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Abstract
An n-type organic material, 1,4,5,8-naphthalene-tetracarboxylic dianhydride (NTCDA), was successfully deposited and patterned
on a SiO2 ySi wafer by the ink-jet printing technique. Dimethylformamide (DMF) was selected as the solvent in the processing
of the ink-jet solution, NTCDA. After thermal annealing, the NTCDA thin film showed higher conductivity than the NTCDA
thin film deposited by vacuum sublimation. Degradation of conductivity with time was found when the thin film was open to an
ambient atmosphere.
䊚 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Conductive organic and polymer materials have
attracted much attention since the first conductive polymer was invented. They have been widely investigated
for microelectronic and optoelectronic devices, such as
organic light emitting diodes (OLEDs) w1,2x, photovoltaic devices and photosensors w3x, organic field effect
transistors (OFETs) w4x, and integrated circuits w5x.
For low-cost polymer microelectronic devices, solution-processable materials are necessary for direct deposition to avoid the sublimation process at high vacuum.
Stable and solution-processable p-type semiconductive
polymer materials are commercially available w6x. However, thin films formed by stable n-type semiconductive
polymer solutions are difficult to be developed w7x.
The ink-jet printing technique attracts much attention
in device fabrication due to its unique advantages
including direct patterning, low cost, and low material
waste w8x. Devices like OLEDs w9x, thin film transistors
w10x, nanoparticle MEMS devices w11x, and micro lenses
w12x have been successfully fabricated by this technique.
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In this research, the ink-jet printing technique offers
more options to the solvent selection than the traditional
spin-coating technology. A uniform thin film could be
obtained even with poor adhesion between the solution
and the substrate.
In this paper, the deposition of an n-type semiconductor by the ink-jet printing technique is reported.
An organic material, 1,4,5,8-naphthalene-tetracarboxylic
dianhydride (NTCDA), is employed in the experiments.
The fabrication process is found to produce a uniform
thin film with a conductivity of 10y4 –10y5 Sycm after
thermal annealing. This paves a new way to deposit an
n-type polymer semiconductor, and provides the potential prospects for the fabrication of integrated circuits.
2. Experiments
NTCDA without further purification, from TCI Chemicals Incorporation, was dissolved in several types of
solvents, including acetone, chloroform, dimethylformamide (DMF), or dimethylsulfoxide (DMSO), with
ultrasonic vibration to obtain a saturated solution with
excessive NTCDA appearing in the solution.
The SiO2 ySi wafers were from Silicon Quest Incor˚ thick was deposited by
poration. Aluminum 1000-A
thermal evaporation, and patterned by UV photolithog-
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Fig. 1. Autodrop dispensing system with dispensing heads from
Microdrop GmbH in Germany (1: x–y–z positing system; 2: camera
1; 3: solution reservoir; 4: substrate holderyhotplate; 5: camera 2; 6:
temperature control system; 7: Driver electronicsypressure control; 8:
Camera switch; 9: Monitor).

raphy. Electrodes fabricated by a lift-off process have
different spacings.
The ink-jet printing system shown in Fig. 1 (an
AutoDrop dispensing system with printing heads from
Microdrop GmbH in Germany) was utilized in this
experiment. An x–y–z axis positioning system was
equipped with this system to control the movement of
the dispensing head. A heating element was also
installed on the substrate holder. The filtered NTCDA
solution was filled in the printing head and printed
between the two aluminum electrodes on the heated
SiO2 ySi testing wafer, as shown in Fig. 2. The printed
NTCDA dots and the single-layer thin film, with printing
nozzles in different diameters, are shown in Fig. 3a,b,
respectively. After printing, the substrate was placed on
a hot plate and heated at 300 8C for solvent eliminating
and thin film annealing.
When the printed thin film was cooled down to room
temperature, the electrical characteristics were measured
with a Keithley SMU236y237 system. One of the
substrates was coated with the second layer of alumi˚ thick, to inspect the thickness of the
num, 500-A
NTCDA film. The thickness of the printed NTCDA film
was measured by an interferometric roughness step tester
microscope (WYKO RST Plus). All the fabrication and
testing processes were undertaken in an ambient atmosphere, except for the aluminum deposition, which was
done at 10y6 Torr.

