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Abstract— This study shows that the suggested model greatly
improves the OFET-based photodetector's performance for the
organic semiconductor pentacene and the dielectric polyvinyl
alcohol (PVA). This model shows how the threshold voltage
affects both types' electrical characteristics (the output and
transfer). Various incident optical power (P,p) values between
100 and 1000 pW/cm? were tested. The results show that the
threshold voltage exhibits nonlinear behaviour, rising as
incident optical power increases. Where MATLAB software
simulation is used to calculate the electrical properties output
(1-Vg) and transfer (1g-Vy) properties, including current (lg)
values, switching ratio (lon/loff), and responsivity (R).
Pentacene exhibits transfer and output properties typical of p-
type OFETs. The ideal drain current value for output (I14-Vg)
and transfer (l4-V,) properties is found at an incident optical
power of Py, = 1000 pW/cm?, a threshold voltage of Vth = -
0.63 V, and a gate voltage of Vg = -30 V. While the
responsivity shows the opposite behavior, the observed
switching ratio values increase as the threshold voltage and
incident optical power decrease. The OFET-based
photodetector functioned best at the lowest threshold voltage
value of -0.63 V. This decrease in threshold voltage (Vy,) is
critical for OFET-based electronic applications because it
boosts photocurrent and enhances responsiveness R.

Keywords—
Threshold voltage
Photosensitivity P.

field-effect transistor OFET,
phototransistor PT, Pentacene,

organic
Vin,

I. INTRODUCTION

Inorganic semiconductors, due to their rigid
structure, are not promising for wearable, flexible
phototransistors in home-assisted or clinical sensor
applications because their expensive production conditions
make them unsuitable for high-throughput, cost-effective
technologies [1-6]. Organic semiconductor materials, which
include small molecules and polymers, have made it
possible to create new opportunities to overcome the defects
found in inorganic semiconductor materials [7-9]. Organic
semiconductor devices have attracted significant attention
since they have revealed mechanically flexible, inexpensive,
low-power, soft, non-invasive light optoelectronic devices
for both industrial and clinical purposes [10].

Thus, it defines that a particular kind of
photodetector called a phototransistor (PT) converts an

incident light signal into an electrical signal that can be
detected.  The unique three-electrode design of a
phototransistor, for example, enhances the signal and
lowers noise, giving this device better functionality than
other photodetector devices, such as photodiodes, where
numerous sectors, including medical applications, optical
communications, industrial and environmental studies,
disaster weather prediction, digital imaging, logic gates,
and fire warning, have made use of phototransistors [2, 11-
13].

Among these organic semiconductors was the
Pentacene molecule, which is one of the most studied
organic semiconductor materials, P-type, characterized by
high air stability, high switching ratio (lo./los), and high
carrier  mobility, exhibiting high electrical and
photosensitive  properties. In  addition,  organic
phototransistors (OPTs) use pentacene material because of
its strong electrical performance and absorbent properties,
which result in a higher generation efficiency across a wide
wavelength range [14-17]. Depending on the photon
energy, a pentacene-based transistor can exhibit different
behaviors when excited by light. It has been shown that
when the illumination intensity is increased, the saturation
current strengthens, the threshold voltage (Vy,) shifts
positively, and the total trap density decreases under white
or low-energy ultraviolet (UV) light. An excellent option
for the active layer in an organic photodetector with a FET
architecture is the pentacene material [18-19].

Polyvinyl alcohol (PVA) is one of the most
common polymer dielectrics, which can provide a low-trap-
density surface and a smooth surface. PVA agrees with
organic semiconductor materials [20- 21].

This research aims to study the effect of the threshold
voltage(Vy) on the electrical properties of both types (the
output and transfer) for the FET-based organic
photodetectors(OPTSs), and by using different values for the
incident optical power (P, for the organic semiconductor
(Pentacene) and the insulator PVA.
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Il. THEORETICAL MODEL

For the dependence of the threshold voltage (Vi)
parameters on the present illumination, the threshold voltage
(V) can be accounted for by the following equation [22]:
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where G,,is the transconductance, q is the electronic charge,
Dope 1S the incident optical power, n is the quantum
efficiency, hc/4 is the photon energy, I,qis the dark
current for electrons, V., is the threshold voltage shift, and
A is the fitting parameter.

