
PROCEEDINGS OF SPIE 

Volume 7215 
 
 

Proceedings of SPIE, 0277-786X, v. 7215 
 

SPIE is an international society advancing an interdisciplinary approach to the science and application of light. 
 

Terahertz Technology and 
Applications II 

Kurt J. Linden 
Laurence P. Sadwick 
Créidhe M. M. O'Sullivan 
Editors 
 
 
28–29 January 2009 
San Jose, California, United States 
 
 
Sponsored and Published by 
SPIE 
 
 
 



The papers included in this volume were part of the technical conference cited on the cover and 
title page. Papers were selected and subject to review by the editors and conference program 
committee. Some conference presentations may not be available for publication. The papers 
published in these proceedings reflect the work and thoughts of the authors and are published 
herein as submitted. The publisher is not responsible for the validity of the information or for any 
outcomes resulting from reliance thereon. 
 
Please use the following format to cite material from this book: 
   Author(s), "Title of Paper," in Terahertz Technology and Applications II, edited by Kurt J. Linden, 
Laurence P. Sadwick, Créidhe M. M. O'Sullivan, Proceedings of SPIE Vol. 7215 (SPIE, Bellingham, WA, 
2009) Article CID Number. 
 
ISSN 0277-786X 
ISBN 9780819474612 
 
Published by 
SPIE 
P.O. Box 10, Bellingham, Washington 98227-0010 USA 
Telephone +1 360 676 3290 (Pacific Time)· Fax +1 360 647 1445 
SPIE.org 
 
Copyright © 2009, Society of Photo-Optical Instrumentation Engineers 
 
Copying of material in this book for internal or personal use, or for the internal or personal use of 
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by 
SPIE subject to payment of copying fees. The Transactional Reporting Service base fee for this 
volume is $18.00 per article (or portion thereof), which should be paid directly to the Copyright 
Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923. Payment may also be made 
electronically through CCC Online at copyright.com. Other copying for republication, resale, 
advertising or promotion, or any form of systematic or multiple reproduction of any material in this 
book is prohibited except with permission in writing from the publisher. The CCC fee code is 
0277-786X/09/$18.00. 
 
Printed in the United States of America. 
 
Publication of record for individual papers is online in the SPIE Digital Library. 

 
SPIEDigitalLibrary.org 
 
 
 
 

 
Paper Numbering: Proceedings of SPIE follow an e-First publication model, with papers published 
first online and then in print and on CD-ROM. Papers are published as they are submitted and meet 
publication criteria. A unique, consistent, permanent citation identifier (CID) number is assigned to 
each article at the time of the first publication. Utilization of CIDs allows articles to be fully citable as 
soon they are published online, and connects the same identifier to all online, print, and electronic 
versions of the publication. SPIE uses a six-digit CID article numbering system in which: 

 The first four digits correspond to the SPIE volume number.  
 The last two digits indicate publication order within the volume using a Base 36 numbering 

system employing both numerals and letters. These two-number sets start with 00, 01, 02, 03, 04, 
05, 06, 07, 08, 09, 0A, 0B … 0Z, followed by 10-1Z, 20-2Z, etc. 

The CID number appears on each page of the manuscript. The complete citation is used on the first 
page, and an abbreviated version on subsequent pages. Numbers in the index correspond to the 
last two digits of the six-digit CID number. 



  Contents 

 
 vii Conference Committee 
 ix Introduction 
 
 
 SESSION 1 THZ SOURCES, GENERATION, AND DETECTION  
 
 7215 03 A narrowband plasmonic terahertz detector with a monolithic hot electron bolometer 

[7215-02] 
  G. C. Dyer, J. D. Crossno, Univ. of California, Santa Barbara (United States); G. R. Aizin,  

J. Mikalopas, Kingsborough College, CUNY (United States); E. A. Shaner, M. C. Wanke,  
J. L. Reno, Sandia National Labs. (United States); S. J. Allen, Univ. of California, Santa Barbara 
(United States) 

 
 7215 04 Terahertz quantum cascade laser integration with on-chip micromachined rectangular 

waveguides [7215-03] 
  M. C. Wanke, C. D. Nordquist, M. J. Cich, A. M. Rowen, Sandia National Labs. (United States); 

