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DEVICE FABRICATIONS OF ORGANIC THIN-FILM
TRANSISTORS

Seong Hyun Kim*, Jung Hun Lee, Yong Suk Yang,
and Taehyoung Zyung
Basic Research Lab., ETRI, 161 Gajeong-Dong, Yusong-Gu,
Daejon 305-350, Korea

Organic TFTs with p-type pentacene and n-type F;sCuPc were fabricated on
both Si and plastic substrates. Maximum p-type mobility of 0.8cm?/Vs and
0.12c¢m?/Vs were achieved for Si and plastic substrates, respectively. JSS-362
was used as a gate dielectrics for plastic substrate. To decrease the contact
resistance between metal electrodes and organic semiconductors, self-
assembled monolayers were formed. Charge carrier mobilities of the device
with both pentacene and F;sCuPc were increased after SAMs treatments on
metal contacts.

I. INTRODUCTION

Organic thin-film transistors (OTFTs) have been extensively studied for
many applications such as display operation, identification tags, and sen-
sors. The reasons why we investigate the organic transistors are their low
cost and simpler packaging, relative to conventional inorganic electronics,
and their compatibility with flexible substrates. P-type organic thin-film
field-effect transistors (FETs) reached mobilities exceeding 1 cm®/Vs and
on/off ratios of 10° close to amorphous silicon FETs [1].

Scientists are now developing the displays composed of the organic light
emitters and the OTFTs on flexible and sheer plastic sheets that can make
the process cheap using a method such as silk-screening or ink-jet printing
[2,3]. The applications of OTFTs include the switching devices in the
pixels for active-matrix liquid crystal displays (AMLCDs) [4], and the
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active-matrix backplanes for electronic paper (e-paper) display [5] con-
taining the pixels made up of either micro-capsuled electrophoretic ink
containing microcapsules [6] or “twisting balls” [7]. Key elements in the
e-paper would be OTFTs which has the same properties as conventional
silicon transistors except flexibility. Other applications of OTFTs include
the low-end smart cards and the electronic identification tags.

In most digital circuitary, minimal power dissipation and stability of
performance against transistor parameter variations are crucial. In
silicon-based microelectronics, these are achieved through the use of
complementary logic-which incorporate both p-and n-type transistors-
and it is therefore reasonable to support that adoption of such an
approach with organic semiconductors will similarly result in reduced
power dissipation, improved noise margins and greater operational sta-
bilities [8]. However, n-type FETs show much lower mobilities than
p-type semiconductor, pentacene by an order of magnitude [9]. Despite
recent improvements of n-channel materials the low mobility and sta-
bility still limit performance, especially speed, of complementary circuits.
Therefore, searching for new n-type organic semiconductors with air-
stability and high electron mobility (over 1cm?Vs) is essential. It is
known that in order for a material to transport electrons, it needs to
have an accessible LUMO level for electron injection and sufficient
n-overlaps to achieve reasonable charge carrier mobilities [10]. Few
years ago, hexadecafluorocopperphthalocyanine (F;4CuPc) was found to
function as air-stable n-channel semiconductors with a maximum elec-
tron field-effect mobility of 0.03 cm®/Vs [10].

It is well known that the formation of the metal/organic interface is one
of the most important factors in determining the devices performance,
since the charge injection into the semiconductor layer via the interface
dependence on the quality of the contact formation [11]. Based on the
mechanism of OTFT, the drain current, I, will show linear behavior at
small bias, Vpg, along with the conductivity of the film, ¢ [12] when the
metal-organic interface has ohmic contact. However, the non-ohmic con-
tact property [11] makes the Ip non-linear behavior at low Vpg [13].
According to the previous report [11], regardless of deposition order, there
is no chemical bonding between organic semiconductor, pentacene, and Au
at the interface, but just a physical adsorption of Au atoms. They also
reported that, when pentacene is deposited onto Au, there is an immediate
shift of the vacuum level 0.91 eV closer to the fermi level that is attributed
to an interface dipole of ~—1eV. This can make current injection at the
contacts difficult.

