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The combination of inorganic and organic insulating layers to
create gate dielectrics that simultaneously provide a smooth
surface, a small surface energy, and negligible gate leakage has
been well reported in the literature as a key aspect in the fabrication of organic thin-film transistors (TFTs).[1] Such hybrid
bilayer dielectrics are generally composed of an inorganic
metal oxide layer, ideally one with a large dielectric constant
(e.g., SiO2, Al2O3, HfO2, ZrO2), and an organic self-assembled
monolayer (SAM) composed of amphiphilic molecules. This
arrangement can significantly improve crucial device performance parameters, and it can be exploited to tune the threshold
voltage of the TFTs,[2–6] produce low-voltage operating TFTs,[7]
control the charge-carrier density,[2] and reduce the gate leakage
current.[8] However, the interaction between the inorganic layer
and the SAM in such hybrid dielectrics is still poorly explored.
Here we show that the use of a hybrid multilayer dielectric
(HMD) obtained by stacking successive Al2O3/SAM bilayers
can tailor interface phenomena and thereby significantly
improve the charge-carrier mobility and operational stability of
organic TFTs. While Yoon et al.,[9] DiBenedetto et al. [10] and Ha
et al. [11] have previously shown that hybrid inorganic/organic
multilayer dielectrics are a powerful approach to producing gate
dielectrics that cover a wide range of thicknesses (5–12 nm) and
capacitances (100–700 nF cm−2), the influence of the number
of inorganic/organic bilayers on the charge-carrier mobility
and operational stability of the transistors was not explored in
these previous studies. Through the use of alkylphosphonic
acid SAMs with different chain lengths, we have furthermore
revealed a threshold for the Al2O3/SAM surface roughness;
when the surface roughness is below this threshold, additional
Al2O3/SAM bilayers enhance the carrier mobility, otherwise
additional bilayers will reduce the mobility.
In preparing HMDs one has to aim for an inorganic dielectric that can be deposited at low temperatures and provides
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atomically smooth interfaces. Thanks to modern atomic layer
deposition (ALD) methods it is possible to fulfill these requirements using precursors that undergo strongly exothermic reactions with exposed surfaces at mild temperatures.[12,13] This is
the case for Al2O3, obtained by the reaction of Al(CH3)3 (trimethyl-aluminum) and water. Alkylphosphonic acids (PAs) are
known to form high-quality self-assembled monolayers on the
surface of atomic-layer-deposited Al2O3 films.[14]
Figure 1a shows a schematic view of the TFT structure fabricated using an HMD. In this work all devices were fabricated
on doped silicon substrates, which also serve as the gate electrodes of the TFTs. Alkylphosphonic acid molecules with three
distinct alkyl chain lengths of 1.3 nm (HC10-PA), 1.7 nm (HC14PA), and 2.1 nm (HC18-PA) [15] were investigated in order to
optimize the quality of the dielectric. Our HMDs consist of an
intercalation of atomic-layer-deposited Al2O3 films with a thickness of 9 nm grown at a temperature of 60 °C and solution-processed SAMs.[16] The alkyl chain length not only determines the
thickness of the SAM, but also greatly influences the molecular
packing within the SAM.[17–20] Therefore, the assembly behavior
of the molecules studied here can drive the system into distinct multilayer structural properties due to a dependence of
the resulting interface roughness with the presence of defects
on the supramolecular packing (long-range order).[17,21] Samples with a different number of Al2O3/SAM bilayers stacked on
top of each other were prepared, with the number of bilayers
ranging from 1 to 6. 25 nm thick films of the small-molecule
organic semiconductor dinaphtho[2,3-b:2',3'-f ]thieno[3,2-b]thiophene (DNTT), which has previously shown high carrier mobilities and good air stability,[22] were deposited onto the HMDs.
Source and drain contacts were finally deposited onto the
DNTT layer using shadow masks. Details of the sample preparation procedure are described in the Experimental Section.
The performance of DNTT TFTs with HMDs was evaluated
and compared to devices fabricated with a single Al2O3/SAM
bilayer dielectric. Measurements of the gate-dielectric capacitance, the transfer and output characteristics and the biasstress behavior of the TFTs were performed on all samples (see
Figures S1–S3, Supporting Information). Figure 1b shows the
carrier mobility in TFTs with different numbers of stacked Al2O3/
