
Chinese Chemical Letters 35 (2024) 108796

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Interfacial molecular screening of polyimide dielectric towards

high-performance organic field-effect transistors

Yingshuang Zhenga,b,c,1, Huchao Lia,c,1, Ting Jianga,c, Fei Jiaod,e,∗, Jie Li a,c, Yong Lei f,
Guofeng Tiang,∗, Jinshun Bih, Yundong Xuani, Liqiang Lia,c,∗, Deyang Ji a,c,∗, Wenping Hud,e

aDepartment of Chemistry, Tianjin Key Laboratory of Molecular Optoelectronic Sciences, Institute of Molecular Aggregation Science, Tianjin University,

Tianjin 300072, China
bGPL Photonics Laboratory, State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,

Changchun 130033, China
cHaihe Laboratory of Sustainable Chemical Transformations, Tianjin 300192, China
dDepartment of Chemistry, Tianjin Key Laboratory of Molecular Optoelectronic Sciences, School of Science, Collaborative Innovation Center of Chemical

Science and Engineering, Tianjin University, Tianjin 300072, China
e Joint School of National University of Singapore and Tianjin University, Fuzhou 350207, China
f Fachgebiet Angewandte Nanophysik, Institut für Physik & IMN MacroNano, Technische Universität Ilmenau, Ilmenau 98693, Germany
g State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China
h Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China
iUniversity of Chinese Academy of Sciences, Beijing 100101, China

a r t i c l e i n f o

Article history:

Received 13 May 2023

Revised 6 July 2023

Accepted 10 July 2023

Available online 13 July 2023

Keywords:

Interfacial molecular screening

Polyimide dielectrics

Organic semiconductors

Interface engineering

Thin-film transistors

a b s t r a c t

The compatibility of the gate dielectrics with semiconductors is vital for constructing efficient conduct-

ing channel for high charge transport. However, it is still a highly challenging mission to clearly clarify

the relationship between the dielectric layers and the chemical structure of semiconductors, especially

vacuum-deposited small molecules. Here, interfacial molecular screening of polyimide (Kapton) dielectric

in organic field-effect transistors (OFETs) is comprehensively studied. It is found that the semiconduct-

ing small molecules with alkyl side chains prefer to form a high-quality charge transport layer on poly-

imide (PI) dielectrics compared with the molecules without alkyl side chains. On this basis, the fabricated

transistors could reach the mobility of 1.2 cm2 V−1 s−1 the molecule with alkyl side chains on bare PI

dielectric. What is more, the compatible semiconductor and dielectric would further produce a low acti-

vation energy (EA) of 3.01 meV towards efficient charge transport even at low temperature (e.g., 100K, 0.9

cm2 V−1 s−1). Our research provides a guiding scheme for the construction of high-performance thin-film

field-effect transistors based on PI dielectric layer at room and low temperatures.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Interfaces in organic electronics play a pivotal role in modulat-

ing the device performance, which has been fully verified in the

past three decades [1–6]. Thereinto, the introduction of polymer

dielectrics into organic devices offers more possibility of tuning

the device interface and then optimizing the device performance

due to designable monomeric structures and adjustable surface

characteristics [7]. Despite remarkable progress in achieving effi-

cient charge transport has been made on polymer dielectric, the

reported studies mainly discussed the performance of a certain or-

ganic semiconductor (OSC) on either dielectric layer with variable
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interfaces [8–11], or a fixed dielectric layer [12–14], resulting in the

unclear relationship between the dielectrics and chemical struc-

tures of semiconductors. Therefore, to further investigate the se-

lectivity of specific dielectric layer to semiconducting molecules is

necessary, which would help more effectively screen the dielectric

and semiconductor materials with better compatibility for high-

performance organic devices. As one of the earliest polymer di-

electrics used in organic field-effect transistors, polyimide (PI) with

satisfactory advantages of high/low temperature stability, solvent

resistance and excellent stability [15–18], has exhibited promising

applications in today’s microelectronics [6,7]. However, it is worth

noting that most of the devices based on bare PI dielectrics show

lower mobility than thin-film amorphous silicon devices of 0.5–

1 cm2 V−1 s−1 [17,19–21], only a few cases of modified PI could

obtain the mobility exceeding 1 cm2 V−1 s−1 (Fig. S1 in Support-
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Fig. 1. (a) Schematic diagram of organic thin-film FETs with BGTC and different semiconductor molecular structures. (b) Mobility distribution of transistors based on different

semiconductors and bare PI. The typical transfer curves of transistors based on bare PI dielectrics using (c) DPA and C6DPA, (d) DNTT and C10DNTT, (e) 2,6-DNA and C10–

2,6-DNA as active layers.

ing information) [22–25]. On this basis, how to correctly evaluate

the compatibility of bare PI with semiconductors and improve the

device performance is becoming the key point.

