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1. Introduction

Organic thin film transistors (OTFTs), using 
a stack of solution processable organic semi-
conductor (OSC) and polymer dielectrics, 
own advantageous features in manufac-
turing cost, processing temperature and 
mechanical flexibility over the inorganic 
counterparts.[1–10] Therefore, it is expected to 
overcome the manufacture hurdles in cost 
and energy consumption, and accommodate 
various form factors in a highly customizable 
way for the internet of everything era.[1–8]

In the last decades, tremendous efforts 
in material chemistry and processing tech-
niques have been devoted to improving 
the device mobility of OTFTs.[9–14] 
Decreasing the leakage current is equiva-
lently important or even more critical in 
many envisioned power-constraint elec-
tronic systems.[15] Leakage current in 
an OTFT might be contributed by three 
sources: the part through the gate insu-
lator (GI) layer, the intrinsic part through 

the channel and the parasitic leakage part outside the channel 
region. The leakage through the GI layer relies on the quality 
and thickness of the GI layer, and the parasitic leakage out of  
the channel region can be effectively suppressed through  
patterning the OSC layer.[16–18] The intrinsic channel leakage 
current, contributed by minority carrier injection from the 
drain contact is thus the fundamental limit to be overcome.[19]

Taking a popular p-type device as example, when a relatively  
positive gate voltage is applied for the OFF-state or deep sub-
threshold regime, the minority carrier electrons could be 
injected from the drain electrode into the lowest unoccupied 
molecular orbital (LUMO) states of the OSC. The minority car-
rier injection is more severe for narrow bandgap (Eg) OSCs, 
typically such as the donor–acceptor (D–A) structure molecules, 
which have been widely studied for high mobility because of 
their strong intermolecular interactions enabling efficient 
intermolecular charge transport.[20,21] The injected electrons 
increased the leakage current and caused non-ideal electrical 
behaviors.[22–24] The trapped electrons into the OSC layer or at 
the interfaces also resulted in performance instabilities.[25–27] 
Two types of strategies have been devoted to suppressing 
the adverse effects of minority carrier injection (electrons in 
p-type OTFTs).[27–31] One is to introduce molecular additives 
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as selective charge-carrier electron traps in the channel, that 
prevents the injected electrons from contributing to the con-
duction process.[28,29] However, this method is difficult to be 
controlled in processes for full prevention of electrons while 
not disrupting the hole transport in the ON-state.[32] The other 
strategy is to raise the electron injection barrier height through 
contact doping or introducing a wide Eg interfacial layer at the 
contact interface such that it reduces electron injection.[27,30,31] 
Unlike that with the inorganic semiconductors, the relatively 
weak charge transfer doping achieved in OSCs is not able for 
complete elimination of electron injection, and the dopants in 
the form of small-molecule counterions might migrate in the 
OSC layer, causing device instabilities.[33,34] Accurate control 
of the doping processes for fine resolution integration is also 
challenging. Adding a wide Eg OSC interfacial layer is a more 
straightforward way to raise the injection barrier, but its process 
compatibility with the main OSC channel is a concern. More-
over, it meets difficulties of realizing energy level matching 
with metal contacts to minimize the hole injection barrier for 
the ON-state. Due to the material and process restrictions, it is a 
grand challenge of suppressing electron injection in OFF-state, 
while not affecting major carrier charge injection and transport 
in ON-state. As a result, the fabricated devices presented lim-
ited ON/OFF current ratios. Moreover, choices of the device 
structures, material stacks and processes in these studies didn't 
consider scalability for large area fine resolution integration.