SAM bilayers in which the SAMs are based on either HC10-PA
(blue squares), HC14-PA (red circles), or HC18-PA (green triangles). The carrier mobilities were determined by fitting the
measured transfer curves to the standard FET equation (see
the Experimental Section) using the value of the gate-dielectric
capacitance measured at a frequency of 100 Hz (see Figure S1,
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the largest carrier mobility that has been
reported so far for DNTT TFTs. In contrast,
in the TFTs with the Al2O3/HC10-PA SAM
bilayers, the carrier mobility increases up to
4 cm2 Vs−1 for four bilayers, but shows a pronounced drop when the number of bilayers
is increased to five and six. Finally, in the
TFTs with the Al2O3/HC18-PA SAM bilayers,
the carrier mobility decreases monotonically
and significantly as the number of bilayers
is increased beyond one. To account for the
fact that the TFTs with the large number of
stacked Al2O3/SAM bilayers have a larger
gate-dielectric capacitance, these TFTs had to
be operated with larger gate-source voltages
in order to produce similar electric fields and
similar charge-carrier densities in the semiconductor channel. To check whether the
observed dependence of the carrier mobility
on the number of stacked Al2O3/SAM
bilayers can be explained as a field-dependent
carrier mobility in the context of multiple
trapping and release (MTR) model[23], we fabricated and characterized a reference sample
based on a single hybrid Al2O3/SAM bilayer
consisting of a 62 nm thick layer of Al2O3
and an HC14-PA SAM, thus having the same
total dielectric thickness as in the TFTs with
six Al2O3 (9 nm)/HC14-PA SAM bilayers. A
mobility of 3.3 cm2 Vs−1 was measured in
these TFTs. As discussed in reference[6] , the
carrier mobility for a single hybrid Al2O3/
HC14-PA SAM bilayer is essentially independent of the Al2O3 thickness. Therefore,
we believe that the characteristic dependence of the carrier mobility on the number
of hybrid Al2O3/SAM bilayers observed in
Figure 1b is not related to the total dielectric
thickness or to the applied gate field, but to
the number of inorganic/organic interfaces.
The carrier mobilities shown in Figure 1b
are averages of measurements performed on
25 TFTs per sample, and the error bars are
smaller than the data points.
In order to clarify why the dependence of the
Figure 1. a) Schematic view of an organic TFT fabricated using a hybrid multilayer dielec- carrier mobility on the number of Al2O3/SAM
tric (HMD) composed of atomic-layer-deposited Al2O3 layers with a thickness of 9 nm and bilayers is so different for the three phosphonic
alkylphosphonic acid SAMs. The molecular structures of the alkylphosphonic acids HC10-PA,
acids, we have used atomic force microscopy
HC14-PA and HC18-PA are also depicted. The number of stacked Al2O3/SAM bilayers ranges
from 1 to 6. b) Charge-carrier mobility measured in TFTs as a function of the number of stacked (AFM) to study the thin-film morphology of
Al2O3/SAM bilayers in the HMD. Distinct dependencies of the carrier mobility on the number the organic semiconductor films deposited
of Al2O3/SAM bilayers are observed. In this plot, the error bars are smaller than the data onto the different HMDs. Indeed, the differpoints. The inset shows AFM images of the thin-film morphology of the organic semiconductor ences in the DNTT grain size observed in
(DNTT) in the TFTs with six Al2O3/HC14-PA SAM or six Al2O3/HC10-PA SAM bilayers. The these measurements are directly related to the
z-scale maximum was set to 90 nm in both images.
differences in the carrier mobility. The inset of
Figure 1b shows AFM topography maps of the
surface of DNTT layers deposited onto six Al2O3/HC14-PA SAM
Supporting Information). In the TFTs with the Al2O3/HC14-PA
SAM bilayer dielectrics, the carrier mobility increases monotonbilayers as well as onto six Al2O3/HC10-PA SAM bilayers.
ically with the number of Al2O3/SAM bilayers, from 2.6 cm2 Vs−1
The two different trends observed for the dependence of
the carrier mobility of the Al2O3/HC10-PA SAM TFTs on
for one bilayer to 6.2 cm2 Vs−1 for six bilayers, which is by far
1500402 (2 of 8)
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Figure 2. Topography of nominally 25-nm-thick DNTT layers deposited onto HMDs composed of one to six Al2O3/HC10-PA SAM bilayers. The dielectric
surface roughness, depicted in the insets of images (a) and (f), increases with the number of bilayers, resulting in a very small DNTT grain size on five
and six Al2O3/SAM bilayers. The z-scale was set to 90 nm (4.8 nm for the inset images).