Eg. 1 indicates that the coefficients in the magnitude

A
(1+"q p"”t) do not influence the calculation of the

threshold voltage, as the number 1 is significantly larger
than the magnitude ("q p”’") which is itself very small

relative to 1. Thus, these coefficients have minimal impact
on the threshold voltage. Consequently, it is essential to
derive an equation in which these coefficients play a role in
calculating the threshold voltage (Vy,):
ﬂln (nlpopt>
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Moreover, FET-based organic photodetectors have one of
the main detecting parameters that determine the realization
of photodetectors, namely, responsivity (R). To quantify the
photoresponse performance of PTs, the responsivity (R) of a
photodetector is an essential metric that measures how
effectively it transforms incoming light into an electrical
signal. In the case of organic field-effect transistors
(OFETs), responsivity (R) is defined as the ratio of the
photocurrent produced by the device to the incident optical
power, as represented by the following equation. [23- 27]:

R=2a (3)

Where A is the area exposed to light.

The gradual-channel approximation model can be
applied to calculate the current (I;) flowing across the
channel and to find the OFET operating parameters of the
critical phototransistor. Phototransistors with OFETs can
operate in two regions (the linear and saturation regions), in
the saturation region given by [21- 28]:

x [(Ve = Van)'] (4)

We substitute Eq. (2) into Eq. (4), the current drain in the
saturation region becomes:

2
WC; AKT ~ (MApope
[ = —0 5
d =L B (Vg G n( ,ghc ®
wc, V2
la=— L [(1@ —Vep) X Vg — 7‘1] (6)

We substitute Eq. (2) into Eq. (6).
drain current can be written as:

In the linear region, the
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The switching ratio can be measured by the following
equation:
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Where W is the channel width, L is the channel length, p is
mobility in the linear region, the gate voltage is V,, drain
voltage Vg4, and C; is the gate insulator's and
semiconductor’s capacitance per unit area, where C; can be
written as[29-30]:

Ci = Cdielectric + Csemiconductor

Eog . .
C: = ( dielectric )
L /tdielectric

+ (g"gsemiconductor/ (9)

semiconductor)

MATLAB software was employed to determine Vy, and (I-
V) characteristics for the phototransistor in this model.

The structure of an OFET-based organic photodetector
is designed in this study. The gate is indium tin oxide
(ITO). The gate dielectric material is polyvinyl alcohol
(PVA). The organic semiconductor (OS) is pentacene (P)
with gold (Au) electrodes for the source and drain.
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Fig. 1: (a) Molecular structure diagram of the pentacene [5] and (b)
Schematic diagram of the Pentacene phototransistor structure.

Indium Tin Oxide (ITO)

I11. RESULTS AND DISCUSSION

In this study, the influence of the threshold voltage V, on
FET-based organic photodetectors OPTs of the organic
semiconductor of p-type Pentacene and a gate dielectric
material (PVA) is studied. The study used different values of
the incident optical power (Pom—loo 1000 uW/(cm™ )) The
threshold voltage Vy, is measured using Eq. (2) and using the
parameter values shown in Table 1.



TABLE 1: the parameters used in this work.

Parameter Value
area exposed to light A 4x10"m?
transconductance G, 8.3x10°
Temperature T 350 K
quantum efficiency n 2x10’
dark current I,4 2.5x10°A

The measured threshold voltage Vy, shift on the
same device is plotted against incident optical power, as
shown in Figure 2. This figure shows nonlinear behavior
for threshold voltage through an increase in the threshold
voltage with increasing power, where the value for threshold
voltage Vy, is - 0.63V at incident optical power (P,,, =1000
uW/cmZ), while the value for threshold voltage Vy, is -2.1 V
at incident optical power (P,,; =100 puW/cm?). Reduced
photosensitivity is due to the outcome of this nonlinear
behaviour at higher light intensities, which goes back to the
slow transfer of accumulated charges at the dielectric layer
(PVA)/ organic semiconductor (Pentacene) interface. A
proposed theoretical model expresses the dependence of the
threshold voltage Vy, shift parameters on illumination. The
change in threshold voltage Vy, values is due to the creation
of carrier charges through visible light. Transistors must be
incorporated into electrical circuitry. When visible light
photons form positive dipoles at the organic semiconductor
diode interface, they trap photogenerated holes at the
transistor's  dielectric  layer/organic  semiconductor
(pentacene) interface, resulting in a negative gate voltage
shift. This leads to a decrease in Threshold voltage (V) in
Pentacene phototransistors (PT). Drop Threshold voltage
(Vyw) is necessary for electronic applications that utilize
OFETs; this threshold voltage drop is crucial because it
boosts light sensitivity but can also raise the "off-state” or
dark current, making it more challenging to fully shut off
the device. Increased photocurrent, enhanced responsiveness
R and detectivity, and an increase in the minimum current
flowing in the absence of light are the primary outcomes.

