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ABSTRACT: Organic thin-film transistor (OTFT) perfor-
mance depends on the chemical characteristics of the
interface between functional semiconductor/dielectric/
conductor materials. Here we report for the first time that
OTFT response in top-gate architectures strongly depends
on the substrate chemical functionalization. Depending on
the nature of the substrate surface, dramatic variations and
opposite trends of the TFT threshold voltage (∼(50 V)
and OFF current (105�!) are observed for both p- and
n-channel semiconductors. However, the field-effect mobi-
lity varies only marginally (∼2�). Our results demonstrate
that the substrate is not a mere passive mechanical support.

Progress in organic thin-film transistors (OTFT) performance
is the result of developing new organic semiconductors and

dielectrics,1 optimized active layer microstructure,2 and en-
hanced understanding of charge trapping/injection/extraction
at the device interfaces.3 Thus, TFT mobilities of both p- and
n-channel organic semiconductors are now similar to those of
amorphous silicon-based devices, which is essential for pioneer
applications.4 OTFTs have been traditionally fabricated in the
bottom-gate top-contact (BGTC) architecture on silicon (gate)/
SiO2 (dielectric) substrates.5 In this configuration, self-as-
sembled monolayers (SAMs) derived from silane organic re-
agents have been used to chemically modify the oxide dielectric
surface and investigate semiconductor morphological and micro-
structural changes as well as charge trapping affecting TFT
characteristics.6 Indeed, several studies have reported large
changes in carrier mobility (μ), threshold voltage (VT), and
other device parameters depending on the semiconductor type
and the nature of the dielectric/SAM/semiconductor interface.7

With the emergence of new solution-processable organic semi-
conductors, more studies focus on the top-gate bottom-contact
(TGBC) architecture, considering the easier channel length scal-
ing, reduced contact resistance, and self-encapsulation structure.8

TGBC TFTs have been fabricated on plastic foils, but greater
performances are generally observed with glass or silicon
substrates.9 A peculiarity of the TGBC architecture is that the
semiconductor film is also in contact with the substrate. However,
to our knowledge, no studies have systematically addressed
chemical modifications of the substrate/semiconductor interface

and whether this chemistry plays an important role in the TGBC
device performance.

In the work reported in this Communication, we fabricated
TGBCTFTs where the glass substrate surface was functionalized
with various SAMs prior to the deposition of the organic
semiconductor (Figure 1A). Our results demonstrate that the
electrical parameters of both n- and p-channel semiconductors
strongly depend on the chemical characteristic of the SAM
molecule, as in the case of conventional BGTC TFTs. Equally
important, the electrical conductivity at VG = 0 V, OFF current,
and VT variations versus SAM type exhibit opposite trends.
Numerical simulations demonstrate that these effects originate
from charge carrier density variations in the semiconductor film
resulting from the combination of the SAM (ESAM) and gate
(EG) electric fields.

TGBC TFTs (Figure 1A) were fabricated as described in the
Supporting Information (SI). Briefly, glass slides having Ti/Au
contacts (L = 100 μm, W = 1 cm) functionalized with various
SAMs (Figure 1B) were used as substrates. The chemical function-
alization of glass substrate surface was carried with trimethoxysi-
lane precursors 1�6 following common procedures, and SAM
formation is confirmed here by contact angle and XPS measure-
ments (Table S1, Figures S1, S2). The SAMs used in this study

Figure 1. (A) Schematic representation of the TGBC TFT structure
used in this study. Chemical structure of (B) the SAM precursors 1�6
and (C) the n-channel (N1400) and p-channel (PTAA) semi-
conductors.
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were selected to give a direct comparison with the abundant
literature data available for SAM-functionalized BGTC TFTs.7

