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ABSTRACT —

We simulate the detection of light in solution-processed poly(3-hexylthiophene) (P3HT)-capped indium oxide (InyO3) phototransistors with and
without direct electrical contact between the P3HT and the source and drain contacts. Under illumination, the photogenerated carriers enhance the
drain current of the transistor, enabling photodetection. We demonstrate improved phototransistor performance by eliminating direct electrical
contact between the P3HT and the source and drain contacts due to the inhibition of hole current flow between the contacts in the off-state. The
photoresponsivity and detectivity are improved by up to 2.5 and 7 orders of magnitude, respectively, and reach a maximum of 4.4 A/W and 8.7 x
107 Jones. Photodetection down to incident light powers as low as 5 pW/cm? is possible in the absence of direct contacts while detection is limited
to 50 pW/cm? otherwise. We determine the photoresponse rise and fall time as 0.4 ps and 0.6 ps, respectively. Our study highlights the importance
of using source/drain contacts that are separated from the photosensitive layer to realize optimal phototransistor performance.

1. Introduction

The ability to capture electromagnetic radiation and convert it to an electrical signal is crucial for many modern applications
ranging from remote sensing to imaging, optical communications, health monitoring, night vision, object inspection, and biomedical
diagnostics ['-'%). Extensive research has been performed to realize highly sensitive photodetectors with a large number of semi-
conductor materials, including Si, ZnO, GaN, InGaAs, conjugated polymers, nanomaterials, graphene, and other two-dimensional
materials -2,

Amorphous indium-oxide based thin-film transistors (TFTs), including InOy, InZnOy, and InGaZnOy (IGZO) as the semiconductor,
are of interest due to their compatibility with low-temperature large-area processing and their relatively high field-effect carrier
mobility (more than 10 em?/V) %>, However, because of their large optical bandgap, exceeding 3 eV, these materials only absorb
high energy ultraviolet (UV) light and shorts wavelength visible-light below 420 nm [33]. At first sight, this precludes their use for
photodetection applications which require the detection of visible and near IR wavelength light. Fortunately, photodetection capa-
bilities can be expanded to visible light by fabricating heterojunction TFTs where the amorphous oxide semiconductors (a-OSs) are
integrated with a visible-light absorbing capping layer [34].

Detection of visible-light with a-OSs as the active channel layer with a light-absorbing capping layer has been previously reported.
For example, graphene dots, PbS quantum dots, and MoS films have been demonstrated as visible-light absorbing materials. *>-*"1,
However, the use of dispersed nanomaterials or two-dimensional materials requires complex processing resulting in insufficient yield
[35]. Semiconducting organic molecules and polymers are alternative absorbing materials which retain the low-temperature,
large-area, and low-cost solution processability of a-OS TFT fabrication. As reported in Ref. 138421 " this hybrid phototransistor
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structure has been used previously to improve the photosensitivity of IngO3 TFTs for the wavelength range of 380 nm-620 nm.

A specific heterostructure phototransistor that shows promise consists of an n-type amorphous indium gallium zinc oxide (IGZO)
channel combined with a p-type organic narrow bandgap semiconductor, P3HT [39], light-absorbing material. The photodetection
arises from increased channel conductivity due to photogenerated electrons injected into the high mobility IGZO channel from the
P3HT following light absorption. Unfortunately, this hybrid device at present suffers from a high off-state leakage current (Ip), low
photoresponsivity, and detectivity. Similar reported device structures also show detectivities and responsivities, summarized in
Table S1 of the supplementary materials, that are not competitive with inorganic devices.

In this paper, we propose an underlapped source/drain (USD) TFT structure to prevent direct electrical contact between source/
drain electrodes and the organic capping layer [11]. The specific TFT transfer characteristics and photodetection spectrum are
determined by the a-OS and the organic capping layer materials, respectively. Here we use InyO3 as the semiconductor channel and
P3HT as the organic capping layer as an example. We choose In;O3 because it is a simple binary oxide with high mobility, and P3HT
because it is a common semiconducting polymer with strong absorption in the visible spectrum centered around 500 nm. However,
while we use P3HT to demonstrate the device design concept; the device improvement from the new design is not specific to P3HT, but
can rather apply to other absorbers. We use simulated devices to analyze the behavior of devices with and without underlap. We
compute the detectivity and responsivity and find that the underlapped source/drain configuration shows a high responsivity in the
visible light (500 nm) measuring around 5 A/W, with a detectivity exceeding 107 Jones, and a low dark current density of 10~*°
A/cm?. The responsivity and detectivity values are 2.5 and 7 orders of magnitude larger, respectively, than those of the currently
fabricated organic/a-OS phototransistors, highlighting the importance of using the underlapped source/drain structure.

