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Shengbo Sang,1,2 Leilei Li,1 Qiang Li,1,2,4,* Lifeng Ding,3 Xinwang Li,1 Zhiqing Chang,1 Yimin Chen,1 Raza Ullan,1

Jianan Ma,1,2 and Jianlong Ji1,2
SUMMARY

This work introduces a pioneering approach in the development of organic thin-film transistors
(OTFTs), featuring a double-layer dielectric structure that combines poly(para-xylylene)s (Parylene) and
poly(methyl methacrylate) (PMMA) to leverage the high insulation properties and high surface polarity
of Parylenewith the low insulation properties and low surface polarity of PMMA. This combination results
in devices that showcase significantly enhanced electrical performance, including superior charge carrier
mobility, increased current on/off ratios, and greater transconductance. Utilizing poly(3-hexylthiophene)
(P3HT) for the active layer, the study demonstrates the advantage of the dual dielectric layers in mini-
mizing hysteresis in the transfer curve, thereby facilitating the systematic growth of the organic active
layer and enhancing electrical conductivity over single-layer alternatives. The superior performance of
the Parylene/PMMAdouble-layer insulating structure opens new avenues for the advancement of organic
electronics, presentingmethodologies for performance optimization and expanding the application spec-
trum of OTFTs.

INTRODUCTION

Poly(3-hexylthiophene) has been commonly used as a soluble conjugated polymer in the active layer of organic field-effect transistors in

recent decades.1–6 However, the regularity of p-p stacking and molecular weight enhancement within P3HT is limited as an active layer.7

The final performance of OTFTs depends not only on the intrinsic properties of each functional component but also on various other factors

such as the growth mode of the active layer,8 molecular order-orientation,9 grain boundaries,10 and grain size.11 Furthermore, the carrier

mobility and device performance are substantially affected by the semiconductor/insulator interface, which is a critical factor.12 This is

because the carrier mobility and device performance rely on the semiconductor/insulator interface, which is a significant factor.13–16

To achieve optimal charge carrier transport and device performance, it is crucial that the engineering of the insulator/semiconductor inter-

face prioritizes a low density of charge traps and good contact compatibility.12–14,17 Low-k organic dielectricmaterials are preferred over high-

k dielectrics such as SiO2/Si, as they have fewer charge traps leading to improved transistor mobility and performance.18 For example, Zhu

investigated the separated interfacial charges of Al2O3/AlN andAlGaN/GaN in his paper.19 Son conducted a study on the fixed charges at the

insulator/semiconductor interface of Al2O3 or AlTiO dielectrics in AlGaN/GaN MIS devices.20 Biswas employed frequency-variable conduc-

tance measurements to investigate the trap states at the AlInGaN/GaN interface.21 The use of low-k PMMA as an insulating layer has been

conventionally reported for P3HT thin-film transistors.22–24 However, when utilizing a sole layer of PMMA as the gate dielectric, OTFT currents

are not suitably regulated due to the poor insulating properties of PMMA.25,26

PMMA is a dielectric with low surface polarity and low insulation properties. High-performance organic field-effect transistors require a

dielectric with low surface polarity and high insulation properties, but it is challenging to achieve both properties in a single-layer dielec-

tric.27–32 To solve the problem, a double-layer gate dielectric was utilized, which included a low-surface-polarity dielectric in contact with

the active layer and a high-k insulating layer underneath. This improved the performance of OTFTs by better controlling the interfacial prop-

erties, despite the increase in the total dielectric thickness.33,35 For instance, M. Yi fabricated high-performance field-effect transistors using

PMMA and crosslinked poly(4-vinylphenol) (PVP) for a double insulating layer.33 Meanwhile, Nakamura developed high-performance field-

effect transistors with SiN as the upper layer and HfO2, La2O3, LaLuO3, or TiO2 as the lower layer for double-insulator transistors.32 Both

methods hold various merit for practical applications. Belkacemi examined the electrical properties of HfO2/Si3N4 as a dual insulator.33
1Shanxi Key Laboratory of Micro Nano Sensors & Artificial Intelligence Perception, College of Electronic Information and Optical Engineering, Taiyuan University of
Technology, Taiyuan 030024, China
2Key Lab of Advanced Transducers and Intelligent Control System of the Ministry of Education, Taiyuan University of Technology, Taiyuan 030024, China
3Department of Chemistry and Chemical Engineering, Taiyuan Institute of Technology, Taiyuan 030008, China
4Lead contact
*Correspondence: liqiang02@tyut.edu.cn
https://doi.org/10.1016/j.isci.2024.109724

iScience 27, 109724, May 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:liqiang02@tyut.edu.cn
https://doi.org/10.1016/j.isci.2024.109724
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109724&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Preparation of high performance organic thin film transistor

(A) Preparation process flow chart.

