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REVIEW

Semiconductor/dielectric interface in organic field-effect
transistors: charge transport, interfacial effects, and
perspectives with 2D molecular crystals
Mengjiao Pei, Jianhang Guo, Bowen Zhang, Sai Jiang, Ziqian Hao, Xin Xu
and Yun Li

National Laboratory of Solid-State Microstructures, School of Electronic Science and Engineering,
Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing, P.R. China

ABSTRACT
Organic field-effect transistors (OFETs) have been the hotspot
in information science formany years as themost fundamental
building blocks for state-of-the-art organic electronics. During
the field-effect modulation of the semiconducting channel,
the gate dielectric always has a significant influence on the
charge transport behaviours. Hence, understanding of the
nature of charge carriers at the semiconductor/dielectric inter-
face and realizing functional OFETs with superior performance
have been the cornerstones for the sustainable advancement
in organic electronics. With the joint efforts of predecessors,
various basic theories and models have been advanced to
describe the charge transport processes in organic crystals.
To make a further breakthrough, more accurate correlation
between the electrostatic properties of dielectrics and charge
carrier behaviours is urgently needed. The high-quality inter-
face-like films, without nonideal factors, two-dimensional
molecular crystals (2DMCs), have been spotted as a powerful
platform for direct and accurate characterization of the intrin-
sic charge transport behaviours at the semiconductor/dielec-
tric interface. In this article, the recent breakthroughs in the
physics of charge transport, interfacial effects, and perspec-
tives with 2DMCs in OFETs are reviewed, providing great
benefits to penetrate the fundamental studies and keep up
with the revolutionary advancement in organic-electronics
road map.
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1. Introduction

Starting with the discovery of the semiconducting nature of organic com-
pounds in 1954, the interests in organic semiconductors are undergoing
a sustainable growth [1–4]. Driven by the large material library and the well-
established processing techniques, their extraordinary electrical, chemical,
thermal, and optical properties have drawn considerable attention across
various disciplines [5–8]. So far, organic electronics have experienced tre-
mendous developments and been used for many important applications in
modern society, such as emerging portable and wearable products [9–12].
Particularly, organic field-effect transistors (OFETs) are considered as the
most fundamental units for these integrated, multifunctional electronic, and
optoelectronic devices [5,13–16]. When the electric field applied from the
gate electrode modulates the channel conductivity, the gate dielectric always
has a decisive influence on the charge transport behaviours [17–19].
Therefore, understanding of the nature of charge carriers at the semicon-
ductor/dielectric interface is of great importance for clarifying the structure-
property relationships and achieving high-performance OFET devices,
which have been the cornerstones for the sustainable advancement in
organic electronics [20–23]. For the characterizations of the interface,
numerous optical and electrical technologies are introduced, such as syn-
chrotron-based high-resolution ultraviolet photoelectron spectroscopy and
scanning Kelvin probe microscope measurements [24–26]. With the joint
efforts of predecessors, various basic theories and models have been
advanced to describe the charge transport processes in organic crystals
[27–32]. Note that conventional organic bulk films always exhibit nonideal
characteristics, such as disorders, due to their complex microstructures [33–
37]. Besides, the interlayer screening that commonly exists in the 3D
geometry brings severe limitation for field-effect modulation of charge
carriers [38–41]. Under these effects, optical or electrical characterizations
can only give us indirect or misleading results. To make a further break-
through in the investigation of charge transport, these undesirable qualities
must be eliminated. Efforts should be devoted to unveiling the charge carrier
behaviours corresponding to the electrostatic properties of dielectrics more
directly and accurately.

In recent research, the interface-like films, layer-defined two-dimensional
molecular crystals (2DMCs), are very promising strategies to satisfy the
anticipated demand for more direct examinations, due to the inherent
merits of disorder-free structure and long-range ordered molecular packing
[5,38,39,41–43]. Particularly, in the ultrathin high-quality crystalline films,
the charge traps are largely reduced and the interlayer screening that
commonly exists in the 3D bulk organic semiconducting crystals is effec-
tively eliminated. Under such 2D limit, we can pursue an overall
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consideration of the electrostatic properties of the dielectrics, the molecular
packing of the interfacial organic layer, and the interaction with the electro-
nic states at the interface. Hence, based on such intrinsic platform, the
motion of charge carriers at the semiconductor/dielectric interface can be
directly explored.

Here, we present a comprehensive overview of the physics of semicon-
ductor/dielectric interfaces in OFETs. First, we provide an overall landscape
of the research on the charge transport in OFETs. Second, we offer in-depth
discussions focusing on certain aspects of semiconductor/dielectric inter-
faces in OFETs, as follows: (i) modulations of interaction at the semicon-
ductor/dielectric interface; (ii) structure-related charge transport properties;
and (iii) interfacial templating effect. Finally, we present a summary and an
outlook on future directions in this field. This review aims to further
elucidate interface physics, thereby providing guidelines to improve the
performance of devices and advance their practical applications.

2. Overview of charge transport in OFETs

Since the advent of polythiophene-based OFET in the 1980 s, the electrical
performance of OFETs has been impressively improved, driven by intensive
research efforts [44,45]. A typical OFET is a three-terminal device composed
of active layer of organic semiconductor, gate dielectric layer, and electrodes
for source, drain, and gate. The gate electrode is used to modulate the
conductivity of the semiconducting channel, which is analogous to
a switch controlling the source-drain current (ID). When the gate electrode
is biased with gate voltages (VG), charge carriers accumulate near the
semiconductor/dielectric interface and form a conducting channel. When
the drain voltage (VD) is also applied, the accumulated carriers then trans-
port along the conducting channel from the source electrode to the drain
electrode with new ones injected at the source electrode, forming ID. The
charge carrier mobility (μ) is one of the most important parameters in
evaluating the conductivity of semiconductors, which can be determined
experimentally by various methods, such as time-of-flight (TOF) [46,47],
diode configuration [48,49], and pulse-radiolysis time-resolved microwave
conductivity (PR-TRMC) [50]. Specifically, in the FET configuration [51],
the mobility can be extracted from the transfer curves at a const VD in the
linear regime:

μ ¼
L @ID

@VG

� �
VD¼const

VDWCi
(1)
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And in the saturated regime:

μ ¼ 2L
WCi

@
ffiffiffiffiffi
ID

p
@VG

� �2

(2)

The field-effect mobility of OFETs is critically dependent on the local
intramolecular structure and the intermolecular packing between the
molecules.

If we focus on the charge transport in organic semiconductors, there are
several key physical parameters: 1) the transfer integral Jij characterizes the
strength of the intermolecular, electronic interaction between neighbouring
molecules on sites i and j of the crystal, causing charges to move between
sites [52,53]; 2) the reorganization energy λ is a measure of the strength of
the local electron-phonon/electron–ion interaction and the strength of the
nonlocal electron-phonon coupling which reflects phonon-induced,
dynamic fluctuations in the transfer integrals [54,55]; 3) local and nonlocal
electron-phonon coupling constants, gjj;~qs and gji;~qs, respectively, that mea-
sure the strength of the interaction between electrons and intramolecular
and intermolecular vibrations [52,56]; 4) the static diagonal and off-
diagonal disorder parameters, σ and Σ, respectively, which characterize the
distribution in site energies and transfer integrals due to static disorder in
the real molecular solid [57,58]. Thus, it is a good choice to use the material
with small reorganization energy and large transfer integral as the conduct-
ing channel.