the number of bilayers (mobility increases from one to four
bilayers, but decreases for five and six bilayers) makes these
six samples particularly interesting for an AFM investigation.
The topography images shown in Figure 2 reveal that the
DNTT grain size is relatively large (about 2 µm) in the samples with up to three Al2O3/SAM bilayers, but substantially
smaller (about 200 nm) in the samples with five and six Al2O3/
SAM bilayers. The HMD topmost surface roughness was
also evaluated prior to the DNTT deposition. As shown in the
insets of Figure 2a,f, the HMD topmost surface roughness is
relatively small (1.15 nm) in the sample with one bilayer, but
significantly larger (5.98 nm) in the sample with six bilayers.
The smaller grain size and smaller carrier mobility in the samples with five and six bilayers are therefore related to the larger
dielectric/semiconductor interface roughness in these samples;
such a correlation between dielectric roughness, grain size,
and mobility has been reported many times for various materials.[24–28] The smaller mobility observed on HMDs of Al2O3/
HC18-PA SAM (compared to HMDs with HC14-PA or HC10-PA
SAMs) is also related to the larger HMD surface roughness and
consequently smaller DNTT grain size.[17] For a single Al2O3/
HC18-PA SAM bilayer, we measured a surface roughness of
2.6 nm and a DNTT grain size of 2 µm, while for two bilayers
the surface roughness is 11.2 nm and the DNTT grain size is
less than 200 nm (see Figure S4, Supporting Information).
As discussed above, stacking more bilayers into an HMD
substantially modifies the carrier mobility in the organic semiconductor layer deposited onto the HMD. An improvement in
mobility is observed up to four Al2O3/SAM bilayers in the case
of the HC10-PA SAM, while for the HC14-PA SAM, the HMD
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surface roughness remains small (3.5 nm) and the DNTT grain
size remains large (about 1.2 µm; see inset of Figure 1b) even
for six bilayers. Such small roughness is unexpected for such a
large number of stacked inorganic/organic bilayers.
In order to understand the high carrier mobility in TFTs
with multiple Al2O3/HC14-PA SAM bilayer dielectrics, biasstress measurements were carried out. To allow meaningful
comparisons of the bias-stress data, the gate-source and drainsource voltages applied during the bias-stress measurements
were chosen so that similar initial drain currents (−3 µA) were
obtained for all TFTs, i.e., the channel sheet resistance is similar in all measurements.[29] Figure 3 shows the measured drain
current as a function of bias-stress time for TFTs in which the
number of bilayers ranges from 1 to 5. (Results from bias-stress
measurements on TFTs with Al2O3/HC10-PA SAM and Al2O3/
HC18-PA SAM HMDs are shown in Figure S5, Supporting
Information). It is known that charge trapping in the dielectric
or at the semiconductor/dielectric interface results in a decrease
in drain current.[30–32] Hence, a monotonic decrease of the
drain current would be expected for our TFTs. This behavior is
clearly observed in the TFT with a single Al2O3/HC14-PA SAM
bilayer. However, the introduction of HMDs with more than
one Al2O3/HC14-PA SAM bilayer causes an initial increase of
the drain current during bias stress, followed by a decay that is
slower for stacks with a larger number of Al2O3/HC14-PA SAM
bilayers. In the sample with five Al2O3/HC14-PA SAM bilayers,
the drain current continues to increase for the entire duration
of the bias-stress measurement (60 min).
The observed drain-current increase during bias stress in
TFTs based on Al2O3/HC14-PA SAM HMDs can be ascribed
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Figure 3. Bias-stress measurements performed on DNTT TFTs with
HMDs composed of one to five Al2O3/HC14-PA SAM bilayers. To allow
meaningful comparisons of the bias-stress dynamics, the gate-source,
and drain-source voltages were chosen to obtain similar initial drain
currents (−3 µA).

