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Abstract—We present our study of the effects of monochromatic
illumination on the electrical performance of organic polymer
thin-film transistors (OP-TFTs) and the use of these devices as
photosensors. In the case of monochromatic illumination that is
strongly absorbed by the polymer, the drain current of a device
biased in the OFF-state is significantly increased and the threshold
voltage is reduced. Light that is not strongly absorbed by the
polymer has little effect on the electrical performance of the
OP-TFTs. We explain these effects in terms of the photogener-
ation of excitons in the polymer channel region of the device.
The density of excitons generated in the polymer depends on
the energy of the incident photons, as well as on the irradiance
level of the incident illumination. The photogenerated excitons
subsequently dissociate into electrons and holes. The electrons
can be trapped by positively charged states, thereby reducing the
threshold voltage, while the photogenerated holes contribute to
the excess photocurrent measured at the drain. To demonstrate
the possible use of OP-TFTs as photosensors, we also present
the responsivity, photosensitivity (signal-to-noise ratio), external
quantum efficiency, noise-equivalent power, and specific detec-
tivity of these devices. The dependence of these parameters on the
incident photon energy and irradiance level is described.

Index Terms—Conjugated organic polymer, detectivity,
noise-equivalent power, photodetector, photosensitivity, pho-
tosensor, phototransistor, quantum efficiency, responsivity,
signal-to-noise ratio, thin-film transistor (TFT).

I. INTRODUCTION

E LECTRONIC and optoelectronic devices based on con-
jugated organic semiconductors, both small molecules

and polymers, have been the subject of increased research over
the past few years. The interest in devices such as organic
light-emitting devices (OLEDs), organic thin-film transistors
(OTFTs) and organic photodetectors arises from the promise of
the tunability of the electrical and optical characteristics of the
organic materials and processing advantages such as deposition
at low temperature, over large areas, and by direct printing
[1]–[4]. These advantages will allow organic electronic and
optoelectronic devices to be used in applications and configura-
tions that are difficult to acheive with inorganic materials (i.e.,
large area display and sensor arrays, fabrication on flexible
substrates, or curved surfaces).

One interesting application of organic semiconducting ma-
terials is in photodetectors. These detectors can be classified
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into two main groups: two-terminal photodiodes and three-ter-
minal phototransistors. A number of groups have described con-
jugated organic polymer-based photodiodes in various configu-
rations and excellent reviews can be found in [5]–[7]. Several
groups have discussed organic photodiode structures utilizing
a blend of different polymers [8], incorporating a composite of
a small molecule (such as C ) and a polymer [9]–[12], using
a multilayer structure composed of alternating layers of various
polymers [13], in a microcavity [14], and combined with hydro-
genated amorphous silicon (a-Si:H) TFT addressing [15]. Still,
other groups have reported two-terminal photodetectors in a lat-
eral configuration based on a self-assembled layer of a DNA
derivative [16] and which have been optimized for optical de-
tection in the near infrared [17].

However, a much smaller number of groups have demon-
strated the effects of illumination on the electrical performance
of organic polymer thin-film transistors (OP-TFTs) or the use of
these devices as photosensors, which is the subject of this paper.
Zukawa et al. have demonstrated an organic heterojunction-
based phototransistor [18]. Schön and Klock have shown the
use of a pentacene-based metal-semiconductor field-effect tran-
sistor as a phototransistor [19]. While, Narayan et al. have de-
scribed an organic polymer field-effect transistor that responds
to light [20], [21].

It is important to understand the effects, as well as the un-
derlying physics, of illumination on the electrical performance
of these devices, since many of the proposed uses of OP-TFTs
will involve the possible exposure of the device to light (i.e.,
as a sensor in a photodetector array or as driving circuitry in
active matrix displays). Here, we present the results of our
study of the electrical performance of OP-TFTs based on
F8T2 [poly(9,9-dioctylfluorene-co-bithiophene)] alternating
copolymer exposed to monochromatic illumination. We also
report on the performance of these devices when used as
photodetectors.

