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Effect ofiTO surface condition on the characteristics of organic static 
induction transistors based on pentacene films 
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Organic static induction transistors (OSITs) based on pentacene thin-film have been fabricated on a 
indium-tin-oxide (ITO) formed on the glass substrates. It is well known that the work ftmction of ITO is 
controlled by the method used to clean its surface. We have fabricated the OSITs based on pentacene thin 
film with the high work ftmction ITO of 5.3 eV and the low work ftmction ITO of 4.2 eV. The influence of 
the work function of ITO on the static characteristics was investigated by means of current-voltage 
measurement and ultraviolet photoemission spectroscopy (UPS) measurement. These results provided an 
important clue that the higher on/off ratio of 50 for the organic SIT was achieved by the formation of the hole 
injection barrier, which works as tunneling layer on a source electrode. The barrier works effectively as 
controlling a tunnel current from a source electrode by applying the gate voltage. 
Key words: OSITs, pentacene, ITO, work function, UPS, hole injection barrier, 

1. INTRODUCTION 
In the beginning of the research, organic thin-film 

transistors (OTFTs) were fabricated to investigate the 
basic electrical parameters such as carrier mobilities in 
the organic semiconductor films.[1] At the present day, 
OTFTs have been very attractive device to the application 
for photovoltaic cell and organic light-emittting devices 
(LEDs).[2,3] OTFTs have attracted much attention for 
the application in the field of portable or ubiquitous 
devices[4] such as flexible display[5] and 
radio-frequency identification tags[6] due to their 
lightweight and mechanical flexibility. In addition, 
OTFTs have possibility to fabricate low-cost electronic 
applications on plastic so that OTFTs could be fabricated 
on flexible substrate at room temperature. 

However, OTFTs have several disadvantages 
including low current density, high operational voltage, 
and low speed of operation due to their high resistivity 
and low carrier mobility.[7-10] To improve the device 
performance, organic static induction transistors (OSITs), 
which utilize organic semiconductors, have been 
employed.[ll-15] Recently, we have succeeded to 
fabricate the OSITs on the flexible plastic substrate.[16] 

The SITs are promising device because it enables 
high-speed and high-power operation.[17] The excellent 
characteristics of the SIT are known to be due to the 
vertical structure; with a very short channel length 
corresponds to the thickness of an organic semiconductor 
film between the source and drain electrodes. The 
slit-type AI gate electrodes were inserted into the organic 
semiconductor layer. 

The conventional OSITs mentioned above were 
fabricated on a source electrode formed on a substrate 
without the investigation of the influence of the work 
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function of source electrodes on the device characteristics. 
In this study, OSITs based on pentacene thin films was 
fabricated on the indium-tin-oxide (ITO) as the source 
electrodes on the glass substrates. The ITO is widely used 
as a transparent and conductive electrode in organic 
light-emitting diodes (OLEDs).[18] Pentacene is one of 
the most promising materials due to its high field-effect 
mobility.[19-20] To achieve the high on/off ratio and high 
current values in the OSITs, we have studied the influence 
of the work function of the ITO on the static 
characteristics of the OSITs. It is well known to that the 
work function of ITO was controlled by the method used 
to clean its surface. [21] 

2.EXPERIMENTALPROCEDURE 
Figure 1 shows a schematic diagram of a fabricated 
pentacene SITs. The effective area of the source and drain 
electrodes of the OSIT is approximately 2.25 mm2

• The 
devices are fabricated by conventional vacuum 
evaporation with the substrate temperature maintained at 

Substtate(Glass) 

Fig. 1. Schematic diagram of pentacene 
SITs on the ITO formed on glass substrates. 
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Fig. 2. UPS Hell (21.22 eV) spectra ofpentacene/low work function ITO (a) and pentacene/high work function ITO (b). 
Energy band diagram of pentacene/low work function ITO (a) and pentacene/high work function ITO (b). 

room temperature during the vacuum deposition. The 
fabrication process is as follows. First, a 100 nm 
pentacene thin film is deposited on the ITO formed on the 
glass substrate. Second, a slit~type AI gate electrode with 
a thickness of 30 nm is formed on the pentacene film by 
using a shadow evaporation method. Third, the AI gate 
electrode is covered with a second 1 00 nm pentacene film. 
Finally, the drain Au with a thickness of 30 nm is 
fabricated on the pentacene film. The pentacene films are 
evaporated under a vacuum of 2 x 104 Pa and the source 
temperature of the pentacene and the evaporation rate are 
200oC and 0.1 nm/s, respectively. The fabrication process 
is described in Ref. [16] in detail. 

