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ABSTRACT

We have investigated the effects of illumination, both broadband and monochromatic, on the dectrical performance of
organic polymer thin-film transistors (OP-TFTSs). In each case, providing theillumination is sufficiently absorbed by the
organic polymer, the drain current of a device biased in the OFF-state is significantly increased. We have observed
increases in the OFF-state drain current as large as several orders of magnitude depending on theintensity of theincident
illumination. Whereas, the drain current of a device biased in the strong accumulation regimeis relatively unaffected by
the incident illumination. The illumination also serves to decrease the threshold voltage and increase the subthreshold
dope, but has little effect on the field-effect mohility of the charge carriers. We explain these effects in terms of the
photo-carrier generation in the channel region of the device due to the incident illumination. We have also studied how
our OP-TFTs respond to the turn-on and turn-off of gate bias under illumination and to the turn-on and turn-off of
illumination at certain gate biases.
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1. INTRODUCTION

Electronic and optoelectronic devices, such as organic thin-film transistors (OTFTSs), based on semiconducting organic
materials, both small molecule and polymer, have shown promise for use in applications such as broad-area flat panel
displays and photo-sensor arrays [1-5]. Several groups have proposed or demonstrated all-organic displays constructed
in various configurations [6-9]. In applications such as these, the OTFTs will either be integrated with light-emitting
devices (as part of the driving circuitry) or will be used to detect the light itself (as a photosensor). Therefore, it is
important to understand the effects of illumination on the eectrical performance of these devices. In this paper, we
present the results of our investigation of the electrical performance of our organic polymer thin-film transistors (OP-
TFTs) under broadband and monochromatic illumination. We also present a study of the time response of our OP-TFTs
to the turn-on and turn-off of illumination while biased in different operating regimes.

2. EXPERIMENTAL DETAILS

2.1 Device structure

The structure of the OP-TFT used in this study is shown in Figure 1. The device is in an inverted, co-planar
configuration with a defined gate and gate-planarization and has been described previously [10]. The gate definition
reduces gate leakage current compared to non-defined gate structures and the gate-planarization allows better step-
coverage of subsequently deposited layers and enhanced device performance. The source and drain contacts are
sputtered indium tin oxide (ITO) and the gate insulator is PECVD hydrogenated amorphous silicon nitride (a-SiN:H).
Benzocyclobutene (BCB) was used as the gate-planarization layer and also serves as a second gate insulator layer.
Chromium (Cr) was used for the patterned gate eectrode. The organic semiconductor F8T2 [poly(9,9-dioctylfluorene-
co-bithiophene) alternating copolymer from The Dow Chemical Company] was used for the active layer (channd
region) of thedevice. A uniform organic polymer film, with an approximate thickness of 1000A, was achieved by spin-
coating from a 1wt% solution of the polymer in mesitylenes. Typical device dimensions are 56 to 116pum and 6 to 56um
for the channel width and length, respectively.
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Figure 1. Cross-section of device, chemical structure of F8T2, and picture of device illuminated from the top.

2.2 Device operation and parameter extraction

Our devices exhibit p-channd fiel d-effect transistor behavior as can be seen from thetransfer characteristics measuredin
the dark, as shown in Figure 2. The linear regime field-effect mobility and threshold voltage were extracted from the
linear regime transfer characteristics using the following equation, based on the MOSFET gradual channel
approximation at low drain-to-source voltage [11]:
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In this equation, W jin is the linear regime field effect mobility (cm?/Vs), Cis is the gate insulator capacitance per unit
area (F/cm?), W is the channdl width of the device, L is the channel length of the device, Vs is the applied gate to
source bias, Vt iy isthe linear regime threshold voltage and Vps is the applied drain to source bias. The subthreshold
swing was extracted from the linear regime transfer characteristics, in the transition from the OFF-state to the ON-state,
using the following equation:
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In this equation S is the subthreshold swing (V/decade). The saturation regime field effect mobility and threshold
voltage were extracted from the saturation regime transfer characteristics using the following equation, based on the
MOSFET gradual channel approximation [11]:
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In this equation, ire « IS the saturation regime field effect mobility (cm?/Vs), V1 « is the saturation regime threshold
voltage and the other parameters are the same as described above.

We find values of the linear regime field-effect mobility, threshold voltage, and subthreshold swing to be 4x10°
cm?/Vsec, -25V, and 3.0V/decade respectively. Values of saturation field-effect mobility and threshold voltage were
found to be 3x10° cm?/Vsec and -20V respectively.

