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Recent Advances in Ambipolar Transistors for  
Functional Applications

Yi Ren, Xiaoyang Yang, Li Zhou, Jing-Yu Mao, Su-Ting Han,* and Ye Zhou*

Ambipolar transistors represent a class of transistors where positive (holes) 
and negative (electrons) charge carriers both can transport concurrently 
within the semiconducting channel. The basic switching states of ambipolar 
transistors are comprised of common off-state and separated on-state mainly 
impelled by holes or electrons. During the past years, diverse materials are 
synthesized and utilized for implementing ambipolar charge transport and 
their further emerging applications comprising ambipolar memory, synaptic, 
logic, and light-emitting transistors on account of their special bidirectional 
carrier-transporting characteristic. Within this review, recent developments 
of ambipolar transistor field involving fundamental principles, interface 
modifications, selected semiconducting material systems, device structures, 
ambipolar characteristics, and promising applications are highlighted. The 
existed challenges and prospective for researching ambipolar transistors in 
electronics and optoelectronics are also discussed. It is expected that the 
review and outlook are well timed and instrumental for the rapid progress of 
academic sector of ambipolar transistors in lighting, display, memory, as well 
as neuromorphic computing for artificial intelligence.
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communities. For the sake of the suc-
cessful implementation of their intricate 
functionalities, diverse fundamental elec-
tronic constituents are imperative to act 
as functional system blocks. As one of the 
most significant components, transistors 
are the foundation and key ingredients of 
modern electronic devices and products.[1] 
Since the 1950s, transistors have gradually 
replaced vacuum tubes and finally realized 
mass production of integrated circuits 
and microprocessors. Transistors pos-
sessing advantages of low cost, flexibility 
and reliability have revolutionized elec-
tronics, making electronic devices smaller, 
cheaper, and much more efficient.[2–9]

In accordance with switching charac-
teristic and predominant charge carriers 
within semiconductors, the polarity of 
transistors can be categorized as unipolar 
(hole-dominated p-type or electron-dom-
inated n-type) or ambipolar (comparable 
hole and electron contributions). Appar-

ently, ambipolar transistors are capable of integrating p- and 
n-type electrical performance into single device and thereby 
have aroused plenty of concern and discussion of researchers 
from various fields such as organic chemistry and device sci-
ence.[10] Nonetheless, up to now vast majority of transistors dis-
play unipolar dominated charge transport in spite of the theory 
that each semiconductor is capable of migrating holes and 
electrons according to semiconductor physics. For purpose of 
fabricating high-performance ambipolar transistors with large 
carrier mobility and high on/off ratio as well as low threshold 
voltage, appropriate semiconducting materials with relatively 
small bandgap, smooth and flawless interface characteristics 
together with electrode contacts with eligible charge injection 
barrier are both pivotal. During past years, miscellaneous semi-
conducting materials comprising organic small molecules,[11] 
conjugated polymers,[12] 2D materials,[13] and organic–inor-
ganic hybrid materials[14] have been utilized for realizing ambi-
polar charge transport and promising functional applications. 
Ambipolar transistors which transport both types of charge 
carriers synchronously make the fabrication of complemen-
tary metal-oxide-semiconductor (CMOS) inverters simpler due 
to controllable separated unipolar mode of them, meanwhile 
the manufacture of ambipolar light-emitting transistors which 
integrate switching characteristic (property of transistors) and 
light emission capacity (nature of light-emitting diodes) into an 
unitary device will be more efficient.[10,15] Moreover, by adding 
another two layers (floating gate and tunneling dielectric), 
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1. Introduction

With the rapid advances of network and information tech-
niques, the emerging artificial intelligence (AI) which refers 
to the intelligence exhibited by an artificially manufactured 
electronic system and the Internet of things (IoT) which con-
nects common physical objects with cyber space systems both 
have provoked multitudes of focus in industrial and academic 
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ambipolar transistors can be utilized as well-known flash 
memory that can exhibit much larger memory window due to 
bidirectional threshold voltage shifts on the basis of trapping/
detrapping mechanism.[16] Inspired by the similarity between 
the fluxion of neurotransmitters in synaptic cleft and the 
actional transport and trapping operation of charge carriers, 
ambipolar transistors also possess great potential for artificial 
synaptic emulation and hence neuromorphic computing in 
artificial intelligence.[17]

The overview structure of this review is described as fol-
lows. The basic structure, energy band alignment and funda-
mental principles of ambipolar transistors are first introduced. 
Particularly, functionalities and influences of semiconducting 
materials, interface characteristics and electrode contacts 
on ambipolar performance are elucidated. Then, the recent 
selected diverse semiconducting materials for instance organic 
and 2D materials as well as various device architectures of ambi-
polar transistors are contrasted and the merits and demerits of 
them are also analyzed. Within stated various material systems, 
in spite of existed challenges, basic mechanisms of fabricated 
transistors are well comprehended and hence some realistic 
applications begin to appear. Thus, the promising applications 
of ambipolar transistors comprising ambipolar flash memories, 
artificial synaptic transistors, logic devices and light-emitting 
transistors are then focused (Figure 1). Finally, the existing 
challenges and outlook of the future developments and appli-
cations of ambipolar transistors in printed electronics are dis-
cussed. Hopefully, this review can provide instructive roadmaps 
for the evolution of ambipolar transistor area.

2. Structures and Fundamental Principles  
of Ambipolar Transistors

Ambipolar transistors represent transistors that allow synchro-
nous transport of electrons and holes and their accumulation 
within semiconductors.[18,19] An ambipolar transistor is usu-
ally constructed from gate electrode, dielectric, semiconducting 
layer, and two source–drain electrodes (Figure 2a). The first three 
parts make up a metal–insulator–semiconductor (MIS) architec-
ture which is capable of propelling holes or electrons to accu-
mulate at the interface between dielectric and semiconducting 
layer via exerting a gate bias with specific voltage polarity. The 
additional source–drain electrodes coming into contact with the 
interface of active layer dominate the injection of charge car-
riers which are necessary for the subsequent accumulation pro-
cess. The injected holes and electrons can transfer in the light 
of various biases applied at these three terminals. Thus, both 
the amount and polarity of charge carriers within accumulation 
zone are different under gate biases with diverse amplitudes and 
polarities (positive gate bias for electron accumulation whereas 
negative one for hole accumulation), which finally leads to  
differences in the conductivity of the transistors (Figure 2b,c).

In terms of band bending of MIS junction (Figure 2d), each 
transistor is capable of accumulating two types of charge car-
riers (lie with the external electrical bias on gate electrode) in 
the ideal state according to electric field effect. Nonetheless, 
vast majority of transistors display unipolar electrical perfor-
mance (only p- or n-type). In fact, subsistent charge traps such 

as defects and vacancies within semiconducting layer and the 
interface between dielectric and semiconducting layers can cap-
ture minority carriers and hence impede the accumulation of 
them. Besides, various bandwidths between conduction and 
valance band induce different transport capabilities of those two 
charge carriers and hence asymmetric accumulation abilities of 
them. These reasons both make the accumulation of minority 
carriers challenging in common transistors. Researchers name 
this condition strong inversion condition and have discovered 
several methods to solve these difficulties and achieved ambi-
polar transport.[20,21]
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Despite different amounts of electrons and holes exit within 
semiconductors, both electrons and holes make a contribution 
to the entire drain current within channel when the transistor 
is operated in ambipolar mode. To date, scientists have put for-
ward several theories to explain the operating principles of ambi-
polar transistors. Majority of them are on the basis of Pao–Sah 
description (mainly utilized in unipolar transistors)[22] and grad-
uate channel approximation. Nonetheless, these models ignore 
the recombination operation of charge carriers and contacts 
characteristics, which both are crucial processes for ambipolar 
performance. Subsequently, modified models were brought up 
individually by Paasch et al. and Schmechel et al., respectively. 
Paasch et al. took contacts and recombination into consideration 
and utilized 2D numerical simulations for single-layer model 
architecture, which successfully comprehended previous bilayer 
ambipolar transistors.[23] Meanwhile, Schmechel et al. proposed 
equivalent-circuit model which was composed of resistor-capac-
itor interwoven networks and obtained Shockley-like equations 
based on an assumption (large recombination probability of 
charge carriers), which finally resulted in good matching with 
the experimental results.[24] With regard to ambipolar transistors, 
both two types of charge carries can be accumulated simultane-
ously and thereby two various threshold biases (Vth,n for electrons 
while Vth,p for holes) are needed. On the basis of aforementioned 
assumption, obtained three various operation schemes (operated 
at electron accumulation regime) are listed as follows:

Unipolar state: The required range of drain–source voltage is 
Vd ≤ (Vg − Vth,n)
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Saturation state: The required scope of drain–source bias 
is Vd ≤ (Vg − Vth,p) but Vd ≥ (Vg − Vth,n) (meaningless when 
Vth,p = Vth,n)
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Ambipolar state: The required range of Vd is Vd ≥ (Vg − Vth,p)
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where Vd, Vg, Id, W, L, C, C1, µn, µp, and H(x) represent source–
drain voltage, gate voltage, source–drain current, channel width, 
channel length, capacitances per unit area, electron mobility, 
hole mobility, as well as Heaviside-step function, respectively.

According to the constitution of semiconductors, the archi-
tectures of most ambipolar transistors can be divided into three 
categories: single component, blends and bilayer (Figure 2e). 
First, Single-component organic materials with appropriate 
energy levels and interface contacts and 2D materials with 
intrinsic ambipolar charge transport characteristics can be 
utilized individually for ambipolar behavior and just only one 
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Figure 1. Schematic diagram of ambipolar transistors on the basis of diverse materials and their promising applications.[14,17,25,121,260,284,302,397,417,450,

455,465,518] Ambipolar transistor. Reproduced with permission.[121] Copyright 2017, Nature Publishing Group. Organic materials. Reproduced with per-
mission.[25] Copyright 2017, American Chemical Society (top). Reproduced with permission.[260] Copyright 2014, American Chemical Society (bottom). 
Inorganic materials. Reproduced with permission.[302] Copyright 2012, American Chemical Society (top). Reproduced with permission.[284] Copyright 
2017, Wiley-VCH (bottom). Organic–inorganic hybrid materials. Reproduced with permission.[397] Copyright 2018, Wiley-VCH (left). Reproduced with 
permission.[14] Copyright 2015, Nature Publishing Group (right). Ambipolar memory transistor. Reproduced with permission.[417] Copyright 2013, 
Nature Publishing Group. Ambipolar synaptic transistor. Reproduced with permission.[450] Copyright 2018, Wiley-VCH (left). Reproduced with permis-
sion.[17] Copyright 2016, Wiley-VCH (right). Ambipolar logic transistor. Reproduced with permission.[455] Copyright 2015, Nature Publishing Group (left). 
Reproduced with permission.[465] Copyright 2016, American Chemical Society (right). Ambipolar light-emitting transistor. Reproduced with permis-
sion.[518] Copyright 2010, Nature Publishing Group.
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material is responsible for the electron and hole transport and  
accumulation within semiconducting channel.[13,25] Second, thin 
films of semiconducting polymer blends, mixtures and com-
posites fabricated via solution-processing and vacuum coevapo-
ration can also achieve ambipolar performance and controlling 
the morphology of blends well is extremely crucial for realizing 
better ambipolar behavior.[26] Apparently, these two or three 
materials (p- or n-type) take charge of electron and hole trans-
port separately and efficiently but also in identical and entire 
blending semiconductors. Third, bilayer configuration (van der 
Waals heterostructures for 2D materials) usually consists of  
two stacked p- and n-type semiconducting layers for respec-
tive hole and electron transfer processes (two detached semi-
conducting channels) and deposition order, relative film 
thickness and in particular p/n interface are pivotal for well-
balanced transport of both two types of charge carriers.[27] In 
the following main text, ambipolar transistors are categorized 
based on organic, inorganic and organic–inorganic hybrid 

materials, which is still consistent with the classification on 
the basis of the architectures of ambipolar transistors because 
all three structures of ambipolar transistors are contained 
and embodied in each material system (organic, inorganic, or 
organic–inorganic).

Semiconducting materials, interface characteristics together 
with electrode contacts are three extremely crucial aspects 
which require considerable designs for effective ambipolar 
behavior. The selected semiconductors should possess appro-
priate energy band alignments with favorable and comparable 
conduction capabilities of both two types of charge carriers and 
meanwhile suitable bandgap or potential barrier (e.g., smaller 
energy gap and thereby lower barrier for injecting electrons and 
holes in semiconductor materials) are beneficial for the trans-
port of electrons and holes. Besides, the smooth and flawless 
interface between semiconducting and insulating layers con-
tributes to unimpeded and fluent drift of holes and electrons 
and hence well-balanced ambipolar performance.

Adv. Funct. Mater. 2019, 29, 1902105

Figure 2. a–c) Schematic configurations of ambipolar transistors and their working mechanisms under constant source–drain bias and various gate 
biases (a: no gate bias; b: positive gate bias; c: negative gate bias). d) Energy band alignments of MIS structure under zero (left), positive (middle) 
and negative (right) gate voltages, respectively. e) The most common utilized architectures of ambipolar transistors including single component (left), 
blends (middle) and bilayer (right), respectively. The violet and cyan balls represent electrons and holes in (a)–(d) and refer to two various semicon-
ducting materials in (e).
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In addition to these two factors, semiconductor/metal inter-
face dominating the vital charge injection process from source–
drain electrodes to semiconducting channel is determinant in 
ambipolar operation. The charge injection efficiency is deter-
mined by the concept of contact resistance which depends on 
the separated hole/electron injection barriers extracted from the 
energy band structures between the work function of electrodes 
and valence band/conduction band of the inorganic materials 
or highest occupied molecular orbital (HOMO)/lowest unoc-
cupied molecular orbital (LUMO) of the organic materials.[28] 
Scientists discovered that the Fermi level arrangements of sem-
iconducting materials and source–drain electrodes were unable 
to happen efficiently and they proposed several factors to adjust 
this Mott–Schottky-type band bending within the interface 
between semiconducting layer and source–drain electrodes. 
For example, one is image-charge effect (provenience of the 
inorganic semiconducting band bending) which is capable of 
reducing the energy gaps of organic semiconducting materials 
and hence lowing the Schottky barrier for charge injection.[28,29] 
Another one is autogeneous formation of electric dipole layer 
at the interface between semiconductor and electrodes that can 
induce the movement of vacuum level and thereby generate 
various barriers.[30] Thus, apparently, the authentic Schottky 
barrier is unrestricted and fluctuant. It is also worth men-
tioning that favorable Ohmic contact and low contact resistance 
at source–drain electrodes/semiconducting materials interface 
is advantageous to tackle the detrimental problems such as 
irregular electrical curves and majority of voltage drop occu-
pied by contacts induced by non-Ohmic contacts. Therefore, 
selection of suitable electrode and semiconductor materials or 
modifying the interface of source–drain electrodes with self-
assembled monolayers both give rise to better Ohmic contacts 
and thereby superior ambipolar behavior.

3. Ambipolar Organic Semiconducting Materials

As mentioned above, balanced energy band alignments are 
indispensable for favorable ambipolar behaviors. The HOMO 
level is responsible for holes injection and the LUMO level is in 
charge of electrons injection of the organic semiconductor, and 
they should match well with the work function of the source/
drain electrodes. However, significant challenges still exist as 
only single kind of charge carriers (holes or electrons) can be 
injected and transported for given metal electrodes on account 
of relatively wide bandgap (2–3 eV) of mostly reported organic 
semiconductors. In this respect, the materials of the active layer 
with comparatively narrow bandgap (1–2 eV) have been utilized 
to reduce the charge injection barrier for their efficient trans-
port to tackle the above unipolar issue. In addition, it is gener-
ally believed that the ambient stability of organic materials can 
be significantly improved via decreasing the LUMO level appro-
priately owing to declined trapped charge carries by water or 
oxygen in air atmosphere.[31]

Apart from energy level structures, morphology which refers 
to the microstructures of organic semiconducting layer is also 
of fundamental importance in the ambipolar performance and 
reliability of transistors.[32] Various manufacture approaches 
and conditions, annealing temperatures, etc., could give rise 

to diverse molecular packing patterns and degrees of crystal-
linity and finally impact the device performance such as hole 
and electron mobilities.[33] In order to form better morphology 
of organic film, several influence factors should be well modu-
lated. First, organic semiconductors with various functional 
groups, alkyl side chains as well as attached positions can cause 
diverse molecular packing and thereby distinct morphology.[34] 
Thus, suitable molecular engineering and hence well-designed 
molecular structure will play key roles in regulating the mor-
phology. Second, the morphology also depends on various fab-
rication methods in which spin coating and vacuum deposition 
are the most commonly utilized approach.[35,36] Therefore, by 
tuning the fabrication conditions such as heating temperature 
of evaporation as well as rotational speed and time, the mor-
phology could be well controlled. Moreover, novel manufacture 
strategies for instance solution shearing are already exploited 
for changing the microstructures and the micropermutation 
of organic materials. Third, substrate modification is another 
way to adjust the morphology of organic materials fabricated 
via a solution-processing method and different sorts of SAMs 
such as octadecyl-trichlorosilane (OTS-18) have been utilized 
for modulating the surface energy of blocking dielectric and 
thereby the crystallinity of thin film.[37] Favorable morphology 
not only can result in close molecular orbital overlap and 
intermolecular π-stacking and thereby better charge transport 
for high-performance ambipolar transistors but also is benefi-
cial for the air stability and operational reliability of fabricated 
devices.

3.1. Organic Small Molecules

3.1.1. Single Layer and Single Crystals

One approach to fabricate ambipolar organic transistor is 
to investigate and synthesize single-component electron-
donor and acceptor conjugated molecules (D–A-conjugated 
molecules) with tunable energy band alignments, enhanced 
π-conjugation and reduced inter-ring torsions by using appro-
priate donor (determine HOMO level) and acceptor (dominate 
LUMO energy) units.[38–43] The electron withdrawing property 
resulted from introduced radicals (cyano group and fluorine) 
and extended conjugation length and augmented intermolec-
ular π–π stacking caused by some inserted organic functional 
groups in D–A molecules both can contribute to the ambipolar 
charge injection.[44,45]

In the past couple of years, various electron acceptors such 
as diketopyrrolopyrrole (DPP),[46] naphthalene diimide (NDI) 
derivatives,[47] isoindigos[48] and (E)-[3,3′-bipyrrolylidene]-
2,2′(1H,1′H)-dione (BPD)[49] have been mostly utilized for 
realizing high-performance ambipolar behavior. Among 
them, electron deficient DPP units form intense planar π–π 
conjugated interactions and display large charge mobility 
(exceed 1 cm2 V−1 s−1). Besides, N-position of DPP units 
linked with two alkyl chains increases the solubility which is 
advantageous to fabricate devices. Cai et al. reported bidirec-
tional π-extended DPP-based molecule (DPP-2F) with lower 
LUMO energy and high electron and hole mobilities up to 
0.8 and 0.42 cm2 V−1 s−1 by reason of the introduction of 

Adv. Funct. Mater. 2019, 29, 1902105
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electron withdrawing E-(1,2-difluorovinyl) moieties.[50] How-
ever, the superior mobilities were tested under inert atmos-
phere and hence the practical application of this ambipolar 
transistor was limited. Later, a new air-stable mole cule (DPP-
2T2P-2DCV) combining 2,5-dihydro-1,4-dioxo-3,6-di-2-thienyl-
1,4-diketopyrrolo[3,4-c]pyrrole derivative (DPP-2T) and the 
4-(2,2-dicyanovinyl)phenyl radical was proposed by Bai et al.[51] 
In their molecular design, DPP-2T functioned as an ambipolar 
semiconductor while cyano group (electron-withdrawing charac-
teristic ) of dicyanovinyl in 4-(2,2-dicyanovinyl)phenyl radical was 
introduced to effectively lower the LUMO level and thereby aug-
ment electron injection from the contact electrodes, which was 
beneficial for both ambipolar charge transport and ambient sta-
bility. Besides, the introduced phenylene unit between DPP-2T 
and dicyanovinyl moieties could extend the conjugation length, 
which reduce the energy gap and facilitate intermolecular π–π 
stacking. These improvements finally gave rise to excellent 
charge carrier mobilities of 0.015 (holes) and 0.168 cm2 V−1 s−1 
(electrons) under ambient conditions. Recently, researchers also 
explored the novel ambipolar D–A small molecules by attaching 
different π-conjugating spacers including thiophene, bithio-
phene, benzothiophene, benzothiadiazole and thieno[3,2-b]thio-
phene (TT) to various common groups for instance DPP, NDI 
derivatives and isoindigo to regulate the intermolecular interac-
tions and energy band structures.[52–59] Lin et al. presented DPP-
derivatives with an A–D–A–D–A construction incorporating 
DPP core unit and planar bithiophene or TT electron donors.[60] 
It was found that the implanted bithiophene or TT spacers with 
analogous material properties could lead to different energy 
levels and film morphologies and hence different ambipolar 
behaviors with high carrier mobilities can be achieved. In addi-
tion to the synthesis of novel D–A molecules, the device archi-
tectures (such as the position of source/drain contact electrodes) 
and the fabrication parameters (for instance thermal or solvent 
annealing temperatures) can improve the ambipolar charge 
transport. The transistor based on solution-processable D–A 
molecule composed of thiophene−dithienosilole−thiophene 
(Si1T) as donor units and DPP and carbonyl group as accep-
tors was demonstrated to exhibit larger charge carrier mobili-
ties under higher thermal annealing temperatures and the 
usage of CVD-grown single-layer graphene (SLG) electrodes 
(Figure 3a,b), which could be explained from the smooth inter-
facial contact of the SLG source/drain electrodes.[61]

The electron-deficient NDI with large electron affinity and 
high thermal stability possesses intense π-stacking behavior 
and π–π interactions between molecules (better charge trans-
port characteristics) and has been utilized as chromophores, 
supramolecular structures and ambipolar organic semicon-
ductors. Besides, the lower LUMO energy level caused by 
the diimide radical reduces the electron transport barrier 
and results in easy and air-stable electron injection. Wang 
et al. reported five conjugated molecules with the structure of 
acceptor–donor–acceptor (A–D–A) consisting of NDI as accep-
tors and various π-conjugated heterocyclic groups as donors 
(Figure 3c).[62] The ultraviolet photoelectron spectroscopy (UPS) 
and cyclic voltammetry (CV) characterizations revealed that the 
five compounds had approximately same LUMO levels (depend 
on the identical NDI moiety) and systematically augmenting 
HOMO levels (lie with differences of the donating strengths 

of donors and molecular conformation). The tunable bandgaps 
gave rise to the transition from unipolar (n-type) to ambipolar 
behavior with high electron and hole mobility values as large as 
1.23 and 0.0074 cm2 V−1 s−1, respectively (Figure 3d). A similar 
donor–acceptor–donor (D–A–D) architecture where indeno[1,2-
b]fluorene-6,12-dione (IFDK) and indeno[1,2-b]fluorene-6,12-di-
ylidene dimalononitrile (IFDM) acted as electron acceptors 
and α-substituted bithiophene functioned as electron donors 
was designed by Ozdemir et al. (Figure 3e).[63] Charge carrier 
mobilities of 0.01 and 0.13 cm2 V−1 s−1 for holes and electrons 
were observed in IFDM-based transistors at ambient condition 
due to stabilized electrons and holes in molecular backbones 
and good coplanarity and intense electron-accepting capability 
of IFDM cores with suitable size (Figure 3f). By comparing the 
air stability of charge transport in two organic semiconductors, 
it was found that the modification of the functional groups and 
hence the tuning of LUMO level dominated stable ambipolar 
performance under air atmosphere (Figure 3g). Inspired by 
the prominent charge transport performance of NDI, a novel 
electron-deficient thiophene-fused naphtho[2,3-b:6,7-b′]dithio-
phene-4,5,9,10-diimide (NDTI) core structure was proposed 
and investigated in the applications of unipolar and ambi-
polar transistors.[53,64] By connecting benzo[b]thiophene (BT) 
or naphtho[2,3-b]thiophene (NT) groups through α-positions 
of the thiophene to the NDTI units demonstrated increasing 
balanced carrier mobilities (0.16 and 0.25 cm2 V−1 s−1 for elec-
trons and holes) (Figure 3h–j). D–A molecules with favorable 
ambient-stability, simplified solution-processed method and 
reasonably balanced ambipolar mobilities are expected more 
with their developments.

