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ABSTRACT: A conjugated molecule comprising 1,4,5,8-
naphthalene diimide (NDI) substituted with two octadecyl-
amine (OD) chains has been synthesized (NDI-OD2) in a
single step from commercial materials, and its organic thin-film
transistor (OTFT) devices on glass substrate have been
studied using poly(vinyl alcohol) (PVA) gate dielectric
material. Although we utilized the PVA dielectric without
any intermediate buffer layer or PVA cross-linkers, excellent
electron mobility as high as ∼1.0 cm2V−1 s−1 are obtained.
This NDI-OD2 molecule exhibits comparable optical (Eg

UV

∼3.1 eV) and electrochemical band gaps (Eg
CV ∼3.02 eV) with a lowest unoccupied molecular orbital (LUMO) energy levels of

∼3.3 eV. When processed by solution method, this material forms rod−shaped crystalline microstructures, whereas, when
thermally deposited, it assumes the formation of smooth 2D films. The chemical as well as physical properties and theoretical
calculations of NDI-OD2 have been studied and the effect of the C-18 alkyl chain unit has been discussed. The OTFT consisting
of NDI-OD2 exhibits excellent performance parameters such as high electron mobility (μe) and Ion-to-Ioff ratio. After
demonstrating the high performance of NDI-OD2-based TFT devices fabricated with biocompatible PVA dielectric, we have also
demonstrated that these devices can be degraded because of the presence of this PVA dielectric when exposed to a high-moisture
environment. The systematic degradation of the device activity in a controlled way within 10 days of exposure (>80% moisture)
is also presented here. In this study, a conceptually important feature and futuristic aspect that the n-channel TFT devices can
also be biodegraded irreversibly is demonstrated. This concept of developing a low cost and biodegradable OTFT device with
biocompatible PVA dielectric with excellent electron mobility is expected to have diverse applications in disposable electronic
tags, biomedical devices, and food industry packing.
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■ INTRODUCTION

Organic semiconductors (OSCs) have attracted increasing
attention because of their important roles in electronics, such as
p−n junctions, bipolar transistors, and complementary
circuits.1−9 Among them, organic thin-film transistors
(OTFTs) represent one of the important building blocks for
developing organic and printed electronics because their
transistor performance is comparable to that of Si-TFTs and
they have advantages of light weight, flexibility, transparency,
facile processing methods, and low manufacturing costs.
However, the development of n-channel OTFTs still lags
behind that of p-type OTFTs because of their inferior
performance, air instability, and few other issues.10−15 The
performance of p-type OTFTs has recently improved
substantially and become comparable to that of a Si-TFTs:
for example, the hole mobilities of pentacene,16 and a rubrene
single crystal,17 have been reported to be as high as 3 and 15
cm2V−1s−1 respectively. In contrast, progress in n-type OTFT
materials has been inadequate and delayed by several inherent
problems.18−21 It is recognized that the electron carriers in n-

type OTFT materials undergo detrimental trapping processes,
i.e., they show strong instability22 when they are exposed to
H2O and O2 in air.23 As a consequence, in most cases, the μe of
n-type OTFT materials dramatically decreases when exposed to
air.
Among the rare building blocks useful for producing n-

channel OSCs, rylene diimides, especially perylene and
naphthalene derivatives, have so far proved to be the most
successful electron-transporting (n-type) units.24−34 Small
molecule perylene diimides (PDIs) are good candidates for
n-type organic semiconductors because they assemble in π-
stacks that enhance the intermolecular π-orbital overlap and
facilitate charge transport. Many modifications have been
introduced in PDIs that have led to the improved solubility in
common solvents, in addition to the improvement in electron
mobility and enlarged electron affinity for operation stability in
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air. Naphthalene diimide (NDI) based molecules have also
been intensively investigated as n-type semiconductors for
organic field effect transistors (OFETs).35,36 This class of
material demonstrates not only a highly planar conjugated
backbone, but also easily tunable electronic properties through
modification at the core and/or the imide position with
electron-withdrawing groups or conjugated units.37 On the
basis of core expansion or core-substitution strategies, several
NDI derivatives with symmetrical structures have been
designed and synthesized for n-channel OFETs with high
electron mobility.38 The electron-accepting naphthalene
diimides (NDI), an analog of PDI, provides a planar conjugated
bicyclic structure, which leads to strong π−π interactions and
offers improved charge-transporting properties between the
chains. In addition, the introduction of alkyl chains at the N-
position of the imide ring allows good control over physical
properties such as solubility and processability, crystallization,
and self-assembly capability. Moreover, the presence of strong
electron-withdrawing groups within the naphthalene moiety
also lowers the LUMO level, thereby increasing the air stability
of the n-type semiconductor.39−41

