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Realization of Molecular-Based Transistors
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current/voltage (I/V) characteristics of 
these devices (the major operational mode 
of MJs). The potential applications of MJs 
and their advantages over conventional 
ones are described elsewhere.[3] By 2001, 
MJs were considered to be within reach, 
and were announced by Science magazine 
as the “breakthrough of the year”;[4] but 
17 years later, MJs have not yet reached 
practical realization. This article probes 
some of the reasons for this situation 
and highlights upcoming opportunities 
for emerging molecular-based devices in 
“post-CMOS” technology with respect to a 
special type of MJ: the molecular transistor 
(MT). MT is a modified MJ device in which 
I/V characteristics are controlled by source 
(S) and drain (D) electrodes, while an addi-
tional capacitively coupled lead is used to 
modulate and control the junction’s electric 
field (gate electrode, G, Figure 1a).

2. MT: Motivation and Technological Challenges

The motivation to exploit molecules as building blocks in elec-
tric devices arises from the fact that endless types of nanoscale 
molecular compounds can be synthesized in infinite amounts. 
Those molecules can be engineered to attach to predefined elec-
trodes, in a controlled fashion, while featuring a unique com-
bination of properties such as negative differential resistance 
(NDR), rectification, charge storage, and amplification.[3,6–13] 
Various types of demonstrated MJs allow investigation of funda-
mental phenomena such as the nature of the molecular–metal 
interface,[14] charge transport and transfer at the molecular 
scale,[15] and comparison between single-molecule junction and 
MJs based on self-assembly.[16] Nevertheless, researchers in this 
field are facing considerable challenges related to reliability and 
reproducibility of MJs.[3,6] So we may ask: why is there a need 
to add a third electrode to the junction to form a MT? Criti-
cally, developing this architecture presents major technological 
challenges, since there is a need to form a junction in which a 
gate-induced electric field will effectively penetrate the MJ and 
modulate its internal potential. Yet, it has been claimed that the 
advantages of MT make it the “holy grail” of molecular elec-
tronics.[17] This strongly suggests the need to demonstrate the 
compatibility of such a device with industry standards.

The nanometer size of a MT’s active section is one reason 
for its significant theoretical advantages in high-speed opera-
tion and high density of devices per chip. But the properties of 
MTs are not limited to these advantages and can be understood 
via its (simplified) energy diagram (Figure 1d). Consider a MT 

Molecular-based devices are widely considered as significant candidates 
to play a role in the next generation of “post-complementary metal–oxide–
semiconductor” devices. In this context, molecular-based transistors: 
molecular junctions that can be electrically gated—are of particular 
interest as they allow new modes of operation. The properties of molecular 
transistors composed of a single- or multimolecule assemblies, focusing on 
their practicality as real-world devices, concerning industry demands and its 
roadmap are compared. Also, the capability of the gate electrode to modulate 
the molecular transistor characteristics efficiently is addressed, showing that 
electrical gating can be easily facilitated in single molecular transistors and 
that gating of transistor composed of molecular assemblies is possible if the 
device is formed vertically. It is concluded that while the single-molecular 
transistor exhibits better performance on the lab-scale, its realization 
faces signifacant challenges when compared to those faced by transistors 
composed of a multimolecule assembly.

Molecular Transistors

1. Introduction

These are exciting times in microelectronics technology, with 
increasing exploitation of innovative fabrication processes and 
new materials for the formation of new complementary metal–
oxide–semiconductor (CMOS) devices.[1] The innovations are  
not limited to the university laboratories: new devices are already 
being evaluated by traditional microelectronics companies. 
Since their demonstration more than 40 years ago,[2] molecular-
based devices were widely considered to be major players in the 
predictions of Moore’s law. The building blocks of these devices 
are a molecular junction (MJ), which is typically composed of 
molecular assembly sandwiched between two electrodes. Appli-
cation of external electric field between electrodes produces the 
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in which current flows between the source and drain electrodes 
upon application of an electric voltage (VSD). Application of gate 
voltage (VG) will modulate the discrete molecular energy states 
(red). Only states within the quasi-fermi levels regime (yellow) 
will allow direct charge transport. The conclusion is that MTs 
enable the tuning of molecular states, pointing to opportuni-
ties to develop new types of devices in which current is deter-
mined by the discrete energy levels of the molecular compound 
in the device, which in turn can be influenced by the gate 
voltage. We and others have demonstrated this type of device 
(Figure 1e).[7,9–11,18–23]