The silane precursors were chosen because they contain
alkyl/phenylamino (1 and 2), alkyl (3 and 4), and haloalkyl (5
and 6) functionalities, resulting in SAMs with tuned chemical
structure, dipole moments/electric fields, and charge-transfer
capabilities (Figure 1B). Indeed, several groups have shown that
amino SAMs of type 1/2 favor electron accumulation, resulting
in strong VT shifts to positive values for both n-channel and
p-channel BGTC TFTs versus electron-neutral alkyl (3/4)
SAM-based TFTs, whereas halo SAMs of type 5/6 preferentially
accumulate holes, leading to negative VT shifts.7 Two represen-
tative organic semiconductors were selected as channel materi-
als: a core-cyanated perylene n-channel molecule (ActivInk
N1400, Polyera Corp.) and a triarylamine p-channel polymer
(PTAA) (Figure 1C). Prior to the semiconductor film deposition
by spin-coating (∼100 nm thick), 4-methoxythiophenol (for n-chan-
nel TFTs) and 4-fluorothiophenol (for p-channel TFTs) were
grafted onto the gold to minimize the contact resistance.10 The
devices were completed by spin-coating a Cytop dielectric layer
(∼1.2 μm) and, to promote adhesion of the inkjet-printed Ag
gate electrode, a thin Nafion layer (30 nm). All electrical
measurements (Table 1) were performed at room temperature
in the air (see SI).

To understand if the chemical modification of the substrate�
semiconductor interface affects the semiconductor charge-
transport characteristics, we first measured the source�drain
current at different voltages while maintaining the gate in a
floating configuration. Figure 2 shows that the I�V plots for
both semiconductors strongly depend on the SAM type. In the
case of N1400 (n-channel, Figure 2A), halo-containing SAMs
(BrPrTMS and ClPrTMS) lead to very low currents, whereas
amino-functionalized surfaces (DMAPrTMS and PhAPrTMS)
lead to a very high currents. The I�V plots of the devices based
on the electron-neutral substituents are midway between these
two situations. Very interestingly, the opposite behavior is
observed for PTAA TFTs (p-channel, Figure 2B).

The substantial current variations with the chemical functiona-
lization of the substrate can be correlated with changes of the
semiconductor film conductivity. This parameter was extracted
from the slope of the I�V characteristics at low bias (<|5| V);
however, due to capacitive effects, these values are approximate.
The results are given in Table 1. Clearly, both semiconductors
exhibit large variations, depending of the SAM nature. The
electrical conductivity is expressed by σ = neμbulk, where n is the
charge carrier density, e is the elementary charge, and μbulk is the
semiconductor bulk mobility. Since PTAA is an amorphous
polymer and optical images, atomic force microscopy images,
and X-ray diffraction plots of N1400 films are practically identical
for all SAMs (Figures S3�S5), morphological/microstructural
effects affecting bulk charge transport can be excluded. This is also
supported by the opposite trends of the conductivity with the SAM
type. Thus, the conductivity variations can only originate from
charge carrier density changes within the semiconductor film,
which is also evidenced by FET measurements (vide infra).

Next we investigated the TFT characteristics of these devices.
Figure 2 shows the TGBC TFT transfer plots measured in the
saturation regime (for output plots see Figures S6, S7). The
saturation mobility and the threshold voltage were extracted
using classical equations (Table 1). From these data it is clear that
μFET of both types of semiconductor is minimally sensitive to the
substrate chemical functionalization. Thus, the carrier mobility

values of N1400 and PTAA are ∼0.02 and ∼0.005 cm2/(V 3 s),
respectively, similar to those found in previous investigations and
on bare glass substrates.9�12 This result is in agreement with the
semiconductor film surface morphology which does not change
with the SAM type (Figure S4) and the fact that the same gate
dielectric is used in all of these devices. However, both VT and
IOFF, and therefore the ION:IOFF ratio and the Von, strongly
depend on the chemical functionalization of the substrate. Thus,
for N1400-based TFTs, the VT and ION:IOFF (average) mono-
tonically decrease:∼þ45 V (SAM 1/2)f∼þ25 V (SAM 3/4)
f∼þ4V (SAM 5/6) and∼105 (SAM 1/2)f∼104 (SAM 3/4)
f ∼101 (SAM 5/6). Opposite trends are observed for the
PTAA-based TFTs, with VT and ION/IOFF monotonically in-
creasing (VT more negative): ∼þ20 V (SAM 1/2) f ∼0 V
(SAM3/4)f∼�47V(SAM5/6) and∼101 (SAM1/2)f∼103