Furthermore, in OFETs, charge transport is also affected by interfaces,
which can even mask the intrinsic dependence of mobility on molecular
structure and packing. As shown in Figure 1(a), the metal/semiconductor
and semiconductor/dielectric interfaces are the places for the charge injec-
tion and transport, respectively, which play a fundamental role in the
operation of OFETs [5,59–66]. In particular, static structural and energetic
disorder encountered by the charges moving along the interface results in
percolation motion with certain sites becoming rate limiting for the trans-
port along the interface [67–69]. Due to thermal fluctuations of semicon-
ductor molecules weakly packed by van der Waals (vdW) force at the
interface, the disorder might also be dynamic and require charge carriers
to remain localized on particular lattice sites until a favourable molecular
configuration for charge transfer occurs dynamically [70,71].

Based on the position of electrodes with respect to the organic semicon-
ductor layer, four typical device configurations, namely, bottom-gate top-
contact (BGTC), bottom-gate bottom-contact (BGBC), top-gate bottom-
contact (TGBC), and top-gate top-contact (TGTC), exist [72]. With abun-
dant theoretical and experimental investigations, interfaces are considered
as the critical parts in all these device configurations and receive much
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attention, such as structural defects within the organic layer at the interface,
the surface topology and polarity of the dielectric, and the chemical struc-
ture of the gate dielectric surface. Also, contact resistance at the source and
drain metal/semiconductor interfaces plays an important role, which
becomes increasingly important when the length of the channel is reduced
and the transistor operates at low fields [61,73]. Moreover, the semiconduc-
tor/dielectric interface also has a great effect on the charge injection, indi-
cating that the two interfaces are not completely independent. Liu et al.
investigated the influence of gate dielectric interfaces on the contact resis-
tance by using the same organic semiconductor and BGTC device geometry
[74]. A large discrepancy in contact resistance from 10 to 66 kΩ cm is
observed on different gate dielectrics (Figure 1(b–d)), which influence the
morphology of the semiconductor layer, the resident trap densities, and the
energetic disorder in the semiconductor caused by the randomly oriented
dipole in the gate dielectric. Hence, the semiconductor/dielectric interface

Figure 1. (a) Schematic illustration of the OFETs with BGTC configuration. Left panel: charge
injection at the metal/semiconductor interface. Right panel: lateral charge transport in the
conducting channel at the semiconductor/dielectric interface. (b) Topology micrograph of
30 nm thick C8-BTBT by AFM on (i) SiO2, (ii) PVP, (iii) PMMA, and (iv) CYTOP. A zoomed-in
image of the film on CYTOP around defects is given in panel (v), with the phase diagram in
panel (vi). Surface contact angle measurements are also shown as insets. (c) Schematic
representation of the effect of dielectric-induced charge trapping on contact injection: (i)
injection without charge trapping; (ii) injection with significant interface charge trapping. In
panel (ii), less + symbols are depicted to represent the reduced mobile carriers at the interface.
Fewer arrows represent fewer injected charges, and these arrows are dashed to represent
smaller effective carrier mobility. (d) Gate-voltage dependence of the contact resistance for
devices with different dielectrics (width normalized). Inset: zoom-in view of data for PMMA and
CYTOP. Partially adpated with permission from Ref [74]. .Copyright (2013) American Chemical
Society.
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deserves further attention when investigating the behaviour of charge car-
riers in organic semiconductors.

In this section, we will simply introduce the disorder and polaron models
which are expected to be operative in many organic materials. With these
theories, recent attempts in high-performance OFET devices based on the
improvements of the semiconductor/dielectric interface will be given.

2.1. Disorder models

The charge carriers are localized over spatially and energetically distributed
transport sites in disordered organic materials, and the charge transport is
typically modelled using charge hopping theories. It is simple to describe the
charge transport via Monte Carlo (MC) simulations, which have two essen-
tial inputs, i.e., the charge hopping rates between localized sites and the
density of states (DOS) [75].

2.1.1. Hopping rates and density of states
Two main models of charge hopping rates between the localized sites is
generally accepted depending on the strength of the electron-phonon cou-
pling, namely, Miller–Abrahams model and Marcus theory. The Miller–
Abrahams hopping rate is acceptable for weak electron-phonon coupling
and low temperature [68,76,77]. If the polaronic effect is neglected, the
hopping rate for a carrier moving from site i to site j is given by:

k ¼ k0e
�2γΔRije�Δ�ij=kBT ¼ k0e

�2γΔRij e
�j��i
kBT ; �j � �i
1; �j < �i

(
(3)

where k0is the phonon vibration frequency, γ is the inverse localization
radius, ΔRij is the inter-site distance, �i and �j are the energies of the site
i and j, respectively, Δ�ij ¼ �j � �i is the difference in site energies between
the site i and j, kB and T are the Boltzmann constant and the absolute
temperature, respectively. In systems possessing strong electron-phonon
coupling, Marcus theory offers a reasonable description of charge transfer
of the materials. Based on the assumption that charges are localized on sites
and charge-transfer reactions take place via an inter-site hopping conduc-
tion, the charge hopping rate at the non-adiabatic (i.e., the strength of the
electronic coupling is weak) and high-temperature approximation can be
expressed as [78–81]:

k ¼ 2π
�h
Jij

2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλkBT

p exp � Δ�ij � λ
� �2
4λkBT

" #
(4)
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In both the Miller–Abrahams and the Marcus approaches, the thermally
activated hopping rates vanish when the temperature approaches absolute
zero, which is not consistent with the experiments. In addition, considering
the high frequency modes in organic semiconductors from conjugated C–C
stretching vibrations, typically, kBT ¼ �hω, the high temperature approxima-
tion in Marcus hopping rate fails. Hence, the classical treatment of environ-
ments in Marcus theory should not be appropriate for organic
semiconductor systems. To provide a full picture of the charge transport
in organic semiconductors, the quantum nuclear tunnelling effect should be
considered [82–85]. The nuclear tunnelling assumes that the charge carriers
hopping is by tunnelling in an asymmetrically biased double quantum well
and charge transfer is driven by the coupling to classical nuclear vibrations
(Figure 2(a)) [86]. Considering the charge transfer between two localized
sites, the charge transfer rate incorporating the quantum nuclear tunnelling
effect can be expressed as follows:

k ¼ Vj j2
�h2

�1�1 dtexp itωfi �
X
i

Sj 2nj þ 1
� �� nje

�iωjt � nj þ 1
� �

eiωjt
	 
( )

(5)

where ωj and nj ¼ 1= exp �hωj=kBT
� �� 1

	 

are the frequency and the occupa-

tion number for the jth vibrational mode, respectively; and Sj is the correspond-
ingHuang–Rhys factor representing the local electron-phonon coupling. This is
a full quantumexpression in perturbation theory,which considers all vibrational
modes at the quantum-mechanical level. In the strong-coupling (

P
j
Sj � 1Þ

and high-temperature limitsð�hωj=kBT � 1; nj � kBT=�hωj, and the classical

limit), the short-time approximation exp iωtð Þ ¼ 1þ iωt þ iωtð Þ2=2 is applied,
in which case, the equation goes to the classical Marcus hopping rate formula.

