs than in p-channel
TFTs. In p-channel organic TFTs, charge transport occurs in
the highest occupied molecular orbital (HOMO), which
typically has an energy of approximately −5.5 eV,25 whereas
in n-channel TFTs, transport occurs in the lowest unoccupied
molecular orbital (LUMO), which usually has an energy of
about −4.0 eV.26 The smaller energy difference between the
transport level and the vacuum level makes the charge carriers
in n-channel organic TFTs more susceptible to oxygen- and
water-induced destabilization and trapping,27 which results in
inferior charge-carrier mobility and stability compared to p-
channel organic TFTs. Therefore, the performance and
stability of n-channel organic TFTs generally benefit from a
low-lying LUMO level of the semiconductor, ideally below
−4.0 eV.27

Successful approaches to the synthesis of organic semi-
conductors with a low-lying LUMO level include the
incorporation of nitrogen atoms into the molecular backbone
(i.e., the design of N-heteropolycycles) and the addition of
strongly electron-withdrawing substituents.26 This report
focuses on three promising vacuum-deposited small-molecule
N-heteropolycycles with low-lying LUMO levels, namely, 2,9-
bis(heptafluoropropyl)-4,7,11,14-tetrabromo-1,3,8,10-tetraaza-
peropyrene (TAPP-Br4; first reported by Geib et al. in 2013),28

N,N′-bis(2,2,3,3,4,4,4-fluorobutyl)-(1,7 and 1,6)-dicyano-per-
ylene-tetracarboxylic diimide (ActivInk N1100; first reported
by Jones et al. in 2004),29 and diphenylethyl-3,4,9,10-
benzo[de]isoquinolino[1,8-gh]quinolinetetracarboxylic diimide
(PhC2-BQQDI; first reported by Okamoto et al. in 2020).15

These semiconductors have LUMO energies between −4.0
and −4.6 eV and have previously shown effective charge-carrier

Figure 1. Schematic cross sections of the TFTs (left: top-contact device architecture; right: bottom-contact device architecture) and chemical
structures of the organic semiconductors (TAPP-Br4, N1100, PhC2-BQQDI) and of the molecules used for the contact functionalization (MeTP,
MeOTP, MeSTP, BM).

Figure 2. Transfer characteristics of top-contact TFTs fabricated on silicon substrates using all three semiconductors (TAPP-Br4, N1100, and
PhC2-BQQDI). The TFTs have a channel length (L) of 80 μm (top row) or 8 μm (bottom row).
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mobilities between 0.03 and 1.3 cm2 V−1 s−1 in flexible n-
channel TFTs operated in air.15,21,28

Using these three semiconductors, we have fabricated low-
voltage n-channel organic TFTs both on rigid silicon and on
flexible polymeric substrates and both in the inverted staggered
(bottom-gate, top-contact) and in the inverted coplanar
(bottom-gate, bottom-contact) device architecture. For all
TFTs, gold was used for the source and drain contacts. When
fabricating organic TFTs with bottom contacts, the surface of
the source and drain contacts can be functionalized with a
chemisorbed thiol monolayer to minimize the contact
resistance.30 For p-channel organic TFTs, pentafluorobenze-
nethiol (PFBT) is often used for this purpose,10,31 while for n-
channel organic TFTs, methylthiophenol (MeTP), methox-
ythiophenol (MeOTP), and methylsulfanylthiophenol
(MeSTP) have previously shown promising results.32 For the
bottom-contact TFTs investigated here, we have therefore
employed MeTP, MeOTP, and MeSTP, as well as benzyl
mercaptan (BM) for comparison.16

The best device performance was obtained for bottom-
contact TFTs using PhC2-BQQDI as the semiconductor and
MeSTP for contact functionalization. For TFTs with this
combination of device architecture and functional materials,
we measured a contact resistance of 130 Ω cm for TFTs
fabricated on silicon substrates and 210 Ω cm for TFTs on
flexible polymeric substrates. These are the smallest contact
resistances reported to date for n-channel organic TFTs,
despite the fact that the measurements were carried out in
ambient air. The flexible bottom-contact PhC2-BQQDI TFTs
have an intrinsic channel mobility of 0.95 cm2 V−1 s−1, effective

charge-carrier mobilities as high as 0.6 cm2 V−1 s−1, and a
subthreshold swing as small as 77 mV decade−1. This is the
smallest subthreshold swing reported to date for flexible n-
channel organic TFTs operated in ambient air.

■ RESULTS AND DISCUSSION
TFTs on Silicon Substrates. TFTs based on all three

semiconductors (TAPP-Br4, N1100, and PhC2-BQQDI) were
fabricated on silicon substrates, both in the top-contact and in
the bottom-contact device architecture (see Figure 1).
Measured transfer characteristics of TFTs fabricated on

silicon substrates are shown in Figure 2 (top-contact TFTs)
and Figure 3 (bottom-contact TFTs), output characteristics
are shown in Figure S1, and the performance parameters
extracted from the current−voltage characteristics are
summarized in Table S1. The gate dielectric of the TFTs has
a unit-area capacitance of 0.6 μF cm−2 (see Figure S2). All
measurements were performed in ambient air.
The effective charge-carrier mobility (μef f) and the threshold

voltage (Vth) of the TFTs were extracted from the measured
transfer characteristics by fitting the measurement data to the
current−voltage equations for the saturation regime and the
linear regime of operation:33−35
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Figure 3. Transfer characteristics of bottom-contact TFTs fabricated on silicon substrates using all three semiconductors (TAPP-Br4, N1100, and
PhC2-BQQDI) and either MeTP, MeOTP, MeSTP, or BM for the contact functionalization. The TFTs have a channel length (L) of 80 μm (top
row) or 8 μm (bottom row).
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where μef f,sat is the effective charge-carrier mobility in the
saturation regime, μef f,lin is the effective charge-carrier mobility
in the linear regime, ID is the drain current, W is the channel
width, L is the channel length, Cdiel is the gate-dielectric
capacitance per unit area (0.6 μF cm−2), VGS is the gate-source
voltage, Vth is the threshold voltage, and VDS is the drain-source
voltage.
One observation in Figures 2 and 3 is that the turn-on

voltage of the N1100 TFTs (−1.1 to −1.5 V, depending on the
device architecture and the choice of thiol for the contact
functionalization) is systematically more negative than that of
the TAPP-Br4 and PhC2-BQQDI TFTs (−0.2 to −0.7 V). A
possible explanation is that N1100 has a larger electron affinity
than TAPP-Br4 and PhC2-BQQDI, which has been reported to
lead to a more negative turn-on voltage.36,37 In principle, the
turn-on voltage can be shifted toward more positive values by
employing a fluoroalkyl self-assembled monolayer (SAM)
instead of an alkyl SAM as part of the gate dielectric.5

However, for TAPP-Br4 and PhC2-BQQDI, the alkyl SAM is
apparently the better choice, given that for these two
semiconductors, the alkyl SAM produces a turn-on voltage
close to zero.
The top-contact TFTs (Figure 2) have effective charge-

carrier mobilities (μeff,sat) close to 0.2 cm2 V−1 s−1 for TAPP-
Br4, 0.3 cm2 V−1 s−1 for N1100, and 0.7 cm2 V−1 s−1 for PhC2-
BQQDI, all for a channel length of 80 μm (see Table S1). For
the bottom-contact TFTs (Figure 3), it is evident that the
effective charge-carrier mobility depends on the choice of the
thiol that is used to functionalize the surface of the source and
drain contacts prior to the organic-semiconductor deposition.
The reason is that the effective charge-carrier mobility depends
on the contact resistance, which in turn depends on the choice
of thiol, as discussed below. Atomic force microscopy (AFM)
images of Au source and drain contacts with and without thiol
functionalization are shown in Figure S3; the analysis of these
AFM images indicates a root-mean-square surface roughness of
2 nm, regardless of whether or not the gold is functionalized
with a thiol.
For all three semiconductors and all four thiols (MeTP,

MeOTP, MeSTP, and BM) employed here, the effective

charge-carrier mobility improves (if only slightly) upon contact
functionalization compared to bottom-contact devices without
functionalization, regardless of the choice of thiol. With the
best-performing thiol, the effective charge-carrier mobilities
(μef f,lin) of the bottom-contact TFTs with a channel length of
80 μm are 0.1 cm2 V−1 s−1 for TAPP-Br4, 0.5 cm2 V−1 s−1 for
N1100, and 0.9 cm2 V−1 s−1 for PhC2-BQQDI (see Table S1).
In other words, for N1100 and PhC2-BQQDI, the effective
charge-carrier mobility is slightly larger in the bottom-contact
TFTs than in the top-contact TFTs, whereas for TAPP-Br4,
the effective charge-carrier mobility is slightly larger for the
top-contact architecture than for the bottom-contact archi-
tecture.
To determine the contact resistance of the TFTs, we applied

the transfer length method (TLM).9,31 Despite the fact that the
accuracy of the TLM is compromised by a number of
assumptions and simplifications,38 it is by far the most widely
utilized method to determine the contact resistance of organic
TFTs and thus facilitates the most meaningful comparison
with literature results.39,40 For this purpose, the transfer
characteristics of TFTs with channel lengths ranging from 1 to
100 μm were measured at a drain-source voltage of 0.1 V
(linear regime of operation).
To improve the reliability of the TLM analysis, we

determined the actual channel lengths of all TFTs from
scanning electron microscopy (SEM) images (Figure S4)
rather than relying on the nominal channel lengths for the
TLM analysis. For the TFTs discussed here, which were
fabricated by stencil lithography, we found that the actual
channel length is larger by approximately 0.7 μm than the
nominal channel length. From the measured transfer character-
istics of the TFTs, the total TFT resistance is calculated and is
then treated as the sum of the contact resistance and the
channel resistance. When the channel-width-normalized total
resistance R·W is plotted as a function of the channel length,
the width-normalized contact resistance RC·W can be extracted
by extrapolating the data according to the relation between the
total resistance and the channel length to a channel length of
zero.
The intrinsic channel mobility μ0 can be obtained either

from the slope of the TLM fit (i.e., from the sheet resistance of
the semiconductor; eq 5) or from the channel-length
dependence of the effective charge-carrier mobility (eq 6):

Figure 4. Contact resistance (RCW) of top-contact and bottom-contact TFTs fabricated on silicon substrates using all three semiconductors
(TAPP-Br4, N1100, and PhC2-BQQDI) and either MeTP, MeOTP, MeSTP, or BM for the contact functionalization in the bottom-contact TFTs,
extracted using the transfer length method and plotted as a function of the gate-overdrive voltage (VGS-Vth). The minimum contact resistances (at
the highest gate-overdrive voltages) extracted from these measurements are summarized in Table 1. For all three semiconductors, the smallest
contact resistance is obtained with the MeSTP-functionalized bottom contacts.
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where R is the total resistance, RC is the contact resistance,
Rchannel is the channel resistance, Rsheet is the sheet resistance of
the semiconductor layer, μeff,lin is the effective charge-carrier
mobility in the linear regime of operation, μ0 is the intrinsic
channel mobility, and L1/2 is a characteristic channel length at
which the contact resistance equals the channel resistance.41

In eq 5, the expression Cdiel·(VGS̵Vth) describes the mobile
charge density in the channel. The accuracy of this expression
depends on a number of assumptions. According to Horowitz
et al.,42 the total charge density is Qtot = Cdiel·(VGS‑VFB), where
Qtot is the sum of the mobile charge density and the trapped
charge density, and VFB is the flat-band voltage. If we ignore
the trapped charges and assume that the threshold voltage is
equal to the flat-band voltage, we get Qmob = Cdiel·(VGS-Vth), so
in this case, the accuracy of the expression depends on how
large the trapped charge density is and how much the
threshold voltage deviates from the flat-band voltage.
According to Marinov et al.,43 the charge density is Qx =
Cdiel·(VGS-Vth−Vx), where Qx and Vx are the charge density and
the potential at point x along the channel. If we assume that
the drain-source voltage is close to zero, we get Qmob = Cdiel·
(VGS-Vth), so in this case, the accuracy of the expression
depends on how large the applied drain-source voltage is.

