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Introduction

The ability to control and manipulate charge transport at the molecular 
level is of great importance in various fields, including molecular electronics, 
sensing, and energy conversion. One promising approach is to modulate 
single-molecule charge transport properties through the application of external 
stimuli. External stimuli, such as light, temperature, electric fields, and chemical 
environments, can induce changes in the electronic and structural properties of 
molecules, leading to alterations in their charge transport characteristics. This 
article explores the recent advancements and strategies employed to modulate 
single-molecule charge transport through external stimuli, highlighting their 
potential applications and challenges. Light is a powerful external stimulus 
that can be used to modulate single-molecule charge transport properties. 
Photoisomerization, photodoping, and photoinduced electron transfer are 
some of the mechanisms utilized for light-induced control. For example, 
photoswitchable molecules that undergo reversible structural changes upon 
light irradiation can toggle between distinct charge transport states. By 
employing photoresponsive groups, such as azobenzenes or spiropyrans, 
researchers have demonstrated the reversible control of conductance in 
single-molecule junctions using light stimuli. Additionally, plasmonic effects 
and surface-enhanced Raman spectroscopy can enhance light-molecule 
interactions, enabling precise control over charge transport properties.

Description

Temperature is another external stimulus that can be used to modulate 
single-molecule charge transport. Molecular junctions comprising thermally 
responsive groups, such as rotaxanes or metal-organic frameworks can exhibit 
distinct conductance states at different temperatures. Through temperature-
dependent conformational changes or phase transitions, the charge transport 
pathways can be altered, leading to changes in conductance or rectification 
ratios. Thermal scanning probe microscopy techniques, such as scanning 
tunneling microscopy and atomic force microscopy enable the investigation 
of temperature-dependent charge transport at the single-molecule level. The 
application of electric fields represents an effective means of modulating single-
molecule charge transport. By applying gate voltages to molecular junctions, 
the electrostatic environment around the molecule can be altered, influencing 
its conductance properties. Field-effect transistors based on single molecules 
have been developed, where the gate voltage tunes the charge transport 
behavior. The use of nanoscale electrodes and advanced measurement 
techniques, such as scanning electrochemical microscopy or conducting 
atomic force microscopy allows for precise control and characterization of 
single-molecule charge transport under applied electric fields [1].

The chemical environment surrounding a molecule can significantly 
impact its charge transport properties. Various chemical stimuli, such as 

redox reactions, pH changes, or exposure to specific molecules or ions, can 
modulate single-molecule conductance. For instance, redox-active molecules 
exhibit reversible changes in their conductance through oxidation or reduction 
processes. The use of molecular recognition elements, such as crown ethers or 
host-guest complexes, can selectively bind target molecules, altering the charge 
transport characteristics. The combination of molecular self-assembly and 
chemical stimuli provides a versatile platform for tuning single-molecule charge 
transport. The ability to modulate single-molecule charge transport through 
external stimuli opens up exciting opportunities for molecular electronics and 
nanoscale device applications. Light, temperature, electric fields, and chemical 
environments offer versatile means to control and manipulate charge transport 
properties at the single-molecule level. By understanding the underlying 
mechanisms and designing appropriate molecular architectures, researchers 
can tailor the charge transport behavior to suit specific device requirements. 
However, several challenges remain, including the need for precise control 
over stimuli, achieving reversible responses, and enhancing the stability and 
reproducibility of single-molecule junctions [2]. 

