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Abstract—Powerful THz emission based on a finger electrode 
photoconductive switch attached to a micro lens array is presented. 
A hexagonal packed lens array directs the incident pump light into 
specified electrode gaps, yielding only constructive interference in 
the THz far-field. Using a Ti:Sapphire system operating at 80 MHz 
with 150 fs pulses and 3 W maximum optical excitation, 0.28 mW 
THz average power is obtained. The maximum IR–to-THz 
conversion efficiency is ≈ 1.3×10-4. 

I. INTRODUCTION AND BACKGROUND 
ODAY, ultrashort THz pulses have become a convenient source 
for time-resolved spectroscopy, nondestructive materials testing, 
medical imaging and homeland security applications. However, 

the scan time for imaging and sensing can be prohibitively long for 
many applications, thus motivating the development of sources with 
significantly higher average power. The first THz time-domain 
spectroscopy systems were completely based on photoconductive 
switches (PC) [1]. Still today, PC emitters and antennas provide the 
highest dynamic range for measurements around 1 THz [2]. In 
addition, the progress on available laser power [3] encourages newer 
concepts to utilize high power laser systems under avoidance of 
optical breakdown or screening. 
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Fig. 1 Example for a 300 µm finger electrode structure (a), hexagonal lens 
array with a 30 µm pitch attached to the chip (b) 

  
Dreyhaupt et al. have presented an innovative THz emitter with an 
interdigital electrode metal-semiconductor-metal (MSM) structure on 
semi-insulating GaAs [4]. They masked every second gap by an 
additional metallization layer to avoid destructive interference in the 
THz far-field. This technique renews an approach by Yoneda et al. 
presented in 2001 where a spatially modulated Kr*F laser was 
applied to a diamond based interdigital electrode structure [5]. 
However, due to a metal coverage of approximately 75 % and the 
reflectivity of the semiconductor material, only ≈ 20 % of the 
incident pump power can contribute to THz generation [4]. Recently, 
Awad et al. demonstrated an alternative fabrication concept for an 
interdigital finger electrode emitter based on substrate transferred 
thin films of low-temperature grown GaAs (LT GaAs) [6]. Though 
this epitaxial lift-off technique allows versatility in the choice of 
substrate materials, an epitaxial lift-off considerably complicates the 

fabrication process yielding increased manufacturing times and costs. 
Moreover, the utilized pump power still remains only a small fraction 
of the incident IR light. 

Here, we present a novel approach for a large area emitter based 
on an interdigital finger electrode structure attached to a micro lens 
array (Fig 1). The hexagonal packed lenses direct the incident pump 
light into every second electrode gap to provide only constructive 
interference in the THz far-field and due to a lens packaging density 
of 73.4 % nearly three-fourths of the incident pump light can 
contribute to the generation of THz radiation. 

During the fabrication of the THz emitter we processed two 
interdigital Ti/Pt/Au finger electrodes by optical lithography on the 
surface of a 3 µm LT GaAs layer grown on a 650 µm thick semi-
insulating GaAs substrate. LT GaAs has subpicosecond carrier 
lifetime and can therefore be used interchangeable as THz emitter or 
detector. The electrode widths were conceived as 8 µm, whereas the 
electrode spacing was around 5 µm. The whole dimension of the 
emitter structure was 1×1 mm2. In addition a dielectric antireflection 
coating based on a 63.9 nm thick Ta2O5 layer upon a 27.3 nm SiO2 
layer was added. 

II. EXPERIMENT AND RESULTS 
In our experiments we used a conventional Ti:Sapphire laser 

driven THz time-domain system (TDS). The laser oscillator delivered 
150 fs pulses at 800 nm at a repetition rate of 80 MHz with a 
maximum average power of 3 W. The incident IR beam diameter on 
the whole emitter structure was 850 µm (1/e2). For the acceleration of 
the photogenerated charge carriers a 30 kHz, 25 mV square wave 
voltage was applied. For coherent detection two off-axis parabolic 
mirrors collimated and refocused the emitted THz-trains onto a 
standard 6 µm LT GaAs antenna. The induced signal was amplified 
and recorded using a lock-in amplifier. In addition, the THz average 
power was measured using a pyroelectric detector based on a LiTaO3 
crystal with an active element size of 6 mm2. The measurements are 
given in Fig. 2 and Fig. 3, respectively. 