(SAM 3/4) f ∼ 1 � 105 (SAM 5/6).
Similar silane-based SAMswere previously used to functionalize

the dielectric surface of BGTC OTFTs, and significant VT varia-
tions were reported.7 For instance, Kobayashi7a and Pernstich7b

Table 1. Electrical Parameters for TGBC TFTs based on
substrates functionalized with Different SAMsa

SAM σ [S/cm] μFET
b [cm2/(V 3 s)] VT [V] ION:IOFF

N1400 (n-type) Semiconductor

nonec,e � ∼10�2 ∼þ10 ∼103

ClPrTMS 3.4 � 10�10 1.4 � 10�2 þ47 1.0 � 105

BrPrTMS 2.9 � 10�9 2.3 � 10�2 þ44 1.2 � 105

EtTMS 7.6 � 10�7 2.3 � 10�2 þ32 7.3 � 104

OctTMS 8.8 � 10�7 2.5 � 10�2 þ29 1.7 � 104

PhAPrTMS 3.7 � 10�6 2.2 � 10�2 þ7 4.0 � 102

DMAPrTMS 1.1 � 10�5 1.5 � 10�2 þ0 7.7 � 10�

PTAA (p-type) Semiconductor

noned,e � ∼3 � 10�2 ∼�10 ∼103

ClPrTMS 2.9 � 10�6 4.8 � 10�3 þ16 6.5 � 101

BrPrTMS 6.5 � 10�6 4.6 � 10�3 þ23 2.8 � 101

EtTMS 6.9 � 10�7 5.9 � 10�3 �3 2.7 � 102

OctTMS 2.4 � 10�7 4.9 � 10�3 þ2 1.3 � 103

PhAPrTMS 4.6 � 10�9 4.5 � 10�3 �42 5.9 � 103

DMAPrTMS 2.4 � 10�10 6.1 � 10�3 �51 1.4 � 105

aMeasured in ambient conditions. bAverage of eight devices. c From ref
9a and this study. d From ref 12b. eNote that TFT performance on bare
substrates, particularly VT and ION:IOFF, strongly depends on the glass
quality and cleaning procedure.

Figure 2. I�V plots for TFTs with different SAMs measured (A) with a
floating gate and (B) in the saturation regime at the indicated biases.
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and co-workers showed that pentacene TFTs with the SiO2

dielectric surface functionalized with alkylamino and perfluo-
roalkyl SAMs lead to charge accumulation and depletion,
respectively (Figure S8). Opposite trends were found for
fullerene TFTs. In either case, the charge carrier density
variations versus alkyl SAM-based devices were attributed to
dipolar effects of the SAM. Thus, the SAM functional group
influences the molecular charge distribution, which in turn
affects the surface potential in the semiconductor. This result
was further supported by Kelvin probe13 and conductivity14

measurements as well as computations.15

To investigate whether the permanent polarization of a SAM
grafted on the substrate surface can affect semiconductor charge
distribution and compete with the field-effect carrier accumula-
tion on the top channel, we carried out numerical simulations
using the Comsol Multiphysics software (see SI).16 To model
the presence of the SAM and its dipole moment/field, two
charged layers between the substrate and the semiconductor
with opposite sign were used, as reported in the literature
(Figures 3 and S9).15 In this situation, the charge density of
both layers can be directly linked to the molecular dipole
moments of the SAM precursor, which were selected to vary
from �4 D (Figure 3A) to þ4 D (Figure 3B)—typical values
for alkyl molecules with polar substituents.13a,17 Solving Pois-
son's equation in the device, the charge carrier density in the
semiconductor was computed as a function of the distance from
the substrate surface. The results shown in Figure 3C were
obtained for an n-channel semiconductor, and similar results
are expected for p-channel TFTs (not shown).