The results of the TLM analysis of the TFTs fabricated on
silicon substrates are summarized in Figure 4 and Figures S5,
S6, S7, and S8 and Table 1.
The contact resistances of the top-contact TFTs are quite

similar for all three semiconductors, with minimum values of
11 kΩ cm for TAPP-Br4, 10 kΩ cm for N1100, and 8 kΩ cm
for PhC2-BQQDI. These values are close to the lowest contact
resistances reported in literature for top-contact PhC2-BQQDI
and N1100 TFTs.21,44 There is no previous report on the
contact resistance of TAPP-Br4 transistors.
The contact resistances of the bottom-contact TFTs with

appropriate contact functionalization are significantly smaller,
with minimum values of 1.9 kΩ cm for TAPP-Br4, 0.49 kΩ cm
for N1100, and 0.13 kΩ cm for PhC2-BQQDI. The contact
resistance of 0.13 kΩ cm obtained for the bottom-contact
PhC2-BQQDI TFTs with the MeSTP-functionalized contacts
is the smallest contact resistance reported to date for n-channel
organic TFTs. The fact that the bottom-contact TFTs have a
smaller contact resistance than the top-contact TFTs is
consistent with drift-diffusion simulations showing that
bottom-contact TFTs can outperform otherwise equivalent
top-contact TFTs in terms of contact resistance, provided the
gate dielectric is sufficiently thin.45,46 For p-channel organic
TFTs, these predictions have been verified experimentally;30,47

for n-channel organic TFTs, the results shown here provide to
our knowledge the first experimental confirmation.
While our bottom-contact TFTs outperform the top-contact

TFTs in terms of contact resistance, they have a smaller
intrinsic channel mobility (μ0) than the top-contact TFTs
(e.g., for PhC2-BQQDI, the intrinsic channel mobility reaches
1.4 cm2 V−1 s−1 in top-contact TFTs, but only 1.1 cm2 V−1 s−1

in bottom-contact TFTs; see Table 1). A similar behavior was
previously observed for p-channel organic TFTs.47 A possible
explanation is that in top-contact TFTs, the semiconductor is
deposited onto a smooth and homogeneous gate-dielectric
surface, whereas in bottom-contact TFTs, the thin-film

Table 1. Intrinsic Channel Mobility (μ0) and Contact Resistance (RCW) of Top-Contact and Bottom-Contact TFTs Fabricated
on Silicon Substrates Using All Three Semiconductors and All Four Thiols, Extracted Using the Transfer Length Method at
the Largest Gate-Overdrive Voltage (VGS-Vth) in the Linear Regime of Operation (VDS = 0.1 V, VGS = 2 V) and Averaged Over
the Number of TFTs Given in Parentheses

semiconductor
device architecture/
thiol

maximum intrinsic channel
mobility μ0

average intrinsic channel
mobility μ0

minimum contact
resistance RCW

average contact resistance
RCW

(cm2 V−1 s−1) (cm2 V−1 s−1) (kΩ cm) (kΩ cm)

TAPP-Br4 TC/none (6) 0.32 0.20 ± 0.06 11 19 ± 6
BC/None (2) 0.21 0.18 ± 0.04 35 41 ± 9
BC/BM (3) 0.39 0.27 ± 0.12 4.8 21 ± 14
BC/MeTP (3) 0.25 0.20 ± 0.06 3.6 6.9 ± 4.9
BC/MeOTP (4) 0.23 0.15 ± 0.07 2.3 6.7 ± 4.9
BC/MeSTP (4) 0.23 0.16 ± 0.07 1.9 4.3 ± 3.4

N1100 TC/none (3) 1.0 0.78 ± 0.26 10 14 ± 5
BC/none (3) 0.80 0.65 ± 0.25 1.7 2.1 ± 0.4
BC/BM (3) 0.65 0.52 ± 0.16 1.4 2.4 ± 1.7
BC/MeTP (3) 0.75 0.57 ± 0.18 1.1 1.4 ± 0.3
BC/MeOTP (8) 0.64 0.50 ± 0.12 0.93 1.3 ± 0.3
BC/MeSTP (8) 0.66 0.52 ± 0.09 0.49 1.1 ± 0.5

PhC2-BQQDI TC/none (4) 1.4 1.2 ± 0.5 8.1 8.6 ± 0.6
BC/none (6) 1.0 0.89 ± 0.11 0.63 2.7 ± 1.9
BC/BM (8) 1.1 0.93 ± 0.09 0.42 1.5 ± 0.9
BC/MeTP (6) 1.1 0.95 ± 0.10 0.26 0.9 ± 0.6
BC/MeOTP (8) 1.0 0.86 ± 0.11 0.19 1.1 ± 0.7
BC/MeSTP (16) 1.1 0.82 ± 0.16 0.13 0.8 ± 0.4
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morphology of the organic-semiconductor layer is disturbed by
the topography and the surface-energy contrast imposed by the
presence of the source and drain contacts. In other words,
while the bottom-contact device architecture is helpful in
reducing the contact resistance, it affects the semiconductor
morphology and thereby the intrinsic channel mobility (μ0).
Nevertheless, for improved dynamic TFT performance, a
smaller contact resistance is usually more beneficial than a
larger intrinsic channel mobility.47

Regardless of the semiconductor, the contact resistance of
the bottom-contact TFTs depends strongly on the contact
functionalization (e.g., for PhC2-BQQDI: 0.13 kΩ cm with
MeSTP, 0.43 kΩ cm with BM), while the intrinsic channel
mobility (μ0) is not affected significantly by the thiol
functionalization of the contacts (see Table 1). Without
thiol, the contact resistance is rather large (for TAPP-Br4, it is
even larger than in the top-contact TFTs). The thiol that
provides the smallest contact resistance for all three semi-
conductors is MeSTP, followed by MeOTP, MeTP, and BM.
According to the thermionic-emission model, the efficiency

of the charge transfer between the source/drain contacts and
the semiconductor depends exponentially on the height of the
Schottky barrier at the semiconductor-metal interface.31,33 The

general design principles given by the Schottky-Mott rule yield
the Schottky-barrier height as the energy difference between
the charge-transport level of the semiconductor (the LUMO in
n-channel TFTs) and the Fermi level of the source and drain
contacts, and this difference should ideally be as small as
possible to minimize the contact resistance.33 However, when
an organic semiconductor is brought into contact with a metal,
the electronic interactions between the metal and the
semiconductor induce a density of gap states in the
semiconductor near the interface with the metal. These
metal-induced gap states prevent the Fermi level from moving
through the HOMO−LUMO gap of the semiconductor, and
as a result of this Fermi-level pinning, the Schottky-barrier
height becomes independent of the energy difference between
the charge-transport level of the semiconductor and the Fermi
level of the contacts.33,48 In other words, the influence of the
metal work function on the Schottky-barrier height can be
smaller than predicted by the Schottky-Mott rule, or even
nonexistent. To derive a general design principle for the
fabrication of organic TFTs, it can nevertheless be useful to
estimate the Schottky-barrier height for the various combina-
tions of semiconductor and functionalized source and drain
contacts. The LUMO energy of the semiconductor can be

Figure 5. Results of in situ spectroelectrochemical measurements performed on vacuum-deposited thin-films of TAPP-Br4 (left) and PhC2-BQQDI
(right) in a 0.1 M TBAPF6/MeCN electrolyte and on N1100 (center) dissolved in a 0.1 M TBAPF6/DCM electrolyte under thin-layer conditions.
The measurements were performed at a scan rate of 20 mV s−1. The colors of the data points in panels (A−C) indicate the potential at which the
UV−vis spectra that are shown in panels (D−F) were recorded. UV−vis spectra were recorded during the forward scan of the cyclic-voltammetry
measurement. (G−I) Absorbance evolution at characteristic wavelengths for the neutral state (dark blue N) and the first reduced state (light green
R•−) as a function of the applied potentials. From the spectral onsets, a reduction onset is obtained, which is then used to calculate the LUMO
energy. The results are summarized in Tables 2 and 3 .
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estimated from electrochemical measurements and density
functional theory (DFT) calculations, while the work function
of the (functionalized) contacts can be determined by
ultraviolet photoelectron spectroscopy (UPS).
The electrochemical properties of the three organic

semiconductors were evaluated by performing in situ
spectroelectrochemical measurements. This approach not
only makes it possible to identify the redox species during
electrochemical reduction oroxidation, but it can also be
applied to determine the frontier-orbital energy levels by
evaluating the spectral evolution of the neutral and the first
reduced or the first oxidized states (to determine the energy of
the LUMO and the HOMO, respectively).49−51

For TAPP-Br4 and PhC2-BQQDI, electrochemical measure-
ments were performed on vacuum-deposited thin-films in an
acetonitrile/TBAPF6 electrolyte. For N1100, thin-film meas-
urements were unsuccessful, since the N1100 films immedi-
ately dissolved from the working electrode upon immersion
into the acetonitrile electrolyte. The electrochemical measure-
ments on N1100 were therefore performed in solution by
dissolving N1100 in the electrolyte (dichloromethane/
TBAPF6). To provide an environment resembling (at least
remotely) that of a thin film, we performed the measurements
in a custom-built electrochemical cell in which the distance
between the working electrode (a Pt disc) and the bottom of
the electrochemical cell can be made extremely small (below
20 μm), thereby effectively confining the semiconductor into a
thin layer (thin-layer conditions). The cyclic-voltammetry
(CV) curves of the three organic semiconductors are shown in
Figure 5A−C. TAPP-Br4 and N1100 show a clear 2-fold
reduction process in the forward scan, which can be attributed
to the reduction of the neutral state to a first reduced and a
second reduced state. In the case of N1100, the reduction
appeared to be fully reversible. In accordance with literature,
this involves radical anion and dianion redox species.15,28,52,53

The CV of PhC2-BQQDI shows only one large redox wave in
the forward scan and two small redox waves in the backward
scan, suggesting a two-step reduction process for this
semiconductor, as well.
Figure 5D−F shows the corresponding in situ UV−vis

spectra, which were recorded at the indicated potentials in the
forward scan of the CV cycles. The characteristic bands
obtained for the different reduced states are summarized in
Table 2.

The UV−vis spectrum of the neutral TAPP-Br4 displays four
vibronic bands of the π* ← π absorption at wavelengths of
418, 442, 472, and 522 nm (Figure 5D, dark blue N). In the
potential range from −0.69 to −0.93 V, these bands
continuously decreased, while four new bands at wavelengths
of 566, 663, 753, and 919 nm developed that have their
maximum absorbance at a potential of −0.85 V, with
insignificant deviation for potentials up to −0.93 V. This

redox state can be assigned to the first reduced radical anion
state (Figure 5D, light green R•−). An isosbestic point can be
detected at a wavelength of 540 nm. In the potential range
from −0.95 to −1.44 V, the characteristic bands of the first
reduced state decrease, and a new band appears at a
wavelength of 606 nm that can be attributed to the second
reduced state (dianion species), in accordance with the second
redox wave in the cyclic voltammogram (Figure 5D, red D2−).
The UV−vis spectrum of the neutral state of N1100 displays

three vibronic absorption bands at wavelengths of 459, 485,
and 522 nm (Figure 5E, dark blue N). During the first
reduction process in the potential range from −0.50 to −0.80
V, these bands decrease and almost disappear at a potential of
−0.80 V, while three new bands at wavelengths of 686, 770,
and 929 nm reach their maxima in absorbance (Figure 5E, light
green R•−). We assign these new bands to the first reduced
state of N1100. Further reduction leads to the development of
two new bands at wavelengths of 563 and 620 nm in the
potential range from −0.80 to −1.57 V, which are a clear
indication of a second reduced state (Figure 5E, red D2−). Two
isosbestic points are visible at wavelengths of 542 and 642 nm.
During the reduction of PhC2-BQQDI, the vibronic

absorption bands of the neutral film at wavelengths of 438,
472, 509, and 549 nm not only increase in absorbance, but are
also shifted to longer wavelengths, starting from a potential of
−0.78 V (Figure 5F, dark blue N). In the potential range up to
−0.91 V, new bands with maxima at wavelengths of 646, 743,
and 902 nm appear. These can be assigned to the first reduced
state (Figure 5F, light green R•−). Starting from a potential of
−0.91 V, these bands decrease, while absorption bands at
wavelengths of 492, 522, and 566 nm start to increase,
suggesting the appearance of the second reduced state (Figure
5F, red D2−).
These data clearly demonstrate that spectral characterization

coupled with CV allows us to distinguish the different redox
states, which is not possible with CV only.
To determine the LUMO energies of the three organic

semiconductors, we analyzed the evolution of the absorbance
of the neutral and first reduced states during reduction (Figure
5G−I). In the case of TAPP-Br4, we used the characteristic
bands at wavelengths of 522 nm for the neutral state and 566
nm for the first reduced state to obtain the reduction onset
potential Eonset through the tangent method (Figure 5G). With
Eonset = −0.69 V, a LUMO energy of −4.11 eV was calculated
for TAPP-Br4 by assuming that the redox potential of the Fc/
Fc+ redox couple is located at an energy of −4.8 eV on the
Fermi scale.54

Using the same method, LUMO energies of −4.30 and
−4.02 eV were obtained for N1100 and PhC2-BQQDI,
respectively (Figure 5H,I). From the CV curves, we were
able to determine the half-wave potentials of TAPP-Br4 and
N1100, and by rescaling to the Fermi scale, LUMO energies of
−4.10 eV (TAPP-Br4) and −4.26 eV (N1100) were obtained.
Unfortunately, it was not possible to determine the half-wave
potential of PhC2-BQQDI from the CV curve (Figure 5C).
The LUMO energies, including the half-wave potentials and

spectral onsets of the three organic semiconductors, are
summarized in Table 3. The values are similar to previously
reported values.15,28,53 Since electron-withdrawing substituents
such as cyano and alkyl halide groups can effectively lower the
LUMO energy,26 the LUMO energies of TAPP-Br4 (−4.11
eV) and N1100 (−4.30 eV) are lower than that of PhC2-
BQQDI (−4.02 eV). As mentioned in the Introduction, the

Table 2. Main Characteristic Bands for the Neutral, First
Reduced, and Second Reduced State

semiconductor
neutral N
(nm)

first reduced state
R•− (nm)

second reduced state
D2− (nm)

TAPP-Br4 418, 442, 472,
522

566, 663, 753, 919 606

N1100 459, 485, 522 686, 770, 929 563, 620
PhC2-BQQDI 438, 472, 509,

549
646, 743, 902 492, 522, 566
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performance and stability of n-channel organic TFTs generally
benefit from a low-lying LUMO level of the semiconductor,
ideally below −4.0 eV.27,55

We also computed the LUMO energies of the three organic
semiconductors using density functional theory. Details on the
DFT calculations as well as the xyz-coordinates of the
optimized structures (Table S3) are given in the Supporting
Information. The results are summarized in Table 3.
The work functions of bottom source/drain contacts with

and without functionalization with MeTP, MeOTP, MeSTP,
and BM that have been reported in literature are listed in Table
4.32,56 Some of the observations mentioned above regarding

how the contact resistance depends on the choice of thiol can
indeed be explained by the values in Tables 3 and 4, although
others remain ambiguous. For example, since the LUMO
energy of PhC2-BQQDI (−4.02 to −4.08 eV) and TAPP-Br4
(−4.10 to −4.24 eV) is closest to the Fermi level of MeSTP-
functionalized gold contacts (−4.19 eV), the contact resistance
of TFTs based on these two semiconductors is indeed
expected to be lower for MeSTP than for the other thiols
(see Figure 6). For N1100, however, the LUMO energy
(−4.26 to −4.62 eV) is closest to the Fermi level of MeTP or
MeOTP (−4.28 and −4.24 eV, respectively) instead of
MeSTP, and therefore, the Schottky barrier (and thus the
contact resistance) would be expected to have the smallest
value for those thiols, not for MeSTP.
Evidently, the energy difference between the charge-

transport level of the semiconductor and the Fermi level of
the source and drain contacts is not the only factor that
determines the contact resistance of bottom-contact organic
TFTs.30,31,57

The observation that among the thiols investigated here,
benzyl mercaptan (BM) yields the largest contact resistance for
all three semiconductors is possibly related to the fact that in
the BM molecule, a methylene (−CH2−) unit is located
between the anchor group (SH) and the phenyl ring.