In the last few years, ambipolar behavior has been achieved 
in indigo and isoindigo derivatives. Biological material indigo 
is a plant-derived dye and mainly used for coloring textiles. 
Indigo exhibits a remarkably large fusing point (390–392 °C) 
and barely dissolves in conventional organic solvents owing 
to intense molecular interaction (hydrogen bonds). The inter-
molecular interactions of the hydrogen bonds (NH…OC) 
and π-skeletons dominate molecular packing structures as well 
as carrier transport characteristics. Indigo composed of amine 
radicals (donors) and carbonyl groups (acceptors) with long-
wavelength absorption (small bandgap) is favorable to realize 
ambipolar operation and presents air-stable well-balanced hole 
and electron mobilities of 0.01 cm2 V−1 s−1.[65] Recently, Pitayat-
anakul et al. put forward a sequence of bioinspired indigo deriv-
atives replaced at the 5-position of Tyrian purple with halo gen 
atoms (Br and I) and phenyl groups (Figure 4a).[66,67] The 
introduction of phenyl groups could enlarge the π-skeletons 
to realize parallel molecular packing while the adoption of Br 
and I atoms at the 5-position results in bathochromic shifts 
and thereby tunable bandgaps compared to substitutions at the 
6-position. On the basis of structural analysis of the crystal by 
X-ray diffraction (XRD), atomic force microscopy (AFM), and 
single-crystal X-ray structure analysis, the authors found that 
5-bromo substitution displayed roughly identical 1D molecular 
stacking in contrast to original indigo. 5-Iodine indigo exhib-
ited supramolecular engineering and extremely large inter-
chain interaction due to strong iodine-iodine interaction, and 
5-phenyl substitution presented novel 2D brickwork and her-
ringbone hybrid molecular packings. It was also discovered that 
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Figure 3. a) Schematic image of the fabrication processes of the SLG source–drain electrodes. b) Transfer curves (measured at a constant VD 
(80 or −80 V)) of the OTFTs on the basis of Si1TDPP-EE-COC6 thin films which were annealed under three various temperatures (25, 100, or 150 °C).  
Reproduced with permission.[61] Copyright 2015, American Chemical Society. c) Synthesis routes of five organic NDI–π–NDI small molecules ((i) 
represents reaction conditions: Pd(PPh3)4, CuI, toluene, 110 °C and final yield of 30–65%). d) Derived mean hole (blue boxplots) and electron (black 
boxplots) mobilities of different NDI–π–NDI molecules. Reproduced with permission.[62] Copyright 2016, the Royal Society of Chemistry. e) Schematic 
diagram of top-contact bottom-gate ambipolar OFET architecture. f) Transfer characteristics of OFETs on the basis of 2OD-TTIFDM semiconductor 
(the red and blue curves represent p- and n-channels, respectively). g) Energy band alignments between HOMO/LUMO levels of two organic molecules 
and oxygen/water electrochemical redox couple (by comparing the air stability of charge transport in two organic semiconductors, it was found that 
the modification of the functional groups and hence the tuning of LUMO level dominated stable ambipolar performance under air atmosphere). 
Reproduced with permission.[63] Copyright 2017, the Royal Society of Chemistry. h) XRD patterns of NDTI-BNT active layers. i) Calculated HOMO 
and LUMO of organic NDTI-BNT molecule. j) Transfer curve of transistors based on NDTI-BNT at air atmosphere (annealing temperature: 150 °C). 
Reproduced with permission.[64] Copyright 2015, the Royal Society of Chemistry.



www.afm-journal.dewww.advancedsciencenews.com

1902105 (8 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 29, 1902105

Figure 4. a) Structures of bottom-gate top-contact indigo-based OFETs (up) and various indigo derivatives (bottom) (W and L in the figure refer to 
1000 and 100 µm, respectively). b) Transfer curves of OTFTs based on 5,5′-diphenylindigo. Reproduced with permission.[66] Copyright 2014, the Royal 
Society of Chemistry. c) Transfer characteristics of DIAn-based OFETs operated under p- and n-channel mode. For positive gate bias, VSD is 80 V while 
for negative gate bias, VSD is −100 V. Reproduced with permission.[71] Copyright 2016, Nature Publishing Group. d) HOMO and LUMO levels as 
well as AFM height images (annealing temperature: 170 °C) of QBT and QBS. Output e) and transfer f) characteristic curves of OFETs on the basis 
of QBS molecules. Reproduced with permission.[11] Copyright 2015, Wiley-VCH. g) Structures of different pentacene derivatives. h) N-type output 
characteristics of transistors based on 4. Reproduced with permission.[72] Copyright 2015, the Royal Society of Chemistry.
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the arrangement of the indigo cores of 5-iodine and 5-phenyl 
substitutions was basically perpendicular to the substrate for 
purpose of acquiring maximum mobilities. Among them, 
5,5′-diphenylindigo showed highest well-balanced ambipolar 
charge mobilities of 0.56 and 0.95 cm2 V−1 s−1 for holes and 
electrons, respectively (Figure 4b).

Electron-deficient isoindigo with symmetrical lactam architec-
ture is an isomer of indigo and also observed to show ambipolar  
charge transport phenomena. Nonplanar isoindigo some-
times presents brickwork structure on account of the intra-
molecular steric repulsion. Other than the reported brickwork 
architecture, Ashizawa et al. investigated the pristine unsub-
stituted isoindigo with ambipolar charge mobilities exceeding 
0.01 cm2 V−1 s−1 and found another two polymorphs including 
stacking and nonplanar molecular structures.[68] According to 
the exhibited charge transport polarities of a sequence of isoin-
digo derivatives with electron-withdrawing radicals, the authors 
concluded that the minimal effective HOMO level for hole 
transport was −5.7 eV. Besides, it was found that 6,6′-diphe-
nylisoindigo presented hole mobilities of 0.037 cm2 V−1 s−1 
and electron mobilities of 0.027 cm2 V−1 s−1 because of perpen-
dicular molecular arrangements onto the substrate. In addi-
tion to the halogen atoms and phenyl radicals, cyano groups 
with intense electron-withdrawing characteristics were also 
introduced to isoindigo cores to reduce the LUMO level of the 
molecules. The transistors based on the dicyanated isoindigo 
displayed unipolar charge transport by modifying the dielectric 
with self-assembled monolayers (SAMs) of n-tetradecylphos-
phonic acid (TPA) whereas it was interestingly noted that the 
device showed good ambipolar performance under the adoption 
of 12,12,13,13,14,14,15,15,16,16,17,17,18,18,18-pentadecylfluo-
rooctadecylphosphonic acid (FOPA) SAMs onto the insulating 
layer probably due to polarization effect of the electronegative 
fluorine atoms.[69] Different substituents and substitutional 
positions together with modified insulating layers via various 
SAMs provide more possibilities to realize better performance 
ambipolar transistors on the basis of isoindigo derivatives.[70]

Some new classes of ambipolar semiconducting materials 
exhibiting amphoteric redox process have been proposed by 
researchers lately. The amphoteric redox behavior signifies 
concurrent achieved oxidation and reduction phenomena in 
single organic molecules and dominates transport processes of 
electrons (holes) into LUMO (HOMO) level. Rudebusch et al. 
designed and characterized a novel chemical robust biradical 
molecule, diindeno[b,i]anthracene (DIAn) with open-shell 
character and high stability under air atmosphere and elevated 
temperatures.[71] The Raman spectroscopy, CV, and magnetic 
susceptibility characterization confirmed amphoteric redox 
characteristic and thermally accostable triplet excited state. The 
fabricated transistors based on vapor deposited DIAn semicon-
ducting layer and octyltrichlorosilane-treated dielectrics dis-
played thermal-stable balanced ambipolar charge mobilities of 
about 10−3 to 10−2 cm2 V−1 s−1 (Figure 4c) originated from simul-
taneous cooperative dual pseudoquinoidal (for electron trans-
port) and pseudoaromatic (for hole transport) architectures. 
Hwang et al. also reported two new quinoidal molecules, qui-
noidal bithiophene (QBT) and quinoidal biselenophene (QBS) 
with planar structures beneficial for π–π stacking and carrier 
transport, extended π-electron delocalization favorable for lower 

energy gap and amphoteric redox behavior (Figure 4d).[11] The 
authors revealed that although their electrochemical charac-
teristics and HOMO/LUMO levels were basically the same 
(depended on quinoidal architectures), QBS comprising sele-
nophene presented much larger carrier mobilities (0.055 and 
0.021 cm2 V−1 s−1 for holes and electrons) in contrast to QBT on 
account of intense intermolecular interaction induced by polar-
ized Se atoms and hence highly augmented crystallinity after 
thermal annealing (Figure 4e,f). In addition, recent studies 
found that modifying inserted substituents especially alkyl side 
chains could generate various molecular packings and thereby 
may convert unipolar charge injection to ambipolar behavior. 
Guo et al. demonstrated the successful transition from p-type 
semiconducting characteristics to ambipolar charge transport 
by incorporating o-carborane group 1-(HCC)-2-R-1,2-C2B10H10 
(R is alkyl chain with different lengths) into π-conjugated penta-
cene to reduce HOMO/LUMO levels (Figure 4g,h).[72] Xu et al. 
also discovered that both unipolar and ambipolar operations 
could be observed among three dithiophene-4,9-dione-con-
taining semiconducting molecules with identical conjugated 
core and analogous energy levels but various n-alkyl chains, 
which was explained by diverse molecular packing and micro-
structures existed within the thin layers on the basis of XRD 
results.[73] These strategies and findings bring new avenues to 
search for ambipolar semiconducting materials.

Apart from aforementioned single component–modified 
small molecular semiconductors with narrow energy gaps for 
ambipolar carrier transport, another method to achieve ambi-
polar operation is to blend two semiconducting materials (one 
is p-type and the other is n-type).[74] This can be achieved by 
mixed solution processing approach or vacuum coevaporation 
of two semiconductors, resulting in various microstructures. 
Different combinations and ratios of the two components both 
have a great influence on the film morphology/microstructures 
and hence the mobility values, which remains a challenge in 
fine tuning the blends’ morphology.

Most molecular blends form microphase-separated p–n net-
work, known as bulk heterojunction (BHJ). Cheng et al. dem-
onstrated that via blending [2-phenylbenzo[d,d′]thieno[3,2-b;4,5-
b′]dithiophene (P-BTDT) : 2-(4-n-octyl- phenyl)benzo[d,d′]
thieno[3,2-b;4,5-b′]dithiophene (OP-BTDT)] (p-channel; named 
M-BTDT) and C60 (n-channel) with optimized fractions gave 
rise to a BHJ ambipolar transistor with favorable structured net-
work as well as well-balanced hole (0.03 cm2 V−1 s−1) and elec-
tron mobilities (0.02 cm2 V−1 s−1) (Figure 5a,b).[26] Very recently, 
the largest well-balanced charge mobilities (0.83 cm2 V−1 s−1 for 
holes and 0.37 cm2 V−1 s−1 for electrons) of ambipolar transis-
tors based on solution-processable organic small molecules 
were attained by Vegiraju et al., with semiconductor mixtures 
of dicyanomethylene substituted dithienothiophene-quinoid 
(DTTQ-11; n-type) and p-type DbT-TTAR (composed of tetrathi-
enothiophene core and two linked bithiophene groups) in iden-
tical blending ratios (Figure 5d).[75] The authors also found that 
various mixing ratios could induce transition between unipolar 
and ambipolar transport, which presented a viable approach to 
modulate the molecular blends and further tune microstruc-
tures and carrier injection performance (Figure 5c).

Charge-transfer (CT) complexes can also be good candi-
dates for ambipolar transport, where the mixing fractions of 
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donor and acceptor molecules are usually the same and the 
π-stacks together with intermolecular interactions conduce 
to their different optoelectronic properties for instance ferro-
electricity, electrical conductivity and photovoltaic effects.[76,77] 
There are several reports about ambipolar transistors on CT 
complexes such as combinations of 2,5-dimethyl-N,N′-dicyano-
p-quinonediimine (DMDCNQI; acceptor) and dibenzopyrrolo-
[3,2-b]pyrrole (DBPP; donor)[78] . The best ambipolar D–A com-
plexes incorporating equal-ratio donor molecules meso-diphenyl 

tetrathia[22]annulene[2,1,2,1] (DPTTA) and acceptor semicon-
ductors 4,8-bis(dicyanomethylene)-4,8-dihydrobenzo[1,2- b:4,5-
b′]-dithiophene (DTTCNQ) were demonstrated by Qin et al.[79] 
On the grounds of crystallographic analysis and quantum cal-
culations, the authors concluded that extended π-conjugated 
D–A molecules with enhanced intermolecular interactions led 
to existence of super exchange effect and formation of quasi-2D 
transport network, which contributed to remarkably ambipolar 
performance with large mobilities of 0.77 and 0.24 cm2 V−1 s−1 

Adv. Funct. Mater. 2019, 29, 1902105

Figure 5. a) The dependence of hole and electron mobilities of transistors on various weight ratios between M-BTDT and C60 (Three operation models 
including p-channel, n-channel, and ambipolar processes can be observed in BHJ ambipolar OTFTs). b) Output curves based on M-BTDT/C60 BHJ with 
blending ratio of 1:1. Reproduced with permission.[26] Copyright 2014, Wiley-VCH. c) Maximum charge carrier mobilities of OFETs measured under 
nitrogen atmosphere with respect to different ratios of DbT-TTAR. d) Transfer characteristics of OFETs on the basis of DbT-TTAR/DTTQ-11 mixed 
semiconductor with equal ratio. Reproduced with permission.[75] Copyright 2018, Wiley-VCH. Output curves of transistors based on DPTTA-TCNQ 
cocrystal nanosheets measured under positive f) and negative e) source–drain biases, respectively. The insets describe the transistor structure e) and 
optical image of single DPTTA-TCNQ cocrystal nanosheet f). Reproduced with permission.[79] Copyright 2014, Wiley-VCH.
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for holes and electrons, respectively (Figure 5e,f). Recently, donor 
(silylethynylated pentacene)-acceptor (silylethynylated tetraazap-
entacene) organic blending semiconductors with a novel form 
of solid solution were proposed.[80] The transistors based on this 
mixture with mixing fraction of 1:1 exhibited ambipolar bal-
anced charge mobilities comparable to previously mentioned 
ambipolar transistors based on BHJ and CT complexes.

Single crystal transistors have been extensively explored to 
achieve ambipolar charge transport phenomena owing to their 
superior characteristics such as free of grain boundaries and 
defects and molecular ordering within extensive region.[81–85] 
Crystallization of oligomers is usually utilized to prepare organic 
single crystals in which the main interaction force is van der 
Waals interaction.[86] These interactions are derived from elec-
tronic movements inside the organic molecules and thereby 
generated fluctuations of dipole moments. The fabricated 
organic single crystals maintain the electrical characteristics of 
original component organic molecules due to inherent weak van 
der Waals force.[87,88] Micro- and nanostructured single crystals 
are mainly fabricated using physical vapor deposition (PVD) or 
solution-based methods. Nonetheless, PVD approach is mainly 
applied to the highly thermal-stable conjugated small molecules 
and has its own limitations (large energy consumption).[89] 
Thus, simple solution-processed self-assembly accompanied 
with intense molecular π–π stacking is expected to be a favorable 
method for constructing the organic single crystal of various 
materials.[90] For the solution-based approach, lots of techniques 
such as thermal annealing,[91] inkjet printing (antisolvent crys-
tallization)[92] and dip coating[93] have been utilized to enhance 
the crystallinity and pattern the micro- and nanostructures of 
organic single crystal. However, the consumed time and power 
of the device fabrication are still large and remain a big chal-
lenge. Recently, Watanabe et al. reported a novel method based 
on microcrystallization in capillaries (one of soft lithography 
techniques) to pattern and crystallize needle-shaped QQT(CN)4 
crystal utilizing PDMS molds in one step.[94] The concentra-
tion of QQT(CN)4, the shape of PDMS molds together with the 
depth and width of capillaries could be modulated to tune the 
morphologies of the QQT(CN)4 microline arrays. The fabricated 
bottom-gate top-contact transistor demonstrated representa-
tive ambipolar charge transport but relatively small hole and 
electron mobilities compared to previous reported QQT(CN)4 
devices. However, from the fabrication technique viewpoints, 
this new method with the merits of decreased energy consump-
tion, fabrication time and equipment cost can accelerate the 
development of organic ambipolar transistors.

Plenty of organic single crystal transistors exhibit unipolar 
performance (mostly p-type), which is in direct contravention of 
the measurement results (both two types of charge carriers can 
move in organic single crystals) based on time of flight (ToF) 
and time-resolved microwave conductivity (TRMC).[95] The 
aforementioned evident discrepancy is caused by the reality that 
the charge transport properties of single crystal transistors not 
only depend on the intrinsic properties of the organic semicon-
ductors but also rely on other important factors, i.e., source and 
drain metal electrodes and interface characteristics between die-
lectric layer and semiconducting film. Particularly, owing to the 
Fermi-level pinning of semiconducting material on source and 
drain electrodes, the energy band structures between the work 

functions of source and drain metal electrodes and the HOMO 
and LUMO levels of the organic crystals are extremely signifi-
cant in deciding which type of charge is dominant. As the metal 
work function is nearer to the HOMO level of semiconductor, 
the energy barrier of holes is smaller and hence the transis-
tors display hole-dominated performance (p-type, i.e., penta-
cene and rubrene).[96,97] Some reported organic single crystals 
such as 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene  
(C8-BTBT, 31.3 cm2 V−1 s−1)[92] and 2,9-didecyldinaphtho[2,3-b:2,3-
f]thieno[3,2-b]thiophene (C10-DNTT, 12.5 cm2 V−1 s−1)[98] show 
large hole mobilities of exceeding 10 cm2 V−1 s−1. Up to now, 
p-type single crystal transistors based on poly(10,12-pentaco-
sadiynoic acid) (poly-PCDA) present largest hole mobility of 
≈42.7 cm2 V−1 s−1.[99] Nevertheless, as the metal work function 
is nearer to the LUMO level of semiconductor, the injection 
barrier of electrons is much lower and thereby the transistors 
function as n-type devices (i.e., organic single crystal transis-
tors on the basis of 7,7,8,8-tetracyanoquinodimethane (TCNQ) 
or perylene derivatives).[100,101] By far, two representative n-type 
organic single crystals are 2,5-difluoro-7,7,8,8-tetracyanoqui-
nodimethane (F2TCNQ)[102] and 4Cl-TAP[103] which exhibit 
highest electron mobilities of 25 (temperature: 150 K) and 
27.8 cm2 V−1 s−1, respectively.

Ambipolar charge transport property was first realized 
in organic single crystal transistors on the basis of Cu- and 
Fe-phthalocyanine[104] and rubrene was also demonstrated 
to display ambipolar behavior later (Figure 6a–c).[105] From 
then on, more and more organic single crystals with large or 
small energy gaps have been found to show ambipolar elec-
trical performance.[106–109] Up to now, with regard to device 
configuration, only top-contact architecture has been exploited 
for efficient electron injection, which might be explained that 
the defects generated during thermal evaporation process may 
help electrons inject into organic single crystals. With respect to 
metal electrode, Au, Ag, Al, and Ca are more commonly utilized 
and preparation of dense Ca electrodes can give rise to excellent 
electron injection behavior.[110,111] Besides, asymmetric source 
and drain electrodes (i.e., Au and Ca) are also used to achieve 
ambipolar charge transport (Figure 6d).[107,112,113] In addition 
to the aforementioned several factors, another crucial point to 
realize ambipolar transport is that the capture sites of electrons 
at the interface of blocking layer and semiconducting layer 
should be minimized. Researchers usually employ thin nonhy-
droxyl polymeric film (i.e., poly-methyl methacrylate (PMMA) 
and crosslinked polyvinyl pyrrolidone (PVP)) to passivate the 
interface.[114] It was also found that both the morphology and 
the remanent impurity within passivation film significantly 
affected the amount of the residual trap sites at the interface.[115]

Due to the challenges in achieving ambipolar behavior in 
transistors based on organic single crystals, scientists have 
proposed several other strategies to realize ambipolar charge 
transport. One of them is utilizing organic single crystals with 
deeper LUMO and HOMO to enhance the ability of electron 
injection.[116] In addition to this method, one can also insert 
a thin layer (electron injection layer) between electrodes 
and active layer to improve the capability of electron injec-
tion (Figure 6e).[117] Furthermore, ambipolar charge trans-
port can also be obtained by exploiting cocrystals on the basis 
of donor and acceptor organic molecules instead of single 

Adv. Funct. Mater. 2019, 29, 1902105



www.afm-journal.dewww.advancedsciencenews.com

1902105 (12 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

crystals based on a type of molecule.[118,119] On account of the 
fact that the electronic characteristics of cocrystals lie with the 
energy band alignment of their HOMO and LUMO levels as 
well as their particular molecular arrangement, thus the con-
stituent donor and acceptor organic molecules need to be 
chosen leerily to realize effective ambipolar transport. Recently, 
Shim et al. demonstrated air-stable high-performance transis-
tors based on laterally stacked organic microcrystal wires with 
the structure of 6,13-bis(triisopropylsilylethynyl)pentacene 
(Tips-pentacene/p-type semiconductor)/N,N′-dioctyl-3,4,9,10-
perylenedicarboximide (PTCDI-C8/n-type semiconductor)/
Tips-pentacene (TPT architecture) through solution-processing 
approach (“capillary tube method”) (Figure 6f).[120] By repeated 
optimization of solution concentrations of the semiconductors, 
the direct contact between ambipolar crystals and the metal 
electrodes was expected to induce direct injection of holes and 
electrons for well-balanced charge carrier mobilities.

Up to now, the largest hole (22 cm2 V−1 s−1) and electron 
(5.0 cm2 V−1 s−1) mobilities were reported in single-crystal 
organic rubrene semiconductors by Kanagasekaran et al. 
(Figure 7a–c).[121] The authors proposed a novel concept of 
source–drain injection electrodes on the basis of structure of 
metal layer (Ca or Au)/polycrystalline organic semiconductors/
tetratetracontane, which displayed high injection efficiencies 
of both two types of charge carriers (Figure 7d,e). This new 
electrode design could be implemented onto other different 
semiconducting materials and is attractive for the achievement 
of ambipolar transistors with better electrical performance.

In summary, in order to achieve effective ambipolar charge 
transport in single crystal transistors, careful design of organic 
single crystals, source–drain metal electrodes, modification layer 
(hole/electron injection layer) between electrodes and active layer 
as well as polymeric buffer layer between blocking dielectric 
and single crystal is crucial. Compared to unipolar single crystal 

Adv. Funct. Mater. 2019, 29, 1902105

Figure 6. Schematic illustration a), optical image b), and typical transfer curves c) of organic single crystal transistor based on rubrene. The black and 
gray lines in (c) represent vacuum condition and air atmosphere, respectively. Reproduced with permission.[105] Copyright 2006, American Institute 
of Physics. d) Optical image of organic single crystal transistor with Ca and Au asymmetric source–drain electrodes; representative output curves of 
ambipolar transistor on the basis of α,ω-bis(biphenylyl)terthiophene single crystals. The red and blue lines represent p- and n-channels, respectively. 
Reproduced with permission.[107] Copyright 2009, Wiley-VCH. e) Schematic diagram of the design mechanism of enhanced electron injection by 
inserting an additional electron injection layer between electrodes and active layer; typical output curves of ambipolar organic single crystal transistor 
based on BP3T. The red and black lines represent transistor with cesium fluoride (CsF) and transistor without CsF, respectively. Reproduced with 
permission.[117] Copyright 2012, Wiley-VCH. f) SEM top-viewed image of vertically cut OFETs based on TPT architecture; transfer characteristics of 
ambipolar OFETs based on TPT crystals. Reproduced with permission.[120] Copyright 2014, American Chemical Society.
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Figure 7. a) Schematic 3D FET structure using novel source–drain electrodes metal (Au)/ polycrystalline organic semiconductor (pc-OSC)/tetratetrac-
ontane (TTC) to inject both two types of charge carriers. b) Electron (left) and hole (right) injection mechanism of aforementioned novel electrodes 
revealed by their energy band structures. c) AFM morphologies of single crystal rubrene (sc-RU), pc-RU/sc-RU, TTC/sc-RU as well as pc-RU/TTC/sc-RU, 
respectively (from top to bottom). Electron and hole mobilities d) as well as transfer characteristics e) of single-crystal rubrene-based transistors with 
different electrodes. Yellow-to-magenta and blue-to cyan symbols represent Au and Ca electrodes, respectively. Circles, crosses, triangles and squares 
represent no interlayer, CsF interlayer, pc-OSC interlayer as well as pc-OSC/TTC interlayer, respectively. Red and black diamonds indicate the largest 
mobilities of single-crystal rubrene-based transistors reported in this article and other literatures. Reproduced with permission.[121] Copyright 2017, 
Nature Publishing Group. Transfer characteristics of OFETs on the basis of TIPS-PEN/C60 SCHJ operated under n-channel f) and p-channel g) regimes, 
respectively. Reproduced with permission.[135] Copyright 2018, American Chemical Society.



www.afm-journal.dewww.advancedsciencenews.com

1902105 (14 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

transistors, charge carrier mobilities of ambipolar transistors are 
relatively small, which remains a big challenge and might be 
solved by exploiting thinner or monolayer organic single crys-
tals.[122] In addition, contrast between top-contact and bottom-
contact configurations and how to realize ambipolar transport 
in bottom-contact single crystal transistors require further 
exploring. Furthermore, challenges still exist in how to grow and 
pattern organic single crystals extensively.[123] The growth direc-
tion, homogeneity as well as size of organic single crystals need 
to be deliberated. Moreover, the operational stability and reten-
tion capability of ambipolar organic single crystal transistors need 
further improving. Further development of single crystal transis-
tors can be achieved by tackling aforementioned scientific issues.

3.1.2. Bilayer Structure

In order to obtain ambipolar performance, transistors with two 
sequentially deposited p- and n-type semiconducting active mate-
rials with bilayer structures were first reported by Dodabalapur 
and co-workers in 1995.[124] They put forward the combina-
tions of hole-transporting α-hexathienylene and electron-con-
ducting C60 bilayer semiconductors via vacuum evaporation and 
observed relatively balanced hole and electron mobilities. Both 
the energy band alignments of the two small molecules and 
the deposition sequences were found to be crucial for bipolar 
conduction. This work has arisen extensive investigations of 
bilayer ambipolar transistors with diverse combinations of small 
molecules[125] such as pentacene/C60,[126] CuPc/F16CuPc,[127]  
SnCl2Pc/CuPc,[128] pentacene/PTCDI-C8,[129] etc.

Vasimalla et al. fabricated flexible air-stable ambipolar tran-
sistors in which plastic overhead projector (OHP) sheets, 
laminated Al foil, C-PVA (crosslinked PVA) and combina-
tions of p-type CuPc film and n-type Br2PTCDI-C18 layer 
were used as bendable substrates, gate electrode, insu-
lating and semiconducting materials, respectively.[130] By 
exerting low operating electrical bias of ±3 V, matched 
charge mobilities (1.2 × 10−2 cm2 V−1 s−1 for electrons and 
5.5 × 10−3 cm2 V−1 s−1 for holes) were obtained. Gao et al. com-
bined hole-conducting vacuum deposited CuPc layer (bottom 
layer) and electron-conducting complex (TFPP)Eu[Pc(OPh)8]
Eu[Pc(OPh)8] [TFPP = dianion of 5,10,15,20-tetrakis(p-fluoro-
phenyl)porphyrin; Pc(OPh)8 = dianion of 2,3,9,10,16,17,23,24-oct
a(phenoxy)phthalocyanine] (top layer) by means of bilayer 
semiconductors and found that the hole and electron mobili-
ties were significantly increased up to 0.16 and 0.3 cm2 V−1 s−1 
in contrast to single triple-deck complex semiconducting layer 
due to prominent elevation of the molecular ordering of the 
complex in bilayer architecture.[27] Chang et al. demonstrated 
well-balanced carrier mobility values of 1–1.1 cm2 V−1 s−1 by 
utilizing α,ω-diperfluorohexylquaterthiophene (DFH-4T) and 
dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (DNTT) as n- and 
p-type components, respectively.[131] The device presented a 
coarse and nonplanar heterojunction. Based on the electrical 
and structural analysis, the authors explained that microstruc-
tural compatibility between these two components was ben-
eficial for the formation of interconnected continuous network, 
large contact areas and efficient electron injection, which led to 
superior ambipolar behavior.