(B-D) Cross-section of three different organic thin film transistors.
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Parylene serves as a widely utilized dielectric layer, showcasing remarkable electrical and insulating properties.34–37 However, using a single

layer of Parylene film as a gate dielectric introduces a challenge—its surface displays a higher root-mean-square roughness. This impedes the

crystalline growth of semiconductor molecules and raises the interface trap density.38–44 Consequently, the diffusion of organic semicon-

ductormolecules is hindered, leading to a decrease in grain boundaries and crystallinity within the organic semiconductor film.45–47 Addition-

ally, this situation may result in polarization effects and interface charge capture, adversely affecting device performance. Nonetheless, a

clever solution lies in combining Parylene with a low surface polarity dielectric to create a dual-layer gate dielectric.48–51 This optimized

dual-layer structure effectively addresses the aforementioned issues, ultimately improving the performance of organic semiconductor de-

vices. Therefore, the combination of Parylene/PMMAbilayer films not only integrates the excellent electrical insulation properties of Parylene

with the low surface roughness of PMMA, but also ensures a smoother surface for the active layer, which is crucial for the development of

high-quality semiconductor films. This combination leads to the fabrication of devices with superior performance. Moreover, the sequential

deposition process, involving chemical vapor deposition (CVD) of Parylene followed by spin coating of PMMA, allows for precise control of

interface properties, further enhancing the overall device performance.

This paper describes the design and application of a bilayer polymer dielectric composed of PMMA and Parylene with a low surface

polarity and high insulation properties. The dielectric was employed to fabricate a bottom gate top contact field-effect transistor based

on a P3HT semiconductor polymer. The surface and dielectric characteristics of bilayers made up of Parylene and PMMA, and of Parylene

monolayers and PMMA monolayers, were researched. The findings reveal that the Parylene/PMMA bilayer film has a smooth and uniform

surface with low polarity, low surface energy, and excellent solvent resistance. The bilayer film demonstrates high capacitance and low drain

current. Meanwhile, compared to devices using a PMMA monolayer film, thin-film transistors prepared with a Parylene/PMMA bilayer film

exhibit a higher current on/off ratio. This results in a significantly improved overall device performance. The active layer’s growth is more

orderly when using a bilayer structure, which has a smoother surface and lower surface polarity than a device prepared with a Parylene

single-layer film. Also, the PMMA layer’s thickness reduction promotes the accumulation of charge, causing more carriers to appear in the

channel area. As a consequence, a larger on current is formed.

RESULTS AND DISCUSSION

In this study, the schematic diagram of an OTFTs with a Parylene/PMMA bilayer film as the dielectric layer, along with its preparation proced-

ure and physical diagram, is depicted in Figure 1.

As illustrated in Figure 1A, the fabrication process of OTFTs with a bilayer insulating structure is depicted, with Figure 1B showing the

cross-section of the Parylene/PMMA bilayer, Figure 1C for Parylene as the sole insulating layer, and Figure 1D for PMMA as the insulating

layer. In this study, high-performance OTFTs were fabricated using a bilayer structure composed of Parylene and PMMA. Parylene, serving

as the bottom dielectric material with a thickness of approximately 629 nm (refer to Figure S1), plays a pivotal role in theOTFTs due to its high

molecular weight and crystallinity, which impart superior insulating properties.52,53 It effectively reduces dielectric loss and enhances insula-

tion strength, ensuring device reliability and stability under high electric fields. The Parylene layer, formed on the substrate via vapor depo-

sition, creates a pinhole-free uniform film, laying the foundation for the subsequent spin-coating of the PMMA layer and the P3HT active

layer.54–56 The PMMA layer, approximately 100nm thick, is coated over Parylene. Its low surface energy characteristic optimizes the interface

with the P3HT active layer, facilitating the orderly arrangement and improvement of P3HT crystal quality, crucial for reducing interface traps
2 iScience 27, 109724, May 17, 2024



Figure 2. Capacitance and X-ray diffraction

(A) The capacitance size of metal-insulator-metal capacitors.

(B) X-ray diffraction pattern of pure P3HT.

(C) X-ray diffraction pattern of Parylene, PMMA, and Parylene/PMMA.

(D) X-ray diffraction pattern of P3HT on different layers.
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and enhancing device stability. Throughout the device fabrication process, the introduction of a bilayer dielectric structure not only utilizes the

high insulation performance of Parylene to ensure low leakage current in the OTFTs but also leverages the good interfacial compatibility be-

tween PMMA and P3HT, thereby enhancing the overall performance of the OTFTs. This innovative design in achieving high-performance

OTFTs provides new perspectives and strategies for the optimization and application expansion of future organic electronic devices.

