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Spectroscopy of a Molecular Transistor
James Kushmerick

Detailed spectroscopic characterization of single-molecule transistors provides insight into how molecules can be used in future electronic devices.

[bookmark: _Ref121372376][bookmark: _Ref121372379][bookmark: _Ref121372381][bookmark: _Ref121372386][bookmark: _Ref121796720]Transistors, the fundamental element of integrated circuits, controls the flow of current between a source and drain electrode through modification of the gate voltage.  A transistor whose channel is defined by a single molecule is one logical limit to circuit miniaturization, and the construction and characterization of such a device has been a longstanding goal of nanoelectronics.  Solid-state molecular transistors based on the Coulomb blockade and Kondo effects have previously been demonstrated. [endnoteRef:-1],[endnoteRef:0],[endnoteRef:1],[endnoteRef:2]  A transistor based purely on the electrostatic modulation of a molecule’s orbital energy although theoretically predicted[endnoteRef:3] had yet to be conclusively demonstrated. On page XXX of this issue Song et. al.[endnoteRef:4] describe the fabrication and detailed spectroscopic characterization of single molecule transistors whose charge transport is controlled by gate modification of the molecules orbital energy. [-1:  	Park, J. et al. Coulomb blockade and the Kondo effect in single-atom transistors. Nature 417, 722-725 (2002).]  [0:  	Liang, W., Shores, M. P., Bockrath, M., Long, J. R. & Park, H. Kondo resonance in a single-molecule transistor. Nature 417, 725-729 (2002).]  [1:  	Kubatkin, S. et al. Single-electron transistor of a single organic molecule with access to several redox states. Nature 425, 698-701 (2003).]  [2:  	Yu, L. H. & Natelson, D. The Kondo Effect in C60 Single-Molecule Transistors. Nano Letters 4, 79-83 (2004).]  [3:  	Ghosh, A. W., Rakshit, T. & Datta, S. Gating of a molecular transistor: Electrostatic and conformational. Nano Letters 4, 565-568 (2004).]  [4:  	Song, H., Kim, Y., Jang, Y. H., Reed, M. A. & Lee, T. Observation of molecular orbital gating. Nature XX, XXX-YYY (2009).] 


The ability to electrically address a single molecule, while becoming more prevalent in the research literature,1,2,3,4,[endnoteRef:5] is still a daunting task.  In the present work the authors rely on the fortuitous trapping of the molecule of interest in a nanoscale gap formed in an electromigrated break junction.1,2,3,4  One of the benefits of this fabrication method is that the junction can be formed directly over an oxidized gate electrode providing the needed three-terminal geometry.  Where the current research excels is in detailed characterization of the resulting molecular junction. The field of molecular electronics has long been plagued by concerns that some impurity or defect was responsible for the observed current-voltage characteristics as opposed to the molecular species under study.  Song et. al.6 avoid such uncertainties by thoroughly characterizing the charge transport properties of their devices with a tandem of in situ spectroscopies.  [5:  	Xu, B. & Tao, N. J. Measurement of Single-Molecule Resistance by Repeated Formation of Molecular Junctions. Science 301, 1221-1223 (2003).] 


The use of inelastic electron tunneling spectroscopy (IETS) and transition voltage spectroscopy in this study provide unprecedented insight into the underlying physics of charge transport in these molecular transistors.  IETS, which measures the interaction of the tunneling electrons with vibrational modes of the molecule, provides definitive proof that the measured current is passing through the molecule and can also yield insight into the pathway that the charge takes transiting the junction.[endnoteRef:6]   For both types of molecular transistors reported IET spectra allows for the unambiguous identification of the molecular species from their specific vibrational fingerprint. [6:  	Troisi, A. et al. Tracing electronic pathways in molecules by using inelastic tunneling spectroscopy. Proceedings of the National Academy of Sciences 104, 14255-14259 (2007).] 


Transition voltage spectroscopy provides a means to measure the effective barrier that the tunneling electron experiences.  It has previously been demonstrated that the measured transition voltage (Vtrans) is linearly related to the offset between the molecular orbital taking part in the charge transport process and the electrode Fermi level.[endnoteRef:7]  By performing transition voltage spectroscopy as a function of applied gate voltage the authors demonstrate the linear coupling between gate voltage and the molecular orbital alignment.  Additionally, the nature of the molecular orbital (occupied or unoccupied) that couples to the charge carrier can be determined from the sign of the conductance change with respect to the applied gate voltage.  Both flavors of transistor become more conductive upon application of a negative gate voltage.  Since a negative gate voltage will push up the molecular orbitals with respect to the electrode Fermi level, coupling to the highest occupied molecular orbital (HOMO) is the dominant channel in both devices. [7:  	Beebe, J. M., Kim, B.-S., Gadzuk, J. W., Frisbie, C. D. & Kushmerick, J. G. Transition from Direct Tunneling to Field Emission in Metal-Molecule-Metal Junctions. Phys. Rev. Lett. 97, 026801 (2006).] 


The ability to gate the molecular orbitals is further supported by the gate dependence of the vibrational spectra.  The molecular transistor fabricated from a saturated alkane dithiol exhibits no gate dependence on the measured IET spectra.  The device is always in the non-resonant tunneling regime due to the large orbital alignment offset.  Strong modulation of the IET spectra was observed for the transistor fabricated from a benzene dithiol.  Specifically, the IET intensity increases greatly and the vibrational peak shape changes from a simple peak to a peak-derivative-like/Fano line shape, as the molecules HOMO is brought closer to the electrode Fermi level through application of a negative gate voltage.  The Fano line shapes are clear indication of resonantly enhanced IET spectra.[endnoteRef:8]  This is the first experimental demonstration of the ability to tune between off-resonant and resonant IETS. [8:  	Galperin, M., Ratner, M. A. & Nitzan, A. Inelastic electron tunneling spectroscopy in molecular junctions: Peaks and dips. J. Chem. Phys. 121, 11965-11979 (2004).] 


One of the most surprising features of the study is the strong gate coupling. For both molecules studied the gate efficiency factor is near 0.25 eV/V, which means that the molecular orbitals shift 0.25 eV for 1 volt applied to the gate electrode. It is unclear why there should be such strong coupling, especially in light of the screening from the nearby electrodes.  One must conclude that the molecules must be extremely close to or in intimate contact with the gate dielectric for such high coupling to occur.  The need for such alignment may in part be responsible for the low yield of such devices.

Through this multi-spectroscopy study of molecular transistors Song et. al.6 are able to prove that the molecule is controlling the device conductance through the relative alignment of its HOMO with the electrode Fermi level, and that this molecular orbital alignment can be efficiently tuned by the applied gate voltage.  This study sets a new benchmark for what should be required in future studies of charge transport in molecular systems.

While this paper represents the cleanest most well studied example of molecular transistors to date, much work remains before molecular devices will compete with their silicon brethren.  For one a fabrication method, which provides dense assemblies of single molecule devices has yet to be developed.  This work does provide an excellent foundation for the further development of well characterized molecular devices.
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