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Abstract: Thin film transistor (TFT) has been a key device for planal drive display technology, and
operating the TFT device in a saturation regime is particularly important for driving the light emission
at a stable current. Considering the light emission reaches the TFT planal, it is thereby meaningful to
understand the effect of illumination on TFT saturation behavior in order to improve the stability
of light emission. Through experiments and simulations, our study shows that the drift current of
photogenerated carriers can follow a saturation behavior when the channel conductance is dominated
by charges induced by gate bias rather than the charges generated by photons, and vice versa. The
obtained device physics insights are beneficial for developing TFT technologies that can drive light
emission at a stable current.
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1. Introduction

The thin-film display technology has become increasingly important for both daily
usage electronics and industrial electronics [1-4], and has promoted the tremendous de-
velopment of thin-film transistor (TFT) [5-9]. Over the past decades, tremendous research
efforts have been made in the field of light-emitting diodes (LED), and research work
through material science and device engineering has contributed greatly to the develop-
ment of quantum-dot LED [10-13], perovskite LED [14-17] and organic LED [18-21]. Due
to the high-quality light emission achieved in these newly developed LED devices, LED
display technology has emerged as a key display technology. In each pixel of the LED
matrix, a TFT device is integrated to output current for driving the light emission of an
LED device. This drive method enables precise control of color intensity by tuning the TFT
current via gate bias and has thus been widely used in state-of-art display applications.

During display operation, charge trapping in the LED device would increase its sheet
resistance in the TFT-LED circuit, thus resulting in the vibration of voltage applied at the
source/drain electrodes of TFT [22-25]. Moreover, the electrostatic charging in the display
would also lead to small magnitude vibration of source-drain voltage. Therefore, it is
necessary to have the TFT outputting its current in the saturation model where the channel
current can retain constant under different source-drain voltages in order to obtain stable
light emission. In a practical display application, the light generated from the LED would
also reach its neighboring TFT devices. It is known that the electrical characteristics of TFT
device are influenced by illumination [26-30]. The photogenerated charges drift within
the channel under the control of gate-source-drain biases, coupling with the transistor
field-effect current. This has been widely explored in phototransistors mainly for pursuing
photodetection and synaptic functionality [31-34], but little has been known about the
effect of illumination of the saturation behavior of TFT device that is crucial for TFT-LED
applications.

In this work, we investigate pentacene TFT, which is a prototype organic TFT device.
We experimentally probe the detail variations of the device’s electrical characteristics
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under illumination and found that the device’s saturation behavior is negligibly reduced,
which is inspiring for pursuing stable light emission and has not been understood before.
We conducted simulation study, and the results show that in devices whose channel
conductance is dominated by carriers induced by gate bias rather the photoconductance,
the electrical field within the channel under illumination remains the same as that in the
dark, and thus the transport of photogenerated carriers in the channel follows the saturation
behavior. By contrast, when the photoconductance is largely improved by employing a
thick channel or applying high-intensity illumination, the channel conductance would
be influenced by the photoconductance, and thereby the photocurrent gradually loses its
saturation feature. Our study reveals important device physics insights for pursuing highly
stable TFT-driven display technologies.

2. Materials and Methods
2.1. Device Fabrication

A §i/5i0, wafer was cut in 15 mm x 15 mm substrates using a laser fragment system,
and the highly doped silicon layer and the SiO, layer (300 nm) served as the gate electrode
and the dielectric layer, respectively. Firstly, the substrates were cleaned by ultrasonic
bath in decon 90 (with deionized water), deionized water, acetone and isopropanol for
10 min each. Then the substrates were dried using a nitrogen gun and treated with oxygen
plasma for 5 min. Afterwards, the substrates were cleaned again with isopropanol for
5 min. The 2.4 mL Cytop solution was prepared by mixing 0.4 mL Cytop and 2.0 mL
solvents in a 7 mL vial. A droplet containing 80 pL Cytop solution was applied to the
substrate surface and then immediately a spin-coating process was started at 5000 rpm for
40 s. Thereafter, the substrates were annealed at 100 °C for 10 min in ambient air. Pentacene
(purchased from TCI, 99.999%, trace metals basis) was deposited onto the substrate by
thermal evaporation to a thickness of 50 nm, at a rate of 0.2 A /s and under high vacuum
of 5 x 1077 torr, without substrate heating. Finally, an 80 nm gold layer was evaporated
through a shadow mask at a rate of 1.0 A/s and under high vacuum of 1 x 107 torr,
to serve as the source and drain electrodes. Before measurement, the silicon gate was
connected to a gold pad using elargol in nitrogen conditions. The electrical measurements
were performed at room temperature in a vacuum probe station (2.0 x 104 Torr). All
transfer and output characteristics were measured using Keithley 2636B semiconductor
analyzer and the kickstart 2 software. The illumination was applied with a white LED light
source with an intensity of 100 mW /cm?. The measurement was conducted by shedding
light upon the device through a glass window of the probe station while the device was in
a vacuum within the probe station.