In the aforementioned preparation process, both Parylene and PMMA are employed as single-molecular-weight polymers. Nevertheless,

polymers with varying molecular weights exert diverse influences on device performance. High molecular weight polymers often impart su-

perior electrical properties, enhancing carrier mobility and conductivity. Furthermore, elevated molecular weight contributes to bolstering

the mechanical stability of the polymer, thereby improving the device’s reliability. The appropriate molecular weight is paramount for pro-

cessing performance, ensuring the smooth formation of thin films and device fabrication. Polymers with higher molecular weights typically

demonstrate enhanced thermal stability, rendering them particularly effective in high-temperature environments.57–60 Alterations in molec-

ular weight may also impact the electronic structure of the polymer, consequently influencing the electronic transport properties of the

device.

In this study, an analysis of Parylene and PMMA as gate dielectric materials was conducted by measuring the capacitance (C) of metal-in-

sulator-metal (MIM) capacitors to characterize these materials. As shown in Figure 2A, the capacitance value of the Parylene/PMMA bilayer

film is 2.32347 3 10�1�F/cm2, while that of the single-layer Parylene is 2.20098 3 10�1�F/cm2, and the single-layer PMMA is only 3.41591 3

10�11 F/cm2. This indicates that the bilayer structure has a higher capacitance and superior insulation performance compared to the

single-layer PMMA. Based on the X-ray diffraction (XRD) pattern of P3HT shown in Figure 2B, we clearly observe a distinct diffraction peak

at 2q = 5.57�. The presence of this peak indicates the crystalline structure within the P3HT sample. Through XRD analysis, we confirm that

this diffraction peak corresponds to the (100) crystal plane of the P3HT structure.57 The intensity and shape of the diffraction peak serve as

crucial indicators for evaluating the material’s crystallinity. In XRD spectra, stronger and sharper diffraction peaks typically signify higher crys-

tallinity, suggesting amore ordered arrangement ofmolecules. Therefore, the clear and prominent (100) diffraction peak in the graph signifies

the excellent crystallinity of the P3HT sample, indicating a relatively compact arrangement of molecules. This underscores P3HT as a prom-

ising active layer material suitable for a variety of devices.

The XRD diagram (Figure 2C) reveals that the single-layer Parylene film exhibits distinct diffraction peaks around 2q = 16�, reflecting its

higher degree of crystallinity and surface roughness. In contrast, the PMMA film shows broad and diffuse peaks, indicative of its amorphous

structure. The Parylene/PMMA bilayer film in the diffraction diagram presents broad diffuse peaks similar to PMMA, suggesting that the

bilayer structure combines the surface properties of PMMAwith the high insulation of Parylene. Therefore, the bilayer structure not only offers
iScience 27, 109724, May 17, 2024 3



Figure 3. AFM chart and water contact Angle test

(A and D) AFM diagram of Parylene film.

(B and E) AFM diagram of PMMA thin film.

(C and F) AFM diagram of Parylene/PMMA films.

(G) Water contact Angle test diagram for Parylene film.

(H) Water contact Angle test diagram of PMMA film.

(I) Water contact Angle test diagram for Parylene/PMMA films.

(J) Ethylene glycol contact Angle test diagram for Parylene film.

(K) Polyethylene glycol contact Angle test diagram of PMMA film.

(L) Polyethylene glycol contact Angle test diagram for Parylene/PMMA films.
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surface properties akin to PMMAbut also enhances the insulation performance, making it an ideal choice for the gate dielectric layermaterial.

The XRD pattern provided shows the crystalline structure of P3HT when deposited on different dielectric layers. For P3HT on a Parylene layer,

the XRD pattern exhibits sharp peaks, indicating a high degree of crystallinity. In contrast, the P3HT on the PMMA layer shows a less pro-

nounced crystalline structure, with broader and lower intensity peaks, suggesting lower crystallinity. When P3HT is deposited on a bilayer

of Parylene/PMMA, the XRD pattern reveals a combination of characteristics, with crystallinity that appears to be enhanced compared to

P3HT on PMMA alone, as indicated by sharper peaks than those in the PMMA layer but less sharp than in the Parylene layer alone. This sug-

gests that the bilayer structure may promote a more ordered arrangement of P3HT chains than a single PMMA layer, potentially leading to

improved charge transport properties.

In this study, the surface morphology of different dielectric layers in the dielectric system was investigated using atomic force microscopy.