II. DEVICE STRUCTURE

The device used in the experiments described below is an
inverted, defined-gate, gate-planarized, coplanar thin-film tran-
sistor that has been previously described [22]–[25]. The devices
were fabricated on an oxidized silicon substrate to facilitate
processing in standard microelectronic fabrication equipment.
RF magnetron sputtered chromium (Cr) was used for the
patterned gate electrode. Spin-coated and thermally-cured
benzocyclobutene (BCB) was used as the gate-planarization
layer and also functions as a gate insulator and plasma-en-
hanced chemical vapor deposition (PECVD) hydrogenated
amorphous silicon nitride (a-SiN:H) was used as a second gate
insulator layer resulting in a total gate insulator capacitance per
unit area of 7.5 10 F cm . Radio frequency (RF)
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magnetron sputtered indium tin oxide (ITO) was used as the
source and drain electrodes. A 1-wt% solution of the organic
semiconductor F8T2 dissolved in either xylenes or mesitylenes
was spin-coated (in air) and cured in a vacuum oven at 90 C,
providing a uniform film with an approximate thickness of
1000 . The channel lengths of our devices range from 6
to 56 m and channel widths range from 56 to 116 m.
All samples are stored at room temperature, in air, with yellow
ambient light.

III. EXPERIMENTAL SETUP

The transfer characteristics (drain current versus gate-to-
source voltage, ) and output characteristics (drain
current versus drain-to-source voltage, ) of the
OP-TFT were measured in the dark and under various levels
of monochromatic illumination at room temperature using a
Karl Suss PM8 probe station and an HP4156 semiconductor
parameter analyzer (using medium integration) controlled by
Interactive Characterization Software (Metrics). A 200-W
mercury xenon (HgXe) arc lamp (Oriel Instruments) was used
as the illumination source. The incident wavelength and irra-
diance (or optical flux) from the HgXe lamp were controlled,
using optical interference filters [full-width at half-maximum
(FWHM) 10 nm] and neutral density filters, to provide
wavelengths from 435.8 to 690.7 nm and irradiance levels up
to approximately 30 W cm at the surface of the polymer
film. After being optically filtered, the light passed through a
fiber optic cable and a Mitutoyo microscope, which was used
to focus the illumination to a spot size centered on the channel
of the device, illuminating the entire channel. The irradiance
was measured, at the same location where the device is placed
in the light spot, using an International Light Si photodetector
(SHD033) with a flat response filter and fiber optic probe con-
nected to an International Light research radiometer (IL1700).
All measurements were performed in ambient air at room
temperature and we did not observe any dependence of the
device performance on room humidity.

It is well known that the electrical characteristics of OP-TFTs
exhibit shifts due to measurement (from the application of bi-
ases) and other stresses (such as illumination) [26], [27]. We
have observed that the shifts in the electrical characteristics due
to illumination are much more significant than the shifts due to
repeated (i.e., back-to-back) measurement in the dark. To com-
pensate for these shifts, while allowing the experiments to be
carried out in a reasonable manner, we annealed the devices be-
tween measurement sets (15 min at 90 C in a vacuum oven).
The measurement sequence we have used is as follows. We an-
neal the device, as describe earlier. Then, we measure the dark
transfer characteristics. The illumination is then switched on and
within a few seconds, the illuminated transfer characteristics are
measured. This is followed by another anneal, measurement in
the dark, measurement under illumination and so on. Therefore,
the calculated parameters (see Sections IV and V) were found
by using the illuminated characteristics compared to the imme-
diately preceding dark characteristics, with no annealing step
between. The annealing procedure removed the shifts caused by
measurement and illumination and allowed the device (and its

electrical characteristics) to return to the original state (i.e., sim-
ilar OFF-state drain current, threshold voltage, and subthreshold
slope) before proceeding with the next measurement set, thereby
providing more reliable results. Though the perturbation of the
devices can be fully removed at room temperature, the elevated
temperature significantly speeds up the recovery.

Additionally, we should note that we measureed the transfer
characteristics from the ON-state to the OFF-state (i.e., from

to 20 V). We chose this measurement method
because it provides very reproducible data, with a variation in
the ON-current of less than 5 for the linear regime transfer
characteristics for the same device measured back-to-back in
the dark (without annealing between measurements). Therefore,
this measurement procedure allows reliable comparison of the
electrical performance of the device in the dark and under illu-
mination.