In the bilayer structure, various design factors such as the 
selection of p- and n-type materials, deposition order, relative 
film thickness, source/drain contacts and in particular p/n inter-
face have influences on the ambipolar performance. Among 
them, the regulation of the morphology of the active layers and 
hence the contact interface between them is more important for 
ambipolar charge transport on account of the appearance of car-
rier accumulation regions at interface. Several solution-based 
strategies have been proposed to achieve effective active layers 
and interface. One way is to insert an intermediate layer between 
the p- and n- active layers.[132] Another approach is to deposit 
two films separately onto two different substrates and then 
move arbitrary one layer onto the other layer.[133] The orthogonal 
solvents based spin-coating method is widely adopted to reduce 
the damage to the bottom layer after the sequential deposi-
tion.[134] Up to now, among various bilayer ambipolar transistors 
based on small molecules, Zhao et al. manufactured single-
crystal transistors with highest well-balanced carrier mobilities 
of more than 2.5 cm2 V−1 s−1 (2.9 cm2 V−1 s−1 for electrons and 
2.7 cm2 V−1 s−1 for holes) by utilizing single-crystalline p–n het-
erojunctions (SCHJs) comprising p-type 6,13-bis(triisopropyls
ilylethynyl)pentacene (TIPS-PEN) and n-type C60 (Figure 7f,g), 
which stimulates more exploration of new SCHJ systems for 
high-performance ambipolar transistors.[135]

The energy levels, electrical performance, processing methods 
as well as device structures of recent selected organic small mole-
cules and single crystals are summarized in Table 1. The chem-
ical structures of them are listed in Figure 8. As we retrospect, 
diverse novel organic small molecules with various functional 
groups, alkyl side chains as well as different attached positions 
of them have been extensively synthesized and exhibit ambi-
polar behaviors. However, for single-component semiconducting 
molecules, the displayed electron and hole mobilities are still 
relatively low (≤1 cm2 V−1 s−1) meanwhile their ambient stability 
is poor. Therefore, the relation between chemical structure and 
ambipolar performance should be more investigated and deeply 
understood and well-designed small molecules with better ambi-
polar charge transport are required. For molecular blends, how 
to control the morphology of them remains challenging. The 
fabrication parameters of experimental process such as heating 
temperature, concentration, evaporation speed, etc., both should 
be adjusted, controlled and optimized. Novel manufacture strat-
egies except for conventional solution-processing method or 
vacuum coevaporation need further exploration. As to bilayer 
architecture, as above, deposition order, relative film thickness, 
source/drain contacts and in particular p/n interface both could 
impact their electrical properties and hence measures should be 
taken to modulate and optimize these conditions. In particular, 
more approaches should be researched to form better p–n inter-
face and hence effective charge accumulation region.

3.2. Polymers

3.2.1. Single-Component Polymers

Polymer materials with advantages of superior viscosity, 
thermal, mechanical and simple processing characteristics have 
been proverbially employed in photovoltaics (PV), transistors, 

Adv. Funct. Mater. 2019, 29, 1902105
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Table 1. Summary of electrical properties, performance, processing methods and device architectures of ambipolar transistors one the basis of semi-
conducting organic small molecules and single crystals.

Classification Organic 
semiconductors

HOMO [eV] LUMO  
[eV]

Mobilities  
[cm2 V−1 s−1]

Processing methods and  
semiconductor configurations

Ref.

µe µh

Organic small molecules

DPP-based derivatives

S1 −5.39 −3.70 0.80 0.42 Spin coating

Single layer

[50]

S2 −5.36 −3.81 0.168 0.015 Spin coating

Single layer

[51]

S3 −5.27 −3.68 0.02 0.16 Spin casting

Single layer

[46]

S4 −5.15 −3.52 0.015 0.011 (SLG electrodes) Spin coating

Single layer

[61]

S5 −5.36 −3.80 0.065 0.031 Spin coating

Single layer

[60]

NDI-based derivatives S6 −5.47 −3.94 1.23 0.0074 Spin coating

Single layer

[62]

S7 −5.45 −3.47 0.16 0.25 Spin coating

Single layer

[64]

Indigo derivatives S8 −5.44 −3.58 0.85 0.42 Vacuum evaporation

Single layer

[67]

S9 −5.56 −3.91 0.95 0.56 Vacuum evaporation

Single layer

[66]

Isoindigo derivatives S10 −5.44 −3.42 0.027 0.037 Vacuum evaporation

Single layer

[68]

S11 −5.85 −3.88 0.11 0.045 Vacuum deposition

Single layer

[69]

S12 −5.11 −3.32 0.13 0.12 Thermal deposition

Single layer

[70]

Other small molecules S13 −5.27 −3.82 0.004 0.002 Vapor deposition

Single layer

[71]

S14 −5.33 −3.73 0.021 0.055 Spin coating

Single layer

[11]

S15 −5.09 −3.86 0.09 0.08 Vacuum deposition

Single layer

[39]

S16 −5.12 −3.41 0.22 0.03 Vacuum deposition

Single layer

[73]

S17 −5.60 −3.65 0.12 0.02 Solution shearing

Single layer

[40]

S18 −5.17 −3.71 0.58 0.054 Vacuum deposition

Single layer

[49]

S19 −5.49 −4.23 0.13 0.01 Solution shearing

Single layer

[63]

Single crystals S20–S21 (1:1) – – 0.47 1.57 Drop casting

Single crystal

[42]

S22 −5.62 −3.11 0.019 0.023 Lamination

Singe crystal

[41]

S23 −5.91 −3.16 0.13 0.085 Lamination

Single crystal

[84]
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light-emitting diodes, logic circuits, sensors, etc.[136–143] Par-
ticularly, D–A polymers that possess noncovalent intramolec-
ular interactions for efficient π-conjugation and close stacking 
ensuring intermolecular charge hopping have been extensively 
investigated.[144–154] The conjugated polymers consisting of 
donors including selenophenes and thiophenes and accep-
tors comprising DPPs,[155,156] NDIs,[157–164] isoindigos,[48,165–167] 
thiadiazolopyridine, naphthalenedicarboximide, and benzo-
thiadiazole are mainly synthesized via Stille, Suzuki, and direct 
arylation polycondensation. Among diverse acceptor units, 
isoindigos and DPPs have been investigated a lot for ambipolar 
operation.

Isoindigos made up of the aromatic groups and ketopyr-
role cores possess high electron-deficient nature and coplanar 
structure, which is advantageous to design semiconducting 
copolymers with superior charge transport performance.[168–170] 
Isoindigo was first utilized for constructing donor materials by 
Reynolds and co-workers in 2010[171] and later the first isoin-
digo-based copolymers with large charge mobilities (more 
than 0.7 cm2 V−1 s−1 for holes) were put forward by Pei and 
co-workers.[172] During the past few years, scientists have cre-
ated several novel isoindigo-based acceptor units (namely, 
BDOPV, NBDOPV, INDF, and DIID) by inserting various func-
tional groups inside isoindigos to extend their conjugation 
lengths and reduce LUMO levels and energy gaps.[153,173–177]  
Zhou et al. reported solution-processable copolymers by 
employing BDOPV as strong acceptor units for lower LUMOs and 
thieno[3,2-b]thiophene as donor moieties for regulating HOMOs 
(Figure 9a).[178] The fabricated transistors showed air-stable bal-
anced hole and electron mobilities of 1.70 and 1.37 cm2 V−1 s−1, 
which was stemmed from high crystallinity and ordered packing 
of the semiconducting layer (Figure 9b). Jiang et al. proposed a 
new isoindigo-based electron-deficient derivative, isoindigo[7,6-
g]isoindigo (DIID) and copolymerized it with electron-donating 
(E)-1,2-bis(thiophen-2-yl)ethene moieties via Stille polycondensa-
tion.[179] The obtained bottom-gate/top-contact transistors dem-
onstrated ambipolar performance with high mobilities (1.79 and 
0.087 cm2 V−1 s−1 for holes and electrons, respectively) (Figure 9c).

On the other hand, there is a torsion between benzene group 
and its neighboring unit on account of the CH…HC steric 

effects within isoindigo. Therefore, researchers also tried to 
modify the isoindigo core to tune their HOMOs/LUMOs, inten-
sity of π–π interaction and the steric hindrance by substituting 
thiophene, thienothiophene, benzothiophene or thieno[3,2-b]
[1]benzothiophene for the benzene ring of isoindigos and syn-
thesizing fused isoindigos.[180] In 2012, Ashraf and co-workers 
first constructed novel thienoisoindigo by replacing the ben-
zene group with thiophene ring and obtained balanced charge 
mobilities.[181] Later, Meager et al. proposed a new thieno[3,2-b]
thiophene isoindigo acceptor moiety combined with benzothia-
diazole donor unit and demonstrated ambipolar characteristics 
with hole mobility of 0.4 cm2 V−1 s−1 and electron mobility of 
0.7 cm2 V−1 s−1, which was ascribed to the extended molecular 
orbital overlap (Figure 9d).[55]

In addition to widely exploited flanked and fused isoin-
digos, nitrogen atoms have also been introduced to modify the 
isoindigo backbones.[182] N atom of pyridine functions as an 
electron-accepting unit owing to its electronegative property. 
Huang et al. exploited computational screening to predict that 
the azaisoindigo with 7,7′-substitution was the best monomer 
(Figure 10a).[183] This derivative displayed augmenting electron-
deficient characteristics, minimized dihedral angles, better 
coplanarity and hence elevated charge transport, which resulted 
in ambipolar behavior (2.33/0.78 cm2 V−1 s−1 for holes/elec-
trons) with bottom-contact/top-gate structure under air atmos-
phere (Figure 10b).

Meanwhile, incorporating fluorine into polymeric backbone 
has been recognized as a useful approach for high-mobility 
ambipolar carrier injection.[184] Fluorine not only presents 
largest Pauling electronegativity of 4.0 (bring down the frontier 
molecular orbital energy levels) but also has extremely small 
van der Waals radius of 1.35 Å (reduced steric hindrance and 
enhanced planarity). Moreover, the noncovalent molecular inter-
actions of F atoms may facilitate the polymeric organization and 
crystallization capability. Gao et al. demonstrated multifluori-
nated conjugated copolymers by including F atoms into both 
donor ((E)-1,2-bis(3,4-difluorothien-2-yl)ethane) and acceptor 
(fluorinated isoindigo) moieties and observed notably high 
hole and electron mobilities up to 3.94 and 3.50 cm2 V−1 s−1,  
respectively (Figure 10c).[185] Very recently, the largest mobility 

Table 1. Continued.

Adv. Funct. Mater. 2019, 29, 1902105

Classification Organic 
semiconductors

HOMO [eV] LUMO  
[eV]

Mobilities  
[cm2 V−1 s−1]

Processing methods and  
semiconductor configurations

Ref.

µe µh

S24 −6.01 −3.26 2.50 2.10 Physical vapor transport

Single crystal

[81]

S25–S26 – – 2.9 2.7 Drop casting

Single crystal

[135]

S27 −6.69 −2.28 0.5 0.4 Drop casting

Single crystal

[85]

S27 – – 0.083 0.17 Microcrystallization in capillary

Single crystal

[94]

S28 −4.85 −2.58 5.0 22 Lamination

Single crystal

[121]
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values (µh/µe = (6.41 cm2 V−1 s−1)/(6.76 cm2 V−1 s−1)) of well-
balanced ambipolar isoindigo-based copolymers were achieved 
by Yang et al. (Figure 10d).[186] The authors united fluorinated 
isoindigo with 3,3′-difluoro-2,2′-bithiophene and induced 
reduced energy levels, better coplanar architecture and crys-
tallinity. They also brought in a concept of “effective mass” 
and found that the copolymers with smaller effective masses 
were favorable for better intramolecular charge transport 
(Figure 10e).

DPPs with planar architecture, intense π–π interaction and 
strong aggregating properties have been studied a lot to realize 

ambipolar charge injection with superior mobilities (over amor-
phous-Si TFTs with mobility of 1 cm2 V−1 s−1) after the first 
demonstration of 3,6-diphenyl-DPP in 1974.[34,187–195] Głowacki 
et al. explored three typical H-bonded DPP pigments with 
ambipolar charge mobilities (0.01–0.06 cm2 V−1 s−1) resulting 
from π–π stacking generated by H-bonded crystal.[196]

Researchers usually flank DPP core unit with two five-
membered heteroaryl groups (thiophene for DBT, furan for 
DBF, selenophene for DBS, thieno[3,2-b]thiophene for DBTT 
or thiazole-flanked DPP) due to their favorable properties 
such as coplanar backbone and intense intermolecular π–π 
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Figure 8. Chemical structures of recent selected semiconducting organic small molecules and single crystals.
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Figure 9. a) Molecular structures including BDOPV acceptor and different donors. b) Output curves of BDOPV-TT. Reproduced with permission.[178] 
Copyright 2015, American Chemical Society. c) Transfer characteristics of bottom-gate top-contact OTFTs on the basis of conjugated polymers comprising 
DIID acceptor and (E)-1,2-bis(thiophen-2-yl)ethene donor (annealing conditions: temperature of 200 °C for 10 minutes). Reproduced with permission.[179] 
Copyright 2016, American Chemical Society. d) Molecular structure of novel dibrominated thieno[3,2-b]thiophene isoindigo-based monomer unit; transfer 
curves of top-gate bottom-contact OFETs based on polymers consisting of thieno[3,2-b]thiophene isoindigo acceptor moiety and benzothiadiazole donor 
unit (various annealing temperatures: 100, 200, and 300 °C; VD: −60 V). Reproduced with permission.[55] Copyright 2014, Wiley-VCH.
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interactions.[197–200] Specifically, DBT is more promising for 
ambipolar performance on account of its planar structure and 
simple chemical modifications.[201–204] Guo et al. incorporated 
two DPP isomers into one copolymer backbone and obtained 
balanced ambipolar carrier mobilities (0.02 cm2 V−1 s−1) by 
reason of highly ordered and extremely close packing distance 
of the active layer.[205] Yang et al. first reported the novel accep-
tors, 2DPP (homocoupling of two DPPs) and fabricated flex-
ible transistors on PET substrate with copolymers involving 
2DPP as an accepting unit and thieno-[3,2-b]thiophene as 
a donating unit, which displayed high ambipolar mobili-
ties of flexible polymer-based ambipolar transistors (4.16 and 
3.01 cm2 V−1 s−1 for holes and electrons).[206] Balanced charge 
mobilities exceeding 2 cm2 V−1 s−1 were extracted from DPP-
based polymers with benzotriazole (BTZ) as electron-deficient 
moieties (Figure 11a).[207] It was discovered that the introduc-
tion of linear alkyl side chain into DPP core could enhance 
the charge transport. Ambipolar behavior with very large 

hole mobility of 4.72 cm2 V−1 s−1 and electron mobility of  
5.54 cm2 V−1 s−1 was observed in novel terpolymers (named 
PDPP2T-Se-Th) containing DPP core conjugated with thio-
phene and selenophene moieties (Figure 11b).[208] It was found 
that the augment of the selenophene species in the copolymers 
resulted in increasing crystallization temperatures, terpolymer 
crystallinity and thereby the carrier mobility values. Xiao et al. 
reported the nanowire transistors on the basis of polymers 
composed of DPP cores, benzodithiophene units and thia-
zole linkers and demonstrated remarkably high well-balanced 
charge mobilities of 5.47 and 5.33 cm2 V−1 s−1 for holes and 
electrons, respectively (Figure 11c).[209]

Unsaturated linkages such as vinylene, acetylene and 
cyano units (i.e., cyanovinylene) are broadly utilized in DPP-
based polymers because they can generate coplanar struc-
ture, strong π-conjugation and intense intermolecular π–π 
stacking. Novel strong acceptors with enhanced planarity, 
vinylene- and acetylene-linked bis-benzothiadiazole (VBBT and 
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Figure 10. a) Molecular structures and respective advantages of different isoindigo derivatives; device configuration of top-gate bottom-contact OFETs; 
AFM morphology of PAIID-BT-C3 layers after annealing. b) Output curves of top-gate bottom-contact OFETs on the basis of PAIID-BT-C3 (measured at 
air atmosphere). Reproduced with permission.[183] Copyright 2016, American Chemical Society. c) Molecular structure of conjugated polymer P6F and 
typical transfer curves of top-gate bottom-contact OFETs on the basis of P6F. Reproduced with permission.[185] Copyright 2017, Wiley-VCH. d) Molecular 
structure of polymer P1FIID-2FBT and representative transfer curves of top-gate bottom-contact OFETs on the basis of P1FIID-2FBT. e) Effective masses 
of both two types of charge carriers according to theoretical calculations; band architectures as well as partial densities of states of P1FIID-2FBT 
(Blue and red lines indicate the contributions of donors and acceptors, respectively). Reproduced with permission.[186] Copyright 2017, Wiley-VCH.
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ABBT) were synthesized by Kim et al. and relatively balanced 
charge mobilities were achieved by combining VBBT and DPP 
(Figure 12a–c).[210] Yun et al. reported conformation-insensi-
tive copolymers composed of dithienyl-diketopyrrolopyrrole 
(tDPP) and acetylene-linked thiophene units and acquired good 
electron (0.38 cm2 V−1 s−1) and hole (2.19 cm2 V−1 s−1) trans-
port performance because of the extended delocalization of 
the electrons induced by sp-hybridized carbons of acetylene 
groups (Figure 12d).[211] Later, by introducing fluorine atoms 
to the β-positions of vinylene-linked thiophene units, Gao et al. 
demonstrated the synthesis of poly[2,5-bis(2-decyltetradecyl)

pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione- alt-5,5′-di(thiophen-2-
yl)-2,2′-(E)-1,2-bis(3,4-difluorothien-2-yl)ethene] (PDPP-4FTVT)  
by direct arylation polycondensation and obtained 
increased balanced ambipolar carrier mobilities as high as 
3.40 and 5.86 cm2 V−1 s−1 for holes and electrons, respec-
tively (Figure 12e).[212] In order to tune charge transport of 
conjugated polymers, Khim et al. copolymerized two large 
building blocks (poly[2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyr-
role-1,4(2H,5H)-dione-(E)-[2,2-bithiophen]-5-yl)-3-(thiophen-
2-yl)acrylonitrile] (DPP-CNTVT) as n-type semiconductor and 
DPP-selenophene-vinylene-selenophene (DPP-SVS) as p-type 
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Figure 11. a) Chemical structure of DPP-benzotriazole copolymer ((l-C18)-DPP-(b-C17)-BTZ); representative transfer curves of transistors (length is 
20 µm whereas width is 1000 µm) on the basis of (l-C18)-DPP-(b-C17)-BTZ thin films (annealing temperature: 110 °C); the relation between electron 
and hole mobilities of (l-C18)-DPP-(b-C17)-BTZ (green) and various annealing temperatures. Reproduced with permission.[207] Copyright 2015, the 
Royal Society of Chemistry. b) Molecular structures of DPP-based polymers; typical output curves of OFETs based on P5 layers under p-channel (left) 
and n-channel (right) operations (fabrication method and condition: solution shearing; annealing temperature of 200 °C). Reproduced with permis-
sion.[208] Copyright 2014, American Chemical Society. c) Schematic structure of bottom-gate top-contact ambipolar transistors based on PDPP2Tz-BDT 
nanowires; transfer characteristics of OFETs on the basis of PDPP2Tz-BDT nanowires. Reproduced with permission.[209] Copyright 2015, Wiley-VCH.
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semiconductor) and realized transition from hole transport 
to electron transport by modulating various copolymeriza-
tion ratios (Figure 13a).[213] It was found that the identical 
backbone (DPP) existed in the two semiconductors gave rise 
to highly coplanar architecture and superior packing motif, 
which led to well-balanced mobility values at equal fraction 
(µh/µe = (3.35 cm2 V−1 s−1)/(3.18 cm2 V−1 s−1)) (Figure 13b,c). 
Cyano unit with intense electron withdrawing property and 
intermolecular interaction also received comprehensive atten-
tion. Park et al. inserted a cyanovinylene group between 
diketopyrrolo[3,4-c]pyrrole and benzo[1,2-b:4,5-b′]dithiophene 
(named PBCDC) and demonstrated balanced ambipolar 
behavior with high thermal stability, showing no degradation 
with the annealing temperature (80–250 °C) (Figure 13d).[214]

Recently, in addition to aforementioned five-membered ring-
flanked DPP-based copolymers, Sun et al. first utilized two six-
membered rings, 2-pyridinyl to flank DPP core unit, namely, 
DBPy (Figure 13e).[215] The 2-pyridinyl substituents were 

beneficial for lower LUMO level, meanwhile showed relatively 
small steric effects and induced increased coplanarity. The fab-
ricated transistors based on conjugated polymers consisting of 
DBPy and bithiophene (named PDBPyBT) exhibited large hole 
and electron mobilities of 2.78 and 6.30 cm2 V−1 s−1, which was 
ascribed to better crystallinity and closer π–π stacking distance 
(0.36 nm) of the polymers (Figure 13f). DBPy was demon-
strated as a promising new building block of conjugated semi-
conducting materials.[216,217] Lee et al. researched a battery of 
D–A polymers (named PTDPPSe-Si) composed of electron-defi-
cient DPP core with siloxane-solubilizing groups and electron-
rich selenophene (Figure 14a).[218] By regulating the alkyl spacer 
length, it was found that the copolymers modified with pentyl 
spacers displayed unprecedentedly large charge mobility values 
(8.84 cm2 V−1 s−1 for holes and 4.34 cm2 V−1 s−1 for electrons).

Very recently, Ni et al. put forward a two-step C–H-activated 
polymerization approach to synthesize conjugated copolymers 
consisting of DPP–benzothiadiazole–DPP (DBD) moieties and 
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Figure 12. a) Molecular structure of conjugated polymer combining VBBT and DPP (named PDPP-VBBT). b) AFM height profile (left) and phase 
information (right) of PDPP-VBBT thin film prepared by drop-casting method (annealing temperature: 220 °C). c) Typical transfer curves of optimized 
OFETs based on PDPP-VBBT. Reproduced with permission.[210] Copyright 2014, American Chemical Society. d) Output characteristics of OFETs based 
on copolymers consisting of dithienyl-diketopyrrolopyrrole and acetylene-linked thiophene units (named PDPP-TAT). Reproduced with permission.[211] 
Copyright 2014, American Chemical Society. e) Chemical structure of synthesized PDPP-4FTVT; representative transfer curves of transistors on the 
basis of PDPP-4FTVT operated in n-channel (left) and p-channel (right) modes (annealing conditions: temperature of 200 °C and duration of 10 min). 
Reproduced with permission.[212] Copyright 2015, Wiley-VCH.
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thiophene (named PDBD-T)/selenophene (named PDBD-Se) 
groups (Figure 14b).[12] It was found that spin-coated top-gate 
bottom-contact PDBD-Se-based flexible organic field-effect 
transistors (OFETs) exhibited superior ambipolar performance 
with record large charge mobilities of 8.90 and 7.71 cm2 V−1 s−1 
for holes and electrons, respectively (Figure 14c).

Except for isoindigo and DPP, pyridal[2,1,3]thiadiazole (PT) 
with electron-withdrawing property and coplanar backbone is also 
a good acceptor and applied for constructing D–A copolymers. 
Very recently, Zhu et al. designed the first regioregular ambipolar 
copolymer comprising PT units (named PBPTV) (Figure 14d).[25] 
By connecting two PT acceptors, the authors utilized novel 
bispyridal[2,1,3]thiadiazole (BPT) group as electron-deficient 
units and (E)-2-(2-(thiophen-2-yl)vinyl)-thiophene (TVT) group 
as electron-rich units and realized lower LUMOs and enhanced 
interchain organization, which finally led to the record high bal-
anced carrier mobilities (6.87 and 8.49 cm2 V−1 s−1 for holes and 

electrons) (Figure 14e). This copolymer together with the above 
mentioned PDBD-Se are the best ambipolar D–A copolymers 
and present the highest mobilities to date. More success of D–A 
copolymers with dramatically high carrier mobilities is expected.

3.2.2. Polymer Composites

The ambipolar concept of hybrid heterojunction film derived 
from codeposited solution processable binary polymer blends 
is attractive for achieving large-area integrated circuits on 
account of simple fabrication procedures.[219–222] Nevertheless, 
it is difficult to control the microstructure and surface arrange-
ment of the two semiconductors and hence the morphology of 
semiconducting thin film, which is crucial for balanced car-
rier transfer. Recently, relatively few bipolar binary blends are 
reported. Gemayel et al. demonstrated enhanced hole transport 
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Figure 13. a) Polymeric structure of copolymer DPP-CNTVT (acceptor):DPP-SVS (donor). b) Representative transfer curves (left: p-channel; right: 
n-channel) of top-gate bottom-contact OFETs (PMMA dielectrics) on the basis of copolymer DPP-CNTVT:DPP-SVS with five various copolymerization 
ratios (1:9, 3:7, 5:5, 7:3, and 9:1). c) The dependence of charge mobilities (left) and polarity balance (definition: µhole/µelectron; right image) on different 
copolymerization ratios between aforementioned two moieties. Reproduced with permission.[213] Copyright 2016, American Chemical Society. d) Rela-
tion between hole and electron mobilities of polymer PBCDC and various annealing temperatures (ten transistors were measured and the red spheres 
represented average carrier mobilities); typical output curves of PBCDC. Reproduced with permission.[214] Copyright 2016, American Chemical Society. 
e) The electron distribution graphs of HOMO and LUMO as well as the geometry of 2,5-dimethyl-3,6-di(pyridin-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (DBPy-Me) acquired via density functional theory (DFT) calculations. f) Chemical structure of conjugated polymer PDBPyBT and representa-
tive transfer characteristics of top-gate bottom-contact PDBPyBT-based OFETs with channel length and width of 30 µm and 1 mm, respectively. The 
annealing temperature was set at 100 °C. Reproduced with permission.[215] Copyright 2014, Wiley-VCH.
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for bipolar behavior by codepositing solution-processing 
liquid-phase exfoliated graphene (in o-DCB) and electron-defi-
cient dominant poly [N,N-9-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)] 
(P(NDI2OD-T2)) due to well-embedded graphene sheets inside 
the polymeric network.[223] Kang et al. proposed a single-step 
solution-processable organic semiconducting layer via utilizing 
the mixed solution of ambipolar quinoidal biselenophene 
and insulating poly(2-vinylnaphthalene) (PVN) binder.[74] 

Microanalysis based on secondary ion mass spectrometry and 
AFM manifested QBS molecules were uniformly phase-sep-
arated and located at the bottom of the polymeric matrix and 
formed homogenous film morphology, which gave rise to four 
times larger charge mobilities compared with single QBS-based 
transistors. Controlling the phase separation of the semicon-
ducting materials (p- or n-type) can generate individual and 
consecutive migration paths for holes/electrons and thereby 
result in well controlled ambipolar performance. Janasz et al. 
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Figure 14. a) Chemical structure of polymer PTDPPSe-Si and transfer curves of OFETs based on solution-shearing PTDPPSe-SiC5 thin films (annealing 
temperature: 220 °C) operated under hole- (left) and electron-domination (right) modes, respectively. Reproduced with permission.[218] Copyright 2013, 
American Chemical Society. b) Polymeric structure of PDBD-T and PDBD-Se and typical output curves of OFETs on the basis of spin-coated PDBD-Se 
films (left: p-type; right: n-type). c) Grazing-incidence wide-angle x-ray scattering (GIWAXS) pattern (left) and AFM morphology (right) of PDBD-Se. 
Reproduced with permission.[12] Copyright 2019, Wiley-VCH. d) Chemical structure of regioregular copolymer PBPTV and schematic diagram of top-
gate bottom-contact OFETs. e) Statistical electron and hole mobilities obtained from 30 OFETs. Reproduced with permission.[25] Copyright 2017, 
American Chemical Society.
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put forward a novel preaggregation concept by aggregating 
electron-donating poly(3-hexylthiophene) (P3HT) in advance 
of the solution blend process with electron-accepting phenyl-
C61-butyric acid methyl ester (PCBM).[224] The authors discov-
ered that the fibrillar P3HT aggregates were well dispersed in 
PCBM matrix and good phase separation was realized owing 
to the immiscibility between P3HT aggregates and PCBM 
network, which finally led to prominently increased efficient 
bipolar mobilities of 0.01 cm2 V−1 s−1. By changing PCBM with 
P(NDI2OD-T2), Yan et al. demonstrated well-balanced ambi-
polar behavior of OFETs on the basis of P(NDI2OD-T2)/P3HT 
blends with trichloro(octyl)silane (OTS)-modified blocking die-
lectric.[225] It was found that the ambipolar mobilities were com-
parable to that in unipolar transistors, which could be explained 
from the polymer networks (provide the transporting pathways 
of holes and electrons) in the AFM morphology.