This work uses a top-gate bottom-contact (TGBC) device 
structure, for its compatibility with industry-standard fine-res-
olution metallization processes and capability of minimizing 
contact resistance.[4] A strong dipole interfacial layer made of 
self-assembled monolayer (SAM) molecules at the metal-sem-
iconductor contacts not only enhances major carrier injection 
in ON-state, but creates a large barrier impeding minor car-
rier injection in OFF-state. Both the GI leakage and parasitic 
leakage in the device architecture are also effectively suppressed 
with a sputtering-resistant polymer GI layer and photolith pat-
terned ultra-thin OSC islands, respectively. As a result, record-
low leakage current (~10–18  A  µm−1) and ultra-large ON/OFF 
ratio (>1010) with excellent operational stability are achieved at 
low processing temperature (not exceeding 120 °C). The result 
is shown to reach the theoretical limit of technology computer 
aided design (TCAD) device simulation and also the best level 
of inorganic counterparts. The SAM interfacial layer also ena-
bles to create homogeneous surface energy property between 
the electrode contact and dielectric areas, so that uniformly crys-
tallized thin channel films over large area are obtained. Manu-
facturability of the device technology is verified in substrate size 
up to 200 mm × 200 mm with good uniformity. The built 4.7 in. 
active-matrix organic light-emitting diode (AMOLED) display, 
integrating more than 150k OTFTs, is able to be operated at 
ultra-low frame-rate (0.1 Hz) for power saving attributed to the 
ultra-low leakage and excellent operational stability.

2. Results and Discussions

2.1. Design Principles

As shown in Figure 1a, to switch an OTFT from the ON-state 
to the OFF-state, the gate voltage (VGS) is swept more positive 

to raise the hole injection barrier at the source contact. The 
potential barrier for preventing minority carrier (electron) 
thermionic emission at the drain contact would be lowered, 
resulting in an increase of the electron injection contributed 
current. The current minimum occurs when the increase of 
the electron current starts to surpass the reduction of the hole 
current. As VGS becomes more positive in the OFF-state, the 
electron injection induced leakage current starts to dominate.

TCAD device simulations using OSCs of different Eg are 
used to study the influence of electron injection barrier on the 
leakage characteristics (Figure  1b). Assuming matching of the 
highest occupied molecular orbital (HOMO) level of the OSC 
with the work function of the contact electrode, a potential 
barrier equals to the OSC’s Eg is formed to prevent electron 
injection. As shown in Figure 1c, the simulation results repro-
duce the double subthreshold-slope (double-SS) phenomena 
observed experimentally with narrower Eg OSC OTFTs due to 
the electron injection.[31] With wider Eg OSCs, the leakage min-
imum is decreased and the double-SS phenomenon disappears 
attributed to better suppressed electron injection. Not only ther-
mionic emission, but also trap-assisted tunneling (TAT) or even 
band-to-band tunneling might occur at high enough gate-to-
drain fields, causing an increase of the leakage with VGS.[35] The 
simulation results in Figure 1c show that, even with an electron 
injection barrier of 2.1 eV (i.e., Eg of 2.1 eV), the electron injec-
tion becomes more significant at larger positive VGS due to TAT, 
resulting in increase of the leakage current with VGS. If the TAT 
is suppressed, the leakage current will become much less VGS-
dependent with a lower leakage level of 10–18 A µm−1.

Therefore, to effectively suppress electron injection in a wide 
range of VGS for low-leakage OFF-state, a large enough electron 
injection barrier at the metal-semiconductor junction must be 
created, and a high-quality metal–semiconductor interface of low 
trap states is also important. However, widening Eg with OSC 
molecule design needs to consider a tradeoff with carrier trans-
port and is also limited by the achievable low-lying LUMO level 
and energy matching of the deep HOMO level with the metal 
contact.[36] In actual case, it is also challenging to form an ideal 
defect-free wide Eg OSC interfacial layer to block the undesirable 
electron injection, resulting in a relatively large leakage current in 
the level of 10–13 A µm−1 with obvious VGS-dependence.[31]