The data presented in this paper was taken from two randomly
chosen devices, one for the measurements using different wave-
lengths of incident illumination and one for different levels of ir-
radiance. We have observed similar effects for all devices tested,
and the device-to-device reproducibility is acceptable, given the
current status of organic-based electronics. In several of the fol-
lowing plots, the data is noisy. We believe the noise is mainly
due to the small signal amplitudes (or division by small signals
for the case of the calculated parameters). The trends in the data
presented here have been observed for all devices tested under
these measurement conditions.

IV. DEVICE OPERATION

A. In The Dark

OP-TFTs based on F8T2 exhibit p-channel field-ef-
fect transistor behavior as can be seen from the threshold
voltage-normalized transfer characteristics (drain current
versus gate-to-source voltage—threshold voltage, versus

) shown in Fig. 1. We extract the linear regime
field-effect mobility and threshold voltage from the linear
regime transfer characteristics using the following equation,
based on the MOSFET gradual channel approximation [28]:

(1)

or, for low

(2)

In these equations, is the linear regime field-effect mo-
bility cm Vs , is the gate insulator capacitance per unit
area F cm , is the channel width of the device, is the
channel length of the device, is the applied gate-to-source
bias, is the applied drain-to-source bias, and is the linear
regime threshold voltage. We associate the negative value of
the threshold voltage of the p-channel OP-TFTs with the den-
sity of positively charged states in the organic polymer, ,
that must be overcome before the conductive channel, of accu-
mulated holes, can form [29]. The subthreshold swing can be
extracted from the linear regime transfer characteristics, in the
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Fig. 1. Threshold voltage-normalized transfer characteristics of OP-TFT
illuminated at different wavelengths/photon energies, with a constant optical
flux of 5�10 photons=cm s. The straight lines are fits using (2) and (3).

transition region from the OFF-state to the ON-state, using the
following equation:

(3)

In this equation, is the subthreshold swing (V/decade). If
we assume that the subthreshold swing can be associated with
the density of deep bulk states in the organic semiconductor
and interface states at the interface between the gate insulator
and organic semiconductor, similar to the case for hydrogenated
amorphous silicon (a-Si:H), then we can write [30]

(4)

where , , and are the usual physical parameters; and
are the dielectric constants of the insulator and semicon-

ductor, respectively; is the effective thickness of the insu-
lator; is the density of bulk states; and is the density
of interface states. We note that an exact, analytical relation be-
tween the subthreshold swing in an organic field-effect device
and the density of states in the organic material has yet to be de-
veloped. However, we believe that the subthreshold swing can
be associated with the densities of bulk and interface states. For
example, as the state densities increase, the device will turn on
slower with applied gate bias and, therefore, have a larger sub-
threshold swing. This agrees with the general relation shown in
(4).

From the linear regime transfer characteristics of a device
in the dark, we find values of the linear regime field-effect
mobility, threshold voltage, and subthreshold swing to be
5 10 cm Vs, 25 V, and 4.5 V/decade, respectively.
For V decade, we find maximum values of sur-
face state density and bulk state density to be
3.5 10 cm eV and 8.6 10 cm eV , respectively.
These values are comparable to values reported previously by
us [22]–[25], [31] and others [32], [33].

B. Under Illumination

In the past, we have observed very strong effects of
steady-state broadband illumination on the electrical per-
formance of a-Si:H TFTs [34] and OP-TFTs based on F8T2
[25], [31]. In this paper, we examine the effects of illu-
mination in more detail by exploring the response of the
OP-TFTs to monochromatic illumination at different wave-
lengths and irradiance levels. In Fig. 1, we present the
threshold-voltage normalized transfer characteristics (drain
current versus gate-to-source voltage—threshold voltage,
versus ). We plot the transfer characteristics in this
manner in order to demonstrate that the major effects of the
illumination are a reduction of the threshold voltage and an
increase in the OFF-state drain current, while the field-effect
mobility and subthreshold slope retain their same value as in
the dark. More details on these effects, as well as the depen-
dence on incident photon energy and irradiance are discussed
in Sections V-A and B.