The ultraviolet photoemission spectroscopy (UPS) 
measurements were performed to evaluate the energetic 
position of Fermi and highest occupied molecular orbital 
(HOMO) levels for metallic and organic surfaces, 
respectively. From these results, the hole injection 
barriers at the interface between the electrode and the 
organic layer were estimated. We monitored the electrical 
properties using a semiconductor parameter analyzer 
(4156C, Agilent). All electrical measurements were 
performed in air at room temperature. The measurements 
were carried out in the dark i.n order to obtain the OSIT 
characteristics without the photovoltaic effect of the 
Schottky barrier contact. 

3. RESULTS AND DISCUSSION 
3.1 Surface treatment and work function ofiTO 

In this section, we report that the surface cleaning method 
on the work function ofiTO. The work function ofiTO is 
extremely sensitive to the method used to clean its 
surface. [21] A example of the UPS spectrum of the ITO 
is shown in Fig. 2 for different method to clean its surface. 
Spectra (a) and (b) were measured with He 1(hv = 21.2 
e V) photons. In the UPS spectrum, the work function is 
the difference between the kinetic energy measured at the 
detector for electrons at the cut-off plus the photon energy, 
and the energy of the electrons originating from the Fermi 
level of the sample as shown in the secondary region. In 
addition, the HOMO level is the binding energy from the 
Fermi level (EFSub) as shown in the HOMO region. In this 
study, the high work function of ITO substrates was 
obtained by subjecting to ultrasonic agitation in $ter, 
acetone and isopropanol and then expose to isopropanol 
vapor. In UV-ozone treatment, after solvent cleaning the 
substrate was exposed to UV-ozone treatment for 5min. 
In this case, the work function of ITO seems to be 
approximately 5.3 eV as shown in secondary region of 
Fig.2 (a). [22] The HOMO of pentacene on ITO is 
assumed to be 4.8 e V as shown in HOMO region of Fig.2 
(a). In this case, change in the position ofthe pentacene 
vacuum level as a function of the thickness (l nm-10 nm) 
was observed. On the other hand, the low work function 
of ITO was obtained by the same process mentioned 
above without UV-ozone treatment. In this case, the work 
function of ITO seemes to be approximately 4.2 eV as 
shown in secondary region ofFig.2 (b). [21] The HOMO 
ofpentacene on ITO is assumed to be 4.8 eV as shown in 
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HOMO region ofFig.2 (a). [23] In this case, no change in 
the position of the pentacene vacuum level as a function 
of the thickness (1 nm-10 run) was observed. Figure 2 (c), 
(d) shows the energy band diagram at the interfaces of the 
pentacene/ITO. The hole injection barrier is formed at the 
interfaces by the difference between the work function of 
the ITO and the HOMO band of the pentacene. From 
these results, it was found that the hole injection barrier at 
the interface of pentacene/low work function ITO is 
higher than that of pentacene/high work function ITO. 

3.2 Static characteristics for pentacene SITs 
The operating mechanism of the OSITs was 

explained as follows. The injected hole carriers from the 
source flow toward the drain region through the saddle 
point of the potential barrier at the gate. The current flow 
of the OSIT is controlled by the potential barrier height 
depending on the AI gate applied voltage. In other words, 
the current from source to drain is restricted by spreading 
the depletion layer around the AI Schottky gate electrode 
under positive gate voltage. 

Before measuring the static characteristics of the 
OSIT, the differences in /-V characteristics between the 
gate and source electrodes, and the gate and drain 
electrodes are measured to confirm formation of a 
Schottky barrier near the AI gate electrode. The resulting 
1- V curves exhibit rectification property, with a forward 
bias corresponding to a negative voltage applied to the 
gate AI electrode. The experimental results are in good 
agreement with the results reported by other authors; that 
is, the pentacene films show p-type semiconducting 
properties, forming a Schottky barrier contact with the AI 
gate electrode. In addition, the avalanche breakdown 
point was not seen until an applied gate voltage of +5 V. 
In addition, the current-voltage (/-V) characteristics 
between the source and drain electrodes were measured 
under the floating gate condition. In the case of the 
pentacene SITs on the high work function ITO, a 
symmetrical /-V curve was exhibited at the drain applied 
voltage from -3 V to +3 V. This indicates that the hole 
injection from ITO electrode was similar to that of Au. 
Based on these results, the pentacene/ITO contact have a 
high efficiency at hole injection due to a small difference 
between the work function of ITO and the HOMO of 
pentacene as depicted in Fig. 2 (c). And then, in the case 
of the pentacene SITs on the low work function ITO, an 
asymmetrical /-V curve was exhibited at the drain applied 
voltage from -3 V to +3 V. This indicates that the hole 
injection barrier was higher than that of the pentacene 
SIT on the high work function ITO as depicted in Fig. 2 
(d). 