The energy levels, electrical performance, processing 
methods as well as device structures of recent selected polymer 
materials are summarized in Table 2 and the polymeric struc-
tures of them are listed in Figure 15. Apparently, ambipolar 
transistors on the basis of D–A polymers exhibit much higher 
charge mobilities (approach 9 cm2 V−1 s−1) compared to these 
based on organic small molecules and undoubtedly better 
ambipolar performance of this area can be expected with the 
further progress of polymeric engineering.

3.3. Carbon Nanotubes

Single-walled carbon nanotubes (SWNTs) with 1D architecture 
have received extensive scientific attention due to their remark-
able charge mobilities and good mechanical flexible proper-
ties.[226–233] SWNTs based on the structure of the rolled-up 
nonleaky graphene cylinder possess relatively small diameters 
of 1–2 nm, energy gaps of 0.7–1 eV and intrinsic semicon-
ducting characteristics (direct bandgap semiconductor), which 
is totally different from the metallic graphene (no bandgap).[234] 
SWNTs also can be classified as metallic (about one-third) or 
semiconducting (around two-thirds) judged by their chiral 
vectors. Carbon nanotube was first proposed by lijima in 
1991,[235,236] after which SWNTs have been widely studied. 
However, it is challenging to grow and obtain SWNTs with spe-
cific structures for better performance among various carbon 
nanotubes.

Thus, in the beginning, researchers selected single-strand 
SWNT as the semiconducting layer of transistors and demon-
strated extremely large charge mobilities (µ ≈ 105 cm2 V−1 s−1) 
and on/off ratio (107).[237,238] Although these electrical prop-
erties meet the demand for CMOS devices and integrated 
circuits, single-strand carbon nanotube is thought to be incom-
patible for mass production of transistors. Assembling indi-
vidual nanotube precisely in nanometer scale, minimizing the 
performance variation of different devices together with com-
plex fabrication procedures including CVD and lithography are 
difficulties for the further development of SWNT transistors.

Subsequently, SWNT networks were fabricated via various 
approaches and used as semiconductors in transistors. One 
alternative method is CVD, in which SWNTs are deposited 
onto the substrate surface with the existence of catalyst, carbon 

and hydrogen gas within the furnace. The CVD-grown SWNTs 
exhibit high charge mobilities (50–200 cm2 V−1 s−1). Neverthe-
less, as stated, the fabrication of metallic nanotubes is inevi-
table, which can induce larger current inside the channel due 
to superior charge transport and carrying capability of “metal” 
and therefore smaller on/off ratio (less than 105) is achieved. 
This tradeoff together with high CVD working temperature is 
detrimental to device performance.

Another much easier technique to grow SWNT networks is 
solution process for instance spin coating, drop casting, inkjet/
aerosol printing, etc.[239–242] During solution deposition, the 
prepared printable nanotube ink solution usually comprises 
various probable SWNTs and has relatively low purity. Thus, 
selectively removing the metallic nanotubes from mixed inks 
is indispensable to obtain semiconducting SWNTs with unitary 
chirality and controllable length. To date, scientists have sepa-
rated diverse SWNTs effectively mainly through the noncova-
lent functionalization of nanotubes, which can maintain the 
electronic characteristics of carbon nanotubes. The representa-
tive sorting and purifying methods contain density gradient 
centrifugation (DGC),[243–245] DNA-based separation,[246,247] 
gel chromatography,[248] electrophoresis,[249,250] and polymer 
sorting[251,252] . DGC employs the buoyant variance of diverse 
SWNTs (dominate by their diameters) to generate a density 
gradient by blending original unseparated nanotubes and 
surfactants and then exploits ultracentrifugal forces to make 
metallic and semiconducting nanotubes apart. In spite of the 
realization of SWNTs sorting (including length, diameters and 
electronic types), fractional separated products are still mix-
tures and DGC owns its limitation.[244] DNA-based separation is 
rarely reported and utilizes DNA sequences to selectively wrap 
the nanotubes to form DNA–SWNT hybrids to achieve the 
purification of single-chirality SWNTs in the light of chromato-
graphic purification.[246,247]

Nevertheless, gel chromatography is a common tech-
nique for separation of biological and chemical polymers. 
The blended surfactants possess various affinity effects with 
metallic and semiconducting SWNTs and hence they will have 
distinct sizes after interaction. Thus, after passing the meas-
ured blended solution through a chromatographic column with 
certain gel pore size, larger SWNTs (wrapped by surfactants 
and larger than gel pores) will go through the gaps between 
gels directly and quickly.[248] However, this approach is only 
suitable for SWNTs with small diameter range. Dielectropho-
resis (DEP) exploits various motion phenomena of metallic 
and semiconducting nanotubes under a nonuniform electric 
field to sort them. The translational motion depends on dif-
ferent dielectric constants of SWNTs (about 1000 for metallic 
SWNTs and 5 for semiconducting SWNTs), electrical charac-
teristics of surrounding medium and the frequency of the field 
strength change, etc.[249] This strategy is effective but restricted 
on account of low yield.

Polymer sorting is more effective to purify the semicon-
ducting tubes from their mixtures and has been proverbially 
employed since the report of Nish et al. in 2007. They put 
forward the first conjugated polymer poly(9,9-dioctylfluorenyl-
2,7-diyl) (named PFO) to selectively disperse different kinds 
of SWNTs.[252] The separation principle is on the basis of the 
noncovalent interactions of SWNTs and polymers. During the 
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Table 2. Summary of electrical properties, performance, processing methods, and device architectures of ambipolar transistors on the basis of semi-
conducting polymers.

Classification Organic  
semiconductors

HOMO  
[eV]

LUMO  
[eV]

Mobilities  
[cm2 V−1 s−1]

Processing methods and  
semiconductor configurations

Ref.

µe µh

Single-component polymers

Isoindigo-based polymers

P1 −5.82 −3.83 3.50 3.94 Spin coating

Single layer

[185]

P2 −5.3 −3.3 0.5 0.2 Spin coating

Single layer

[182]

P3 −5.73 −4.17 0.029 0.018 Spin coating

Single layer

[180]

P4 −4.9 −3.9 0.7 0.4 Spin coating

Single layer

[55]

P5 −5.63 −3.55 6.76 6.41 Spin coating

Single layer

[186]

P6 −5.55 −4.03 1.08 0.30 Spin coating

Single layer

[153]

P7 −5.70 −3.88 1.37 1.70 Spin coating

Single layer

[178]

P8 −5.60 −3.71 0.09 0.19 Spin coating

Single layer

[173]

P9 −5.24 −3.58 0.087 1.79 Spin casting

Single layer

[179]

P10 −5.65 −3.84 0.50 0.51 Spin coating

Single layer

[174]

DPP-based polymers P11 −5.19 −3.50 0.02 0.02 Drop casting

Single layer

[205]

P12 – −4.0 5.33 5.47 Drop casting

Nanowire

[209]

P13 −5.15 −3.90 1.5 2.4 Spin coating

Single layer

[207]

P14 −5.37 −3.54 3.01 4.16 Spin coating

Single layer

[206]

P15 −5.36 −3.50 5.86 3.40 Spin casting

Single layer

[212]

P16 −5.34 −3.43 0.13 0.32 Drop casting

Single layer

[210]

P17 −5.15 −3.48 5.54 4.72 Solution shearing

Single layer

[208]

P18 −5.39 −3.89 0.38 2.19 Spin coating

Single layer

[211]

P19 −5.37 −3.93 0.2 0.2 Spin coating

Single layer

[214]

P20 −5.36 −3.52 3.03 3.15 Spin coating

Single layer

[213]

P21 −5.69 −4.33 6.30 2.78 Spin coating

Single layer

[215]

P22 −4.91 −3.65 2.20 3.97 Solution shearing

Single layer

[34]

P23 −5.10 −3.49 4.34 8.84 Solution shearing

Single layer

[218]

PT-based polymer P24 −5.61 −3.66 8.49 6.87 Spin coating

Single layer

[25]
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Figure 15. Polymeric structures of recent selected various semiconducting polymer materials.
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selection process, particular organic polymers are capable of 
winding a few specific SWNTs, hence distinguishing semicon-
ducting ones and the metallic counterparts. After that, diverse 
polymers such as polyfluorene derivatives (PF8,[253] PFO-BT,[239] 
PFO-BPy,[254] etc.), poly(3-dodecylthiophene-2,5-diyl) (named 
P3DDT),[255] etc., have been exploited and the nature of selec-
tive dispersion was broadly examined via molecular dynamic 
simulations and spectroscopic analysis.[256,257] In 2011, Lee et al. 
utilized the most widely used organic materials (regioregular 
poly(3-alkylthiophene)s (rr-P3ATs)) to realize highly efficient 
sorting of SWNTs.[258] Their method allowed direct film fabrica-
tion after a facile centrifugation process and the manufactured 
transistors based on sorted SWNT network displayed superior 
electrical performance with charge mobility of 12 cm2 V−1 s−1 
and large on/off ratio of more than 106.

During polymer sorting, it is noteworthy that removal of the 
residual polymers is necessary and favorable to improve the 
electrical performance of ambipolar transistors on the basis 
of SWNTs.[253,259] Bisri et al. proposed a facile and effective 
approach to prepare highly purified SWNT dispersions and 
meanwhile remove redundant polymers efficiently.[253] Fabri-
cated ambipolar FETs based on aforementioned dispersions 
exhibited extremely large electron mobility of 3 cm2 V−1 s−1 and 
high on/off ratio of 106, which indicated the prepared SWNT 
layers possessed no metallic counterparts. Their high purity 
SWNT ink and cost-effective approach to prepare it would 
speed up the manufacture of high-performance ambipolar 
transistors based on SWNTs. In addition, researchers have also 
discovered that both the backbones and the side chains of con-
jugated polymers have influences on the selection and sorting 
of SWNTs with various sizes and chirality, which offers more 
possibilities to sort and purify SWNTs in large scale.[260–263] 
Gomulya et al. utilized polyfluorene derivatives with iden-
tical backbone and augmented alkyl chain lengths to sort and 
select SWNTs with diverse diameters (Figure 16a) and the 
fabricated transistors based on high-concentration SWNT net-
work presented tremendous hole (14 cm2 V−1 s−1) and electron  
(16 cm2 V−1 s−1) mobilities as well as large on/off ratio of 
105.[263] This effective approach displays the possibility for large-
scale selective differentiation.

The alignment of random nanotube networks within semi-
conducting layer has been confirmed to enable better electrical 
performance. Specifically, the mobility of transistors can be 
significantly improved by aligning SWNTs owing to decreased 
tube-to-tube resistance for short-channel transistors and opti-
mized tube-to-tube junctions for long-channel devices.[227] To 
achieve large-scale fabrication of transistors based on carbon 
nanotubes, simple, processable and scalable alignment strate-
gies which are able to control the density and homogeneity 
of nanotubes are required.[264,265] Thus, diverse alignment 
methods have been developed including external-force driven 
approaches such as DEP,[266] liquid flow[267] and self-assembly 
strategies for instance Langmuir-Schaefer deposition[268] and 
Langmuir–Blodgett assembly.[269] In addition, it is worth men-
tioning that the functionalized polymers can be utilized to 
anchor the SWNTs on electrodes during the deposition, which 
makes SWNTs tend to self-align.[269–272] Recently, Derenskyi 
et al. exploited blade-coating technique to align nanotube 
networks in semiconducting channel and the manufactured 

transistors exhibited unprecedentedly large on/off ratio  
(about 108) (Figure 16b).[255]

However, inherent bipolar SWNTs usually present p-type 
conducting behavior under air atmosphere due to the existence 
of oxygen, water as well as hydroxyl units in dielectric inter-
face (capture electrons) and the usage of metal electrodes with 
large work function (large electron injection barrier). Therefore, 
scientists have proposed several techniques to realize ambi-
polar charge transport, for instance, utilizing high-k dielectric 
layer,[273] metal electrodes with small work function,[274,275] 
chemical doping (electron-donating agents)[276,277] and ionic 
liquid/gel gating[278,279] can be adopted. Another valid method 
is to exploit dual-gate (original gate and control gate) archi-
tecture to modulate the vertical electrical field and the charge 
carriers within semiconducting channel and hence achieve 
controllable threshold voltage and charge polarity.[228,280] Very 
recently, by using dual-gate transistor structures, Yu et al. dem-
onstrated flexible transistors with symmetric bipolar proper-
ties and realized stable dominate p- or n-type performance 
through adjusting the control gate bias (Figure 16c,d).[281] These 
progresses of sorting, doping and self-assembly strategies are 
advantageous for the further implementation of large-scale 
printed commercial electronic products on the basis of SWNTs.

4. Inorganic Semiconducting Materials

2D layered materials, as advent of graphene (Gr), have received 
increasing attention of both basic science and industry research 
due to their peculiar optical, electrical, mechanical and photo-
electric performance in nature.[282] In the modern semicon-
ductor industry, novel semiconducting 2D layered materials, 
such as graphene derivatives, boron nitride (BN), transition-
metal dichalcogenides (TMDs), and black phosphorus (BP), 
are extensively utilized in electronic devices. Compared with 
traditional bulk materials, 2D layered materials have many fan-
tastic properties. First, as the electron effective mass is negli-
gible along the Fermi surface, the theoretical charge mobility of 
2D monolayer is very high, which attracts infinite interest from 
device scientists. Second, the fundamental bandgap of 2D lay-
ered materials could be magically modulated when the bulk 2D 
materials gradually change into the monolayer ones. This prop-
erty makes 2D layered materials very popular for application of 
electronic and photoelectric devices (e.g., FETs, light-emitting 
diodes (LEDs) and photovoltaic cells) with wide spectrum 
response. Third, the monolayer 2D materials are extremely 
sensitive to the change of environment because all atoms are 
exposed on the surface. In other words, the electronic and 
photo  electric devices based on 2D layered materials can be fac-
ilely modulated by various methods (e.g., surface treatment,[283] 
chemical doping,[284] physical process,[285] interface, and elec-
trode contacts[286,287]). Based on the two properties of 2D layered 
materials described above (layer-dependent bandgap and sensi-
tivity to the environment), 2D layered materials may possess 
different ambipolar mechanisms compared with previously 
mentioned organic semiconductors. Finally, van der Waals 
(vdW) heterostructures could be constructed by combining two 
different 2D monolayers. Owing to the spin-valley coupling 
of carriers and moiré pattern with a superlattice potential in  

Adv. Funct. Mater. 2019, 29, 1902105



www.afm-journal.dewww.advancedsciencenews.com

1902105 (28 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vertical vdW architectures, many new properties and spe-
cial phenomena (e.g., fractal quantum Hall effect,[288] circular 
polarized emission,[289] unconventional superconductivity,[290] 
and tunable Mott insulators[291]) can be revealed. On account 
of these fantastic properties of 2D layered materials, we then 

focus on the recent progress of ambipolar transistors based on 
2D layered materials and vdW heterostructures.

When applied in FETs, 2D layered materials exhibit unambig-
uous advantages compared to traditional silicon-based materials. 
i) Ambipolar transistors based on ultrathin semiconducting 
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Figure 16. a) Selective solubilization of SWNTs with different diameters and chirality by exploiting various conjugated polymers with various polymer 
backbones or diverse alkyl chain lengths. Reproduced with permission.[263] Copyright 2013, Wiley-VCH. b) Schematic diagram describing the procedures 
of blade coating; electrical performance image of transistors based on SWNTs manufactured by CVD and solution-processing methods. Reproduced 
with permission.[255] Copyright 2014, Wiley-VCH. c) Schematic illustration and optical image of the printed flexible dual-gate TFT. d) Representative 
transfer characteristics of the printed flexible TFTs tested under various control gate biases; typical p-type (top) and n-type (bottom) output curves of 
the dual-gate TFTs under identical control gate bias. Reproduced with permission.[281] Copyright 2018, American Chemical Society.
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layer can be achieved due to the ultrathin thickness of 2D lay-
ered materials. ii) On the basis of the flexible characteristics of 
monolayer or few-layer 2D semiconductors, 2D layered mate-
rials allow the development of novel flexible electronic devices. 
iii) Transparent devices can also be fabricated because of the 
ultrahigh transmittance of visible light in 2D layered materials. 
iv) Ambipolar transistors with low power dissipation can be real-
ized by utilizing 2D layered materials. However, in an ambipolar 
transistor, the material should have both high electron mobility 
and hole mobility; that is, the material should possess moderate 
bandgap. Graphene, a zero bandgap material, is hindered due to 
its low on/off ratio. Therefore, plenty of researchers concentrate 
on ambipolar transistors on the basis of TMDs and BP.

As mentioned above, layer-dependent bandgap and sensi-
tivity to the environment of 2D layered materials may make 

them possess various mechanisms compared with previously 
mentioned organic semiconductors. The band alignments are 
utilized to interpret ambipolar behaviors of 2D layered mate-
rials in the early stage by reason of the various work functions 
between metal electrodes and 2D semiconductors. Therefore, 
Schottky barrier is formed and then affects the injection of 
holes and electrons (Figure 17a).[292] This explanation for ambi-
polar behaviors is similar to that for organic semiconductors. In 
addition, Fermi level shift which is induced by surface charge 
transfer doping (e.g., metal contact doping[293]) is also exploited 
to explain the ambipolar carrier conduction of 2D layered mate-
rials. The polarities of 2D materials are facilely modulated by 
employing appropriate p- and n-type dopants and thereby good 
ambipolar behaviors can be observed in 2D transistors under 
proper doping.[294] The Fermi level shift generated by surface 
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Figure 17. a) Left: Band alignment diagram and Schottky barriers at source (Vs = 0 V) and drain (Vg = 0 V) contacts for gate voltages below and above 
the flat-band condition (VFB) in BP-based FET, EF denotes Fermi energy; middle: band diagram of the hole-only transport at Vg < VFB for Vsd < 0 (top) 
and Vsd > 0 (bottom); right: band diagram of the electron-only transport at Vg < VFB for Vsd < 0 (top) and Vsd > 0 (bottom). Reproduced with permis-
sion.[292] Copyright 2014, American Chemical Society. b–d) The gate-induced Fermi level shift in ambipolar WSe2 FET. Left (b): The schematic diagram 
for measuring the surface potential of WSe2 and Au at Vsd = −14–28 V by a Kelvin probe force microscopy; middle (c): transfer characteristics of the 
ambipolar WSe2 FET; right (d): the AFM morphology (top) and corresponding surface potential map (bottom). e–f) The summary of surface potential 
on the Au electrode and WSe2 region (e), indicating the Fermi level shift as a function of gate voltage (f). g) The work function variation of WSe2 as 
Vsd changes in the transistor. The inset shows the corresponding shift of Fermi level, indicating WSe2 being modulated to be n- or p-type at small gate 
voltage. Reproduced with permission.[296] Copyright 2018, Springer Nature.
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charge transfer doping supports a novel ambipolar mecha-
nism to understand ambipolar behaviors of 2D layered mate-
rials. However, it is unfeasible to interpret the layer-dependent 
ambipolar behaviors of 2D materials. Fortunately, Zhou et al. 
proposed that Fermi level shift also happened in the band align-
ment process among 2D WSe2 with various thicknesses.[295] 
Wang et al. directly investigated the dependence of Fermi level 
shift of 2D WSe2 on different gate voltages under Kelvin probe 
force microscopy, as demonstrated in Figure 17b–g.[296] They 
built a model of gate-induced Fermi level shift to interpret the 
ambipolar principles of 2D WSe2. This model also revealed 
that the Fermi level of some 2D layered materials could be tun-
able by applying a small gate voltage. Thus, these 2D materials 
could be modulated to display n-type, p-type, and ambipolar 
charge transport. Apparently, there are some unipolar 2D lay-
ered materials which are unable to be explained by this model 
on account of their intense Fermi level pinning effect in energy 
band. Therefore, a more general mechanism is eagerly required 
to interpret ambipolar behaviors of 2D layered materials.

4.1. Molybdenum Dichalcogenides (MoS2, MoTe2, and MoSe2)

As a novel class of 2D layered materials, TMDs possess the 
common formula MX2, where M is a kind of transition metals 
from group IV-VIII (e.g., Mo, Nb, W, Re, and Pt), and X repre-
sents a kind of chalcogen elements (e.g., S, Te, and Se). 2H-type 
molybdenum disulfide (2H-MoS2) is a typical and stable semi-
conducting TMD layered compound. Its excellent optical, 
electrical and photoelectric characteristics have received great 
attention from researchers for the application of MoS2 in high 
performance nanoelectronics. First, the fundamental bandgap 
of 2H-MoS2 gradually changes from an indirect gap (≈1.2 eV) 
for the bulk to a direct gap for the monolayer (≈1.9 eV).[297] 
This layer-dependent optical property makes it possess tunable 
optical absorption as well as good electrical performance. When 
applied in transistors, the mobility of 2H-MoS2 could be more 
than 200 and 500 cm2 V−1 s−1 which was obtained from high-κ 
dielectric (HfO2 and Al2O3) capped monolayer and multilayer 
MoS2,[298,299] and the on/off ratio of these devices was more 
than 106.[300] Therefore, the ambipolar transistors based on 
2H-MoS2 have attracted much attention.

Diverse efforts such as introducing overlayer and changing 
substrate have been taken to change intrinsic electrical prop-
erties of MoS2 and hence make it display ambipolar charac-
teristics.[301,302] Thanks to the chemical stability of MoS2, the 
most common method of introducing overlayer is to fabricate 
electric double-layer (EDL) transistors, in which ionic liquid 
is introduced to the top of MoS2 flakes. The ionic liquid over-
layer usually functions as a top gate and can conveniently form 
nanometer-scale thickness of electric double layer under a low 
applied voltage. This electric double layer can exhibit extremely 
large gate capacitance and hence enable a remarkably drop of 
the operating gate voltage. On the other hand, electric double 
layers can also induce ambipolar carrier transport and accumu-
late extremely large density of carriers in both conduction and 
valence bands of TMDs.[303] As a consequence, ambipolar tran-
sistors based on TMDs can be successfully manufactured with 
high on/off current ratio.

Zhang et al. demonstrated that a mechanically exfoli-
ated MoS2 thin flake displayed ambipolar charge transport by 
exploiting ionic liquid gate (Figure 18a).[302] Unlike the conven-
tional n-type bulk MoS2, MoS2 thin flake exhibited high mobili-
ties for both electrons (44 cm2 V−1 s−1) and holes (86 cm2 V−1 s−1)  
(Figure 18b). In addition, the on/off current ratio of the afore-
mentioned ambipolar transistors was as high as 102 for both 
hole and electron conduction. It was also found that the ingen-
ious utilization of frozen ionic liquid could introduce a chance 
to form or eliminate the p–n junction by controlling operation 
temperature. The movement of ions was fixed in the ionic 
liquid ((N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium 
bis(trifluoromethylsulfonyl) imide, DEME-TFSI) when the 
temperature was below glass transition temperature. Then, the 
p–n junction would form under the changes of electric field 
between source and drain electrodes (Figure 18c).[300] Moreover, 
these junctions showed unambiguous rectifying character-
istics when p–n junctions formed under different initial bias 
conditions (Figure 18d). The fabrication of p–n junction within 
monolayer MoS2 channel could be expected to stimulate a tre-
mendous development of optoelectronic devices. The ionic 
liquid could effectively reduce Schottky barrier thickness at 
the MoS2/metal contacts and significantly enhance ambipolar 
performance. Perera et al. reported ambipolar transistors with 
on/off current ratio of more than 107 and 104 for electrons and 
holes, respectively.[304] The electron mobility of the aforemen-
tioned transistors exceeded 60 cm2 V−1 s−1 at 250 K.

All these results motivate a promising application poten-
tial of MoS2 thin flake in optoelectronic devices. However, 
the large-area 2D thin flake is always fabricated by a chem-
ical vapor deposition (CVD) technique, which is potential to 
realize commercial application of 2D thin flakes. Therefore, 
fabricating ambipolar transistors based on large-area CVD-
grown thin flake is of great significance. Ponomarev et al. 
demonstrated that large-area MoS2 monolayers grown by 
CVD technique could be utilized in ambipolar EDL transis-
tors.[305] Meanwhile, electroluminescence was observed from 
the device due to the exciton recombination in CVD-grown 
MoS2 monolayer. These results were useful to identify the 
in-gap states which could serve as traps for holes and offered 
a controllable and scalable technique to fabricate large-area 
transistors.

Recently, electrolyte and ionic liquid gating have attracted 
widespread attention in superconducting field.[303,306–308] 
Ye et al. observed superconductivity dome in MoS2 flake by 
exploiting electric double layer technique, which heralded 
the coming of gate-controlled superconductivity.[303] Then the 
adjustable superconducting behaviors were discovered by Li 
et al. with a electrolyte gate.[308] Furthermore, Costanzo et al. 
first demonstrated the persistent limit of superconductivity in 
exfoliated MoS2 flake with the frozen ionic liquid gate.[306] Jin 
et al. demonstrated that both two types of charge carriers were 
existent in electric double layer transistor.[307] This result indi-
cates that it is possible to realize ambipolar superconductivity 
in 2D layer materials. In other words, n-type superconduc-
tivity (electron-dominant) and p-type superconductivity (hole-
dominant) may be realized. In conclusion, the combination of 
advanced ionic liquid gating technique and ambipolar charac-
teristics of 2D layered materials can promote the development 
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of ambipolar superconducting field and hence bring a series of 
novel applications in electronics.