Figure 1 presents several approaches related to common 
architectures of MTs (scanning probe MTs and electrochemical 
MTs are excluded since their realization is not possible). In a 
single-molecular transistor (Figure 1a, left), current passes 
through the skeleton of a single molecule, while VG is applied 
perpendicular to the molecular skeleton. In the self-assem-
bled monolayer (SAM)-based MT, the same methodology can 
be adopted (Figure 1a middle), or alternatively, the S, D, and 
the G electrodes can be oriented by an angle (commonly, the 
electrical current is perpendicular to the molecular skeleton, 

Figure 1a right). For SAM-based MTs, the device can be fabri-
cated horizontally (Figure 1b)[24] or vertically (Figure 1c).[5] The 
substantial difference between these architectures is notable: 
for the horizontal configuration requires the S–D nm-sized gap 
to be predefined, a challenging task; in the vertical configura-
tion, the gap (channel) is automatically defined by the height 
of the SAM, since it is formed by deposition of the electrode on 
top of the molecular layer.

3. Industry Roadmap for Future Transistors

As noted by Jeong et al.[6] and Xiang et al.,[3] in addition 
to reliability and reproducibility characteristics, industry-
compatible MJs should exhibit addressability (the ability to 
address a single device within a circuit), and technology for 
their mass production should be feasible. Considering these 
challenging requirements, we may ask: does industry have 
any practical need for MTs? The International Technology 
Roadmap for Semiconductors (ITRS) Reports[1] are a strong 
starting point for understanding the concept of MTs from an 
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Figure 1. Standard and molecular transistors. a) Current–gate voltage configurations in MTs. Left: Single molecular transistor. The current (green 
arrow) passes through the molecular skeleton while the applied gate voltage (pink arrow) is pointing perpendicular to it. Middle: The same configura-
tion applied to the SAM-based transistor. Right: Current and gate voltage applied at various angles (SAM-based MTs). b) Horizontal architecture. c) 
Vertical architecture. d) Tuning the molecular energy levels with the gate electrode (see text for details). e) Transistor characteristics of vertical MT 
composed of Azurin protein. Each curve presents I/V at different VG. Notice the appearance of NDR peaks at certain gate voltages. (e) Reproduced 
with permission.[5] 2011, American Chemical Society.
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industry perspective. MTs have been repeatedly referred to by 
the ITRS Roadmap as one of the most promising technolo-
gies (Figure 2). But as the fabrication technology has been 
scaled down to a 28 nm feature (for detailed definitions of 
node/feature, see the ITRS reports), lateral transistors have 
maintained a constant pathway, so no need for a change was 
required.

Notably, at features of 16/14 nm, a new paradigm was cre-
ated for the formation of the family of multigate devices.[25] 
This family of vertical-architecture transistors is expected to 
keep Moore’s law alive down to the 5 nm node, in which a new 
paradigm will be required. A hint of this paradigm appears in 
a recent ITRS 2.0 publication,[1] which presented a new genera-
tion of multigate vertical transistors, such as “gate all around” 
(GAA).[26] GAAs are expected to scale all the way down to a  
1–2 nm node. The channel material has neither been defined 
nor has a prototype device being fabricated. With respect to 
MTs, the ITRS suggests inter alia that directed self-assembly 
(DSA) might bridge this gap by creating dense, well-organized 
structures that are critical for defining key features of the 
device. This industry perspective points to the need to advance 
R&D of MJs—specifically, MTs.

4. MTs: Current Status

Table 1 shows examples of phenomena explored by using MTs 
and relevant fabrication and operation characteristics. Besides 
the gating mechanism, these criteria include the addressability, 
the ease of fabrication, the yield, and the applicability of the 
method for mass production.