C. L. Arrington, LMATA Government Services, LLC (United States); M. Lee, Sandia National 
Labs. (United States); A. D. Grine, LMATA Government Services, LLC (United States);  
C. T. Fuller, J. L. Reno, Sandia National Labs. (United States); E. W. Young, Lumileds (United 
States) 

 
 7215 05 Multi-channel detection of ultrashort THz-pulses based on photoconductive antennas 

[7215-04] 
  W. Freese, B. Pradarutti, S. Riehemann, H.-C. Eckstein, G. Notni, Fraunhofer-Institut for 

Applied Optics and Precision Engineering (Germany); S. Nolte, Friedrich-Schiller-Univ. Jena 
(Germany); A. Tünnermann, Fraunhofer-Institut for Applied Optics and Precision Engineering 
(Germany) and Friedrich-Schiller-Univ. Jena (Germany) 

 
 
 SESSION 2 THZ MATERIALS AND CONFIGURATIONS  
 
 7215 08 Terahertz Schottky-diode balanced mixers [7215-07] 
  N. R. Erickson, Univ. of Massachusetts Amherst (United States); T. M. Goyette, Univ. of 

Massachusetts Lowell (United States) 
 
 7215 09 Terahertz absorption by resonant plasmon excitations in grating-gated quantum wells 

[7215-08] 
  T. A. Barrick, M. C. Wanke, K. Fortier, A. D. Grine, J. L. Reno, S. K. Lyo, E. A. Shaner, Sandia 

National Labs. (United States); S. J. Allen, Univ. of California, Santa Barbara (United States) 
 
 7215 0B Characterization of subwavelength plastic fiber utilizing terahertz time-domain 

spectroscopy [7215-11] 
  B. You, National Cheng Kung Univ. (Taiwan); T.-A. Liu, J.-L. Peng, Industrial Technology 

Research Institute (Taiwan); C.-L. Pan, National Chiao Tung Univ. (Taiwan); J.-Y. Lu, National 
Cheng Kung Univ. (Taiwan) 

 
 

iii



 SESSION 3 THZ IMAGING, SPECTROSCOPY, AND INSTRUMENTATION I  
 
 7215 0C Prospects for quantum cascade lasers as transmitters and local oscillators in coherent 

terahertz transmitter/receiver systems (Invited Paper) [7215-12] 
  J. Waldman, A. A. Danylov, T. M. Goyette, M. J. Coulombe, R. H. Giles, A. J. Gatesman,  

W. D. Goodhue, J. Li, Univ. of Massachusetts Lowell (United States); K. J. Linden, Spire Corp. 
(United States); W. E. Nixon, U.S. Army National Ground Intelligence Ctr. (United States) 

 
 7215 0D Active gas sensing with a highly-sensitive sub-terahertz receiver utilizing a 

superconductor-insulator-superconductor mixer and a photonics-based local oscillator 
[7215-13] 

  K.-H. Oh, H.-J. Song, N. Shimizu, NTT Corp. (Japan); S. Kohjiro, National Institute of Advanced 
Industrial Science and Technology (Japan); T. Furuta, A. Wakatsuki, NTT Corp. (Japan);  
K. Kikuchi, National Institute of Advanced Industrial Science and Technology (Japan);  
K. Suizu, Nagoya Univ. (Japan); T. Nagatsuma, N. Kukutsu, Y. Kado, NTT Corp. (Japan) 

 
 7215 0E Terahertz spectroscopic techniques for the study of proteins in aqueous solutions [7215-14] 
  E. Bründermann, B. Born, S. Funkner, M. Krüger, M. Havenith, Ruhr-Univ. Bochum (Germany) 
 
 7215 0F Fast active THz camera with range detection by frequency modulation [7215-15] 
  C. am Weg, W. von Spiegel, Johann Wolfgang Goethe-Univ. Frankfurt am Main (Germany); 

R. Henneberger, R. Zimmermann, Radiometer Physics GmbH (Germany); T. Loeffler, Loeffler 
Technology GmbH (Germany); H. G. Roskos, Johann Wolfgang Goethe-Univ. Frankfurt am 
Main (Germany) 