2.3 Experimental set-up

The OP-TFT transfer characteristics (Ip vs. Vgs, drain current versus gate-to-source voltage) and output characteristics
(Io vs. Vps, drain current versus drain-to-source voltage) were measured in the dark and under various levels of
broadband and monochromatic illumination at room temperature using a Karl Suss PM8 probe station, an HP4156
semiconductor parameter analyzer, and Interactive Characterization Software (Metrics). We illuminated the devices
from the top using a 150W quartz tungsten halogen (QTH) lamp (Mitutoyo microscope lamp) for the broadband source
and an opticaly filtered 200W mercury xenon (HgXe) arc lamp for the monochromatic source. Light from either
illumination system is absorbed by the polymer in the range of wavelengths from approximately 400 to 525nn. The
incident light intensity of the QTH source was controlled by a potentiometer connected to the QTH supply, providing
sufficient control of the illuminance from O to 2370lux at the sample surface. The incident wavelength and light
intensity from the HgXe source were controlled using optical interference filters (with FWHM < 10nm) and neutral
density filters, respectively, providing wavelengths in the range of 435.8 to 690.7nm and intensities in the range of 0 to
0.5mW/cm?. Thelight was focused to a spot size approximately equal to the area of the device and the entire channel of
the device was illuminated as shown in Figure 1. To measure the time dependence of the drain current for various turn-
on and turn-off conditions, we used the same set-up as above, with the exception of a Keithley 2400 SourceMeter to bias
the gate of the device.

3. RESULTS

3.1 Effect of broadband illumination on OP-TFT

The electrical performance of our OP-TFTs is changed drastically when the devices are subjected to broadband
illumination. The linear regime transfer characteristics of a device in the dark and under illumination are shown in
Figure 2. The OFF-state drain current of the device is significantly increased, while the drain current of the device
biased in the strong accumulation regime is relatively unaffected. This significant OFF-state drain current increase,
when the device is under illumination, is caused by the enhancement of the free carrier density in the channd of the
device due to the photo-carrier generation in the polymer. In the strong accumulation regime, though, the gate bias
provides sufficient accumulation of free carriers and the effect of the illumination is reduced. We can also see that the
OFF-state drain current of the device under illumination is not strongly dependent on Vgs. This may be a useful
characteristic for alow power photodetector.
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Figure 2. OP-TFT linear regime transfer characteristics in the dark and under various
levels of broadband illumination. Thelineisafit using equation (2).
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In Figure 3, we present the linear plots of the linear regime transfer characteristics. We see, from these plots, that the
dopes of the curves in the ON-state, which are proportional to the field-effect mobilities, of all the characteristics are
unchanged by theillumination.
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Figure 3. OP-TFT linear regime transfer characteristics in the dark and under various
levels of broadband illumination. Thelineisafit using equation (1).

Wheresas, the threshold voltage (extracted from the curvesin Figure 3 using equation (1)) isreduced and the subthreshold
swing (extracted from the curves in Figure 2 using equation (2)) increases as the level of illumination is increased, as
shown in Figure 4. These effects can be understood in terms of the photo-carrier generation due to the incident
illumination. Since the free carrier density in the channel of the device is greatly enhanced by the photo-carrier
generation, the gate bias required to bring the device to a certain level of accumulation is effectively reduced for adevice
under illumination. Thisis observed as a decreasein the threshold voltage and is shown in Figure 4. The subthreshold
swing can be viewed as a measure of the effectiveness or control the gate has on the channel (i.e. alower subthreshold
swing means the gate has better control over the channel). Under illumination, the gate and illumination are both adding
to the free carrier density in the channel, therefore the gate oses some the control of the channel compared to operation
in the dark. This effect, as shown in Figure 4, is observed as an increase in the subthreshold swing. We have observed
similar effectsfor a-Si:H TFTsin the past [12].
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Figure 4. Dependence of threshold voltage and subthreshold swing on
level of broadband illumination. Lines are guides to the eye.
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It should be noted that the device undergoes full recovery and relaxes back to its original state (i.e. significantly lower
OFF-state drain current) after the illumination isremoved. This effect can be seen in Figure 2 where I ging has returned
to Ipmitia. Thisrecovery takes several minutes, in some cases, when the deviceisin the air at room temperature.

3.2 Effect of monochromatic illumination on OP-TFT

We have also studied the effects of monochromatic illumination on the eectrical performance of our OP-TFTs. In these
experiments, light from a 200W HgXe lamp was optically filtered using interference and neutral density filters to
provide several wavelengths in the range of 435.8 to 690nm. In Figure 5, we present the transfer characteristics of an
OP-TFT that was illuminated with a constant optical flux of 1.3x10™ photons/sec/cm? at 7 wavelengths from 435.8 to
690.7nm. From this figure, we can see that the lower energy light (up to approximately 2.3eV) has a very small effect
on thetransfer characteristics. On the other hand, light with a higher energy, 2.4 to 2.8eV, hasasignificant effect on the
transfer characteristics. 2.4eV corresponds to the middle of the absorption tail of the F8T2 film we used.
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Figure 5. Transfer characteristics of OP-TFT under illumination at different
wavelengths for constant optical flux of 1.3x10* photons/sec/cm?

