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The authors study the use of pentacene thin-film transistors as phototransistors. The shift in turn-on
voltage (V,,), responsible for the high photosensitivity of these devices, is shown to be strongly
dependent on illumination time and applied gate voltage. The time dependence of this process is
similar to the shift in V,, during bias stress experiments in the dark, and illumination can simply be
accounted for as an acceleration factor for bias stress instability. By comparing the characteristics of
devices with different gate dielectrics, trapping of electrons by OH groups at the gate dielectric
interface is indicated as a main origin for these shifts. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2777177]

In recent years, several reports have mentioned a shift in
threshold voltage (V;) and turn-on voltage (V,,) upon the
illumination of organic thin film transistors (OTFTs).?
Typically, the transfer characteristics of p-type transistors
measured under illumination are reported to shift toward
more positive gate voltages with respect to the transfer char-
acteristics in the dark. This shift can be as large as several
tens of volts and thus results in a dramatic change in the
current measured at constant voltage. This observation has
been made both for small molecule and for polymer semi-
conductors. It is usually not accompanied by a change in
mobility or subthreshold slope.

In this work, we analyze the time dependence of this
light-induced shift in V, of pentacene transistors. We show
that the light-induced shift in V,, has a similar time depen-
dence as dark bias stress, and that the mechanisms for these
shifts are indeed related to each other. This observation is
further corroborated by the experimental verification that
transistors designed to show less light-induced voltage shift
also suffer less from dark bias stress voltage instability.

In order to measure the time dependence of the light-
induced shift in V;, OTFTs were illuminated with a number
of illumination periods ranging from 100 ms to 1000 s. Dur-
ing these periods, a constant illumination power Pj; and a
constant gate-source voltage Vg pias are applied. In between
the successive biased illumination periods transfer character-
istics are recorded in the dark to determine the shift of V,
(AVon=Von—Voninir)- We prefer to track V,, rather than V7, as
Voo 18 mainly determined by trapped charges, while shifts in
Vrin an OTFT can be due to changes of many more physical
parameters such as the mobility and subthreshold slope. We
define V, as the gate-source voltage Vg at which the drain
current I/, reaches 0.1 nA. This current value is chosen to be
low enough in the steep subthreshold region of our OTFTs to
allow precise determination of V., (typical subthreshold
slope is S7'=0.39 V/decade), yet sufficiently high to be eas-
ily measurable without noise. The V,,, of the transfer curve
preceding the first biased illumination period is called Vi, ji-
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Precautions were taken to minimize bias stress, and thus a
possible shift in V,, during recording of the transfer charac-
teristics between the biased illumination periods. First, the
transfer curves were measured with pulsed Vgg (pulse
width=100 ms and pulse period=200 ms).* Second, the
transfer curves were measured only from the previous V,, up
to the new V, resulting in transfer curves of only a handful
of points and at very small channel currents. With these mea-
surement conditions, we can assure that the measured shift in
Von 18 the result of the applied biased illumination periods
and not of stressing during the measurement of the transfer
curve itself.

All devices were fabricated on a heavily doped silicon
wafer, used as gate, with 100 nm of thermally grown SiO,,
used as a gate dielectric. Gold interdigitated source and drain
electrodes were deposited on top of the SiO, using a standard
lift-off photolithography process. The source and drain elec-
trodes were treated with a monolayer of 1-dodecanethiols,
while the SiO, was covered with a monolayer of octadecyl-
trichlorosilane (OTS) deposited from the gas phase.5 Finally,
40 nm of pentacene was deposited in an ultrahigh vacuum
chamber (1078 Torr, 0.25 A/s, and Tyypgmue=68 °C). The
characteristics of the OTFTs were measured with two
computer-controlled Keithley 2602 units in a darkened nitro-
gen glovebox [ppm(H,0)<5 and ppm(0O,) <0.5]. The de-
vices were illuminated from the pentacene side with a light
emitting diode (Fairchild MV8114, \,.,,=660 nm, spectral
line half width=20 nm) at the absorption peak of pentacene.
Illumination power was measured with a Newport UV-818
photodetector.