The charge carriers move via hopping transitions between localized
states, which are randomly distributed in space. The energies of charge
carriers on these states in organic materials are usually assumed to be of
Gaussian shape [75,87]:

g �ð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p exp � �2

2σ2

� �
(6)

where σ is the energy scale of the distribution. The energy scale for DOS is
typically of the order of ~0.1 eV. The energetic disorder mainly originates from
the fluctuation in the lattice site energies and the distribution of segment length
in the π- or σ-bonded main-chain polymer [57]. In particular, the random
dipoles present at the semiconductor/dielectric interface in OFET devices
could modulate energies of localized states, leading to increased energetic
disorder, which is usually reflected in a significant drop in the hole mobility
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and unsatisfactory device performance (Figure 3(a)). According to thismechan-
ism, the efficient way to improve the charge mobility in OFETs is to narrow
energy scale of the distribution and reduce the energetic disorder. In recent
research, Sun et al. demonstrated an effective buffering method applying an
ultrathin PMMA buffering layer between the ferroelectric dielectric and semi-
conductor layer for high-performance devices (Figure 3(b,c)) [88]. A high
mobility of up to 4.6 cm2 V–1 s–1 was obtained. Based on such high mobility,
the programming process in the Fe-OFETs wasmainly dominated by switching
between two P(VDF-TrFE) polarizations. This enhanced performance was
attributed to suppression of the polarization fluctuation at the semiconductor/
dielectric interface, efficiently improving the charge transport in conducting
channels (Figure 3(d,e)). Moreover, with the buffering effect at the semiconduc-
tor/ferroelectric interface, the contact resistance was significantly reduced from
260 kΩ cm to 55 kΩ cm, due to the narrowed trap distribution of the organic
semiconductor in the contact region (Figure 3(f)) [89].

Figure 2. Schematic illustrations of the charge transport in organic semiconductors. (a)
Schematic representation of electron transfer in a biased double quantum well. The Marcus
hopping path and the nuclear tunnelling are indicated by solid-red and dashed-red arrows,
respectively. (b) The Bässler’s Gaussian disorder model with a varying width of the Gaussian
function σ. (c) The variable range hopping transport. (d) The multiple trap and release (MTR)
model. Partically adapted with permission from Ref [128].Copyright (2017) The Royal Society of
Chemistry.
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2.1.2. Gaussian disorder model
Bässler’s Gaussian disorder model (GDM) assumes a disorder-broadened
Gaussian density of transport states, and the site positions and energies are
considered as independent from each other (Figure 2(b)) [75,90]. At the
zero-field limit, the mobility obeys the temperature dependence:

μ ¼ μ0exp � 2σ
3kBT

� �2
" #

¼ μ0exp � T0

T

� �2
" #

(7)

While not involved in the temperature dependence, the dependence of µ on
the strength of electric field (F) in the GDM was given in the form
[57,75,90]:

μ ¼ μ0exp � 2σ
3kBT

� �2
" # exp c

ffiffiffi
F

p
σ

kBT

� �2
� �2

� �

;� � 1:5

�

exp c
ffiffiffi
F

p
σ

kBT

� �2
� 2:25

� �
�
;�< 1:5

8>><
>>: (8)

Figure 3. (a) Schematic illustration of the dipolar disorder at the interface. Partically adapted
with permission from Ref [129].Copyright (2004) American Chemical Society. (b) Schematic
illustration of a bottom-gate top-contact Fe-OFET with an ultrathin PMMA buffering layer. The
polarization fluctuation is well suppressed and the charge carrier transport is enhanced. (c) AFM
images of surfaces in the OFET device. Partically adapted with permission from Ref [88].
Copyright (2015) Springer Nature Limited. (d) Linear fittings between the value of the RcW –
(Vg−Vth) of devices without and with PMMA buffering layer. The inset shows the orientations of
the applied electric field and dipole moments in the ferroelectric layer. (e) Schematic of the
effect of the polarization fluctuation at the C8-BTBT/P(VDF-TrFE) interface on the contact
resistance. (f) Trapped carrier distribution at the access region in devices without and with
the PMMA buffering layer. Partically adapted with permission from Ref [89].Copyright (2015)
AIP Publishing LLC.
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where Σ is the standard deviation associated with the off-diagonal disorder,
and c is a numerical constant. Note that, the site energies are distributed
independently, with no correlations occurring over any length scale.
Consequently, the field dependence of the GDM applies only over a very
narrow range at high fields (E > 3� 105V=cm) [91]. Novikov et al. presented
the correlated Gaussian disorder model (CDM) in which the spatial correla-
tions due to charge-dipole interactions are considered [92]. And the expres-
sion for the electric field and temperature dependence of the mobility can be
expressed as:

μ ¼ μ0exp � 3σ
5kBT

� �2

þ 0:78
σ

kBT

� �3=2

� 2

" # ffiffiffiffiffiffiffi
eaF
σ

r( )
(9)

where a is the cell spacing.

2.1.3. Variable-range hopping
Because the hopping rates given by Miller–Abrahams and Marcus
approaches depend on the inter-site distances and site energies, the
hopping conduction is generally a variable-range hopping (VRH) process
(Figure 2(c)) [87]. At low temperatures, the carriers mostly tunnel to
spatially remote sites to optimize the activation in energy. While at
sufficiently high temperatures, the VRH turns into the nearest-
neighbour hopping (NNH), in which charge carriers mostly tunnel to
the spatially nearest sites. Variable range hopping assumes that hopping
transport takes place via tunnelling among localized states and the prob-
ability of each hop depends on the site energy and the hopping distance
[93,94]. It has a characteristic temperature dependence of:

μ / exp �T0

T

� �β

(10)

where the coefficient β varies from different models. The Mott variable
range hopping model describes low-temperature conduction in strongly
disordered systems with localized charge carrier states, following the
temperature dependence [95]:

μ / exp � T0

T

� �1=4
" #

(11)

The Efros–Shklovskii variable-range hopping model accounts for the
Coulomb gap in the density of states near the Fermi level due to the
interactions between localized charges [96]. The consideration of the
Coulomb gap obeys the temperature dependence:
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μ / exp �T0

T

� �1=2

(12)