 
 
 SESSION 4 THZ IMAGING, SPECTROSCOPY, AND INSTRUMENTATION II  
 
 7215 0H Simulation and experiment of terahertz stand-off detection [7215-18] 
  S. Wohnsiedler, M. Theuer, M. Herrmann, S. Islam, J. Jonuscheit, R. Beigang, Fraunhofer IPM 

(Germany); F. Hase, Forschungszentrum Karlsruhe (Germany) 
 
 7215 0I Terahertz spectroscopy of intrinsic biomarkers for non-melanoma skin cancer [7215-19] 
  C. S. Joseph, Univ. of Massachusetts Lowell (United States); A. N. Yaroslavsky, M. Al-Arashi, 

Harvard Medical School, Massachusetts General Hospital (United States); T. M. Goyette,  
J. C. Dickinson, A. J. Gatesman, B. W. Soper, C. M. Forgione, T. M. Horgan, E. J. Ehasz,  
R. H. Giles, Univ. of Massachusetts Lowell (United States); W. E. Nixon, National Ground 
Intelligence Ctr. (United States) 

 
 7215 0J Terahertz imaging with Si MOSFET focal-plane arrays [7215-20] 
  A. Lisauskas, D. Glaab, H. G. Roskos, Johann Wolfgang Goethe-Univ. Frankfurt am Main 

(Germany); E. Oejefors, U. R. Pfeiffer, Univ. of Wuppertal (Germany) 
 
 7215 0K Advanced nanoelectronic architectures for THz-based biological agent detection (Invited 

Paper) [7215-21] 
  D. L. Woolard, U.S. Army Research Office (United States); J. O. Jensen, U.S. Army Edgewood 

Chemical Biological Ctr. (United States) 
 
 
 
 
 

iv



 SESSION 5 SIMULATION AND MODELING  
 
 7215 0L Electrical standing waves in the HIFI HEB mixer amplifier chain [7215-22] 
  R. D. Higgins, National Univ. of Ireland, Maynooth (Ireland) and SRON Netherlands Institute 

for Space Research (Netherlands); J. W. Kooi, California Institute of Technology (United 
States) 

 
 7215 0M Finite element characterisation of terahertz quantum cascade laser waveguides [7215-23] 
  H. Tanvir, B. M. A. Rahman, C. Themistos, N. Kejalakshmy, City Univ. London (United 

Kingdom); T. Chattppaddhaye, Vivsa-Bharati Univ. (India); K. T. V. Grattan, City Univ. London 
(United Kingdom) 

 
 7215 0N Measurement and modeling of dielectric tube waveguides for terahertz pulses [7215-24] 
  S. C. Henry, L. M. Zurk, R. Campbell, Portland State Univ. (United States); P. Hanaway, 

Cascade Microtech, Inc. (United States) 
 
 7215 0P Optical modelling using Gaussian beam modes for the terahertz band [7215-26] 
  C. O'Sullivan, J. A. Murphy, M. L. Gradziel, J. Lavelle, T. Peacocke, N. Trappe, National Univ. 

of Ireland Maynooth (Ireland); G. S. Curran, Institute of Technology Blanchardstown 
(Ireland); D. R. White, Institute of Technology Tallaght (Ireland); S. Withington, Univ. of 
Cambridge (United Kingdom) 

 
 
  POSTER SESSION  
 
 7215 0R Quasioptical system design [7215-17] 
  C. am Weg, W. von Spiegel, Johann Wolfgang Goethe-Univ. Frankfurt am Main (Germany); 

R. Henneberger, R. Zimmermann, Radiometer Physics GmbH (Germany); T. Loeffler,  
H. G. Roskos, Johann Wolfgang Goethe-Univ. Frankfurt am Main (Germany) 

 
  
  Author Index 

v





Conference Committee 

 
Symposium Chair 

James G. Grote, Air Force Research Laboratory (United States) 
 

Symposium Cochair 

E. Fred Schubert, Rensselaer Polytechnic Institute (United States) 
 
Program Track Chair 

James G. Grote, Air Force Research Laboratory (United States) 
  