The inset of Fig. 1(a) shows typical transfer characteris-
tics of our OTFTs prior to illumination. Figure 1(a) shows
the shift of V,, (AV,,) vs ¢t measured when the OTFT is
biased in the on state during the biased illumination periods
(Vpsbias=—0.1 V and Vg pias=—20 V<V, i), Where 7 is
the total illumination time accumulated over all illumination
periods. We observe no influence of illumination on AV,
The observed power law evolution of AV, can be the short
time range approximation of a stretched hyperbola or a
stretched exponential function. Both functions are used since
decades to describe AV, in bias stress experiments in the
dark on hydrogenated amorphous silicon thin film
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FIG. 1. (Color online) For a device with a gate dielectric covered with OTS:
(a) AV,, vs t with and without illumination when biased in the on state. The
symbols represent the data and the dashed line the fit to a power law.
Vas.vias=—20 V. The inset shows typical transfer characteristics. (b) AV, vs
t for different illumination powers when biased in the off state (Vg pias
=10 V). The symbols represent the data and the dashed lines, the fits to a
double stretched exponential function. The fitting parameters are listed in
Table 1. AV,,/(Vis bias— Vonini) VS 1(1+77Py;) from which the fitting param-
eters for the double stretched exponential function have been derived.

transistors® and, more recently, also in bias stress experi-
ments in the dark on OTFTs biased in the on state.””' We
find the parameter 8 to be 0.37, corresponding to the values
recently reported for bias stress experiments in the dark on
pentacene OTFTs biased in the on state.'2

Figure 1(b) shows AV, vs t when the OTFT is biased in
the off state (VDS,bias:_O'l V and VGS,biasle V>V0n,init)
during the biased illumination periods. In this bias regime,
illumination does have a pronounced influence on AV,,. We
find that all our measured data can be well described with a
fitting function similar to a stretched exponential. The
stretched exponential function,

t\P
AVon(t) = (VGS,bias - Von,init) I- eXP(‘ <;> ) P (1)

can be derived assuming an exponential distribution of en-
ergy barriers which need to be overcome to trap a charge.6
The trapping time 1is in this case given by 7
=v! exp(E,/kgT) and B=T/T,, with E, the mean activation
energy to overcome, kg7 the slope of the distribution in the
activation energy, and v an attempt-to-escape frequency. The
fitting function that we find to describe all our measured data
is a double stretched exponential function, adapted to take
into account the illumination power,
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FIG. 2. (Color online) AV, Vs V(s pias— Voninit fOr three sets of devices with
a different surface treatment of the gate dielectric, once in the dark and once
under illumination. Illumination time was constant for all measured data
points.
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where 7 is an efficiency factor determining the acceleration
of AV, by means of illumination and is chosen to achieve an
optimal overlap in a AVy,/(Vgs.pias— Vonini) VS 1(1+ 7Py
plot, as shown in Fig. 1(c). The fitting curves with fitting
parameters derived from Fig. 1(c) are added to Fig. 1(b): 7
=57 cm?/mW, B,=0.62, B,=1.50, 7,=7.1X10*s and 7,
=2.3X10* s. The origin of this double stretched exponential
fitting function is the underlying trap distribution, which is
not studied in this work, but appears to necessitate taking
into account two time constants. Remarkable in Eq. (2) and
the excellent fits we obtain with it on our measurement data
(Fig. 1(c)) is that illumination proves to simply provide an
acceleration for bias stress. We attribute this effect to the fact
that both are due to electron trapping. Indeed, electron trap-
ping at the gate dielectric/organic semiconductor interface is
the main suspect for the shift in V,, in organic
phototransistors.13 When illuminating the semiconductor, ex-
citons are generated, a fraction of which are dissociated in
electrons and holes. A positive gate bias under stress drives
electrons to the semiconductor-gate insulator interface,
where electron trapping occurs.

To further investigate this hypothesis, we have compared
the bias stress behavior of OTFTs with different surface
treatments, which have different densities of OH groups and,
consequently, a different likeliness to allow electron trapping
according to the work of Chua et al."* In one type of treat-
ment, the monolayer of OTS was omitted and the pentacene
was deposited on bare SiO,. In other series of experiments, a
4 nm thick layer of poly(a-methylstyrene) (PaMS) was spun
on top of the SiO,. In this case, the source and drain elec-
trodes were covered with a  monolayer of
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-
decanethiols to confine the PaMS to the transistor channel.'?
Other processing steps were identical to the ones for an OTS
treated device.