As shown in Figures 3A–3F, the surface roughness of Parylene and PMMAfilmswasmeasured to be 2.959 nmand 0.200 nm (refer to Figure S2),

respectively, while the Parylene/PMMAbilayer film exhibited a surface roughness of 0.616 nm. The results indicate that PMMAdemonstrates a

lower surface roughness compared to the Parylene film, with the surface roughness of the Parylene/PMMA bilayer being slightly higher than

that of the PMMA film but significantly lower than that of the Parylene film. To evaluate the hydrophilicity and hydrophobicity of the three,

contact angle experiments were conducted under dry conditions at 25�C using 16 mL droplets of water and ethylene glycol. Data collection

included five measurements per sample, and the presented results reflect their average values. The contact angle of Parylene with ethylene
4 iScience 27, 109724, May 17, 2024



Figure 4. AFM phase diagram and ertical layering diagrams

(A) AFM phase diagram of Parylene film.

(B) AFM phase diagram of PMMA film.

(C) AFM phase diagram of Parylene/PMMA films.

(D) SEM vertical layering of Parylene films diagrams.

(E) SEM vertical layering of PMMA films diagrams.

(F) SEM vertical layering of Parylene/PMMA films diagrams.
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glycol was 58.50�, that of PMMAwas 45.98�, and for the Parylene/PMMAbilayer film, it was 47.41�. According to theOWRK equation, the total

surface energy of Parylene was calculated to be 197.02 mN/m. For PMMA, the total surface energy was found to be 184.23 mN/m, and for the

Parylene/PMMA bilayer film, it was 182.66 mN/m. These values show that the Parylene/PMMA bilayer film has a lower total surface energy

compared to the monolayer materials. In summary, the Parylene/PMMA bilayer film, with its lower surface roughness and moderate surface

energy, displays significant advantages in the application of dielectric layers. It not only improves the smoothness of the transistor interface,

reducing carrier scattering and interface state density, thereby potentially enhancing device performance, but also combines the hydropho-

bicity and chemical stability of the two materials, providing the possibility for higher electrical stability and reliability.

Examining Figures 4A–4C, we can gather insights from the AFM phase diagrams of three distinct thin film transistors. In the analysis of the

Parylene/PMMA double insulating layer thin film transistor, a phase difference of 8.2� is observed. Comparatively, the Parylene single insu-

lating layer thin film transistor exhibits a phase difference of 8.4�, and the PMMA single insulating layer thin film transistor has a phase differ-

ence of 9.0�. Importantly, the phase difference for the Parylene/PMMA double insulating layer thin film transistor is smaller than that of the

other two counterparts. This indicates that the Parylene/PMMA double insulating layer thin film transistor boasts a flatter and smoother sur-

face, accompanied by more uniform chemical properties and less variation in physical properties. Such findings suggest potential superiority

in performance for the Parylene/PMMA bilayer thin film transistor compared to the other two transistors. These results offer valuable insights

for a deeper comprehension of the characteristics and performance of diverse thin film transistors, providing essential information for further

research and optimization.

As shown in the Figures 4D–4F represent the vertical stratification images of Parylene/PMMA, Parylene, and PMMA as insulating layers,

respectively. From Figure 4D, clear interfacial stratification can be observed, indicating good adhesion and integration between the two ma-

terials. This bilayer film structure provides excellent insulation and a smoother interface, which suggests that thin-film transistors made with

this bilayer structure will exhibit superior performance. The cross-section of Parylene shown in Figure 4E displays a uniform film layer, but the

absence of PMMA means a higher roughness at the interface. While Parylene possesses excellent electrical insulation properties, surface

roughness can negatively affect the formation of the active layer. The PMMA layer is crucial for providing a good substrate for semiconductor

deposition; however, as a single material, PMMAmay lack the high electrical insulation provided by Parylene, resulting in lower performance

of thin-film transistors fabricated with a single layer of PMMA.

In this study,OTFTs deviceswith P3HT as the active layer and Parylene/PMMA, Parylene, and PMMAas the dielectric layers were fabricated

and their output and transfer characteristics curves were measured at room temperature. Figures 5A–5C display the output characteristic

curves of three different dielectric layers. The output characteristic curve in Figure 5A clearly shows that OTFTs with Parylene/PMMA bilayer

gate dielectric layers possess excellent current saturation characteristics and a high level of gate voltage regulation. With different gate
iScience 27, 109724, May 17, 2024 5



Figure 5. Curves of output and transfer characteristics

(A) Parylene/PMMA double insulation OTFTs output characteristic curve.

(B) Output characteristic diagram of Parylene single insulation layer.

(C) Output characteristic curve of PMMA single insulation layer.

(D) Comparison of output characteristic curves of devices under different OTFTs.