In bottom-contact structure OTFTs, surface modification 
of the gold (Au) or silver (Ag) contacts with thiol-based SAM 
molecules has been widely used for crystallization control and 
reduction of contact resistance, but the leakage current char-
acteristics are not investigated.[37–39] Alkanethiol or perfluori-
nated alkanethiol molecules tend to adsorb on the surface of 
the Au or Ag electrodes to obtain uniform and ordered SAMs. 
Presence of the SAM layer modifies the surface energy prop-
erty and thus affects crystallization of the OSC on top.[39] Due 
to opposite electrical dipole moments at the interface with the 
two different types of SAMs, the metal surface work-function 
can be modified in different directions. With perfluorinated 
alkanethiol SAMs of a large electronegativity, the work func-
tion of the electrode can be increased for reducing the hole 
injection barrier and in turn the contact resistance in the ON-
state (Figure 1d).[36,40] On the other hand, such large electroneg-
ativity would also increase the electron injection barrier height, 
which is proportional to the dipole moment of the SAM.[40,41] 
Based on the above discussions, such a SAM based design is 

Adv. Electron. Mater. 2022, 2200014



www.advancedsciencenews.com
www.advelectronicmat.de

2200014 (3 of 10) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

able to create an ideal interfacial layer to eliminate minority 
electron injection for low leakage current and excellent opera-
tional stability, while not affecting hole injection in ON-state. 
The design can also be well incorporated into a TGBC struc-
ture for large-scale integration of high performance OTFTs.

2.2. Material Stack and Electrical Characteristics

The device architecture and used materials to prove the pro-
posed design are shown in Figure 2a. A p-type small molecule 
OSC triethyl(2-{1,4,8,11-tetramethyl-13-[2-(triethylsilyl)ethynyl]

pentacen-6-yl}ethynyl)silane (TMTES-pentacene) with a Eg of 
about 1.9  eV is used to form the main channel. A terpolymer 
binder is blended with TMTES-pentacene to improve solution 
processability and crystallization quality.[42] The molecule struc-
tures of the three monomers for the terpolymer binder can 
be seen in Figure S1 (Supporting Information). The 3-fluoro-
4-methoxythiophenol SAM is used to modify the Au electrode 
surface to enhance the hole injection while suppressing elec-
tron injection at high gate field. Its dipole moment is calcu-
lated to be 2.54, which is the largest among all commonly used 
SAMs for electrode surface modification and can thus help to 
create high electron injection barrier (Table S2, Supporting 

Figure 1. Investigation of leakage current characteristics in organic thin film transistors (OTFTs) with technology computer aided design (TCAD) 
simulation and the proposed device design for leakage current reduction. a) Schematic of energy band (Metal-insulator-semiconductor and metal-sem-
iconductor-metal) of OTFT at ON-state and OFF-state. b) The top-gate bottom-contact (TGBC) structure with the organic semiconductors (OSCs) of 
different bandgap (Eg) widths used in simulation. c) The simulated transfer characteristics (|ID|−VGS) of devices using different Eg OSCs (Eg = 1.2–2.1 eV) 
with/without (W.O.) the trap assisted tunneling (TAT) model. d) Illustration of adding a dipole field layer at the metal–OSC interface to reduce hole 
injection barrier in the ON-state, while increasing the electron injection barrier in the OFF-state.
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Information). The SAM also modifies the electrode surface 
energy for obtaining high quality uniform crystalline structures 
over large area, which will be discussed in the next section.

The solution-deposited bi-layer structure organic GI (OGI) is 
composed of an about 150 nm thick CYTOP layer and an about 
400  nm thick sputtering-resistant layer (SRL). The former is 
to form a non-polar trap–free interface with the OSC channel, 
and the latter protects the OGI from high energy ion dam-
ages during the subsequent metal sputtering process. The 
OGI specific capacitance is measured to be around 6 nF cm−2 
(Figure S2, Supporting Information). All the Au metal 

electrodes and interconnects are formed using the standard 
fine metallization process with sputtering, photolithography, 
and wet etching. The channel length is defined to be about 
6 µm (Figure S3, Supporting Information). The OSC channel is  
patterned by standard dry etching process using the gate metal 
as the mask without affecting the formed OSC layer and the 
OSC–OGI interface. The processing temperature for the whole 
OTFT stack is below 120 °C.