2.2. Simulations

In order to have an in-depth investigation of the underlying device physics, we use
TCAD tools (Silvaco) to simulate the device operation under illumination. The simulation is
based on a package of semiconductor models which includes the Poisson equation, carrier
continuity equation, drift-diffusion equation, basic carrier statistics, thermionic emission
and general recombination models.

3. Results

The transfer curve and the output curve characteristics of pentacene TFTs were mea-
sured under dark and illumination (the light intensity is 100 mW/cm?), and the data are
presented in Figure 1. The results show that there is a photocurrent response at both the
off-state region (under the positive gate bias) and the on-state region (under the negative
gate bias). To investigate the effect of illumination on the device saturation behavior, we
extract the photocurrent (Ipnoto = ILight — IDark, Where Ipjon: and Ip,rk denote the device
current under illumination and dark, respectively) and plot them as a function of drain
bias, as shown in Figure 1d. Apparently, it shows that the variation of Ipyy, is largely
reduced at the saturation region where drain bias (Vp) is larger than the gate bias (V),
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indicating that this photocurrent exhibits a saturation behavior that is typically observed in
the transistor output characteristics in the dark (Figure 2c). This is an interesting finding
since saturated photocurrent is favorable for maintaining reliable light-emission when
charge trapping occurs in the LED device and electrostatic charging occurs in the TFT-LED
matrix. Therefore, further investigations were conducted as we want to understand the
mechanisms in which photocurrent follows a saturation behavior and the conditions under
which it does not.

(b) 18.0p

15.0y
~—~12.0p
<
-~
N 9.0
~o *H
6.0p

3.0p

C
( )1200U V,=-10V ~-60V (d) 2.0p v =-10V
V. =225V
100.0, o
" 1.6u V,=-35V
80.0p < V,=-47.5V
= T V,=-60V
~, 60.04 e
~° ~800.0n
40.0u
20,04 400.0n
0.0 0.0 L L
60 50 -40 -30 -20 -10 O -60.0 -40.0 -20.0 0.0
V5(V) Vo (V)

Figure 1. (a) Schematic illustration of TFT-LED matrix; (b) transfer curve characteristics and (c)
output characteristics of pentacene TFT measured in dark and illumination; (d) photocurrent of the
pentacene TFT in the dependence of drain bias.

We have applied simulations to investigate the operation of TFT devices under dark
and illumination conditions. To simulate the illumination, we have used a photogeneration
rate for the channel. Figure 2 shows the simulation data for transfer curve and output
curve characteristics. The results show that the photocurrent response is consistent with the
experimental observations discussed above, and the dependence of the characteristics on
the photogeneration rate confirms that it originates from photogenerated carriers. As charge
injection is a prerequisite for transistor operation, we first investigate the contact resistance
(Rc). We extract Rc in the dependence of Vg and injection barrier, as shown in Figure 3a,b.
The dependence of R¢c on V is consistent with reports elsewhere [35]. Additionally, the
dependence of R¢ (under illumination) on the injection barrier suggests that thermionic
charge injection still plays the dominant role in shaping the current continuity at the contact
boundary, rather than photogenerated carrier transport, as illustrated in Figure 3d.
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Figure 2. Simulated transfer curve characteristics (a,b) and output characteristics (c,d) of a TFT device
under various photogeneration rates.
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Figure 3. (ab) Contact resistance extracted using the TLM method; (c) Contact resistance of
TFTs with various injection barriers, plotted as a function of gate bias and photogeneration rate;
(d) illustration of the energy diagram for the charge transport in the contact region. Note that green
denotes photogenerated charges, while yellow denotes charges injected from electrodes.
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Figure 4c,d show that the extracted Ipyt, from the simulation data exhibits a saturation
behavior that is consistent with the experimental results we discussed above, but we
note that the saturation behavior is slightly better. We extract Ipyq, as a function of the
photogeneration rate (5 x 10,1 x 10%%,1 x 10* cm3s71), as presented in Figure 4a,b. The
results show that the saturation feature of Ipy, is persistent at different photogeneration
rates. To gain further insights, we look at the charge transport by inspecting the surface
potential, charge concentration and recombination rate within the channel. Figure 5 presents
the surface potential map of TFTs at different drain biases under dark and illumination,
while Figure 6 shows the cross-section data of surface potential, charge concentration and
recombination rate within the channel under illumination. In the following, we discuss the
mechanism of Ipy, saturation behavior based on the data in Figures 5 and 6.
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Figure 4. Photocurrent as a function of gate bias (a,b) and drain bias (c,d) at different photogenera-