Changing substrate of thin-film transistors is another 
method to affect its electrical performance. The introduction 
of disorder between TMDs and the substrate, such as short-
ranged disorder and long-ranged charge disorder due to the 
roughness and chemical bond, would decrease carrier mobility. 
On the contrary, carrier mobility could be augmented by die-
lectric screening effects.[309] For example, a PMMA layer could 
be employed to obtain ambipolar characteristics of MoS2. Bao 
et al. demonstrated that multilayer MoS2 on PMMA could dis-
play ambipolar carrier conduction while that on SiO2 showed 
unipolar performance (Figure 18e).[301] The mobility could be 
up to 470 cm2 V−1 s−1 (electrons) and 480 cm2 V−1 s−1 (holes). 

Furthermore, chemical p-type doping was also introduced into 
MoS2 flakes to realize p-type or ambipolar characteristics. Choi 
et al. introduced hole-injecting MoOx NPs (oxygen doping) to 
the surface of MoS2 flakes, which could finally lead to ambi-
polar behaviors.[310]

2H-type molybdenum ditelluride (MoTe2) is also a common 
2D material. The indirect bandgap of bulk MoTe2 is ≈1.0 eV.[311] 
Theoretically, its mobility can be as high as 200 cm2 V−1 s−1 at 
room temperature.[312] The direct bandgap of MoTe2 monolayer 
is 1.07 eV due to the induced quantum confinement.[313] Unlike 
MoS2, mechanically exfoliated MoTe2 was demonstrated to pos-
sess intrinsic and thickness-dependent ambipolar characteris-
tics.[312,314,315] In these devices, on/off current ratio could reach 5 × 
102 (n-type regime) and 2 × 103 (p-type regime). However, slightly 
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Figure 18. The electrical behavior modulation for 2D MoS2 with EDLT and SE techniques. a) Schematics of a MoS2 thin flake patterned with metal 
electrodes and a top ionic liquids gate. b) Transfer curve of bulk and thin flake MoS2 EDLTs; top: output curve of the channel current IDS; bottom: 
output curve sheet conductivity σ2D. Reproduced with permission.[302] Copyright 2012, American Chemical Society. c) Schematics of electric double-layer 
transistors (EDLTs); top: unipolar; bottom: ambipolar. d) I–V characteristics of EDLTs at 180 K; inset: output curve of EDLTs measured at 220 K; arrows 
showed the devices were cooled from 220 to 180 K at the current bias voltages to reduce ionic motion; the I–V characteristics at 180 K are related to the 
initial bias voltages condition; symmetric I–V characteristics: cooling the device when VDS resides in the linear region; asymmetry I–V characteristics: 
cooling the device when VDS resides in the saturation region; rectifying I–V characteristics: cooling the device when VDS resides in the ambipolar region. 
Reproduced with permission.[300] Copyright 2013, American Chemical Society. e) Schematics of four-probe MoS2 devices with (bottom) and without 
(top) PMMA layer; typical conductivity (Vg) characteristics for devices without (red curve) and with (blue curve) PMMA top coating for a devices with 
and without PMMA-supported layer. Reproduced with permission.[301] Copyright 2013, American Institute of Physics.
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low mobilities of 0.03 cm2 V−1 s−1 (electrons) and 0.30 cm2 V−1 s−1  
(holes) were obtained. Moreover, a dual-top-gated device with two 
equivalent top gates was developed by Lin et al. The polarity of 
the bias voltage could be controlled by just adjusting one of the 
top gates (Figure 19a).[314] When the VtgS was negative, the tran-
sistor displayed p-type characteristic due to the injected and accu-
mulated holes within the semiconducting channel. Otherwise, 
the transistor presented n-type characteristic. By changing the 
mechanically exfoliated MoTe2 channel thickness, Fathipour et al. 
demonstrated a higher on/off current ratio (105 with 6 mono-
layers) and a higher mobility (6 cm2 V−1 s−1).[315]

Other efforts were devoted to exploiting chemical p-type 
doping and surface charge transfer doping (SCTD) to realize 
ambipolar characteristics of MoTe2. As mentioned above, intro-
ducing oxygen atoms into crystal lattice of TMDs could form 
p-type MoOx phase. The MoOx phase could inject holes and 
gave rise to p-type or ambipolar characteristics of MoS2. This 
method is also suitable for MoTe2 to achieve p-type or ambi-
polar behaviors. Qu et al. was successful to modulate MoTe2 
transistors to show unipolar p-type, n-type, or ambipolar per-
formance by introducing BV-doping (BV: benzyl viologen) to 
MoTe2 (Figure 19b).[284] Marvelously, a proper Al2O3 capping 
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Figure 19. The electrical behavior modulation for 2D MoTe2 with dual-top-gate, CD, and SCTD techniques. a) Optical micrograph, schematic structure, 
p- and n-FET modes of a dual-top-gate transistor; VtgS < 0, the p-FET mode is matched, and agreed with experimental results; otherwise the n-FET 
mode is matched, and agreed with corresponding experimental results. Reproduced with permission.[314] Copyright 2015, American Chemical Society. 
b) Schematic diagram of BV doping process devices (top) and lateral p–n junction devices with an Al2O3 mask (bottom); transfer curves with different 
BV dopant concentration (top); comparison of transfer curves for devices with O2 doped, BV doped and p–n junction; inset: optical microscopy image 
of the device. Reproduced with permission.[284] Copyright 2017, Wiley-VCH. c) Transfer characteristics of the monolayer and the 8L MoTe2 FET with 
increasing thickness of MgO cover layers. d) The schematic structure of the MgO doped MoTe2 FET; the schematic of band structures of different thick-
ness MoTe2 flakes; the calculated movement of the Vmin and the electron mobility of the 8L MoTe2 FET related to the MgO film thickness. Reproduced 
with permission.[316] Copyright 2018, Wiley-VCH.
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could further improve the n-type electric behavior as well as 
form a p–n junction in the transistor. As a consequence, the 
hole and electron mobilities could be increased to 41 and 
80 cm2 V−1 s−1 and the on/off current ratio also reached 105. 
Unlike chemical p-type doping, SCTD is a nondestructive and 
efficient technique to achieve reliable doping in 2D semicon-
ductors and has been widely employed in surface function-
alization engineering. MgO film was an efficient SCTD for 
2D MoTe2. In addition, by carefully adjusting the thickness of 
MgO film and the number of MoTe2 layers, the carrier polarity 
of MoTe2 transistors could be reversely controlled from p- to 
n-type and the electron mobility was enhanced, as shown in 
Figure 19c,d. Based on thickness-dependent SCTD method, 
Luo et al. successfully modulated carrier mobilities and ambi-
polar characteristics of MoTe2 transistors.[316]

Molybdenum diselenide (MoSe2) is an air stable TMD 
layered material. The bulk MoSe2 has an indirect bandgap 
(1.1 eV) while a monolayer MoSe2 has a wider direct bandgap 
of 1.55 eV.[313] The transistors based on MoSe2 display fantastic 
thickness-dependent characteristics. Li et al. reported that the 
monolayer MoSe2 prepared by an atmospheric pressure CVD 
exhibited n-type characteristic with a high on/off current ratio 
(≈106) and a high electron mobility (≈19 cm2 V−1 s−1).[317] Inter-
estingly, bilayer MoSe2 showed ambipolar behaviors with an 
on/off current ratio of ≈105, a hole mobility of ≈9 cm2 V−1 s−1 
and an electron mobility of ≈65 cm2 V−1 s−1. When the thick-
ness of MoSe2 continuously increased to about 7 layers, the 
transistor showed ambipolar behaviors.[318] Furthermore, 
monolayer MoSe2 could realize ambipolar charge transport by 
employing EDL technique.[319,320]

4.2. Tungsten Dichalcogenides (WS2, WSe2, and WTe2)

Tungsten disulfide (WS2) is also a commonly used TMD lay-
ered material and possesses indirect bandgap of 1.0, 2.14, 
and 1.82 eV for bulk, monolayer and bilayer structure, respec-
tively.[321] In order to achieve ambipolar behavior in WS2 semi-
conductor, researchers have made tremendous efforts. Hwang 
et al. demonstrated that WS2 thin flake prepared by CVD tech-
nique presented ambipolar behavior and a high on/off current 
ratio (≈105) in Schottky-barrier transistors.[322] The mechani-
cally exfoliated WS2 thin flake based on EDL technique also 
displayed ambipolar carrier conduction.[323] The mobilities were 
≈20 cm2 V−1 s−1 (electrons) and ≈90 cm2 V−1 s−1 (holes). Another 
remarkable research about WS2-based transistors is how to get 
balanced charge mobilities of both two types of charge carriers. 
Fortunately, the thickness of WS2 thin flake was found to influ-
ence the asymmetric transport characteristics of the ambipolar 
transistors.[321] In addition, the thickness of WS2 thin flake also 
influences the mobility values. Compared with monolayer WS2 
(≈44 and 43 cm2 V−1 s−1 for electrons and holes, respectively), the 
bilayer WS2 showed reduced electron mobility (≈19 cm2 V−1 s−1)  
and hole mobility (≈12 cm2 V−1 s−1). The similar phenomenon 
was also found in the device based on MoSe2.[317]

Tungsten diselenide (WSe2) is also an important member of 
TMD layered semiconductors. Particularly, the mechanically 
exfoliated WSe2 is naturally ambipolar with a high hole mobility 
(≈250 cm2 V−1 s−1), a low electron mobility and a high on/off 

current ratio (>106) when applied in transistors with different 
contact electrodes.[286,287] Its bandgap is thickness-dependent 
and can be extracted from ambipolar transistors on the basis of 
EDL technique.[324] The bandgaps are 1.02 and 1.63 eV for bulk 
and monolayer WSe2, respectively. In addition, the ambipolar 
characteristic can also be controlled by operation temperature, 
ferroelectric top gate dielectric (poly(vinylidenefluoride-co-
trifluoroethylene) (P(VDF-TrFE))) as well as channel thickness 
of WSe2.[296,325,326] Recently, Pudasaini et al. achieved control-
lable charge type in FETs on the basis of WSe2 semiconducting 
channel and Cr/Au contacts via tuning the thickness of semi-
conducting channel and exploiting remote oxygen plasma 
surface treatment.[283] By changing the thickness of semicon-
ducting channel, the transport performance of WSe2 transistors 
could evolve from n-type (more than 5 nm) to ambipolar (about 
4 nm) or p-type (less than 3 nm), which originated from the 
changeable energy gaps of WSe2 as well as carrier band offsets. 
Besides, by utilizing remote oxygen plasma treatment to induce 
hole doping, the effective hole mobility could be augmented 
by three orders of magnitude. Their methods could also be 
employed in other TMDs for efficient carrier type control. The 
WSe2 thin film prepared by MBE with layer-by-layer epitaxial 
growth also showed ambipolar behaviors.[327] A dual gate was 
employed to modulate the carrier density in two sides of the 
WSe2 monolayer. As shown in Figure 20a–d, by adjusting the 
dual-gate voltage, ambipolar performance could be achieved in 
various conducting regimes (NN, PP, PN, and NP configura-
tions) due to the electrostatic doping.[13]

Finally, tungsten ditelluride (WTe2), an interesting TMD lay-
ered semiconductor, displayed an ambipolar gate-dependent 
conductance due to the perfect compensation of electron and 
hole bands when it was applied in positive magnetoresistance 
(MR) transistors.[328]

In addition to common TMDs (molybdenum dichalcogenides 
and tungsten dichalcogenides), some other TMD materials are 
also found with ambipolar behaviors. For example, PtSe2, a spe-
cial kind of TMD materials, has strong layer-dependent semi-
conductor-to-semimetal evolution. When applied in FETs, PtSe2 
displayed an ultrahigh electron mobility of 210 cm2 V−1 s−1 at 
room temperature.[329] After the thickness of PtSe2 being opti-
mized, transistors exhibited relatively balanced ambipolar car-
rier conduction. More success of TMD-based ambipolar transis-
tors with higher charge mobilities is expected.

4.3. Black Phosphorus

Black phosphorus, a novel 2D semiconductor, has attracted more 
and more attention for photoelectric and electronic devices (e.g., 
photodetectors, transistors, and resistive random access memories 
(RRAMs)) due to its easily solvent-exfoliation-electronic-grade, 
exotic optical and electronic properties.[292,330–332] The funda-
mental bandgap of BP gradually changes from 0.3 eV in the 
bulk to 2.0 eV in the monolayer.

In order to achieve and tune ambipolar behaviors in  
BP-based transistors, several approaches such as modulation 
of work function of metal electrodes,[333–335] dielectric over-
layer and SCTD[336–338] are exploited. Based on the work func-
tion of metal contact, Das et al. and Du et al. found out that 
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the Schottky barrier heights of metal/BP interface led to contact 
resistance of the devices. BP transistors based on titanium (Ti), 
palladium (Pd) and nickel (Ni) electrodes showed ambipolar 
characteristics (Figure 20e–h).[333,334] The on/off current ratio 
could reach 104 for hole conduction and 103 for electron con-
duction. The mobilities were ≈38 cm2 V−1 s−1 (electrons) and 
≈172 cm2 V−1 s−1 (holes). The EDL technique was also employed 
as an efficient tool to widely tune the range of Fermi level of 
BP. Saito and Iwasa demonstrated the mobilities of BP devices 
were ≈190 and ≈20 cm2 V−1 s−1 (at 170 K) for holes and elec-
trons, respectively.[336] Xiang et al. demonstrated that the SCTD 
of BP had an effective modulation toward ambipolar charge 
transport. For example, when BP surface was functionalized 
by molybdenum trioxide (MoO3), the devices based on BP kept 
p-type behavior; when BP surface was functionalized by cesium 
carbonate (Cs2CO3), the electrons mobility of black phosphorus 
was increased to 27 cm2 V−1 s−1. In this case, the devices based 
on BP presented ambipolar behaviors.[337]

As we all know, BP lacks of long-time ambient stability com-
pared with TMDs. Therefore, researchers spend lots of time 
obtaining stable ambipolar devices. The most common method 
is the encapsulation technique. Yue et al. fabricated stable 
ambipolar transistors based on benzyl viologen–passivated BP 
and the devices exhibited large electron mobility as high as 
≈83 cm2 V−1 s−1.[338] Zhu et al. employed Al2O3 encapsulation 
layer to improve the long-time stability of the devices. They 

also manufactured flexible ambipolar transistors with high 
mobilities of about 310 cm2 V−1 s−1 (holes) and 89 cm2 V−1 s−1  
(electrons). Another novel method is a marvelous defect–repair 
technique. Gui et al. realized excellent ambipolar performance 
via utilizing the aforementioned method. By exploiting hydro-
genation and phosphorization, high mobilities of 237 and  
177 cm2 V−1 s−1 were realized at 290 K for holes and electrons, 
respectively.[339]

4.4. Van der Waals Heterostructures

In parallel with the study of single-layer 2D materials, van 
der Waals heterostructures have also emerged as a new class 
of artificial material systems recently. These novel structures 
have revealed some new properties and special phenomena 
that could trigger new revolution of architecture design 
of heterostructures for modern optic, electronic and opto-
electronic applications.[340–343] For example, unlike electronic 
devices based on single-layer 2D materials where graphene 
is restricted because of its zero bandgap, vdW heterostruc-
tures provide an important opportunity to implement gra-
phene-based electronic devices.[341,343] With atomically thin 
molybdenum disulfide or boron nitride serving as a vertical 
transport barrier, transistors based on graphene hetero-
structures showed ambipolar behaviors with on/off current 

Adv. Funct. Mater. 2019, 29, 1902105

Figure 20. The electrical behavior modulation for 2D WSe2 with dual-bottom-gate (ED technique) and 2D BP with different contact metals. a) Optical 
micrograph (top) and schematic structure (bottom) of monolayer WSe2 devices with dual bottom gate. b) Transport characteristics of four doping 
configurations of the device: NN, PP, PN, and NP; NN: both gates were set to 10 V; PP: both gates were set to −10 V; PN: Vlg was set to ± 10 V; NP: Vrg 
was set to ±10 V. c) Semilogarithmic plots and schematic band diagrams of the device for PN configurations. d) Semilogarithmic plots and schematic 
band diagrams of the device for NP configurations. Reproduced with permission.[13] Copyright 2014, Nature Publishing Group. e) Schematic structure 
of device configurations with various channel lengths for both Ni/Au and Pd/Au contacts. f) Contact resistance for both Ni and Pd contact metals at 
various gate biases. g) I–V transfer characteristic of Ni contact BP FETs with various channel lengths. h) I–V transfer characteristic of Pd contact BP FETs 
with various channel lengths. It should be noted that transistors with a channel length of 3 µm show p-type for both Ni and Pd contacts. Reproduced 
with permission.[334] Copyright 2014, American Chemical Society.
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ratio of ≈50 and ≈104 for holes and electrons, respectively 
(Figure 21a).[341] Fantastically, when a graphene gate was uti-
lized, the transistor displayed large insulating window near 
the overall charge neutrality point (CNP) because of a long-
range moiré superlattice potential and the broken local carbon 
sublattice symmetry in graphene (Figure 21b).[343] In addition, 
Gr/WS2/Gr heterostructures were introduced to expand the 

range of photoactive transistors for photoresponsivity applica-
tion. Following these successes, the vertical integration of p–n 
heterostructures based on other layered TMD semiconductors 
is also reported.

The MoS2–WS2 heterostructures with different configura-
tions (vertical and planar structures, as shown in Figure 21c, d)  
were reported to possess new functionalities and superior 
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Figure 21. Schematic structures and I–V transfer characteristics of transistors based on vdW heterostructures. a) I–Vs characteristics of a graphene-
hBN device for different Vg (in 10 V steps); the upper left inset: comparison of I–V characteristics for the experimental (red curve) and theory (dark); the 
lower right inset: the schematic structure of a graphene field-effect tunneling transistor. Reproduced with permission.[341] Copyright 2012, The American 
Association for the Advancement of Science. b) Low-temperature (T = 150 mK) conductivity curves of four heterostructure devices (A1, A2, B1, and 
B2); left inset: measurement schematic; right inset: false-color atomic force microscopy image. Reproduced with permission.[343] Copyright 2013, The 
American Association for the Advancement of Science. c) Transfer characteristics of the vertical transistors based on MoS2–WS2 heterostructures in 
the case of on-state; inset: the schematic diagram of the vertical device. d) Transfer characteristics of the planar transistor based on the MoS2–WS2 
heterostructures; inset: the schematic diagram of the planar device. Reproduced with permission.[344] Copyright 2014, Wiley-VCH. e) The carrier trans-
port schematic (upper left: the condition in V > 0 and V < 0; upper right: the condition in V >> VT) and the transfer curve of Device II based on PSC/
MoS2 heterostructures. Reproduced with permission.[349] Copyright 2017, the Royal Society of Chemistry. f) The schematic structure and the transfer 
characteristic of the ambipolar transistor based on the MoS2-rubrene heterostructure. Reproduced with permission.[350] Copyright 2017, Wiley-VCH.  
g) Schematic of fabrication process for a dual-channel FET with WSe2/MoS2 heterostructure; the optical image of the FET device; illustration shows 
hole and electron transport in the WSe2 and MoS2 channels, respectively. h) Lateral band diagrams and lateral schematic structure of the dual-channel 
WSe2/MoS2 FET at negative and positive VG; black dotted line: the band structure of the WSe2/MoS2 stack; black solid line: Fermi levels of the Pt 
electrode; yellow solid line: Fermi levels of the Ti electrode; red solid line: the shift of CB and VB energy levels for WSe2; blue solid line: the shift of CB 
and VB energy levels for MoS2. i) ID–VG curves of single-channel MoS2 FET before the transfer of WSe2 layer (green: VD = 1 V) and dual-channel WSe2/
MoS2 FET (blue: VD = 1 V, yellow: VD = 3 V). Reproduced with permission.[354] Copyright 2016, Wiley-VCH.
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electronic and optoelectronic properties. These transistors  
exhibited novel rectifying behaviors (vertical structure), ambi-
polar behaviors (planar structure) as well as photovoltaic 
and photo-switching properties.[344] The vertical device pre-
sented a high on/off current ratio (>104) and a high electron 
mobility (14 cm2 V−1 s−1). The planar device also showed a 
high on/off current ratio (105) and a high electron mobility  
(65 cm2 V−1 s−1). The similar electronic and optoelectronic 
properties as well as fantastic physical phenomena were 
also observed from the transistors based on WSe2/WS2, 
ReSe2/WS2, and GaTe/MoS2 heterostructures.[345–347] These 
heterostructures were unavoidable to be stacked with the 
mechanically exfoliated TMD layered semiconductors by a 
simple dry transfer procedure. Compared with mechanically 
exfoliated method, direct CVD approach to fabricate vertical 
heterostructures by vdW epitaxy can avoid interface contami-
nation and result in well-defined interlayer. Li et al. utilized 
two-step CVD method to stack GaSe/MoSe2 heterostructures 
directly and realized ambipolar transistors with tunable hole 
and electron charge transport.[348]

In addition to stacking different 2D layered materials, vdW 
heterostructures can also be achieved by combining 2D lay-
ered materials with organic semiconductors because organic 
semiconductors can interact with 2D materials via van der 
Waals force. The extension of the definition of vdW hetero-
structures reveals a wider research field and provides a chance 
to utilize various organic semiconductors. Dong et al. suc-
cessfully stacked pentacene/MoS2 vdW heterostructures.[349] 
The transistors based on this vdW structure showed anti-
ambipolar behaviors (present three states or ternary signals 
(one off-state and two various on-states) utilizing only a single 
transistor) (Figure 21e). When pentacene was replaced by 
rubrene crystals, ambipolar carrier conduction was success-
fully observed because of the band alignment between MoS2 
and rubrene (Figure 21f).[350] The ambipolar transistors exhib-
ited well-balanced electron and hole mobilities of 1.27 and 
0.36 cm2 V−1 s−1, respectively. Polymer (PDVT-10) has also 
been employed to fabricate vdW heterostructures with 2D 
materials by Yan et al.[351] It should be of great concern that 
super-smooth surface of 2D materials offers an unique oppor-
tunity to control molecular packing structures of organic sem-
iconducting crystals.[352] Pentacene crystals can form uniform 
packing structure (“lying-down”) on the surface of 2D mate-
rials (e.g., h-BN). Park et al. demonstrated “lying-down” pen-
tacene crystals on h-BN, which could achieve both hole and 
electron transport.[353]

The traditional sole-channel p–n transistors were stacked 
with two metal electrodes serving as source and drain on the 
top of p–n heterostructures. The carriers should be transported 
across the p–n junction. Therefore, it is difficult to achieve 
excellent transport properties for both electrons and holes 
simultaneously. A novel dual-channel MoS2/WSe2 heterostruc-
ture transistor was proposed and achieved (Figure 21g).[354] 
Based on dual-channel heterostructure, the transistor could 
realize parallel carrier transport. When carriers are parallelly 
transported, the carriers are forbidden to transport across the 
p–n junction. In contrast, this transistor allowed independent 
electron and hole transport (e.g., electrons in MoS2 layer and 
holes in WSe2 layer (Figure 21h)). The combination of multiple 

transports could generate quite exotic electronic and opto-
electronic properties. The devices showed ambipolar behav-
iors with a high on/off current ratio (≈104) and large carrier 
mobilities of 5.97 and 0.54 cm2 V−1 s−1 for electrons and holes, 
respectively (Figure 21i). Compared with ambipolar transis-
tors based on sole 2D material, transistors based on vdW 
heterostructures show more wonderful and miraculous elec-
trical behaviors. These results have attracted more and more 
researchers to develop novel device structures and suitable 
material combinations.

4.5. Other 2D Layered Materials

In addition to traditional layered 2D materials (e.g., graphene, 
TMDs, h-BN, and BP), 2D organic systems and 2D perovskites 
also attract lots of attention.[355–358] For example, 2D perov-
skites based on naphthalene diimide ammonium (NDIA) and 
lead halide ((NDIA)4Pb3I10) were demonstrated to show drain 
voltage–dependent charge transport behaviors.[359] Although 
both electrical performance and stability were improved, the 
charge mobility was still inferior.

2D organic systems can be divided into three types: 2D 
covalent organic frameworks (COFs), π-conjugated polymers, 
and π–d-conjugated coordination polymers (CPs). 2D COFs 
are covalently constructed from planar aromatic building 
blocks based on the principle of reticular chemistry. Sun et al. 
reported transistors based on a 2D COF which was grown on 
single-layer graphene. The aforementioned transistors pre-
sented ambipolar charge transport under relatively low mod-
ulating bias.[360] As we all known, π-conjugated polymers are 
formed by covalent-bonded aromatic units. On the contrary, 
CPs are composed of metal ions and π-conjugated ligands. 
This novel combination is expected to show fantastic elec-
trical properties and physical phenomena due to the hybrid 
d-orbits of transition metals and frontier orbits of π-conjugated 
ligands. Huang et al. prepared a copper coordination polymer 
thin film with high crystallinity. The copper coordination 
polymer Cu–BHT (BHT= benzenehexathiol) consisted of 2D 
[Cu3(C6S6)]n nanosheets.[361] The Cu–BHT transistor exhibited 
ambipolar charge transport behavior as well as extremely high 
mobilities. The mobilities are 99 and 116 cm2 V−1 s−1 for holes 
and electrons, respectively.

In conclusion, both 2D layered materials and vdW het-
erostructures display great application potential in ambi-
polar transistors due to their high on/off ratio and carrier 
mobilities, as summarized in Table 3. Numerous techniques 
such as EDL, SCTD, electrostatic doping (ED) and chemical 
doping (CD) can be utilized to achieve and modulate ambi-
polar behaviors. Among them, EDL is the most efficient and 
common technique while SCTD and electrostatic doping are 
both efficient and nondestructive. Moreover, work function of 
metal electrodes is one of the key factors for fabricating ambi-
polar transistors and thereby both source and drain electrodes 
should be selected carefully. Finally, the ambipolar behaviors 
and electronic performance of many transistors based on 2D 
materials are thickness-dependent. Therefore, appropriate 
layers are also of great importance for manufacturing ambi-
polar transistors.
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Table 3. The mobilities, on/off ratios, and fabrication techniques for some reported ambipolar transistors based on 2D materials, vdW heterostruc-
tures, OIHPMs, and organic–inorganic dual layer.

Classification Material FET mobility [cm2 V−1 s−1] ON/OFF ratio Techniques Ref.