(E–I) Transfer characteristic curve (IDS � VGS).
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voltages applied, the drain current can saturate stably, indicating that the device can operate within a wide voltage range without losing sta-

bility. As the gate voltage gradually decreases, the increase in drain current shows good linearity, reflecting the superiority of the bilayer

dielectric structure in regulating carrier concentration and controlling device switching characteristics. Such characteristics not only enhance

the adjustability of the device but also indicate that the Parylene/PMMAdielectric layer can effectively support the P3HT semiconductor layer,

optimizing its charge transfer path. Thus, this bilayer dielectric structure has significant advantages in achieving high-performance OTFTs.

Figure 5B shows the output characteristic curves of OTFTs using Parylene as the gate dielectric layer. It can be observed that these devices

do not exhibit as pronounced saturation characteristics of the drain current under various gate voltages compared to the Parylene/PMMA

bilayer dielectric layer. Especially in the high gate voltage area, the devices show higher leakage current, which may lead to higher power

consumption and reduced efficiency. The shortcomings of these characteristics may stem from the higher surface energy of Parylene, which

makes it difficult for the P3HT semiconductor layer formed on its surface to achieve an ideal molecular arrangement and crystal form, thereby

affecting its carrier transport efficiency. Moreover, the binding between Parylene and P3HT may not be as tight as that between PMMA and

P3HT, which could lead to more interface traps and charge scattering centers, thus reducing the overall carrier mobility and current on/off

ratio of the device. These factors combined may be the reason for the poor performance of OTFTs using only Parylene as the gate dielectric

layer.

Figure 5C presents the output characteristic curves of OTFTs with PMMA as the single-layer gate dielectric layer. Under each gate voltage

level, the relationship between the drain current and the drain-source voltage is relatively consistent, exhibiting good linearity. However,

compared to the Parylene/PMMA bilayer dielectric layer structure, the single-layer PMMA structure shows an overall smaller magnitude of

drain current at the same gate voltages. This suggests that although the single-layer PMMA dielectric layer demonstrates certain insulating

performance, its current modulation capability is significantly weaker than that of the Parylene/PMMA bilayer dielectric layer structure. Addi-

tionally, the thinness of the PMMA layer may also limit its insulating performance under higher electric fields, as evidenced by the trend of
6 iScience 27, 109724, May 17, 2024
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current saturation at high gate voltages. This is particularly critical for the high-performance operation of the device, as a good insulating layer

can effectively reduce the trapping effect of carriers at the interface between the semiconductor and dielectric layer, thereby improving the

device’s carriermobility and on/off current ratio. Therefore, although PMMAas a dielectric layer shows certain advantages, such as facilitating

the spin-coating of the P3HT layer, its relatively thin layer thickness and insufficient insulating performance under high electric fields still limit

the overall performance of the device.

As shown in Figure 5D, a comparison of the output characteristic curves at VGS = 25V for the three different devices is presented. These

observations are based on five tests for each dielectric layer configuration, providing reliable data support. The excellent performance of the

Parylene/PMMA bilayer insulating layer may be attributed to Parylene’s high insulating strength and PMMA’s role in interface optimization,

which is consistent with previous studies that PMMA can enhance the crystallinity and orderliness of the P3HT layer, and thus may affect the

performance of the device’s drain-source current.

Figures 5E–5I presents a comparison of transfer curves of OTFTs with three different dielectric structures, randomly selected from a pool of

50 devices. The logarithmic transfer characteristic curve is displayed in Figure S3. Through these curves, we can observe the trends of drain-

source current (IDS) changes under different gate voltages (VGS). It is evident that OTFTs with Parylene/PMMA bilayer insulating layers (black

curves) show smooth and consistent current changes across the entire VGS range, indicating that this bilayer structure can maintain stable

current regulation over a wide range of voltages. In contrast, OTFTs with a single Parylene structure (blue curves) exhibit slightly increased

current changes at the low voltage end, although they show characteristics similar to the bilayer structure at the high voltage end. OTFTs

with a single PMMA structure (red curves) display more significant current changes at all VGS levels, which could be due to weaker insulating

layer characteristics. A comprehensive analysis of these five transfer curves clearly demonstrates the significant advantages of Parylene/

PMMA bilayer insulating layers in stability and current regulation. These results are based on data from five repeated tests of each structure,

ensuring the accuracy and reproducibility of the experimental results.

The histograms in Figures 6A–6C display the carrier mobility and current on/off ratio of OTFTs devices fabricated using various insulating

layer materials: Parylene/PMMA, Parylene, and PMMA. There are a total of 50 devices for each material. Comparing these three graphs, it’s

evident that devices with a Parylene/PMMAdual insulation layer exhibitmore concentrated parameters, suggesting better stability compared

to those with Parylene or PMMA as the insulation layer.