The measured typical output (ID–VDS) and transfer (|ID|–VGS) 
characteristics of the fabricated OTFTs with width to length 
ratio of 400  µm/6  µm are given in Figure S4 (Supporting 

Figure 2. Device structure and electrical properties of the fabricated OTFT. a) Schematic of device architecture and used materials to prove the pro-
posed design. b) The measured transfer curves (|ID|−VGS) of the very wide channel device with the width to length ratio of W/L = 100 000 µm/6 µm, 
exhibiting very low leakage current of 10–18 A µm−1 (the measurement limit). c) The measured |ID|−VGS curves with multiple sweeping VGS from a positive 
voltage up to 100 V, showing that the leakage current remains to be nearly constant at the minimum. d) The measured leakage current density (JOGI) 
through an Au-OGI-OSC-Au structure in the OFF-state of the OTFT, well below 0.1 nA cm−2 even at an applied voltage up to 100 V (an electrical field of 
about 1.8 MV cm−1). e) Comparison of the achieved ON/OFF current ratio (ION/IOFF) versus the processing temperature of the fabricated OTFT with 
other TFTs of solution processed semiconductor and dielectric layers, and also the vacuum processed inorganic TFTs in the industry.[43–64] f) Compar-
ison of the leakage current versus the effective gate bias voltage |VGS−VON| of the fabricated OTFT with other TFTs (VON is the turn-on voltage).[13,65–72]
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Information), presenting excellent field-effect transistor 
behaviors of large ON/OFF ratio. The extracted apparent linear 
mobility value of the device is about 1.98 cm2 V−1 s−1. For such 
short channel (6 µm) OTFTs, the values are comparable to the 
previously best reported values due to the small contact resist-
ance of 512  Ω  cm (Figure S5, Supporting Information). To 
better investigate the leakage current properties of the devices, 
a very wide channel with a width to length ratio (W/L) of 
100 000 µm/6 µm is fabricated. The measured |ID|–VGS curves 
(Figure 2b) at room temperature show that the leakage current 
is in the level of 10–18 A µm−1 (the actual leakage current value 
might be lower due to the measurement limit). When VGS is 
swept from a positive voltage up to 100 V, the leakage current 
remains at the very low level, indicating well suppression of the 
minority carrier injection (Figure 2c). Such low leakage charac-
teristics over a large positive VGS indicate a high electron injec-
tion barrier and also low density of trap states at the interface 
for suppressed TAT. Another important factor is that the formed 
OGI of about 550  nm with the SRL can maintain an ultra-
low leakage current density (<0.1 nA cm−2) even at an applied 
voltage of 100  V (an electrical field of about 1.8  MV  cm−1), as 
shown in Figure 2d. Eliminating all the leakage current paths, 
including parasitic leakage outside of the channel region via 
the patterned OSC layer, enables the device to achieve a leakage 
current level as low as the theoretical limit of the simulated 
OTFT using a wider Eg (2.1  eV) OSC (Figure  1c). It can be 
seen that the measured leakage current and ON/OFF ratio are 
similar to the level obtained from the TCAD device simulation 
results with a OSC Eg of 2.1 eV. The SAM interfacial layer can 
help to form a high-quality metal–semiconductor interface, but 
which wouldn't be as ideal as that for TCAD simulation. There-
fore, considering a smaller Eg of about 1.9 eV for the used OSC 
in the fabricated OTFTs than that in simulation (2.1  eV), the 
similar performance indicates that the SAM induced vacuum 
level shift plays a role in suppressing the leakage current.

