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Bias-induced threshold voltages shifts in thin-film organic transistors
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An investigation into the stability of metal-insulator-semicondudi@lS) transistors based on
a-sexithiophene is reported. In particular, the kinetics of the threshold voltage shift upon application
of a gate bias has been determined. The kinetics follow stretched-hyperbola-type behavior, in
agreement with the formalism developed to explain metastability in amorphous-silicon thin-film
transistors. Using this model, quantification of device stability is possible. Temperature-dependent
measurements show that there are two processes involved in the threshold voltage shift, one
occurring atT~220 K and the other aT~300 K. The latter process is found to be sample
dependent. This suggests a relation between device stability and processing parame084 ©
American Institute of Physics[DOI: 10.1063/1.1713035

One of the most important stability issues in organicon the processing parameters and matefitlis known that
transistors is the shift in the threshold voltage upon applyingsome devices are more prone to this instability than others,
a bias to the gate electrode, so-called stressing. The appliesyen when they are made from the same organic materials
negative gate potential for jg-type semiconductor causes a and fabricated under similar conditions. The key to these
buildup of mobile charges at the semiconductor/insulator indifferences should reside in the processing and handling con-
terface, which are then trapped. As a consequence, to readitions. Therefore, to establish a correlation between pro-
an identical channel current subsequently, a higher gate voltessing parameters and electrical stability it is important to
age has then to be used. Bias stress effects have been k& able to quantify the electrical stability. In this letter we
ported for transistors based on pentacene, polythienylenshow that formalism developed for amorphous silicon thin
vinylené— a-sexithiopheng poly-9,9-dioctyl-fluorene-co- film transistors &-Si TFT9 can be also applied to
bithiophene and regioregular-polythiophérfen an attempt a-sexithiophene(a-T6) thin-film transistors and used to
to understand the physical origin of this instability and thequantify the device stability.
exact location of the trapped charges, several authors have The a-T6 thin films were deposited by thermal sublima-
studied the effect using different dielectric materiaisdif-  tion in a ultrahigh vacuum organic molecular beam deposi-
ferent types of Si@, and different surface dielectric tion apparatugbase pressure 18 mBar) onto preformed
treatments. It is well established that ionic movements in TFT test substrates, consisting of a heavikgdoped silicon
thermally grown SiQ do not occur. Therefore, the data gate electrode, a 200-nm-thi¢thermally grown SiO, insu-
available in the literature suggest that stress in devices usingting layer C.,=19 nFcm ?), and a patterned gold layer
thermally grown SiQ is related to the properties of the or- as the source and drain electrodes. The channel dimensions
ganic semiconductor itself. Recent work has also shown thagere W/L=20000/10um?. During the deposition, the
the bias stress effect can be reversed by band gap®lightsample substrate was held at 150°C. Gate bias stress has
confirming the view that the stress effect is due to trappegheen carried out in the linear regime using a voltage between
charges located within the semiconductor film, near the digrain and source terminald/gs) of —0.5V. The transfer
electric interface. Several authors have also reported that theéharacteristics were rapidly measured following a predeter-
threshold voltage shift is reversible, and that the recoverynined stressing time. All the measurements were carried out
process can be enhanced by a positive gate'tfias. in vacuum (106 mbar). The transistors used in this study

Although important progress has been made in determinaxhibit good characteristics, with a low off current, and a
ing th(_a Iocati_on_ of the trapped charges_ inducgd by voltaggie|d-effect mobility of 1.7<1072 cm?/V's. The | ps— Vps
stressing, a limited number of systematic studies have be&gryes exhibit current saturation as well as negligible contact
reported concerning the dependence of the bias stress Eﬁe%%istance{see Fig. 1
Since in organic materials the transfer characteristics are
3Electronic mail: hgomes@ualg.pt often not linear, it is usually difficult to obtain a unique slope
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FIG. 1. Drain current against drain voltage characteristics measured for g|G, 3. Measured values of relative threshold-voltage shift at 290 K (

range of gate voltages applied to a sexithiophene transistor. 296 K (0), and 320 K(+) plotted as a function of thermalization energy
(see text for details The solid line represents the best fit based on(By.

and an intercept from which the mobility and the threshold

voltage can be extracted. This problem is well known, andhe underlying microscopic processes are different, in both

has been addressed @Si TFT technology, as well as in models the creation of states is governed by a dispersive

organic based devicés!® Usually it is considered that the process, typical of amorphous materials. These models lead

parametric field effect mobility 4re7) increases with the to a differential equation for the density of states created,

gate voltage asuper=uo(Vos—Vi)?, Where Vy, is the  ANp, which is proportional to AVy,, since ANp

threshold voltageY ;s the gate-source voltage, apg) andy  =CoxAVy,. These states are the ones that must be filled
are empirical parameters defining the variation of the mobilbefore significant conduction can occur via accumulation
ity with Vgs. layer. Based on these models it is readily shown that the rate
The drain current in the linear region, i.e., for small drainof change inVy, is given by
voltage and foVgs> V4, is then given by dVy, d(ANp) atﬁfl
1+ ¢ ————*Ngr(t)“—5—, 2
I DS™ K(VGS_ VT) yVDS' (l) dt dt to