An additional requirement of OTFT monomer materials is
sufficient thermal stability to endure the elevated temperatures
of the fabrication steps as well as the heat generated during
operation of integrated devices.42,43 The performances of
OTFTs are not only dependent on the organic semiconductors
and their molecular arrangement within the active channel of
the device but also on the gate dielectric that controls the
charge flow. Inorganic oxides such as SiO2, Al2O3, TiO2, etc. are
frequently utilized for OTFT fabrication as gate dielectric
materials with higher gate dielectric constant. But most of these
high dielectric constant materials suffer from expensive
deposition methods. Therefore, organic dielectric materials
which can be processed by solution casting methods such as
poly(vinyl alcohol) (PVA), poly(methyl methacrylate)
(PMMA), poly(4-vinylphenol) (PVP) are frequently utilized
in OTFT device fabrication as well as for biomedical and
biodegradable device application.44

In this study, we report the development of 1,4,5,8-
Naphthalene diimide (NDI) substituted with octadecylamine
(OD) chains (NDI-OD2 molecule) and fabricated their
efficient OTFT devices. We have exploited the biocompatibility
and low-cost design of the devices using pristine PVA as
organic dielectric material spin-casted on the glass substrate and
used it without further treatment. PVA is very economical, has
high dielectric constant and good surface alignment, and is well-
known to be compatible with electronic devices; because of the
US FDA approval, it has also been utilized extensively in
biomedical devices. Despite these advantages, PVA has a
fundamental drawback of degrading the devices because of its
hygroscopic nature. Hence, this material has not been generally
preferred as a dielectric for OTFT devices or if utilized, it must
be cross-linked with a linker such as ammonium dichromate or
an additional buffer layer is needed to prevent the device
degradation. We optimized a well-ordered smooth film of NDI-
OD2 by thermal deposition method directly over the pristine
PVA layer, such that the fabricated devices demonstrated
excellent performances with very low leakage current and
excellent mobility. However, it was observed that when NDI-
OD2 was processed by solution method, it forms needle-
shaped crystalline microstructures, whereas when thermally
deposited, it assumes the form of smooth 2D film following
Stranski−Krastanov growth pattern. The NDI-OD2 showed

typical n-type TFT performance with the maximum electron
mobility found to be 1.0 cm2 V−1 s−1 under vacuum. Most
notably we have been successful in performing experiments
which demonstrate that the NDI-OD2 devices can work in the
presence of spin-casted pristine PVA, with a conceptually
important feature that these n-channel TFT devices can also be
biodegraded when exposed to environment having high
moisture content because of the presence of this PVA dielectric.
We observed that these NDI-OD2 devices exhibit performance
loss in a controlled manner followed by complete failure on
continuous exposure for few days to high moisture environ-
ment. Thus, low-cost and environmentally friendly n-channel
OTFT devices with high electron mobility can be achieved
utilizing a combination of conjugated small molecules and
biodegradable dielectric material such PVA.

■ RESULTS AND DISCUSSION
Synthesis. NDI−OD2 molecule was synthesized following

the procedure reported in literature by the direct condensation
of 1,4,5,8-Naphthalene dianhydride with octadecylamine in
excellent yields45 (see the Supporting Information, Figure S1).