The device achieves the largest ON/OFF ratio value reported 
so far for TFT devices of solution processed channel and GI 
layers,[43–64] while having the lowest processing temperature 
(120 °C) (Figure 2e and Table S3, Supporting Information). The 
achieved ON/OFF ratio is also superior to the low temperature 
poly silicon and hydrogenated amorphous silicon TFTs, and 
is comparable to that of the state-of-the-art amorphous oxide 
semiconductor TFT processed by vacuum deposition in the 
industry. Moreover, the lowest leakage current can be main-
tained in the widest VGS range up to 100 V compared to previ-
ously reported TFTs in various semiconductor materials[13,65–72] 
(Figure  2f). These results prove that excellent switching per-
formance is possible to be achieved using stacks of OSC and 
polymer dielectric materials with low temperature solution 
processes.

2.3. Uniformity and Reliability

Within the proposed device design in Figure  2a, the 3-fluoro-
4-methoxythiophenol SAM layer provides a surface, which is 
not as hydrophobic as the more commonly used pentafluor-
obenzenethiol (PFBT). Therefore, it aids coating of the OSC 
formulation with similar surface wetting properties between 

the channel and the contact electrode regions and is helpful 
for obtaining uniform crystalline channels over large area. 
Adding the terpolymer binder into the OSC formulation is 
also important for crystallization control with solution coating 
processes. On its own, the small molecule OSC tends to aggre-
gate and crystallize to form three-dimension structures, and 
consequently the devices formed from them have significant 
variability and large gate leakage due to the topography of the 
OSC surface (the upper in Figure 3a). With the terpolymer 
binder, very flat thin films of high-quality uniform crystalline 
structures are achieved by spin coating due to the vertical phase 
separation of the two components and the cohesion of the film 
during spinning with the binder's large viscosity (the bottom in 
Figure 3a). Such uniformly crystallized thin flat films are much 
better suited for making OTFTs of high performance with good 
uniformity since they allow thin OGI films to be spun on top 
without pin-holing. With combined effects of the SAM treated 
contact surface and the blended OSC formulation, the fabricated 
25 devices (W/L = 400 µm/6 µm) over a 100 mm × 100 mm sub-
strate area present excellent uniformity in terms of the meas-
ured |ID|–VGS characteristics and the statistic distribution of the 
extracted mobility (Figure 3b). The measured ON-state current 
exhibits excellent linearity with the channel width in a wide 
range of 3 orders from 10 µm to 50 000 µm (Figure 3c), which 
further proves the OSC crystallization uniformity and also per-
formance scalability with channel width for circuit design.

Suppression of the minority carrier injection and formation 
of high-quality metal–OSC and OSC–OGI interfaces enable to 
have excellent operational stabilities. After multiple sweeping of 
VGS between ON and OFF states for 250 cycles, the fabricated 
very wide channel device (W/L = 100 000 µm/6 µm) still main-
tains the ultra-low leakage current and thus the large ON/OFF 
ratio (Figure 3d). With either negative or positive VGS bias stress 
(NBS and PBS) for 3600 s, the device presents negligible change 
of the measured |ID|–VGS curves and the extracted Vth values 
(Figure 3e,f). The presented stable performance under multiple 
sweeping between ON and OFF states, and continuous PBS in 
the OFF-state indicates that the device is well suited for pixel 
switches in active-matrix backplanes. The excellent NBS stability 
at an operational current close to 10  µA can meet the require-
ment for driving organic light-emitting diode (OLED) displays.