According to Heimel et al., alkylene spacer units located
between the anchor group and the phenyl ring (as in BM) will
suppress the electronic interactions (and thereby lead to an
increase in the tunneling distance) between the metal and the
phenyl ring.58 Although in the case of MeTP, MeOTP, and
MeSTP, there are additional atoms located in the para position
(i.e., above the phenyl ring; CH3 in the case of MeTP; O−CH3
in the case of MeOTP; and S-CH3 in the case of MeSTP),
these atoms located above the phenyl ring have a smaller
impact on the strength of the interaction between the metal
and the organic-semiconductor layer.
TFTs on Flexible PEN Substrates. In addition to TFTs

on rigid silicon substrates, TFTs based on the semiconductors
N1100 and PhC2-BQQDI were also fabricated on flexible
polyethylene naphthalate (PEN) substrates, in both the top-
contact and the bottom-contact device architecture. Figure S9
shows a photograph of TFTs fabricated on a flexible PEN
substrate.
Since for the bottom-contact TFTs fabricated on silicon

substrates, the best performance was obtained using MeSTP
for the contact functionalization, this thiol was chosen for all
bottom-contact TFTs fabricated on flexible PEN substrates.
Transfer and output characteristics of the flexible TFTs are
shown in Figure 7 and Figure S10, and the performance
parameters extracted from the current−voltage characteristics
are summarized in Table S2. As for the TFTs on silicon
substrates, the gate dielectric has a unit-area capacitance of 0.6
μF cm−2, and all measurements were performed in ambient air.
The current−voltage characteristics of the TFTs fabricated

on flexible PEN are similar to those of the TFTs fabricated on
silicon substrates. The turn-on voltage of the N1100 TFTs

Table 3. Lowest Unoccupied Molecular Orbital (LUMO)
Energies Estimated Based on Cyclic-Voltammetry (CV)
Measurements and Computed Using Density Functional
Theory (DFT)

method TAPP-Br4 N1100 BQQDI

E1/2 or
Eonset
(V)

ELUMO
(eV)

E1/2 or
Eonset
(V)

ELUMO
(eV)

E1/2 or
Eonset
(V) ELUMO (eV)

CV −0.70 −4.10 −0.54 −4.26 Not possible
(PhC2-
BQQDI)

spectra −0.69 −4.11 −0.50 −4.30 −0.78 −4.02 (PhC2-
BQQDI)

DFT −4.24 −4.62 −4.08 (Ethyl-
BQQDI)

Table 4. Effective Work Functions Determined by
Ultraviolet Photoelectron Spectroscopy (UPS)
Measurements on Bare Au Bottom Contacts and on Au
Contacts Functionalized with MeTP, MeSTP, MeOTP, or
BM Reported in Literature32,56

UPS
bare
gold MeTP MeOTP MeSTP BM

Effective work function
(eV)

4.75 4.28 4.24 4.19 4.20

Figure 6. Contact resistance (average values) of bottom-contact
TFTs fabricated on silicon substrates using all three semiconductors
(TAPP-Br4, N1100, and PhC2-BQQDI) and either MeTP, MeOTP,
MeSTP, or BM for the contact functionalization, plotted versus the
effective work function of the thiol-functionalized Au contacts. The
dependence of the effective work function on the choice of thiol is
indicated in Table 3. The shaded regions represent the expected
LUMO energy of the respective semiconductor (Table 2). The closed
symbols represent MeSTP, MeOTP, MeTP, and bare Au (for
increasing work function, i.e., from left to right), while the open star
symbols represent benzyl mercaptan (BM). Since the contact
resistance of the TFTs with the BM contact functionalization does
not follow the trend (presumably due to the detrimental effect of the
additional carbon atom between the anchor group (−SH) and the
phenyl group), these data points are not included in the visualized
tendencies indicated by the dashed lines. According to the Schottky-
Mott rule, the smallest difference between the LUMO energy of the
semiconductor and the effective work function of the contacts should
lead to the smallest contact resistance, and for TAPP-Br4 and PhC2-
BQQDI, this is indeed observed here.
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(about −1 V) is again somewhat more negative than that of
the PhC2-BQQDI TFTs (−0.2 to −0.5 V). Regardless of the
device architecture (top or bottom contacts), the TFTs have
effective charge-carrier mobilities (μeff,lin) of about 0.3 cm2 V−1

s−1 for N1100 and 0.6 cm2 V−1 s−1 for PhC2-BQQDI (for a
channel length of 80 μm; Figure S10), which are only slightly
smaller than those of the TFTs fabricated on silicon substrates.
The results of the TLM analysis for the TFTs fabricated on

flexible PEN substrates are summarized in Figure 8 and Figures

S11 and S12 and Table 5. The top-contact TFTs have contact
resistances of 2.2 kΩ cm for N1100 and 4.6 kΩ cm for PhC2-
BQQDI (slightly smaller than those in the TFTs fabricated on
silicon substrates, for reasons that are not clear). The contact
resistances of the bottom-contact TFTs (with MeSTP-
functionalized contacts) are again notably smaller compared
to the top-contact TFTs, 1 kΩ cm for N1100 and 0.21 kΩ cm

for PhC2-BQQDI. The contact resistance of 0.21 kΩ cm is the
smallest contact resistance reported to date for flexible n-
channel organic TFTs (see Table 6). The intrinsic channel
mobility (μ0) of the flexible TFTs reaches 0.95 cm2 V−1 s−1

(for the bottom-contact PhC2-BQQDI TFTs; see Table 5).
In addition to a very small contact resistance, the flexible

TFTs also have a large on/off current ratio (107) and an
excellent subthreshold swing, 92 mV decade−1 for N1100 and
77 mV decade−1 for PhC2-BQQDI (see Figure S15). The latter
is the smallest subthreshold swing reported to date for flexible
n-channel organic TFTs operated in air. (Subthreshold swings
of 69 and 70 mV decade−1 have been reported for n-channel
organic TFTs operated in vacuum and for n-channel organic
TFTs fabricated on glass substrates.59,60)
From simulations based on the current-crowding model and

experiments performed on staggered TFTs, Jung et al.
proposed a contact-resistance model to extract the power-law
dependence of the intrinsic channel mobility and the contact
resistance on the gate-source voltage, as well as their gate-
source-voltage-independent values (μ0 and RC∞).61,62 They
observed that the intrinsic channel mobility increases and the
contact resistance decreases with an increasing gate-overdrive
voltage. They attributed the increase in intrinsic channel
mobility to a shift of the Fermi level toward the transport level
and the decrease in contact resistance to an increase in carrier
mobility and carrier density with increasing gate-overdrive
voltage. Figure S14 shows how the contact resistance RCW and
the intrinsic channel mobility μ0 of our TFTs depend on the
gate-overdrive voltage VGS-Vth. In Figure S15, the formalism
reported by Kraft et al. was employed to determine the gate-
source-voltage-independent contact resistance (RC,0W).63 This
formalism is identical to the power-law contact resistance
model proposed by Jung et al.62 by assuming γ = 0 and Vth

eff =
Vth, which leads to RC,0W = RC∞W. The first assumption (γ =
0) is justified by the observation that the intrinsic channel
mobility of our TFTs is quite constant over a wide range of
gate-overdrive voltages (see Figure S14). The second

Figure 7. Transfer and output characteristics of top-contact (top row) and bottom-contact TFTs (bottom row) fabricated on flexible PEN
substrates using the semiconductors N1100 and PhC2-BQQDI and the thiol MeSTP for the contact functionalization in the bottom-contact TFTs.
The TFTs have a channel length (L) of 8 μm. (The transfer and output characteristics of the TFTs having a channel length of 80 μm are shown in
Figure S10.)

Figure 8. Contact resistance (RCW) of top-contact and bottom-
contact TFTs fabricated on flexible PEN substrates using N1100 or
PhC2-BQQDI as the semiconductor and MeSTP for the contact
functionalization in the bottom-contact TFTs, extracted with the
transfer length method and plotted as a function of the gate-overdrive
voltage (VGS-Vth). The minimum contact resistances extracted from
these measurements are summarized in Table 4.
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assumption (Vth
eff = Vth) is justified by the fact that our TLM

measurements were performed with an extremely small drain-
source voltage (VDS = 0.1 V). Depending on the type of
semiconductor, the device architecture, and the type of thiol
used for the contact functionalization, the values of RC,0W of
our TFTs range from physically meaningful (positive) values in
the case of staggered N1100 TFTs to physically unrealistic
RC,0W values for the PhC2-BQQDI TFTs (95 % of which are
negative). This leads to the conclusion that for coplanar TFTs,
for which we obtained physically unrealistic negative values for
the gate-source voltage-independent contact resistance RC,0W
(see Figure S15), the model developed by Jung et al. may not
be applicable.
The results of bias-stress measurements performed on top-

and bottom-contact PhC2-BQQDI TFTs with and without
contact functionalization using MeSTP fabricated on PEN
substrates are summarized in Figures S16 and S17.
During bias stress, gate-source and drain-source voltages of 2

V were applied continuously for 24 h. The results show that
the TFTs have very similar bias-stress stability regardless of the
device architecture and contact functionalization.
The long-term stability of bottom-contact PhC2-BQQDI

TFTs using MeSTP for the contact functionalization fabricated
on PEN substrates is illustrated in Figure S18. In the present
study, the TFTs were measured once more 2.5 years after their
fabrication. The results show that the TFTs degrade
significantly over a period of 2.5 years due to a decrease in
the intrinsic channel mobility and an increase in contact
resistance. Since the contact resistance degrades faster than the
intrinsic channel mobility, the degradation is more pronounced
in TFTs with shorter channel lengths (L = 8 μm) where the
increase in contact resistance has a larger impact.

The results of bending tests performed on bottom-contact
PhC2-BQQDI TFTs fabricated on a flexible PEN substrate
using MeSTP for the contact functionalization are summarized
in Figures S19 and S20. As can be seen, the contact resistance
of the TFTs increases when the TFTs are being bent and the
contact resistance recovers when the TFTs are measured in the
flat state after bending.

■ CONCLUSIONS
Unlike the charge-carrier mobility in organic semiconductors,
which can be predicted with increasingly good accuracy by
computational methods,64,65 the contact resistance in organic
TFTs is still difficult to predict from theory. To determine
which combination of materials from a set of three promising
organic semiconductors and four contact-functionalization
thiols would provide the smallest contact resistance, we
therefore conducted an empirical study. For this, we fabricated
low-voltage n-channel organic TFTs based on the three
vacuum-deposited small-molecule semiconductors TAPP-Br4,
N1100, and PhC2-BQQDI. The TFTs were fabricated both on
rigid silicon and on flexible polymeric substrates, and both in
the inverted staggered (bottom-gate, top-contact) and in the
inverted coplanar (bottom-gate, bottom-contact) device
architecture. Gold was used as the source/drain metal, and
the contacts of the bottom-contact TFTs were functionalized
with a chemisorbed monolayer of methylthiophenol (MeTP),
methoxythiophenol (MeOTP), methylsulfanylthiophenol
(MeSTP), or benzyl mercaptan (BM) to minimize the contact
resistance. The best device performance was obtained for
PhC2-BQQDI TFTs with MeSTP-functionalized bottom
contacts, for which we measured contact resistances of 130
Ω cm for TFTs fabricated on silicon substrates and 210 Ω cm
for TFTs on flexible polymeric substrates; these are the

Table 5. Intrinsic Channel Mobility (μ0) and Contact Resistance (RCW) of Top-Contact and Bottom-Contact TFTs Fabricated
on Flexible PEN Substrates Using N1100 and PhC2-BQQDI as the Semiconductor and MeSTP for the Contact
Functionalization in the Bottom-Contact TFTs, Extracted with the Transfer Length Method at the Largest Gate-Overdrive
Voltage (VGS-Vth) in the Linear Regime of Operation (VDS = 0.1 V; VGS = 2 V) and Averaged over the Number of TFTs Given
in Parentheses (see Figure 8 and Figures S10, S11, and S12)

semiconductor
device architecture/
thiol

maximum intrinsic mobility
μ0

average intrinsic mobility
μ0

minimum contact resistance
RCW

average contact resistance
RCW

(cm2 V−1 s−1) (cm2 V−1 s−1) (kΩ cm) (kΩ cm)

N1100 TC/none4 0.89 0.64 ± 0.20 2.2 6.7 ± 5.3
BC/MeSTP2 0.57 0.51 ± 0.09 1.0 2.9 ± 2.7

PhC2-BQQDI TC/none2 0.93 0.86 ± 0.09 4.4 7.7 ± 4.4
BC/MeSTP11 0.95 0.77 ± 0.09 0.21 0.49 ± 0.23

Table 6. Literature Summary of the Smallest Contact Resistance (RCW) Reported Previously for n-Channel Organic TFTs on
Rigid or Flexible Substrates Operated in Nitrogen or in Air, and for TFTs Based on N1100 or PhC2-BQQDIa

RCW (kΩ cm) semiconductor substrate device architecture measured in reference

0.3 P(NDI2OD-T2) AlN top-gate nitrogen 17

1.2 BASF GSID104031−1 glass top-contact air 19

1.0 P(NDI2OD-T2) flexible PEN top-gate nitrogen 20

15 N1100 flexible PEN top-contact air 21

4.7 PhC2-BQQDI silicon top-contact air 44

1.9 TAPP-Br4 silicon bottom-contact air this work
0.49 N1100 silicon bottom-contact air this work
1.0 N1100 flexible PEN bottom-contact air this work
0.13 PhC2-BQQDI silicon bottom-contact air this work
0.21 PhC2-BQQDI flexible PEN bottom-contact air this work

aThe results reported here are shown for comparison.
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smallest contact resistances reported to date for n-channel
organic TFTs, despite the fact that the measurements were
carried out in ambient air. The observation that functionalizing
the contacts with MeSTP leads to the smallest contact
resistance is consistent with the fact that MeSTP provides the
lowest effective work function. In addition, the flexible bottom-
contact PhC2-BQQDI TFTs show a subthreshold swing of 77
mV decade−1; this is the smallest subthreshold swing reported
to date for flexible n-channel organic TFTs operated in
ambient air. These results provide a significant improvement in
view of the realization of low-voltage organic complementary
circuits for low-power flexible electronics applications.