For the case of our devices, the most likely carrier generation
process is through the exciton route. Photons with the proper
energy are absorbed in the polymer, forming an exciton (i.e., a
bound electron-hole pair). The exciton then diffuses to a dis-
sociation site (i.e., defect, impurity, or surface state) and disso-
ciates into a free electron and hole. Once generated, these free
charge carriers move under the influence of the applied electric
fields (from the applied and ) and in opposite direc-
tions through the channel of the OP-TFT. Many of the electrons
are trapped into, and neutralize positively charged traps
that contribute to the large negative threshold voltage, thereby
reducing the threshold voltage. The photogenerated holes are
collected at the drain electrode (by the corresponding transfer
of an electron from the drain electrode into the valence band
of the polymer). The drain current in the OFF-state is signifi-
cantly increased, while a smaller increase in the drain current
in the strong accumulation regime is observed. The significant
increase of drain current in the OFF-state, when the device is
under illumination, can be attributed to the enhancement of the
carrier density in, and therefore the conductivity of, the channel
of the device due to the photogeneration and dissociation of ex-
citons in the polymer. When the device is operated in the strong
accumulation regime, the relative effect of the illumination on
the drain current is much smaller compared to the effect in the
OFF-state. This can be explained by the overwhelming effect of
the gate voltage on the concentration of accumulated carriers in
the channel of the device, at the levels of illumination used in
this study.

V. EXPERIMENTAL RESULTS

A. Dependence on Photon Energy

The response of the OP-TFTs to monochromatic illumination
has been investigated by measuring the transfer characteristics
of a device in the dark and under monochromatic illumina-
tion at various wavelengths. Fig. 1 shows the linear regime,
threshold voltage-normalized, transfer characteristics of an
OP-TFT in the dark and illuminated at seven wavelengths from
435.8 to 690.7 nm with a constant optical flux of approximately
5 10 photons cm s incident on the surface of the polymer
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Fig. 2. Dependence of ON-state drain current, OFF-state drain current,
and the change in threshold voltage on the energy of the incident photons.
Extracted from the nonthreshold voltage-normalized transistor characteristics
(not shown), using (2). Also shown is an estimation of the number of photons
absorbed per second in the channel region of the device as a function of the
photon energy.

film. In Fig. 2, we show the OFF-state drain current (extracted
from Fig. 1) along with the absorption spectrum of the F8T2
polymer film. From Fig. 2, we can see that light with energy
less than 2.4 eV (corresponding to the optical gap of the F8T2
films we used) is weakly absorbed and has little effect on the
transfer characteristics, while light with higher energy (from
2.4 to 2.8 eV) is strongly absorbed, generating more excitons,
and, therefore, has a much larger effect. Further evidence to
support this explanation is found when we plot the number of
absorbed photons versus the energy of the photons as in Fig. 2.
The total number of absorbed photons was approximated using
the incident photon flux, absorption coefficient (taken from
Fig. 2), the effective area of the device , and the
thickness of the polymer.

The dependence of the change in threshold voltage [extracted
from the linear regime transfer characteristics shown in Fig. 1
using (2)] on the energy of the incident photons is shown in
Fig. 2. We can see that the change in threshold voltage is signif-
icantly larger for the strongly absorbed light, while little change
is observed for light which is weakly absorbed. As explained
earlier, some of the photogenerated electrons become trapped
by and compensate positively charged traps , reducing the
threshold voltage, as we have observed for strongly absorbed
light and as shown in Fig. 2 ( , there-
fore a positive corresponds to a reduction of the threshold
voltage). can be estimated from the threshold voltage to be
approximately 10 cm . The change in threshold voltage of
4 V, corresponds to a change in , , of approximately
10 cm . Further evidence that charge carrier trapping is taking
place is provided by the fact that, after illumination, we are
able to bring the devices back to their original state (i.e., the
transfer characteristics shift back to the original state) by an-
nealing the devices at elevated temperature. The trapped elec-

trons are detrapped faster at higher temperatures, causing the
neutralized traps to become positively charged, thereby shifting
the threshold voltage to its uncompensated value.

The subthreshold swing is not affected by the illumination, as
can be seen in Fig. 1, where the subthreshold swings are equal
for all of the characteristics in the dark and under illumination
[note the slope of the line labeled (3)]. Since the subthreshold
swing can be related to the density of states (both bulk states
and interface states) as shown in (4), and since the subthreshold
swing is not affected by the illumination, we conclude that the
illumination does not affect the density of states of the polymer.
Additionally, the field-effect mobility of the accumulated holes
is not affected by the illumination, as can be seen from Fig. 1
[note the slope of the line labeled (2)]. This shows that the light
has negligible effect on the electronic properties of the polymer
film. Also, since the field-effect mobility is unchanged in these
measurements, we conclude that the observed changes in the
electrical characteristics are not a result of heating effects in the
polymer.