DFT Calculated Molecular Geometries and Orbitals.
To predict the minimum-energy confirmation of the monomer
backbone and the LUMO/HOMO, we performed the DFT
calculation (B3LYP/6-31G (d)) on the NDI-OD2 molecule
(see the Supporting Information, Figure S2). The dihedral
angle between the main NDI core and the neighboring C-18
alkyl unit is calculated to be ∼89.76°. The theoretical HOMO−
LUMO position of NDI-OD2 was found to be (−6.984 eV,
−3.365 eV), which reveals that the energy gaps reflect the
chemical activity of the molecule. LUMO as an electron
acceptor represents the ability to obtain an electron, HOMO
represents the ability to donate an electron. The geometrically
optimized structures and their corresponding HOMO and
LUMO structures are shown in Figure 1a−c.

Optical Properties. UV−visible absorption and emission
spectra of the molecule were measured in a dilute solution of
chloroform (1 × 10−3 M). For solid state study, a thin film of
the molecule was thermally deposited on glass substrate under
1 × 10−7 mbar pressure. The UV−visible spectrum of NDI-
OD2 shows absorption peaks at 381, 360, and 341 nm due to
characteristic π−π* transitions.46 The spectral absorptions of a
thin film of NDI-OD2 is red-shifted by about 10 nm as
compared to the solution (see the Supporting Information,
Figure S3). This shift in the film form is due to the additional
intermolecular interactions leading to conformational adjust-
ments of the molecules that impose changes in the conjugation
length.47 The absorption pattern similarity between the thin
film and the solution spectra suggests a structurally well-
organized molecular system.48 In CHCl3, the emission
spectrum shows peaks at 406 and 431 nm, with a weak blue
emission and displaying almost similar mirror image of the
absorption spectrum (Figure 2a).49

Electrochemical Properties and Band Gap Calcula-
tion. The redox properties of the NDI-OD2 were evaluated
using cyclic voltammetry. NDI-OD2 film was drop-casted from
chloroform solution onto a 2 mm diameter Glassy carbon
electrode. The cyclic voltammogram was recorded against Ag/
Ag+ reference electrode in anhydrous acetonitrile with 0.1 M
tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte at a scan rate of 50 mV/s. The electrochemical
potentials were estimated from the onset of the oxidation and
reduction sweeps. The voltammogram was calibrated using the
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Fc/Fc+ redox couple. The redox potential thus obtained was
converted to the corresponding energy levels assuming the

absolute HOMO energy level of ferrocene to be −4.8 eV. (eq 1
and eq 2).50

= − +E E( 4.8) eVHOMO ox onset (1)

= − +E E( 4.8) eVLUMO red onset (2)

The estimated HOMO and LUMO energy levels and the
electrochemical as well as optical band gap of the NDI-OD2 is
summarized in Table 1, whereas the representative scans of the
NDI-OD2 thin films are shown in Figure 2b.

Thermal Studies. For any organic device, especially for n-
type OTFTs, superior thermal properties are very important
since they are directly related to practical issues such as device
fabrication, operation and longevity. The thermal stability of
NDI-OD2 was investigated with thermo gravimetric analysis
(TGA) at a heating rate of 10 °C min−1 under nitrogen
atmosphere. The NDI-OD2 was thermally stable up to 391 °C.
The degradation begins at ∼393 °C and complete degradation
is observed above 500 °C (Figure 3). Because the maximum

deposition temperature attained during the device fabrication
(room temperature to ∼230 °C sublimation) (see the
Supporting Information, Figure S4) was much below the
degradation temperature of the NDI-OD2, its performance
remained unaffected as observed from the smooth film
formation and the OTFT device data.

Thin Film Microstructure. Different microscopic analysis
and XRD studies were utilized to investigate the surface
morphologies of the fabricated thin films. Figure 4 shows the
optical microscopic images, FESEM and AFM of spin-cast
(∼55 nm, 2000 rpm) and thermally deposited (∼60 nm, 1 ×
10−7 mbar pressure) NDI-OD2 film at room temperature. In
polarized optical microscopy (Figure 4a, i and ii) (see the
Supporting Information, Figure S5) and FESEM [Figure 4b, i
and ii) (see the Supporting Information, Figure S6) the NDI-
OD2 appeared as a sharp single needle-type microstructure
when spin-cast by solution method, whereas, the thermally
deposited films give highly smooth 2D film following Stranski-
Krastanov growth pattern.