■ EXPERIMENTAL SECTION
Materials. 2,9-bis(Heptafluoropropyl)-4,7,11,14-tetrabromo-

1,3,8,10-tetraazaperopyrene (TAPP-Br4) was synthesized as reported
previously.28 N,N′-bis(2,2,3,3,4,4,4-fluorobutyl)-(1,7 and 1,6)-dicya-
no-perylene-tetracarboxylic diimide (ActivInk N1100) was procured
from Polyera Corp. (Skokie, IL, U.S.A.), diphenylethyl-3,4,9,10-
benzo[de]isoquinolino[1,8-gh]quinolinetetracarboxylic diimide
(PhC2-BQQDI) from Fujifilm Wako Pure Chemical Cooperation
(Neuss, Germany), n-tetradecylphosphonic acid from PCI Synthesis
(Newburyport, MA, U.S.A.), 4-methylbenzenethiol (MeTP) and
benzyl mercaptan (BM) from Sigma-Aldrich, 4-methoxythiophenol
(MeOTP) and 4-(methylsulfanyl)-thiophenol (MeSTP) from TCI
Deutschland GmbH (Eschborn, Germany), and 125 μm-thick
polyethylene naphthalate (PEN) substrates from Inabata Europe
GmbH (Düsseldorf, Germany). For the in situ spectroelectrochemical
measurements, float-glass substrates coated with a layer of indium tin
oxide (ITO; electrical sheet resistance <20 Ω sq−1) were procured
from Praz̈isions Glas & Optik GmbH (PGO; Iserlohn, Germany).
Device Fabrication. TFTs were fabricated on heavily doped

silicon or flexible PEN substrates, either in the inverted staggered
(bottom-gate, top-contact) or inverted coplanar (bottom-gate,
bottom-contact) device architecture. For all TFTs, aluminum with a
thickness of 25 nm was deposited as the gate electrode by thermal
evaporation in vacuum.66 The film thickness of the vacuum-deposited
films was monitored by using a quartz crystal microbalance. For the
TFTs on silicon, the gate electrodes were not patterned and thus
cover the entire substrate, while for the TFTs on PEN, a silicon stencil
mask was used to obtain patterned gate electrodes.67 The aluminum
surface was exposed to oxygen plasma to form a thin aluminum oxide
(AlOx) layer, followed by immersing the substrates into a 2-propanol
solution of n-tetradecylphosphonic acid for 3 to 4 h to form a self-
assembled monolayer (SAM) on the AlOx surface.

This results in a hybrid AlOx/SAM gate dielectric with a total
thickness of about 8 nm and a unit-area capacitance (Cdiel) of 0.6 μF
cm−2.68

For the top-contact TFTs, the next process step is the deposition of
the organic-semiconductor layer, followed by the deposition of the
source and drain contacts. The organic-semiconductor layer was
deposited by thermal sublimation in vacuum (on silicon substrates
without a mask; on PEN through a stencil mask). For the top-contact
TFTs, the semiconductor has a nominal thickness of 20 nm. During
the semiconductor deposition, the substrate was held at a temperature
of 90 °C for TAPP-Br4 and at a temperature of 140 °C for N1100 and
PhC2-BQQDI. The gold source and drain contacts were deposited by
thermal evaporation in vacuum, with a thickness of 30 nm and
patterned using a stencil mask. For the bottom-contact TFTs, the
source and drain contacts were deposited prior to the organic
semiconductor.

After the deposition of the Au source and drain contacts, the
substrates were immersed into a 10 mM ethanol solution of either
MeTP, MeOTP, MeSTP, or BM for 5 h to form a chemisorbed
monolayer on the Au surface to reduce the contact resistance. The last
process step is the deposition of the organic-semiconductor layer,
which has a nominal thickness of 30 nm for the bottom-contact TFTs.
The TFTs have channel lengths ranging from 2 to 80 μm and a

channel width of 200 μm. Bias-stress measurements and bending tests
were performed on TFTs fabricated on PEN substrates.
TFT Characterization. The gate-dielectric capacitance was

measured by using a Hameg HM8118 LCR Meter. The current−
voltage characteristics of the TFTs were measured using an Agilent
4156C Precision Semiconductor Parameter Analyzer, controlled using
the software “SweepMe!” (https://sweep-me.net). All electrical
measurements were performed in ambient air at room temperature
(20 °C, relative humidity 30−60 %) under yellow laboratory light.

During the bias-stress measurements, gate-source and drain-source
voltages of 2 V were continuously applied for 24 h, and the transfer
characteristics were measured before and after bias stress.
Experimental Estimate of the LUMO Energies of the

Organic Semiconductors. In situ spectroelectrochemical measure-
ments on the organic-semiconductor films were performed using an
Autolab PGSTAT101 potentiostat (Metrohm) and a Zeiss UV−vis
spectrometer equipped with an MCS621 Vis II spectrometer cassette
and a CLH600F lamp in a custom-built three-electrode, one-
compartment quartz cell at room temperature under an argon
atmosphere.52,69 The electrolyte is a solution of 0.1 M tetrabuty-
lammonium hexafluorophosphate salt (TBAPF6) in acetonitrile (for
TAPP-Br4 and PhC2-BQQDI) or dichloromethane (for N1100),
deaerated by argon bubbling. The pseudoreference electrode (AgCl
coated Ag wire) and the counter electrode (Pt wire) were immersed
directly into the electrolyte solution. For measurements on vacuum-
deposited thin-films of TAPP-Br4 and PhC2-BQQDI, the working
electrode was a float-glass substrate coated with a layer of ITO onto
which a 30 nm-thick film of the organic semiconductor was deposited
by thermal sublimation in vacuum. Background absorption measure-
ments were performed using an ITO-coated float-glass substrate
without an organic-semiconductor layer to serve as a reference during
the absorption measurements performed under the same conditions.70

The absorption spectra of the vacuum-deposited organic-semi-
conductor films were recorded in transmission mode. Measurements
on vacuum-deposited thin-films of N1100 were unsuccessful since the
N1100 films were dissolved from the working electrode upon
immersion into the electrolyte. Electrochemical measurements on
N1100 were thus performed by dissolving 0.6 mM of N1100 in a
dichloromethane/TBAPF6 electrolyte. For N1100, the measurements
were performed under thin-layer conditions, which ensures complete
reduction of the molecules and a direct spectroscopic identification.
The three-electrode setup allows for measurements in reflection mode
using a polished platinum disc sealed in glass as a mirror-type working
electrode.69,71 All in situ spectroelectrochemical measurements were
performed with a scan rate of 0.02 V s−1 and a potential step of 0.005
V, i.e., the data points of the electrochemical experiment were
recorded with a time interval of 0.25 s. The spectrometer was set to
record a new spectrum with a time interval of 0.25 s as well.

The potentials were rescaled to the formal potential of the redox
couple ferrocene/ferrocenium (Fc/Fc+) (external standard). The half-
wave potentials were calculated from the cyclic-voltammetry (CV)
curves as follows:

= +E E E( )/2p p1/2 ,red ,ox (7)

where Ep,red and Ep,ox are the peak potentials of the reduction and the
oxidation. The LUMO energies were calculated assuming a formal
potential of −4.8 eV for the ferrocene/ferrocenium redox couple (Fc/
Fc+) on the Fermi scale,54 according to the following equation:

= + [ ]E E( 4.8) eVLUMO onset (8)

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c17364.

Output characteristics of top-contact TFTs and bottom-
contact PhC2-BQQDI TFTs fabricated on silicon
substrates, measured unit-area capacitance of the

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c17364
ACS Appl. Mater. Interfaces 2026, 18, 2162−2175

2172

https://pubs.acs.org/doi/10.1021/acsami.5c17364?goto=supporting-info
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c17364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


AlOx/SAM dielectric, SEM images of TFT channels
fabricated on silicon and flexible PEN substrates,
summary of important device parameters (effective
mobility, threshold voltages...) for TFTs fabricated on
silicon and flexible PEN substrates, TLM analysis for all
combinations of semiconductor-thiol bottom-contact
TFTs on silicon substrates and for top-contact and
bottom-contact TFTs fabricated on flexible PEN
substrates, transfer and output characteristics for
N1100 and PhC2-BQQDI TFTs on flexible substrates
(L = 80 μm), transfer characteristics of the TFTs with
the lowest subthreshold swing, bias-stress measurements
on top-contact and bottom-contact TFTs without and
with MeSTP for contact functionalization, bending test
on TFTs fabricated on PEN substrates, details on the
DFT calculations including xyz-coordinates for the
optimized structures of TAPP-Br4, N1100 and PhC2-
BQQDI (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Sabrina Steffens − Max Planck Institute for Solid State
Research, Stuttgart 70569, Germany; orcid.org/0009-
0008-1959-3172; Email: S.Steffens@fkf.mpg.de

Authors
Tobias Wollandt − Max Planck Institute for Solid State
Research, Stuttgart 70569, Germany; orcid.org/0000-
0002-0843-4159

Karla Cordero-Solano − Max Planck Institute for Solid State
Research, Stuttgart 70569, Germany; orcid.org/0009-
0002-9298-4117

Robert Eichelmann − Anorganisch-Chemisches Institut,
Universität Heidelberg, Heidelberg 69120, Germany;
orcid.org/0009-0001-2253-2740

Alexander Kochan − Anorganisch-Chemisches Institut,
Universität Heidelberg, Heidelberg 69120, Germany

Xiuming Sun − IPOC - Functional Polymers, Institute of
Polymer Chemistry (IPOC), Universität Stuttgart, Stuttgart
70569, Germany

Florian Letzkus − Institut für Mikroelektronik Stuttgart (IMS
CHIPS), Stuttgart 70569, Germany

Joachim N. Burghartz − Institut für Mikroelektronik Stuttgart
(IMS CHIPS), Stuttgart 70569, Germany

Sabine Ludwigs − IPOC - Functional Polymers, Institute of
Polymer Chemistry (IPOC), Universität Stuttgart, Stuttgart
70569, Germany

Lutz H. Gade − Anorganisch-Chemisches Institut, Universität
Heidelberg, Heidelberg 69120, Germany; orcid.org/0000-
0002-7107-8169

Hagen Klauk − Max Planck Institute for Solid State Research,
Stuttgart 70569, Germany; orcid.org/0000-0003-4563-
5635

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c17364

Author Contributions
S.S. fabricated the TFTs and performed the electrical and
surface characterization. T.W. and S.S. performed the analysis.
K.C.-S. measured and analyzed AFM images of the source and
drain contacts with and without thiol functionalization. F.L.
and J.N.B. manufactured the silicon stencil masks. A.K.

synthesized the TAPP molecule. R.E. performed the DFT
calculations. X.S. and S.L. performed and evaluated the in situ
spectroelectrochemical measurements. T.W., S.S., and H.K.
wrote the manuscript. H.K. supervised the project. All authors
contributed to and approved the manuscript.
Funding
Open access funded by Max Planck Society. This work is
partially funded by the German Research Foundation (DFG)
under the grants KL 2223/6 2 (SPP FFlexCom), KL 2223/7-1,
INST 35/1429-1 and SFB 1249 (TP A02 and C01). S.L. and
X.S. acknowledge funding by the German Research Founda-
tion (DFG) via Research Training Group GRK 2948/1.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Mahmood, J.; Lee, E. K.; Jung, M.; Shin, D.; Choi, H. J.; Seo, J.
M.; Jung, S. M.; Kim, D.; Li, F.; Lah, M. S.; Park, N.; Shin, H. J.; Oh,
J. H.; Baek, J. B. Two-Dimensional Polyaniline (C3 N) from
Carbonized Organic Single Crystals in Solid State. Proc. Natl. Acad.
Sci. U. S. A. 2016, 113 (27), 7414−7419.
(2) Lee, M. Y.; Lee, H. R.; Park, C. H.; Han, S. G.; Oh, J. H. Organic
Transistor-Based Chemical Sensors for Wearable Bioelectronics. Acc.
Chem. Res. 2018, 51 (11), 2829−2838.
(3) Genoe, J.; Myny, K.; Steudel, S.; Heremans, P. Design and
Manufacturing of Organic RFID Circuits. In 2010 IEEE/ACM
International Conference on Computer-Aided Design (ICCAD); IEEE:
2010, 496-499. DOI: .
(4) Noda, M.; Kobayashi, N.; Katsuhara, M.; Yumoto, A.; Ushikura,
S.; Yasuda, R.; Hirai, N.; Yukawa, G.; Yagi, I.; Nomoto, K.; Urabe, T.
An OTFT-driven Rollable OLED Display. J. Soc. Inf. Dispersion 2011,
19 (4), 316−322.
(5) Zschieschang, U.; Bader, V. P.; Klauk, H. Below-One-Volt
Organic Thin-Film Transistors with Large on/off Current Ratios. Org.
Electron. 2017, 49, 179−186.
(6) Leydecker, T.; Wang, Z. M.; Torricelli, F.; Orgiu, E. Organic-
Based Inverters: Basic Concepts, Materials, Novel Architectures and
Applications. Chem. Soc. Rev. 2020, 49 (21), 7627−7670.
(7) Zeng, J.; He, D.; Qiao, J.; Li, Y.; Sun, L.; Li, W.; Xie, J.; Gao, S.;
Pan, L.; Wang, P.; Xu, Y.; Li, Y.; Qiu, H.; Shi, Y.; Xu, J. B.; Ji, W.;
Wang, X. Ultralow Contact Resistance in Organic Transistors via
Orbital Hybridization. Nat. Commun. 2023, 14 (1), 324.
(8) Peng, B.; Ji, X.; Jiao, X.; Chu, M.; Liu, J.; Li, Y.; Chen, M.; Zhou,
Z.; Zhang, C.; Miao, Q.; Dong, H.; Huang, B.; Hu, W.; Feng, S. P.; Li,
W.; Chan, P. K. L. A Transfer Method for High-Mobility, Bias-Stable,
and Flexible Organic Field-Effect Transistors. Adv. Mater. Technol.
2020, 5 (5), No. 2000169.
(9) Geiger, M.; Lingstädt, R.; Wollandt, T.; Deuschle, J.;
Zschieschang, U.; Letzkus, F.; Burghartz, J. N.; van Aken, P. A.;
Weitz, R. T.; Klauk, H. Subthreshold Swing of 59 MV Decade−1 in
Nanoscale Flexible Ultralow-Voltage Organic Transistors. Adv.
Electron. Mater. 2022, 8, No. 2101215.
(10) Borchert, J. W.; Zschieschang, U.; Letzkus, F.; Giorgio, M.;
Weitz, R. T.; Caironi, M.; Burghartz, J. N.; Ludwigs, S.; Klauk, H.
Flexible Low-Voltage High-Frequency Organic Thin-Film Transistors.
Sci. Adv. 2020, 6 (21), No. eaaz5156.
(11) Zschieschang, U.; Borchert, J. W.; Geiger, M.; Letzkus, F.;
Burghartz, J. N.; Klauk, H. Stencil Lithography for Organic Thin-Film
Transistors with a Channel Length of 300 nm. Org. Electron. 2018, 61
(June), 65−69.
(12) Torricelli, F.; Ghittorelli, M.; Rapisarda, M.; Valletta, A.;
Mariucci, L.; Jacob, S.; Coppard, R.; Cantatore, E.; Kovács-Vajna, Z.
M.; Colalongo, L. Unified Drain-Current Model of Complementary p-
and n-Type OTFTs. Org. Electron. 2015, 22, 5−11.
(13) Ma, J.; Zhao, Z.; Guo, Y.; Geng, H.; Sun, Y.; Tian, J.; He, Q.;
Cai, Z.; Zhang, X.; Zhang, G.; Liu, Z.; Zhang, D.; Liu, Y. Improving
the Electronic Transporting Property for Flexible Field-Effect