To improve the contact properties between the organic semiconductors
and the metal electrodes, modified drain- and source-contacts using
charge transfer (CT) compounds through a self-assembly approach was
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proposed [13]. Contact modification leaded to larger drain currents and
better current saturation comparing to non-modified contacts.

In this work, three kinds of OTFTs were fabricated using n-type organic
semiconductor, and the contacts have been modified with three different
molecules using self-assembly technique and there effects on the transis-
tors performances were reported.

Il. EXPERIMENTAL

A highly conductive Si wafer (resistivity 5-10Qcm) is used both as a
substrate and as a gate electrode. The gate dielectric layer for all the
devices is thermally grown 300 nm-thick SiOy layer (capacitance per unit
area C,=10 nF/cmz). As a plastic substrates, polyethylene naphthalate
(PEN) films were used. Gate dielectrics for the devices on plastic sub-
strates, several organic and inorganic dielectric layers such as thermal
curable acylate (JSS-362, Japan Synthetic Rubber, JSR), poly vinyle alcohol
(PVA), AlyOg, and AIO4N, were fabricated by using spin-coating technique
for organics and sputtering for inorganic layers.

Ti(10nm)/Au(80nm) gate-, source- and drain-electrodes are photo-
lithographically defined such that the channel width W is 50 pm and the
channel length L is 10 pm. Figure 1(a) and (b) represent the schematic

Source W Orain

\ Au
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v I Active
Layer

— SiO,

L L Si
4 Ti

[
i
/ Au

/

Géte ()

FIGURE 1 Schematic diagrams of organic TF'Ts on (a) Si substrate and (b) plastic
substrate. Channel length and width are 10um and 50 um, respectively. (See
COLOR PLATE 1II)
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FIGURE 1 (Continued). (See COLOR PLATE III)

diagrams of the structures of organic field-effect transistor fabricated on Si
and plastic substrates, respectively in this experiments.

For the treatments of the source- and drain-electrodes surfaces, three
kinds of thiol compounds, 2-mercapto-5-nitrobenzimidazole (MNB),
2-mercaptobenzimidazole (MB), and 2-mercapto-5-methylbenzimidazole
(MMB) were formed as a monolayer on the Au electrodes using self-
assembly technique. Prior to the layering process, the electrode surfaces
were cleaned by oxygen plasma ashing for 5 min. 0.2 molar solutions of the
thiol compounds in ethanol were made and the pre-cleaned source- and
drain-electrodes were immersed for 24 hours followed by rinsing by
ultrasonication in pure ethanol and drying under an argon stream. The
self-assembled monolayers (SAMs) can be selectively formed on the drain-
source region, so that no additional patterning is required.

Active layers with pre-sublimed (purified) pentacene and hexadeca-
fluorocopperphthalocyanine (F;sCuPc) are fabricated under the vacuum of
less than 2x 10 %torr directly on the TFT substrate at the substrate
temperatures of 60°C for pentacene and 180°C for F;5CuPc. Pentacene and
Fi6CuPc are p- and n-type organic semiconductors, respectively. The
thickness of both active layers is 100 nm using a deposition rate of 1 Ass.
Transistor characteristics of the devices have been measured with a
precision semiconductor parameter analyzer (4156c¢, Agilant) at room
temperature in air.



Downloaded by [University of Haifa Library] at 10:48 11 August 2012

Device Fabrications of Organic Thin-Film Transistors 141

lll. RESULTS AND DISCUSSION

3.1. Device Fabrication - the Crystallization of Organic Layer

The pentacene thin films were deposited by using conventional thermal
evaporator at the pressure below 10~®Torr. The Si/SiO,, substrates were
treated with hexamethyldisilazane (HMDS) as the self-organizing materi-
als, which had been used to improve the quality of the organic/dielectrics
interface [14]. The substrate temperature was elevated and maintained at
60°C during the deposition. Figure 2 shows the surface morphology of the
pentacene film observed by an atomic force microscope (AFM). The image
was observed over the area of 10 pm x 10 um in a noncontact mode, and the
scan frequency was 0.5 Hz. The pentacene film revealed dendritic grains.