tion rates.
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Figure 6. Cross-section data of surface potential (a), electrical field (b), charge concentration (¢,d) and
recombination rate (e,f) in the channel at different bias conditions under illumination.

We first discuss the spatial photocurrent density in the region between the source
electrode and the depletion point, as well as the drain electrode, at the saturation regime.
At an illumination with a photogeneration rate of 1 x 10*! cm~3s~! and channel thickness
of 100 nm, the areal concentration of photogenerated charge is far below that of carriers
induced by gate modulation from the source. Therefore, the channel conductivity is
dominated by the conductivity from gate-modulated charges rather than the conductivity
from photogenerated charges (termed as photoconductivity). This means that the internal
electrical field in this region under illumination is the same as that in the dark condition, as
probed by the simulated potential map data in Figure 5. Therefore, the electrical field in
this region for driving photogenerated charge is barely changed when altering the drain
bias. Furthermore, we note that charge recombination rate is dependent on the charge
concentration, which is nearly independent of drain bias in this region since the charge
concentration is dominated by the concentration of the gate-modulated charges. This
indicates that the recombination rate in this region is nearly independent on drain bias
in the saturation regime, as probed by the simulation data in Figure 6. Therefore, with
a fixed photogeneration rate, electrical field and recombination rate in this region, the
spatial photocurrent density is barely influenced by altering drain bias in the transistor
saturation regime.

In addition, we discuss the spatial photocurrent density in the region between the
depletion point and the drain electrode in the saturation regime. The cross-section data
in Figure 6 show that the electrical field, charge concentration and recombination rate
in this region vary when applying different drain biases. Specifically, the electrical field
increases when increasing drain bias. However, we note that the increased electrical field
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accumulates the current cloud, which enlarges the recombination rate in this region, thus
decoupling the effect from increased electrical field and contributing to the independence
of spatial photocurrent density on drain bias in this region in the saturation regime.
Finally, we extend our investigation to a device with a 1 um thick channel, and the
data are presented in Figure 7. In contrast to the TFT of 100 nm channel, this TFT device
shows a photocurrent behavior that has a small saturation feature. The surface potential
data show that the electrical field in the channel no longer follows its configuration in the
dark condition and varies when changing the drain bias in the saturation regime. This is
because the channel conductivity is more influenced by the photoconductivity in a thick
channel, and the charge transport in a two-terminal photodiode plays a role. Similarly, the
simulation using a high photogeneration rate of up to 1 x 10?! cm3s~! (simulating high-
intensity light illumination) shows that the photocurrent has a small saturated behavior.
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Figure 7. Simulated transfer curve characteristics (a,b), photocurrent characteristics (c,d) and cross-
section surface potential (e,f). (a,c,e) are the results of device with 100 nm channel and photogenera-
tion rate of 1 x 1022 cm3s~L; (b,d,f) are the results of device with 1 pum channel and photogeneration
rate of 1 x 102! em 351

4. Conclusions

In this work, we experimentally investigated the photocurrent saturation behavior
in organic thin film transistor and found that the photocurrent saturates in the transistor

saturation regime. This discovery is inspiring since it is beneficial for obtaining stable
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light emission in TFT-LED applications. We conducted simulation investigations to un-
derstand the mechanism of saturated photocurrent behavior and the conditions where the
photocurrent does not exhibit saturation behavior. The study shows that the interplay be-
tween photoconductance and gate-modulated conductance is the key. This device physics
insight suggests that having a thin channel layer for the TFT is beneficial for obtaining
saturated photocurrent behavior to pursue high-performance and stable light-emitting
TFT-LED applications.
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