In the study depicted in Figure 6D, OTFTs with a Parylene/PMMA bilayer dielectric layer demonstrated a significantly higher average

carrier mobility of 0.364 cm2/(V$S) from fifty devices, which is substantially greater than that of OTFTs with single-layer Parylene and

PMMA dielectrics. The OTFTs with a single-layer Parylene dielectric layer showed an average carrier mobility of 0.013 cm2/(V$S), indicating

a pronounced decrease in carriermobility compared to the bilayer structure, while theOTFTswith a single-layer PMMAdielectric layer had an

average carrier mobility of only 0.032 cm2/(V$S) from five devices, further lower than the single-layer Parylene structure. These data suggest

that among the three different dielectric layer structures, the Parylene/PMMA bilayer structure most effectively facilitates carrier migration

due to a synergistic effect that provides a smoother and more orderly semiconductor/dielectric interface, thus reducing the number of inter-

face traps and optimizing the paths for carrier transport. On the other hand, the single-layer Parylene, although providing good insulation

characteristics, is less effective in optimizing carrier transport compared to the bilayer structure; and the thinner PMMA layer and its possible

surface roughness affect its performance as a dielectric layer, resulting in a significant drop in carriermobility. These analysis results emphasize

the significant impact of dielectric layer structure and surface properties on the carrier mobility of OTFTs.

Figure 6E presents a comparison of the current switching ratio (Ion/Ioff) of OTFTs utilizing different dielectric layer materials. It is evident

from the graph that OTFTs with a Parylene/PMMA bilayer dielectric layer possess the highest current switching ratio, far exceeding that of

OTFTs with single-layer Parylene or PMMAdielectrics. A high current switching ratio is indicative of high-performance transistors as it signifies

a large variation in current between the on and off states, crucial for achieving rapid switching and high contrast display. The Parylene/PMMA

bilayer structure provides more effective paths for charge carrier flow and lower interface trap density, allowing carriers to move more easily

within the semiconductor channel, resulting in higher on-state currents. While single-layer Parylene and PMMA dielectrics provide some de-

gree of current modulation, they are evidently not as effective as the bilayer structure, due to their limited ability to reduce interface traps or

optimize charge transport.

As shown in Figure 6F, the graph illustrates the relationship between transconductance (Gm) and gate voltage (VGS) for OTFTs with

Parylene/PMMA, Parylene, and PMMA as dielectric layers. Transconductance measures the transistor’s ability to amplify, with higher values

indicating a more sensitive response to input signals. The OTFTs with Parylene/PMMA bilayer dielectrics (black curve) exhibit the highest

transconductance across the entire VGS range, denoting the best voltage conversion efficiency and signal amplification capability. The

OTFTs with a single-layer Parylene dielectric (blue curve) show similar characteristics to the bilayer structure at higher voltages, but slightly

increased current variation at the lower voltage end. The OTFTs with a single-layer PMMA dielectric (red curve) display more pronounced

current variations at all VGS levels, which may result from weaker insulating properties of the dielectric layer. This comprehensive analysis

of the five transfer curves clearly demonstrates the significant advantage of the Parylene/PMMA bilayer dielectric layer in terms of stability

and current regulation. These results are based on data from fifty repeated tests of each structure, ensuring the accuracy and reproducibility

of the experimental outcomes.

Figure 6G presents a comparison of the leakage current of OTFTs with Parylene/PMMA bilayer dielectric layers, single-layer Parylene, and

single-layer PMMA at VGS. As VGS increases negatively, all OTFTs show a trend of increasing leakage current, but those with Parylene/PMMA

bilayer dielectrics exhibit lower leakage currents, reflecting superior insulation performance. In contrast, OTFTs with a single-layer PMMA

dielectric show significantly higher leakage currents at the same VGS, indicating a weaker barrier effect of the insulating layer. The leakage
iScience 27, 109724, May 17, 2024 7



Figure 6. Performance parameter comparison

(A) Parameter distribution diagram of Parylene/PMMA double insulation layer.

(B) Parameter distribution diagram of Parylene single insulation layer.

(C) Parameter distribution diagram of PMMA single insulation layer.

(D) Comparison diagram of carrier mobility of three different OTFTs.

(E) Comparison diagram of three different OTFTs current switches.

(F) Comparison of transconductance of three different OTFTs.

(G) Comparison of leakage current of three different OTFTs.

(H) Influence of different coating speeds on the performance of OTFTs.

(I) Influence of different Parylene on the performance of OTFTs.
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current of OTFTs with a single-layer Parylene dielectric lies between the two, emphasizing the significant advantage of the Parylene/PMMA

combination in enhancing device insulation and reducing undesired current flow, while also highlighting the limitations of PMMA layer’s insu-

lating performance.

