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ABSTRACT

Recent technological innovations in electronics aiatonics are now enabling THz research to beizedlin
defence as well as civil sectors. Undoubtedly, afaricated vacuum electron devices (MVEDS) areabip to
fulfil the source requirement. In last couple oby®e development of high definition electromagnstioulation
codes, advancement in micro-&-nano fabrication dadher characterization techniques, developmenhigh
current density hot (thermionic) and cold (CNT afEA) emitters, and progress in ultra-high vacuunmdaw
research have been the driving force behind theaexrdinary development in MVEDSs. In this articlhet
importance of THz region and need of THz MVEDs presented. Furthermore, fabrication approaches of
promising planar microfabrication compatible slovave structures, high current density electron beam
generation for THz MVEDs have been reviewed. Fnadtate-of-the art THz MVEDs and future trends are
discussed.

Key words: Terahertz (THz), Microfabricated vacuum electrorvides (MVEDS), Electron beam, Slow-wave
structure (SWS), Traveling wave tube (TWT), Amgifi

INTRODUCTION

This paper attempts to present an overview of mfednicated vacuum electron devices (MVEDS), operatit
THz region. Vacuum electronic science and technpisdghoth old and new. The horizon of MVEDs is whtg
continue progress, because of revolutionary adwabesed on new design approaches, with the adverdvel
concept and new physics based three-dimensionalaion design tools, advanced micro-&-nano fakircmaand
characterization techniques, and high performarmsuwym grade materials. In addition, novel electrgmedic
structures are capable to produce coherent radiaboirces with unprecedented compactness, powedwidth,
and efficiency.

The electronics devices are approaching microwawdiliimter wave (MMW) region [Fig. 1]. These dees are
primarily based on the conduction current J. Besitiat, the Photonics devices are approachingredreegion to
Submillimeter wave (Sub-MMW) region. These deviees principally work on displacement currém/ot. The
connubial region of MMW and Sub-MMW, typically 0TIHz — 3 THz are still under research, so this ‘J-ra
frequency gap called ‘THz-Gap’ [Fig. 1]. T-ray iyihg to fill the gap between electronics and pinate with
employing components from both sides. It is havioge distinctive properties, such as it can berdlesl by
water, transmits through many common barrier mal®rinearly no biological hazards, non-ionizingd an
wavelength corresponds to molecular rotational &raiional wavelengths. Hence, these properties niake
suitable to develop systems mainly for modern wselcommunication and contraband security appbicatil-4,
6]. A few major application areas are listed in [Bali, those are still in pre-mature phases.

Preliminary Challenges to Develop THz Systems

The generation of THz radiation presents prelimjir@drallenge toward development of THz systems.tEecs is
dominated in microwave regionyhkT<<1) because here transport of electrons ptayrgortant role. But in other
hand, because of fabrication limitations and eieatrbreakdown mechanism it is very challengingntake
electronic devices operate above 0.1 THz. In asfditelectronic power of vacuum electronic devicas £ 1/f,
where f is the operating frequency. The alternatypgroach for THz generation is using photonicsictwhs
dominated in infrared (## kT>>1). These types of devices are influencedgogntum mechanical transit of
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electrons. Moreover, the photon energy)(s low compare to thermal effects (kT) at THzguencies, which
resultantly limits the performance of optical teitjues. Therefore, these concerns produce the reswiWitdz gap’
(hv/ kT~1) [Fig. 1], where amplifier and signal gerteraechnologies are still lacking with MVEDs.
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Fig. 1 THz-gap: connubial region of MMW and sub-MMW
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Fig. 2 Atmospheric attenuation versus frequency gnah with characterized universal windows [5]
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Furthermore, development of efficient outdoor THatems for modern communication and sensing agita
are more challenging. The major obstacle is atmaEpiThe atmosphere absorbs millimetre and temhadiation
up to some extent. Actually, many absorption peaise from the various gases which form atmospharifFig.
2]. It has a strong and variable effect due to gmes of large variations of water vapour conteat tccur due to
natural weather conditions. Atmospheric attenuatinoreases as operation frequency goes high. Tdreref
atmospheric absorption is characterised by atmogph#&enuation, which rises from 4 dB/km to 500/kiB for
frequency range 0.1 THz to 1 THz. It is lowest nia@r universally accepted atmospheric windows (0122, 0.34,
0.65, 0.85 THz [5]. Based on the headway of MVEibg, building of THz systems operational infrastasetis
going on near these operational ‘windows’.