µe µh n p

2D MoS2 (ME) 44 86 >102 >102 EDLT [302]

MoS2 (ME) >60 – >107 >104 EDLT [304]

MoS2 (CVD) ≈10 – >104 >104 EDLT [305]

MoS2 (ME) 470 480 >103 >105 SE [301]

MoS2 (ME) 6.1 19 ≈106 >105 EDLT [300]

MoTe2 (ME) 0.03 0.3 >102 >103 – [312]

MoTe2 (ME) – 6.4 ≈10 105 – [315]

MoTe2 (ME) 80 41 ≈105 ≈104 CD [284]

MoTe2 (ME) 0.1 30 ≈102 ≈104 SCTD [316]

MoTe2 (ME) 3.7 0.2 ≈104 >105 ED [314]

MoSe2 (CVD) 65 9 ≈105 ≈105 – [317]

MoSe2 (MBE) 0.05 0.28 ≈104 ≈102 EDLT [319]

MoSe2 (CVD) 0.6 0.1 >106 >106 EDLT [320]

WS2 (ME) 20 90 >102 >102 EDLT [323]

WS2 (ME) 44 43 >105 >105 EDLT [321]

WSe2 (ME) 72 180 – – EDLT [325]

WSe2 (MBE) 1 3 – – EDLT [327]

WSe2 (ME) 12.12 4.77 >105 >105 FP [326]

BP (ME) 186.5 170.5 ≈10 ≈102 – [334]

BP (ME) ≈38 ≈172 ≈104 ≈104 – [333]

BP (ME) 20 190 >103 >103 EDLT [336]

BP (ME) 27 ≈200 ≈103 ≈104 SCTD [337]

BP (ME) 83 – ≈102 ≈103 SCTD [338]

BP (ME) 177 237 ≈104 ≈104 CD [339]

BP (ME) 89 310 >102 >103 – [332]

2D COFs TFPy-PPDA – – ≈105 ≈106 – [360]

2D CPs [Cu3(C6S6)]n 116 99 ≈102 ≈102 – [361]

2D perovskite (NDIA)4Pb3I10 5.44 × 10−3 5.83 × 10−3 ≈103 ≈103 – [359]

vdW heterostructures MoS2–WS2 65 – >105 104 – [344]

WSe2/WS2 – – 105 105 – [345]

ReSe2/WS2 0.1 0.4 102 – – [346]

GaTe/MoS2 3.3 1.8 >102 >10 – [347]

GaSe/MoSe2 – – >102 >102 – [348]

WSe2/MoS2 5.97 0.54 ≈104 ≈104 – [354]

Gr/h-BN/Gr – – ≈104 ≈50 – [341]

rubrene/MoS2 1.27 0.36 >102 >103 – [350]

PDVT-10/MoS2 2.45 0.3 ≈103 ≈103 – [351]

pentacene/h-BN 0.26 0.2 >104 >104 – [353]

OIHPMs CH3NH3PbI3−xClx 1.01 1.24 >104 >104 – [14]

CH3NH3PbI3−xClx 1.0 1.3 ≈102 ≈10 – [390]

Csx(MA0.17FA0.83)1−xPb(Br0.17I0.83)3 2.39 2.02 >104 >104 – [391]
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4.6. 1D Materials

1D materials (e.g., nanowires, nanoribbons, and nanorods) have 
attracted lots of attention in the application of FETs due to the 
realization of spin-control and quantized conductance.[362,363] 
However, few researches have been carried out to utilize 1D 
materials in ambipolar transistors up to now. Among 1D mate-
rials, core/shell heterostructure nanowires are more popular 
because their electrical performance is easily modulated by 
reason of their unique structures consisting of two independent 
transporting channels (core channel and shell channel).

Apparently, the crystallinity, morphology and thickness of 
shell are three key factors to modulate ambipolar behaviors. 
Zhao et al. found that the crystallinity and morphology of Si 
shell were crucial to transistors on the basis of Ge/Si core/shell 
nanowires.[364] When amorphous Si (a-Si) was exploited as 
shell, the transistors presented strong p-type behavior because 
Ge core dominated the primary transport. For comparison, 
when crystalline Si (c-Si) was used, the transistors exhibited 
strong n-type behavior because the primary charge transport 
was determined by Si shell (Figure 22a). After adjusting the 
morphology of Si shell, charge transfer could be slightly modu-
lated because of the interruption of charge transfer along the 
shell (Figure 22b). They also demonstrated that core/shell het-
erostructure nanowires could be realized by ingenious design 
and synthesis. In addition, the thickness of the shell can be 
employed to modulate the electrical behaviors of transistors 
based on GaAs/InSb core–shell nanowire. Rieger et al. demon-
strated that the electrical performance of transistors based on 
GaAs/InSb core–shell nanowire was determined by the energy 
band of InSb shell rather than GaAs core.[365] They also discov-
ered that Fermi level shift was induced when the thickness of 
InSb shell gradually changed.

1D materials not only are suitable to study the funda-
mental charge transport, but also provide good strategy for 
sophisticated integrated optoelectronic circuits. Though the 
independent effect of core and shell has been studied, the syn-
ergistic effects of these two compositions lack of deep discus-
sion. For example, charges transfer at the interface of these two 
compositions is very important and considered as a key factor 
in photovoltaic cells.[366] However, relevant researches are rarely 
reported in nanowire transistors. Thus, research about this field 

is urgently required to bring some novel insights for nanowire 
transistors.

4.7. Colloidal Nanocrystal Thin Films

Colloidal nanocrystals (CNs) have been applied to ambipolar 
transistors for many years due to their numerous advantages 
such as efficient charge transport,[367] tunable electronic and 
optical properties and high-throughput fabrication by ink-
printing technique[368] .

Kang et al. reported low-voltage ambipolar TFTs on the 
basis of PbSe nanocrystal and an ion-gel gate blocking die-
lectric, which displayed electron and hole mobilities of 0.4 
and 0.02 cm2 V−1 s−1, respectively.[369] Zhou et al. success-
fully tuned the ambipolar behaviors of transistors utilizing a 
self-assembled monolayer of Au NPs.[370] Plenty of researches 
about CN-based ambipolar transistors were reported by Loi 
group.[367,371–377] Especially, they demonstrated that PbS CN 
was one of the promising candidates because of its high 
mobility. The high electron (1.91 cm2 V−1 s−1) and hole 
(0.15 cm2 V−1 s−1) mobilities were obtained via systematic 
optimization of both coupling ligand molecules and transistor 
architectures (utilization of appropriate metal electrodes and 
electric double-layer gate).[367] In addition, many key factors 
such as interface modification layer,[375] double gates,[376] sur-
face SAM molecules,[371] adscititious mechanical strain[372] 
and operation temperature[373] were also studied by Loi 
group. For example, by introducing Cytop as interface modi-
fication layer into PbS-based ambipolar transistors, low-
density capture states could be achieved at the interface.[375] 
Therefore, the electron and hole mobilities could be signifi-
cantly increased to 0.2 and 8 × 10−4 cm2 V−1 s−1, as shown in 
Figure 23a. Besides, introduction of double gates could realize 
superior control of the threshold shift and give rise to control-
lable polarities of PbS-based transistors (Figure 23b–d).[376]  
Moreover, the ligands on the surface of CNs play a signifi-
cant role in determining their properties and hence elect-
rical performance. Thus, suitable surface SAM molecules 
could also influence ambipolar behaviors of transistors.[371] 
Furthermore, the mechanical strain and operating tempera-
ture were also employed to modulate ambipolar behaviors of 

Table 3. Continued.

Adv. Funct. Mater. 2019, 29, 1902105

Classification Material FET mobility [cm2 V−1 s−1] ON/OFF ratio Techniques Ref.

µe µh n p

OIDL InOx/Cytop/pentacene 1.1 0.1 ≈10–102 ≈10–102 – [400]

InOx/ FBT-Th4(1,4) 1.5 1.1 1.2 × 102 3.8 × 102 – [396]

IZO/pentacene 13.8 0.14 – – – [401]

ZnO/DA/pentacene 0.38 0.34 ≈104 ≈103 – [403]

ZnO/PTAA:diF-TESADT 2–4.5 1.6–2.4 ≈104 ≈104 – [398]

ZTO/SWCNTs 11.5 4.2 ≈102 ≈102 – [404]

IGZOs/ C8-BTBT 5.1 4.5 ≈103 ≈103 – [397]

ME: mechanically exfoliated; CD: chemical doping; ED: electrostatic doping; MBE: molecular beam epitaxy; FP: ferroelectric polymer; SE: substrate engineering.
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transistors.[372,373] As shown in Figure 23e, low temperature 
led to symmetrical “V”-shaped ambipolar behaviors while 
high temperature resulted in asymmetrical ambipolar behav-
iors because of the attenuated hole transport.[373] It was found 
that the temperature could significantly influence the hole 
trapping in PbS CNs. Other materials such as FeIn2S4 CNs 
and PbSe nanorod were also applied in transistors to study 
their ambipolar performance.[374,378]

In conclusion, CNs are a kind of critical ambipolar materials 
and many approaches have been utilized to control their ambi-
polar behaviors. In addition, some new methods (e.g., determi-
nating energy levels of CNs) are utilized to realize ambipolar 
behaviors.[377] Furthermore, a quite interesting ambipolar 
photo response is also observed in transistors based on CNs and 
1D materials.[379,380] Challenges still remain in achieving ambi-
polar carrier conduction utilizing other kinds of CNs.

5. Organic–Inorganic Hybrid Materials

5.1. Organic–Inorganic Hybrid Perovskite Materials

Organic–inorganic hybrid perovskite materials (OIHPMs) 
have been intensively pursued as a fantastic material systems 
due to a broad range of potential applications in multiple 
fields such as solar cells,[381,382] sensors,[383] ferroelectrics,[384] 
memory devices,[385,386] transistors, and thermoelectrics.[387–389] 

Organic–inorganic hybrid materials have advantages of 
good processability of organic materials and excellent carrier 
mobilities of inorganic semiconductors. Transistors based 
on solution-processed organic–inorganic hybrid perovskite 
(C6H5C2H4NH3)2SnI4 thin films displayed a high on/off cur-
rent ratio of 106 and a carrier mobility of 0.55 cm2 V−1 s−1.[388] 
This result demonstrated that OIHPMs possessed bright 
progress toward electronic application. When CH3NH3PbI3 
served as semiconducting layer, hole mobility of the devices 
could be increased to 3.55 cm2 V−1 s−1. After inserting MoO3 
buffer layer, hole mobility of the transistors could reach up to 
7.47 cm2 V−1 s−1.[389] Therefore, OIHPMs based on lead halide 
attract more and more attention and are extensively employed 
in ambipolar transistors. Besides, OIHPMs on the basis of 
lead halide can be easily synthesized from two common com-
ponents (organic-amine halide and lead halide). For example, 
the well-known and representative material CH3NH3PbI3 
(MAPbI3) is formed by heating PbI2 and CH3NH3I mixed 
films. These semiconductors possess a favorable direct 
bandgap of 1.5–1.65 eV and a good absorption coefficient. 
Thus, OIHPMs are extremely promising to be utilized in ambi-
polar transistors.[14,359,390,391]

Li et al. fabricated a bottom-gate top-contact phototransistor 
on the basis of hybrid perovskite CH3NH3PbI3, which dis-
played ambipolar characteristics with superior carrier transport  
properties.[14] The carrier transport property could be sig-
nificantly improved by forming mixed-halide perovskites and 

Adv. Funct. Mater. 2019, 29, 1902105

Figure 22. The influence of the crystallinity and morphology of Si shell on Ge/Si core/shell nanowire-based transistors. a) Schematic of the transistor 
(upper left), HRTEM image of the n-type a-Si (middle left) and c-Si (lower left) shell nanowire; electrical characteristics of the n-type a-Si (upper right) and 
c-Si (lower right) shell nanowire transistors. b) Schematic of the trimmed n-type c-Si shell nanowire transistors (top) and their electrical characteristics 
(bottom). Reproduced with permission.[364] Copyright 2011, American Chemical Society.
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introducing chlorine atoms instead of some iodine atoms. 
The balanced mobilities of mixed-halide perovskites could be 
increased to 1.01 and 1.24 cm2 V−1 s−1 for electrons and holes, 
respectively. The on/off current ratio was 104 for both electron 
and hole transport. A similar phenomenon about augmented 
carrier mobility in mixed-halide perovskites was reported by 
Mei et al.[390] These two works mentioned above demonstrated 
that increasing the grain size of perovskites and improving the 
interface quality between perovskites and blocking dielectric 

both could reduce charge carrier scattering and result in high 
mobility.

Formamidinium lead iodide (FAPbI3) is another interesting 
and representative material of OIHPMs and has been widely 
studied in solar cells and photodetectors on account of its 
increasing absorption in the red light range.[392,393] Neverthe-
less, its α-phase structure is not stable and it can convert into a 
stable δ-phase structure (yellow hexagonal phase) slowly, which 
has adverse effects on the electronic performance and optical 

Adv. Funct. Mater. 2019, 29, 1902105

Figure 23. a) Schematic of PbS-based transistors using Cytop as interface modification layer (left); the comparison of sheet conductivity versus car-
rier density in PbS-based FETs without (red curve) and with Cytop (blue curve) interface modification layer (right). Reproduced with permission.[375] 
Copyright 2015, Wiley-VCH. b) Schematic structure of the single (top) and double (bottom) gate PbS-based transistor on SiO2/Si substrate. c) Output 
characteristics of double-gate PbS-based transistors measured only connecting one gate: the SiO2 gate (left) or the P(VDF-TrFE-CFE) gate (right).  
d) Transfer characteristics of double-gate PbS transistors measured on the SiO2 gate (left) and the P(VDF-TrFE-CFE) gate (right, marked as Gate, P), 
respectively. Reproduced with permission.[376] Copyright 2016, Wiley-VCH. e) Transfer characteristics of the PbS transistor at high (180 K) and low 
temperature (80 K). Reproduced with permission.[373] Copyright 2018, American Chemical Society.
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absorption of FAPbI3. Fortunately, inorganic cesium (Cs) cation 
is suitable to improve the thermal and structural stability of 
perovskites. Yusoff et al. introduced Cs cations into crystal lat-
tice of FAPbI3 to hamper the progress of δ-phase impurities. 
They employed triple cation (Cs+, MA+, and FA+) perovskite 
to achieve defect-free, structurally and thermally stable as well 
as highly uniform perovskite films with a favorable bandgap 
(1.6 eV).[391] Transistors based on these films presented unam-
biguous ambipolar characteristics with high on/off current 
ratio of 104 and balanced mobilities of 2.39 and 2.02 cm2 V−1 s−1 
for electrons and holes, respectively.

As mentioned above, OIHPMs have been successfully 
employed to fabricate transistors with excellent ambipolar char-
acteristics and novel physical phenomena. The balanced mobil-
ities have exceeded 2 cm2 V−1 s−1 for both electrons and holes 
(Table 3). The component of OIHPMs, the perovskite grain 
size and the interface quality between perovskites and blocking 
dielectric are both key factors for achieving high and balanced 
carrier mobilities. Moreover, these precursory researches will 
open new pathway to understand the fundamental perfor-
mance of OIHPMs and expand the applications of OIHPMs in 
electronic devices.

5.2. Organic–Inorganic Bilayer

Although tremendous efforts have been paid for the improve-
ment of both hole and electron mobilities of ambipolar tran-
sistors based on single-component semiconducting materials, 
electron and hole transport are not well balanced for most of 
the time.[394,395] For example, organic semiconductors can trans-
port holes and electrons simultaneously. However, for most of 
organic semiconductors, electron transport is poor compared to 
hole transport. On the contrary, most inorganic semiconductors 
exhibit only n-type characteristic with high electron mobility. 
Therefore, organic–inorganic bilayer could be another method 
to combine advantages of organic and inorganic materials 
and realize superior carrier mobilities for both electrons and 
holes.[396–399]

The organic–inorganic bilayer ambipolar transistors have 
been reported in many organic–inorganic hybrid systems (e.g., 
combination of ZnO, In2O3, SnO2, and p-type organic mate-
rials). The most utilized organic material in hybrid systems is 
pentacene due to its good crystallinity and high hole mobility. 
Besides, low-bandgap donor–acceptor or π–π packing conju-
gated polymers (e.g., FBT-Th4(1,4) and poly(3-hexylthiophene)), 
π–π packing small molecules (e.g., dinaphtho-thienothiophene 
and dioctylbenzothieno[2,3-b]benzothiophene (C8-BTBT)) and 
organic blends (e.g., PTAA:diF-TESAD) were also studied as an 
organic layer in bilayer ambipolar transistors.

The transistors on the basis of In2O3 and indium zinc oxide 
(IZO) present typical n-type operation while the transistors 
based on pentacene single layer exhibit representative p-type 
operation. Sun et al. reported that the utilization of In2O3, 
IZO and pentacene as active channel could give rise to ambi-
polar behaviors.[400] The mobilities of the devices were 1.1 and 
0.1 cm2 V−1 s−1 for electrons and holes, respectively. Based 
on further Zn-doping, the electron mobility of IZO/penta-
cene devices was significantly enhanced and reached up to 

13.8 cm2 V−1 s−1 while the hole mobility of the aforementioned 
devices was still as low as 0.14 cm2 V−1 s−1.[401] Although ambi-
polar charge transport was successfully realized, the mobili-
ties of electrons and holes were unbalanced and the mobility 
of electrons was ten times greater than that of holes. After 
introducing low-bandgap donor–acceptor-conjugated polymer 
(FBT-Th4(1,4)), In2O3-based transistors displayed high and well-
balanced mobilities of 1.5 and 1.1 cm2 V−1 s−1 for electrons and 
holes, respectively.[396] However, the device configuration was 
relatively complicated.

Compared with ambipolar transistors on the basis of In2O3 
and IZO, ZnO-based transistors exhibit more balanced charac-
teristics when ZnO is combined with pentacene and P3HT, as 
listed in Table 3. For example, Zhou et al. reported flexible ambi-
polar transistors based on solution-processed ZnO and P3HT 
heterojunction.[402] Although the devices presented balanced 
carrier mobilities, the hole and electron mobilities were inferior. 
When P3HT was replaced by pentacene, the ambipolar transis-
tors displayed increased mobilities (0.38 and 0.34 cm2 V−1 s−1  
for electrons and holes, respectively).[403] In order to improve 
the mobilities of both electrons and holes, the organic blends 
(PTAA:diF-TESAD) were employed to be in combination with 
ZnO layer. As a result, ambipolar transistors showed extremely 
large carrier mobilities exceeding 2 cm2 V−1 s−1.[398] Moreover, 
ambipolar transistors on the basis of ZnO and PTAA:diF-
TESAD blends could also be exploited for the realization of 
unipolar high-mobility devices via the voltage modulation of 
top and bottom gates. In addition to organic materials, single-
walled carbon nanotubes (SWCNTs) were also employed to 
combine with ZnO in ambipolar transistors due to their high 
mobilities (larger than 30 cm2 V−1 s−1) and a large on/off current 
ratio (>105).[404] As expected, ambipolar transistors based on 
ZTO(zinc tin oxide)/SWCNTs bilayer showed superior environ-
mental stability and high mobilities of 11.5 and 4.2 cm2 V−1 s−1  
for electrons and holes, respectively. The enhancement of hole 
transport presumably resulted from atmospheric adsorbate 
doping effects of SWCNTs. These results indicate that doping 
of metal oxides as well as appropriate combination and intro-
duction of organic blends play a critical role in the excellent 
electrical performance of organic–inorganic bilayer ambipolar 
transistors.

Amorphous indium–gallium–zinc oxides (a-IGZOs) are 
excellent n-type semiconductors with large mobility of more 
than 10 cm2 V−1 s−1 and have been widely applied in transis-
tors due to their high reliability and uniformity, large-area 
fabrication and mechanical flexibility.[405] Li et al. combined 
a-IGZOs with organic small molecule DNTT or C8-BTBT to 
fabricate ambipolar transistors.[397] The transistors based on 
a-IGZOs/DNTT exhibited excellent electrical performance with 
mobilities as large as 5.1 and 2.8 cm2 V−1 s−1 for electrons and 
holes, respectively. When a-IGZOs were in combination with 
C8-BTBT, balanced mobilities as high as 5.1 and 4.5 cm2 V−1 s−1  
for electrons and holes could be achieved, which originated 
from charge injection in the p–n heterojunction.

On the contrary to traditional n-type metal oxides and 
p-type organic semiconducting hybrid systems, p-type metal 
oxides and n-type organic semiconducting hybrid heterojunc-
tions were also investigated to realize ambipolar performance. 
Boratto et al. demonstrated ambipolar transistors based on 
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www.afm-journal.dewww.advancedsciencenews.com

1902105 (42 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

p-type antimony-doped tin dioxide (Sb:SnO2) and n-type 
phenyl-C61-butyric acid methyl ester heterojunction. However, 
both hole and electron mobilities were inferior.[406] In conclu-
sion, organic–inorganic bilayer ambipolar transistors can take 
full advantages of the outstanding electrical performance of 
each component in the p–n heterojunction. The well-balanced 
electron and hole mobilities can be successfully achieved by 
utilizing reasonable combination of n-type metal oxides and 
p-type organic semiconducting hybrid systems.

6. Functional Applications of Ambipolar 
Transistors

6.1. Ambipolar Memory Transistors

Transistor-type nonvolatile memories have received extensive 
attention on account of their nondestructive read-out, single 
transistor architecture and compatibility with complemen-
tary integrated circuits.[407–413] One common class is floating-
gate flash memory which consists of gate electrode, blocking 
dielectric (prevent charge transport between gate electrode 
and floating gate), floating gate (store charges), tunneling 
layer (determine program/erase speed and prevent leakage 
of trapped carriers), semiconducting active layer and source/
drain electrodes. By applying electrical bias with opposite 
voltage polarities to gate electrode, charge carriers can be 
stored into floating gate (program operation) or be released 
from floating gate into conducting channel (erase operation). 
During these processes, the electrical transfer curve of 
transistors will shift and the two different transfer curves 
(represent two various states: “0” state and “1” state) after 
program/erase operation can be utilized for storing binary 
data, which is the foundation of flash memories. One can also 
simply judge the polarities of the memory transistors on the 
basis of the shift directions of transfer curves in contrast to 
the initial state. Specifically, for ambipolar floating-gate flash 
memory, the transfer curve shifts to one side in regard to the 
initial state after program process and moves to the other 
side in comparison with the initial state after erase operation, 
which can be explained by the bipolar charge storing under 
reverse bias polarities (reverse vertical electrical fields). Obvi-
ously, ambipolar memories possess larger memory window 
due to the bidirectional threshold voltage shift and thereby 
easier realized multilevel data storage, which is urgently 
required for miniaturization of commercial memory devices 
to enhance memory capacity and density.

Compared to continuous planar floating gate, nanostruc-
tured materials (i.e., metal nanoparticles) are widely inves-
tigated due to manipulatable storage capability and storage 
sites. The metal nanofloating gate can be fabricated via thermal 
evaporation, self-assembly, microcontact printing, etc. Among 
them, gold (Au) nanoparticles are more commonly employed 
for charge storage elements by reason of favorable chemical 
stability and large work function. Ambipolar behavior can be 
achieved by modulating the interface between diverse layers. 
Han et al. fabricated bipolar nonvolatile transistor memories 
with Au nanoparticles as charge storage elements, tetratetracon-
tane as tunneling layer and pentacene as semiconducting layer, 

respectively.[414] It was found that the smooth interface between 
tunneling and semiconducting layer suppressed the capture of 
electrons and led to ambipolar performance with large memory 
window (18.1 eV) and good retention of 7.5 h. Besides, var-
ious ambipolar semiconducting materials are known to easily 
realize ambipolar charge storage due to their intrinsic coex-
isted holes and electrons.[415,416] Zhou et al. proposed a flexible 
multibit data storage flash memory which utilized solution-
processing ambipolar conjugated polymer poly(diketopyrrolo
pyrrolethiophenebenzothiadiazolethiophene) (PDPP-TBT) as 
semiconducting material to achieve ambipolar charge trapping 
in Au nanoparticles (Figure 24a).[417] By adjusting the polarity 
and amplitude of gate and source–drain biases, large memory 
window and five distinct storage levels (multibit data storage) 
were realized (Figure 24b), signifying its promising applica-
tions in memory fields. Very recently, Chen et al. demonstrated 
all-inorganic flash memories based on the structure of Si gate/
SiO2/Au nanoparticles/ PMMA/cesium lead halide quantum 
dot/Au source–drain electrodes via a solution-processable layer-
by-layer assembling approach.[418] The floating-gate memories 
exhibited large memory window of 2.4 V, good data retention 
of more than 105 s and stable endurance (≥200 cycles) under 
the application of relatively small operation voltage of ±5 V. 
Although the metallic floating gates have many advantages, 
it is difficult to synthesize metal nanoparticles with homog-
enous size and spatial contribution directly and require com-
plicated adjustment of fabrication parameters and large energy 
dissipation.

Another strategy to achieve ambipolar flash memories is 
introducing double floating gate (DFG) structures, which can 
prevent the leakage of the already trapped carriers due to the 
existed leakage barrier between two stacked floating gates 
induced by their band offset (improved retention capacity) and 
lead to better memory performance through ambipolar charge 
storage.[419] However, it is still challenging to form vertical nan-
oparticle pairs and smooth interface between floating gates and 
tunneling layer. Thus, appropriate work function alignment 
(generate potential barrier), precise spatial distribution and 
flatten interface are necessary for constructing effective DFG 
architectures. A novel low-voltage nonvolatile OFET memory 
based on single-crystal C60 needles/copper phthalocyanine 
(CuPc) nanoparticles DFG on glass substrates has been devel-
oped by Chang et al. (Figure 24c).[16] High-k hafnium oxide was 
utilized as dielectric layer to achieve low operation voltage and 
high on/off current ratio. For DFG, discrete C60 needles (about 
590 nm) were first deposited for storing holes via a droplet 
crystallization approach after which discontinuous CuPc nano-
particles (about 15 nm) were thermally evaporated for trapping 
electrons. These heterostructured floating gates were then cov-
ered by tunneling dielectric poly(4-vinylpheneol). In contrast to 
individual floating-gate flash memories (respect C60 or CuPc 
device), the DFG memories presented wider memory window 
(4.4 V), larger on/off current ratio (8.3 × 103), stable endur-
ance property (up to 500 cycles) and good retention capability 
(104 s), signifying the electrical reliability of the DFG memory 
(Figure 24d).

