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Terahertz spectroscopy over the last ten years has demonstrated uses for chemical monitoring, package inspection and security applications.  The chief impediment to broad application is the instrumentation requirements, which are neither compact or cheap.  The goal of this NIRT is to develop frequency tunable nanodevices that can be used for both generation and detection of terahertz light [1]. Two main approaches are being pursued:  photonic for frequencies > 1 THz and plasmonic for mainly frequencies < 1 THz.  Initially the work is being done by nanofabrication of III-V MBE grown semiconductor heterostructures, however long term plans include use of carbon nanotubes and chemically synthesized quantum dots.  The collaboration consists of three experimentalists and two theorists.  Early in the grant we demonstrated that for high mobility systems (> 106 cm2/Vs) free carrier absorption is non-Drude like and falls off rapidly above 1 THz [2].  More current work has included the initial fabrication of 1D and 2D arrays for plasmonic detection and characterization of these, and the initial fabrication of quantum point contact detectors and characterization of these.  
II.  Plasmonic Detectors.
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Free carrier absorption can occur due to either single particle or collective mode absorption.  Single particle absorption, often referred to as Drude absorption, is broad in frequency, and generally dominates at room temperature. Radiative collective mode or plasmon excitation cannot occur in 3D systems due to momentum conservation, however one can radiatively excite 2D plasmons by coupling the radiation to the 2D system through a longitudinal electric field.  This is achieved using either total internal reflection or by a grating coupler.  The resonant frequency depends on the array period and the square root of the charge density.  The resonant absorption results in a photoconductive signal through resonant heating of the conducting layer.  Using a semitransparent gate below the grating one can modulate the charge density and thus create a frequency tunable detector.  Such a scheme has already been demonstrated by Allen and coworkers however the sensitivity is not sufficient for common broadband THz sources [3].  In addition a 1D array will be polarization sensitive.  Several different structures have been fabricated and tested to improve on sensitivity, frequency tunability, and polarization insensitivity.
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II. A. 1D Array Plasmonic Detectors.  (Allen and Aizin with M. Wanke and E. Shaner of Sandia) The previous photoconductive response relied on the thermal transfer from the electron gas to the lattice to be sufficient to have a sizable effect on the conductivity, rather than a direct measure of the temperature of the electron gas itself.  To increase the sensitivity we have incorporated a finger gate as a tunable barrier within the structure [image: image3.png]Finger Gare Il
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thus adding direct bolometric detection of the electron gas [4-5].  This structure schematic is shown in Fig. 1 and was fabricated and characterized at both Santa Barbara and Sandia.  In Fig. 2 is shown the response of one of the samples at 0.69 THz.  As seen in the inset the 1D array plasmon detector has response on the order of V.  The multiple peaks arise from the charge density and a harmonic of the lattice period being in resonance again with the illuminating frequency.  The main figure shows a three order of magnitude increase in the response with the insertion of the barrier. To optimize the performance the behavior of the barrier is being characterized with respect to the source drain bias, the temperature and the barrier bias.  Aizin has published theory for the original grating structure showing good agreement with the data [6].   
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II. B.  2D Array Plasmonic Detectors.  (Markelz, Bird and Aizin, with Y. Ochiai of Chiba) In order to reduce the polarization dependence and increase sensitivity we have also begun pursuing frequency tunable plasmon detectors based on 2D arrays.  2D arrays were formed by ebeam exposure and chemical etching.  The large areas required for these initial studies along with the limits of chemical etching made this fabrication challenging, and initial samples were made at Chiba University.  Arrays were formed in high mobility GaAs/AlGaAs 2DEGs and in InAs/AlSb 2DEGS.  The largest grating sample on GaAs is shown in Fig. 3.  The transmission of the samples was measured using terahertz time domain spectroscopy as a function of temeperature 4 K – 290 K.  Temperature dependent resonant features were measured, but these were irreproducible likely due to unstable carrier density from the surface states and depletion introduce by the chemical etching.  New arrays are being developed using an metallic grid and gate confinement.  Besides overcoming the material defects introduced by the chemical etching, these new devices will allow possible frequency tunability through the changing of the coupling of the “dots” through the effective spacing as demonstrated earlier in the microwave region by Kotthaus and coworkers.  
III.  Photonic THz Detectors: Quantum Point Contact Detectors.  (Bird, Markelz, Aizin and Murokh with Y. Kawano & K. Ishibashi, RIKEN)  Among the schemes for photonic THz detectors have been the use of photon assisted tunneling.  However the tunneling barriers have often been formed using multiple layer quantum wells or superlattices.  Photonic coupling was one of the chief challenges for such structures as well as the broadband competitive free carrier absorption.  We attempt to overcome these by using lateral confinement and a tunable barrier formed by a quantum point contact.  Previous measurements on QPC’s demonstrated no strong frequency dependence and suggested that the chief effect was due to free carrier absorption.  To enhance photonic excitation we couple to our QPC through adjacent quantum wires and tune the QPC past pinch off.  One of our initial fabricated structures is shown in Fig. 4.  Initial characterization of the device was carried out at RIKEN with only the QPC gates biased and monitoring the source-drain current as a function of temperature and THz illumination at several frequencies above 1 THz using a molecular gas laser and normal incidence coupling.  The I-V of the structure followed a typical QPC I-V with steps in the conductance.  In the presence of THz illumination these steps shift over to lower gate biases in a somewhat uniform way.  The shift is frequency independent, but does linearly depend on the THz power.  The change with THz illumination is not bolometric, in that a simple heating process will essentially “smooth out” the conductance steps, so that the change in conductance with illumination will have both positive and negative values.  However as there is no frequency dependence it does not appear to be photon assisted tunneling.  Another possibility is that the nonlinearity in the I-V is rectifying the applied THz AC field.  That is the net applied field is EDC = Egate + (2)ETHz2.  Additional measurements are being performed to more carefully examine this somewhat interesting nonlinear response.  In addition further measurements including the biasing to create the quantum wires coupling to the QPC will be performed in the near future to achieve frequency tunable detection. 
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Figure � SEQ Figure \* ARABIC �1�. Schematic of 1D grating THz plasmon detector incorporating finger gate barrier for enchance bolometric response.





Figure � SEQ Figure \* ARABIC �3�.  Characterization of response of 1D grating THz plasmon detector at 0.69 THz.





Figure � SEQ Figure \* ARABIC �2�.  2D quantum dot array for THz plasmonic detector.





Figure � SEQ Figure \* ARABIC �4�.  QPC/Quantum Wire photonic THz detector.





Figure � SEQ Figure \* ARABIC �5�.  Data on the QPC detector shown in figure 4.  The pinch off voltage is shifted lower with illumination. The change in conductance is shown in blue.  As seen illumination results in an increase in the conductance near the step, versus a heating effect where the smoothing of the steps results in both negative and positive changes in the conductance.