A
600
400

2001

0 4 8 mm
FIGURE 2 AFM image of the pentacne film with a thickness of 5Q nm. The average
grain size and rms roughness were approximately 2mm and 51 A. The image was

observed over the area of 10 um x 10 pm in a noncontact mode, and the scan fre-
quency was 0.5 Hz. (See COLOR PLATE IV)
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The average grain size, root-mean-square surface roughness, and peak-to-
valley roughness were 2pum, 51 A, and 238 A, respectively. The film
roughness did not increase significantly for the films thicker than 50 nm.

Figure 3 shows the X-ray diffraction (XRD) patterns of pentacene films
deposited on Si/SiOs substrates. The samples were heat treated after
deposition for further crystalhzatlon The Crystal structure of the penta-
cene is ftriclinic with a=7. 90A b=6. O6A c=16.01 A a=101.9°,
p=112.6° and y =85.5° [15]. Comparing the XRD pattern observed in this
experiments with previous report [16], most of the peaks could be denoted
as (00n") which come from not single crystal phase but “thin film phase”.
Only small peak of (002) is observed from the sample heat treated at 50°C
for an hour in air. The “thin film phase” thought to be form due to the
interaction between the surface of dielectrics and organic layer. Therefore,
one can say that the surface state is one of the most important factors of
determining the state of organic thin-film. From the results, we confirmed
that the heat treatments after film deposition could not lead further
crystallization.
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FIGURE 3 XRD patterns of pentacene films deposited on Si/SiOs substrates. The
samples were heat treated after deposition for further crystallization. Only “thin film
phase” is observed.
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The characteristic Ipg-Vp curves of organic TF'T fabricated in this work
are shown in Figure 4. The channel width and length are 50 pm and 10 pum,
respectively, and the thickness of gate dielectrics (SiO5) is 3000 A. When
the gate electrode was biased negatively with respect to the grounded
source electrode, pentacene TFTs operated in the accumulation mode, and
the accumulated charges were holes. The filed-effect mobility, which was
measured in the saturation regime (Vp>Vg) due to the pinch-off of the
accumulation layer, was approximately 0.8 cm®/Vs calculated with square-
law given by

WG,

T

(Vg — V)2 (1)

Linear plot of Ins'? vs. VG is shown in Figure 4 as an inset. The on/off ratio
of 10° were achieved between I, currents at Vg =—100V and V=20V
measured at a certain Vp in the saturation regime.
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FIGURE 4 [,-Vpg characteristics at various gate voltages for pentacene TFT.
Orv/off ration is 10°.
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3.2. Gate Dielectrics

Figure 5(a) shows AFM image of PVA surface fabricated on AWPET sub-
strate, and AFM image of inorganic layer (Al;O3) is also shown in Figure
5(b) for comparison. The measured root-mean-square (RMS) roughness of
PVA is 0.76 nm, and it is much smoother than that of the Al,Os layer,
3.23nm. The transport properties of organic thin film transistors are
determined not only by the crystal state of the organic semiconductor thin-
film but also by morphology of the gate dielectrics. The effective mobility in
polycrystalline materials is given by [17,18]

! ! + ! + 1 + i + ; 2)

Heffective ML K1 Hs HD  HKGrainBoundary

Here, u;, and y; are phonon scattering and impurity scattering, respectively;
Us is interface roughness scattering, up is defect scattering, and ugg is grain
boundary scattering. As we could obtain smoother surface as well as low
leakage current with PVA, we could expect high ug.