Figure 1. (a) Optimized structure and MO energies ((b) HOMO and
(c) LUMO) of the NDI-OD2 molecule, obtained by DFT calculation.

Figure 2. (a) Absorption of NDI-OD2 monomer shows three
characteristics absorption peaks at 381, 360, and 341 nm in solution
state and a slightly red shift of about 10 nm in solid state as compared
to the solution. The emission spectrum shows peaks at 406 and 431
nm, having reasonable mirror image of the absorption spectrum. (b)
Cyclic voltammogram of NDI-OD2 monomer as thin film was drop-
cast on a Glassy carbon working electrode and tested in anhydrous
acetonitrile with 0.1 M tetrabutylammonium perchlorate (TBAP)
solution at a scan rate of 50 mV/s.

Table 1. Summary of Band Gap Calculation Data for NDI-
OD2a

EHOMO
(CV) ELUMO

(CV) Eg
CV Eg

UV Eg
Th

−6.414 −3.394 3.02 3.18 3.61
aEnergies are in eV. Eg

CV, electrochemical band gap; Eg
UV, optical band

gap; and Eg
Th, theoretical band gap were calculated by using DFT

calculation.

Figure 3. TGA plot of NDI-OD2 with heating rate of 10 °C min−1

under nitrogen flow showing the thermal degradation pattern.
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The thermally grown thin film of NDI-OD2 shows a very
densely packed smooth film in AFM analysis with RMS
roughness of ∼5.64 nm (Figure 4c, ii) which is requisite for
efficient TFT behavior, whereas, the spin-cast film (Figure 4c, i)
shows ∼47.90 nm (see the Supporting Information, Figure S7)
roughness.

The crystalline nature of NDI-OD2 was confirmed by using
high power (18 kW) X-ray diffractometer. Figure 5a displays X-
ray diffraction (XRD) patterns for both thin film and powder. It
is evident that the sharp peaks observed in the small-angle
regions support the formation of molecules that were highly
ordered and crystalline in nature. The lamellar d-spacing for
powder and thin film around 2θ = 2.4° was found to be 36.93
and 37.75 Å, respectively. These values are somewhat smaller
than the theoretically predicted value of 53.02 Å (Supporting
Information, Figure S2). However, a careful observation of the
XRD patterns reveals that (i) majority of the diffraction peaks
observed in the powder were also obtained in thin films for 2θ
≤ 15° confirming that the thin films have the same molecular
packing motif as seen in powders. With increasing 2θ > 15°,
both powder and thin film exhibit completely different
properties, i.e., while the powder sample exhibits more number
of diffraction lattice planes giving rise to different Bragg peaks,
the thin film displays a broad peak in the 2θ range of 16 to 34°.
This could be correlated to the growth nature of the evaporated
film on the substrate. This is also in excellent agreement with
the earlier reports on similar system.51 (ii) the XRD peaks of
the powder sample exhibits more asymmetry in nature and the
broadness of the peaks is observed to be larger in the thin films
as compared to the powders. The average size of the crystallites
calculated using the Bragg peak at around 2θ = 14° corresponds
to 25 and 23 nm for powder and thin film, respectively (see the
Supporting Information, Figures S8 and S9). To further
investigate the crystalline nature, we obtained high-resolution
transmission electron microscope (HRTEM) images and
selected area electron diffraction (SAED) patterns as shown
in Figure 5b, c, respectively (see the Supporting Information,
Figure S8). Closer observation of the HRTEM image reveals

Figure 4. (a) Optical microscopy images, (b) FESEM images, and (c)
AFM images of (i) spin-cast and (ii) thermally deposited films of NDI-
OD2 showing that the thermally deposited film have better
morphology than the spin-cast film of the monomer.