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c17364
ACS Appl. Mater. Interfaces 2026, 18, 2162−2175

2173

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c17364/suppl_file/am5c17364_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+Steffens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-1959-3172
https://orcid.org/0009-0008-1959-3172
mailto:S.Steffens@fkf.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Wollandt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0843-4159
https://orcid.org/0000-0002-0843-4159
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karla+Cordero-Solano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0002-9298-4117
https://orcid.org/0009-0002-9298-4117
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Eichelmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-2253-2740
https://orcid.org/0009-0001-2253-2740
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Kochan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiuming+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Letzkus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+N.+Burghartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabine+Ludwigs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lutz+H.+Gade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7107-8169
https://orcid.org/0000-0002-7107-8169
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hagen+Klauk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4563-5635
https://orcid.org/0000-0003-4563-5635
https://pubs.acs.org/doi/10.1021/acsami.5c17364?ref=pdf
https://doi.org/10.1073/pnas.1605318113
https://doi.org/10.1073/pnas.1605318113
https://doi.org/10.1021/acs.accounts.8b00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/ICCAD.2010.5653782
https://doi.org/10.1109/ICCAD.2010.5653782
https://doi.org/10.1889/JSID19.4.316
https://doi.org/10.1016/j.orgel.2017.06.045
https://doi.org/10.1016/j.orgel.2017.06.045
https://doi.org/10.1039/D0CS00106F
https://doi.org/10.1039/D0CS00106F
https://doi.org/10.1039/D0CS00106F
https://doi.org/10.1038/s41467-023-36006-0
https://doi.org/10.1038/s41467-023-36006-0
https://doi.org/10.1002/admt.202000169
https://doi.org/10.1002/admt.202000169
https://doi.org/10.1002/aelm.202101215
https://doi.org/10.1002/aelm.202101215
https://doi.org/10.1126/sciadv.aaz5156
https://doi.org/10.1016/j.orgel.2018.06.053
https://doi.org/10.1016/j.orgel.2018.06.053
https://doi.org/10.1016/j.orgel.2015.03.021
https://doi.org/10.1016/j.orgel.2015.03.021
https://doi.org/10.1021/acsami.9b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c17364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Transistors with Naphthalene Diimide-Based Conjugated Polymer
through Branching/Linear Side-Chain Engineering Strategy. ACS
Appl. Mater. Interfaces 2019, 11 (17), 15837−15844.
(14) Benwadih, M.; Aliane, A.; Jacob, S.; Bablet, J.; Coppard, R.;
Chartier, I. Integration of a Graphene Ink as Gate Electrode for
Printed Organic Complementary Thin-Film Transistors. Org. Electron.
2014, 15 (2), 614−621.
(15) Okamoto, T.; Kumagai, S.; Fukuzaki, E.; Ishii, H.; Watanabe,
G.; Niitsu, N.; Annaka, T.; Yamagishi, M.; Tani, Y.; Sugiura, H.;
Watanabe, T.; Watanabe, S.; Takeya, J. Robust, High-Performance n-
Type Organic Semiconductors. Sci. Adv. 2020, 6 (18), No. eaaz0632.
(16) Zschieschang, U.; Waizmann, U.; Weis, J.; Borchert, J. W.;
Klauk, H. Nanoscale Flexible Organic Thin-Film Transistors. Sci. Adv.
2022, 8 (13), No. eabm9845.
(17) Perinot, A.; Giorgio, M.; Mattoli, V.; Natali, D.; Caironi, M.
Organic Electronics Picks Up the Pace: Mask-Less, Solution
Processed Organic Transistors Operating at 160 MHz. Adv. Sci.
2021, 8 (4), No. 2001098.
(18) Uno, M.; Kanaoka, Y.; Cha, B.-S.; Isahaya, N.; Sakai, M.;
Matsui, H.; Mitsui, C.; Okamoto, T.; Takeya, J.; Kato, T.; Katayama,
M.; Usami, Y.; Yamakami, T. Short-Channel Solution-Processed
Organic Semiconductor Transistors and their Application in High-
Speed Organic Complementary Circuits and Organic Rectifiers. Adv.
Electron. Mater. 2015, 1, 1500178.
(19) Ma, L.; Guo, Y.; Wen, Y.; Liu, Y.; Zhan, X. High-Mobility, Air
Stable Bottom-Contact n-Channel Thin Film Transistors Based on N,
N′-Ditridecyl Perylene Diimide. Appl. Phys. Lett. 2013, 103 (20),
203303.
(20) Perinot, A.; Caironi, M. Accessing MHz Operation at 2 V with
Field-Effect Transistors Based on Printed Polymers on Plastic. Adv.
Sci. 2019, 6 (4), No. 1801566.
(21) Kraft, U.; Sejfic,́ M.; Kang, M. J.; Takimiya, K.; Zaki, T.;
Letzkus, F.; Burghartz, J. N.; Weber, E.; Klauk, H. Flexible Low-
Voltage Organic Complementary Circuits: Finding the Optimum
Combination of Semiconductors and Monolayer Gate Dielectrics.
Adv. Mater. 2015, 27 (2), 207−214.
(22) Zschieschang, U.; Borchert, J. W.; Giorgio, M.; Caironi, M.;
Letzkus, F.; Burghartz, J. N.; Waizmann, U.; Weis, J.; Ludwigs, S.;
Klauk, H. Roadmap to Gigahertz Organic Transistors. Adv. Funct.
Mater. 2020, 30 (20), No. 1903812.
(23) Ke, T. H.; Müller, R.; Kam, B.; Rockele, M.; Chasin, A.; Myny,
K.; Steudel, S.; Oosterbaan, W. D.; Lutsen, L.; Genoe, J.; Van Leuken,
L.; Van Der Putten, B.; Heremans, P. Scaling down of Organic
Complementary Logic Gates for Compact Logic on Foil. Org.
Electron. 2014, 15 (6), 1229−1234.
(24) Baeg, K. J.; Jung, S. W.; Khim, D.; Kim, J.; Kim, D. Y.; Koo, J.
B.; Quinn, J. R.; Facchetti, A.; You, I. K.; Noh, Y. Y. Low-Voltage,
High Speed Inkjet-Printed Flexible Complementary Polymer
Electronic Circuits. Org. Electron. 2013, 14 (5), 1407−1418.
(25) Takimiya, K.; Osaka, I.; Mori, T.; Nakano, M. Organic
Semiconductors Based on [1]Benzothieno[3,2- b ][1]-
Benzothiophene Substructure. Acc. Chem. Res. 2014, 47 (5), 1493−
1502.
(26) Chen, J.; Zhang, W.; Wang, L.; Yu, G. Recent Research
Progress of Organic Small-Molecule Semiconductors with High
Electron Mobilities. Adv. Mater. 2023, 35 (11), No. 2210772.
(27) Griggs, S.; Marks, A.; Bristow, H.; McCulloch, I. N-Type
Organic Semiconducting Polymers: Stability Limitations, Design
Considerations and Applications. J. Mater. Chem. C 2021, 9 (26),
8099−8128.
(28) Geib, S.; Zschieschang, U.; Gsänger, M.; Stolte, M.; Würthner,
F.; Wadepohl, H.; Klauk, H.; Gade, L. H. Core-Brominated
Tetraazaperopyrenes as n-Channel Semiconductors for Organic
Complementary Circuits on Flexible Substrates. Adv. Funct. Mater.
2013, 23 (31), 3866−3874.
(29) Jones, B. A.; Ahrens, M. J.; Yoon, M. H.; Facchetti, A.; Marks,
T. J.; Wasielewski, M. R. High-Mobility Air-Stable n-Type Semi-
conductors with Processing Versatility: Dicyanoperylene-3,4:9,10-

Bis(Dicarboximides). Angew. Chemie - Int. Ed. 2004, 43 (46), 6363−
6366.
(30) Borchert, J. W.; Weitz, R. T.; Ludwigs, S.; Klauk, H. A Critical
Outlook for the Pursuit of Lower Contact Resistance in Organic
Transistors. Adv. Mater. 2022, 34 (2), No. 2104075.
(31) Waldrip, M.; Jurchescu, O. D.; Gundlach, D. J.; Bittle, E. G.
Contact Resistance in Organic Field-Effect Transistors: Conquering
the Barrier. Adv. Funct. Mater. 2020, 30 (20), No. 1904576.
(32) Boudinet, D.; Benwadih, M.; Qi, Y.; Altazin, S.; Verilhac, J. M.;
Kroger, M.; Serbutoviez, C.; Gwoziecki, R.; Coppard, R.; Le
Blevennec, G.; Kahn, A.; Horowitz, G. Modification of Gold Source
and Drain Electrodes by Self-Assembled Monolayer in Staggered n-
and p-Channel Organic Thin Film Transistors. Org. Electron. 2010, 11
(2), 227−237.
(33) Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices; Wiley:
2006. .
(34) Xu, Y.; Li, Y.; Li, S.; Balestra, F.; Ghibaudo, G.; Li, W.; Lin, Y.;
Sun, H.; Wan, J.; Wang, X.; Guo, Y.; Shi, Y.; Noh, Y. Precise
Extraction of Charge Carrier Mobility for Organic Transistors. Adv.
Funct. Mater. 2020, 30 (20), No. 1904508.
(35) Dobrescu, L.; Petrov, M.; Dobrescu, D.; Ravariu, C.; Threshold
Voltage Extraction Methods for MOS Transistors. In 2000 Interna-
tional Semiconductor Conference. 23rd Edition. CAS 2000 Proceedings.
(Cat. No.00TH8486); IEEE: 2000; Vol. 1, pp 371−374. .
(36) Jones, B. A.; Facchetti, A.; Wasielewski, M. R.; Marks, T. J.
Tuning Orbital Energetics in Arylene Diimide Semiconductors.
Materials Design for Ambient Stability of n-Type Charge Transport.
J. Am. Chem. Soc. 2007, 129 (49), 15259−15278.
(37) Jones, B. A.; Facchetti, A.; Wasielewski, M. R.; Marks, T. J.
Effects of Arylene Diimide Thin Film Growth Conditions on N-
Channel OFET Performance. Adv. Funct. Mater. 2008, 18 (8), 1329−
1339.
(38) Donnhäuser, S.; Pacheco-Sanchez, A.; Haase, K.; Mannsfeld, S.
C. B.; Claus, M.; Blawid, S. Impact of Injection Limitations on the
Contact Resistance and the Carrier Mobility of Organic Field Effect
Transistors. Org. Electron. 2021, 99, No. 106343.
(39) Liu, C.; Xu, Y.; Noh, Y. Y. Contact Engineering in Organic
Field-Effect Transistors. Mater. Today 2015, 18 (2), 79−96.
(40) Alghamdi, N. A. Study and Analysis of Simple and Precise of
Contact Resistance Single-Transistor Extracting Method for Accurate
Analytical Modeling of Otfts Current-Voltage Characteristics:
Application to Different Organic Semiconductors. Crystals 2021, 11
(12), No. 1448.
(41) Rödel, R.; Letzkus, F.; Zaki, T.; Burghartz, J. N.; Kraft, U.;
Zschieschang, U.; Kern, K.; Klauk, H. Contact Properties of High-
Mobility, Air-Stable, Low-Voltage Organic n-Channel Thin-Film
Transistors Based on a Naphthalene Tetracarboxylic Diimide. Appl.
Phys. Lett. 2013, 102 (23), 233303.
(42) Horowitz, G.; Delannoy, P. An Analytical Model for Organic-
Based Thin-Film Transistors. J. Appl. Phys. 1991, 70 (1), 469−475.
(43) Marinov, O.; Deen, M. J.; Zschieschang, U.; Klauk, H. Organic
Thin-Film Transistors: Part I-Compact DC Modeling. IEEE Trans.
Electron Devices 2009, 56 (12), 2952−2961.
(44) Kumagai, S.; Ishii, H.; Watanabe, G.; Annaka, T.; Fukuzaki, E.;
Tani, Y.; Sugiura, H.; Watanabe, T.; Kurosawa, T.; Takeya, J.;
Okamoto, T. Cooperative Aggregations of Nitrogen-Containing
Perylene Diimides Driven by Rigid and Flexible Functional Groups.
Chem. Mater. 2020, 32 (21), 9115−9125.
(45) Gruber, M.; Zojer, E.; Schürrer, F.; Zojer, K. Impact of
Materials versus Geometric Parameters on the Contact Resistance in
Organic Thin-Film Transistors. Adv. Funct. Mater. 2013, 23 (23),
2941−2952.
(46) Zojer, K.; Zojer, E.; Fernandez, A. F.; Gruber, M. Impact of the
Capacitance of the Dielectric on the Contact Resistance of Organic
Thin-Film Transistors. Phys. Rev. Appl. 2015, 4 (4), 1−12.
(47) Borchert, J. W.; Peng, B.; Letzkus, F.; Burghartz, J. N.; Chan, P.
K. L.; Zojer, K.; Ludwigs, S.; Klauk, H. Small Contact Resistance and
High-Frequency Operation of Flexible Low-Voltage Inverted
Coplanar Organic Transistors. Nat. Commun. 2019, 10 (1), 1119.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c17364
ACS Appl. Mater. Interfaces 2026, 18, 2162−2175