It is important to note that the major effect of illumination
on these devices is the generation of excitons, and subsequently
free electrons and holes in the polymer. Photons with lower en-
ergy can still be absorbed in the polymer (albeit at a much lower
rate than the high energy photons), thereby creating excitons,
and causing the effects we have described above, but to a much
smaller degree as compared to the effects caused by the strongly
absorbed photons.

A useful figure merit of a photodetector is the responsivity (
in A/W) of the device, which is a measure of the photo-induced
signal of the device compared to the input power from the source
being detected and is defined as [35]

(5)

where is the drain photoeurrent, is the optical power in-
cident on the channel of the device, is the drain current
under illumination, is the drain current in the dark, is
the irradiance of the incident light, and is the effective device
area [25]. A plot of versus gate bias for different wavelengths
of incident illumination and a plot of versus photon energy
for different gate biases are shown in Figs. 3 and 4, respectively.
From these figures, we see that the responsivity increases as the
device is biased into the strong accumulation regime and illu-
minated by strongly absorbed illumination. In fact, we observe
a responsivity greater than 1 A/W for devices used under these
conditions, which is comparable to the responsivities of other
reported organic photodetectors [9]–[11], [21]. For the case of
the dependence on the photon energy, shown in Fig. 4, the higher
energy photons, which are strongly absorbed in the polymer, in-
crease the carrier densities in the polymer, as described earlier.
In the strong accumulation regime, the photogenerated holes are
accumulated into the channel by the applied gate bias and cause
an increase in the drain photocurrent, which, in turn, causes
an increase in the responsivity. In the OFF-state, fewer holes
are accumulated into the channel, therefore, the drain photocur-
rent and responsivity are observed to be lower in this operating
regime.
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Fig. 3. Responsivity (R), photosensitivity (P ) and external quantum
efficiency (EQE) versus V of the OP-TFT for illumination at different
wavelengths/photon energies with W = 56 �m, L = 6 �m, and
V = �10 V.

Fig. 4. Responsivity (R), photosensitivity (P ) and external quantum
efficiency (EQE) versus the energy of incident photons (constant optical flux
of 5�10 photons=cm s) for different biasing regimes of an OP-TFT with
W = 56 pm, L = 6 pm, and VDS = �10 V.

A second useful figure of merit is the photosensitivity ,
or signal (photo-current) to noise (dark-current) ratio, of the de-
vice, which can be approximated as [35]

(6)

For the calculation of of our devices, we approximate the
signal as the drain photocurrent of the illuminated device and
the noise as the drain current of the device in the dark. The de-
pendence of the photosensitivity on the applied gate voltage for

different incident wavelengths of illumination and on the energy
of the incident photons for different gate biases are shown in
Figs. 3 and 4, respectively. We observe that the photosensitivity
increases as the device is biased from the strong accumulation
regime into the OFF-state and illuminated by strongly absorbed
illumination. This is the expected result, and can be explained
by examining (6). Since the noise of this detector is related to
the dark current, we expect the photosensitivity to be lower in
the operating regimes where the dark current is the largest, i.e.,
in the strong accumulation regime, which is the observed re-
sult shown in Fig. 4. The photosensitivity is relatively indepen-
dent of the applied gate bias when the device is biased in the
OFF-state. For the irradiance values used in this experiment,
we find a photosensitivity near 100 for a device biased in the
OFF-state.

In order to evaluate the overall efficiency of the photodetector
in converting an incident optical signal (photons) into an elec-
trical signal (electrons and holes) and allow the comparison of
the performance to other photodetectors, we can determine the
external quantum efficiency of the photodetector, which
is defined as [35]

(7)

and corresponds to the number of collected charge carriers com-
pared to the number of incident photons. The dependence of

on photon energy for different gate biases and on gate bias
for different incident wavelengths is shown in Figs. 3 and 4, re-
spectively. We see from these figures that the increases as
the device is biased from the OFF-state into the strong accumu-
lation regime and is larger for strongly absorbed illumination.
In fact, an greater than 100% is found for a device biased
in the strong accumulation regime and subjected to strongly ab-
sorbed illumination. For the case of strongly absorbed photons,
the same flux of photons is converted to a higher density of
charge carriers inside the polymer, and the of the device
is higher, as we expect. As with the responsivity, the device is
expected to accumulate and collect the excess, photogenerated
holes more efficiently in the strong accumulation regime.

