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Fig. 5  Raman spectra of MGL, IBL and CBL in  the regions, left to right, of the D - band, G - band,  2D band 2D+G band.   See text.  

We are involved in a research program to investigate a new class of electronic devices based on highly crystalline ultrathin carbon films as discovered by Novoselov, Geim and co-workers. The films are so thin as to be comprised of an integer number (n) of coherently stacked carbon layers. We refer to them here as n-graphene layer (nGL) films. The nGL films can be grown by the thermal decomposition of SiC as pioneered by DeHeer and co-workers at Georgia Tech or nGL films can be made by the mechanical transfer of material from parent graphite by rubbing or other more novel approaches.  We are pursuing the science and device development of nGLs from a joint theoretical (Prof. Vin Crespi, Physics) and experiments (Prof’s Jun Zhu and Peter Eklund, Physics; Professor Srinivas Tadigadapa, Electrical Engineering).  Three post doctoral researchers and four graduate students are involved. Our graphene and nGL systems and devices are prepared by the removal of micron-square thin sections from crystalline graphite, transferring them onto an oxidized silicon substrate where device fabrication takes place. 

The large-area nGL can also be cut into long narrow strips or flat ribbons (Fig. 1). In this geometry, theory predicts that the direction of the ribbon axis relative to the underlying atomic structure of the graphene layers can produce either a metallic or semiconducting device.  In essence, the electrical properties of these ribbons stems from the same physics that produces metallic and semiconducting carbon nanotubes (CNT). Thus, metallic interconnects or semiconducting devices are possible from nGLs. Furthermore, theory predicts that the width w of the nGL strips will determine the bandgap in the semiconducting devices (i.e., Eg ~ 3 eV-nm/w(nm)). Combined with the high electron and hole carrier mobilities as observed in graphite and CNTs coupled with  the 1-D dimensional nature of the proposed nGL ribbons, we expect to see ballistic transport in these systems over 100’s of nm.   If indeed this is achieved, high frequency devices might be achieved in later studies. We are also investigating other mechanisms, e.g., overlayers, as a means to open up a gap for device applications and theoretical calculations of this possibility are underway. 

Currently we are focusing on how to prepare high quality field effect transistors and Hall bars for fundamental study of magneto-transport, Quantum Hall effect, and chemical sensors.  Three different approaches are being undertaken to make electrical contacts to nGL films transferred from graphite (Kish graphite—a bi-product of steel production, or highly oriented pyrolytic graphite (HOPG)) onto Si substrates (thermal oxide ~ 200 nm) :  (1) conventional photo- and e-beam lithographic techniques using PMMA (2) Contact mask deposition and (3) electrodeposition of nGL tiles from solution onto pre-patterned contact pads (also in collaboration with Theresa Meyer, EE Penn State).  It can be said that (1) follows along the lines developed by Geim and co-workers ( a multicontact, back-gated device based on this approach made by our team appears in Fig. 2 below, (2) is initiated by us to confirm that residual PMMA possibly left on the nGL surface is not affecting device performance or the quantum transport in these devices and (3) is our attempt to make VLSI circuits from high quality graphite that has been annealed at temperatures above 2000 °C before transfer.  We believe that this approach has promise, but the work is in preliminary stages and we will report on this next year. 
We (Jun Zhu and co-workers) are studying non-volatile memory device behavior based on thin graphite field effect transistors (FETs) with a ferroelectric film Pb(Zr0.2Ti0.8)O3 (PZT) as gate oxide. With a remnant polarization field of ~ 40 C/cm2, PZT can potentially induce an enormous 2D carrier density in graphite ~ 3x1014cm-2. The electric-field controlled polarization switching of PZT provides a natural mechanism to implement memory functions. Below the coercive field, PZT displays a high dielectric constant of ~100. We have deposited and identified 3-5 nm graphite pieces on epitaxial single crystal PZT thin films grown on Nb doped SrTiO3 (STO) substrates (backgate) and fabricated FET devices (Fig.1)  using e-beam lithography.
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Our thin graphite FETs show pronounced hysteresis in carrier density and resistivity as a function of the applied backgate voltage and sweeping direction (Fig. 3), with long retention time of ~10 hours at room temperature, suggesting possible applications as memories. This phenomenon has been observed in multiple devices. We also measure 2D carrier density as high as 2x1013/cm2 in these FETs, with just a few volts on the backgate, demonstrating the efficient charge injection of PZT gate dielectric. 

Our current investigation focuses on identifying the origins and the mechanisms of the surface states which play important role in the screening of bulk polarization of the PZT and give rise to the direction of the observed hysteresis. We are also experimenting with sample preparation techniques to eliminate such states to achieve yet high density 2D conduction channels and non-volatile memory effect due to the switching of the PZT polarization.
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Fig. 4. 