Apart from aforementioned floating-gate flash memory, 
another important type of transistor memories is charge-trap 
flash memory which exploits dielectric materials with electret 
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Figure 24. a) From left to right, from top to bottom: 3D schematic illustration of the ambipolar flash memory; molecular structure of organic mate-
rial PDPP-TBT; energy band alignments between PDPP-TBT and source–drain gold electrodes; SEM morphology of Au nanoparticle charge trapping 
layer; hole and electron trapping mechanisms of the flash memory revealed by energy band structures; optical graph of the aforementioned flexible 
flash memory. b) Representative transfer characteristics of five various data levels of the memory transistor (left: hole-enhancement regime; right: 
electron-enhancement regime). Reproduced with permission.[417] Copyright 2013, Nature Publishing Group. c) 3D OFET memory structure comprising 
CuPc/N-C60 DFG architecture and the optical microscopy and TEM morphologies of the DFG. d) Typical transfer curves of memory transistors based 
on CuPc/N-C60 DFG architecture. Reproduced with permission.[16] Copyright 2015, Wiley-VCH. e) Schematic diagram (left) and image (right) of arrays 
of flexible memory transistors. f) Representative transfer curves of the flexible OTFT nonvolatile memories under repetitive program and erase opera-
tions. g) Retention capability of the flexible transistors under flat state and transfer curves of the flash memories under the tensile bending radius of 
11.0 mm (left) and 5.8 mm (right), respectively. Reproduced with permission.[426] Copyright 2015, American Chemical Society.
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characteristics to capture the charge carriers of the semicon-
ducting channel.[420,421]

Alternatively, polymer electret is attractive for charge-
trap flash memory as a result of facile and low-cost solution-
processing uniform charge storage layer via spin-coating 
approach and tunable bandgap (controllable energy barrier of 
charge injection between charge storage layer and semicon-
ducting active layer).[422–425] Since the surface or interface of the 
poly mer layer plays a significant role in capturing and releasing 
charge carriers, suitable orthogonal solvents of the polymer 
solution, appropriate film thickness, smooth layer morphology 
and interfaces between layers are highly demanded for high-
performance flash memories. Wang et al. designed bottom-
contact top-gated flexible transistor memories comprising four 
functional layers based on conjugated polymers onto bend-
able poly(ether sulfone) (PES) substrate via a successive spin-
coating method (Figure 24e).[426] Poly(vinyl alcohol) (PVA) was 
utilized as charge storage elements and sandwiched between 
the interface of PMMA blocking layer and polystyrene (PS) 
tunneling dielectric. Air-stable P(NDI2OD-T2) was employed 
as semiconducting channel due to its high dissolvability, large 
charge mobilities and bipolar charge movement induced by 
coexisted donor and acceptor moieties. The authors discovered 
that both the selection of blocking polymers and the thickness 
of blocking and tunneling layers had an impact upon the elec-
trical reliability of memories. By optimizing these parameters, 
the flash memory displayed large memory window (15.4 V) 
and high on/off current ratio (2 × 104) as well as excellent data 
retention capability (108 s), which exhibited no obvious degra-
dation after repetitive bending operations (1000 times; bending 
radius of 5.8 mm) (Figure 24f,g).

Graphene oxide (GO) is a product of oxidation of gra-
phene and possesses abundant surface functional groups 
such as carbonyl, epoxy and hydroxylic groups, hence plen-
tiful charge storage sites as well as high catalytic activity.[427] 
Reduced graphene oxide (rGO) is reduced on the basis of 
GO and thereby loses the oxidized functional moieties. The 
transparent GO and rGO have been employed for realizing 
charge-trap flash memories. Han et al. put forward a novel 
strategy to exploit alkylsilane self-assembled monolayer 
to functionalize charge-capturing rGO sheets through a 
facile solution-processing approach and achieved successful 
modulation of the Fermi level of rGO within large scope  
(4.3–5.7 V), which was more advantageous compared 
to chemical-doped rGO.[428] Electron-deficient (tride-
cafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (FTS) and 
electron-rich aminopropyl triethoxysilane (APTES) were 
chosen to dope rGO sheets into p- and n-type charge-trap-
ping layers and further induce various injection barriers 
between rGO layers and HOMO/LUMO levels of the semi-
conducting layer, which finally resulted in ambipolar or 
unipolar charge trapping performance. Besides, the tun-
able work functions of rGO layers could realize controllable 
threshold voltage shifts of the flash memories. By combining 
the functionalized rGO-based ambipolar memory and flex-
ible plastic polymer substrate, the device exhibited stable and 
reliable low-voltage operation under multiple bending cycles, 
demonstrating the promising applications of flexible trans-
parent electronics on the basis of SAM-doped rGO.

In addition to the above-mentioned bipolar flash memories 
programmed/erased by electrical stress, light irradiation has also 
presented to induce the threshold voltage shift of the transfer 
curve. Photo-operated ambipolar memories can be achieved on 
account of generation and separation of light-triggered excitons 
and subsequently augmenting trappable charge carriers. Besides, 
it is apparent that the large electrical power consumption can 
be significantly decreased by introducing optical stimulation. 
Recently, Yi et al. demonstrated the transition from unipolar 
memory to ambipolar memory via exerting white light illumi-
nation onto the semiconducting layers (pentacene/poly(N-vinyl-
carbazole) (PVK)) of organic transistors.[429] It was found that 
both electrical bias and light irradiation were capable of realizing 
individual program/erase process for storing data. The light-
illuminated ambipolar flash memories displayed stable electrical 
properties with good retention ability and large on/off current 
ratio, particularly, extremely large doubled memory window 
(≈70 V) compared to unipolar devices. Despite the effectiveness 
of light illumination for ambipolar memories, few studies are 
carried out and more investigations of this field are expected.

6.2. Ambipolar Synaptic Transistors

Human brain is a plastic and fault-tolerant complex computa-
tional system where approximately 1011 chemical neurons inter-
lace with each other and develop into interwoven connected 
neural networks. Among them, 1014 neurological synapses 
are functional links and key elements for signal transmission 
in which the impulse of one neuron (presynaptic membrane) 
passes (synaptic cleft) to another neuron or to another cell 
(postsynaptic membrane). During this process, the biochemical 
information is processed, transmitted and stored at the same 
time via modulating the linkage strengths between various 
neurons (achieved by tuning the amounts of neurotransmitters 
and metal cations such as Ca2+ and K+). This biological synaptic 
plasticity is believed to settle the bottleneck of conventional von 
Neumann structure of computers and connect computational 
and memory units together.[430,431]

On this score, it is essential to investigate novel nanoscale 
plastic synaptic devices for efficient chemical synaptic emula-
tion and further their integration circuits for neuromorphic 
computing. Mead first proposed the concept of neuromorphic 
engineering in 1990 and utilized silicon-based electronic cir-
cuits to simulate the neural networks.[430] Thereafter, various 
mimicry technologies employing basic electronic elements for 
instance CMOS circuits,[432] two-terminal memristors,[433,434] 
resistive-switching,[435] phase-change and ferroelectric memo-
ries,[436] and three-terminal transistors[437] have been imple-
mented as functional building blocks to emulate diverse types 
of neuroplasticity (e.g., paired-pulse facilitation/depression 
(PPF/PPD), spike rate–dependent plasticity (SRDP), and spike 
time–dependent plasticity (STDP)).[438–443] However, several 
limitations and drawbacks still remain, for example, CMOS cir-
cuits for synaptic simulation require large integration area and 
power consumption while two-terminal devices still suffer from 
nonlinearity, large operation voltage as well as the limited con-
ductance modulation range. Meanwhile, signal transmission 
and learning is hard to process concurrently.
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Three-terminal transistors such as floating-gate memory 
transistors, ionic/electronic hybrid transistors[444] and organic 
transistors (CNT-based transistors)[445] are capable of achieving 
simultaneous signal transmission and learning operations. 
These two perpendicular channel-based devices can exhibit 
linear conductance tuning more easily by modulating the gate 
bias and hence the charge carriers within the semiconducting 
channel based on charge transport and trapping mechanism. 
Specifically, for ambipolar floating-gate transistors, the effec-
tive injected charge carriers including holes and electrons can 
induce larger conductance change margin and thereby wider 
controllable synaptic plasticity compared to unipolar transis-
tors. Besides, injected carriers with opposite polarity are able to 
neutralize previously captured charges and hence reduce opera-
tion bias and energy dissipation. Moreover, ambipolar transis-
tors which possess achievable separated p- and n-channels have 
the ability to be reconfigured between excitatory and inhibitory 
modes and hence realize the opposite responses under iden-
tical pulse spike, which finally can be utilized to implement 
dynamic tunable synaptic plasticity and emulate various body 
perceptions under diverse ambient atmosphere.[446–448] How-
ever, ambipolar transistors with these advantages are rarely 
reported for neuromorphic computing.

In ambipolar synaptic transistors, external action poten-
tial (consecutive pulse trains) is exerted onto the vertical gate 
channel (similar to the stimuli applied onto presynaptic neuron) 
and postsynaptic current (PSC) is extracted from lateral semi-
conducting channel between source and drain electrodes (anal-
ogous to the potentiation/depression effects of postsynaptic 
neuron).[447,449] Recently, Tian et al. exploited ambipolar transis-
tors based on the crystal anisotropy of black phosphorus semi-
conductors to simulate heterogeneous functionality of chemical 
synapses (Figure 25a).[17] BP channel and its autogenously oxi-
dized compounds (POx) dominated the charge transfer and 
trapping process and then resulted in synaptic behaviors under 
different gate pulses. By setting appropriate gate spike param-
eters, long-term potentiation/depression (LTP/LTD) as well as 
STDP were realized along various orientations of BP crystals 
(Figure 25b). In addition, the authors also demonstrated elec-
tronic axon-multisynapses network containing four synapses by 
depositing eight source/drain electrodes (separated by 45°) onto 
anisotropic BP channel (Figure 25c). These synapses exhibited 
diverse synaptic weights due to different electrical properties 
under different crystalline orientations of BP film, signifying 
the heterogeneity of connection strengths in nervous system 
(Figure 25d). BP-based synaptic transistors possess the poten-
tial for achieving complicated biological heterogeneity in neuro-
morphic computing.

Very recently, Ren et al. fabricated flexible organic ambipolar 
trapping transistors composed of bendable polyethylene tereptha-
late (PET) substrate, Ag gate electrode, Al2O3 blocking layer, C60/
PMMA hybrid layer (C60 functions as floating gate while PMMA 
acts as tunneling dielectric), pentacene semiconductor as well 
as Au source–drain electrodes via a simple solution-processed 
strategy and developed their promising application for simu-
lating chemical synapses (Figure 25e).[450] Controllable morphol-
ogies and charge trapping polarities could be easily achieved by 
tuning the blending ratios between C60 and PMMA and stable 
electrical performance with excellent retention and endurance 

capability was observed at a 0.15 wt% doping concentration of 
C60, even after more than 500 repetitive bending events. By com-
paring dynamic charge transport in transistors and neurotrans-
mitter transfer within synapses, diverse functionalities (excitatory 
postsynaptic current (EPSC), PPF/PPD, LTP/STP, and multiple 
learning events) of chemical synapses were mimicked, laying the 
foundation for subsequent artificial synaptic emulation utilizing 
organic electronics (Figure 25f).

With the extensive research and many advantages of ambi-
polar transistors, more and more neuromorphic engineering 
on the basis of them will emerge soon.

6.3. Ambipolar Transistor for Logic Electronics

CMOS inverters are basic units in complementary circuits 
and composed of p- and n-type transistors with symmetric 
threshold voltages as well as analogous response speed.[451–454] 
In the course of work, the two pairs of gate and drain electrodes 
of p- and n-type transistors are linked together and function as 
input and output terminals. N-type transistor works as drive 
transistor with its source electrode grounded while p-type tran-
sistor acts as load transistor in which electrical power is sup-
plied to its source. Under constant power supply to source, 
either p- or n-type transistor can be turned on depending on the 
input bias and the output signal is contrary to the input voltage; 
apparently, NOT logic is implemented in CMOS inverters. 
Besides, minimized current values (equal to leakage current) 
are achieved inside inverter devices and only exist during short 
switching operation, which finally gives rise to reduced energy 
dissipation of integrated circuits in comparison with other 
single transistor–based inverters.

One traditional approach to manufacture complementary 
inverters is to utilize two various semiconducting materials 
for p- and n-type transistors. However, complicated fabrica-
tion procedures such as deposition, pattering and optimization 
(modulate interfaces between layers) of the semiconductors 
and low integration density remain a big challenge. Thus, 
another method employing ambipolar transistors (single semi-
conductor) for fabricating complementary inverters is more 
promising. One can operate them in either p- or n-type uni-
polar mode and hence the processing complexity and cost can 
be significantly decreased.

In 2003, Meijer et al. first put forward inverter devices on the 
basis of ambipolar transistors exploiting polymeric blending 
semiconducting materials ([6,6]-phenyl-C61-butyric acid 
methyl ester and poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)]-p-
phenylene vinylene (OC1C10-PPV)).[21] The inverters exhibited 
gain of 10 due to the relatively small hole and electron mobili-
ties. After that, CMOS inverters on the basis of ambipolar 
transistors have been widely studied. Zhou et al. demonstrated 
inverters based on ambipolar transistors which utilized solu-
tion-processable layer-by-layer PDPP-TBT/GO hybrids as semi-
conductor (Figure 26a).[455] The inverters displayed high signal 
gain as well as sharp switching performance. Nonetheless, how 
to realize balanced high charge mobilities and low off-currents 
under unipolar mode is still challenging.

To fabricate high-performance CMOS inverters on the basis 
of ambipolar transistors, the following electrical properties are 
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required: i) efficient charge carrier injection and well-balanced 
large mobilities of holes and electrons. Unbalanced charge 
injection and carrier mobilities can make the switching bias 
of ambipolar transistors away from their desired value of half 
of the drain voltage (0.5VDD) and result in unnormal Z-shaped 
electrical properties of CMOS inverters with reduced noise 

immunity, lowered DC gain and increased static energy dissi-
pation;[10,34] ii) symmetric electron and hole turn-on voltages. 
Balanced threshold bias under individual p- and n-channel 
can induce relatively small operation voltage and hence low 
power consumption;[456,457] iii) relatively small off current and 
hence large on/off ratio under unipolar mode. Due to the 

Figure 25. a) Schematic configuration of the synaptic transistors based on BP and representative transfer curves indicating hysteresis along the perpen-
dicular x-direction and y-direction of BP (charge mobility in x-direction is much larger than that in the y-direction; the inset shows the AFM graph of the 
BP-based transistors which were built along two orthogonal directions). b) Anisotropic STDP properties implemented in the x- (left) and y-directions 
(right) of the synaptic transistors, respectively. c) Schematic diagram (left) and optical image (middle) of the synaptic network based on BP as well as 
illustration of a biosynaptic network (right). d) Measurement schematic of the synaptic transistors. Reproduced with permission.[17] Copyright 2016, 
Wiley-VCH. e) Device structure of bottom-gate top-contact flexible FET and analogy of chemical synapse and three-terminal flexible synaptic FET.  
f) EPSC measured under a variety of negative gate pulses with diverse potentiating biases; successful implementation of biological repetitive learning, 
forgetting and relearning functions through the conductance modulation of the flexible synaptic FET. Reproduced with permission.[450] Copyright 2018, 
Wiley-VCH.



www.afm-journal.dewww.advancedsciencenews.com

1902105 (47 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 29, 1902105

inherent ambipolar characteristics of semiconducting materials 
(electrical current induced by holes augments before the cur-
rent generated by electrons all passes away), the vast majority 

of ambipolar transistors are incapable of being completely 
switched off (without well-defined off-state), which finally 
gives rise to superabundant leakage and energy consumption, 

Figure 26. a) Schematic diagram (left), voltage transfer characteristic (middle) and signal gain (right) of CMOS inverters on the basis of PDPP-TBT/
GO hybrids. Reproduced with permission.[455] Copyright 2015, Nature Publishing Group. b) Schematic illustration of manufacturing flow of the CMOS 
inverters via inkjet-printing approach. c) Representative transfer curves of OFETs on the basis of CsF doped PCBM under various number of droplets; 
inverter structure based on p- and n-doped TFTs; voltage transfer curves (left) as well as matching signal gains (right) of different types of inverters 
(orange solid line, blue solid line and black dashed line represent CMOS inverters with two same FETs based on PCBM and two various transistors on 
the basis of p- and n-doped PCBM and ideal electrical characteristic curves of inverters with constant VDD of −60 V). Reproduced with permission.[461] 
Copyright 2014, Wiley-VCH. d) Schematic of top-split-gate ambipolar OTFT; voltage transfer curve (left), DC gain (top) as well as IDD (bottom) of CMOS 
inverters on the basis of top-split-gate ambipolar TFTs. Reproduced with permission.[464] Copyright 2018, Wiley-VCH.
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reduced gain values as well as decreased noise immunity.[456,458] 
Therefore, ambipolar transistors with complete voltage 
switching and thereby large on/off ratio are crucial and urgently 
required for high-performance CMOS inverters.

In the past few years, to design inverters with low energy 
dissipation, high gain and noise immunity, researchers have 
proposed a series of strategies to selectively transport unipolar 
charges. For example, modification of blocking dielectric and 
carrier injection electrode contacts via importing or excluding 
charge traps between the interface of semiconducting and 
blocking layers, intercalating carrier injection layers as well as 
utilizing SAMs (adjust the Fermi level of the contact electrodes) 
both can induce desired transporting polarity.[459,460] Besides, 
chemical doping is also valid for modulating charge injection, 
charge mobilities and hence polarities of transistors. Khim 
et al. demonstrated controllable unipolarization of ambipolar 
transistors based on PCBM via blending or inkjet printing of 
tetrafluoro-tetracyanoquinodimethane (p-type F4-TCNQ) or 
cesium fluoride (n-type CsF) dopants onto the semiconducting 
layer (Figure 26b).[461] It was found that the excess charges 
(electrons or holes lying with the types of dopants) within 
semiconducting channel induced by introduced dopants could 
occupy the deep charge traps. Therefore, the shift of Fermi level 
can be induced for respective reduced energy barrier to achieve 
simpler carrier injection. Besides, the unipolar transistors after 
chemical doping displayed better stability in contrast to original 
ambipolar ones in identical gate voltage stress and air atmos-
phere probably on account of the movement of Fermi level 
toward HOMO/LUMO levels. As a consequence of accurate 
controllable mobilities and threshold voltages of charge car-
riers, the inkjet printing inverters presented DC gain of ≈14 and  
relatively large noise margin (67% of 1/2VDD) (Figure 26c). 
However, these methods inevitably increase several fabrication 
steps and the processing complication.

Another viable means to tune ambipolar transistors into uni-
polar devices is using multiple gates (e.g., split-gate and tri-gate 
structures) to control the charge transport electrostatically and 
directly.[457,462] This method can regulate the polarity of transis-
tors after manufacture and is reversible after withdrawing the 
gate bias. But the interval between adjacent gates can reduce 
the drain current significantly and so the gaps should be elab-
oratively designed (as small as possible). Torricelli et al. fab-
ricated tri-gate transistors on the basis of spin-coating DPP 
polymeric semiconducting layer, which showed high gain 
(80) and noise margin (6 V), large on/off current ratio (≥105) 
as well as low static power (30 pW) when operated at unipolar 
regime.[463] It was also found that the noise margin augmented 
by 2 V when eliminating the spaces between neighboring gates. 
Utilizing attached metal films for gate electrodes can exclude 
these gaps but unavoidably improve fabrication cost. In addi-
tion, split-gate transistors employing inorganic oxide blocking 
dielectrics suffer from apparent gate bias stress owing to the 
existed hydroxyl traps of the oxides. Very recently, Yoo et al. 
developed top-gate bottom-contact split organic transistors 
incorporating Parylene-C blocking layer and Cytop hydrophobic 
layer and demonstrated hysteresis-free electrical characteristics 
(Figure 26d).[464] Besides, these devices displayed increased gain 
(about 26 V V−1), larger hole (0.46 cm2 V−1 s−1) and electron 
(0.1 cm2 V−1 s−1) mobilities due to declined trapped carriers at 

the interface and improved output swing (99%) in the comple-
mentary inverter. However, the difficulty to obtain balanced car-
rier mobilities is still a flaw of multigate based inverters.

Except for the above mentioned complementary inverters 
utilizing the identical semiconducting material for p- and 
n-type performance, Huang et al. reported novel in-plane per-
pendicular aligned ambipolar semiconducting layer (“shish-
kebab” structure) consisting of electron-deficient P3HT and 
electron-rich N,N′-di-n-octyl-3,4,9,10-perylenetetracarboxylic 
diimide (PDI) via a facile capillary-assisted drop-casting strategy 
(Figure 27a).[465] Mutually orthogonal P3HT fibers and PDI 
nanowires could induce separated and independent hole and 
electron transport along perpendicular directions. Besides, the 
electrical characteristics of p- and n-type semiconducting mate-
rials such as mobility and threshold voltage could be simply 
adjusted through modulating the blending concentrations of 
each material. Furthermore, because of detached respective p- 
and n-channels and easily tunable well-balanced electron/hole 
mobilities, CMOS inverters (Figure 27b) based on this ambi-
polar transistor displayed large noise margin (80% of 1/2VDD) 
(Figure 27c) meanwhile fabricated “NAND” and “NOR” gates 
presented small steady-state current (in the order of nA) and 
low static energy dissipation (Figure 27d). Compared to previ-
ously stated ambipolar transistors which suffer from balanced 
charge mobilities and low off-currents, this simple and effec-
tive method with separated transport channels provides a new 
prospective for manufacturing CMOS inverters on the basis of 
orthogonal ambipolar semiconductors.

In addition to aforementioned inverters based on organic 
materials, 2D materials have also been utilized to build 
inverters on account of their outstanding optoelectronic char-
acteristics (especially large on/off ratio) and the rapid develop-
ment of 2D ambipolar transistors.[466,467] In the last few years, 
several strategies such as engineering of work function of metal 
electrodes, electrostatic and chemical doping and ionic liquid 
gating technique have been exploited to realize efficient ambi-
polar charge transport in 2D transistors and hence high-perfor-
mance logic inverters.[286,287,467,468] Next we review the recent 
progress regarding the utilization of ambipolar 2D materials 
for manufacturing CMOS inverters (homoinverters) and many 
other circuits based on various 2D material systems.

With respect to molybdenum dichalcogenides, MoS2 is best 
known and hence attracts widespread concern.[469–472] Sing-
layer MoS2 possesses a direct energy gap of 1.8 eV while bulk 
(2H) MoS2 with hexagonal architecture displays relatively small 
energy gap of ≈1.2 eV.[473,474] MoS2 always exhibits n-type car-
rier conduction behavior, which remains unchanged by modu-
lating the gate bias or using metal electrodes with large work 
function due to its wide energy gap and intense Fermi level pin-
ning.[473–476] MoOx,[477] ion gel gating,[302] chemical doping,[478] 
as well as surface plasma[479] both can be utilized for achieving 
hole transport in MoS2 transistors. In 2011, Radisavljevic et al. 
reported the first inverter on the basis of single-layer MoS2, 
which showed large voltage gain of more than 4.[480] Later, in 
2012, Wang et al. demonstrated several integrated circuits 
(e.g., NAND gate and five-stage ring oscillator) on the basis of 
bilayer MoS2 FETs and the fabricated inverter presented high 
gain value of ≈5.[481] Recently, Wachter et al. fabricated high-
performance CMOS inverters on the basis of planar MoS2 via 
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Figure 27. a) Schematic configuration of aligned P3HT (hole transport)/PDI (electron transport) “shish-kebab” structure. b) Schematic of CMOS 
inverters on the basis of “shish-kebab” perpendicular ambipolar semiconducting layer. c) Voltage transfer characteristic (left) and gain (right) of the 
aforementioned inverter. d) Schematic illustration of the cross-sectional image of circuit structure, aligned P3HT/PDI orthogonal films as well as 
the circuit layout of “NOR” and “NAND” circuits; voltage transfer characteristics of the above mentioned two circuits (“NAND”: left; “NOR”: right). 
Reproduced with permission.[465] Copyright 2016, American Chemical Society.
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CVD.[482] The MoS2 FET presented extremely large on/off ratio 
(about 108) and homogeneous performance within a small 
region of ≈50 mm2 in the whole wafer. The inverter exhibited 
extremely high voltage gain of 60 at VDD = 5 V. Apart from 
MoS2, MoTe2 has also been extensively investigated to achieve 
ambipolar carrier conduction as well as high-performance 
inverter devices.[312,316,483–486] Lim et al. exploited atomic-layer-
deposition-generated H-doping to achieve electron-dominated 
α-MoTe2 flake with electron mobility of 18 cm2 V−1 s−1, which 
finally gave rise to stable CMOS inverters with large gain 
value (29) and small static power dissipation on the order of 
nanowatts.[487] Very recently, by combining MoTe2 with BN and 
forming a heterostructure between them, Liu et al. proposed a 
photodoping method to accurately adjust the electron conduc-
tion characteristics (concentration and mobility of electrons) of 
MoTe2 FET via tuning the amplitude of the applied photodoping 
gate.[488] It was found that the induced photodoping effect was 
repeatable and nonvolatile and could be maintained for more 

than 14 days without ambient stimulation. Photoresist-free 
homoinverters of MoTe2 were also fabricated by regulating the 
photodoping area on semiconducting channel and the built 
inverters basically had no interfacial residues (tidy interface), 
which finally resulted in tremendous DC voltage gain as large 
as 98 at VDD = 3 V (Figure 28a–c).