2.1.4. Multiple trapping and release
In polycrystalline films with regular molecular arrangement, the delocalized
orbitals of neighbouring molecules partially overlap. Hence, the intermole-
cular charge-carrier transfer is much more efficient, resulting in a significant
larger carrier mobility than that in amorphous films. The MTR theory
assumes that the charge carrier transport occurs in a narrow-delocalized
band associated with localized levels acting as traps, which locate in a tail of
the DOS extending into the highest occupied and lowest unoccupied mole-
cular orbitals (HOMO-LUMO) gap (Figure 2(d)). From the HOMO
(LUMO) edge by a few thermal energies (kBT), the trap states act as deep
trap that cannot be thermally activated. For the trap sates within a few
thermal energies form the mobility edge, it acts as the shallow traps, which
can get excited to a delocalized state through thermal energy, and then the
carriers were trapped again until a new thermal release event. In other
words, the charge carriers interact with the localized levels through
a succession [51,75]. And the mobility relating to the mobility μ0 in the
delocalized band can be expressed as

μ ¼ μ0α exp �Et=kTð Þ (13)

where Et is the trapping energy and α represents the ratio between the density
of delocalized levels available for transport and the density of traps. In
OFETs, not all the charges induced by the gate field contribute to the current
flow, for some of the mobile charges can be momentarily trapped by shallow
traps; the number of these charges depends on the density of shallow traps
and temperature. It suggests that the charge mobility described by MTR
model is gate-voltage dependent and thermally activated.

2.2. Polaron-correlated charge transport in OFETs

In this part, we will focus on molecular semiconductors, which are structu-
rally well-defined materials with a very low concentration of defects. Their
electronic and vibrational structure is very well known, offering ideal con-
ditions to test theoretical models of transport and to attempt the construc-
tion of a relationship between structure and property. A brief introduction
of the classical small polaron theory and recent attempts to describe the
transport of molecular materials in OFETs will be given.

ADVANCES IN PHYSICS: X 11



2.2.1 Classical small polaron models
In the band theory [97], neglecting multielectron effects and interaction
between charge carriers, the charge carrier has a delocalized wavefunction
with a well-defined momentum, which is scattered by impurities into a state
with a different momentum. The frequency of the scattering events
increases with increasing temperature. Thus, the mobility decreases with
increasing temperature, which is normally the hallmark of the band-like
transport, a macroscopic behaviour. Furthermore, when we consider the
role of nuclear motions and local electron-phonon coupling, the polaronic
band model was proposed. In the low temperature limit, the charge carrier
wavefunction remains delocalized (assuming there are no defects). With
only a small fraction of charge on each molecule, the deformation of the
molecules is small. The charge carrier propagating through the lattice,
carrying with the deformation of the surrounding molecules, is called
polaron. Since the polaron is delocalized and the system has translational
symmetry, the polaron states are expected to be described by a band, whose
propagation is similar to a single carrier. Nevertheless, infinite effective mass
of the polaron can be achieved at high temperatures, which means that all
polaronic states are degenerate. Thus, it is more convenient to describe the
carrier wavefunction as localized on a single molecule. The polaron moves
from site to site, whose dynamics can be described in a model containing
only two sites. For historical reasons, this small polaron theory is more often
described in the diabatic limit [98–101]. At high temperatures, the hopping
rate is identical to the expression of charge transfer rate obtained by popular
Marcus theory due to its simplicity [76]. If a small polaron is formed, the
transport is thermally activated, i.e., the mobility increases with increasing
temperature unlike in the polaronic band model.

2.2.2 Polarons at semiconductor/dielectric interface in OFETs
Under the framework of the small polaron models, most theories consider
the possibility that charge carriers behave as Holstein polarons [102], a more
realistic lattice model for polarons, whose spatial extent can be either short-
range within few atoms or long-range over several atoms. Nevertheless, in
OFET devices, the charge carriers move at the interface with a polar dielec-
tric, whose properties should be key factors [103]. The polaron behaviour
near surfaces is significantly different from that in bulk crystals. Specifically,
the rough surface morphology will largely change in the effective potential
and introduce anisotropy in the effective mass of polaron. In such
a situation, there will be changes in the surface-polaron energy, cyclotron-
resonance frequency, and localizations parallel to the surface. Moreover, the
electrical property of the gate-dielectric is another critical factor. The
dielectric constant determines the interface disorder and electrostatic inter-
actions to a large extent, which will also have a great influence on the charge
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transport behaviours at the semiconductor/dielectric interface, strongly
correlated with Fröhlich polarons [28,104–106]. Thus, the dielectric/organic
interfaces can provide an ideal model system for the controlled study of
Fröhlich polarons with tunable coupling.

Hulea et al. and his coworkers have studied temperature-dependent
electrical transport through organic single-crystal FETs using six different
gate insulators [107]. The dielectric constant (ε) of the gate insulator is
varied from 1 to 25. Measurements were carried out between 300 and 200 K
to avoid the formation of cracks in the crystals because the difference
between the thermal expansion of the organic material and their supporting
substrates often causes device failure. Notably, it has been observed that the
temperature dependence of the mobility evolves from metallic-like (dμ/
dT < 0) to insulating-like (dμ/dT > 0) as ε increases. Moreover, the depen-
dence of the threshold charge on temperature and ε has also been investi-
gated. Contrary to the threshold voltage shift, the shift of the threshold
charge with temperature does not depend on the thickness of the gate
insulator but only the dielectric/organic interface. Hence, the effect of the
ε of the gate insulator on the mobility of charge carriers is an intrinsic
property of dielectric/organic interfaces, which suggests that the observed
phenomenon originates from the interaction of the charge carriers with
their polar environment. This interaction can be quantitatively described by
a two-dimensional Fröhlich polaron model, in which free electrons interact
with a dispersionless optical phonon of characteristic frequency ωs. The use
of gate dielectrics with increasing ionic polarizabilities permits the strength
of the interaction to be tuned from the weak to the strong coupling regime.

In addition, abundant theoretical calculations on polaronic effects have
been done by Kirova et al. and his coworkers [59]. For typical parameters of
molecular field-effect transistors, the binding energy is found to be high
enough to allow for the formation of a strongly coupled polaron. Such
surface polaron will behave as the enhanced effective mass, midgap states,
and pseudogap regime in the case of tunnelling experiments, which will be
more stable in the presence of a bias electric field.