either to dielectric polarization or to charge injection from the
gate.[31,32] Since the gate current is very small in our devices
(<10−11 A; see Figure S6, Supporting Information), charge injection from the gate can be ruled out, so polarization effects must
be the main reason for the observed drain-current increase.
Such polarization may be enhanced by the presence of highly
dipolar groups in the dielectric originating from incomplete
chemical reactions during ALD, due to the low ALD growth
temperatures.[31–33] During the first few minutes of bias stress,
the orientation of these dipolar groups with respect to the
applied gate field may change, thus maximizing the polarization, which would explain the observed drain-current increase
at the beginning of the bias-stress measurements. A larger
number of inorganic/organic interfaces would further enhance
the polarization due to the amphiphilic character of the phosphonic acids. To rule out that the effect is related to the organic
semiconductor, we performed the same measurements on TFTs
fabricated using a different organic semiconductor (2,9-didecylDNTT; C10-DNTT; [34] see Figure S7, Supporting Information),
and the result was very similar (drain-current increase during
the first few minutes of bias stress), which reinforces our

hypothesis that polarization in the HMD layers is responsible
for the improved stability of our devices.
Figure 4 shows the measured transfer characteristics of
DNTT TFTs with HMDs composed of four Al2O3/SAM bilayers
based on each of the three alkylphosphonic acids. The largest
mobility (5.6 cm2 Vs−1) is obtained with the HC14-PA SAMs,
as already discussed above. One also notices that the TFT
with the HC14-PA SAMs has a smaller threshold voltage than
the TFTs with the HC10-PA and HC18-PA SAMs. The smaller
threshold voltage obtained with the HC14-PA SAMs indicates a
smaller degree of charge trapping in these TFTs, as discussed
previously.[30,35] Also, the transfer curves of the TFT with the
HC14-PA SAMs displays a small hysteresis, which may be an
indication of dielectric polarization.[31] We take this combination of large carrier mobility and hysteresis as an additional
indication of dielectric polarization in this HMD.
In order to obtain physical insight into the electrical device
characteristics we have evaluated the interface roughness
within the HMDs of all samples by X-ray reflectivity (XRR),
which is a well-known technique for investigating the structure and interface quality of dielectric layers. These measurements were performed prior to the semiconductor deposition,
and the results are shown in Figure 5. The measured reflectivity
intensity is plotted as a function of the vertical momentum
transfer vector, qz = 4π sin(2θ/2). The curves are displaced for
better visualization. As can be seen in Figure 5, increasing
the number of Al2O3/SAM bilayers leads to the appearance of
satellite peaks in the XRR curves (indicated by arrows). The Δqz
intervals between the satellite peaks are related to the bilayer
thickness d by Δqz = 2π/d. Additionally, short-period oscillations
δqz are observed due to the interference of scattering from the
top interface (HMD/air) with scattering from the bottom interface (HMD/Si substrate). These features provide the total HMD
thickness D by δqz = 2π/D. All measured HMD thicknesses
are in agreement with the nominal thicknesses. For the Al2O3/
HC10-PA SAM HMDs [Figure 5a], one notices that the satellite
peaks are broad and that the short-period oscillations vanish for
qz > 0.3 Å−1. This is also observed for the Al2O3/HC18-PA SAM
HMDs [Figure 5c]. In contrast, the reflectivity curves measured on the Al2O3/HC14-PA SAM HMDs [Figure 5b] exhibit
narrower satellite peaks, and the short-period oscillations are
observed up to larger qz values.
The preservation of the short-period oscillations as well as
the narrowing of the satellites indicate that the average roughness at the interfaces between adjacent bilayers within the

Figure 4. Transfer curves of DNTT TFTs with HMDs composed of four Al2O3/SAM bilayers based on each of the three alkylphosphonic acids. The
carrier mobility and the threshold voltage are given in the graphs.
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Figure 5. X-ray reflectivity measured on all HMDs studied in this work. a) Al2O3/HC10-PA SAM HMDs; b) Al2O3/HC14-PA SAM HMDs; c) Al2O3/HC18PA SAM HMDs. d) The reflectivity curves measured on the samples with four Al2O3/SAM bilayers (represented as blue, red, and green lines) were fitted
with a modified Parratt model (depicted as black lines). The inset depicts how the interface roughness increases with the number of stacked Al2O3/
SAM bilayers, with a slope that depends critically on the alkyl chain length of the phosphonic acid. A roughness threshold of 5 nm for the topmost
dielectric surface is indicated by the dashed line.