Figure 6 shows the surface morphologies of gate dielectrics; (a) clean
PEN film, (b) Al;O3 fabricated on PEN film, (c¢) JSS-362 on PEN, and
(d) Al,05/JSS-362 on PEN. Figure 6(a) shows the surface of a bare pre-
cleaned PEN film and the surface is quite rough like any other commercial
plastic film. Figure 3(b) is the image of the Al,O5 layer deposited directly
on bare PEN film, and Figure 6(d) is the image of the Al;O3 layer on

Rp—v : 82.2A

(a)

FIGURE 5 AFM image of (a) PVA surface fabricated on AwWPET substrate and
(b) inorganic layer (AlsOs). The RMS roughness of PVA is 0.76 nm, and it is much
smoother than that of the Al;O5 layer, 3.23nm. (See COLOR PLATE V)
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Rp-v : 259 A

(b)
FIGURE 5 (Continued). (See COLOR PLATE VI)

FIGURE 6 The surface morphologies of gate dielectrics; (a) clean PEN film,
(b) Al;05 fabricated on PEN film, (c¢) JSS-362 on PEN, and (d) Al;05/JSS-362 on
PEN observed by scanning electron microscope (SEM).
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pre-coated the JSS-362 layer on PEN. Comparing Figure 6(b) and Figure
6 (d), the surface of Al;Os on JSS-362 is much smoother than that of the
Al;O5 layer on bare PEN. Therefore we can say that the JSS-362 acts as not
only dielectric layer but also surface smoothing layer. RMS roughness of the
JSS-362 film is quite similar with that of the PVA film, shown in Figure 5 (a).

Figure 7(a) and (b) show the Ip-Vpg characteristics of the organic thin-
film transistors with gate dielectrics of JSS-362(500 nm)/AION(100 nm)
and PVA(500 nm), respectively. They showed typical transistor character-
istics. However, from non-linear behaviors of the drain current at low Vpg,
one can say that non-ohmic contacts between source-and drain-contact
and organic semiconductor were observed. The field effect mobility u of
sample (a) was calculated as 1.4 x 1072 cm?/Vs by the Eq. (1), while the
threshold voltage Vo was about —7 V. The I,,,/I.¢ ratio was above 10° when
Vg was scanned from —-50 V to +30 V. For sample (b), u, Vp, and I,/Io¢ ratio
were revealed as 0.12 cm?/Vs, —7 V, and 10?, respectively.

3.3. Surface Treatments of Source- and Drain-contact with
SAMS

Figure 8 shows the chemical structures and the names of the materials
used as SAMs on Au, and the work functions of the untreated and the
treated Au surfaces by SAMs. Comparing with the work function of bare
Au, those of the surface treated by SAMs shifted up to 5.03 eV or down to
4.77 eV resulting in the difference of 0.26 eV. The work functions of these
samples were measured by using Riken Keiki Ac-2 in ambient condition.

Figure 9(a) shows the electrical characteristics of the untreated sample
with organic semiconductor of pentacene. It shows the typical electric
characteristics of a field-effect transistor. The ionization potential of crys-
talline pentacene film is 4.85eV [19], and the work function of Au source-
and drain-electrode, measured in this work, is also 4.85eV. Since the
energy gap between these two is zero (actually, very small) the drain-
source current, Ing, at small drain bias, Vp, is supposed to be small and
ohmic [12]. However, as shown in Figure 9(a), non-linear curvature is
observed at small V. This indicates that the contacts between the source-
and drain-electrode and the organic active layer is not ohmic. Watkins et al.
reported that an interface dipole of —0.97 eV is formed at the pentacene/Au
interface with no chemical reactions or interface ‘band-bending’ [11]. This
bad contact is a kind of obstacles for the charge to inject into the organic
semiconductor from the metal electrodes. The charge mobility of the
device is calculated to be 0.1 cm?Vs by using Eq. (1). On/off ratio and
threshold voltage are about 10° and —9 V, respectively.

Figure 9(b) shows the electrical characteristics of the untreated sample
with F;gCuPc. It also shows the typical electric characteristics of a n-type
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FIGURE 7 The Ip-Vpg characteristics of the organic thin-film transistors with
gate dielectrics of (a) JSS-362(500nm)/AION(100nm) and (b) PVA(500nm),
respectively.
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Structure Name Work Function (eV)
4.85, 4.86
Au Gold (Au)
N
Hs—<:©\ 6-Nitro-1H-benzoimidazole-2-thiol 5.02, 5.04
H NO, MNB (Au/MNB)
Hs——</Nj© 1H-Benzoimidazole-2-thiol 4.76, 4.78
N MB (Au/MB)
HSA</N:©\ 6-Methyl-1H-benzoimidazole-2-thiol 4.80, 4.80
E oHa MMB (Au/MMB)