2174

https://doi.org/10.1021/acsami.9b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.orgel.2013.11.044
https://doi.org/10.1016/j.orgel.2013.11.044
https://doi.org/10.1126/sciadv.aaz0632
https://doi.org/10.1126/sciadv.aaz0632
https://doi.org/10.1126/sciadv.abm9845
https://doi.org/10.1002/advs.202001098
https://doi.org/10.1002/advs.202001098
https://doi.org/10.1002/aelm.201500178
https://doi.org/10.1002/aelm.201500178
https://doi.org/10.1002/aelm.201500178
https://doi.org/10.1063/1.4831971
https://doi.org/10.1063/1.4831971
https://doi.org/10.1063/1.4831971
https://doi.org/10.1002/advs.201801566
https://doi.org/10.1002/advs.201801566
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adfm.201903812
https://doi.org/10.1016/j.orgel.2014.03.023
https://doi.org/10.1016/j.orgel.2014.03.023
https://doi.org/10.1016/j.orgel.2012.12.022
https://doi.org/10.1016/j.orgel.2012.12.022
https://doi.org/10.1016/j.orgel.2012.12.022
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202210772
https://doi.org/10.1002/adma.202210772
https://doi.org/10.1002/adma.202210772
https://doi.org/10.1039/D1TC02048J
https://doi.org/10.1039/D1TC02048J
https://doi.org/10.1039/D1TC02048J
https://doi.org/10.1002/adfm.201203600
https://doi.org/10.1002/adfm.201203600
https://doi.org/10.1002/adfm.201203600
https://doi.org/10.1002/anie.200461324
https://doi.org/10.1002/anie.200461324
https://doi.org/10.1002/anie.200461324
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1002/adfm.201904576
https://doi.org/10.1002/adfm.201904576
https://doi.org/10.1016/j.orgel.2009.10.021
https://doi.org/10.1016/j.orgel.2009.10.021
https://doi.org/10.1016/j.orgel.2009.10.021
https://doi.org/10.1002/adfm.201904508
https://doi.org/10.1002/adfm.201904508
https://doi.org/10.1109/SMICND.2000.890257
https://doi.org/10.1109/SMICND.2000.890257
https://doi.org/10.1021/ja075242e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja075242e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.200701045
https://doi.org/10.1002/adfm.200701045
https://doi.org/10.1016/j.orgel.2021.106343
https://doi.org/10.1016/j.orgel.2021.106343
https://doi.org/10.1016/j.orgel.2021.106343
https://doi.org/10.1016/j.mattod.2014.08.037
https://doi.org/10.1016/j.mattod.2014.08.037
https://doi.org/10.3390/cryst11121448
https://doi.org/10.3390/cryst11121448
https://doi.org/10.3390/cryst11121448
https://doi.org/10.3390/cryst11121448
https://doi.org/10.1063/1.4811127
https://doi.org/10.1063/1.4811127
https://doi.org/10.1063/1.4811127
https://doi.org/10.1063/1.350250
https://doi.org/10.1063/1.350250
https://doi.org/10.1109/TED.2009.2033308
https://doi.org/10.1109/TED.2009.2033308
https://doi.org/10.1021/acs.chemmater.0c01888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201203250
https://doi.org/10.1002/adfm.201203250
https://doi.org/10.1002/adfm.201203250
https://doi.org/10.1103/PhysRevApplied.4.044002
https://doi.org/10.1103/PhysRevApplied.4.044002
https://doi.org/10.1103/PhysRevApplied.4.044002
https://doi.org/10.1038/s41467-019-09119-8
https://doi.org/10.1038/s41467-019-09119-8
https://doi.org/10.1038/s41467-019-09119-8
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c17364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(48) Wang, Y.; Chhowalla, M. Making Clean Electrical Contacts on
2D Transition Metal Dichalcogenides. Nat. Rev. Phys. 2022, 4 (2),
101−112.
(49) Neusser, D.; Sun, B.; Tan, W. L.; Thomsen, L.; Schultz, T.;
Perdigón-Toro, L.; Koch, N.; Shoaee, S.; McNeill, C. R.; Neher, D.;
Ludwigs, S. Spectroelectrochemically Determined Energy Levels of
PM6:Y6 Blends and Their Relevance to Solar Cell Performance. J.
Mater. Chem. C 2022, 10 (32), 11565−11578.
(50) Pranav, M.; Shukla, A.; Moser, D.; Rumeney, J.; Liu, W.; Wang,
R.; Sun, B.; Smeets, S.; Tokmoldin, N.; Cao, Y.; He, G.; Beitz, T.;
Jaiser, F.; Hultzsch, T.; Shoaee, S.; Maes, W.; Luer, L.; Brabec, C.;
Vandewal, K.; Andrienko, D.; Ludwigs, S.; Neher, D. On the Critical
Competition between Singlet Exciton Decay and Free Charge
Generation in Non-Fullerene Based Organic Solar Cells with Low
Energetic Offsets. Energy Environ. Sci. 2024, 17, 6676−6697.
(51) Kim, J.; Ren, X.; Zhang, Y.; Fazzi, D.; Manikandan, S.;
Andreasen, J. W.; Sun, X.; Ursel, S.; Un, H. I.; Peralta, S.; Xiao, M.;
Town, J.; Marathianos, A.; Roesner, S.; Bui, T. T.; Ludwigs, S.;
Sirringhaus, H.; Wang, S. Efficient N-Type Organic Electrochemical
Transistors and Field-Effect Transistors Based on PNDI-Copolymers
Bearing Fluorinated Selenophene-Vinylene-Selenophenes. Adv. Sci.
2023, 10 (29), 1−12.
(52) Trefz, D.; Ruff, A.; Tkachov, R.; Wieland, M.; Goll, M.; Kiriy,
A.; Ludwigs, S. Electrochemical Investigations of the N-Type
Semiconducting Polymer P(NDI2OD-T2) and Its Monomer: New
Insights in the Reduction Behavior. J. Phys. Chem. C 2015, 119 (40),
22760−22771.
(53) Yu, C. P.; Kojima, N.; Kumagai, S.; Kurosawa, T.; Ishii, H.;
Watanabe, G.; Takeya, J.; Okamoto, T. Approaching Isotropic Charge
Transport of N-Type Organic Semiconductors with Bulky Sub-
stituents. Commun. Chem. 2021, 4 (1), 1−10.
(54) Cardona, C. M.; Li, W.; Kaifer, A. E.; Stockdale, D.; Bazan, G.
C. Electrochemical Considerations for Determining Absolute Frontier
Orbital Energy Levels of Conjugated Polymers for Solar Cell
Applications. Adv. Mater. 2011, 23 (20), 2367−2371.
(55) Kim, S.; Yoo, H.; Choi, J. Effects of Charge Traps on Hysteresis
in Organic Field-Effect Transistors and Their Charge Trap Cause
Analysis through Causal Inference Techniques. Sensors 2023, 23 (4),
2265.
(56) Schulz, P. Interface Dipole Formation in Organic Surface
Functionalizations. PhD Diss. RWTH Aachen University, 2012.
https://publications.rwth-aachen.de/record/210329/files/4568.pdf.
(57) Weis, M.; Lin, J.; Taguchi, D.; Manaka, T.; Iwamoto, M. Insight
into the Contact Resistance Problem by Direct Probing of the
Potential Drop in Organic Field-Effect Transistors. Appl. Phys. Lett.
2010, 97 (26), 263304.
(58) Heimel, G.; Rissner, F.; Zojer, E. Modeling the Electronic
Properties of π-Conjugated Self-Assembled Monolayers. Adv. Mater.
2010, 22 (23), 2494−2513.
(59) Zhao, K.; Gong, Y.; Yan, L.; He, W.; Wang, D.; Wang, J.; Zou,
Z.; Luo, C.; Zhang, A.; Fan, Z.; Gao, J.; Ning, H.; Zhou, G.; Lu, X.;
Liu, J. Room-Temperature Fabrication of High-Quality Lanthanum
Oxide High-κ Dielectric Films by a Solution Process for Low-Power
Soft Electronics. Adv. Electron. Mater. 2019, 5 (10), No. 1900427.
(60) Herlogsson, L.; Crispin, X.; Tierney, S.; Berggren, M.
Polyelectrolyte-Gated Organic Complementary Circuits Operating
at Low Power and Voltage. Adv. Mater. 2011, 23 (40), 4684−4689.
(61) Jung, S.; Lee, Y.; Plews, A.; Nejim, A.; Bonnassieux, Y.;
Horowitz, G. Effect of Gaussian Disorder on Power-Law Contact
Resistance and Mobility in Organic Field-Effect Transistors. IEEE
Trans. Electron Devices 2021, 68 (1), 307−310.
(62) Jung, S.; Jin, J. W.; Mosser, V.; Bonnassieux, Y.; Horowitz, G. A
Compact Model and Parameter Extraction Method for a Staggered
OFET with Power-Law Contact Resistance and Mobility. IEEE Trans.
Electron Devices 2019, 66 (11), 4894−4900.
(63) Kraft, U.; Takimiya, K.; Kang, M. J.; Rödel, R.; Letzkus, F.;
Burghartz, J. N.; Weber, E.; Klauk, H. Detailed Analysis and Contact
Properties of Low-Voltage Organic Thin-Film Transistors Based on

Dinaphtho[2,3-b:2′,3′-f]Thieno[3,2-b]Thiophene (DNTT) and Its
Didecyl and Diphenyl Derivatives. Org. Electron. 2016, 35, 33−40.
(64) Schweicher, G.; Garbay, G.; Jouclas, R.; Vibert, F.; Devaux, F.;
Geerts, Y. H. Molecular Semiconductors for Logic Operations: Dead-
End or Bright Future? Adv. Mater. 2020, 32 (10), No. 1905909.
(65) Roosta, S.; Ghalami, F.; Elstner, M.; Xie, W. Efficient Surface
Hopping Approach for Modeling Charge Transport in Organic
Semiconductors. J. Chem. Theory Comput. 2022, 18 (3), 1264−1274.
(66) Geiger, M.; Acharya, R.; Reutter, E.; Ferschke, T.;
Zschieschang, U.; Weis, J.; Pflaum, J.; Klauk, H.; Weitz, R. T. Effect
of the Degree of the Gate-Dielectric Surface Roughness on the
Performance of Bottom-Gate Organic Thin-Film Transistors. Adv.
Mater. Interfaces 2020, 7 (10), No. 1902145.
(67) Zschieschang, U.; Klauk, H.; Borchert, J. W. High-Resolution
Lithography for High-Frequency Organic Thin-Film Transistors. Adv.
Mater. Technol. 2023, 8 (11), No. 2201888.
(68) Geiger, M.; Hagel, M.; Reindl, T.; Weis, J.; Weitz, R. T.;
Solodenko, H.; Schmitz, G.; Zschieschang, U.; Klauk, H.; Acharya, R.
Optimizing the Plasma Oxidation of Aluminum Gate Electrodes for
Ultrathin Gate Oxides in Organic Transistors. Sci. Rep. 2021, 11 (1),
6382.
(69) Geskes, C.; Heinze, J. A Spectroelectrochemical Cell for
Measurements in Highly Purified Solvents. J. Electroanal. Chem. 1996,
418 (1−2), 167−173.
(70) Benincori, T.; Gámez-Valenzuela, S.; Goll, M.; Bruchlos, K.;
Malacrida, C.; Arnaboldi, S.; Mussini, P. R.; Panigati, M.; López
Navarrete, J. T.; Ruiz Delgado, M. C.; Appoloni, G.; Ludwigs, S.
Electrochemical Studies of a New, Low-Band Gap Inherently Chiral
Ethylenedioxythiophene-Based Oligothiophene. Electrochim. Acta
2018, 284, 513−525.
(71) Yurchenko, O.; Freytag, D.; Zur Borg, L.; Zentel, R.; Heinze, J.;
Ludwigs, S. Electrochemically Induced Reversible and Irreversible
Coupling of Triarylamines. J. Phys. Chem. B 2012, 116 (1), 30−39.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c17364
ACS Appl. Mater. Interfaces 2026, 18, 2162−2175

2175

https://doi.org/10.1038/s42254-021-00389-0
https://doi.org/10.1038/s42254-021-00389-0
https://doi.org/10.1039/D2TC01918C
https://doi.org/10.1039/D2TC01918C
https://doi.org/10.1039/D4EE01409J
https://doi.org/10.1039/D4EE01409J
https://doi.org/10.1039/D4EE01409J
https://doi.org/10.1039/D4EE01409J
https://doi.org/10.1002/advs.202303837
https://doi.org/10.1002/advs.202303837
https://doi.org/10.1002/advs.202303837
https://doi.org/10.1021/acs.jpcc.5b05756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b05756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b05756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-021-00583-2
https://doi.org/10.1038/s42004-021-00583-2
https://doi.org/10.1038/s42004-021-00583-2
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.3390/s23042265
https://doi.org/10.3390/s23042265
https://doi.org/10.3390/s23042265
https://publications.rwth-aachen.de/record/210329/files/4568.pdf
https://doi.org/10.1063/1.3533020
https://doi.org/10.1063/1.3533020
https://doi.org/10.1063/1.3533020
https://doi.org/10.1002/adma.200903855
https://doi.org/10.1002/adma.200903855
https://doi.org/10.1002/aelm.201900427
https://doi.org/10.1002/aelm.201900427
https://doi.org/10.1002/aelm.201900427
https://doi.org/10.1002/adma.201101757
https://doi.org/10.1002/adma.201101757
https://doi.org/10.1109/TED.2020.3035494
https://doi.org/10.1109/TED.2020.3035494
https://doi.org/10.1109/TED.2019.2941564
https://doi.org/10.1109/TED.2019.2941564
https://doi.org/10.1109/TED.2019.2941564
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1002/adma.201905909
https://doi.org/10.1002/adma.201905909
https://doi.org/10.1021/acs.jctc.1c00944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1002/admt.202201888
https://doi.org/10.1002/admt.202201888
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1016/S0022-0728(96)04762-6
https://doi.org/10.1016/S0022-0728(96)04762-6
https://doi.org/10.1016/j.electacta.2018.07.147
https://doi.org/10.1016/j.electacta.2018.07.147
https://doi.org/10.1021/jp208076z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp208076z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c17364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs


1 

Supporting Information  
 

 

 
Flexible n-Channel Organic Transistors with Low Contact Resistance 

 
Sabrina Steffensa*, Tobias Wollandta, Karla Cordero-Solanoa, Robert Eichelmannb, Alexander 

Kochanb, Xiuming Sunc, Florian Letzkusd, Joachim N. Burghartzd, Sabine Ludwigsc, Lutz H. Gadeb, 

and Hagen Klauka 

a Max Planck Institute for Solid State Research, Heisenbergstraße 1, 70569 Stuttgart, Germany 

* E-mail: S.Steffens@fkf.mpg.de 

b Anorganisch-Chemisches Institut, Universität Heidelberg, Im Neuenheimer Feld 270, 69120 

Heidelberg, Germany 

c IPOC - Functional Polymers, Institute of Polymer Chemistry (IPOC), Universität Stuttgart, 

Pfaffenwaldring 55, 70569 Stuttgart, Germany 

d Institut für Mikroelektronik Stuttgart (IMS CHIPS), Allmandring 30a, 70569 Stuttgart, Germany 



2 

 
 

Figure S1. A) Output characteristics of top-contact TFTs fabricated on silicon substrates using all three 

semiconductors (TAPP-Br4, N1100, PhC2-BQQDI). The TFTs have a channel length (L) of 80 μm (first row) 

or 8 μm (second row). B) Output characteristics of bottom-contact TFTs fabricated on silicon substrates using 

PhC2-BQQDI as semiconductor and either no thiol, BM, MeTP, MeOTP or MeSTP for the contact 

functionalization. The TFTs have a channel length (L) of 80 μm (third row) or 8 μm (fourth row). 
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Figure S2. Left: Photograph of an Al/AlOx/SAM/Au capacitor, fabricated for the purpose of measuring the 

gate-dielectric capacitance. The Al bottom and Au top electrodes (patterned by stencil lithography) define a 

capacitor area of 200 μm x 200 μm. Center and right: Measured unit-area capacitance of the AlOx/SAM gate 

dielectric plotted as a function of the measurement frequency and as a function of the applied voltage.  

 

 

Figure S3. Atomic force microscopy (AFM) images of a PFBT-functionalized gold contact (left) and a gold 

contact without thiol functionalization (right). The root-mean square surface roughness is 1.90 nm with PFBT 

and 1.99 nm without PFBT, indicating that there is no significant difference in surface roughness. 
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Figure S4. Left: SEM image of a bottom-contact TFT fabricated on a silicon substrate with a nominal channel 

length of 1 µm. Right: SEM image of a bottom-contact TFT fabricated on a flexible PEN substrate with a 

nominal channel length of 4 µm. The SEM images indicate that the actual channel lengths of the TFTs are 

larger than the nominal channel lengths by 0.4 and 0.8 µm. 
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Table S1. Effective charge-carrier mobilities (µeff,lin and µeff,sat) and threshold voltages (Vth) of top-contact and 

bottom-contact TFTs fabricated on silicon substrates using all three semiconductors and all four thiols for two 

representative channel lengths (80 μm, 8 μm), extracted from the measured transfer characteristics and 

averaged over the number of TFTs given in parentheses. 

Semiconductor Device architecture / thiol Channel length L  
(µm) 

Linear effective 
mobility µeff,lin 
(cm

2
V

−1
s

−1
) 

Saturation effective 
mobility µeff,sat 
(cm

2
V

−1
s

−1
) 

Threshold  
voltage Vth 
(V) 

TAPP-Br4 TC / none (4) 80 0.18 ± 0.05 0.22 ± 0.11 (5) 0.68 ± 0.28 

 (3) 8 0.07 ± 0.02   0.11 ± 0.02 (2) 0.88 ± 0.07 

 BC / none (5) 80 0.09 ± 0.05 0.11 ± 0.02 (2) 0.94 ± 0.24 

 (5) 8 0.03 ± 0.01 0.03 (1) 1.1 ± 0.3 

 BC / BM (5) 80 0.13 ± 0.12 0.08 ± 0.08 (2) 1.0 ± 0.6 

 (5) 8 0.04 ± 0.04 0.05 ± 0.06 (2) 1.3 ± 0.4 

 BC / MeTP (6) 80 0.13 ± 0.08 0.14 ± 0.02 (3) 0.90 ± 0.53 

 (5) 8 0.07 ± 0.05 0.06 ± 0.03 (3) 1.1 ± 0.6 

 BC / MeOTP (7) 80 0.12 ± 0.07 0.14 ± 0.05 (5) 0.82 ± 0.45 

 (7) 8 0.07 ± 0.04 0.10 ± 0.03 (5) 1.1 ± 0.4 

 BC / MeSTP (6) 80 0.14 ± 0.08 0.13 ± 0.02 (3) 0.81 ± 0.65 

 (4) 8 0.07 ± 0.06 0.11 ± 0.04 (2) 0.85 ± 0.48 

N1100 TC / none (10) 80 0.29 ± 0.15 0.31 ± 0.17 (8) 0.08 ± 1.05 

 (9) 8 0.04 ± 0.03 0.10 ± 0.04 (6) -0.05 ± 1.05 

 BC / none (5) 80 0.43 ± 0.21 0.33 ± 0.25 (2) -0.49 ± 0.18 

 (5) 8 0.15 ± 0.09 0.15 ± 0.11 (2) -0.39 ± 0.39 

 BC / BM (6) 80 0.49 ± 0.13 0.36 ± 0.07 (2) -0.17 ± 0.50 

 (6) 8 0.16 ± 0.07 0.20 ± 0.02 (2) 0.11 ± 0.64 

 BC / MeTP (7) 80 0.47 ± 0.20 0.26 ± 0.02 (3) -0.33 ± 0.38 

 (7) 8 0.24 ± 0.12 0.13 ± 0.04 (3) -0.51 ± 0.42 

 BC / MeOTP (8) 80 0.49 ± 0.21 0.32 ± 0.14 (6) -0.15 ± 0.57 

 (9) 8 0.24 ± 0.12 0.19 ± 0.09 (6) -0.04 ± 0.62 

 BC / MeSTP (10) 80 0.52 ± 0.14 0.36 ± 0.10 (6) -0.45 ± 0.26 

 (13) 8 0.27 ± 0.10 0.19 ± 0.07 (7) -0.33 ± 0.23 

PhC2-BQQDI TC / none (4) 80 0.57 ± 0.12 0.69 ± 0.14 (3) 0.39 ± 0.11 

 (4) 8 0.10 ± 0.03 0.20 ± 0.07 (3) 0.62 ± 0.10 

 BC / none (14) 80 0.65 ± 0.28 0.73 ± 0.29 (6) 0.66 ± 0.37 

 (15) 8 0.25 ± 0.16 0.39 ± 0.12 (6) 0.79 ± 0.31 

 BC / BM (11) 80 0.84 ± 0.15 0.81 ± 0.10 (6) 0.43 ± 0.25 

 (11) 8 0.47 ± 0.13 0.62 ± 0.14 (6) 0.80 ± 0.23 

 BC / MeTP (8) 80 0.86 ± 0.19 0.75 ± 0.11 (3) 0.32 ± 0.32 

 (8) 8 0.48 ± 0.16 0.49 ± 0.16 (3) 0.61 ± 0.38 

 BC / MeOTP (10) 80 0.80 ± 0.18 0.79 ± 0.16 (5)  0.38 ± 0.28 

 (12) 8 0.46 ± 0.10 0.52 ± 0.11 (5) 0.62 ± 0.27 

 BC / MeSTP (26) 80 0.74 ± 0.21 0.74 ± 0.19 (14) 0.36 ± 0.26 

 (44) 8 0.44 ± 0.16 0.50 ± 0.17 (17) 0.46 ± 0.25 
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Figure S5. TLM analysis performed on top-contact and bottom-contact TFTs fabricated on silicon 

substrates using all three semiconductors (TAPP-Br4, N1100, PhC2-BQQDI) and either MeTP, 

MeOTP, MeSTP or BM for the contact functionalization in the bottom-contact TFTs.  

 

 
 

 
Figure S6. TLM analysis performed on bottom-contact TFTs fabricated on silicon substrates using all three 

semiconductors (TAPP-Br4, N1100, PhC2-BQQDI) and the best-performing thiol (MeSTP) for the contact 

functionalization. 

 

 

 



7 

 
 

Figure S7. Effective charge-carrier mobility in the linear regime (µeff,lin) extracted from the transfer 

characteristics of top-contact and bottom-contact TFTs fabricated on silicon substrates using all three 

semiconductors (TAPP-Br4, N1100, PhC2-BQQDI) and either MeTP, MeOTP, MeSTP or BM for the contact 

functionalization in the bottom-contact TFTs, plotted versus the channel length. The fit lines were calculated 

using Equation (6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 
 

Figure S8. A) TLM analysis of top-contact TFTs fabricated on silicon substrates using all three 

semiconductors (TAPP-Br4, N1100, PhC2-BQQDI). B) TLM analysis of bottom-contact PhC2-BQQDI TFTs 

fabricated on silicon substrates using either BM, MeTP, MeOTP or MeSTP for the contact functionalization. 

C) TLM analysis of top-contact and bottom-contact TFTs fabricated on PEN substrates using PhC2-BQQDI 

or N1100 as semiconductor and MeSTP for the contact functionalization. 
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Figure S9. Photograph of TFTs fabricated on a flexible PEN substrate. 

 

 

Figure S10. Transfer and output characteristics of top-contact (top row) and bottom-contact TFTs (bottom 

row) fabricated on flexible PEN substrates using the semiconductors N1100 and PhC2-BQQDI and the thiol 

MeSTP for the contact functionalization in the bottom-contact TFTs. The TFTs have a channel length (L) of 

80 μm. 
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Figure S11. Results from TLM measurements performed on top-contact and bottom-contact TFTs fabricated 

on flexible PEN substrates using N1100 and PhC2-BQQDI as semiconductors and the thiol MeSTP for contact 

functionalization.  

 

 
 

Figure S12. Effective charge-carrier mobility in the linear regime (µeff,lin)  extracted from the transfer 

characteristics of top-contact and bottom-contact TFTs fabricated on flexible PEN substrates using the 

semiconductors N1100 and PhC2-BQQDI and the thiol MeSTP for the contact functionalization in the 

bottom-contact TFTs, plotted versus the channel length. The fit lines were calculated using Equation (6).  
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Table S2. Effective field-effect mobility, threshold voltage, subthreshold swing and on/off current ratio of top-

contact and bottom-contact TFTs fabricated on flexible PEN substrates using the semiconductors N1100 and 

PhC2-BQQDI and the thiol MeSTP for the contact functionalization in the bottom-contact TFTs for two 

representative channel lengths (80 μm, 8 μm).  

 

 

 

 

 

 

 

 

 

 

 

Semiconductor Device 

architecture / thiol 

Channel 

length L 

(µm) 

Linear 

Effective 

mobility µeff,lin 

(cm2V−1s−1) 

Saturation 

Effective 

mobility µeff,sat 

(cm2V−1s−1) 

Threshold 

voltage Vth 

(V) 

Subthreshold 

swing 

(mVdecade-1) 

On/off 

current 

ratio 

N1100 TC/ none (8) 80 0.30 ± 0.15 0.30 ± 0.12 -0.42 ± 0.09 130 ± 20 5.4 ± 0.5 

 (7) 8 0.12 ± 0.09 0.17 ± 0.09 -0.34 ± 0.27 126 ± 20 6.2 ± 0.5 

 BC/ MeSTP (4) 80 0.31 ± 0.16 0.27 ± 0.13 -0.08 ± 0.23 141 ± 9 4.8 ± 0.3 

 (3) 8 0.17 ± 0.11 0.15 ± 0.09 -0.04 ± 0.33 118 ± 19 5.6 ± 0.5 

PhC2-BQQDI TC/ none (6)  80 0.58 ± 0.11 0.68 ± 0.09 0.57 ± 0.17 105 ± 7 5.5 ± 0.4 

 (6) 8 0.12 ± 0.07 0.27 ± 0.04 0.67 ± 0.32 100 ± 14 5.7 ± 0.5 

 BC/ MeSTP (25)  80 0.64 ± 0.26 0.64 ± 0.24 0.40 ± 0.20 111 ± 11 5.1 ± 0.7 

 (27) 8 0.53 ± 0.18 0.60 ± 0.14 0.56 ± 0.23 99 ± 19 6.1 ± 1.3 
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Figure S13. Transfer characteristics of a top-contact N1100 TFT (left) and a bottom-contact PhC2-BQQDI 

TFT (right), both fabricated on flexible PEN substrates, using the thiol MeSTP for the contact functionalization 

in the bottom-contact PhC2-BQQDI TFT. The TFTs have a channel length of 8 μm. These are the TFTs with 

the smallest subthreshold swings obtained in this work: 92 mV decade−1 for the top-contact N1100 TFT, and 

77 mV decade−1 for the bottom-contact PhC2-BQQDI TFT. The latter is the smallest subthreshold swing 

reported to date for flexible n-channel organic TFTs operated in ambient air.  
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Figure S14. Channel-width-normalized contact resistance RCW and intrinsic channel mobility μ0 of top-contact 

and bottom-contact PhC2-BQQDI TFTs fabricated on silicon or PEN substrates using either BM or MeSTP 

for the contact functionalization, plotted as a function of the gate-overdrive voltage VGS-Vth. 
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Figure S15. Channel-width-normalized contact resistance RCW of top-contact and bottom-contact TFTs 

fabricated on silicon or PEN substrates using all three semiconductors (TAPP-Br4, N1100, PhC2-BQQDI) and 

MeSTP for the contact functionalization, plotted versus the inverse of the gate-overdrive voltage (VGS-Vth) to 

extract the value of the gate-source-voltage-independent part of the contact resistance (RC,0W). 
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Figure S16. Bias-stress-induced decay of the drain current of top-contact and bottom-contact PhC2-BQQDI 

TFTs with and without contact functionalization using MeSTP fabricated on flexible PEN substrates.  