Here, three groups of organic small molecules with and without

alkyl chains are used as active layers to vapor-deposit onto bare PI

for constructing thin-film devices. It was found that bare PI had

a molecule-selective interface, which preferred to select the semi-

conducting molecules with alkyl chains forming efficient conduct-

ing channel for high charge transport possibly due to the strong

intermolecular interactions at the interface. As a result, the mobil-

ity of devices with bare PI and alkyl-chains-based molecular struc-

ture could reach 1.2 cm2 V−1 s−1, which is one of the highest

mobilities of thin film transistors based on bare PI dielectric re-

ported in the existing literature (Fig. S1). Simultaneously, a low

activation energy (EA) of 3.01 meV was achieved, demonstrating

a low degree of disorder present in the films of molecules with

alkyl side chains on the surface of the PI dielectric. In addition, the

better compatibility of bare PI with semiconductors could also pro-

mote the device with efficient charge transport at low temperature

(e.g., 100K) and obtain a relatively stable device at low tempera-

ture. The selectivity relationship between PI and semiconductors

provides an instructive strategy for the application of PI dielectric

in high-performance organic thin-film transistors at room and low

temperatures.

As shown in Fig. 1a, the OFET device with bottom-gate top-

contact (BGTC) structure was used to study the molecule-screening

interface of bare PI dielectric layer. Here, three groups of repre-

sentative organic small molecules with and without alkyl chains

were selected (Fig. 1a). Vacuum-deposited method is an effective

approach to investigate the interface effect of the device due to

the sensitivity of molecular growth to the device interface [5,13].

First of all, the surface morphology of the semiconductor layer on

the PI dielectric layer was analyzed by atomic force microscopy

(AFM). As shown in Fig. S2 (Supporting information), the rough-

ness of interface based on organic semiconductors without alkyl

side chains (e.g., DPA, DNTT and 2,6-DNA) was larger than those

with alkyl side chains (e.g., C6DPA, C10DNTT, C10-2,6-DNA). Obvi-

ously, more ordered morphology of thin films was observed from

deposited molecules with alkyl side chains on PI (Fig. S3 in Sup-

porting information). As a result, it is clearly shown in Fig. 1b that

the devices using semiconductors without alkyl side chains exhib-

ited suppressed mobility of ∼10−3 cm2 V−1 s−1 due to the weak

interaction between the PI strands and the semiconductors [26],

but those semiconductors with alkyl side chains could construct

efficient conducting channel on bare PI for up to three orders of

magnitude higher performance possibly due to the strong interac-

tion between the PI strands and the semiconductors. The repre-

sentative transfer and output curves based on different semicon-

ductors were shown in Figs. 1c–e and Fig. S4 (Supporting informa-

tion), respectively. What is more, from the analysis of the transfer

curve (Figs. 1c–e), not only the output current but also the on/off

ratio has been improved by several orders of magnitude using or-

ganic semiconductors with alkyl side chains. In order to verify

the uniqueness of molecule-screening PI interface, bi-polymer di-

electrics on the basis of polystyrene (PS) and polyphenylene ether

(PPO) as the buffer layers to modify the PI were used to prepare

the OFET device (Fig. 2a). It was obvious that the introduction of

PPO and PS buffer layers could enhance the device mobility based

on some small molecules, but the existence of PPO and PS would

change the screening characteristics of molecules at the interface

(Figs. 2b and c, Figs. S5 and S6 in Supporting information). These

results could further suggest that the apparent difference in the

device mobility based on bare PI was attributable to the selective

interaction between PI and semiconductor molecules.

Subsequently, we transferred organic single crystals with or-

der molecular stacking on bare PI surface to further investigate

its interface effect. The details about the fabrication of single crys-

tal are shown in the experimental section in Supporting informa-

tion [27]. Here, DPA, C6DPA and DNTT were chosen as examples

to prepare the single-crystal OFETs (Fig. 2d). In this kind of de-

vice, the source/drain gold electrodes were constructed by transfer-

ring the gold film by mechanical probes [28]. The typical transfer

and output curves of single-crystal devices were shown in Figs. 2e

and f, and Figs. S7a and b (Supporting information), respectively,

compared to C6DPA device (μ=1.06 cm2 V−1 s−1), DPA device

(μ=4.08 cm2 V−1 s−1) exhibited even better charge transport per-

formance. In addition, DNTT single crystal devices also had higher

mobility (μ=1.71 cm2 V−1 s−1) compared with thin-film devices

(Fig. 2g and Fig. S7c in Supporting information). These results

showed that the PI interface could also produce efficient charge

transport based on organic semiconductors with order molecular

stacking (e.g., single crystal), but this interface had an influence on
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Fig. 2. (a) Schematic diagram of the device with buffer layers. Mobility distribution of transistors based on different semiconductors and (b) PPO/PI and (c) PS/PI. (d)

Schematic diagram of organic single crystal transistor devices constructed by transferring pre-grown organic single crystals and gold electrodes, respectively. Transfer curves

of devices with pre-grown (e) DPA, (f) C6DPA and (g) DNTT single crystals transferred onto PI dielectric, respectively. Inset: optical images of the fabricated single crystal

OFETs. Scale bar: 90 μm.