FIGURE 8 The chemical structures and the names of the materials used as SAMs
on Au, and the work functions of the untreated and the treated Au surfaces by
SAMs. The work functions of these samples were measured by using Riken Keiki
Ac-2 in ambient condition.

field-effect transistor. The work function difference between Au and gen-
eral n-type organic semiconductors is about 1eV [20]. Suprisingly, even
though the energy gap between these two is suppose to be about 1€V, the
drain current at small drain bias looks like almost ohmic. The charge
mobility of the device is calculated to be 4.3 x 10~ cm?/Vs. On/off ratio,
subthreshold slope, and threshold voltage are about 10%, 11 V/decade, and
25V, respectively.

Figure 9 (c) represents the electrical characteristics of the organic field-
effect transistors with pentacene and with the Au surface which is treated
by SEM using MNB. We can say that much better contact (ohmic contact)
was formed between the organic active layer and source- and drain-
electrode, because I, increase almost linearly at low Vpg. The saturation
current at Vg = —100V is also more than four times larger than that of the
untreated sample. The charge mobility at saturation region is calculated as
0.48 cm?/Vs. On/off ratio and threshold voltage are over 10° and —10V,
respectively.

Figure 9(d) represents the electrical characteristics of the organic field-
effect transistors with the Au surface treated by SAM using MNB with
organic semiconductor of F'14CuPc. The saturation current at Vo=—100V
is more than ten times larger than that of the untreated sample. The charge
mobility at saturation region is calculated as 4.8 x 10~ cm?/Vs. On/off ratio,
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FIGURE 9 The electrical characteristics of the organic TFTs. (a) semiconductor:
pentacene, contact treatments: non, (b) semiconductor: F;sCuPc, contact treat-
ments: non, (¢) semiconductor: pentacene, contact treatments: SAM with MNB, (d)
semiconductor: F1gCuPc, contact treatments: SAM with MNB.
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TABLE 1 Characteristic Parameters of the Device with p-Type Pentacene

Samples Work function (eV) u(cm?‘/Vs) Vr(V) S.S.(V/decade) Ronorr

MB/Au 4.77 0.25 -7 2.5 1x10°
MMB/Au 48 0.36 -10 5.7 1x10°
Au 4.86 0.1 -9 3 1x10*
MNB/Au 5.03 0.46 —-10 25 1x10°

TABLE 2 Characteristic Parameters of the Device with n-Type F;sCuPc

Samples Work function (eV) u(cm2/Vs) Vr(V) S.S. (V/decade) Ronortr

MB/Au 4.77 1.4x107% 25 10 1x10°
MMB/Au 48 3.1x107? 27 7 2x10%
Au 4.86 43x107* 25 12 1x10*
MNB/Au 5.03 48x107° 20 10 4x10*

subthreshold slope, and threshold voltage are about 4 x 10% 10 V/decade,
and 20V, respectively. The performances of the Organic TFTs were
advanced after SAMs treatments for both p-type pentacene and n-type
F16CuPc. Device parameters for both pentacene and F;4CuPc are shown in
Tables 1 and 2, respectively.

IV. SUMMARY

Organic TF'Ts with p-type pentacene and n-type F;sCuPc were fabricated
on both Si and plastic substrates. On Si substrates, maximum p-type
mobility of 0.8 cm?/ Vs was achieved by surface of gate dielectrics treat-
ment with HMDS and by elevating substrate temperature up to 60°C. For
plastic substrates, maximum p-type mobility of 0.12 cm? Vs was achieved.
For this sample, JSS-362 was used as a gate dielectrics.

The electrical properties of the organic field-effect transistors with and
without modified source- and drain-electrodes by using self-assembly tec-
hnique with several thiol compounds were investigated. Charge carrier
mobilities of the device with both pentacene and F;sCuPc were increased
after SAMs treatments on metal contacts. This mobility increase is due to
the injection current increase caused by lowering contact resistance.
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