Overcoming these challenges will pave the way for the development of 
novel functional devices with tunable and responsive single-molecule charge 
transport properties, enabling advancements in areas such as molecular 
sensors, information storage, and energy conversion systems. The ability 
to control and modulate charge transport at the single-molecule level has 
attracted significant interest in the field of nanoelectronics. This level of control 
offers opportunities for designing functional molecular devices with unique 
electronic properties. One promising approach involves using external stimuli, 
such as light, electric fields, temperature, and mechanical forces, to tune 
and modulate the charge transport characteristics of individual molecules. 
This article explores the recent advances in modulating single-molecule 
charge transport through various external stimuli, highlighting their potential 
applications in molecular electronics. Light has emerged as a powerful external 
stimulus for modulating charge transport in single molecules. Photochromic 
molecules, which undergo reversible structural changes upon light irradiation, 
have shown great promise in this regard. By carefully designing the molecular 
structure, it is possible to switch the charge transport characteristics between 
different states using light-triggered isomerization or photo-induced electron 
transfer processes. This enables the construction of optically switchable 
devices at the single-molecule level [3].

Additionally, the interaction between light and plasmonic nanostructures 
can be utilized to enhance and control charge transport through single 
molecules. Plasmonic effects, such as localized surface plasmon resonance, 
can enhance light-molecule interactions and modify the charge transport 
properties by manipulating the molecule's energy levels and coupling strength 
to the electrodes. The application of external electric fields provides a 
powerful means to control charge transport in single molecules. Electrostatic 
gating techniques, such as field-effect transistors enable the modulation of 
molecular conductivity by varying the gate voltage. By adjusting the electric 
field strength, it is possible to tune the energy levels of the molecular orbitals, 
thus influencing the charge injection and transport properties. This field-effect 
modulation allows for precise control over the charge transport behavior in 
single molecules, offering potential applications in nanoelectronic devices. 
Moreover, the use of voltage pulses or bias modulation techniques can induce 
switching between different charge transport regimes, such as resonant 
tunneling or Coulomb blockade, thereby altering the conduction characteristics 
of individual molecules. These dynamic control methods provide avenues for 
designing molecular switches and memory devices [4].

Temperature is a fundamental external stimulus that can profoundly 
influence the charge transport properties of single molecules. At low 
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temperatures, molecules exhibit different conduction mechanisms, such as 
coherent tunneling or inelastic transport, leading to distinct electronic behavior. 
By varying the temperature, it is possible to access different charge transport 
regimes and explore the underlying transport mechanisms. Temperature-
dependent studies allow for a deeper understanding of the structure-function 
relationships in molecular junctions and provide insights into the design of 
thermally modulated molecular devices. Thermoelectric effects can also 
be exploited to control charge transport in single molecules. By applying a 
temperature gradient across a molecular junction, a thermoelectric voltage 
can be generated, driving charge transport through the molecule. This 
phenomenon, known as the Seebeck effect, can be used to convert waste 
heat into electrical energy or to modulate the charge transport properties 
of single-molecule devices. Mechanical forces offer a unique approach to 
modulate charge transport in single molecules. By mechanically stretching 
or compressing a molecular junction, it is possible to induce conformational 
changes, alter the molecular electronic structure, and control the charge 
transport properties [5].

Conclusion

This mechanical modulation of charge transport has been demonstrated 
in various molecular systems, including mechanically switchable devices and 
molecular junctions with tunable conductance. The use of scanning probe 
microscopy techniques, such as atomic force microscopy or mechanically 
controlled break junctions enables precise control over the mechanical 
manipulation of individual molecules. By applying mechanical forces with 
nanoscale precision, it becomes possible to investigate the mechanical 
response and conductance characteristics of single molecules. The ability to 
modulate charge transport through external stimuli represents a fascinating 
frontier in the field of molecular electronics. Light, electric fields, temperature, 
and mechanical forces offer versatile means to control and tune single-
molecule conductance properties. These stimuli can be employed individually 
or synergistically to achieve dynamic control over charge transport behavior. 
The ability to modulate single-molecule charge transport through external 
stimuli opens up possibilities for developing advanced molecular devices, 
including optically switchable devices, field-effect transistors, thermoelectric 
devices, and mechanically controllable devices. Continued research in this 
field holds significant promise for the development of novel nanoelectronic 

systems with enhanced functionalities and applications in areas such as 
sensing, information processing, and energy harvesting.
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