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Name in full: Tianchai Chooppawa

Title Development of n-type organic semiconductors toward Mott-type
Field-effect-transistor investigation

Mott FET (= field effect transistor) is an electronic element that switches
conductance of a Mott insulator by applying gate voltage, which has been
theoretically proposed as a high performance device and been realized both in organic
and in inorganic devices. The advantages of Mott FET are numerous. For instance,
narrow channel length is possible down to nano-scale while maintaining FET behavior.
To obtain an organic Mott insulator, additional electrons or holes need to be doped to
neutral molecules. Appropriate organic materials for this purpose are charge transfer
salts. Although previous examples for organic Mott FET have been shown only with
p-type doping, electron accepting molecules are also eligible for being Mott-insulator
after n-type doping. In order to expand material diversity, it seems interesting to find
a good acceptor molecule for Mott FET.

Among n-type organic semiconductors, one of the most brilliant materials is
3,4,9,10-perylene-tetracarboxylic diimide derivatives (PTCDIs) which has been
utilized as n-type FET. In order to achieve n-type doping as well as n-type normal
FET performance, the applicant has designed
1,7-dibromo-N, N ’-ditridecyl-3,4,9,10-perylenetetracarboxylic : diimide
(DB-PTCDI-C13), as long alkyl chain of this molecule would result in a monolayer

formation (Scheme 1). As shown in the scheme, the monolayer structure is suitable

for doping by dopant deposition. This molecule was . obtained from
1,7-dibromo-perylene-3,4,9,10-tetracarboxylic dianhydride and 1-aminotridecane in
35% vyield.

DB-PTCDI-C13

Scheme 1. Conceptual device scheme for monolayer Mott FET preparation
based on DB-PTCDI-C13. For efficient doping, electron-donating dopants such as
potassium can be deposited on top.



From the X-ray diffraction analysis, DB-PTCDI-C13 in crystal turned out to
exhibit one-dimensional n-n stacking whose inclination angle alternates among the
neighboring columns. The molecular m-core seems to be twisted to avoid steric
repulsion between H and Br atoms. In comparison to PTCDI-C13, this twisting effect
seems to make the solubility better for DB-PTCDI-C13.
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Figure 1. X-ray crystallographic data of (a) DB-PTCDI-C13 viewed along the

long axis (left) and along the short axis (right) of the z-core, and (b) packing of

DB-PTCDI-C13 in unit cell. The alkyl chains are omitted for clarity in (a).

Thermal characterization of DB-PTCDI-C13 was performed by DSC (=
Differential Scanning Calorimetry) to investigate the relationship between annealing
temperature and mesomorphic phases (Figure 2). From this experiment, no peak
below 148°C was observed. In this regafd, 169°C in the cooling process seems not to
be a crystallization point but is the temperature where liquid crystal mesophase
transition takes place. After the temperature history, therefore,ﬂ molecular packing will
be reorganized from polycrystalline to highly ordered liquid crystal.

The spin-coating and drop-casting methods seem to be most promising to
achieve cfficient monolayer FET. Monolayer is suitable for heavy doping to aim at a
Mott FET. The result of DFM (= Dynamic Force Microscope) morphology study for
spin coated film is displayed Figure 3. The result found that steps on the film were
changed from the round protrusions to well-defined molecular steps by annealing at
160°C for 1 hour. Hence, annealing process can improve molecular ordering as
displayed in these images.
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Figure 2. DSC heating and cooling curves of DB-PTCDI-C13 with scan rate
10°C/min.
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Figure 3. DFM images of (a) before annealing (b) after annealing of spin coated
DB-PTCDI-C13 at 160°C for 1 hour (black arrow 2.0 nm, red arrow 2.5 nm, green
~arrow 3.0 nm) ‘