Fig. (2): Threshold voltage as a function of incident optical power of the
Pentacene phototransistor.
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Through investigating the effect of the threshold voltage Vy,
on the performance of the FET-based organic photodetector
(PT), by using the proposed model, using different values
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for the incident optical power (Pq, =100,500,1000 pW/cm?),
and threshold voltage values (Vy=-2.1, -1.1, and -0.63 V)
respectively. Where the electrical properties (output (I4-Vg)
and transfer properties (l-Vy)) of the Pentacene-based
OFET are estimated using Egs. (5) and (6), and using gate
insulator PVA. These output properties (the linear and
saturation regimes (l4-Vq)) and transfer properties (the linear
and saturation regimes (lg-Vg)) are studied using the
parameter values presented in Tables 1 and 2.

Figures 3 and 4 clearly illustrate the output and transfer
characteristics of OFET-based pentacene photodetectors.
As negative gate voltages V rise, Figures (3-4) show typical
channel accumulation p-type OFET behaviour, revealing the
linear and saturation areas of each device. The (drain-source
current-drain voltage) (I4-Vg) curves show good linearity at
lower voltages. These demonstrate the formation of a strong
ohmic contact between the Au and pentacene electrodes.
These curves show how the source-drain current is
obviously increased by the photocurrent contribution.
Furthermore, similar to gate bias in OFETSs, OPTs operate as
a typical light-electric bi-functional device by utilizing
incident light as an independent variable to modify transistor
operation.

TABLE 2: PARAMETERS used in this work.

Parameter Value
Width of channel W 2.1x10%m
Length of channel L 1x10°m
Semiconductor thickness ( tsemiconductor) 1000 nm
Dielectric thickness(tgieectric) 100nm
Mobility u 5x10"m%V.s
The dielectric constant of pentacene 44
(Ssemiconductor)
The dielectric constant of poly(vinyl alcohol) 45
(PVA) (Sdielectric)

Figure (3) shows the drain current I4 versus the drain-source
voltage (V4 =-30 to 0 V) for different gate-source voltage
(V4=-30, -20, -10, 0 V), the incident optical power
(Pop=100, 500, and 1000 pW/cm?), and threshold voltage
(Vin=-2.1, -1.1, and -0.63V), respectively. When negative
gate voltages (V) are applied, the current 14 flows from the
source to the drain through the channel area. This device
observes typical output curves of OFET-based
photodetectors. These curves show that only holes collect at
the Pentacene / (PVA) interface. These curves also show
that increasing V reaches the maximum value, which is -
30V. The change in the threshold voltage towards negative
voltages causes a decrease in the current levels. This
behavior is typical for p-type OFETS in the presence of traps
at the Pentacene/ insulator (PVA) contact, where adequate
ohmic contact between contact electrodes (Au) and
Pentacene is indicated by output characteristics that
differentiate between the linear, pinch-off, and saturation
regimes, as we mentioned earlier, this outcome is consistent
with other earlier studies [21, 28-31].

In Figure 3(a), the highest linear and saturation current
values of the phototransistor are reached at gate voltage



(V4=-30V), the incident optical power (Poy =100 nW/cm?),
and threshold voltage (Vy,=-2.1V) in OFETs are lg(pinear) =-
2.35 x10A and lgu=-2.37 x10™A, respectively. The
maximum linear and saturation current values of the
phototransistor at gate voltage (V,=-30V), the incident
optical power (P =500 pW/m?), and threshold voltage (Vi
=-1.1 V), reached ly(inear) =-2.21 x10 “A and lg =-
2.22x10™ A, as shown in Figure 3(b), the highest current
linear and saturation values of phototransistor at gate
voltage (V4=-30V), the incident optical power (P =1000
uw W/cm?), and threshold voltage (V4=-0.63V) can be
reached t0 lg(Linear) =-2.11x10 “A and I =- 2.15x10 “A,
as shown in Figure 3(c).

The best of the drain current results was obtained using
the incident optical power value (Poy= 1000uW/cm2) and
threshold voltage (V= -0.63V), as shown in Figure 3(c).
While the least current values can be obtained using the
incident optical values (P = 500 and 100 pW/cm?), and
threshold voltage values (Vi = -2.1 and -1.1 V) (as shown in
Figures 3(a and b)), such behavior can be attributed to the
effect of the effective threshold voltage.
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Fig. 3: Output characteristic (Is-Vq) of the Pentacene (P) based OFET for
gate insulator (PVA) at: (&) Pop= 100uW/cm? and Vip=-2.1V,  (b) Pop=
500uW/cm? and Vip=-1.1V, and (c) Poy= 1000pW/cm?and V= -0.63V.