Several comments should be made with regards to the mea-
surements and calculations performed to find the (as well
as the other figures of merit) of these devices. As noted previ-
ously, under illumination, OP-TFTs exhibit shifts in their elec-
trical characteristics that are believed to be due to the increased
carrier concentration and subsequent trapping of charge carriers.
These effects, which are similar to the memory effect or persis-
tent photoconductivity which has been observed in organic ma-
terials [36]–[39], are not instant compared to the timescale of
the measurement and accumulate as the measurement proceeds.
These effects are characterized by an accumulating change in
the conductivity of the polymer film as it is exposed to illumi-
nation, which persists after the illumination has been removed.
The polymer can be annealed, as described earlier, to facilitate
relaxation to the original state, and allow better comparison of
subsequent measurements. In order to overcome the cumulative
effects described here, which build up as the measurement pro-
gresses, pulsed-gate and pulsed-illumination experiments need
to be performed.
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Another useful figure of merit, the noise-equivalent power
( in WHz ), is a measure of the minimum detectable
optical power or the optical power required to produce a
signal-to-noise ratio of unity. The NEP can be defined as [40]

(8)

where is the noise current. For the determination of ,
we used a calculated value for the noise current of the device
that took into consideration the shot (or generation-recombi-
nation) noise and Johnson noise, referenced to a bandwidth of
1 Hz. We determined the dependence of on applied gate
bias for different illumination wavelengths and incident photon
energy for different gate biases. The remains flat, with
a value of approximately 10 WHz , as the device is bi-
ased from the strong accumulation regime into the OFF-state
and when illuminated by light which is strongly absorbed. Since
the noise current is related to the drain current of the device, it is
expected to be larger in the strong accumulation regime than in
the OFF-state. From Fig. 3, we see that the responsivity of the
devices shows a similar variation. The result is an that has
little variation on the applied gate bias. The is reduced for
higher energy photons, since the noise current remains the same
but the responsivity is increased for the higher energy photons,
as described previously.

We can also define the specific detectivity for these de-
vices as [40]

(9)

where is the effective area of the device and is the
referenced bandwidth Hz . For an incident wave-
length of 500 nm, we find the specific detectivity of a device
(in both the OFF-state and ON-state) to be approximately
2 10 cm Hz W .

B. Dependence on Irradiance

To investigate the effects of monochromatic illumination
further, we again measured the transfer characteristics of an
OP-TFT under illumination at a wavelength of 460 nm, at dif-
ferent levels of irradiance. This type of experiment allowed us
to explore the dependence on the number of absorbed photons,
since at larger irradiance levels, it is expected that more photons
are absorbed in the polymer film. These results are shown in
Fig. 5, where we plot the threshold-voltage normalized, linear
regime transfer characteristics. We chose to use 460 nm because
it lies in the absorption peak of F8T2, and allowed a larger range
of incident, and therefore absorbed, optical flux. We can see,
from Fig. 5, that the effects of the illumination increase (i.e.,
the OFF-state drain current increases and the threshold voltage
is reduced) as the irradiance is increased, similar to the effects
of broadband illumination [25]. This is the expected effect,
since as the irradiance is increased, the polymer film is exposed
to a higher flux of photons, thereby generating more charge
carriers. The increased number of electrons causes a greater
reduction of the threshold voltage, by the neutralization of the
positively charged traps, while the increased number of holes
causes the channel to have a higher conductivity. And, again,

Fig. 5. Threshold voltage-normalized transfer characteristics of OP-TFT
illuminated at a wavelength of 460 nm (corresponding to maximum absorption
of the F8T2 polymer film) for different irradiance levels. The straight lines are
fits using (2) and (3).