2.4. Large-Scale Low-Power Integration

The above results present ultra-low leakage and excellent 
operational stabilities of the OTFT, and also its uniformity 
and scalability for large area manufacturing. To verify these 
characteristics, the device architecture is further processed on 
a 200  mm  ×  200  mm substrate to make a backplane for an 
active-matrix OLED (AMOLED) display (Figure S6, Supporting 
Information). The display pixel is composited of a 1T-1C (one 
switch TFT and one storage capacitor) dynamic random-access 
memory (DRAM) alike structure and a driver TFT (Figure 4a) 
(Table S4, Supporting Information). It is urged that the switch 
TFT has to maintain sufficiently low leakage current for low-
frame rate operation to save driving power.[19] Meanwhile, the 
driver TFT requires excellent bias stress stability to supply 
stable driving current. A 4.7-in. 320 × 240 backplane is designed 
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and fabricated based on the pixel circuit (Figure  4b), and the 
pixel layout photo image is given in Figure 4c. After deposition 
of the OLED and the thin-film encapsulation layer using 
industry-standard processes, flexible printed circuits (FPCs) are 
bonded onto peripheral input/output (I/O) pads to connect to 
an external driver board (Figure S7, Supporting Information). 
Demonstration of dynamic driving the OTFT-OLED display 
can be seen in the Movie S1 (Supporting Information). In spite 
of some defect lines due to limited lab conditions and hand 
operation for each process, excellent dark states in the non-
illuminated areas can be seen with the two captured snapshots 
(“OTFT” and “OLED”) in the video (Figure 4d), indicating low 
leakage current of both the pixel switches and drivers. Having 
such low leakage pixels, the display can be operated at low  
frame rate to greatly save dynamic power. The measured relative 
luminance changes over time through a silicon photodiode 

during 5 continuous driving frames are shown in Figure 4e 
(the measurement setup is described in Figure S8, Supporting 
Information). It can be seen that the display is able to main-
tain the OLED luminance nearly unchanged for 10  s without 
refreshing, which would support operation at the lowest frame 
rate (0.1 Hz) reported so far. The results also indicate the excel-
lent bias stress stability of the driver OTFT.

3. Conclusion

This work makes a breakthrough in using low temperature solu-
tion processed organic material stacks to fabricate stable and 
ultra-low leakage OTFTs for large-scale low-power integration. 
It is achieved by introducing a dipolar molecule layer at the 
metal–semiconductor interface with SAM molecules to greatly 

Figure 3. Device performance uniformity and operational stability of the fabricated OTFT. a) The polarized optical micrograph of the surface morpholo-
gies of the formed OSC film with and without the polymer binder. b) The measured transfer characteristics (|ID|−VGS) of 25 devices (W/L = 400 µm/6 µm) 
over a 100  mm  ×  100  mm substrate area and the statistic distribution of the extracted mobility in the inset. c) The measured on-state current 
(VGS = −30 V, and VDS = −2 V) of the fabricated OTFTs as a linear function of the channel width, ranging from 10 to 50 000 µm (the channel length is 
6 µm). d) The extracted ON-state current (VGS = −30 V, and VDS = −2 V) and OFF-state current (VGS = 20 V, and VDS = −2 V) of the very wide channel 
device (W/L = 100 000 µm/6 µm) after multiple sweeping of VGS between ON and OFF states for 250 cycles. e) The measured |ID|−VGS curves and 
the extracted Vth values of the OTFTs (W/L = 5000 µm/6 µm) under continuous negative VGS bias stress (NBS) at an operation current near 10 µA for 
3600 s. f) The measured |ID|−VGS curves and the extracted Vth values of the OTFTs (W/L = 5000 µm/6 µm) under continuous positive VGS bias stress 
(PBS) in the OFF-state for 3600 s.
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suppress the minority carrier injection in OFF-state, while 
improving the majority carrier transport in ON-state. Despite 
the lowest process temperature, the achieved low leakage char-
acteristic is the best among all reported solution-processed 
TFTs, and also reaches the best level of the inorganic counter-
parts processed by vacuum deposition in the industry. The pro-
cesses are verified on a 200 mm × 200 mm size substrate with 
excellent uniformity, and would be up-scalable for larger sub-
strate size. The display demonstration based on this technology, 
for the first time, shows the capability of using the OTFT for 
dynamically driving OLED displays with ultra-low frame rate 
(0.1 Hz) operation for power saving.