Figure 6H shows the variation of carriermobility (mFET) and current switching ratio (Ion/Ioff) of OTFTs based on Parylene/PMMAbilayer dielec-

tric layers with increasing PMMA dielectric layer thickness. It is observed that the carrier mobility fluctuates minimally with changes in PMMA

layer thickness, indicating that the thickness of the PMMA layer has little effect on the carrier mobility of OTFTs. The current switching ratio

initially increases slightly with the thickness of the PMMAdielectric layer, and then stabilizes, suggesting that within the tested PMMA thickness

range, the current switching ratio is not sensitive to changes in PMMA layer thickness. This may indicate that within this thickness range, the

PMMA layer is already sufficiently thick to maintain its insulating properties, hence not significantly affecting the switching performance of the

OTFTs. After the comprehensive consideration, it can be determined that a PMMA layer thickness of approximately 100 nm is an ideal choice.

This thickness not only retains insulating properties but also provides a stable performance for carrier mobility and current switching ratio.

Figure 6I presents the comparison of carriermobility and current switching ratio for thin-film transistors with varying amounts of Parylene. It

is evident from the graph that the highest carriermobility and current switching ratio are achievedwhen 2 g of Parylene is used, corresponding

to a film thickness of 629 nm. This indicates that at a thickness of 629 nm, the Parylene film provides the optimal performance for the thin-film

transistors.

In this paper, various aspects of the performance of P3HT organic thin film crystals based on different dielectric layers are compared. Ta-

ble 1 provides a performance comparison, including carrier mobility, transconductance, and film thickness. It shows that the Parylene/PMMA
8 iScience 27, 109724, May 17, 2024



Table 1. Comparison table of carrier mobility, transconductance and insulation thickness of P3HT thin film transistors with different dielectric layers

dielectric layer material carrier mobility (cm2V�1S�1) transconductance (mS) Thickness (nm)

This work Parylene/PMMA 3.6 3 10�1 0.473 629/100

This work Parylene 1.3 3 10�2 0.202 652

This work PMMA 3.2 3 10�2 0.028 100

Hao et al.61 PVA 6.3 3 10�3 0.116 *

Hao et al.61 PVA/PMMA 4.6 3 10�2 0.081 *

Rajeev et al.62 SiO2 3.2 3 10�4 * *

Ramajothi et al.63 TiO2 3.7 3 10�3 * *

Yamamoto et al.64 PVP 2.0 3 10�2 * *

Ren et al.65 Si/SiO2 3.9 3 10�2 * *

Chang et al.66 SiO2 2.4 3 10�1 * *
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double insulating layer thin-film transistor exhibits the highest carrier mobility among all the tested devices. Additionally, it demonstrates the

best overall performance in terms of transconductance and carrier mobility.
Conclusion

This paper reports the successful preparation of an OTFT with excellent performance, using vapor deposition and spin coating to create a

double dielectric layer. Through a comparative study of the molecular structure, XRD, hydrophilicity, hydrophobicity, surface roughness of

Parylene, and PMMA, as well as the drain current characteristics of three different thin-film transistors, the advantages of the bilayer dielec-

tric layer are clearly presented. In particular, this study demonstrates the superior performance of the bilayer Parylene/PMMA dielectric

layer in terms of hydrophilicity, surface polarity, and surface roughness, as compared to both the single-layer Parylene and the single-layer

PMMA. The synergistic effect of the two materials, PMMA and Parylene, is also highlighted in this study. The bilayer structure maximizes

the benefits of PMMA’s low surface polarity and Parylene’s high insulating property. Devices with this double-layer dielectric layer exhibit

better carrier mobility, higher current switching ratio, and lower transfer hysteresis. Furthermore, this paper compares the performance of

OTFTs with the double-layer Parylene/PMMA dielectric to that of OTFTs with different dielectric layers, and the overall performance is

significantly superior to other thin-film transistors. In conclusion, this study provides strong support for the preparation and performance

optimization of bilayer Parylene/PMMA thin-film transistors. The combination of the two materials has resulted in a bilayer dielectric layer

structure with superior properties, which opens up new possibilities for the enhancement of performance and expansion of the application

of OTFTs.
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poly (methyl methacrylate) Shanghai Maclin Biochemical

Technology Co., LTD

9011-14-7
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ITO conductive film Shenzhen Xinwei Chemical Co., LTD 156074-98-5

Conductive silver paste Shenzhen Xinwei Chemical Co., LTD 7440-22-4
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qiang

Li (liqiang02@tyut.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Materials and reagents