Figure 5. (a) XRD patterns, (b) SAED pattern, and (c) HRTEM of NDI-OD2 confirming the crystalline nature of this molecule. The interplanar
spacing determined from HRTEM image is about 6.33 Å, which is in good agreement with the value calculated from the XRD at 2θ = 14°.
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the presence of finite dislocations as highlighted by circles
causing possible strain and resulting in asymmetric XRD peaks
(see Figure 5a). In addition, the interplanar spacing determined
from HRTEM image is about 6.33 Å, which is in good
agreement with the value calculated from the XRD peak at
around 2θ = 14°. The crystalline nature of NDI-OD2 is also
confirmed from SAED results as shown in Figure 5b.
OTFT Device Fabrication and Characterization. OTFTs

based on NDI-OD2 were fabricated with a top contact bottom-
gate configuration. A simple glass slide was used as a substrate
and aluminum (Al) (100 nm) gate electrode was thermally
deposited above it. A spin-coated film of poly(vinyl alcohol)
(PVA) thickness ∼1 μm (1000 rpm) was used as a dielectric
material having capacitance ∼8.854 nF cm−2. A 60 nm thick
(±10 nm) NDI-OD2 semiconductor film was thermally
deposited on the Al coated glass slide (substrate temperature
= room temperature), at a pressure of 1 × 10−7 mbar. Al source
and drain contacts (100 nm) were deposited on the organic
layer through a shadow mask with channel length (L) and
width (W) of 50 μm and 1 mm, respectively. All the electrical
properties were measured under vacuum using a Keithley 4200-
SCS semiconductor parameter analyzer. The mobility of the
saturated region was extracted from the following eq 3

μ= −I W L V VC ( /2 )( )DS i e g T
2

(3)

where IDS is the drain current, Ci is the capacitance per unit area
of the gate dielectric layer, μe is the field effect electron
mobility, W and L are the channel width and length, Vg and VT
are the gate voltage and threshold voltage, respectively. The
output and transfer characteristic curves for NDI−OD2 based
OTFT are shown in Figure 6a, b (see the Supporting
Information, Figures S10 and S11).
The NDI-OD2 molecules in OTFT devices, sublimed at

room temperature over pristine PVA dielectric, exhibited
excellent electron mobility as high as 1.0 cm2 V−1 s−1 (average
value for 75 devices was ∼0.68 cm2 V−1 s−1) under vacuum with

threshold voltage of 16.24 V and current on-to-off ratio 1 × 102.
Because the XRD pattern of the evaporated film of NDI-OD2
reveals very good crystalline nature and AFM analysis confirms
that these thermally grown thin film shows a very densely
packed smooth morphology, such densely packed semi-
conducting layers tend to exhibit larger off-current levels,
resulting in smaller on-to-off current ratios and is in agreement
with a recent report.52 The mobility values which we report
here are the highest in a bottom-gated n-type TFT device
fabricated on glass substrate using biocompatible PVA
dielectric. In addition, the use of PVA dielectric further allowed
us to degrade the device in a highly controlled manner on
simple exposure to moisture, thereby, further reducing the
recycling cost of the product after end use. On exposure of
these NDI-OD2 molecule-based devices to an environment
having >80% moisture, the drastic degradation of the device
commences with observation of loss in mobility followed by
complete device failure within 10 days and confirms with
conventional knowledge that pristine PVA dielectrics degrade
the OTFT devices when exposed to moisture containing
environment (see the Supporting Information, Figure S12).
Encouraged by the results of PVA dielectric, the NDI-OD2