Al2O3/HC14-PA SAM HMDs is smaller than that in the HMDs
based on the other two phosphonic acids. In order to obtain
the interfacial roughness, theoretical fits were performed using
the Parratt model.[36–38] In Figure 5d, we show fits obtained for
HMDs consisting of four Al2O3/SAM bilayers with each of the
three phosphonic acids. By fitting the reflectivity curves we
have found a dependence of the interfacial roughness on the
number of Al2O3/SAM bilayers. For simplification, we have
introduced a linear roughness variation across the stack, where
the upper interfaces have larger roughness than the lower interfaces. In the modified Parratt model used here, the interfacial
bilayer roughness is given by σn = σn + (n – 1)*δσ, where n
denotes the interface (n = 1 for the bottom interface) and δσ the
additional interface roughness obtained with each additional
Al2O3/SAM bilayer. Using this assumption we observed the
vanishing of short-period oscillations as well as the disappearance of the satellite peaks for qz > 0.3 Å−1 in the HC10-PA and
HC18-PA samples. The inset of Figure 5d shows the interface
roughness along the stack retrieved from our simulations. This
figure shows that the increase in interface roughness with each
additional Al2O3/SAM bilayer is most pronounced when the
SAM consists of HC18-PA and least pronounced for the HC14PA SAM. By combining the information from Figure 1b with
those from the inset of Figure 5d, we can define for our DNTTbased TFTs a threshold for the surface roughness of the topmost dielectric surface of about 5 nm, indicated by the dashed
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line in the inset of Figure 5d. As long as the surface roughness
of the topmost dielectric layer is smaller than this threshold,
the addition of another Al2O3/SAM bilayer enhances the carrier mobility in the organic semiconductor, whereas when the
surface roughness of the topmost dielectric layer is larger than
such threshold, additional bilayers will lead to smaller mobility.
The mobility-roughness trend discussed above is expected to
have general validity, and the value of the surface roughness
threshold will depend on the properties of the organic semiconductor, e.g., its molecular size, crystal structure, orbital overlap,
etc.
The roughness and polarization effects discussed in the previous paragraphs are the key factors for correlating the structural and electrical characteristics in order to provide a physical
scenario that explains the observed enhancement in carrier
mobility and operational stability of the TFTs with the Al2O3/
HC14-PA SAM HMDs. In all TFTs we fabricated, a significant
difference between the capacitance behavior of HMDs with
one and two bilayers was observed. Average permittivity values
of 5.1, 3.4, and 5.0 ε0 were measured for capacitors with one
Al2O3/SAM bilayer based on HC10-PA, HC14-PA, and HC18-PA,
respectively (values are expressed in terms of ε0 = 8.85 × 10−12
C2N−1m−2). For two bilayers, all systems exhibit permittivities
above 8 ε0. For four bilayers, permittivities of 11.1 ε0 (HC10PA), 9.6 ε0 (HC14-PA), and 9.8 ε0 (HC18-PA) were obtained. This
indicates a higher degree of polarization in the HMD as the
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number of bilayers is increased. On the other
hand, the increase in interface roughness
with increasing number of bilayers leads to
smaller semiconductor grain size,[24–28] which
is known to have a detrimental effect on the
carrier mobility. Therefore, although the
capacitances measured for four bilayers are
similar for all three alkylphosphonic acids,
the resulting carrier mobility will be smaller
in HMDs in which the interface roughness
is greater than the threshold of 5 nm discussed above, compared to HMDs with small
interface roughness. Finally, larger interface
roughness is also known to cause charge
trapping,[30–32] which has a detrimental effect
on the operational stability of the TFTs. In
this scenario, the combination of polarization
effects in the dielectric and a small degree
of charge trapping (due to small interface
roughness) leads to an improved carrier
mobility in combination with improved biasstress stability.
From the data analysis and the experimental results discussed so far, we have thus
identified the interface roughness as the
major factor determining the carrier mobility
of our TFTs. The discussed effects of dielectric polarization and charge trapping arising
from the interface roughness are illustrated
in Figure 6.
In the following lines, we will describe the
polarization effects in more detail. All Al2O3
layers inside our HMDs were deposited at a
relatively low temperature of 60 °C, so that
the TFTs can in principle be fabricated on
substrates that do not withstand high process
temperatures (e.g., flexible plastics or paper). Figure 6. a) Illustration of the effect of the electric field-induced orientation of dipolar groups
ALD of Al2O3 at this temperature is known to in the Al2O3 layers under an applied gate-source voltage (VGS). b) For rougher interfaces, the
lead to the incorporation of a relatively large charge trapping is more effective, as sketched in the image. TFTs based on HMDs with smaller
concentration of hydrogen (20% in atomic interface roughness also exhibit enhanced carrier mobility due to structural effects on the