4. Experimental Section
Materials: The solution-processed organic thin film transistor 

(OTFT), as depicted in Figure  2a, uses acrylate polymer dielectric 

for the buffer layer, gold (Au) for source/drain and gate electrodes, a 
blended OSC formulation for the channel layer, CYTOP (CTL-809  m), 
and sputtering-resistance polymer dielectric for the bi-layer structure 
organic gate insulator (OGI), SU8 for the passivation layer and Au 
for pixel interconnection and electrodes. The OSC formulation was a 
blended solution of small molecule (triethyl(2-{1,4,8,11-tetramethyl-13-
[2-(triethylsilyl)ethynyl]pentacen-6-yl}ethynyl)silane) and a terpolymer 
binder dissolved in tetralin at the ratio of 0.4:0.8:98.8  wt% (small 
molecule: polymer binder: solvent). The terpolymer binder is a random 
copolymer comprising three monomers at the ratio of 59%: 29%: 10% in 
weight. The molecule structures of the small molecule OSC and the three 
monomers for the terpolymer binder are shown in Figure S1 (Supporting 
Information). The 3-fluoro-4-methoxythiophenol (Fluorochem, UK) self-
assembled monolayer (SAM) molecule was used to modify the source/
drain electrodes.

Device Simulation Method: A commercial numerical device simulator 
ATLAS vended by SILVACO was used to simulate the charge carrier 
transport and the leakage current characteristics of the OTFT.[73] The 
program solved the Poisson's Equation, the carrier continuity equations 
and the drift-diffusion transport equations at each node of a user-defined 

Figure 4. Demonstration of active-matrix OLED displays based on the OTFT. a) Schematic of the active-matrix array for displays with the simplest 
2T-1C pixel circuit composed of one drive TFT (D-TFT), one switch TFT(S-TFT) and one storage capacitor (CS). b) Photo image of the fabricated 4.7-in. 
320 × 240 OTFT backplane for AMOLED displays. c) The optical micrograph of the 2T1C pixel circuit layout. d) Two captured snapshots (“OTFT” and 
“OLED”) in the video of the dynamically driven AMOLED display, showing excellent dark states in the un-displaying areas. e) The measured relative 
OLED luminance changes over time through a silicon photodiode during 5 continuous driving cycles, showing that the luminance is maintained nearly 
unchanged for 10 s without refreshing.
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two-dimensional (2-D) mesh. The third dimension was normalized to 
1 µm. The Poisson's Equation related variation in electrostatic potential 
to local charge densities. The continuity and the transport equations 
described the way that the electron and hole densities evolved as a 
result of carrier transport, generation, and recombination processes. 
In order to investigate the influence of OSC Eg width, trap states and 
gate induced electrical field on the leakage current, the Shockley–Read–
Hall recombination (SRH) and trap-assisted tunneling (TAT) models 
were utilized. The total density of states (DOS) in the Eg was modeled 
with two tail bands (donor-like and acceptor-like) using exponential 
distribution and two deep level bands (acceptor-like and donor-like) 
using Gaussian distribution.

The top-gate bottom-contact (TGBC) architecture was generated by 
ATLAS. The thickness of the buffer, OSC, and OGI layers were 350, 50, 
and 600  nm, respectively. The lengths of the source/drain electrodes 
and the channel length were set to be 3 and 5  µm, respectively. 
The gate electrode was set to fully cover the source/drain electrode 
regions. The parameter values for the device structure definition are 
listed in Table S1 (Supporting Information). The values of the material 
property parameters are listed in Table S2 (Supporting Information). 
A p-type OSC was assumed in the studies with low-field hole mobility 
of 5  cm2  V–1  s–1 and low-field electron mobility of 0.5  cm2  V–1  s–1. The 
metal work function was set to be 4.8  eV, consistent with the highest 
occupied molecule orbital (HOMO) level, to form ohmic contact.[74] 
OSCs of various Eg widths from 1.2 to 2.1 eV were used in the simulation 
by changing the lowest unoccupied molecule orbital (LUMO) level. 
The carrier lifetime was set to be 100 ps.[75,76] The effective DOS at the 
HOMO and LUMO levels was set to be 3 × 1021 cm–3.[77]