From these simulations carried out for positive gate biases, it is
clear that the substrate surface charge distribution derived from
SAMs with negligible/small dipole moments (μ ≈ 0 D) will
result, with most of the carriers (electrons for n-type TFTs)
confined in the semiconductor films close to the dielectric interface

(blue line). However, the electric field generated by dipolar
SAMs (μ 6¼ 0 D) grafted onto the substrate surface has profound
effects on the overall semiconductor carrier density profile of
these top-gate TFTs. Thus, substrates functionalized with SAM
having a positive dipole moment (μ = þ4 D here, red line) will
result in a substantial depletion layer close to the interface with
the substrate (n < ND), substantially affecting the accumulated
carrier on the opposite interface. The result is an overall
reduction of the electron carrier density vs those based on
electron-neutral SAMs, in agreement with the low OFF currents
found experimentally for SAMs 5 and 6 and their computed
dipole moment strengths and direction.17,18 In contrast, TFTs
with SAMs having a negative dipole moment (μ = �4 D, green
line) should increase the overall electron density in the semi-
conductor, increase the OFF current, and decrease the Ion:Ioff
ratio. This is observed experimentally for the devices based on
SAMs 1 and 2; however, it disagrees with the computed/
experimental molecular dipoles for these alkyl/arylamines or
similar systems.7a,17,19,20

From these results, three important conclusions can be
drawn: (1) Chemical functionalization of the substrate surface
of top-gate TFTs is as important as the modification of the
dielectric�semiconductor interface of other TFT architectures.
(2) Because ESAM and EG do not overlap, the additional carriers
induced by ESAM cannot be depleted by the gate field. Thus, in
contrast to bottom-gate TFTs, these TGBC devices can be
considered all-ONTFTs, at least for the semiconductor thickness
andEG0s investigated here. (3) The trends observed for TFTs based
on SAMs 1 and 2 are the result of a permanent polarization of the
amino SAMs, which must be independent of the semiconductor
type. Several studies have explained electron accumulation/VT
shift of BGTCTFTs for amino-functionalized oxide surfaces via a
charge-transfer mechanism due to the nitrogen lone pair.7a We
believe that this phenomenon cannot explain the observed
experimental/computational trends, since the same permanent
polarization accounts for the VT shifts for both n- and p-channel
semiconductors. Because the LUMO energies of p-channel
semiconductors are far higher than those of n-channel semicon-
ductors, electron transfer from SAMs 1/2 to the semiconductor
film cannot occur with the same extent and efficiency for both
types of channel materials. Rather, we believe that protonation of
some amino groups from the highly residual acidic silanol groups
on the glass surface (Figure 3D) results in the formation of
zwitterionic species, which inverts the molecular dipole vs the
computed values and creates a permanent, semiconductor-
independent SAM polarization. These data are clearly supported
by the XPS measurements in Figure 3E for SAM 2, which
indicate the presence of substantial (∼40%) positively charged
SAM molecules.21 Since amino SAM precursors are methoxy-
and not chlorosilanes (thus MeOH and not HCl is the reaction
byproduct), the only source of protonationmust be the substrate,
which is conceivable considering the comparable pKa values of
alkyl/arylammonium and silanols and well-documented interac-
tions between silica surface and amines.22

’ASSOCIATED CONTENT

bS Supporting Information. Contact angle and XPS mea-
surements, OTFT fabrication details, numerical simulations, and
complete ref 8. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 3. Schematics of the n-channel TFTs used in the simulation,
having (A) negative and (B) positive SAM dipoles on the substrate
surface. (C) Charge carrier density ratio as a function of the distance
from the SAM�substrate surface with different dipole moments
(semiconductor thickness = 100 nm). (D) Schematic representation
of dipole inversion for SAM 1 (and 2) due to partial proton transfer from
the substrate surface�SiOH to the SAM amine group. (E) XPS spectra
of SAM 2 on glass showing the presence of neutral (399.7 eV) and
positively charged (400.8 eV) nitrogen types.
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