One of the primary reasons for moving towards Tétzian is to achieve high bandwidth datalinks fompact and
highly movable systems for secure communication sening applications. At THz frequency, small antesize
is required compare to microwave frequency, becantenna diameter inversely proportional to fregyen

In this manuscript, initially the key technologiesjuires for development of sources for THz geiamas briefly
explained. Preceding section contains the statbeo&rt reported major sub-components of MVEDsdrt section
emphasizes the reported state-of-the art MVEDs sydtematic analysis of parameters such as pofieacy,

gain, etc. Finally, the conclusion and future scop®IVEDSs is discussed.

TECHNOLOGIES FOR THz GENERATION

There are numerous ways to generate ‘T-ray’ eifremn MVEDs or solid-state devices (SSDs). Both anv
electrons kinetic energy to EM energy. In VEDsclens motion and electric fields present in vacubot in
SSDs, electrons stream and electric fields prasesalid semiconductor. In THz region (0.1 THz TBz), mainly
using sources are frequency multiplier conventicmdid-state devices, Gunn diode, Impatt diodeAGamplifier,
GaN amplifier, THz Quantum-cascade laser, and rdiffee-frequency generation [7]. The reported aeggyver
of these SSDs is uW to less than one W in THz regbove 0.1 THz, MVEDs show merit over SSDs. Whégh
power density is needed for high power generattbe, MVEDs show advantages in terms of managing and
removing waste heat from devices which result hHigbakdown limits. But, in other hand, it desireradhigh
vacuum packaging challenge and high voltage rem@rg. The current research activities on developroEmHz
MVEDs are shown in Fig. 3. It is clear that modtip types of MVEDs are dominating. First type iargting wave
tubes (SWTSs): such as extended interaction klystidK) and extended interaction oscillator (EIOhelsecond
type is traveling wave tubes (TWTS): such as bacéweave oscillator (BWO), Clinotron, and folded veaguide/
helix TWT amplifier [8].
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Fig. 3 Recently reported THz MVEDs development actities in terms of average output power versus fragency

Key Technologies Involved for Realization of MVEDs

In the THz region, the dimensions of a vacuum de\scale with operating frequency. Accordingly, ctine
dimensions become micron scale size and desiracsurbughness becomes order of a few hundred naseme
[13]. Therefore, firstly it requires precise el@ctragnetic design simulators, further it desireshiijzated process
control with precise microfabrication techniqu@iSig. 4]. The precision from conventional micromahg
techniques cannot sustain as operational wavelaptoach to micron scale dimensions. The advarnteimehe
development of microfabrication technologies lik¥-UIGA (a German acronym for lithography, electrathg,
and molding) and deep reactive ion etching (DR®%)make them capable to provide surface roughiessthan
the skin depthFurther, THz source development research requivgelrcold (CNT/ FEA) and hot (Thermionic)
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electron emitters, efficient electromagnetic stioes, thermal management in compact vacuum seabldded and
finally THz measurement components. From Levusil.g10], estimated peak RF power for TWT devid®gg,= N

x 24 (IR)* (Vp) ¥ This clearly defines the technological challenfiesrealizing the THz source. Consequently,
for obtaining the moderate power, the THz MVEDsuieg high beam current density 60 — 1000 A/crf) with
magnetic field requirement of 0.2 — 1 Tesla [11].
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Fig. 4 Key Technology involved in realization of Tk MVEDs
OVERVIEW OF COMPONENTS OF MVED s

Traveling wave tube (TWT) amplifier is one of th@shestablished MVE sources for THz radiation. $tieematic
half cut-view of THz TWT is shown in Fig. 5(a).itt capable to generate rf power 1 3 @@itts at THz frequencies.
Principally, electron beam density and current natittn induces a ‘modified’ wave within or onto thanar slow-
wave structure (SWS) [Fig. 5(b)]. This modified wedvas the same frequency as the original wavepdmgesses a
unique and important feature. The phase of thededwvave is such that the electron bunches appekacielerating
regions of the wave’s electric field. The kinetiteegy lost by these electrons is transferred toataee, showing up
as continuously increasing wave amplitude. The @ftiagram for the fundamental d;Emode in planar folded
waveguide (FW) and planar coupled-cavity like SVi&Sshown in Fig. 5(c).
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Fig. 5 Schematic of THz TWT: (a) half-cut view, (b)principle of electron beam bunching in presence af interaction, and (c)
dispersion (@ — ky) diagram [4]