In the data analysis carried out herein, the linear transfewhere the time constartt, is thermally activated, i.et,
curves were plotted a%’é“ Y versusVgs. yandVy, canbe = v~ L expEa/kgT). Here E, is the mean activation energy
extracted from the experimental curve using an integral profor trap creationg is a dispersion parameter given ByT,,
cedure proposed by Cerdeieaal.” Figure 2 shows the evo- wherekgT, is the slope of the distribution in the activation
lution of typical experimental transfer characteristics afterenergies for trap creation andan attempt to escape fre-
negative gate bias stresgg of —10V for different stress quency. When a=1, Eqg. (2) results in a stretched-
times and fory=0.81. As can be seen, the transfer curves ar@xponential functionVy,~1—exg —(t/to)’] commonly ob-
linear over an extended voltage range and it is possible teerved in disordered materidfs’>'®The parameteNg(t)
extract an unambiguous value fdy,. Moreover, the thresh- represents the concentration of carriers in the band tail states.
old voltage shift approaches the stressing gate voltage for When applied to experimental threshold voltages shifts
long stressing times. ona-Si TFT's, the stretched exponential gives a poor agree-
As previously reported by othérdwe also observe that ment. It was found that a better agreement was obtained for
Vi, will recover to its original value if the device is left a-Si TFTs with « in the range of 1.5-1.%. Furthermore
unbiased. The recovery can be enhanced if a positive gateveral authors combined the stress tinaed temperaturé
bias is applied. Furthermore, if the device is slightly heatedn a so-called thermalization enerdy,=kgT In(2t) which
up with a positive gate bias it can be brought to a state wherean be interpreted as all possible trap sites \Eitls E,, have
it even exhibits higher current levels and behaves as a nobeen filled at time. Equation(2) then results in a stretched

mally ON device. hyperbolat3181°
Previously, studies have reported that the time depen- , _/ini 1
. . th th
dence ofVy, upon stress follows a logarithmic lgtin our ==1— EE Ta=T) 3)
case we found that the time dependencé/gfis in agree- Vo= Vin exp[ th A] +1
mentwith phenomenological description developed in studies ksTo

of electrical stability ina-Si TFTs. Fora-Si TFTs two major

models wore developed to explify. shiftst42 Although where V{| is the initial threshold voltage and, the gate
h .

stress voltage.

Figure 3 shows the relative threshold voltage shift
AVE'= (V= Vi) /(Vg— Vi) in (a-T6) TFT's as a function
of the thermalization energy for two bias stress experiments
carried out at the temperatures of 296, 290, and 320 K. The
experimental curves will fall in top of each other by selecting
an appropriate attempt to escape frequencyhich we find

, to be about 1DHz. Reasonably good fits can also be ob-
g N0 tained with slightly different values for the attempt to escape

~Vas (V) frequency; therefore the uncertainty of this fitting parameter

FIG. 2. Evolution of the linear transfer curves with increasing stress time,ls_rather large. It is not possible to improve the accur_acy of
up to 5% 10° s with Vs= — 10 V. The curves are plotted following E)  thiS parameter because the temperature range available to

in which y=0.81. carry out the stressing experiments is quite narrow. As will
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" © activation of the effective charge carrier mobility. Above 220

" K the stress mechanism competes with the rise in mobility,
\ therefore, the overall decrease in current is a convolution of
. the two processes. Furthermore, subsidiary stress experi-
. ments carried out in the first stressing regioh=240 K)

2 @ show that the activation energy for defect creatidf, (
e UEE————— ~0.3 eV) is lower than the one observed at room tempera-
Temperature (K) ture, suggesting that the mechanism responsible for stress is

. . different at 240 K. This makes the analysis of both mecha-
FIG. 4. Temperature dependence of the drain current, when the device is

subjected to different gate voltage&) for Vo=-7V, (b) for Vg= nisms in-an m_dependent manner very difficult. .
-8V, and(c) for Vg=—9V. In conclusion, we have shown that a phenomenological
description used in studies of stability @ Si TFTs is appli-
) ) ) ) cable to organic based transistors. Using this description
be discussed later, electrical stress dominates only in tWBhysicaI meaningful parameters are extracted that can be

narrow temperature ranges, one located in the range 22050 a5 an indication of the devices stability. In the frame-

250 K and one above 300 K. Temperatures above 320 K,y of the exponential barrier model, the param@&grcor-
were not used to prevent other effects, such as thermal URagnonds to the most probable energy barrier for defect cre-
doping. For fitting the present resultBig. 3) we used the  aion of trap filling. We believe that some fabrication step is
stretched-hyperbola formal_ls_m of E(B), we useda=1.5 the key to understanding the instability. Further studies of the
and y=10° Hz. The only fitting parameters weig, and microscopic mechanisms of defect creation must to be un-

KgTo, which were systematically changed to yield the beslyg iaken to understand the effect and to ascertain whether it
fit to the data. From the fitting we obtalB,=0.52 eV and .o pe related to a measurable bulk property.

kg To=33 meV. Higher values foE, reflect a higher stabil-
ity; therefore, using this phenomenological approach it is  One of the author$H.L.G.) would like to acknowledge
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