2.2.3 Dynamic disorder
In fact, developments in the fundamental understanding of the charge
transport in ordered organic materials have been well beyond the semiclas-
sical band theory frameworks with more and more experimental support.
Particularly, one of the important progresses is dynamic disorder [108–111],
which is due to the intermolecular vibrations or fluctuations. Plenty of
experiments reported that there is a region where band-like tunnelling
works (dµ/dT < 0), which is contrast to the traditional understanding of
the incoherent hopping transport in localized polarons. This abnormal
phenomenon in ordered organic materials originates from the very weak
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interactions among the molecules. The dynamic disorder causes a transient
localization over a length Lτ within a fluctuation time τos, which is the
inverse of the typical intermolecular oscillation frequency. Then, the intrin-
sic mobility in the crystal can be written as μ ¼ qL2τ

2KTτos
, exhibiting the band-

like dependence of the charge mobility. In addition, this model is consistent
with the spectroscopic observation of localized carriers. Ando et al. and his
coworkers characterized the electrical properties of OFET devices with
zonecast pentacene films. They used the in situ micro-Raman spectroscopy,
which could both probe the dynamic and static disorder, to monitor the
intermolecular and the intramolecular vibrational peaks of films [112].
Under gate-bias stress, photoexcitation, and thermal annealing, transforma-
tions from a high-temperature (HT) phase with reduced molecular vibra-
tion along the long axis and transformations from a low-temperature (LT)
with increased molecular vibration that were induced by the electron delo-
calization were observed. The changes were induced by electron localization
(HT) and delocalization (LT) in pentacene molecules at the channel inter-
face. In addition, multilayer molecular dynamics simulations were also
carried out, revealing that electrons should be localized in each pentacene
molecule to make the low-temperature phase more stable by freezing the
vertical molecular disorder. A unified picture was proposed to describe the
relationship between structural disorder and localization dynamics in pen-
tacene polymorphs (Figure 4), reflecting the competition between vdW

Figure 4. The cross-sectional pentacene molecule arrangements on a dielectric surface, showing the
structure-property relationship in pentacene polymorphs. Partically adapted with permission from Ref
[112].Copyright (2019) American Physical Society.
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force, thermal vibration, and electronic Coulomb repulsive force under
interaction with the substrate surface.

In the researches, numerous technologies are introduced to characteriz-
ing the interfaces, such as in-situ low-temperature scanning tunnelling
microscopy, synchrotron-based high-resolution ultraviolet photoelectron
spectroscopy, near-edge X-ray absorption fine structure measurements,
and scanning Kelvin probe microscopy (SKPM). Nevertheless, these indir-
ect examinations on interfaces only give us partial evidences. Especially in
bulk films, the channel defects in bulk semiconductors scatter charges and
hinder current flow. Thus, it is difficult for carriers to maintain their original
behaviour under the influence of the dielectric layers, which can mislead
researchers about the nature of the semiconductor/dielectric interface in
such indirect measurements.

To get a more accurate understanding of the interfaces, a very promising
solution is the interface-like films. Marta Tello et al. tried to decrease the
thickness of pentacene film to ~7 nm, but high-quality film was not
achieved. When the thickness was reduced, the holes and grain boundaries
were observed in the surface topography [26](Figure 5(a)). Moreover, the

Figure 5. (a) (i)Topographic area scan of the 30-nm-thick pentacene film taken on the channel
(the electrodes lie at both sides of the channel); (ii) topography of the 20-nm-thick film; (iii) and
(iv) topography for the 7-nm-thick film. (b) Potential maps at the pentacene/HMDS interface of
a masked sample taken at different gate voltages. (i) Vgs = 0 V, (ii) Vgs = −10 V. (c) (i) The cross-
section image of the transistor, with the thicker regions (pentacene grains) and the thinner
regions (IGRs); (ii) Top view of the encircled area in (i):① crystalline grains; ② relatively ordered
pentacene clusters; ③ regions with no or incomplete pentacene coverage and poor connectiv-
ity. Partically adapted with permission from Ref [26].Copyright (2008) WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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mobilities were found to be lower by about one order of magnitude than the
devices using thick films of pentacene. In SKPM measurements, the poten-
tial data observed on the thin films exhibited a one-to-one correlation
between potential distributions of the trapped charge and the surface topo-
graphy (Figure 5(b)). Most of the applied drain-source bias drops across
a single well-defined grain boundary. The morphological defects and mis-
alignment of crystalline grains can completely obscure the intrinsic charge
transport properties of materials, resulting in the largely degraded device
performance (Figure 5(c)). Thus, efforts should be devoted to improving
and exploring novel deposition techniques for high-quality semiconducting
films.

3 Examinations and explorations of interfacial effects using 2DMCs

In recent research, various techniques have been extensively used to achieve
high-quality 2D organic crystalline films, such as floating-coffee-ring assem-
bly [38], solution shearing [113], dip-coating [114,115], drop-casting [116],
antisolvent-assisted spin coating [63] and solution epitaxy [43,117]. The
superior interface qualities of the highly uniform 2DMCs with long-range
molecular ordering can be promising materials to overcome the obstacles in
traditional organic thin films, excluding the effects of extrinsic factors
[5,41,118,119]. Therefore, the 2DMCs can provide great possibilities to
directly explore the intrinsic nature of the charge carrier behaviours at the
semiconductor/dielectric interface.

3.1 Modulations of interactions at semiconductor/dielectric interfaces

The crystalline structure and the properties can be easily tuned due to the
weak vdW forces in organic semiconductors, especially at the 2D limit.
When the dimension decreases from bulk to monolayer or a few molecular
layers, the molecule–substrate interaction becomes non-negligible. The
three most important interactions, namely, molecule–substrate interaction
(Isubstrate), intralayer (Iintralayer), and interlayer (Iinterlayer) vdW interactions
between adjacent molecules, are balanced during the growth of the few-layer
organic semiconductor films. Iinterlayer that commonly exists in conventional
bulk organic crystals can be significantly eliminated in the few-layer geo-
metry. Consequently, the molecular packing in few-layer organic crystals is
greatly influenced by the competition between Iintralayer and Isubstrate
[120,121]. This condition opens up a new way to precisely control the
molecular layers by tuning the interfacial interaction.

Wu et al. demonstrated the epitaxy of organic semiconductors with
self-limited characteristics at the precision of molecular layers by exploit-
ing the interfacial vdW forces between graphene and C8-BTBT molecules
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[122]. A relatively large C8-BTBT molecule–graphene binding energy
gradient exists near the interface (Figure 6(a,b)). The binding energy is
highest on the graphene substrate but rapidly decreases on the interfacial
layer (IL) and the subsequent first conducting layer. Thus, the binding
energy gradient creates a temperature window, where the adsorbed C8-