The FET performance of DB-PTCDI-C13 film on SiOz (300 nm)/Si substrate
was measured in a vacuum chamber. Judging from the fact that positive gate voltage
(V) enhances drain current (lg), n-type FET behavior was confirmed (Figure 4). The
non-ohmic behavior at low drain voltage (V4) region suggested high injection barrier



at contact. The on/off ratio at maximum was 10* From linear regime, the mobility
was estimated to be 4.6 x 10* cm? V! s at 20 V drain voltage. The mobility was
calculated at 6.3 x 10 cm? V! s7! from saturation regime with 10 um source-drain
gap after annealing at 160°C for 1 hour. The linear regime mobility seems to be
underestimated due to the injection barrier.
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Figure 4. Electrical characterization (a) /a-Va characteristic at various Vg, (b)
I3-Vg and I'2-Vy characteristic (Vs = 60 V) of spin coated DB-PTCDI-C13 film
annealed at 160°C for 1 hour '

Further measurements concluded that FET mobility was significantly
improved by structural ordering of DB-PTCDI-C13 during annealing. Far above
160°C, however, DB-PTCDI-C13 seemed to be melted to liquid phase that cause low
molecular order with poor mobility. The high FET efficiencies were obtained in the
well-aligned film with optimized annealing temperature, which has been
characterized by DFM image.

In order to try chemical doping, DB-PTCDI-C13 solution was again spin
coated on bare Si0O2/Si and annealed at 160°C for 1 hour. After deposition of 5 nm
potassium, all devices were measured for the conductivity evaluation. DFM image
(Figure 5) was also measured to check morphology of DB-PTCDI-C13 after reaction
with potassium. Unfortunately, most of devices did not show any conducting
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behaviors and the DFM image showed sparse island morphology. The image implied
that two-dimensional film was transferred into the three-dimensional islands after
potassium doping to diminish the electrical connection. Consequently,
Mott-insulating state from potassium doped DB-PTCDI-C13 device was not able to be
confirmed. Measurement on potassium doped DB-PTCDI will be tried in future.
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Figure S. DFM image and hight profile of DB-PTCDI-C13 film after

potassium doping with annealing (black, red, and green arrows are all 15.0 nm)

- Next, we tried FET measurement with TCNQ (= tetracyanoquinodimethane)
charge transfer salt. K-TCNQ is one of the famous charge transfer salts that exhibits
one-dimensional Mott insulating phase. K-TCNQ shows spin-Pierls transition around
350 K and is therefore a spin-Pierls insulator at room temperature. Nonetheless,
K-TCNQ is one of the strongly correlated electrons systems and is, therefore, quite
interesting as a FET channel material in the same context as Mott FET.

K-TCNQ was chemically synthesized, and its FET behavior was investigated
at ambient temperature in vacuum. The electronic property of K-TCNQ crystals that
were recrystallized on FET bottom-gate substrate was acquired as shown in [y-Vy
curve (Figure 6). The drain current was enhanced by applying negative Vg, which
indicated p-type FET behavior. A device without potassium doping is known to show



n-type FET behavior, and therefore, the present result indicates that the doping turned
the FET behavior from n-type to p-type. This result is reminiscent of Mott FET with
electron-donating molecules “such as BEDT-TTF (=
bis(ethylenedithio)tetrathiafulvalene), where the doping turned the FET behavior
from p-type to n-type. Since the Mott FET should be intrinsically ambipolar; it seems
that only a p-type region of ambipolar FET is being observed in this device.
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Figure 6 I4-V4 characteristic of K-TCNQ crystals at 30 pm electrode gap

In conclusion, the applicant has synthesized DB-PTCDI-C13 to obtain spin
coated monolayer film that exhibits n-type FET behavior. The molecular ordering and
associated electron mobility of this solution-deposited film could be optimized by
changing the annealing temperature and time. However, the potassium-doped
DB-PTCDI-C13 film was transformed into three-dimension islands after annealing,
preventing electrical measurement for further study. On the other hand, the K-TCNQ
device showed p-type FET behavior. The result seems to originate from electrostatic
doping into spin-Pierls insulating state, a strongly correlated electron state that is
located under the higher temperature Mott-insulating state.
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%28 TlL, PICDI#FE k2 Wit FET OBIZOWTHENLNTWD, F
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