Fig. 6. Dependence of ON-state drain current, OFF-state drain current and
the change in threshold voltage on irradiance at a wavelength of 460 nm. Also
shown is the number of photons absorbed in the channel region of the device as
a function of incident irradiance.

we see that the field-effect mobility and subthreshold swing
are not affected by the illumination and have no dependence
on the incident irradiance as can be deduced from Fig. 5 [note
the slopes of the lines labeled (2) and (3)]. The dependence
of the change in threshold voltage, ON-state and OFF-state
drain currents, and number of absorbed photons on the incident
irradiance are shown in Fig. 6. Note that each parameter plotted
in Fig. 6 has a linear relationship with the number of incident
photons and, assuming that the absorption coefficient is not
strongly dependent on the incident photon flux in the range we
use here, this is evidence that the observed effects described
above are related to the number of absorbed photons.

In Fig. 7, we plot the responsivity [found using (5)] and
photosensitivity [found using (6)] of the device as a function of
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Fig. 7. Responsivity (R), photosensitivity (P ) and external quantum
efficiency (EQE) of an OP-TFT versus V for various irradiance levels at a
wavelength of 460 nm withW = 56 �m, L = 6 �m, and V = �10 V.

applied gate bias for various irradiance levels. With the caveats
stated earlier, regarding the memory effect of illuminated
organic materials, we see that the responsivity reaches values
greater than 1 A/W in the strong accumulation regime and
is reduced as the device is biased into the OFF-state. We can
also see that the responsivity is highest for the lower irradiance
levels. It is possible that this effect is due to the saturation
of the drain photocurrent in the strong accumulation regime,
even at low incident irradiance levels. Therefore, in the strong
accumulation regime, the drain current is expected to be similar
for each irradiance level, and the calculated responsivity is
expected to be governed by the value of the irradiance. The
photosensitivity increases as the device is biased from the
strong accumulation regime into the OFF-state, is largest for
the highest irradiance level, and is relatively independent of
the applied gate bias in the OFF-state, corresponding to the
explanation we have presented previously.

In Fig. 7, we also plot the [found using (7)] of the
device as a function of applied gate bias for various irradiance
levels. From this figure, we see that the decreases as the
device is biased from the strong accumulation regime to the
OFF-state. At larger gate biases, more of the photogenerated
holes are accumulated and contribute to the drain photocurrent,
therefore, the efficiency of the device is higher in the strong ac-
cumulation regime as compared to the OFF-state. We see from
Fig. 7 that as the irradiance is increased, the decreases.
For the case of these measurements, we are using a constant
illumination wavelength, and, therefore, a constant photon en-
ergy. With the assumption that the absorption coefficient is not
dependent on the incident irradiance, we see from Fig. 6 that
the number of absorbed photons retains a linear relationship
with the incident irradiance. Therefore, we speculate that at the
higher irradiance values, phenomena such as exciton-exciton
annihilation and electron-hole recombination occur, reducing
the number of photogenerated carriers that can contribute

to the drain photocurrent. This, in turn, reduces the external
quantum efficiency. We observed a nearly linear increase
of with irradiance from approximately 3 10 to
1 10 WHz over the range of irradiance used here, at a
wavelength of 460 nm. Processes such as exciton annihilation
or carrier recombination effectively reduce the signal that is
detected by the device (i.e., the drain photocurrent is smaller
than if no recombination occurs). Since the is a measure
of the smallest detectable optical power, if the signal is reduced
in the device due to these nonidealities, the is expected
to increase.

Another measure, which is related to the photosensitivity, is
the ratio of total drain current under illumination to drain current
in the dark, which is referred to as the photoresponse and has
been defined as [34]

(10)

is a useful paramater for extracting more physical param-
eters from the illuminated versus dark electrical characteristics
of the OP-TFT. The dependence of on gate bias and in-
cident photon energy is similar to that of the photosensitivity
(i.e., increases from strong accumulation to OFF-state and for
strongly absorbed illumination and is independent of the applied
gate bias in the OFF-state). increases from nearly unity
in the strong accumulation regime to approximately 75 in the
OFF-state (depending on the irradiance level). In the OFF-state,
this ratio is relatively independent of the gate bias. In the strong
accumulation regime, the density of accumulated carriers is due
mainly to the applied gate bias, as opposed to the illumination
(for the range of irradiance values use here). In the OFF-state,
the photogenerated charge carriers are the major contribution
to the free carrier density in the channel, and is strongly
dependent on the incident irradiance. In fact, the ratio exhibits
a power law dependence on the irradiance. Therefore,
obeys the following:

(11)