 

microRaman spectra of nGLs collected at 514 nm 

excitation under ambient conditions.  nGLs supported on Si 

substrate (100 nm oxide).
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In prior NSF projects, we (Eklund and co-workers) have shown that Raman scattering is a very effective probe of the phonons and electronic states of carbon nanotubes.  That both the phonons and electrons can be probed by Raman scattering is a fortunate outcome of double-resonance (DR) scattering.  We were among the first to report resonant Raman scattering from nGLs (Gupta, et al., NanoLett, 2006) and have continued to develop this probe.  In this work, we have demonstrated that Raman scattering can determine quite easily and accurately the number of layers n in an nGL.  Some examples of Raman spectra of nGLs from our Nanolett paper are shown in Fig. 4. More recently, we have been able to fabricate  incommensurately (I) stacked bilayer graphene (IBL) system and have discovered very large differences in the Raman spectrum of the IBL and the commensurately stacked bilayer (CBL). Interestingly, we observe a disorder- induced Raman band at ~ 1350 cm-1 (D-band) that is associated with the I-stacking.  It is interesting to compare the Raman spectra for a 1GL (graphene) a coherently stacked bilayer 2GL and that from the IGL bilayer, as shown in Fig. 5. The dramatic effect of decoupling the layers in a bilayer nGL is evident.  Professor Crespi and his students have a theory for the I-stacking induced D-band which explains why the strong D-band component is dispersive (changes frequency with laser exciation) and the weaker component is “normal”, i.e., the band frequency (cm-1) is independent of excitation frequency. The explanation stems from the Fourier components of the interlayer coupling.  This work is being prepared for publication at the moment.  The similarity of the IBL bilayer spectrum to that of graphene (MGL) further confirms that the I-stacking strongly reduces the coupling between the layers; in essence an IGL acts more like very weakly coupled graphene than a typical CBL.
Vibrations in carbon nanostructures such as tubes, fullerenes, or graphene sheets have a ubiquitous influence on electronic, optical and thermal response: electron-phonon interactions may ultimately limit the electrical performance of graphene.  Computationally intensive atomistic models of lattice dynamics often lack simplified model descriptions that can facilitate insight, yet traditional analytical continuum models, while very  useful and important, cannot describe atomistic phenomena without phenomenological extensions. Although continuum models are restricted to long-wavelength physics, they have been used to describe  atomic-scale phenomena in bulk binary compounds by incorporating a separate continuum field for each  sublattice: in graphene, two fields are necessary. We have developed an analytical “bicontinuum” model that represents the full atomistic detail of the graphenic lattice, including optical modes, nonlinear dispersion of in-plane phonons, electromechanical effects and even the hexagonal graphenic Brillouin zone, a construct generally held to be exclusively atomistic.
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Conversion of two diametrically opposed atomic rows on a carbon nanotube to sp3 hybridization produces two identical weakly coupled one-dimensional electronic systems within a single robust covalently bonded package: a graphenic biribbon. Arm-chair tubes, when so divided, acquire a pair of narrow spin-polarized bands at the Fermi energy; interaction across the sp3 dividers produces a tunable band splitting in the THz range. For semiconducting tubes, the eigenvalues of the low-energy electronic states are surprisingly unaffected by the bifurcation; however, the tubes’ response functions to external electric ﬁelds are dramatically altered. These tightly packages yet weakly coupled graphenic biribbons could be produced by uniaxial compression transverse to the tube axis followed by site-selective chemisorption.
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We (Tadigadapa, Eklund and co-workers) have been carrying out in depth studies of nGLs  (primarily n=1,2) as resistive chemical sensors.  We have confirmed the results of Geim and co-workers that interaction of nGLs with NO2 and NH3 introduce new electrons or holes, respectively, in the pi-bands near the Fermi energy.  Shown in Fig. 7 is the evolution of the device resistance R vs gate voltage Vg for graphene expose to NH3. The Dirac peak shifts rapidly with time to negative Vg. This is strong evidence for a charge transfer reaction. The data show the effect is reversible upon heating in a vacuum.  
Fig. 1 From Graphite to  metallic or semiconducting graphitic ribbons.  





Fig. 2 A 3 nm thick graphite device fabricated on a 200 nm PZT film with electrodes patterned in the Hall bar configuration.
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Fig. 3 Resistance of a 3 nm graphite device as a function of gate voltage at 300 K. Applying a voltage larger than 3.5 V can induce hysteretic behavior in resistance (shown) and carrier density (not shown).
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Fig. 6.  Proposed mechanism to convert a nanotube into a graphenic bi-ribbon.
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microRaman spectra of nGLs collected at 514 nm 

excitation under ambient conditions.  nGLs supported on Si 

substrate (100 nm oxide).
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Fig. 5 Raman spectra of MGL, IBL and CBL in the regions, left to right, of the D-band, G-band, 2D band 2D+G band.   See text.
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Fig. 7.  Evolution of the resistance of graphene vs gate voltage during exposure to NH3.
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Fig. 4.  microRaman spectra of nGLs collected at 514 nm excitation under ambient conditions.  nGLs supported on Si substrate (100 nm oxide).
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