Figure 2 shows AV, for a fixed 7 and Py, and for differ-
ent Vs bias- Each point of Fig. 2 was measured on a different
fresh OTFT. When biased in the on state (Vgs pias < Von.init)s
neither illumination nor the treatment of the SiO, has a pro-
nounced effect on AV,,. On the other hand, when biased in
the off state during illumination (Vs pias > Von.init)» the accel-
erated shift in V,, with illumination and the linear depen-
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FIG. 3. (Color online) AV, vs t for three sets of devices with a different
surface treatment of the gate dielectric, once in the dark (open symbols) and
once under illumination (filled symbols) when biased in the off state. The
symbols represent the data and the lines the fits to a double stretched expo-
nential function. SiO,: Vggpias=15 V and P;;=0 and 8.4 mW/cm?; SiO,
+OTS: Vispians=10 V and Py=0 and 14.9 mW/cm?; and SiO,+PaMS:
Viswias=10 V and Py=0 and 14.6 mW/cm?® The fitting parameters are
listed in Table I.

dence of AV, on Vs pias— Von.init can be verified for all three
cases. It is observed that AV, for OTS-treated OTFTs is
larger than for OTFTs with PaMS on top of the SiO,, but
smaller than that for OTFTs on bare SiO,. This correlates
well with the relative density of OH groups and reported
electron trap densities at the surface of these dielectrics: OH
groups at the surface of SiO, are known to induce electron
traps while PaMS and, to a lesser degree, OTS are known to
reduce this source of electron trapping.14 We can therefore
explain all our measurement results with a model that corre-
lates the shift in V, with electron trapping in the dielectric or
at the dielectric interface. In this model, illumination accel-
erates the process by providing extra photogenerated elec-
trons ready to be trapped.

The evolution of AV, with 7 for the three different sur-
face treatments is compared in Fig. 3 together with the ap-
propriate double stretched exponential fitting functions.
Table I summarizes the fitting parameters for the three types
of dielectric surfaces together with typical values for the
transistor parameters Vi and hole mobility w;. To derive
values for 7, and 3, for a PaMS treated sample, illumination
times up to 10* s would be necessary. Variations on all pa-
rameters were small for OTFTs on the same sample, and
sample to sample variations were not larger than 15%, which
is much smaller than the differences between the three di-
electric surfaces. As expected, the 7 values increase with a
decrease of the initial concentration of the OH groups at the

TABLE 1. Fitting parameters for the double stretched exponential function
and typical values for the transistor parameters of devices with different
surface treatments of the gate dielectric. The hole mobility was calculated
from the linear regime.

Von,init My n Bi B T K]
(V) (ecm?/Vs) (cm?>/mW) (au) (au)  (s) (s)
SiO, 7.5 0.2 48 0.53 1.52 1.3X10* 8.4x10°
Si0,+O0TS 2.0 0.6 57 0.62 1.50 7.1x10* 2.3 10*
SiO,+PaMS 0.0 0.1 20 0.71 2.7X10°
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interface. The 7 value for the bare SiO, sample approaches
the timescale on which Chua et al. report the SiO-H band in
the attenuated total reflection—Fourier transform infrared
spectrum to decrease in a similar device." Von can only shift
to more positive voltages when electrons get trapped over the
complete channel length, a process requiring electrons that
are either supplied by injection from the contact or by pho-
togeneration. With this in mind, we can attribute a physical
meaning to the parameter 7, namely, as being the ratio of the
photogenerated to the injected electrons,

Tabsq
S —— 9
I darkh v

3)

with 7, the absorption in the channel region of the OTFT,!
q the elementary electron charge, /4, the dark electron cur-
rent, and hv the photon energy. This explains the lower »
value for the PaMS treated sample as the dark electron cur-
rent is remarkably higher in this sample. Finally, the 8 values
on the three surfaces are found to be very similar to each
other.

We conclude that the reported organic phototransistor
behavior of pentacene OTFTs, where V,, (and V;) is ob-
served to shift as a result of illumination, is caused by trap-
ping of electrons at OH groups which are located at the gate
dielectric/organic semiconductor interface. The illumination
accelerates this process by providing an excess of photoge-
nerated electrons which are attracted toward the interface by
the positive gate bias. Dielectric surfaces that are less ame-
nable to electron trapping result in less bias stress instability
and, as a corollary, to a smaller phototransistor effect.
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