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ABSTRACT

A low temperature high quality gate dielectric process for bottom gate organic thin film transistors (OTFT) is
introduced which is compatible to plastic substrates. The AloOj dielectric is grown from the aluminum gate
electrode by anodic oxidation at room temperature and exhibits an exceptionally good electrical performance even
for thin layers of 50nm. Finding an electrolyte which significantly reduces dielectric charges was instrumental
for the desired OTFT application. The electrolyte and substrate dependent behaviour was characterized and
compared to different dielectrics to point out the advantages of anodic oxidized aluminum. The characteristics
of pentacene bottom contact OTFTs realized with anodized AloO3 gate dielectric on glass and plastic substrates
are presented.
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1. INTRODUCTION

Thin film transistors (TFT) with organic semiconducting material instead of silicon as active layer have a big
potential for flexible display technologies. These so called organic thin film transistors (OTFT) can be used
in a wide range of applications where flexible materials and low cost are required. In contrast to silicon, the
thermal, structural and mechanical properties of organic semiconductors are similar to those of flexible plastic
substrates. Additionally, organic semiconductors are deposited with low temperature processes. Since the
maximal thermal load for many low cost substrates is less than 200°C, such low temperature processes are
essential. One disadvantage of OTFTs is the low mobility resulting from weak Van der Waal bonds. These Van
der Waal bonds dominate in organic semiconductors in contrast to the covalent bonds dominating in conventional
semiconductors.

Developing a process for OTFTs on flexible plastic substrates requires low temperature processes for all
layers. For conventional display applications SiO5 and SigNy are used as dielectric layer. Since these insulating
materials are deposited at around 280 °C they have to be replaced by low temperature alternatives. Finding
a low temperature dielectric with good electrical properties is one of the most important steps in developing
OTFTs.

One basic requirement for a switching TFT in an active matrix addressed display is a high on-current Ioyn
and a low off-current Iopr. A high Ioy is required to allow fast switching of the pixel and a low Iopr to avoid
discharging of the pixel in its OFF-state. For a low leakage current through the gate dielectric, a high quality
insulating layer with a low defect density must be used.

The influence of the mobility w, the gate capacity Cgs, the width w and length [ of the transistor channel,
the voltage between gate and source Vgg and threshold voltge Vi, on Ioy is given by!

w

Ion = LLCGS2—Z(VGS —Vin)? . (1)
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The mobility u and thus the Iox is limited by the weak van der Waal bonds. It is possible to decrease the
operating voltage Vg and the threshold voltage Vi, by using a dielectric with a high specific gate capacitance
Cas. From

Cas = (2)

with eg = 8.85-10712 As/vm can be seen that Cgg, can be increased by selecting a dielectric with a high dielectric
constant e, and a low thickness d. To achieve dielectric layers with a high Cgg different attempts can be found
in literature.2* The properties of oxides which are grown from Aluminum or Tantalum by anodic oxidation
are suitable as dielectric layers in OTFTs since thin layers of about 50nm can be reliably produced having
er = 9 and &, = 27 respectively. Anodic oxidation is a low temperature process which is important for the
use with plastic substrates. Additionally, our experiments showed that the surface roughness decreased during
the process. The surface of the anodized metals is smoothed and the defect density is reduced. A low surface
roughness is important for the growth of evaporated organic semiconductors.®

2. EXPERIMENTS AND RESULTS

Different dielectric materials are investigated for their compatibility in organic thin film transistors. Two different
organic and four inorganic materials are investigated. The organic dielectrics, a polyacryl and a polyimide, are
deposited by spin coating. The inorganic materials are plasma enhanced chemical vapour deposited (PECVD)
SizNy and SiOj layers which have been developed for polysilicon TFTs® and anodically oxidized Ta;Os and
Al,Os.

In this work the transfer of OTFT processes to plastic substrates is important. Therefore a low temperature
dielectric with good insulating properties is needed. Spin coating and anodic oxidation are low temperature
processes. The deposition temperature for the PECVD SiO5 and SigNy layers is 280 °C and is not suitable for
the application on plastic substrates. But they are useful to compare the proved dielectric properties with those
of the low temperature ones. Since the anodized oxides fullfill the above mentioned requirements the anodization
process is discussed in more detail.