2. Device structure and simulation parameters

The conventional organic/a-OS TFT structure, consisting of an InyOs channel capped with solution-processed poly(3-hexylth-
iophene) (P3HT) is depicted in Fig. 1a. The modified USD TFT structure, where the source and drain contacts are not in electrical
contact with the photosensitive P3HT, is shown in Fig. 1b. For our study, a 150-nm-thick silicon dioxide (SiO3) layer acting as the gate
dielectric is on top of a back-gate electrode with a work function of 4.1 eV. A 20-nm-thick high mobility (9 cm?V~!s™!) n-type doped
(5.0 x 10" em ™) Iny03 layer on top of the SiO; serves as the semiconductor channel (Table S2 of supplementary material). A 50-nm-

Fig. 1. Simulated device structure of the (a) conventional organic-based TFT and (b) underlapped source/drain organic-based TFT. The thickness of
the photosensitive polymeric absorber layer is 100 nm. The thickness of the indium oxide channel and gate dielectric is 20 nm and 150 nm,
respectively. The aluminum source and drain (labeled Al) contact lengths are 10 um. Gate length (Lg) is 100 pm.
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thick aluminum layer is used as the source and drain contacts. The device channel length and width are fixed at 100 pm and 1500 pm,
respectively. Finally, a 100-nm-thick 1.0 x 10'® cm ™2 p-doped P3HT layer acts as the photosensitive layer. Table S2 of supplementary
material summarizes the input electrical and optical parameters for each layer.

To analyze the device characteristics, we employ numerical simulations using a commercial finite-element based two-dimensional
drift-diffusion simulation package [43]. For a given device geometry, the drift-diffusion equations are solved self-consistently with the
continuity equations and the Poisson equation. Since we consider an organic semiconductor, we account for the formation of excitons
[44,45] and apply the singlet-exciton continuity equation to model exciton diffusion to the P3HT/Iny,O3 interface. We use a
Poole-Frenkel-type field-dependent mobility model taking into account the hopping transport of the electrons and holes; y =
to(T)exp( —Eo /kT)exp(VF(B /T —y)) where y,(T) is the low-field mobility, and and y are fitting parameters, Ej is the effective acti-
vation energy, and F is the local driving force (electric field) [46,47]. A Gaussian density-of-states (DOS) is considered to approximate
the effective DOS for electrons and holes in disordered organic semiconductor materials. The Langevin recombination model is used to
model the recombination process of carriers and the generation process of singlet excitons in P3HT [46,47].

The spatially resolved photon absorption rates are calculated by means of an optical simulator. To obtain the light-field, optical
simulations are performed using the raytracing (RT) method assuming linear polarization, as implemented in Sentaurus Device [48].
The optical generation within both the conventional and the proposed device profiles are interpolated onto the finite-element mesh
adopted by the device simulator (Fig. S1 of supplementary material).

3. Results and discussion

In Fig. 2, the simulated transfer characteristics (drain current, Ip, as a function of gate voltage, V) are shown for both the con-
ventional and the proposed USD P3HT/In,O3 phototransistors in the absence of illumination (dark) and under various illumination
intensities ranging from 5 pW/cm? to 5 mW/cm?. All drain currents in this study are normalized to the channel width and have units of
A/mm. The observed difference between the transfer characteristics in the absence of light (dark) and under illumination shows the
photodetection capabilities of these devices. In the dark, the conventional device reveals a much larger current for negative gate bias
compared to the proposed device with underlapped source/drain regions.

For the conventional device, our calculations predict a subthreshold slope of 124 mV/dec, similar to what has been observed
experimentally in the literature [Table S1 of supplementary material]. The proposed USD TFT, on the other hand, has a superior
subthreshold slope of 68 mV/dec.

Our simulations show that the ability to detect low-intensity light in these hybrid phototransistors is determined by whether there is
direct electrical contact between the polymeric photogate and the source and drain electrodes. The only desirable current path is that
of electrons transported through the high mobility In,O3 layer. Transport through this current path is dominant for positive gate-to-
source voltages where electrons dominate carrier transport. However, direct electrical contact creates an additional current path in the
conventional device, which is insensitive to light illumination as evidenced by the high off-state current in the dark in Fig. 2. This
second current path in conventional devices proceeds through the p-type P3HT channel. Holes can flow into the P3HT because of the
direct electrical contact between the photosensitive gate and the electrodes. This current path is dominant for negative gate-to-source
voltages where holes are the dominant carriers of current.