Gate-source and drain-source voltages of 2 V were applied continuously for 24 hours. 
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Figure S17. Transfer and output characteristics of top-contact and bottom-contact PhC2-BQQDI TFTs 

fabricated on flexible PEN substrates prior to and after bias stress. The transfer characteristics were measured 

with drain-source voltages of 2.0 V (red) and 0.1 V (blue). During bias stress, gate-source and drain-source 

voltages of 2 V were applied continuously for 24 hours. The transfer characteristics measured after bias stress 

are shown in dark blue and dark red.  
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Figure S18. Transfer characteristics and output characteristics of bottom-contact PhC2-BQQDI TFTs with 

MeSTP-functionalized gold contacts measured immediately after fabrication and 2.5 years after fabrication 

stored under ambient conditions (20°C, relative humidity between 30 and 70 %). 
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Figure S19. Bending stability of bottom-contact PhC2-BQQDI TFTs fabricated on a flexible PEN substrate 

using MeSTP for the contact functionalization. A) Transfer characteristics of two TFTs (L = 6 µm and 

L = 60 µm) before bending, 72 h later (but still before bending), in the bent state, and after bending. B) Output 

characteristics of one of the TFTs (L = 60 µm). C) Output characteristics of the other TFT (L = 6 µm). D) TLM 

analysis at the largest gate-overdrive voltage (VGS-Vth) before bending, 72 h later (but still before bending), in 

the bent state, and after bending. E) Contact resistance plotted versus the gate-overdrive voltage. 
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Figure S20. Bending stability of bottom-contact PhC2-BQQDI TFTs fabricated on a flexible PEN substrate 

using MeSTP for the contact functionalization. A) Transfer characteristics of a TFT (W = 200 µm, L = 6 µm) 

before bending, 72 h later (but still before bending), in the bent state, and after bending. B) Photograph of 

TFTs being measured in the bent state (bending radius ≈ 6 mm). C) TLM analysis at a gate-overdrive voltage 

(VGS-Vth) of 1.07 V of TFTs before bending, 72 h later (but still before bending), in the bent state, and after 

bending. D) Contact resistance plotted versus the gate-overdrive voltage. 

 

 

 

 

 



20 

Table S3. Optimized coordinates at B3LYP-GD3(BJ)/Def2-TZVPP level of theory. 

xyz-coordinates for TAPP-Br4: 
 

C    -3.544230000000     -1.204517000000      0.373836000000 

C    -0.705814000000     -1.242365000000      0.074235000000 

C    -1.389704000000     -0.000254000000      0.147347000000 

C    -2.798933000000     -0.000311000000      0.296653000000 

C    -3.544318000000      1.203841000000      0.373893000000 

C    -0.705908000000      1.241913000000      0.074273000000 

C    -1.469048000000      2.445526000000      0.151944000000 

N    -4.872260000000      1.188358000000      0.514780000000 

C     0.705819000000      1.241969000000     -0.074228000000 

C     1.389709000000     -0.000143000000     -0.147344000000 

C     0.705915000000     -1.242309000000     -0.074269000000 

C     2.798938000000     -0.000087000000     -0.296654000000 

C     3.544233000000      1.204123000000     -0.373846000000 

C     1.468867000000      2.445642000000     -0.151862000000 

C     3.544326000000     -1.204235000000     -0.373885000000 

N     4.872181000000      1.188750000000     -0.514719000000 

C     5.449587000000      0.000017000000     -0.582128000000 

H    -0.969329000000      3.398419000000      0.096386000000 

H     0.969075000000      3.398495000000     -0.096278000000 

C    -2.820638000000      2.440888000000      0.293662000000 

C     2.820457000000      2.441112000000     -0.293576000000 

N     4.872276000000     -1.188756000000     -0.514749000000 

C     2.820645000000     -2.441282000000     -0.293661000000 

C     1.469054000000     -2.445921000000     -0.151946000000 

H     0.969335000000     -3.398814000000     -0.096397000000 

C    -1.468861000000     -2.446036000000      0.151876000000 

C    -2.820454000000     -2.441504000000      0.293583000000 

H    -0.969069000000     -3.398890000000      0.096303000000 

N    -4.872190000000     -1.189147000000      0.514664000000 

C    -5.449588000000     -0.000428000000      0.582105000000 

Br    3.772577000000      4.070377000000     -0.387178000000 

Br    3.772886000000     -4.070473000000     -0.387326000000 

Br   -3.772565000000     -4.070774000000      0.387202000000 

Br   -3.772884000000      4.070076000000      0.387318000000 

C     6.973500000000      0.000122000000     -0.729104000000 

C     7.684334000000      0.000682000000      0.657990000000 

C     9.241670000000      0.000066000000      0.633676000000 

C    -6.973505000000     -0.000305000000      0.729090000000 

C    -7.684353000000      0.003063000000     -0.657983000000 

C    -9.241679000000     -0.001098000000     -0.633678000000 

F     9.688915000000      0.001157000000      1.894376000000 

F     9.712052000000      1.084760000000      0.017268000000 

F    -9.688935000000      0.005542000000     -1.894360000000 

F    -9.708897000000     -1.091552000000     -0.025128000000 

F    -7.293527000000      1.102473000000     -1.337472000000 

F    -7.288014000000     -1.089443000000     -1.345619000000 

F     7.290335000000     -1.094756000000      1.342185000000 

F     7.291161000000      1.097179000000      1.340908000000 

F     7.375234000000     -1.094299000000     -1.411789000000 

F     7.374975000000      1.094156000000     -1.412557000000 

F    -7.374716000000      1.092546000000      1.414612000000 

F    -7.375484000000     -1.095909000000      1.409714000000 

F     9.711247000000     -1.086211000000      0.019458000000 

F    -9.714418000000      1.079371000000     -0.011643000000 
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xyz-coordinates for N1100: 
 

C    -3.154528000000     -1.059609000000      0.769541000000 

C    -0.445921000000     -0.904665000000     -0.014040000000 

C    -1.193985000000      0.296961000000      0.177530000000 

C    -2.574017000000      0.197621000000      0.510503000000 

C    -3.363620000000      1.361747000000      0.595560000000 

C    -0.587154000000      1.579099000000      0.051429000000 

C    -1.427175000000      2.706743000000      0.074033000000 

C     0.868970000000      1.638450000000     -0.077426000000 

C     1.577847000000      0.451882000000     -0.437843000000 

C     0.923398000000     -0.810055000000     -0.518969000000 

C     2.970379000000      0.543517000000     -0.715580000000 

C     3.655992000000      1.758990000000     -0.524944000000 

C     1.596173000000      2.801693000000      0.145092000000 

C     3.668257000000     -0.582836000000     -1.195296000000 

H     1.105818000000      3.693899000000      0.490623000000 

C    -2.802277000000      2.586566000000      0.344929000000 

C     2.972444000000      2.862741000000     -0.067928000000 

C     3.001052000000     -1.761517000000     -1.404306000000 

C     1.640734000000     -1.887241000000     -1.068759000000 

C    -1.047606000000     -2.117120000000      0.300286000000 

C    -2.381145000000     -2.195886000000      0.698898000000 

H    -0.489597000000     -3.034333000000      0.240941000000 

H     3.534191000000     -2.605406000000     -1.816093000000 

H    -2.827966000000     -3.150825000000      0.933287000000 

H     3.513710000000      3.781015000000      0.106146000000 

H    -3.425215000000      3.468277000000      0.367477000000 

C     5.114115000000     -0.515372000000     -1.499950000000 

N     5.763139000000      0.683830000000     -1.176369000000 

C     5.107245000000      1.865300000000     -0.789605000000 

O     5.721162000000     -1.440864000000     -1.991623000000 

O     5.714941000000      2.906938000000     -0.684950000000 

C     1.064344000000     -3.156874000000     -1.375159000000 

C    -0.990853000000      4.035047000000     -0.214622000000 

N     0.666195000000     -4.197198000000     -1.671246000000 

N    -0.720477000000      5.128678000000     -0.458334000000 

C    -4.583165000000     -1.178571000000      1.133543000000 

C    -4.805033000000      1.289506000000      0.924415000000 

N    -5.338279000000      0.005517000000      1.102106000000 

O    -5.497182000000      2.276286000000      1.041035000000 

O    -5.092369000000     -2.232022000000      1.444492000000 

C     8.050503000000      0.528191000000     -0.159951000000 

C     8.123044000000     -0.941474000000      0.337865000000 

C     9.100142000000     -1.222729000000      1.520167000000 

C    -7.572989000000     -0.282827000000      0.117497000000 

C    -9.091268000000     -0.389523000000      0.422334000000 

C   -10.037948000000     -0.585295000000     -0.798153000000 

F     8.502116000000     -1.729870000000     -0.687378000000 

F     7.613139000000      1.289825000000      0.871898000000 

F     8.992833000000     -2.510909000000      1.862264000000 

F     9.316414000000      0.920328000000     -0.466974000000 

F    10.362727000000     -0.982693000000      1.167851000000 

F     6.888232000000     -1.316514000000      0.750166000000 

F     8.796128000000     -0.475983000000      2.583027000000 

F    -7.184386000000     -1.406828000000     -0.536451000000 

F    -9.476548000000      0.740743000000      1.057759000000 

F    -9.283735000000     -1.436348000000      1.257158000000 

F    -9.752971000000     -1.714882000000     -1.445996000000 

F   -11.297430000000     -0.654142000000     -0.355611000000 

F    -7.375799000000      0.758100000000     -0.730812000000 

F    -9.940910000000      0.438984000000     -1.645775000000 

C    -6.760244000000     -0.096364000000      1.397606000000 
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H    -7.080596000000      0.818883000000      1.884021000000 

H    -6.920438000000     -0.955325000000      2.040577000000 

C     7.197149000000      0.762724000000     -1.410571000000 

H     7.469863000000      0.035603000000     -2.167878000000 

H     7.438301000000      1.768487000000     -1.742741000000 

 

xyz-coordinates for PhC2-BQQDI: 
 
C     3.526103000000      1.246097000000     -0.145027000000 
C     0.709603000000      1.259202000000     -0.027763000000 
C     1.409758000000      0.024610000000     -0.059196000000 
C     2.821028000000      0.027319000000     -0.118812000000 
C     3.497263000000     -1.204154000000     -0.147202000000 
C     0.751940000000     -1.234913000000     -0.032856000000 
C    -0.709603000000     -1.259198000000      0.027763000000 
C    -1.409759000000     -0.024606000000      0.059196000000 
C    -0.751941000000      1.234917000000      0.032855000000 
C    -2.821028000000     -0.027314000000      0.118813000000 
C    -3.526103000000     -1.246092000000      0.145030000000 
C    -1.428706000000     -2.443541000000      0.054699000000 
C    -3.497263000000      1.204158000000      0.147203000000 
H    -0.886034000000     -3.376523000000      0.029995000000 
C     2.751681000000     -2.367540000000     -0.115546000000 
C    -2.827220000000     -2.435812000000      0.111827000000 
C    -2.751681000000      2.367544000000      0.115546000000 
C     1.428705000000      2.443545000000     -0.054699000000 
C     2.827220000000      2.435816000000     -0.111825000000 
H     0.886034000000      3.376527000000     -0.029995000000 
H     3.382551000000      3.362639000000     -0.131083000000 
H    -3.382551000000     -3.362635000000      0.131086000000 
C    -4.971290000000      1.245800000000      0.206668000000 
N    -5.627370000000      0.010847000000      0.259763000000 
C    -5.004596000000     -1.239934000000      0.204425000000 
O    -5.596939000000      2.287831000000      0.211563000000 
O    -5.658212000000     -2.264724000000      0.207217000000 
C     5.004597000000      1.239939000000     -0.204415000000 
C     4.971289000000     -1.245794000000     -0.206672000000 
N     5.627370000000     -0.010842000000     -0.259762000000 
O     5.596940000000     -2.287826000000     -0.211574000000 
O     5.658211000000      2.264730000000     -0.207210000000 
C    -7.098580000000      0.030446000000      0.317610000000 
C     7.098579000000     -0.030445000000     -0.317613000000 
C    -7.722085000000      0.036624000000     -1.071184000000 
H    -7.378403000000      0.922584000000      0.869125000000 
H    -7.402430000000     -0.851845000000      0.872273000000 
H    -7.412141000000      0.919486000000     -1.628981000000 
H    -8.809106000000      0.051268000000     -0.988521000000 
H    -7.435822000000     -0.855740000000     -1.626485000000 
C     7.722087000000     -0.036677000000      1.071180000000 
H     7.402430000000      0.851868000000     -0.872241000000 
H     7.378400000000     -0.922561000000     -0.869165000000 
H     7.435829000000      0.855669000000      1.626513000000 
H     8.809108000000     -0.051323000000      0.988514000000 
H     7.412140000000     -0.919557000000      1.628946000000 
N    -1.412884000000      2.385910000000      0.060751000000 
H    -3.255717000000      3.324416000000      0.135800000000 
N     1.412884000000     -2.385906000000     -0.060751000000 
H     3.255717000000     -3.324412000000     -0.135802000000 
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Computational methods:  

All density-functional-theory (DFT) calculations were performed in the gas phase using the Gaussian 16 

program suite (G16RevC.01).1 The B3LYP functional was used to optimize the geometries on the valence 

triple-ζ basis set Def2-TZVPP.2–6 The resulting ground-state structures were confirmed as energy minima 

through frequency calculations showing no negative eigenvalue in the Hessian matrix. Grimme’s dispersion 

correction D3 with Becke-Johnson damping was considered in all calculations.7 In the case of PhC2-BQQDI, 

phenylethyl substituents were replaced by ethyl groups to reduce computational cost. Table S3 provides a 

listing of the xyz coordinates of the optimized structures of the calculated semiconductor molecules. 
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