Conference Chairs 

Kurt J. Linden, Spire Corporation (United States) 
Laurence P. Sadwick, InnoSys, Inc. (United States) 
Créidhe M. M. O'Sullivan, National University of Ireland, Maynooth 

(Ireland) 
 
Program Committee 

Antao Chen, University of Washington (United States) 
Robert H. Giles, University of Massachusetts Lowell (United States) 
R. Jennifer Hwu, InnoSys, Inc. (United States) 
John A. Murphy, National University of Ireland, Maynooth (Ireland) 
Konstantin L. Vodopyanov, Stanford University (United States) 
Michael C. Wanke, Sandia National Laboratories (United States) 

 

Session Chairs 

 1 THz Sources, Generation, and Detection 
Kurt J. Linden, Spire Corporation (United States) 
Antao Chen, University of Washington (United States) 
 

 2 THz Materials and Configurations 
Laurence P. Sadwick, InnoSys, Inc. (United States) 
R. Jennifer Hwu, InnoSys, Inc. (United States) 
 

 3 THz Imaging, Spectroscopy, and Instrumentation I 
Créidhe M. M. O'Sullivan, National University of Ireland, Maynooth    
   (Ireland) 
Michael C. Wanke, Sandia National Laboratories (United States) 
 

  

vii



 4 THz Imaging, Spectroscopy, and Instrumentation II 
Robert H. Giles, University of Massachusetts Lowell (United States) 
Konstantin L. Vodopyanov, Stanford University (United States) 
 

 
 5 Simulation and Modeling 

John A. Murphy, National University of Ireland, Maynooth (Ireland) 
Laurence P. Sadwick, InnoSys, Inc. (United States) 
 

 

viii



Introduction 
 
 
The 2009 Terahertz Technology and Applications Conference was divided into 
five sessions reflecting specific categories as follows: Session 1 - Terahertz Sources 
and Detection, Session 2 – Terahertz Metamaterials and Configurations, Sessions 3 
and 4 – Terahertz Imaging, Spectroscopy, and Instrumentation I and II, and 
Session 5 – Simulation and Modeling.   

 
Session 1 included papers covering coherent generation of terahertz radiation by 
acoustic waves, plasmonic terahertz detectors with monolithic hot electron 
bolometers (HEBs), terahertz quantum cascade laser integration into micro-
machined waveguides, multi-channel detection of ultra-short terahertz pulses, 
and tunable narrowband terahertz generation by photoconductive beam-
forming, followed by an invited paper on recent advances in photonic terahertz 
technology.   

 
Session 2 and an associated poster session included a paper on terahertz 
detection by Schottky diode balanced mixers, characterization of sub-
wavelength plastic fibers using time-domain spectroscopy, single-mode photonic 
quasi-crystal fibers, and quasi-optical system design.  

 
Session 3 began with an invited paper dealing with the use of quantum cascade 
lasers as transmitters and local oscillators in short-range coherent terahertz TX/RX 
systems, followed by papers on gas sensing, spectroscopy of proteins in solution, 
fast terahertz cameras, and an invited paper on pulsed imaging for pathology of 
colon tissue. 

 
Session 4 included papers on terahertz standoff detection, spectroscopy of 
various skin-cancers, imaging with MOSFET focal plane arrays, followed by an 
invited paper on nanoelectronic architectures for terahertz-based biological 
agent detection. 

 
Session 5 included papers on HEB mixer amplifier chains, analysis of quantum 
cascade laser waveguides, modeling and measurement of dielectric tube 
waveguides, and optical modeling using Gaussian beam modes. 

 
As in the prior conference with this title last year, these papers represent a cross 
section of much of the research work that is being pursued in the technically 
challenging terahertz spectral region.   