Fig. 3. Fitting results of low temperature mobility and temperature according to

Arrhenius formula. (a) C6DPA/bare PI and C6DPA/PS/PI, (b) C10DNTT/bare PI and

C10DNTT/PS/PI.

the directly vacuum-deposited growth of molecules with different

chemical structures.

The EA calculated from temperature-variable experiments is an

important factor to assess the degree of disorder presented at

the interface [29,30]. Based on the low-temperature stability of

PI dielectric layer [17,29], the devices using different semiconduc-

tors were carried out temperature-variable electrical tests (Fig. S8

in Supporting information). The temperature-dependent mobility

curves showed the typical hopping mode in all kinds of devices

because of the decreasing values of mobility with the decrease

of the temperatures (Fig. S9 in Supporting information). Accord-

ing to the μ=μ0·exp(-EA/kBT) [29], where μ is carrier mobil-

ity at different temperatures, EA is activation energy, kB is Boltz-

mann constant, and T is thermodynamic temperature. The calcu-

lated EA consistently indicated that the values of devices using or-

ganic semiconductors with alkyl side chains (C6DPA, 11.20 meV,

Fig. 3a; C10DNTT, 3.01 meV, Fig. 3b), were significantly lower than

that using organic semiconductors without alkyl side chains (DPA,

24.15 meV, Fig. S10 in Supporting information; DNTT, 40.4 meV

[31]). The calculated value of EA could clearly indicate that the

organic semiconductors with alkyl chains preferred to form high-

quality packing of semiconductor molecules and a lower degree of

interface energy disorder at the interface of PI. It was worth noting

that our fabricated devices exhibited one of the lowest values of EA

(3.01 meV) compared with the previous reports [11,30,32–39] as

shown in Table S1 (Supporting information), which demonstrated

that our devices could still maintain efficient charge transfer, even

at low temperatures. For example, the device based on C10DNTT

on bare PI dielectric showed the mobility of 1.2 cm2 V−1 s−1

at 300K, and then, the decrease of temperatures only reduced

the mobility by 25%, maintaining 0.9 cm2 V−1 s−1 at 100K (Fig.

S9b in Supporting information). More excitingly, the device us-

ing C10DNTT and PS/PI dielectric could still maintain the mobil-

ity about 1.0 cm2 V−1 s−1 at 100K (Fig. S11 in Supporting infor-

mation). This efficient charge transport performance at low tem-

perature indicated the excellent compatibility of the low tempera-

ture resistance of PI and high-quality stacking of C10DNTT for fur-

ther low-temperature applications. In addition, we also found that

PI-based devices all showed atmospheric stability after one year

(Fig. 4a). Moreover, the efficient charge transport would contribute

to the high-performance optical figures of merit in organic photo-

transistors (OPTs) [35,40]. We fabricated the thin film OPTs using

bare PI dielectric and the semiconductors with alkyl side chains

and high mobility (e.g., C6DPA, C10DNTT). The best value of calcu-

lated optical figures of merit, including photosensitivity (P), pho-

toresponsivity (R) and detectivity (D∗), were plotted in Figs. 4b and

c. It was clearly seen that the OPTs using bare PI dielectric and the

semiconductors with alkyl side chains showed higher performance

than that with bare PI dielectric and alkyl-side-chains-free semi-

conductors [31]. Furthermore, the switching performance based on

semiconductors with alkyl side chains was also higher than that

devices using semiconductors without alkyl side chains, as shown

in Figs. S12-S14 (Supporting information), respectively.

Although the potential application of polyimide dielectric in or-

ganic field-effect transistors has been verified, the device perfor-

mance based on polyimide dielectric still lagged behind other di-

electric materials. In this work, we have found there is interfacial

molecular screening of polyimide dielectric on semiconductors in

organic field-effect transistors. On this basis, the molecules with-

out alkyl side chains are difficult to form an ordered layered stack

during vacuum deposition, leading to suppressed electrical proper-

ties. Comparatively, the polyimide dielectric layer could induce the

semiconductor molecules with alkyl side chains with order pack-
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Fig. 4. (a) The stability performance of device mobility based on bare PI and different semiconductors. The best value of photosensitivity (P), photoresponsivity (R) and

detectivity (D∗) using (b) DPA and C6DPA; (c) DNTT and C10DNTT.

ing, resulting in excellent electrical properties. The compatibility

between the polyimide and semiconductor with alkyl side chains

promotes the combined devices maintaining excellent performance

even at low temperature. Our research showed that the compati-

bility of the gate dielectrics with semiconductors is vital for con-

structing efficient conducting channel for high charge transport,

and is also the basis for exploiting more complex device applica-

tions.
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