We also measured static characteristics such as the 
source-drain current (/DS) as a function of the 
source-drain voltage (V DS). To operate the OSITs, it is 
important that the voltage range applied to each electrode 
does not adversely affect the Schottky barrier around the 
gate electrode. In the experiment, V DS was changed 
continuously from 0 V to -3 V while the gate voltage (Va) 
was changed from approximately -0.8 V to +2.5 V. Figure 
3(a) and 3(b) show the static characteristics for the 
pentacene SIT on the high work function ITO and the low 
work function ITO, respectively. In both samples, lDS at a 
constant Vns decreases with increasing Va. This 
phenomenon demonstrates that the majority carriers of 
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Fig.3. Static characteristics of the pentacene SIT on the 
high work function ITO (a) and the low work function 
ITO (b). 

holes in the pentacene flow from the source to the drain 
and are controlled by gate voltage Va applied to the AI 
Schottky gate electrode. These results indicate that the 
on/off ratio for the pentacene SITs on the low work 
function ITO was higher than that on the high work 
function ITO. On the other hand, the current values were 
almost the same with changing the ITO work function. 

These results demonstrate that at a constant drain 
voltage higher than the threshold voltage for the 
pentacene SITs on the low work function ITO, the source 
region is filled with hole and the hole injection barrier as 
a tunneling barrier thickness becomes thinner and the 
hole injection barrier height becomes lower as the 
negative gate voltage is applies. The tunneling hole flows 
from source to drain, which decreases with increasing the 
gate applied voltage and increases with decreasing gate 
applied voltage. This phenomenon can be explained by 
the presence of the hole injection barrier as a tunneling 
barrier. 

Here, Fowler-Nordheim tunneling theory [24] was 
referred to confirm the presence of the tunneling current 
in Ins. If the gradient is negative in Fowler-Nordheim plot 
(FN plot), the tunneling current was contained in Ins. 
Figure 4(a) and 4(b) show ln(-/nsf Vns~ vs -11 Vns 
characteristic known as FN plot of the static 
characteristics for the pentacene SIT on the high work 
function ITO and the low work function ITO, respectively. 
They were characterized to conform the dependence of 
the gate voltage Va on the tunneling current in 
drain-source current Ins. In case of the plot for the SIT on 
the high work function ITO, the negative gradient was 
not seen due to the absence of the tunneling current. On 
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the other hand, in the plot for the SIT on the low work 
function ITO, the deviation from the negative gradient at 
higher V DS is likely to be due to the tunneling current. 

These results demonstrate that the formation of the 
carrier irtiection barrier works as a tunneling barrier at the 
pentacene I ITO interface is effective to fabricate the high 
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Fig.4. Fowler-Nordheim plot of the static characteristics 
for the pentacene SIT on the high work function ITO (a) 
and the low work function ITO (b). 

performance organic SITs. 

4. CONCLUSIONS 
We can find the clear correlation between the static 

characteristics of a pentacene SIT and the interface 
condition of pentacene/ITO as a source electrode by 
changing the ITO work function.. As a result, it is 
necessary to form the hole injection barrier works as 
tunneling layer on a ITO as a source electrode to achieve 
the high on/off ratio for the organic SIT. The barrier 
works effectively as controlling a tunnel current from a 
source electrode by applying the gate voltage. From the 
UPS measurement in this study, the energy band diagram 
at the interface of pentacene/ITO was clear to understand 
the mechanism fur operating of the OSITs. However, the 
influence of the work function of ITO on the energy band 
condition at the interface of the pentacene/ITO requires 
further investigation by means of atomic forth 
microscope to observe the morphology at the surface, 
X-ray diffraction measurement to investigate the 
crystallinity of the pentacene film and so on. This 
research is currently progressing towards the fabrication 
ofthe high performance OSITs. 
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