The latter are important because they are essential for 
industry realization of MTs. The conclusions from Table 
1 are: (i) Single-molecule MTs are today’s most common 
method for exploring the gating of MJs. (ii) An impressive 
array of transport phenomena have been explored using 
this technique, including gating of molecular energy levels, 
molecular oxidation states, and the Kondo effect. (iii) Experi-
ments on single-molecular transistors at ambient tem-
perature are rare since the effects of thermal noise and fluc-
tuations need to be minimized. (iv) It is difficult to find clear 
evidence of single-molecular transistors with the potential to 
form multi ple junctions in a row (parallel junction produc-
tion). (v) The reported yields of these devices have been suf-
ficient for proof of concept, but not for reproducibility on an 
industrial scale. (vi) The number of demonstrated SAM-based 

MTs is considerably smaller than for single-molecule MTs. 
(vii) SAM-based MTs can exhibit mole cular gating, though 
sometimes less pronounced than single-molecular transis-
tors. (viii) Demonstrations of room-temperature MTs are rare. 
(ix) Fabrication of large-area MTs, as well as of MTs using 
CMOS-compatible devices, has been demon strated mostly for 
SAM-based vertical transistors.

It appears that in terms of industry requirements and stand-
ards (as defined above and in Table 1), SAM-based MTs and in 
particular vertical MTs, are currently the best candidates, since 
they can be produced in high yield, using CMOS-compatible 
technologies[10,21] and operate at room temperature. This raises 
the question of why so little work on these devices has been 
published. One answer is that single-molecule devices allow 
the carefully controlled experiment to explore fundamental 
phenomena related to molecular conduction. Nevertheless, the 
structure of SAM-based devices questioning the possibility of 
gating of these.[36] The next two sections address this issue by 
focusing on SAM-based vertical transistors that might meet 
future post-CMOS device criteria.

5. Can Molecular Junctions Be Gated?

While a clear gating effect has been demonstrated in many 
single-molecular transistors, questions have recently been 
raised regarding the fundamental validity of large-area SAM-
based MTs,[36] with the claim that MTs cannot be gated because 
the gate-induced electric field cannot effectively penetrate to 
the molecular layer, making the realization of these irrelevant. 
Kagan et al.[37] have partially addressed this problem by con-
sidering a molecular field-effect transistor configuration. They 
suggested that gating is possible if the thickness of the gate 
dielectric layer—which is in close contact with the molecular 
channel (SAM)—is comparable to the molecular length. In 
addition, they propose that tunneling leakage is avoided where 
molecular length is sufficient. Nevertheless, it is evident that 
the side- or central-gate architecture (Figures 1 and 4), gate 
voltage might only partially activate the SAM, especially if the 
length of the layer is much larger than the transistors’ channel 
length (SAMs’ thickness, Figure 3).

In such cases, it may be possible to evaluate the gating on/off 
ratio using a parallel resistor model in which gate voltage par-
tially activates some of the molecules by tuning the molecular 
energy levels, for example, by switching the initial resistance of 
single molecule in the SAM from high (RH) to low state (RL). 

Adv. Mater. 2018, 30, 1706941

Figure 2. ITRS technology map of future transistors. Reproduced with permission.[1] Copyright 2015, Semiconductor Industry Association (SIA).
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Modulation of the molecular states, by this mechanism, would 
lead to the on/off ratio of

A

on

off
1 χ χ

= − +  (1)

where χ is the ratio between the number of activated molecules 
(or surface area) to the total number of the molecules or total 
surface area, respectively, and A is the attenuation factor repre-
senting the ratio between the resistances of gated to a nongated 
molecule

A
R

R

L

H=  (2)

Figure 3 shows representative on/off ratio values corre-
sponding to χ and A. Reasonable values can be obtained only 
upon an abrupt gate-induced change of the molecular resist-
ance and/or gating of the reasonable area. It is also evident 
that gating of the SAM-based transistor can be facilitated or 
practically realized when (i) single molecules in the SAM expe-
rience a large change in conductivity upon gating (see, e.g., 
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Table 1. Example of MT works. S: Single molecule, Fab: fabrication technique, H: horizontal, V: vertical, Temp: temperature, MCBJ: mechanically 
controlled break junction, EM: electromigration, SE: shadow evaporation, SPM: scanning probe microscopy, CNT: carbon nanotubes, Va: various 
techniques, PL: photolithography, ES: electrostatic, EC: electrochemical, N: no, Y: yes, So: sophisticated, E: easy, H: high, L: low, I: inappropriate, A: 
appropriate, RT: room temperature, C: cryogenic temperature, VT: variable temp, MO: molecular orbital. Part of the data adapted with permission.[3,6] 
Copyright 2016, 2017 American Chemical Society.