In regard to tungsten dichalcogenides, WSe2 is the most 
proverbially studied material for building CMOS inverters by 
reasons of its inherent ambipolar characteristic, wide energy 
gap of 1–2 eV and ultrathin thickness of <1 nm.[311,489] Besides, 
FETs based on WSe2 display large charge carrier mobilities of 
more than 100 cm2 V−1 s−1, on/off ratio of exceeding 106 and 
relatively small subthreshold swing of 60 mV decade−1 due to 
the ultrathin semiconducting channel and hence better elec-
trostatic modulation,[286,293,490] which provides lots of advan-
tages to fabricate low-power logic inverters with extremely 
low off-state voltage and large gain value.[491–494] Recently, Pu 
et al. demonstrated high-performance CMOS inverters on the 

Figure 28. a) Schematic diagram of the logic inverter on the basis of MoTe2 realized via modulating the photodoping region. Graphene, BN, and MoTe2 
function as gate electrode, blocking dielectric and semiconducting channel, respectively. The left semiconducting layer is irradiated to induce n-type 
MoTe2 FET whereas the right layer is not exposed to laser beam and generates a p-type MoTe2 FET. b) The typical output curve of the aforementioned 
inverter under various VDD values (1, 2, and 3 V). c) The obtained voltage gain values of the MoTe2 inverter under different input biases. It is found that 
the maximum gain value increases from 18, 42, to 98 when VDD augments from 1, 2 to 3 V. Reproduced with permission.[488] Copyright 2018, Wiley-
VCH. d) Schematic illustration of the electric double layer transistor based on monolayer WSe2 and ion gel dielectric. e) Voltage transfer properties 
of the aforementioned inverter under diverse VDD values (2.4 and 2.8 V). The inset displays the circuit schematic of the WSe2 inverter which contains 
two series-wound electric double layer transistors on the basis of WSe2. f) The obtained gain values of the inverter at various Vin values. The highest 
voltage gain value is 80 at VDD = 2.8 V. Reproduced with permission.[495] Copyright 2016, Wiley-VCH. g) Schematic diagram of the fabricated BP CMOS 
inverter which consists of a Cu-doped n-type transistor and an unprocessed p-type transistor. h) Optical image of the aforementioned BP inverter (scale 
bar: 5 µm). i) Output voltages, gain values and device currents at different input voltages and constant VDD of 2 V. Reproduced with permission.[502] 
Copyright 2016, American Chemical Society.
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basis of CVD-grown WSe2 monolayers and ion gel dielectric 
(Figure 28d).[495] The inverters presented maximum voltage 
gain as large as 80 at VDD = 2.8 V because of the large on/off 
ratio and charge mobilities of WSe2 transistors (Figure 28e,f).

Black phosphorus is another commonly used 2D crystal 
for efficient CMOS inverters as a result of its superior elec-
trical properties such as extremely large hole mobility of 
1000 cm2 V−1 s−1 and good on/off current ratio of 105.[332,496–501]  
Recently, Koenig et al. investigated the influence of Cu 
adatoms on BP and found that the introduced Cu adatoms 
could make BP exhibit n-type carrier conduction (electron 
mobility: 2140 cm2 V−1 s−1 under relatively low temperature) 
without lowering original charge transport characteristics.[502] 
By exploiting BN, graphite and unitary BP crystal as blocking 
dielectric, gate electrode and semiconducting channel, their 
fabricated logic inverters showed remarkably large gain value 
of 46 thanks to the high mobilities of BP FETs (Figure 28g–i). 
With the rapid development and concentrated research of 
2D materials, 2D CMOS inverters with higher voltage gain, 
larger noise immunity and lower power consumption are 
expected.

6.4. Ambipolar Light-Emitting Transistors

Ambipolar light-emitting transistors (LETs) represent multi-
functional architectures which integrate switching characteristic 
(property of transistors) and light emission capacity (nature of 
LEDs) into a unitary device.[117,503–509] In ambipolar LETs, elec-
trons and holes can be injected from source–drain electrodes to 
gate-tunable semiconducting channel and then recombine with 
each other to emit light with specific wavelength.[510–512] On the 
grounds of recombination theory, each ambipolar transistor 
is capable of functioning as LET but their luminous intensity 
will differ from each other and mainly rest with the electronic 
properties of the semiconductors (e.g., ampere density and 
quantum efficiency). LET geometry is superior to conventional 
LED architecture in many respects such as larger conductivity 
of semiconducting channel, well-balanced electrons and holes 
and controllable location of emission zone via modulating gate 
bias, larger external quantum efficiency (EQE) and significantly 
reduced loss of excitons, etc. After the first LET based on poly-
crystalline tetracene semiconducting layer was proposed by 
Hepp et al. in 2003,[513] ambipolar devices have been extensively 
investigated.

Researchers have discovered that larger EQE stability of 
ambipolar LETs based on organic semiconducting materials 
could be obtained when operated under larger ampere density 
compared to that of OLEDs. The first bottom-contact top-gate 
ambipolar LETs utilizing polymers were reported by Zaumseil 
et al. and the devices exhibited extremely large ampere den-
sity[514] (50 A cm−2; similar to ambipolar LETs based on rubrene 
single crystal[515]). EQE of the ambipolar LETs remains stable 
even under large ampere density up to 4 kA cm−2,[515] which 
outbalances the detrimental roll-off phenomena of OLEDs 
under small ampere density (about 1 A cm−2).[516] Later, by 
decreasing the influence of electron traps, LETs based on 
5,5″-bis(biphenylyl)-2,2′:5′,2″-terthiophene (BP3T) single crys-
tals displayed remarkably large current densities (12.3 kA cm−2),  

which extended the performance restrictions of ambipolar LETs 
on the basis of single crystals.[517]

Most ambipolar LETs are comprised of single semi-
conducting active layer which is in charge of both charge 
transport and light emission functionalities whereas OLEDs 
usually utilize three separated individual layers (electron 
transport layer, hole transport layer and emissive layer) to 
achieve these functions. Thus, it is difficult to contrast the 
performance of ambipolar LETs and OLEDs directly. Recently, 
Capelli et al. designed ambipolar LETs on the basis of hetero-
structured trilayer-based semiconductor and compared them 
with their counterparts (OLEDs with identical trilayer architec-
ture) (Figure 29a,b).[518] It was found that ambipolar LETs dis-
played much higher EQE (5%) than OLEDs (2.2%) on account 
of inhibited exciton quenching and minimized loss of pho-
tons. In addition, Gwinner et al. reported ambipolar LETs pos-
sessing larger EQE of more than 8% and higher luminance 
efficiency exceeding 28 cd A−1 via tuning light outcoupling 
of transistors utilizing polymeric semiconducting poly(9,9-
dioctylfluorenealt-benzothiadiazole) (F8BT) (Figure 29c,d).[519] 
Furthermore, photonic crystals are also utilized in ambipolar 
LETs to improve their optoelectronic performance.[504,507] 
Natali et al. fabricated transparent ambipolar LETs which 
exploited multilayer high-capacitance photonic crystal (ZrO2/
Al2O3) as blocking dielectric.[507] By modulating the energy gap 
of the aforementioned photonic crystal, the emitted power as 
well as the brightness of the fabricated LETs are an order of 
magnitude larger than original LETs on the basis of polymeric 
dielectric. With these merits and gradually tackled technical 
difficulties (e.g., utilization of phosphorescence matters[520]), 
ambipolar LETs are extremely alternative for practical display 
and lighting applications.

Ambipolar LETs are also exploited extensively for achieving 
electrically driven organic lasers since the maximum ampere 
density (1–10 A cm−2) of OLEDs is too small to electrically 
pump lasers (>10 kA cm−2).[521,522] Organic lasers are pros-
pected to possess plentiful advantages in comparison with 
conventional optically pumped lasers: i) larger laser efficiency 
due to dramatically reduced laser threshold power for organic 
semiconducting materials; ii) emitted laser beam with expan-
sive optical wavelength scope; iii) possibility to integrate light-
emitting device into several various platforms.

In spite of reduced required laser threshold for organic 
lasers, the relatively low ampere density induce by inherent 
small charge mobilities of organic semiconducting materials 
is difficult for realizing population inversion. Besides, the tran-
sistor architectures may lead in other probable loss routes of 
excitons and thereby augment laser threshold power. Sawabe 
et al. demonstrated unprecedently large ampere density up to 
33 kA cm−2 based on single-crystal ambipolar LETs utilizing 
BP3T semiconductor.[107,117] However, the lasing threshold was 
increased (1 kA cm−2) owing to declined exciton quenching. 
One valid strategy to reduce exciton density and hence lasing 
threshold is to integrate ambipolar LETs with several optical 
architectures for instance Fabry–Pérot cavity,[112] distributed 
feedback (DFB) resonator[523] and microcavity[524] .

However, utilizing ambipolar LETs for lasing still exist 
many challenges and require further investigation. In terms 
of materials, scientists hunt for novel semiconductors with 
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both large luminescence efficiency and good ambipolar charge 
transport properties[525,526] and novel materials with large sin-
glet excitons density (meanwhile minimized routes to produce 

triplet excitons)[527] and exploit molecules eliminating triplet 
excitons.[528,529] Another perspective is the optimization of 
transistor architecture and operation, which can improve the 

Figure 29. a) Schematic illustration of the ambipolar OLET and molecular structures of the organic materials utilized in the active layers. b) Optical 
image of the aforementioned trilayer OLET (channel length: 150 µm; channel width: 20 cm). Reproduced with permission.[518] Copyright 2010, Nature 
Publishing Group. c) Schematic diagram of light-emitting FET based on F8BT (insets describe the mounted sample (top) and the chemical structure 
of F8BT (bottom)). d) Representative transfer curve and EQE of light-emitting FET (the thickness of PMMA is 460 nm); tested and simulated EQEs of 
light-emitting FETs with various thicknesses of PMMA. Reproduced with permission.[519] Copyright 2012, Wiley-VCH.



www.afm-journal.dewww.advancedsciencenews.com

1902105 (53 of 65) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 29, 1902105

ampere density and enhance the creation of singlet excitons. 
Lots of efforts have been made in current crowding,[117] adjust-
ment of recombination size,[530] operation at alternating current 
mode,[531] influence via magnetic field,[532] etc.

The planar architecture of ambipolar LETs is beneficial for 
investigating the recombination operation within semicon-
ducting channel through researching the shape and width of 
the recombination zone.[113,530,533] Since recombination zone 
locates at the interface between p- and n-type accumulation 
regions, charge injection efficiency of the ambipolar LETs 
can be further studied from this zone (e.g., measurement of 
second harmonic generation emission[534]). In addition, ambi-
polar LETs functioning as probes are implanted to monitor the 
emission zone transfer process to observe the semiconductor 
morphology as well as the existed charge traps, signifying their 
further applications for learning the charge transport character-
istics of semiconducting channel.[535,536]

Ambipolar LETs based on 2D materials (especially transition-
metal dichalcogenides) have also attracted widespread attention 
due to their unique optoelectronic characteristics.[537] Mono-
layer TMDs possess direct energy gap with adjustable light-
emitting characteristics and generate light emission depending 
on closely combined excitons on account of improved Coulomb 
interactions.[311,538,539] To fabricate high-performance ambipolar 
2D LETs based on monolayer TMDs, high-k (high capacitance) 
blocking dielectrics, for instance HfO2, are always utilized by 
reasons of their unique advantages such as effective charge den-
sity regulation and extensive band filling.[286,293,490,540] In this 
respect, electric double layer transistor architecture in which 
electrolytes (e.g., ionic liquid) serve as blocking dielectrics is 
more commonly used for ambipolar 2D LETs due to its large 
capacitance (≈10 µF cm−2), enhanced electric field and thereby 
increased charge density accumulation within semiconducting 
channel.[541–543] These superior characteristics result in better 
ambipolar carrier conduction behaviors (e.g., small operation 
bias of less than 4 V and large charge mobility of more than 
100 cm2 V−1 s−1) of TMDs and BP.[302,323,336,492,495,544]

The operation mechanism of electric double layer transistor 
is displayed in Figure 18c (take MoS2-based electric double 
layer transistor as an example).[300] When VGS is far greater 
than VDS, only a sort of charge is gathered within the semicon-
ducting channel (top image of Figure 18c). For comparison, 
when VGS is far less than VDS, the influence of gate bias on the 
region near the drain electrode is diminished and hence both 
two types of charge carriers are accumulated within the semi-
conducting channel (bottom image of Figure 18c). Based on 
these operating principles, different ambipolar 2D LETs have 
been fabricated and their electroluminescence spectra have also  
been investigated.[305,321,545–548] Figure 30a,b exhibits visible 
electroluminescence picture of electric double layer transistor 
on the basis of monolayer WS2 and its electroluminescence 
spectrum.[321] Despite the indistinct electroluminescence 
image, the photoluminescence spectrum is in good agreement 
with the electroluminescence spectrum, which demonstrates 
the direct-gap exciton electroluminescence of WS2. In addition, 
recently, bulk ReS2 with indirect bandgap property also pre-
sents electroluminescence due to the high capacitance (large 
charge and current density and hence enhanced charge recom-
bination in ReS2 semiconductor) of ReS2-based electric double 

layer transistor,[544] which signifies that combining electrolyte 
blocking dielectrics with TMDs is extremely effective to achieve 
electroluminescence within 2D semiconducting materials.

2D monolayer TMDs also possess special electronic archi-
tectures because of the spatial-inversion asymmetry as well 
as intense spin-orbit interactions.[549–551] Due to the fact that 
the electronic states of hole and electron valleys in monolayer 
TMDs possess various chiralities owing to the absent inversion 
symmetry, interband transitions at K′ and K points are allowed 
for σ– and σ+ circularly polarized light, respectively.[550] Mono-
layer MoS2, WSe2 as well as several other TMDs both show 
circularly polarized photoluminescence.[552–556] To achieve 
spin-valley light-emitting transistors, regulating the number of 
polarized charges in each valley to interconvert valley polariza-
tion to emitted or absorbed photons is crucial.[537] Up to now, 
two methods are typically utilized for fabricating chiral light-
emitting devices based on TMDs. The first approach is utilizing 
ferromagnetic semiconducting materials or contacts to inject 
spin-polarized charges and hence generate circularly polarized 
electroluminescence.[557,558] Another strategy is exploiting strong 
lateral electric fields to regulate circularly polarized electrolu-
minescence.[546–548,559,560] Zhang et al. put forward an electrical 
switchable WSe2-based LET on the basis of the valley degree of 
freedom (Figure 30c).[548] The p–i–n junctions were electrostati-
cally formed within WSe2 semiconductor and then two types 
of charge carriers flowed to the intrinsic region to recombine 
and emit photons. It was also found that the electrolumines-
cence possessed a circular polarization which was electrically 
regulatable via modulating the current direction (Figure 30d). 
Despite the rapid development of controlling circularly polar-
ized light emission, challenges still remain in how to obtain 
valley light-emitting devices which are able to work well at room 
temperature because of the fact that most valley polarizations 
are measured under relatively low temperature (<80 K) except 
several peculiar situations.[546–548,557–559] In addition, more 
efforts should be paid to reveal the inner mechanisms of polar-
ized electroluminescence generation and charge recombination 
behaviors dominated by valley degree of freedom.

7. Conclusions, Challenges, and Prospective

In summary, we have reviewed recent advances of ambipolar 
transistors from different aspects comprising fundamental 
working principles, selected organic, inorganic and organic–
inorganic hybrid materials, various structures and fabrication 
methods as well as the diverse applications of ambipolar tran-
sistors. In particular, for functional applications, ambipolar 
transistors which can be operated in p- or n-type mode are 
beneficial to fabricate CMOS inverters and hence logic circuits 
owing to decreased device components and favorable minia-
turization and manufacturing process. Intriguingly, ambipolar 
transistors can be transformed into flash memory via depos-
iting additional floating gate and tunneling layer and thereby 
exhibit superior memory performance such as large memory 
window and multilevel storage. Furthermore, by utilizing gate 
terminal for simulating learning function and source–drain 
lateral channel for mimicking signal transmission, ambipolar 
transistors can also be implemented for artificial synaptic 
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emulation. The rapid progress of ambipolar transistor field has 
impelled it to become extremely attractive candidate in lighting, 
display, data storage as well as artificial intelligence, signifying 
its gradual development, completion and ripeness from aca-
demic research to industrial application.

Large and well-balanced electron and hole mobilities, air sta-
bility as well as operational reliability of ambipolar transistors 
have always been pursued as the goals of scientists and thereby 
the influence of semiconducting materials (HOMO/LUMO, 
π-system overlap, molecular packing, etc.), symmetric and 
asymmetric electrodes, device configurations, interface con-
tacts, etc., on ambipolar performance have been under prover-
bially studied. Nonetheless, several significant challenges and 
drawbacks still exist and need overcoming. For organic semi-
conducting materials: i) the relation between chemical struc-
ture and electrical characteristic is still not fully understood 
and theory-based 2D lamellar packing and mostly reported her-
ringbone packing motif are favorable to obtain organic mate-
rials with large hole and electron mobilities; ii) how to make 
the actual presented ambipolar performance basically the same 
as the theoretical predicted ambipolar transport on the basis of 

the inherent characteristics of organic semiconductors remains 
a tricky subject. The purity of semiconducting materials, inter-
face contacts, film morphology as well as fabrication methods 
and conditions, etc., both can induce deviations between the 
actual and theoretical electronic properties, thus, the deviations 
can be significantly reduced via optimizing these influence fac-
tors; iii) although several valid chemical methods are demon-
strated triumphantly to design high-performance ambipolar 
organic materials, novel molecular construction engineering on 
the basis of rigorous theory is still critically required to achieve 
reasonable, logical and ambipolar molecular structure design; 
iv) a great number of ambipolar organic semiconductors exist 
in the form of crystalline and hence display severe anisotropic 
ambipolar behavior, which is adverse for their large-area man-
ufacture operation, that is, amorphous ambipolar semicon-
ducting materials with large hole and electron mobilities as well 
as isotropic carrier transport characteristics are indispensable 
and favorable for low-cost fabrication process; v) in considera-
tion of their practical applications, the operational and ambient 
stability of organic ambipolar transistors require further promo-
tion. The air instability of organic materials is usually attributed 

Figure 30. a) Electroluminescence picture obtained from ambipolar electric double layer transistor on the basis of WS2 monolayer. b) Observed 
photoluminescence and electroluminescence spectra of WS2-based electric double layer transistor. Reproduced with permission.[321] Copyright 2014, 
American Chemical Society. c) Device configuration (top) and energy band alignment (bottom) of WSe2-based electric double layer transistor. Bottom 
image also shows the generated p–i–n junction at equilibrium state. d) Circularly polarized electroluminescence spectra of WSe2-based LET at various 
current directions. The inset presents different contributions of the two valleys for electroluminescence. Reproduced with permission.[548] Copyright 
2014, The American Association for the Advancement of Science.
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to the charge trapping effect resulted from water and oxygen in 
air atmosphere, which can be tackled by lowering LUMO level 
of the organic semiconductors; vi) high annealing tempera-
ture is commonly required to form organic semiconducting 
thin films with better crystallinity and thereby exhibit high-
performance ambipolar carrier transport. Whereas, this process 
gives rise to intricate manufacture operation and augmented 
power dissipation and hence new low-temperature annealing 
approach is eager to be investigated for realizing low-cost and 
flexible organic electronics; vii) the fabrication of ambipolar 
organic semiconductors based on solution-processing method 
with eco-friendly solvents is advantageous to decline laboratory 
pollution.

As to 2D semiconducting materials, both the ultrahigh 
charge transport capability and the high on/off ratio are attrac-
tive features for utilizing 2D materials in ambipolar transis-
tors. However, there are still some challenges for exploiting 2D 
material-based ambipolar transistors from researches to appli-
cations: i) up to now, most ambipolar transistors are realized 
by complex modulation techniques (e.g., electric double-
layer gate), which will significantly increase fabrication com-
plexities and result in integration difficulties. How to achieve 
ambipolar behavior based on 2D materials via simple modula-
tion methods, e.g. easy chemical doping or special atmosphere 
annealing for 2D materials, is still great issue for 2D material–
based transistors. Therefore, simple, facile and low-cost modu-
lation approaches should be developed as ever; ii) how to achieve 
ambipolar behaviors of 2D materials based on low-cost and 
large-area manufacture techniques, such as CVD, molecular  
beam epitaxy (MBE), and electronic paste, is also a significant 
challenge. Most 2D materials are fabricated by mechanically 
exfoliated method, which possesses several disadvantages for 
instance complicated transfer process, high cost and difficulty 
in acquiring large-area films. Thus, 2D material films based on 
low-cost and large-area fabrication techniques should be fur-
ther investigated to fabricate ambipolar transistors; iii) how to 
construct flexible 2D material–based ambipolar transistor with 
good performance is a tremendous task. The flexible ambipolar 
transistor is attractive and stimulated to develop. However, the 
research of this aspect is rare; iv) simple and efficient fabri-
cation methods should be exploited for stacking vdW hetero-
structures in ambipolar transistors; v) apart from traditional 
inorganic 2D material systems, such as TMDs and BP, novel 
organic and organic–inorganic hybrid 2D materials, such as 
COFs, CPs, and perovskites, can be focused in ambipolar tran-
sistors. In conclusion, further efforts should be devoted to 
developing 2D material–based ambipolar transistors with low 
cost, large-area fabrication, simple manufacture process, high 
integration, stable flexibility, and abundant material systems.

The well-balanced mobilities of both two types of charge car-
riers are expected for OIHPMs and OIDL transistors due to 
their special molecular structures and tunable material com-
binations. Furthermore, OIHPMs and OIDL transistors are 
also appropriate for flexible electronics on account of their 
solution processability and flexible fabrication approach. How-
ever, some challenges of OIHPMs and OIDL transistors still 
exist and should be overcome: i) the charge mobilities of both 
OIHPMs and OIDL transistors are still low; ii) the ambient sta-
bility of both materials and devices should be improved. Future 

efforts could be paid in two sides. On the one hand, molecular 
structures of materials should be further carefully designed 
to improve their mobility values and ambient stability. For 
example, introduction of inorganic cations (for OIHPMs) or 
organic groups (for polymers) is an effective method to achieve 
steady materials. On the other hand, various material combina-
tions (e.g., introduction of nanowires, nanotubes, nanosheets 
and nanorods into organic or inorganic layer) and device struc-
tures can also be employed to improve charge mobilities.

With respect to functional ambipolar memories, large 
memory window, multilevel storage, fast switching speed, low 
potentiating bias as well as good endurance and retention capa-
bilities have been vastly investigated and improved to conform 
to the request of their potential applications. For the sake of 
further commercialization and industrialization of ambipolar 
memories, several challenges together with their solutions 
are pointed out as follows: on one hand, their electronic per-
formance still needs improving: i) switching speed: maximum 
switching speed of ambipolar memory devices is in direct 
connection with the electron and hole mobilities of semicon-
ducting layer which are related to the intrinsic structures and 
properties of semiconductors as well as the interface contacts 
between semiconductors and blocking dielectric/source–drain 
electrodes. By modulating these parameters, improved trans-
port mobilities of charges can be realized; ii) energy dissipa-
tion: the energy consumption of devices mainly relies on the 
operation voltage and thereby relatively thin blocking dielectric 
with large dielectric constant as well as novel high-performance 
semiconducting materials can be utilized to lower the potenti-
ating amplitude (≤1 V) for addressing this limitation; iii) reten-
tion and endurance properties: to satisfy the requirements of 
practical flash memories, long-term and stable data retention 
as well as reliable repetitive program-erase ability are urgently 
demanded and air-stable ambipolar semiconducting materials, 
appropriate tunneling dielectric together with well-designed 
floating gate with steady trapping sites both are beneficial for 
this issue. On the other hand, investigation of flexible, stretch-
able, bendable and foldable ambipolar flash memories is essen-
tial for developing flexible displays and electronics and hence 
the mechanical flexibility under repeated tensile and compres-
sive strains should be further researched.

For ambipolar synaptic transistors: i) how to realize linear 
and symmetric channel conductance change under consecutive 
electrical pulse trains for highly efficient learning remains chal-
lenging. By optimizing the transistor designs (structure, mate-
rial, concentration, etc.) as well as the pulse parameters (pulse 
width, potentiating voltage, etc.) may lead to linear tuning of 
conductance; ii) the performance inconsistencies of various 
devices and different test cycles originating from inconclusive 
microstructures of fabricated semiconducting films are also a 
severe obstacle for neuromorphic computing, therefore, novel 
fabrication techniques and stable materials need to be explored; 
iii) large on/off ratio of ambipolar transistors is required to 
insure distinguishable multiple conductance levels and prevent 
the misreading due to conductance fluctuations; iv) integra-
tion of fundamental synaptic devices is capable of emulating 
complex neural functions such as image recognition but the 
manufacture complexity as well as power consumption are 
increased, which thus requires future research efforts on stack 
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and integration capability and power efficiency of neural elec-
tronic systems.

In regard to ambipolar CMOS inverters, well-balanced large 
mobilities and symmetric turn-on voltages of holes and elec-
trons as well as relatively small off current (hence large on/
off ratio) of ambipolar transistors are both important for their 
better performance such as low energy dissipation, high gain 
and noise immunity, etc. However, how to operate under uni-
polar mode and selectively transport unipolar charges with 
aforementioned favorable conditions remains sufficiently chal-
lenging. Several strategies such as intercalation of carrier injec-
tion layers, utilization of SAMs, chemical doping, etc., have 
been proposed and more effective methods are expected.

Finally, with regard to ambipolar LETs: i) the fundamental 
principles of carrier movement, exciton recombination and 
thereby light emission within semiconductor are still not fully 
understood in spite of continuous emerging novel materials 
and structures for high-performance light-emitting devices and 
deeper comprehending of underlying mechanisms is neces-
sary; ii) most researches about ambipolar LETs just settle one or 
some characteristics of them, which is unilateral and difficult 
to achieve commercial uses (displays, solid-state lighting, elec-
trically driven organic lasers, etc.). Apparently, overall improve-
ments of diverse kinds of qualities of LETs are more favorable 
for practical applications in comparison with conventional 
OLEDs. Thus, combination of multiple reported approaches to 
increase performance together may figure out this problem to 
some extent. Meanwhile, more simple, low-cost, effective fab-
rication methods also need to be further studied; iii) despite 
the fact that ambipolar LETs usually exhibit much larger light-
emission efficiency compared to their unipolar counterparts, 
light-emitting characteristics of ambipolar devices may be 
inappropriate for being utilized in active matrix displays on 
account of the reason that the light-emission strength of them 
rests with not only drain current but also other factors. There-
fore, new emerging device structures for instance vertical and 
electrolyte-gated LETs have provided attractive features for 
constructing high-performance LETs.

For future perspective, ambipolar transistors based on 
organic polymers and 2D materials with higher mobility and 
on/off ratio are expected and combinations of high electrical 
performance, facile and low-cost fabrication method, low opera-
tion voltage (low power consumption) as well as good flexibility 
in single ambipolar transistor require future research in order 
to realize practical applications of ambipolar transistors. In addi-
tion, ambipolar synaptic transistors are also promising future 
research directions because they can be reconfigured between 
excitatory and inhibitory modes and hence achieve dynamic tun-
able synaptic plasticity, which finally is capable of overcoming 
conventional von Neumann bottleneck. Furthermore, the valley 
degree of freedom within the momentum space in TMDs is able 
to be regulated and utilized to carry information. The generated 
excitons reserve the valley-spin information and thereby light 
emitters relying on valley are able to be achieved. Besides, the 
circularly polarized emission in TMDs can be controlled by elec-
tric field. Further comprehension of the mechanisms of circular 
polarized electroluminescence as well as the realization of elec-
troluminescence polarization under room temperature both are 
extremely important future subjects.

On the whole, ambipolar transistors with numerous advan-
tages and prospective applications are under extensive and 
rapid research progress and the commercialization will emerge 
soon via tackling aforementioned technical challenges.
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