The poly(3-hexylthiophene-2,5-diyl) (P3HT) used in this experiment, with an average molecular weight of 50,000-75,000, was purchased

from Shanghai Haoyang Biotechnology. Poly (methyl methacrylate) (PMMA) (molecular weight 120 kDa), anisole (AR, 99%), and
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ortho-dichlorobenzene (AR, 99%) were all procured fromShanghaiMaclin BioTech. The conductive silver paste was purchased fromShenzhen

Xinwei Chemical Corporation, and Parylene (AR, 99%, molecular weight 208.30) was procured from Shanxi Demeco Hongke Trading Corpo-

ration. The ITO conductive film (film thickness: 0.125 mm, sheet resistance: �40 U/cm2, transmittance: 83%) and PET film (thickness: 100 mm)

were both sourced from Shenzhen Regress Technology Corporation.
Solution preparation

100mg of PMMA was dissolved in 10ml of anisole, then the solution was stirred at 800 r/min for 1 h at 50�C using a 78-1 Magnetic Stirrer to

obtain 10 mg/ml of PMMA solution. 2.4 mg of P3HT was dissolved in 3 ml of o-dichlorobenzene, and the solution was covered with a

double layer of sealing film and aluminum foil. The solution was stirred continuously for 12 h at room temperature in a light-protected

and water-avoiding environment using a 78-1 Magnetic Stirrer. Subsequently, it was heated and stirred at 50�C for 1.5 h using an EMS-40

Magnetic Stirring water bath. Finally, an 8 mg/ml P3HT solution was obtained by subjecting it to ultrasonic cleaning at 80�C for 0.5 h using

an EQ-300DE CNC Ultrasonic Cleaner.
Device preparation

In this experiment, organic thin-film transistors based on P3HT with a bottom-gate top contact structure were fabricated by covering an ITO

conductive film as a gate on a flexible PET substrate. The typical structure of this device is shown in the figure below. A 333 cmPET substrate is

cut, 133 cm ITO conductive film is covered on the substrate, which is successively immersed in ethanol and acetone, and then cleaned by

EQ-300DE CNC Ultrasonic Cleaner for 10min each, and the residual solution on the surface is rinsed off with deionized water and blown

dry with nitrogen. Utilizing the PTP-1V MLD Deposition equipment at 120�C under a vacuum level of 3310-2 Pa, we deposited a Parylene

film with a thickness of 629 nm onto the ITO conductive film over a duration of 10 h. Subsequently, a 500mL solution of PMMA was added

dropwise, and the surface was spin-coated at a speed of 1000r/min for 60 s. The resulting structure was then subjected to a 0.5 h annealing

process at 90�C in an electrically heated convection oven, leading to the formation of a homogeneous PMMA layer. This preparation process

was executed under precise processing conditions and with the aid of the PTP/1V MLD deposition equipment, ensuring uniformity and sta-

bility of the Parylene film and PMMA layer on the substrate. Then the semi/finished device, and finally using the EZ4 spin coater in the PMMA

film layer at 2000r/min speed 100mL of P3HT solution spin coating 60s, in the V-1515 microcomputer heating platform at 120�C annealing

10 min to get the P3HT semiconductor layer. Two conductive stripes, each with a length of 20mm and spaced 1mm apart, were printed using

a Three-axis Hot-melt Automatic Dispensing Machine. Subsequently, they were annealed on a heating platform at 90�C for 10 minutes, re-

sulting in the fabrication of a double-layer dielectric thin-film transistor based on P3HT.
Testing and characterization

In this experiment, the JY-82B Kruss DSA contact anglemeter was used tomeasure the water contact angles of PMMAand Parylene dielectric

layers, characterizing the hydrophilicity and hydrophobicity of different dielectric layers. Atomic Force Microscopy (AFM) was employed to

characterize the surface height of the films, comparing the roughness and phase images of Parylene/PMMA, PMMA, and Parylene films.

The SKYSCAN 1275 three-dimensional X-ray microscope (XRM) was utilized to test the X-ray diffraction patterns of PMMA, Parylene, and

Parylene/PMMA, as well as those of P3HT on each of these layers. The 4200-SCS Semiconductor Characterization System was used to

measure the output and transfer curves of the OTFTs. Throughout the testing process, the source electrode was continuously grounded

and measurements were conducted under atmospheric conditions. The output curves (IDSVDS) of the OTFTs were measured at various

gate voltages, with the control gate voltages ranging from 0 V to -25 V in -5 V steps. The transfer characteristic curves (IDSVGS) were measured

under different drain voltages. Additionally, parameters such as the saturation carriers and threshold voltage of the device could be extracted

from the saturation region of the transfer curves using a square extrapolation method, aiding in the assessment of device.
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