Method S/SAM Gating Addressability Fab Yield Mass production H/V Effect studied (Temp, ref)

MCBJ S ES N So H I H Nanomechanical oscillations C[27]

EM S ES Y So L I H MO gating C,[17] Coulomb blockade C,[28] Kondo C[28,29]

SE S ES N So H I H Redox states, electrode–molecule coupling, C[19]

Va S/SAM EC N So H/L I H Several effects including redox properties, large gate modulation RT[30]

SPM S/SAM EC N E I H/V Current blockade, access to oxidation states RT[31,32]

MCBJ/EM S/SAM Light N So H/L I H Light-induced conformational change RT[33]

CNT-electrode S ES N So H I H FET organic VT[34]

Va SAM ES Y E H A H Large-area junctions with large channel (horizontal) RT[24,35]

PL SAM ES Y E H A V nm-sized channel, MO modulation, gate controlled hysteresis, redox-

gating, charging[7,9,10,21,23]

Figure 3. Top: Electric field applied to SAM-vertical MT. The junction total resistance is changed upon application of VG, as switching of the molecules 
takes place. Bottom: On/off ratio for different A and χ values (see text for details).
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the work of Choi et al. where single-molecule conductivity 
was changed by a factor of 600,[32] or SAM-induced rectifica-
tion enhancement;[16] (ii) the transistor operation is governed 
by a physical mechanism such as NDR or capacitance; and 
(iii) additional architectures for SAM-gating should be further 
explored.

6. Focus on Vertical Molecular Transistors

We have demonstrated vertical central- and side-gate MTs 
(Figure 4).[7–9,11,21–23] In short, the MTs were designed and fab-
ricated such that channel length, L, is determined solely by the 
SAM deposited between the source and drain electrodes; this 
allowed us to make L in the order of nanometers without the 
need to employ sophisticated lithography techniques.

The devices could be built easily using conventional and 
CMOS-compatible photolithography techniques, with the par-
allel mass fabrication of devices. Notably, the junction area Sl 
could be tuned and realized by the controllable gate electrode 
and the junction radii (RG and RT, respectively; Figure 4d), 
such that down to the sub-100 nm2 scale, and this by using 
CMOS-compatible techniques. Among the molecular systems 

we demonstrated (either at ambient or cryogenic temperatures) 
are proteins, doped biojunctions (one of the future challenges 
of nanotransistors), redox-responsive organic SAMs, and C60-
based molecular quantum dots transistors. The latter example 
is of special interest since it features robust, reliable, and 
reproducible junctions, with switching as well as gate-induced 
memory properties.

7. Summary

The practical realization of molecular transistors still remains 
open. There is no doubt that integration of MTs in next-gener-
ation technology should overcome many challenges, including 
reproducibility, reliability, yield, and the incorporation of mass 
production technologies in device fabrication. Addressing these 
challenges will open opportunities to implement MTs in the 
next 3–2 nm generation devices. With this respect, it is evident 
the single-molecular transistor is the ideal tool for exploring 
fundamental molecular transport phenomena, but it remains to 
demonstrate that this can overcome current and future industry 
standards. On the other hand, though it is easier to resolve 
these technological obstacles using SAM-based MTs, their 
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Figure 4. a) Vertical molecular transistor. b) Scheme of the transistor with typical lateral and vertical dimensions. c) Scanning electron microscopy 
image of top view of an exposed vertical transistor and its d) top area-related dimensions. e) Gate-induced hysteresis taken for C60-based MT. The width 
of the hysteresis is controlled by VG. f) Switching (a) and transconductance (b) properties of the C60 transistor. (a,c) Reproduced with permission.[10] 
Copyright 2009, American Chemical Society.
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gating characteristics are not efficient as the single-molecule 
transistors.
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