 
In the prior two years of the proceedings of this conference (conferences 6472 
and 6893), we presented a list of recent technical articles describing significant 
advances in the terahertz technology.  This year, for the interested reader, we 
point to a rather extensive database on the terahertz absorption characteristics 

ix



THz-BRIDGE Spectral Database
http: ! fwww.trascdti.enea.itfTHz-BR!DGE/

NIST THz Spectral Database
http: / /webbooknistgov/cheniistry/thz-ir/

RIKEN 1Hz Spctral Database
http: / /wwwjiken.jpJlHzdatd bEise/

THz Links from Rice University
http : / /www- ece.rice.edu/ da niel/g roupchtml

Terahertz Technology Forum
http: /Jwww.terd hertzja pa n.coni/Ia nqenqlish/index.html

Terahertz Science & Technology Network
http://www.thzrietwork.org/wordpressj

RIKEN Tera-Photonics Laboratory
http: //www.riken.qo.jp/ Ia b-www/tera/TP H P/index en. html

Quantum Semiconductor Electronics Laboratory University of Tokyo
http: / /thziis.u-tokyoac.jp/top-e.html

Teraherts Photonics Laboratory, Osaka University
Ilttp:/Jwww.ile.o5aka-u.ac.jp/re5earch/THP/indexeng.html

Solid State Spectroscopy Group, Kyoto University
Iiftp://www.hikari.scphys.kyoto-u.ac.jp/ehome.htrnl

Kawase Laboratory Tera health', Nagoya University
Ilttp://www.rluee.nagoya-u.ac,jp/lab5/optldb/kawase/index.html

NICT Terahertz Project
littp: //act. nict.go.j p/thz/en/ main_e.html

Laboratory of Trahertz Bioengineering, Tohoku University
http: / /www.dgri.tohoku.dc.jp/thz/jp/ index_e.htm

Infrared and Rrnan Users Group
http://wwwiruç.orçj/

of a large number of chemicals given on the website www.thzdb.org.  That 
website, in turn, provides links to related terahertz technology database websites 
as shown in Table 1. 
 
 
Table 1 List of terahertz technology database websites as found at www.thzdb.org 
  

 
 

In last two years’ introductions to SPIE Proceedings volumes 6472 and 6893, we 
presented two tables, one summarizing the more common terahertz radiation 
sources, and the other summarizing the more common terahertz detector types.  
For the interest of the general reader we again include these tables, with some 
minor updates from last year.  Readers of this volume may send additions to these 
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tables so that future volumes can continue to provide readers with relevant 
information on the availability of terahertz sources and detectors.  Such 
suggestions can be sent to klinden@spirecorp.com. 
 
 
Table 2 Summary of common terahertz sources 
 

THz source type Details Characteristics
Synchrotron *  Coherent synchrotron produces very high E-beam, very broadband source, limited instrument

photon flux, including THz region availability, very large size, 20 W pulsed
Free electron laser *  Benchtop design at Univ. Essex, UK Tunable over entire THz region, under development

Elec beam moves over alternate H-field regions 0.1 - 4.8 THz, 0.5 - 5 kW, 1 - 20 us pulses at 1 Hz
Smith-Purcell emitters *  E-beam travels over metal grating surface, Requires vacuum, has low efficiency

Backward-wave oscillators *  Vacuum tube, requires homog H-field~10 kG Tunable output possible.  Under development and
"Carcinotron", room temperature, to 1.2 Thz commercially available, 10 mW power level, <1 THz

Mercury lamp *  Water cooled housing, low press. 1E-3 Torr Sciencetech SPS-200,300, low power density
75-150 W lamp, broad emission Low-cost, used in THz spectroscopy

Optically pumped gas cell laser *  Grating-tuned CO2 laser and far-IR gas > 100 mW, 0.3-10 THz, discrete lines, CW/pulsed
cell such as methane.  Most mature laser. Commercially avail - Coherent ($400K - $1M)

Opt pump GaAs, p-InAs, Si, ZnTe, *  Mode locked Nd:YAG or Ti:sapphire laser Imaging apparatus produced, 0.1 to 3 THz
   InGaAs (fiber laser pump), Ge creates short across biased spiral antenna gap Commercially available, CW uW range, $50K-500K
   photoconducting (PC) switch *  Also As-doped Si, CO2 laser pump 6 THz stim emission from As, Liq He temp.