molecules were also sublimed over other dielectrics such as
PMMA, PVP independently and PMMA as a buffer layer with
PVA dielectric and their device characteristics studied. All these
combinations, however, exhibited very poor device perform-
ance as compared to pristine PVA dielectric due to inferior film
formation. The thermally evaporated films of NDI-OD2
molecules on PVA were found to have very good layer
structure. PVA is known for its high surface energy compared
to other organic dielectric materials due to its hydrophilic
nature.53 Closer inspection revealed that NDI-OD2 forms a
very smooth, amorphous-like film on PVA surface with surface
roughness of less than ∼5.64 nm. Hence, higher mobility values
are observed with NDI-OD2 active layer and PVA dielectric
here. In addition to the role of dielectric, it is known that the
length of the alkyl chains can also effectively improve the
OTFT device performance. According to Pei et al., organic
materials that possess longer alkyl chains (branched or linear)
exhibited higher carrier mobilities.54 The NDI-OD2 molecule-
based material reported here possesses two symmetrical
octadecyl chains and demonstrates excellent electron mobility
in the presence of low-cost device using commercially available
materials such as aluminum and PVA on glass substrate, which
allows to scale up the device fabrication and production on
larger substrates and quantities.

■ CONCLUSIONS
We described the synthesis, fabrication, and characterization of
alkyl chain-substituted naphthalene diimide molecule, which in
combination with a biocompatible PVA dielectric was utilized
to fabricate n-type OTFT devices with high electron mobility
on glass substrate. The NDI-OD2 material is obtained in a
single step from commercially available materials allowing
development of these materials up to a large scale. We have also
avoided the use of Si-substrates and gold electrodes and instead
used glass and aluminum, in addition to the economical PVA as
the dielectric material to keep the overall cost of this device
very low as well as degradable after use. A combination of
several thin film characterizations (Optical microscopy,
FESEM, AFM, XRD and TEM) techniques reveals that the
thermally deposited NDI-OD2 has significant influence on film
morphology and molecular packing which enhanced the charge

Figure 6. (a) Output and (b) transfer characteristics curves of OTFT
device based on NDI-OD2 monomer; IDS was obtained at drain-source
voltage VDS = 40 V.
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transport properties. This NDI-OD2 material shows a typical n-
type TFT performance with excellent electron mobility that
were as high as ∼1.0 cm2 V−1 s−1 indicating that low-cost, high
performance n-type TFT devices based on small molecules
such as NDI-OD2 can be developed. All these results clearly
exhibit that the molecular modulation of the semiconductor
structure or modulation of the fabrication technique can
provide an effective approach to achieve low-cost, high-
performance OTFTs on desired substrates and electrodes
even in the presence of biocompatible dielectric material such
as PVA and possibly extending these devices to biomedical
applications. The use of PVA also allowed the systematic
degradation of the device activity in a controlled way within few
days of exposure to moisture. The thermal deposition of this
material on desired substrate was also possible at room
temperature, making them very attractive materials with great
potential for organic and bioelectronic devices, sensors, etc. We
presume that because of the overall economy of fabricating this
OTFT device, in addition to the excellent electron mobility,
they can potentially be applied to bioelectronics and medical
devices, disposable tags, consumer goods, and grocery industry
packing.

■ EXPERIMENTAL SECTION
Chemicals and Solvents. 1,4,5,8-Naphthalene dianhydride,

octadecylamine, quinoline, zinc acetate, were used as received from
Sigma-Aldrich.
Instrumentation. The 1H NMR (400 MHz) and 13C NMR (100

MHz) spectra were measured on a variant AS400 NMR spectrometer.
IR spectrum of NDI−OD2 was recorded on a PerkinElmer FT-IR
spectrometer. UV−visible absorption spectra (solution and film both)
were recorded on a PerkinElmer Lambda 35 spectrophotometer.
Emission Spectra were measured on a Varian-Cary Eclipse
spectrophotometer. Field emission scanning electron microscopy
images were recorded in a Sigma Carl Zeiss scanning electron
microscope. Atomic force microscopy images were taken by Agilent
5500-STM instrument. Transmission electron microscopic studies
were done using a Tecnai G2 F20 S-twin JEOL 2100 transmission
electron microscope. Electrochemical measurements were done using
CH Instrument. Thermo gravimetric analysis (TGA) measurements
were performed on Shimadzu thermo gravimetric analyzer (model
DTG-60) under a nitrogen flow at a heating rate of 10 °C min−1. The
powder and thin film X-ray diffraction (XRD) pattern was recorded by
high power (18 kW) X-ray diffractometer (Rigaku TTRAX III) with
Cu Kα radiation.
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