species) compared to Al2O3 films grown at DNTT layer. Dotted lines in the semiconductor layer indicate the observed grain size, which
depends on interface roughness.
higher temperatures (about 5% hydrogen
in films grown at 200 °C).[13] Such large
hydrogen concentration suggests the presence of dipolar groups
pronounced effect for a larger number of Al2O3/SAM interstemming from the aluminum precursor, as well as OH groups
faces, i.e., for a larger number of stacked bilayers. Alkylphosfrom water. We believe that incomplete polar precursor groups,
phonic acid SAMs have a dipole moment [6,39] and the deposition
such as Al(OH) and Al(OH)2, may also be present. Although
of Al2O3 on top of each SAM creates conditions that allow for a
these groups would not present translational degrees of freedom
larger density of remnant groups at the inorganic/organic interwithin the Al2O3 films, they could be able to locally polarize
faces, thus enhancing polarization in these regions. A less pronounced dipole effect can occur inside the Al2O3 layers [region
under applied bias. Once a gate-source voltage (VGS) is applied in
the TFTs, remnant precursor groups align their dipole moment,
3 of Figure 6a]. The orientation of dipolar groups at the Al2O3/
as depicted in Figure 6a, inducing a more effective polarization
SAM interfaces and within the Al2O3 layers before and after the
whenever a larger number of Al2O3/SAM bilayers are stacked.
application of a gate-source voltage is illustrated in Figure 6a.
A complete explanation of the observed scenario can be proThe presence of dipolar groups in the bulk of the Al2O3
vided based on the interface roughness analysis. The interface
alone cannot fully explain the observed dependence of the carroughness in the HMDs has a direct influence on the quality
rier mobility on the number of Al2O3/SAM bilayers. We believe
of the organic semiconductor layer, as sketched in Figure 6b.[11]
the polarization of remnant precursor groups is more effective
at the Al2O3/SAM interfaces (regions 1 and 2 in Figure 6 a)
In our systems, a reduced interface roughness allows for better
molecular ordering in the organic semiconductor layer, which
than in the Al2O3 bulk and therefore results in a more
1500402 (6 of 8)
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Experimental Section
Device Fabrication: All TFTs were fabricated on doped silicon
substrates (also serving as the gate electrode of the TFTs) covered with
native silicon dioxide (approximately 2 nm thick). The gate dielectric
is a hybrid multilayer dielectric (HMD) consisting of alternating layers
of aluminum oxide (Al2O3) and alkylphosphonic acid self-assembled
monolayers (SAMs). The Al2O3 layers were grown by atomic layer
deposition (ALD) in a Cambridge Nanotech Savannah 100 reactor with
pulse and purge intervals of 0.015 s/20 s for trimethylaluminum (TMA) and
0.015 s/30 s for H2O. The first Al2O3 layer was deposited at a temperature
of 250 °C, while all additional layers were deposited at 60 °C. Each Al2O3
layer has a thickness of 9 nm. After the deposition of each Al2O3 layer,
an oxygen plasma treatment was performed to produce reactive groups
at the Al2O3 surface (oxygen flow rate: 30 sccm, oxygen partial pressure:
10 mTorr, plasma power: 200 W, plasma duration: 20 s). SAMs were
prepared by immersing the substrate into a 2-propanol solution of one
of three alkylphosphonic acids, namely HC10-PA [CH3(CH)9PO(OH)2],
HC14-PA [CH3(CH)13PO(OH)2], or HC18-PA [CH3(CH)17PO(OH)2],
followed by drying with compressed nitrogen and annealing on a hot
plate at a temperature of 100 °C for 10 min. In order to obtain samples
with a distinct number of Al2O3/SAM bilayers, the deposition of Al2O3
layers by ALD and the preparation of alkylphosphonic acid SAMs were
alternated in cycles. After the preparation of the last Al2O3/SAM bilayer,
a 25 nm thick layer of the organic semiconductor dinaphtho[2,3-b:2',3'-f ]
thieno[3,2-b]thiophene (DNTT) was deposited in vacuum, with the
substrate held at a temperature of 60 °C and using a fixed deposition
rate of 0.2 Å s−1. Finally, 30 nm thick Au source and drain contacts were
deposited by thermal evaporation using a shadow mask. All transistors
have a channel length of 100 µm and a channel width of 200 µm.
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Structural Characterization: Dielectric and semiconductor topographies
were investigated by atomic force microscopy (AFM) using a Veeco
microscope in contact mode. In order to investigate the structure of the
multilayer dielectric, X-ray reflectivity measurements were performed
at the XRD2 beamline of the Brazilian Synchrotron Light Laboratory
(LNLS). The beamline is placed after a bending magnet source and is
equipped with a cylindrically bent Rh-coated mirror, a sagittal focusing
Si(111) double-crystal monochromator and a 4+2 axis diffractometer. All
measurements were performed with a fixed energy of 8 keV.
Electrical Characterization: The current–voltage characteristics and
the bias-stress behavior of the TFTs were measured using an Agilent
4156C parameter analyzer. The capacitance-frequency measurements
were performed using a function generator, a low-noise current amplifier
and a lock-in amplifier on dedicated silicon/dielectric/metal capacitors
(without semiconductor). The charge-carrier mobility of the TFTs was
calculated by fitting the measured transfer curves to the following
equation
ID =