Figure 6. (a) Top panel: schematic illustration of the growth furnace. Bottom panel: tempera-
ture inside the furnace as a function of distance to the centre (black symbols, measured; red
line, a guide to the eye). (b) Blue dots: calculated binding energies of a single C8-BTBT molecule
on graphene, IL/graphene, the first conducting layer/IL/graphene, and the second conducting
layer/the first conducting layer/IL/graphene. Red dash line: C8-BTBT−C8-BTBT interaction. Inset
shows the molecular structure of C8-BTBT and molecular packing of different C8-BTBT layers on
graphene. (c) AFM images of typical samples after C8-BTBT growth in Zone I (i), Zone II (ii), and
Zone III (ⅲ), respectively. (d) Output characteristics of the p-n junction under the linear scale
(black) and log scale (blue). Inset is schematic layout of the PTCDA/C8-BTBT p-n heterojunction
device. (e) Output characteristics of the p-n junction under the dark conditions (black) and the
0.67 μW laser illumination (red). Partically adapted with permission from Ref [122].Copyright
(2016) American Chemical Society. (f) Schematic of the growth from polycrystalline films to
bilayer and monolayer C8-BTBT films. (g) Work of adhesive between the first conducting C8-
BTBT layer and SiO2 and between the frist and second conducting layers in C8-BTBT. The red dot
line is the work of adhesive between the C8-BTBT and C8-BTBT. The inset is the molecular
packing schematic of bilayer and monolayer films. (h) Assembled length of monolayer (blue
square dots) and bilayer (red circle dots) C8-BTBT films as a function of the substrate tempera-
ture (T). Partically adapted with permission from Ref [124].Copyright (2018) American Chemical
Society.
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BTBT molecule is thermodynamically stable on graphene but unstable on
IL. Thus, the self-limited epitaxy of monolayer can be realized. The
bilayer (interfacial layer and first conducting layer) C8-BTBT can also
be realized by simply adjusting the substrate temperature (Figure 6(c)).
Strong Isubstrate dominates the molecular packing in the initial growth.
The molecules with weak Iintralayer most likely flat lie to maximize Isubstrate,
and thus, the molecules adopt face-on or a largely tilted configuration. As
the molecule coverage increases, Iintralayer would become larger than
Isubstrate. The adsorbed molecules can then flip up from a parallel to the
upright direction to the substrate. They also demonstrated the layer-by-
layer epitaxy of ultrathin PTCDA/C8-BTBT heterostructures, and the p–n
heterojunction was further exploited for photodetector applications,
which are shown in Figure 6(d,e). The photovoltaic responses with an
open-circuit voltage of ~0.5 V and photoresponsivity of ~0.37 mA/W
were achieved. Thus, the layered small-molecule semiconductors break
the limitation of bulk heterojunctions and open new possibilities for
optoelectronic devices.

Recently, Jiang et al. reported the thermally induced self-assembly of
few-layer organic crystalline films with a well-defined molecular layer
number over a millimetre-sized area via interfacial-interaction modula-
tion [124]. The C8-BTBT solution was drop-cast on the SiO2/Si sub-
strate. Then, the polycrystalline films were obtained after the solvent
evaporated. Note that the solution-processed C8-BTBT crystalline films
is different from those deposited by physical vapor transport method,
the first layer is also a conducting layer instead of an interfacial layer.
The interaction between the monolayer C8-BTBT and the SiO2/Si sub-
strate is the strongest. It decreases between the bilayer and monolayer C8

-BTBT, which is slightly larger than that of C8-BTBT–C8-BTBT in the
upper layers (Figure 6(f,g)). The gradient interaction indicates that the
upper-layer molecules are more thermodynamically unstable than the
molecules in the first two monolayers. Hence, a defined temperature
window exists, in which the polycrystalline films can be controlled to
molecular bilayer or monolayer films (Figure 6(h)). The strong mole-
cule–substrate interactions dominate the interfacial molecular packing
by increasing the substrate temperature, leading to large-area irregular
monolayer molecular films.

Besides, under the effective modulations of interactions at semiconduc-
tor/dielectric interfaces, the prominent features combined with the unique
merits of material versatility and ease of processing allow OFETs suitable for
various potential functional applications, such as photoelectric detection,
biosensing, and data storage. Pei et al. scaled down the organic functional
layers to a 2D limit with good uniformity over a large area [123]. The quasi-
2D ferroelectric dielectric layers are beneficial for low-voltage operations.
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Moreover, the few-layered C8-BTBT can significantly enhance the charge
injection, speeding up the data switching that corresponds to rapid the
carrier accumulation and depletion at the semiconductor/dielectric inter-
face. Thus, pJ-level energy consumption is obtained, which is < 0.1% of the
energy required for devices using bulk functional layers, opening up a path
towards emerging applications, such as wearable electronics.

3.2 Structure-related charge transport properties

The highly clean system allows us to directly investigate carrier transport
and structure-property relationship at the interface without being domi-
nated by extrinsic factors. Zhang et al. achieved highly ordered single-
crystalline mono- to tetralayer pentacene crystals on hexagonal BN sub-
strates through the vapour transport method [125]. With atomic force
microscopy (AFM) and transmission electron microscopy (TEM) charac-
terizations, the molecular packing of the interfacial layer considerably differs
from that of the subsequent layers. The average thickness of the IL is 0.5 nm,
indicating that the molecules adopt the face-on configuration. The second
conducting layer is 1.58 nm, which is consistent with the thin-film phase of
pentacene. Unlike the normal polymorph, the first conducting layer is
1.14 nm. The latter is a new polymorph, which shows a reduced height
compared with the second conducting layer, thereby suggesting a more
tilted molecular packing. High-resolution AFM measurements were per-
formed to gain further structural information of the pentacene layers. With
the direct characterizations of each layer, the unit cell expanded significantly
by 0.2 Å (or 3.3%) along the a-axis, whereas minimal expansion was
observed along the b-axis. In addition, differences were observed along the
a-axis when comparing the bulk and thin-film phases of pentacene.

Based on the quantitative structural characterization, they investigated
the thickness-dependent electrical transport in pentacene crystals using
backgated OFET geometry. Inferred by temperature-dependent electrical
measurements, the charge transport is dominated by hopping in the first
conducting layer. By adopting the fitting procedure, the Urbach energy in
localized states is much smaller than that in disordered 2D organic semi-
conductors, which is comparable with the best value for conjugated poly-
mers. Besides, the localization length ~1 nm is a natural result of the
molecular packing in the first layer. Surprisingly, the band-like transport
was observed in subsequent layers. The difference in mobility became
dramatic at low temperature as the mobility of the second layer in devices
improved with decreasing T, consistent with band-like transport and lack of
localization (Figure 7). The structural modulation becomes negligible
beyond the second conducting layer, leading to a mobility saturation thick-
ness of only ~3 nm, which should be a generic attribute of high-quality
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layered organic semiconductors. Therefore, the layer-defined highly
ordered organic ultrathin films provide a platform for new physics and
device structures that are impossible in conventional bulk crystals.

Similarly, based on the layer-defined highly crystalline molecular C8-
BTBT fabrication technique, He et al. investigated the intrinsic mobility
and contact properties of crystalline monolayer OFETs [126]. In conven-
tional solution-processed or vacuum-deposited OFETs, the thickness of the
organic film has to reach a certain value for efficient charge transport due to
interfacial defects and traps. An ultimate monolayer of C8-BTBT molecules
was used as an OFET channel and demonstrated remarkable electrical
characteristics, including intrinsic hole mobility over 30 cm2 V−1 s−1,
ohmic contact with resistance of 100 Ω cm, and band-like transport down
to 150 K. Compared with conventional OFETs, the main advantage of
a monolayer channel is the direct, nondisruptive contact between the charge
transport layer and metal electrodes, which is a feature vital for achieving
low contact resistance and current saturation voltage. By contrast, bilayer
and thicker C8-BTBT OFETs exhibited strong Schottky contact and much