low surface tension, compared with the NTCDAyDMSO
solution. A set of processing parameters of the Autodrop
System, including the diameter of the printing head
nozzle, the voltage, the pulse width, and the frequency,
was optimized for the saturated NTCDAyDMF solution
to obtain stable droplets.
For the continuous NTCDA thin film, the substrate
temperature is one of the most important factors to
control the deposition process. To obtain better patterns,
higher temperatures were normally preferable for solidifying quickly and reducing the solution flow on the
substrate. In the meantime, it was also preferred because
the quasi-crystalline or polycrystalline structures are
more likely to be formed at higher temperatures, while
the amorphous structures are formed at lower temperatures. However, lower substrate temperatures may avoid
frequent nozzle clogging, thus result in much more
stable droplet flow and better thin film coverage. The
substrates at room temperature, 20, 60, 100, 120, and
140 8C were investigated for the thin film deposition.
The substrate temperature at 120 8C led to the best
coverage and continuous semiconductor thin film. An
optical image of NTCDA film with 10 times of printing,
4.5 mm by 1 mm, is shown in Fig. 3c.
The RST results showed the thickness of a single
NTCDA film to be 20–50 nm. The conductivity can be
calculated by the equation below w13x.
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where s is the conductivity (Scmy1 ), r is the resistivity
(Vcm), R is the resistance (V), L is the distance (cm),
A is the cross-section area (cm2), V is the applied
voltage (V), and In is the electrical current (A).
Three samples have been fabricated and characterized
under the same conditions. Each sample was dispensed
ten times with the same dimensions (4.5 mm by 1 mm).

3. Results and discussions
The NTCDAyDMF solution was finally selected as
the ‘ink’ due to its high material solubility and relatively
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Fig. 2. Schematic of the device structure.
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Fig. 3. Printed NTCDA dots and thin film: (a) NTCDA dots, (b) NTCDA thin film (single layer), (c) NTCDA thin film (10 layers).

After the film was deposited, the conductivity of the
sample was measured without annealing. The measurement was done three times continuously, and no distinct
variance could be observed. Next, the sample was
annealed at 300 8C for 2 h, and characterized right after
annealing, after 3 days, and after 6 days, respectively.
The measurements were undertaken with direct contact
between the probe and the NTCDA film. The average
conductivity right after annealing for these three samples
is 3.38=10y4 Sycm with error of 2.45=10y6 Sycm.
The typical IV characteristic of the NTCDA thin film
is shown in Fig. 4. The results indicate that the NTCDA
conductivity was enhanced by approximately two orders
of magnitude after thermal annealing. The annealing
process may play a role of not only eliminating the
residual solvent (DMF), but also leading to re-flow and
re-crystallization of NTCDA. After the NTCDA thin
film was stored in an ambient atmosphere for 3 and 6
days, an obvious decrease of conductivity was observed,
as shown in Fig. 4. This has been reported as the effect
of moisture and oxidation w14x. Re-annealing of the thin

film in an ambient atmosphere did not show noticeable
improvement of conductivity. In addition, the degraded
sample was soaked in DMF, and annealed again under
the same conditions. The low conductivity still remained
the same, and no increase of conductivity can be
observed. This means that the influence of moisture and
oxidation is irreversible, and that the re-annealing of the
thin film cannot improve the conductivity again.
The highest conductivity, approximately 10y4 Sycm,
could be obtained after thermal annealing. This result is
much higher than the reported NTCDA film conductivity
of 10y7 –10y8 Sycm w15x. Based on the reported free
electron density of 1013 –1017 cmy3, the mobility of
NTCDA film can be obtained as high as 10y1 –10y2
cm2 yVs. This mobility result needs to be verified by
further investigation.
4. Conclusions
For the first time, the n-type organic semiconductor,
NTCDA, was successfully deposited based on solution
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Fig. 4. I–V characteristics of printed NTCDA thin film.

processing by ink-jet printing technique. The conductivity of the NTCDA film was enhanced by approximately
two orders of magnitude by thermal annealing at 300
8C. The highest conductivity was approximately 10y4 –
10y5 Sycm, which is much higher than the reported
NTCDA deposited by vacuum sublimation. This provides an efficient and simple approach to deposit the ntype
polymer
semiconductors
to
fabricate
microelectronic and optoelectronic devices. The conductivity degradation was also observed after exposure to
an ambient atmosphere.
Further investigation will address the mobility verification, the optimization of annealing parameters, the
droplet sizes suitable for flat panel displays, the use of
plastic substrates, and the applications to the fabrication
of microelectronic devices.
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