Fabrication Methods for OTFT: Corning Eagle XG glass substrates 
were firstly cleaned by sonication in a 1% deconex solution at 50 °C for 
1 h followed by DI water rinsing, drying with an air gun, and then baking 
at 70 °C for 60 min. A buffer layer (BL) of acrylate polymer was deposited 
onto the glass substrate via spin-coating and the thickness was around 
500  nm after crosslinking. Onto the BL, a 50  nm thick Au layer was 
sputtered and patterned with photolithography and wet-etching to 
form the source-drain electrodes. Self-assembled monolayer (SAM) 
modification of the source/drain electrodes was conducted by depositing 
an IPA solution of 3-fluoro-4-methoxythiophenol (Fluorochem, UK) onto 
the electrodes for 1 min, followed by spin coating at 1000 rpm for 20 s. 
Two cycles of flooding the sample with IPA followed by spin coating 
were used to rinse off any excess SAM material. The substrate was then 
baked at 100 °C for 1 min followed by cooling to room temperature for 
1  min. After electrode modification, the channel layer was fabricated 
via spin coating of the blended OSC solution at a speed of 500 rpm for 
10 s and then 1250 rpm for 60 s. After that, the sample was immediately 
baked at 100 °C for 1 min. The OGI was composed of two layers. Firstly, 
CYTOP (CTL-809 m) diluted to 3 wt% in FC43 solvent was spin coated at 
1500 rpm for 20 s followed by baking at 50 °C for 1 min and then 100 °C 
for 1 min, and the thickness was around 150 nm. After that, the second 
organic sputtering-resistance layer (SRL) was deposited via spin coating 
at 500 rpm for 10 s, and then 1250 rpm for 180 s, followed by UV curing 
using a broadband wavelength mercury lamp (4200  mJ  cm−2) under 
N2 flow and then baking at 120  °C for 5  min. The SRL thickness was 
measured to be about 400 nm. After formation of the OGI, a 50 nm thick 
Au layer was sputtered and patterned with photolithography and wet-
etching to form the gate electrode. Reactive ion etching (RIE) (Oxford 
Plasma lab 800+ RIE, 200  mT, 100  sccm O2) was used to pattern the 
OSC layer with the metal gate as the mask. After that, a SU-8 passivation 
layer (PL) was deposited via spin coating, baking at 100 °C for 1 min, UV 
curing at 4200 mJ cm−2 under N2 flow, and finally baking at 120 °C for 
5 min. The total thickness of the PL was 2 µm. Vias were patterned in the 
PL using photolithography and RIE to the level of the back-gate metal so 
that interconnections could be made to this layer. Finally, a metal layer 
(50 nm Au) was sputtered and patterned with photolithography and wet-
etching to form the gate interconnect wiring.

Display Driving Electronics System: The display driving electronics 
system consists a power management module, a gate driver IC 
(STV7623) for providing the scan signals, a data circuit board composed 

of digital to analog converter, shift register, and output buffer for 
providing data signals, and a FPGA (Xilinx, ZYNQ_7020) for operation 
control and input/output interfaces (Figure S7, Supporting Information).

Testing pixel signal retention of the AMOLED display: A commercial 
silicon photo-diode (MTD5010W) was placed above the display panel to 
convert the detected luminance signals to electrical signals, which were 
then measured with a Keithley 2400 current meter (Figure S8a, Supporting 
Information). The 320 × 240 active-matrix OLED display was operated at a 
0.1 Hz refresh rate (1 frame per 10 s) as shown in Figure S8b (Supporting 
Information). In a frame, during the programming period (about 17 ms), 
the switch OTFTs (S-TFTs) were turned on (VScan  =  −10  V) in turn row 
by row, and the corresponding data signals (Vdata) were programmed into 
each pixel to obtain the displayed images. During the holding period in 
the remained time of a frame, all the S-TFTs were turned off (VScan = 30 V).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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