Figure 4 illustrates the transfer (I4-Vg)
characteristics of the Pentacene-based OFET phototransistor
varying light intensities Py (100, 500, and 1000 pW/cm?)
and threshold voltage (Vi = -2.1, -1.1, and -0.63V) with V,
from (-30 to 0 V) at V4=-30 V. Under light irradiation, the
transfer curves(l«—V,y) for each device show typical
photoresponse behavior by shifting to the positive direction.
The mobile electrons produced by the photon in the organic
semiconductor would be captured if a positive gate bias
were applied to the device while it was illuminated by light.
It is possible to think of the electron traps as aiding in the
formation of the transistor channel at a lower gate voltage
by positively shifting the threshold voltage Vy,. As a result,
the current 14 will increase. The number of charges trapped
can be further controlled by tuning the incident light
intensity at a particular bias. Across different devices, as the
incident optical power increases, the current (Ig) increases
considerably. In Figure 4, the same behavior of output
properties (I4-Vg) curves is observed as in Figure 3. The
highest value of the drain current is as in curve 4, at Vg = -
30 V. These results agree with the researchers' findings [21,
28-31].

However, as explained in Figure (4), the highest value
of the linear and saturation drain current of the
phototransistor (PT) for the incident optical power (Po,=100
uW/Cm?), and threshold voltage (V,=-2.1V) in OFETs are
laLinear= - 5.9x107A and lgg =- 1.79x10°A at V,=-30V,
respectively. While the maximum value of the linear and
saturation drain current of the phototransistor (PT) for the
incident optical power (Pq,=500 puW/cm?), and threshold
voltage (Vy=-1.1V) are at Vg=-30V |y Linear= -6.05x10A
and g =- 1.92x10*A. The highest values of the linear and
saturation drain current are of the phototransistor (PT) for
the incident optical power (P,=1000 p W/Cm?), and
threshold voltage (V,=-0.63V) are lg inear= -6.11%x10 A and
losar. = -1.98x10 "*Aat V=-30 V.

The best values of the (linear and saturation) drain
current are obtained at the incident optical (Poy = 1000
pW/cm?) and threshold voltage (Vi = -0.63V) as shown in
Figure 4. This behavior is due to the effective threshold
voltage.

x10*

S}
T

drain current Id[A]
N i
T

—e—Popt=100pW/Cm2 & Vth=-2.1V

—e—Popt=500pW/Cm2 & Vth=-1.1V
Popt=1000pW/Cm2 & Vth=-0.63V 7

2 L L L L L

=20 -15 -10 -5 0
gate voltage Vg[V]

Fig. (4): Transfer characteristics (ls-Vg) at drain voltage -30V of the
pentacene (p) based OFET for gate insulator (PVA).

Consequently, the best performance of the FET-based
organic photodetector (PT) is at the minimum value of
threshold voltage Vy,, which is -0.63 V, and an incident



optical power (Pgp = 1000 pW/cm?) for both the output and
transfer electrical properties.

The switching ratio (l,./14s) Was calculated by using Eq.
(8) for different values of the incident optical (Popt =
100,500, and 1000 p W/cm?), as shown in Table 3. The
values of the ratio (I,/lof) Of the Pentacene increased as the
incident optical and threshold voltage decreased.

Responsivity (R) calculated for FET-based organic
photodetectors(OPTs) by using Eq. (3) for different values
of the incident optical power (P,,=100, 500, and 1000
uW/cm?), as observed in Table 3. The Responsivity R
values of the PVA-Pentacene decreased with increasing
incident optical power and threshold voltage.

Table 3: The lo/lof ratios and responsivity (R) of pentacene for
different values of the incident optical power P

Vin (V) Popt(MW/cm? ) Lon/ Lot R( A/W)
2.1 100 2x107 0.625
-1.1 500 1.88x10’ 0.125

-0.63 1000 1.83x107 0.00031

IV. CONCLUSIONS

This proposed model successfully improved the
performance of the FET-based organic photodetector for
organic semiconductor (Pentacene) and dielectric (PVA).
The main conclusions are as follows: the study reveals the
nonlinear behavior of the threshold voltage. The study also
observes linear and saturation regions of the FET-based
organic photodetector, clearly showing increasing negative
gate voltages and exhibiting a typical channel accumulation
p-type OFET behavior. The current values were increased
at the highest value of the gate voltage V4 = -30 V for both
output (Ig-Vg) and transfer (I4-Vy) properties. The best
values of the drain current (linear and saturation) are at
threshold voltage (Vy = -0.63 V) and the incident optical
power (Pgp = 1000uW/cm?). The best performance of the
OFET-based photodetector was at the minimum threshold
voltage of -0.63 V. The switching ratio (loi/losr) Values
increase as the incident optical power and threshold voltage

decrease. Conversely, the responsivity R values decrease
with increasing incident optical power and threshold
voltage.
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