In (11), is the illumination irradiance and the -power expo-
nent is a function of the applied . This follows from a model,
which has been developed for the photo-field effect in a-Si:H
TFTs [41]–[43]. The major assumptions in this model are that
the total density of states around mid-gap are constant, there is a
symmetric overlap of donor and acceptor states around mid-gap,
and that the field-effect is governed by the bulk states and not by
the interface states. It is also assumed that the Fermi level splits
into quasi-Fermi levels under illumination, which must be the
case for spatially dependent carrier generation, since the car-
riers need to diffuse and redistribute. These assumptions do not
seem unreasonable for organic materials, therefore, we assume
this model to be valid for OP-TFTs, and the results are shown
in Fig. 8. The dependence of on can be described using
the following:

for (12a)
for (12b)
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Fig. 8. Gamma factor of the OP-TFT versus V for various irradiance levels
at a wavelength of 460 nm.

In (12a) and (12b), is a material dependent constant,
is the applied gate-to-source bias, is the flat-band voltage,
and is the critical gate voltage at which the drain current
under illumination is ideally equal to the drain current in the
dark and is given by

(13)

In (13), is the dielectric constant of the semiconductor
, is the effective dielectric constant of the insulator
, is the effective thickness of the insulator

and is defined as

(14)

where is the linear slope of the localized state distribution
near the middle of the supposed bandgap and 2 is the total
density of states at midgap. In Fig. 8, we see that we can fit our
data in the region using (12a) with
equal to approximately 27 V. This gives a value of approx-
imately 9.4 10 . If we assume a value of 10 cm eV for
2 (estimated from (4) with ), we find that is equal
to 1.1 10 cm eV from (14). Note that this simple calcu-
lation assumes that . If , then both and
will be reduced to maintain the constant value of . In the case
of our devices, from experimental data is approximately 0.6,
while the fit using (12b) gives a value of approximately 0.7.

It is possible to determine the flat-band voltage of
the OP-TFT from Fig. 8 using a method similar to that of
Schropp et al. [42], [43]. The density of accumulated holes in
the channel does not increase for applied gate biases from the
flat-band voltage to more positive voltages and the source and
drain electrodes block electrons coming from the conduction
band (LUMO). Therefore, the ratio of drain current under illu-
mination over drain current in the dark is constant for positive
applied gate biases. As the gate is biased from the flat-band

voltage to more negative biases, the logarithm of the current
ratio is approximately proportional to . As did
Schropp et al., we assume that there is no shift in the flat-band
voltage under illumination. We extract the flat-band voltage
from the crossing point of (12a) and (12b), and we find the

of this device to be equal to 12 V.

VI. CONCLUSION

We have studied the electrical performance of F8T2-based
OP-TFTs under monochromatic illumination, and have exam-
ined their performance as photodetectors. For these devices, the
major effect of the absorbed light is a significant increase in the
OFF-state drain current and a reduction of the threshold voltage
by several volts, depending on the illumination conditions. The
field-effect mobility and subthreshold swing are not affected
by the illumination. These effects are explained by the photo-
generation of excitons in the polymer, which diffuse and disso-
ciate into free charge carriers. The effects on the OFF-state drain
current and threshold voltage are dependent on the wavelength
and irradiance of the incident illumination. Photons with en-
ergy below the optical-gap of the polymer are weakly absorbed,
generating few excitons, and therefore have little effect on the
electrical characteristics of the OP-TFT. Whereas, higher energy
photons are more strongly absorbed in the polymer, generating
a higher density of excitons, and causing larger changes in the
electrical characteristics. This explanation is confirmed by ex-
amining the effects of the level of irradiance at a single photon
energy on the electrical characteristics of the OP-TFTs.

We have also presented the relevant photodetector figures
of merit, such as the responsivity , photosensitivity ,
external quantum efficiency , and noise-equivalent
power of these devices, with typical values greater
than 1 A/W, 100, 100%, and less than 10 fWHz , respec-
tively, depending on the illumination and bias conditions. The
dependence of these parameters on photon energy, irradiance,
and applied gate bias have also been presented and explained.

We propose the use of a model developed for a-Si:H TFTs
under illumination to aid in the description of the effects of il-
lumination on the OP-TFTs. Our results agree well with this
proposed model. Using this method, we find a flat-band voltage

of approximately V for these F8T2-based OP-TFTs.
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