2 ⎞
μC dielW ⎛
VDS
⎜⎝ (VGS − Vth )VDS − 2 ⎟⎠
L

(1)

where µ is the carrier mobility, Cdiel is the dielectric capacitance (see
Figure S1, Supporting Information), W is the channel width (200 µm),
L is the channel length (100 µm), VGS is the gate-source voltage, VDS is
the drain-source voltage (−0.1 V), and Vth is the threshold voltage.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Dielectric capacitance measurements.
Transfer characteristics of the TFTs
Output characteristics of the TFTs
AFM
Bias-stress measurements on TFTs with Al2O3/HC10-PA SAM and Al2O3/HC18-PA SAM
HMDs
6. Gate current during bias-stress measurements
7. Bias-stress measurements on TFTs based on C10-DNTT as the semiconductor

Figure S1. Dielectric capacitance measured as a function of frequency for HMDs composed
of 9-nm-thick layers of Al2O3 and SAMs of either (a) HC10-PA, (b) HC14-PA or (c)
HC18-PA, with the number of Al2O3/SAM bilayers ranging from 1 to 6. The
measurements were performed on dedicated silicon/dielectric/metal capacitors
without semiconductor.
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Figure S2. Transfer characteristics of DNTT TFTs with HMDs composed of 1 Al2O3/SAM
bilayer based on each of the three alkylphosphonic acids.

Figure S3. Output characteristics of DNTT TFTs with HMDs composed of 1, 4 or 6
Al2O3/HC14-PA SAM bilayers.

2

Figure S4. Topography of HMDs composed of 1 or 2 Al2O3/HC18-PA SAM bilayers (left
images) and of nominally 25-nm-thick DNTT layers deposited onto these HMDs
(right images). For an average roughness of 2.6nm and 11.2nm were retrieved for
the dielectric surface after 1 and 2 bilayer repetitions, respectively.

3

Figure S5. Bias-stress measurements on DNTT TFTs with HMDs composed of Al2O3/HC10PA SAM and Al2O3/HC18-PA SAM bilayers. For the TFTs with the Al2O3/HC18PA SAM HMDs as well as for the TFT with a single Al2O3/HC10-PA SAM bilayer,
the drain current deceases immediately from the start of the bias-stress
measurement and continues to decrease monotonically during the entire duration
of the measurement. In contrast, for the TFTs with HMDs composed of 2 to 5
Al2O3/HC10-PA SAM bilayers, the drain current initially increases before it begins
to decrease. The initial increase of the drain current in the case of the Al2O3/HC10PA SAM HMDs is ascribed to the polarization discussed in the text.

Figure S6. Gate current measured during the bias-stress measurements. As can be seen, the
gate current is very small, so that charge injection from the gate can be ruled out as
the reason for the observed increase of the drain current during bias stress.

4

Figure S7. Bias-stress measurements on TFTs based on C10-DNTT as the semiconductor. The
gate dielectric consists of 1 or 6 Al2O3/HC10-PA SAM bilayers. For the TFT with a
single Al2O3/HC10-PA SAM bilayer, the drain current deceases immediately from
the start of the bias-stress measurement and continues to decrease monotonically
during the entire duration of the measurement. In contrast, for the TFT with 6
Al2O3/HC10-PA SAM bilayers, the drain current increases monotonically. This
behavior is identical to the behavior observed for the DNTT TFTs (see Figure 3),
which confirms that the polarization does not occur in the semiconductor, but in
the gate dielectric.
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