2.1. Anodisation process
Figure 1 shows schematically the anodization process.
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Figure 1. Model of the anodisation process.
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The substrate with a structured metal layer of aluminum or tantalum is used as the anode and a metal plate
as the cathode in an electrolyte bath. The electrolyte must be electrically conductive and for the aluminum layer
the pH-value must be between 6 and 8 otherwise the aluminim layer is dissolved. During anodisation the current
density is kept constant while the voltage increases linearly with the oxide thickness. Metal ions migrate onto the
surface of the metal and react with OH ™~ anions of the electrolyte. One part of the oxide grows into the metal
and the other grows on the metal. The voltage defines the thickness of the oxide. When the desired tickness is
reached, the voltage is kept constant so that the current density drops exponentially.” Ethylenglycol and HyOo
buffered with ammoniumhydroxid to obtain a pH-value of 7 are used as electrolyte to form Al,Ogs. Citric acid
and HyO- are used to grow TapOs. A varity of different possible electrolytes can be found in literature.* -8

2.2. Characterisation of the dielectric

Capacitors are first built on glass substrates to characterize and compare the different materials. The current
density is measured while increasing the electrical field strength linearly by % = 25kV/em-s. The resulting
total current density jio4 consists of the addition of the displacement current jgis and the leakage current jieax
according to

. . . dE |

Jtot = Jdis T Jleak = grEOE + Jleak - (3)
In this equation €, and ¢y are the dielectric constants for the material and the vacuum respectively. In the
resulting graph the constant part of the curve is due to jq;s which depends on the dielectric material constant
and the electrical field strength ramp. The slope results from jjeak. The breakthrough field strength is defined
as the value when the current density reaches jior = 1076 A/cm2.

The measured current densities over the electrical field strength of the different materials are presented in
figure 2. Since the maximum voltage Upax of the used picoamperemeter is limited to Upax = £100V, the
maximum applied electrical field strength E,.x = Umax/ d for each capacitor depends on the dielectric thickness
d. From figure 2 it can be seen that the current density for the spin coated polyacyryl and polyimide increases
strongly with the applied electrical field. For SiO5 and SigNy jiot is influenced only by jgis for a wide area before
the breakthrough occures. Both anodically oxidized dielectrics Al,O3 and TasO5 show an unsymmetry between
positive and negative field strength. While a definite breakthrough can be observed in the negative region it
is not well defined for positive field strength. The definite breakthrough in the negative region can be related
to the direction of the applied electrical field strength, which is the same as during the oxidation process. We
assume that negative anions in the oxide are causing the undefined breakthrough for positive field strengths.

Table 1 summarizes the thicknesses, the dielectric constants e,, the breakthrough field strengths Fq and
the average roughness R, determined by atomic force microscope (AFM) measurements for the investigated
materials. The average roughness of anodically oxidized dielectrics is higher than for the spin coated and for
SiO; layers but it is comparable to the roughness values measured on SizN4. The anodically oxidized materials
have been further investigated due to their electrical performance, the low deposition temperature, the high
dielectric constants and the possibility to form thin layers which reduces the required OTFT operating voltages.

Table 1. Thickness, dielectric constant, breakthrough field strength and surface roughness of investigated dielectrics.

material thickness nm] e, EJ [MV/em| E; [MV/em] roughness R, [pm]

Al,O3 60 9 ~ 5 6 935
TasOs5 50 27 2 4.5 1150
Si04 100 3.9 8 >10 667
SizNy 200 7.5 >7 >7 978
polyimide 400 3.9 <3 2 561
polyacryl 400 3.9 <4 3 521

Proc. of SPIE Vol. 5940 594010-3

Downloaded from SPIE Digital Library on 21 May 2010 to 131.180.130.114. Terms of Use: http://spiedl.org/terms



Al O3

Si0, : polyacryl

-1 -0.8 -0.6 -0.4 -0.2 0 . . .
E [V/cm] x 107

Figure 2. Measured total current density jior depending on the electrical field strength of different dielectric materials.