To better understand the difference in behavior, we show the electron concentration at positive gate bias (Vg5 = 5.0 V) for both the
conventional and proposed USD devices in Fig. 3. Under positive gate bias, conduction in both devices is governed by electrons and the
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Fig. 2. Transfer characteristics of the conventional organic-based TFT (dotted lines) and underlapped source/drain organic-based TFT (solid lines)
under 500 nm illumination. It can be easily seen that the conventional device just has photoresponse at light power intensities from 50 yW/cm? to
5.0 mW/cm?.
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current flows mostly through the n-type high mobility channel, which is seen from the electron density in Fig. 3. (Fig. S2 of supple-
mentary material shows contour maps of total current density under positive gate bias). Since electron transport dominates, both
devices carry very similar on-state current in the positive gate-to-source regime as is seen in Fig. 2.

To study the current flow in the negative gate-to-source regime, we show the hole concentration at negative gate bias (Vgs = —5.0
V) in Fig. 4. Both devices have similar hole concentration but in the proposed USD TFT device, the absence of a contact to the P3HT will
inhibit hole current flow. In this device, the current observed in the dark is in fact still carried by electrons in the InpO3 (Fig. S3 of
supplementary material shows the contour maps of total current density under negative gate bias).

To further clarify the picture of the two independent current paths, we simulate two separate structures, one with just the In,O3 and
one with just the P3HT, as illustrated in the inset of Fig. 5. We add the current of the transfer characteristics of both simulations and
compare the sum with the conventional device characteristics in Fig. 5. The separate devices show the same off-current and reveal that
the increased off-current in the conventional device is due to a parasitic current path through the P3HT.

To quantify the promise of the USD TFT phototransistor, we determine the photoresponsivity of the organic/a-OS hybrid photo-
transistor by calculating the responsivity (R) and the detectivity (D*). We perform all calculations in the region Vg5 < 0, where the
current changes the most for both devices. More precisely we use Vgs = -2 V. The photoresponsivity (Rpp) is given by Refs. [39,41,49].

R— LaGituumination) — La(dark) )
Pin

where IyGillumination) 1S the drain current under illumination, Ijdark) is the drain current in the dark, and Pjj, is the power provided by the
incident light, which is equal to the light power density times the device channel area (device channel length multiplied by channel
width, 100 pm x 1500 pm in our case). Detectivity is a figure of merit characterizing the performance of photodetectors, equaling the
reciprocal of the noise-equivalent-power, normalized by the square root of the sensor’s area and bandwidth [49]. The detectivity is
related to the responsivity by the relation [34,36,41].

B R

D=—— 2)
qlaaary /A)"

where q is the elementary charge and A is the effective area of the detector.
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Fig. 3. Electron density of the (a) conventional organic-based TFT and (b) underlapped source/drain organic-based TFT at Vg4 = 5.0 V and Vg =
5.0 V in the dark.
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Fig. 4. Hole density of the (a) conventional organic-based TFT and (b) underlapped source/drain organic-based TFT at V45 = 5.0 V and Vgs=-5.0V
in the dark.
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Fig. 5. Transfer performance of the conventional P3HT/In;O3 TFT (dotted lines) and standard In,O3 TFT in addition to organic-based P3HT TFT
mixed together (solid lines) under 500 nm illumination.
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Fig. 6 shows the photoresponsivity and detectivity at V4s = 5.0 V and Vg5 = —2.0 V as a function of illumination power density
under a 500 nm light source. The performance of the proposed USD-TFT with underlapped source/drain regions is orders of magnitude
better than the conventional device. Specifically, the detectivity is higher by up to 7 orders of magnitude for all ranges of the light
power intensities while the responsivity is higher by roughly 2.5 orders of magnitude at high power densities (0.5 mW/cm? to 5.0 mW/
cm?). The proposed device realizes a maximum responsivity of 4.4 A/W at a light power density of 5 mW/cm?, approximately 367
times higher than the conventional one (1.17 x 10~2 A/W). The detectivity at this power measures 8.7 x 107 Jones for the proposed
device compared to 1.16 x 10'° Jones for the conventional device. The sudden increase in responsivity and detectivity for the pro-
posed device above 107> W/cm? light power intensity is due to the negative shift in the transistor on voltage (Voy) with increasing
illumination power. For illumination greater than 107° W/cem? Voy becomes less than —2 V so the illumination I is greater than the
off-current. This effect becomes more pronounced with Voy decreasing further with higher illumination intensities, so responsivity and
detectivity continue to increase. For the conventional device, Voy never decreases below —2 V even for the highest illumination in-
tensity (5 mW/cm?), so responsivity and detectivity remain relatively flat versus power intensity.