Overview of Planar SWS Design and Fabrication

The heart of any MVED is periodic SWS. It suppdhs induced coherent traveling and standing elewgnmetic
waves in TWTs and SWTs, respectivelfe transverse size ‘a’ and period ‘p’ [Inset FE@n)] of the SWS decrease
accordingly to the operating frequency increasethé THz range, the SWS dimensions reduce to miscale, so
it is too delicate to be fabricated by conventioma¢romachining [4]. Thus, for development of madégrahertz
vacuum electron devices (VEDs) efficient novel SVd8signs and further supportive microfabricatiasht®logies
are needed. In esteem of high frequency THz VED&Ildpment, lately, design and microfabrication eferal
novel SWSs have been reported in the literature3[l]9 As brief summary, microfabrication compatilganar
SWSs have been tabulated [Table 2]. In generahapltolded waveguide [16, 19-23], coupled cavit§-P5], vane
loaded waveguide [26, 27], sine waveguide [28], emdugated waveguide [29, 30] types planar SW8d@amed
completely by vacuum grade non-magnetic metal. &lséisictures are capable to manage higher outpugmpwith
better thermal dissipation. On the other hand, megtine [31] and planar helix [32-34] type compB¥WSs show
poor thermal handling competence.

One of the most promising microfabrication compatibHz SWS is FW SWS. Its dispersive propertiesh@uit
presence of electron beam) are simulated usingnHigguency and transient-frequency solvers [ER]. 6(a)]. The
waveguide period 'p' was analytically calculateahfrphase-shifty" (= kp) = (2tfo/ve) p, where,p = 3n/2, fy in
GHz, w = pc ~ 0.2¢ (\, ~ 10 kV). Here,B' relates with relativistic energy factgt like as:y = 1+ e\, /m«c? = (1-
BA)*% e and marepresent the charge and rest mass of electrspectvely. The FW height 'a' has been chosen ratio
of center frequency {f to cut-off frequency (j ~ 1.2 for its Tk, mode. Furthermore, hot properties (in presence of
electron beam) of SWS have been analysed using-tlineensional Particle-in-Cell (PIC) electromagoeti
simulation [12]. The single section FW TWT givespmut power almost 2 Watts with gain 20 dB [Fig. $(d he
inset Figure shows the simulation model with burdcbkectron beam in-presence of input rf signal.

Since the conventional micromachining techniquesob® inadequate at frequency above the 0.1 THzcéjen
microfabrication technologies are crucial for nprbmising atmospheric window frequency 0.22 THz aigher
THz frequencies for fabricating planar SW5&. 7]. Microfabrication techniques [3&specially X-ray LIGA, UV-
LIGA, and DRIE are promptly gaining interest foethdvancement of MVEDs, particularly for the fahtion of
sub-wavelength feature size planar SWSs. X-ray Lt&ghnique is capable for generating the 1:10Gosdraspect
ratio SWSs at the cost of very huge synchrotrorayXgource facility and requirement of expensivedgohsk [39].
In other hand, UV-LIGA process needs inexpensiveo@ie/ Mylar masks and table-top UV source. TheseM@E
techniques are friendly with novel planar SWS®tish Table-2.
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Fig. 6 THz FWTWT amplifier (a) simulated dispersionplot, and (b) simulated output power versus timeiQset Fig. shows view of
simulated FW SWS model)
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Table -2 Summary of Planar Microfabrication Compatible SWSs for THz VEDs