Figure 7. (a) Ids−Vg characteristics at different temperatures of the same device under Vds = −2
V (symbols), plotted on a double logarithmic scale. From top to bottom, T = 300, 250, and 140 K,
respectively. The lines are power-law fitting results. Inset shows the extracted power exponent
as a function of 1000/T (symbols). The linear fitting crosses the origin (line), consistent with the
2D hopping mechanism. T0 = 331 K is derived from the linear fitting. (b) Experimental (symbols)
and calculated (lines) mobility as a function of 1000/T under Vg = −30 (purple), −20 (blue), and
−10 V (orange). The calculations are done with the following parameters: T0 = 331 K, σ0
= 1.3 × 106 S/m, α−1 = 8.2 Å. (c) The extracted mobility as a function of Vg at the same
temperatures. (d) Mobility as a function of temperature under Vg = −20 (orange), −35 (blue),
and −50 V (purple). (e) Side views of the molecular orbitals of the intermolecular bonding states
for first (blue) and second (red) conducting layers in the b-c plane, illustrated by isosurface
contours of 0.000 15 e/Bohr [3]; Partically adapted with permission from Ref [125].Copyright
(2016) American Physical Society.
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higher contact resistance, which were confirmed by the thickness-
dependent measurements. The bilayer and trilayer devices showed strong
nonlinearity at low Vds regime, in clear contrast with monolayer devices
(Figure 8(a–c)). The low-bias resistance in bilayer and trilayer devices was
completely dominated by contacts, which was approximately two and four
orders of magnitude higher than that of the monolayer device, respectively.
The Schottky contact was further confirmed by the thermally activated
behaviour at low temperature (Figure 8(d–f)). Below the flat-band voltage,
the Schottky barrier ΦB had a linear dependence on Vg, because thermionic
emission was dominant. At the flat-band voltage, thermally assisted tunnel-
ling became relevant, and ΦB started to deviate from the linear trend. Such
exponentially large contact resistance with strong nonlinear current-voltage
characteristics in the bilayer and thicker devices is due to the increased
Schottky barrier width that suppresses tunnelling. Density functional theory
calculations were also performed to study the contact and transport proper-
ties. The results demonstrated the potential of crystalline monolayer organic

Figure 8. (a) Schematic illustration of the contact between Au and C8-BTBT. The right part is
overlaid by the charge density in the energy range of [EF−0.5 eV, EF]. EF is the Fermi energy of
the system. The distribution of charge density along the z direction is plotted. (b) Room
temperature double-sweep Ids-Vg characteristics (black line) and the extracted four-terminal
field-effect mobility as a function of Vg (red circle). (c) Room temperature Ids-Vds characteristics
for typical monolayer, bilayer, and trilayer devices. (d) Arrhenius plot of Ids (Vg = −70 V, Vds
= −1 V) of the monolayer (red circle) and bilayer (blue circle) devices in (a). The inset shows
energy band diagrams near the contact, with different mechanisms. (e) Arrhenius plot of ln(Ids
/T3/2) of the bilayer device in (c). From top to bottom: Vg = −60.4, −56.4, −52.4, −48.4, −44.4,
and −40.4 V. (f) Derived Schottky barrier height as a function of Vg. The true Schottky barrier
height is 140 meV, as pointed by the arrow. Partically adapted with permission from Ref [126].
Copyright (2016) American Association for the Advancement of Science.
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semiconductors as building blocks for high-performance and low-power-
consumption OFETs and as clean systems for studying device physics.

When the conducting channel downscaled to a 2D limit, the modulation
effect induced by the dielectric can be further strongly verified. Wang et al.
demonstrated the fabrication of organic FETs based on 2D crystalline films as
semiconducting channels [127]. Considering that a low operating voltage is
a pursuit that has always been, they used high-κ oxide dielectrics. When AlOx

was applied as the dielectric layer, the devices exhibited a high electrical
performance with a carrier mobility up to 9.8 cm2 V−1 s−1, indicating that the
AlOx layer was beneficial to the charge transport in the conducting channels
of FETs. For comparison, they prepared FET samples that utilized SiO2 and
HfO2. A large operating voltage of −20 V was necessary to operate the SiO2-
based device, with the maximum estimated carrier mobility of 16 cm2 V−1 s−1,
which was higher than that using AlOx layers. Charge carriers are more
localized and generate the interfacial Fröhlich polarons because the highly
polarizable AlOx dielectrics promotes strong charge–dipole coupling.
Moreover, the localization of polarons at the interface was more than those
in the bulk due to the distance-dependent charge–dipole interaction. Thus,
a marked decline of the charge-carrier mobility can be observed when using
high-κ dielectrics. When applying HfO2 as the gate insulator, the operating
voltage can be properly lowered to −4 V, whereas the carrier mobility can be
as low as 0.4 ± 0.3 cm2 V−1 s−1. For further investigation, the maximum
density of interfacial traps (Ntrap) was estimated from the values of the
subthreshold swing to examine the performance, especially the carrier mobi-
lity. In the device that uses
AlOx, the value of Ntrap is ~3.9 × 1012 cm−2, which was in the same range as
that using SiO2 or HfO2. Then, they performed the temperature-dependent
measurement to characterize the charge transport behaviour in the FETs with

Figure 9. (a) Transfer curves of the C8-BTBT-based OFETs using AlOx, HfO2 and SiO2 under
different temperatures. (b) Temperature dependence of the field-effect mobility.
Partically adapted with permission from Ref [127].Copyright (2017) Springer Nature Limited.
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different oxide dielectrics (Figure 9). The device usingAlOx exhibits the lowest
Ea value of 30.8meV and a high μ0 of 12 cm

2 V−1 s−1. Considering that Ea is
related to the width of the distribution of trap states, the high carrier mobility
obtained in the AlOx-based device is attributed to a low energetic disorder and
a narrowwidth for the density of trap states in the dielectric interface, whereas
the decreased mobility in the device with HfO2 is due to the strong interaction
at the interface between the 2D conducting channel and high-κ dielectric. This
interaction increases the localization of the charge carriers, which is consistent
with the result that SiO2-based OFETs exhibit higher carrier mobility than the
AlOx-based devices. Therefore, the dielectric layer has a significant influence
on the charge transport behaviours in conducting channels.

The 2DMCs provide high possibilities for the improvement and fictio-
nalization of devices due to the direct modulation of the interface between
conducting channel and dielectric layer. Therefore, highly ordered organic
ultrathin films offer a platform for new physics and device structures that
are impossible in conventional bulk crystals. Being atomically thin, they
provide unprecedented access to the exploration of fundamental interface
science at the nanoscale, which is essential for device miniaturization
development.