Laser-induced air plasma * Ti-saph laser induces air plasma Remote THz generatiion possible, very low power
Possibility of power increase in multiple plasmas

Photomixing of near-IR lasers *  Mixing tunable Ti-sapphire laser and diode Tens of nW, tunable.  Requires antenna pattern
laser in LT-grown GaAs photomixer. Not commercial.  GaP gave 480 mW @ 1.3 THz
*  GaSe crystal, Nd:YAG/OPO difference freq Tunable 58-3540um (5-0.1THz),209 W pulse 1.5THz
*  Single 835 nm diode laser, external cavity 2-freq mix& 4-wave mixing, RT, sub-nW,0.3-4.2THz
*  Diff-freq generation with 2 monolith QCLs 7.6 u & 8.7 u -> 5 THz, 60 nW puled output

Electrically pumped Ge in H-field *  Electric field injects electrons, magnetic Requires electric and magnetic fields  Output up to
field splits hole levels for low-E transitions hundres of mW, cryogenic cooling, 1.5 ~ 4 THz

Electrically pumped Si:B or As *  Transitions between impurity levels 31 uW output at 8.1 THz, slightly polarized
100 x 200 um rectangle mesas, biased Cryogenic cooling needed

Electrically pulsed InGaAs RTD * Harmonically generated by electrical pulses 0.6 uW, 1.02 THz harmonic from InGaAs/AlAs RTD
RTD integrated into slot antenna pulsed at 300 Hz

Direct multiplied mm waves *  Multiplied to low-THz region Low power (uW level), available (VA Diodes)
     up-multiplied from mm-wave Coherent, heterodyne local oscillators in astronomy

Parametric generators *  Q-switched Nd:YAG pumps MgO:LiNbO3 200 W pulsed power, room temp., 0.1-5 THz tunable
non-linear crystal, Phase matched GaAs, GaP some commercially available ~ $30K

Quantum cascade (QC) laser *  First announced in 2002, semiconductor, Operated at mW power, and up to 164K pulsed
AlGaAs/GaAs-based, MBE grown, 1.6 to 4 THz THz not commercially available, require cryo-cooling

Josephson junction cascades Research stage 0.4-0.85 THz, microwatts

Transistor *  InGaAs channel PHEMT with 35 nm gate 1.2 THz, development at Northrop Grumman
*  InGaAs with 12.5 nm gate, 0.845 THz Univ. Ill (Dec 2006)

Grating-bicoupled plasmon-FET *  GaAs based double interdigitated grating with 1.5um laser illum., Tohoku/Hokkaido Univ.
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Table 3 Summary of common terahertz radiation detectors 
 

THz detector type Details Characteristics
Si bolometer *  Most sensitive (10 pW Hz1/2) THz detector Responsivity 2E9V/W,NEP=1E-17 WHz1/2,100 mK

at liquid He temp., slow response time Requires liquid He dewar, commercially avail.
Superconducting hot elec bolom *  Highest sensitivity Requires cooling to 0.3 K, NEP=1E-17 WHz1/2

Fast (1 us) response time Commercially available, expensive, bulky
Pyroelectric detectors *  Slow response t, 220 nW sensitiv at 24 Hz Room temp operation, commercially available,

Requires pulsed signals or mechanical chopper Low cost, imagers available ~ $10K
Schottky diodes *  ~ 1 THz cutoff frequency Commercially available ((VA Diodes) with corner ref.

Fast response, but low THz sensitivity Room temp operation, good for mixers
PC dipole antennas *  signal gen across biased spiral antenna gap Analogous to optically pumped THz PC switch but

Short pulsed detection only in detection mode.  Commercially available
Antenna coupled inter-subband *  4-terminal phototransistor, 1.6 THz Under development UCSB

III-V HEMT & Si FET to 300K *  HEMT with 250 nm gate 20 K, 50 mV/W at 420 GHz, still in development
plasma wave-based detection Univ research, Si NEP to 1E-10 W/Hz1/2 at 300 K

Quantum dot photon detector *  Demo-photon counting terahertz microscopy Under development, 1E-19 W = 100 photons/sec, 
imaging, requires 0.3 K temp, research only Tokyo Univ.  
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