To investigate the effects of monochromatic illumination further, we again measured the transfer characteristics of an
OP-TFT under illumination at 460nm, at different intensities. 460nm was chosen because it lies in the absorption peak
of F8T2. We can see, from Figure 6, that the effects of the illumination increase (i.e. the OFF-state drain current
increases) as the intensity isincreased, smilar to the broadband illumination.
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Figure 6. Transfer characteristics of OP-TFT illuminated at different powers at a wavelength of 460nm.
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We extracted the threshold voltage and subthreshold swing from the data in Figure 6 using equations (1) and (2). This
datais presented in Figure 7. From these plots, we see that the threshold voltage is reduced and the subthreshold swing
increases as the illumination intensity increases. The effect of the strongly absorbed monochromatic light is, as
expected, similar to the effect of the broadband light. These effects can aso be understood using the same explanation
as for broadband illumination.
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Figure 7. Threshold voltage and subthreshold swing (extracted from Figure 6 using equations (1) and (2))
versus intensity at a wavelength of 460nm. The lines are provides as guides to the eye.

Figure 8 presents a plot of the ratio of drain current under monochromatic illumination to drain current in the dark. In
the OFF-dtate, thisratio is several orders of magnitude and relatively independent of the gate voltage. The peaksin the
plotsin Figure 8 are due the reduction of threshold voltage by illumination. This causesthe deviceto bein the ON-state
under illumination when it would be in the OFF-state or subthreshold regime for the same gate-to-source bias in the
dark.
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Figure 8. Ratio of drain current under illumination to drain current in the dark for an OP-TFT
illuminated at different powers at a wavelength of 460nm (taken from Figure 6.).
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3.3 Response of OP-TFT toturn-on and turn-off of illumination at certain gate bias

The response of the OP-TFT to the turn-on and turn-off of monochromatic illumination has also been studied. For this
experiment, the device was biased at various gate-to-source biases (Vgs OV, -20V, or —40V; corresponding to the OFF-
state, subthreshold regime, and strong accumulation regime, respectively) and a drain-to-source bias of —10V.
Monochromatic illumination, at a wavelength of 460nm (strongly absorbed) was turned-on for approximately 30
seconds, and then turned-off. The drain current was recorded as a function of time, as shown in Figure 9.
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Figure 9. Drain current versus time for the turn-on and turn-off of light at 460nm
for an OP-TFT biased at various gate voltages.

We can examine the turn-on responses of the device in each regime in two ways. The first method is to look at the
absolute increase (Ip ium — la wn-on) fOr €ach regime. In this case, since the drain current in the strong accumulation
regime is several orders of magnitude larger than the drain current in the OFF-state, we observe that the absolute
increase rate, which can be defined as.

d(l Dillum — I Datturn—on)

dt

(4)

islarger in the strong accumulation regime compared to the absolute increase rate in the OFF-state. Another method of
comparison of the responses of the device in the different regimesisto look at the relative increase (I ijum/ la turn-on)- 1N
Figure 10 we present the drain current, during the time following the turn-on of illumination, normalized to the drain
current at the time the illumination was turned on. From this figure, we see that the slopes of the plots are similar, and
therefore the relative increase rates, which can be defined as:

d(l Dillum /1 Datturn—on)

dt

(5)

aresimilar for all device operation regimes.
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Figure 10. Drain current versus time normalized to drain current at the turn-on of light at 460nm for an OP-TFT
biased at various gate voltages. Curves have been shifted in time, to facilitate plotting on log-log scales.

We can apply similar methods to the analysis of the turn-off response of the device in different operating regimes.
Figure 11 showsthe drain current, during the time following the turn-off of illumination, normalized to thedrain current
at the time the illumination was turned off. From this figure, we observe that the illumination turn-off response of the

device is dependent on the gate-to-source bias (operating regime) and that it has a faster relative decrease rate, defined
as.

d(l Dillum /1 D atturn—off )

p (6)

in the OFF-state compared to the relative decrease rate in the strong accumul ation regime.
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Figure 11. Drain current versus time normalized to drain current at the turn-off of light at 460nm for an OP-TFT
biased at various gate voltages. Curves have been shifted in time, to facilitate plotting on log-log scales.

Currently, experiments are underway to aid in the understanding and explanation of the turn-on and turn-off responses of
our device.
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4. CONCLUSIONS

We have studied the el ectrical performance of our OP-TFTs under broadband and monochromatic illumination. In each
case, the major effect of the absorbed light isa significant increase in the OFF-state drain current, whilethe drain current
in the strong accumulation regime remains relatively unchanged. We have also shown that these effects are strongly
dependent on thelevd of illumination (for both broadband and monochromatic light) and the wavelength of theincident
illumination (for monochromatic light). Weakly absorbed light, with energy below the optical-gap, has almost no effect
on the electrical characteristics of the OP-TFT. In the OFF-state, the response of the device to the illumination (both
broadband and monochromatic) is gate voltage independent. Therefore, when operated in the OFF-state, this device
could be used as alow power photosensor. Thetime response of our OP-TFT to the turn-on and turn-off of illumination
has also been reported. We have shown that the response can be examined in two ways. absolute and relative. Each
method gives different results for the response to illumination turn-on. The absolute increase rate is fastest for a device
biased in the strong-accumul ation regime, while the rel ative increase rate appearsto be independent of gate-bias. For the
turn-off time response, the relative decrease rate increases as we hias the device from the OFF-state into the strong
accumulation regime. In all cases, we have observed full recovery of the device after the illumination is removed.
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