Both the conventional device and the USD device exhibit maximal responsivity at the highest power intensity simulated (5.0 mW/
cm?), and both devices maintain good responsivity down to very low power intensity (5.5 pW/cm?). However, it is important to note
that current is not visibly different for power intensities below 50 pW/cm? in the conventional device. The non-vanishing respon-
sivities and detectivities that we compute in the conventional device are the result of differences in current that are very small and not
visible in Fig. 2.

The results shown in Fig. 6 assume a 500 nm light source; we repeat our responsivity calculations for the proposed USD device for a
5 mW/cm? light source with a wavelength ranging from 250 nm to 700 nm. (Fig. S4 of the supplementary material). Responsivity
increases with increasing wavelength up until 500 nm after which responsivity declines. In other words, responsivity reaches its peak
value at a wavelength of 500 nm due to the light absorbance spectrum of the P3HT capping layer [50]. Moreover, the In,O3 channel
and the P3HT capping layer are almost transparent to light with a wavelength longer than 650 nm. Comparing these simulations with
recently reported a-OS based phototransistors with nano, perovskite, or organic materials [Table S1 of supplementary material], we
see significantly improved performance in the detectivity and transient response.

To study the transient response of the phototransistor with underlapped source/drain regions, we simulate a periodic illumination
with a 30 ps period and 5 ps light-on time with light power intensities of 95, 320, 675 nW/cm?, as shown in Fig. 7. The drain current
was extracted at Vgs = 5.0 Vand Vgs = —2.0 V. A fast transient response is observed with an abrupt rise and fall in Ip and a high Ijight-on/
Liight-off ratio (107). This fast transient response shows that our devices as simulated are not plagued with any considerable amount of
persistent photoconductivity, compared to, for example the continuous increase under pulse illumination observed in Ref. [34].

To quantify the response time, a magnified figure of the rise and fall of the response periods are plotted in Fig. 7b and (c). From
these figures, we extract the rise and fall times, defined as the time interval between 10% and 90% of the peak value of the photo-
current when light is on and off [34,36]. A 0.4 ps rise time and a 0.6 ps fall time under 675 nW/cm? is extracted. These rise and fall
times meet the specifications needed for sensing and imaging applications [34,36]. The simulated response time is several orders of
magnitude faster than several recently reported hybrid phototransistors with nano and organic materials, such as graphene nano-
sheets/IGZO, Mo0S,/IGZO, and P3HT/IGZO [*>*?1 (Table S1 of supplementary material).

We have studied an idealized version of the proposed device with underlapped source/drain regions, where the contacts are
completely insulated from the photosensitive layer through the removal of a small section of the photosensitive material next to the
contact. In a physical implementation, such complete electrical insulation is difficult to realize. A more practical implementation may
proceed by covering the source and drain electrodes with a thin layer of insulating material [11], e.g. silicon nitride, before deposition
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Fig. 6. Optical power dependencies of the photoresponsivity (red, left axis), detectivity (blue, right axis) of the conventional TFT (line only) and
USD TFT (squares + line) at Vgs = 5.0 V and Vg = —2.0 V.
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Fig. 7. (a) Logarithmic plot (top panel) and linear plot (bottom panel) of the time-dependent photo-response characteristics of the proposed USD
TFT under a 500 nm incident pulse light at V4; = 5.0 V and Vg = —2.0 V, respectively. (b—c) The enlarged figures of one cycle of Fig. 7(a) bottom
panel (which is the linear plot of the time-dependent photo-response characteristics of the proposed USD TFT), showing the (b) rise time and (c) fall
time of the proposed underlapped In,O3/P3HT TFT under 500 nm incident light.
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of the P3HT. The ideal device with fully insulated source/drain regions electrical behavior including total current density is studied in
Fig. S5 of the supplementary material. Interestingly, the electrical behavior of these insulated source/drain device and ideally insu-
lated USD device discussed above is almost the same.

4. Conclusion

In conclusion, we have simulated a solution-processed phototransistor where an In,O3 channel is capped with a P3HT polymeric
photoabsorbing layer. We have proposed a device structure with underlapped source/drain regions. We found that P3HT capped In,03
TFTs with underlapped source/drain regions maintain a low off-current below 10™'8 A/mm, an on/off-current ratio of over 103,
Responsivities and detectivities exceeding 4 A/W and 107 Jones were found respectively, well in excess of previously reported papers
for hybrid phototransistors. Our research shows that hybrid phototransistor performance can be drastically improved by preventing
direct electrical contact between source/drain electrodes and the photosensitive layer, hence reducing off-current in the dark.
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