To improve the electrical and structural properties of anodically oxidized dielectrics, different electrolytes are
investigated. The results for the electrical performance are summarized in table 2 and in figure 4(a). Charac-
teristic anions which are included in the ethyleneglycol and aqueous citric acid electrolytes are supposed to be
incorporated in the dielectric during oxidation and negatively influence the breakthrough performance.® By
using HyO5 as electrolyte the electrical performance of both AlsO3 and TagOj5 is improved especially for positive
field strengths. Beside that the average roughness R, is decreased with the use of HoOs.

Table 2. Thickness and breakthrough field strength dependenting on the electrolyte.

material  electrolyte  thickness nm] EJ [MV/em| E; [MV/em] R, [pm]

Aly03  ethylenglycol 60 ~ 3 5.5 1570
Al,O3 H>0- 60 =5 6 935
TasO5 citric acid 100 0.1 0.5 1150
Ta205 HQOQ 50 2 4.5 997

2.3. Kiessig Interference measurements

The structure of AloO3 is examined by Kiessig Interference measurements. For this measurement the substrate
is radiated with a x-ray under small angles of incidence. The x-ray penetrates into the materials and is partly
reflected at the layer interfaces. The thickness of the different layers is obtained from the distance between two
of the occuring interferences by using equation 4 wherein d is the thickness and ¢, ; and ¢, ;1 are the orthogonal
wave vectors of two proximated interference maxima:

2.

d = . 4
qli —qli-1 ( )

The damping of the curve depends on the surface roughness of the investigated layers.
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As shown in figure 3 the structural performance of Al;O3 is improved with the use of HoOs. From the reduced
damping of the oscillation for the HoO2 electrolyte it can be concluded that the smoothness of the surface and
the transition region between the metal and the oxide are enhanced. The thickness d of the oxide layer can
be extracted with equation 4. It is d = 65nm for the Al;O3 grown in the HsO5 electrolyte and d = 57 nm
when using Ethylenglycol. Both Al;Oj3 layers are not stoichimetric as it can be concluded from the maxima and
minima positions.
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Figure 3. Kiessig oscillation of AloOs samples using different electrolytes.

2.4. Transfer to plastic substrates

After optimizing the process for AloO3 on glass substrates, it was transferred to a polyethersulphone (PES) plastic
substrate. The anodisation of aluminum is choosen as the first process to be transfered on plastic substrate since
the bandgap, which influences the intrinsic breakdown, of Al,O3 is 8.8eV in comparison to TayO5 where it
is 4.4eV.? Additionally, aluminum can be structured by wet-etching while plasma etching processes required
for tantalum are affecting the plastic. Thus none of the processes required for fabricating capacitors with
AlyO3 dielectric on plastic (sputtering and structuring the metals, anodisation with electrolytes) has a visible
detrimental effect on the plastic substrates. The electrical performance of capacitors with AlyO3 as insulator are
measured on glass and plastic substrates. The results are shown in figure 4(b). The breakthrough behaviour is
not influenced by the substrate material. The leakage current determined by the slope of the current density is
even less than on the glass substrate. The structure of the anodized films on both substrates are analysed again
with Kiessig interference. The resulting characteristics are shown in figure 5.

The resulting thickness extracted from the oscillation caused by the Al/Al;O3 interface is d = 63nm on the
plastic substrate. The thickness is not influenced by the substrate material. From the higher damping of the
curve measured on plastic substrate it can be concluded that the surface of the different layers on the plastic
substrate are rougher than on glass. The less defined absorption edge measured on the plastic substrate is related
to fixture problems resulting in a not perfectly flat substrate during the measurement.

2.5. AFM measurements

Since the surface roughness influences the growth of the following layers, it is examined with an atomic force
microscope (AFM). Figure 6(a) and 6(b) show the resulting picture of Al;O3 on glass and on plastic substrates.
While small grains are visible on the Al,Og surface on plastic the surface on glass is smooth. This indicates
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Figure 4. Measured total current density depending on the electrical field strength for anodically oxidized dielectrics.
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Figure 5. Kiessig oscillations of AlaO3 measured on glass and plastic substrates.

different growth mechanisms for the sputtered aluminum layer on PES and glass. The resulting values for the
average surface roughness R, of Al;O3 are R, = 935 pm on glass and R, = 1610 pm on plastic (table 3). The
difference in the surface roughness corresponds to the results of the Kiessig interference measurements (figure 5).