3.3 Interfacial templating effect

Considering the large area uniformity and continuity of the highly ordered
2DMCs, they can act as the molecular templating layer to induce the upper
layer molecules to form high-quality thin films with controllable properties,
such as molecular orientation, film morphology, and electronic structure.
Wang et al. reported a highly ordered organic monolayer with large-area
uniformity acting as the templating layer between the dielectric and ther-
mally evaporated semiconducting layers [63]. Anisole solution of C8-BTBT
and immiscible N,N-dimethylformamide (DMF) were sequentially dropped
onto a phenyltrichlorosilane-treated hydrophilic SiO2/Si substrate for spin-
coating process. In the process, DMF spread rapidly over the anisole surface,
while the assembled molecules spontaneously aggregated into the floating
crystalline nanosheets at the anisole/DMF interface. The ultrathin crystal-
line sheets grew equatorially larger and connected, evolving into large-area,
continuous monolayer crystals, with substrate coverage that reached up to
~97% at the optimal spin speed and solution concentration. The monolayer
molecular crystals exhibited very small surface roughness of ~1.93 Å. TEM
and its corresponding SAED indicated a highly ordered molecular packing
(Figure 10(c)). Subsequently, the as-prepared monolayer molecular crystals
with large-area uniformity and high crystallinity acted as an interfacial
templating layer for the growth of 27 nm-thick upper films via the thermal
evaporation (Figure 10(a,b)). The hybrid-deposited films exhibited almost
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single crystalline, meaning that the interfacial monolayer crystals exhibited
a strong templating effect to guide the packing behaviour of the upper layer
molecules (Figure 10 (d)). The mobility of the hybrid-deposited films was as
high as 11.3 cm2 V−1 s−1, which is higher than that without this templating
monolayer by nearly one order of magnitude. Such significantly enhanced
electrical performance was ascribed to the enhanced crystallinity and highly

Figure 10. (a) Structure of a bottom-gate top-contact transistor with a spin-coated C8-BTBT
monolayer at the semiconductor/dielectric interface and the molecular structure of C8-BTBT. (b)
Optical microscopy of deposited C8-BTBT. (c) SAED patterns of the C8-BTBT monolayer. (d) XRD
patterns of the C8-BTBT films with total thicknesses of (i) 6 nm and (ii) 30 nm without and with
spin-coated monolayers at different speeds. (iii) The d-spacing (blue) and fwhm (olive) data
calculated from the 6 nm thick (squares) and 30 nm thick (circles) films. The films on the
reference samples were deposited by thermal evaporation.
Partically adapted with permission from Ref [63].Copyright (2018) American Chemical Society.
(e) Optical microscopy image of a PTCDI-C8/C8-BTBT heterojunction. PTCDI-C8 grown on the
SiO2 and monolayer C8-BTBT film. (f) AFM image of PTCDI-C8 grown on the SiO2 and monolayer
C8-BTBT films. The height profile shows the PTCDI-C8 is the molecular monolayer. (g) Transfer
characteristics of transistors with monolayer PTCDI-C8 on monolayer C8-BTBT template (red line)
and the SiO2 substrate (blue line). The inset is the schematic illustration of the heterojunction
device. Partically adapted with permission from Ref [124].Copyright (2018) American Chemical
Society.
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organized arrangement of the upper evaporated films induced by bottom
spin-coated monolayer crystals. Transistor arrays based on the hybrid-
deposited films exhibited an average mobility of 7.7 cm2 V−1 s−1 with high
uniformity, which can be compatible with patterning technology.

Large-area monolayer C8-BTBT with high uniformity was also employed
as an interfacial templating layer to construct a vertical PTCDI-C8/C8-BTBT
heterojunction by Jiang et al [124]. They found that a continuous PTCDI-C8

film on monolayer C8-BTBT with high uniformity was formed, whereas
numerous small isolated islands were formed on SiO2/Si substrate and
monolayer C8-BTBT films with polyporous structure, indicating the effi-
cient interfacial templating effect (Figure 10(e,f)). The ambipolar OFETs
based on the heterojunctions exhibited balanced electron and hole mobili-
ties of 0.6 and 0.4 cm2 V−1 s−1, respectively (Figure 10(g)). This efficient and
feasible method via interfacial-interaction modulation with controllable
molecular layers and scale-up coverage enables the achievement of
advanced organic electronic applications, such as quantum wells and
superlattices.

4 Conclusion and outlook

Organic semiconductors are undergoing an exponential development due
to their extraordinary electrical, chemical, thermal, and optical properties.
When it is used as the conducting channel in OFETs for various functional
applications, the device performance is closely related to the charge trans-
port properties in conducting channels, which largely depend on the semi-
conductor/dielectric interface. Hence, elucidating the nature of charge
carriers at the semiconductor/dielectric interface is of great importance for
clarifying the structure-property relationships and achieving high-
performance OFET devices for sustainable advancement in organic electro-
nics. To have an overall observation of the interfacial properties, numerous
optical and electrical technologies are applied, such as in-situ low-
temperature scanning tunnelling microscopy, near-edge X-ray absorption
fine structure measurements, and scanning Kelvin probe microscopy. The
motion of charge carriers has been extensively explored with various trans-
port models based on bulk organic crystals. Note that traditional 3D bulk
films often have complex microstructures and undesirable qualities, study
on interfaces suffers from indirect examinations, which only gives us partial
evidences. To have a more accurate and in-depth understanding of the
intrinsic semiconductor/dielectric interface properties, high-quality inter-
face-like films are urgently needed for direct characterizations, eliminating
these undesirable qualities. Recently, the emerging 2D organic crystals can
be a good choice. The unique characteristics of atomically flat surface and
long-range molecular ordering realize the minimization of excessive
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disorders and traps in crystals. Moreover, under the 2D geometry, the
interface-like films eliminate the interlayer screening and provide full expo-
sure for more direct exploration of device physics, such as intrinsic charge
transport and interfacial effects. Hence, the interface-like film is a powerful
platform to explore fundamental device physics and promote the revolu-
tionary advancement in organic electronics.

Although great progress has been achieved through these works, challenges
remain in this field. Efforts should be devoted to the further improvement of
transport properties by optimizing dielectric materials. The dielectric properties
and device performance are commonly related because the surface morphology
always has a strong influence on the aggregation of the overlying organic
molecules into the crystalline nanosized domains, which can be related to the
efficient transport of the charge carriers. Hence, an in-depth understanding of
the correlation between nanoscale morphology at the semiconductor/dielectric
interface and charge transport properties is urgently required. In particular,
reliable theoretical models and reasonable experimental design can serve as
corporate guidance to the modification of the nanoscale morphology of the
dielectric layers, thereby developing suitable and easily processable dielectric
materials and utilizing their special characteristics (such as piezoelectricity,
ferroelectricity, pyroelectricity, and even traps) to realize highly functional
smart designs. Quantitative information at the atomistic level provided by
numerical simulations is also helpful. 2DMCs combined with high-quality
dielectrics should be focused as a clear and powerful platform, where the charge
carriers in the overlying organic molecules can exhibit its intrinsic behaviour
correlating with the electrostatic properties of the insulating layers. The direct
response observed in electrical or optical measurements will promote the
accurate prediction of properties, which will provide valuable instructions for
molecular design and engineering. These issues should be addressed for future
optimization of the charge transport properties in OFETs.

Although this review presents a comprehensive overview of the physics of
semiconductor/dielectric interfaces inOFETs,many challenges still exist, such
as those presented above. Further development of high-performance OFETs
from laboratory research to industry cannot be separated from the funda-
mental studies, especially the charge transport behaviour. Maximized explora-
tion and application of the semiconductor/dielectric interface based on
2DMCs are good choices. They will lead to efficient optimization of device
performance and make advancements in next-generation organic electronics.
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