For the generation of THz radiation due to the temporal formation 
of electric dipoles, the emitted THz field ETHz is direct proportional 
to the photo-induced charge carrier density ρopt which is accelerated 
by the local electric field E: 

E
A

P
EE opt

optTHz ⋅∝⋅∝ ρ  (1) 

 Popt is the IR average power incident on the area A. Using (1), the 
THz power PTHz obeys: 
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As one can see, the THz power increases quadratic with the electric 
field strength and the absorbed optical power. However, this 
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parabolic dependency can only be valid for the absence of any 
saturation effects. In general, for strong optical excitation and high 
electric field strengths saturation effects have two origins. Firstly, for 
high optical fluencies the space charge region generated by the free 
charge carriers becomes comparable to the external applied bias field 
and thus decelerates the electrons [7]. 
 

 
(a) 

 
(b) 

 
Fig.2  Time-domain THz field scan (a) for an acceleration field strength of 5 

MV/m, (b) corresponding spectrum 
 
Secondly, the charge carrier acceleration is limited by the saturation 
velocities of the electrons due to the increasing probability of 
intervalley scattering [8]. As a consequence equation (2) has to be 
extended to: 
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In order to take these saturation effects into account. Esat and Psat are 
the saturation electric field strength and the saturation optical power. 
C is a specific constant that represents the conversion efficiency 
given by the material itself. It includes, among other properties, the 
recombination and relaxation time of the electrons, the absorption 
coefficient of the semiconductor as well as an estimated outcoupling 
efficiency determined by the refractive index of the material. In 
addition, C includes also a factor 1/2 due to the emission of THz 
radiation in two directions. 

One can easily obtain Esat by measuring the THz power over the 
applied electric field strength Ebias for constant optical excitation. The 
result is plotted in Fig. 3 (a). Psat and C can be estimated by 
investigating the THz power as a function of the optical excitation 
(Fig 3 (b)). For Esat ≈ 1.5 MV/m and Psat ≈ 0.97 W, the measurements 
can be well reproduced using equation (3). As one can see in Fig. 3 
(b), the optimum conversion efficiency is obtained for an optical 
excitation of 0.5 to 1.5 W. 

 
(a) 

 
(b) 

 
Fig.3 THz average power dependency for: (a) increasing bias field strength, 

(b) increasing incident optical power at Ebias = 4.8 MV/m. The 
maximum THz average power is PTHz ≈ 280 µW. 

 
Hence, the emitter area should be scaled with increasing pump levels. 
For instance, one could obtain more than 1 mW THz average power 
for a four times larger emitter area and an optical excitation of 4 W.  
 In conclusion, we demonstrated a novel THz emitter based on an 
interdigital electrode structure coupled to a micro lens array. The 
highest obtained IR-to-THz conversion efficiency was ≈ 1.3×10-4. So 
far, the achieved THz average power was ≈ 280 µW but can be easily 
upscaled by a simple increase of the emitter dimensions. 
 
We would like to acknowledge financial support from the Freistaat 
Thüringen (Grant No. 2006VF0020) and the Fraunhofer Gesellschaft 
Internal Programs (Grant No. MAVO813907). 

REFERENCES 
[1] P.R. Smith et al., “Subpicosecond photoconducting dipole antennas”, 

IEEE J. Quant. Electron. 24, pp.255-260 (1988) 
[2] D. Grischkowsky et al., “Far-infrared time-domain spectroscopy with 

terahertz beams of dielectrics and semiconductors”, J. Opt. Soc. Am. B 
7, pp.2006-2015 (1990) 

[3] G. Matthäus et al., “Surface emitted THz generation using a compact 
ultrashort fiber amplifier at 1060 nm”, Opt. Com. 261, pp. 114-117, 
(2005) 

[4] A. Dreyhaupt et al., “High-intensity terahertz radiation from a 
microstructured large area photoconductor“, Appl. Phys. Lett. 86, pp. 
121114 (2005) 

[5] H. Yoneda et al., “High-power terahertz radiation emitter with a 
diamond photoconductive switch array”, Appl. Opt. 40, pp. 6733-6736 
(2001) 

[6] M. Awad et al., “Characterization of low temperature GaAs antenna 
array terahertz emitters”, Appl. Phys. Lett. 91, pp. 181124 (2007) 

[7] J. E. Pedersen, “Ultrafast local field dynamics in photoconductive THz 
antennas”, Appl. Phys. Lett. 62, pp. 1265 (1993) 

[8] J. Singh, “Electronic and optoelectronic properties of semiconductor 
structures”, Cambridge University Press (2003) 

978-1-4244-2120-6/08/$25.00 ©IEEE. 


	I. INTRODUCTION And BACKGROUND
	II. Experiment and Results


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