2.6. OTFT performance

The Al; O3 is used as the dielectric layer in organic thin film transistors (OTFT). OTFT structures are fabricated
on glass and plastic substrates. Bottom gate, bottom contact OTFTs are processed using aluminum as gate
metallization. The surface of the structured aluminum is anodized forming the oxide layer. As drain- and source
contact material gold is sputtered and patterened. Finally, pentacene is evaporated as semiconducting layer.
The cross section of the fabricated OTFTs is presented in figure 7. For the OTFTs a channel length of [ = 5 um
and [ = 10 pm is choosen and the channel width is varied between w = 50 pum and w = 850 um. The mobility p
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Figure 6. AFM measurements of 5 um -5 pm Al,O3 surfaces.

and the threshold voltage Vi, are extracted from saturation region of the transfer characteristic using equation 1.
The ON/OFTF ratio is based on the maximum and the minimum value of Ipg. The resulting values of the OTFT
on plastic and glass substrates are compared with each other.

pentacene

gate electrode anodized gate dielectric

drain/source contacts

substrate

Figure 7. Schematical OTFT set-up.

The distortion which occurs during the process on plastic substrates is reduced by two tempering steps, one
before the first layer has been deposited and the other one after the anodisation. The first tempering step is for
the preshrinking of the foil to reduce film stress between the aluminum layer and the substrate. The second one
is to drive out the moisture which gets into the substrate during the anodic oxidation.

The resulting transfer characteristic of OTFT on glass and plastic substrates are presented in figures 8(a)
and 8(b). The extracted parameters for the mobility p, the threshold voltage Vi, and the ON/OFF ratio of the
presented characteristics are shown in table 3.

The electrical performance of these OTFTs on glass and plastic substrates are comparable. Remarkable is
the excellent blocking behaviour resulting in low off-currents Iopr < 1-107'2 A for both substrates. Iopp is
not inflenced by leakage currents through the optimized gate dielectric AloO3. The mobility and the ON/OFF
ratio are not influenced by the substrate material as it can be seen from the values in table 3. The values are
uniformly distributed over the 2 inch test substrates and they are reproducible. Another interesting effect is the
threshold voltage shift when measuring from positive to negative gate voltages followed by a reverse sweep. This
effect occurs for both substrate materials but is more distinct on plastic. This shift depends on the value of the
most negative gate voltage which is applied to the OTFT. Reasons for this shift could be the interface defects
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Figure 8. Transfer Characteristics of OTFTs on plastic and glass substrates. w = 200 um, [ = 10 um, Vps = —10V.

Table 3. Extracted values for the mobility u, threshold voltages V;; and Vt'l‘; and ON/OFF ratio.

substrate p[em®/vs] Vi [V] Vi [V] ON/OFF ratio R, [pm]
glass 0.1 -2.9 -1 6-107 935
PES 0.1 -24 -0.3 1-108 1610

between the dielectric and the pentacene. Since the surface of AlsOs on plastic substrate is rougher than on
glass this would explain the more pronounced shift for OTFTs on plastic substrates. Similar effects in OTFT
and different explanations for this can be found in literature.'% ! These effects have to be investigated in more
detail for a better understanding and further improvements of OTFTs.

3. CONCLUSIONS

Different low temperature gate dielectrics are investigated and compared to conventionally used TFT gate di-
electrics Si05 and SigNy to find a convenient gate dielectric for OTFT application on plastic substrates. Anod-
ically oxidized AlsQOg is found to fullfill all requirements. Before the process is transferred to plastic substrates
the influence of different electrolytes on the electrical and structural properties of the dielectric is investigated.
Using breakthrough and x-ray measurements it has been shown that buffered HyO2 improves both properties.
After the process is successfully transferred to plastic substrates, OTFTs on PES are built which show similar
electrical behaviour as those on glass substrates.
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