SWS Type Pros of SWS Limitation of SWS Year| Freq.| Process Adopted| Photoresist Reference
(THz) Employed
Folded * Very wide « Sensitive to 2004 0.4 DRIE; PMMA; Bhattacharjee
Waveguide | bandwidth ~ 20% variation in X-Ray-LIGA; Su-8 [19]
* Planar lithographic waveguide depth UV-LIGA
circuit 2006 0.1 X-ray LIGA PMMA Shin [20]
2009 0.22 DRIE SOl Tucek [21]
technique
2010 0.22 UV-LIGA SU-8 Zheng [22]
2013 0.22 UV-LIGA SU-8, 2150 Srivastava [16]
2013 0.65, UV-LIGA SU-8, 3000 Joye [23]
0.85,
1.0,
15
Coupled- |« High power » Narrow band-width 2009 0.1 X-Ray LIGA PMMA Srivastava [24]
Cavity capacity
« Self-aligned 2010 0.1 DRIE Multi \_Nafer Baik [25]
cavities bonding
Vane loaded | « Simple structure = Upper & Lower 2009 | 0.22 | UV-LIGA; DRIE KMPR Shin [26]
waveguide | « Broad-bandwidth ~ halves vanes (UV-LIGA)
30% alignment is 2011 0.22 Nano-CNC - Baig [27]
challenging
Sine » Simple structure |« Show merit only in- 2011 0.14, Xu [28]
waveguide | « Low ohmic losses | presence of sheet 0.22, NA NA
beam technology 0.65,
1.0
Double « Effective * Expensive X-ray 2011 1 UV-LIGA on SuU-8 Paloni [29]
corrugated interaction LIGA facility require Copper & Gold
waveguide impedance still for isolated pillar substrate
with round beam | fabrication 2013 1 X-Ray LIGA PMMA Paloni [30]
Raised » Simple structure |+ Low thermal 2009 0.095 DRIE and UV- | AZ1827, Sengele [31]
mender- « High gain per unit | dissipation LIGA AZ5214E
Line length (~ 60% * Selective
shorter SWS metallization is quite
length compare to | challenging
FWSWS)
Circular/ « Extremely wide « Complex 3-D 2009 | 0.095 CVD, RIE and Dayton [32]
Square / bandwidth Fabrication UV-LIGA
Planar Helix *Needsinsulations 5011 | 065 CVD,RIEand | Dryfile Lueck [33]
UV-LIGA
2011 | 0.095 Lift-off and UV | MaN-1440, Chua [34]
LIGA AZA0XT-
11D, dry
film
Grating « Simple structure » Limited bandwidth 2010 | 0.22 UV-LIGA SuU-8 Joye [35]
Structure » Limited stability
ElK ladder | « High R/Q value  * Require high beam 2010 0.22, UV & X-ray ---- Dobbs [36]
structure (i.e. large values of| voltage> 19.5 kV 0.65, LIGA; Sink &
(with sheet the gain- « Structure topology 0.85, | Wire-EDM; Laser
beam) bandwidth) generated un-desired 1.0 machine
modes 2013 0.22, UV-LIGA SU-8 Joye [23]
0.65,
0.85,
1.0
Re-entrance » Simple structure = Require ultra-high 2002 1.2 DRIE SOI; then| Manohara [37]
cavity- current > 1 kA/crh gold-
Reflex plating
klystron

The two-step UV LIGA process for FW SWS is showrFig. 8. The discussed FW SWS is having aspeat-rati
between rectangular waveguide narrow-side 'b'odéep’, and waveguide height 'a’ ~ 1:P&set Fig. 6(a)]. The
SU-8 photoresist has capability for forming higlrtical aspect ratio SWSs [14-16], but it is disrigily hard to
remove [17, 41]. Another promising MicroChem, CoMPR series photoresist [18], which is easy to aeem
However, it must be stored below -10 °C, so mofficdit to use.
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Hence, for discussed THz planar FW SWS fabricationegpoxy-based negative photoresist SU-8 215(Méas
chosen because of its high viscosity (76.75%),italib coat extremely thick layer (almost 1 mm).eTBWS is
having symmetric two halves along the beam-tunrisl, &o two-step UV-LIGA is considered for the fahtion of
FW with beam-tunnel [Fig. 8]. This two-step UV-LIG#ocess consists of first cycle of UV-LIGA whicbrgains
the forming of the FW [Fig. 8(a-d)], and the secaydle for UV-LIGA contains forming a remaining FWith

beam tunnel [Fig. 8(e-g)].
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Fig. 7 Appropriate micromachining and microfabrication techniques at THz frequency for different typeof planar SWSs, like as
coupled-cavity (CC) TWT, FW TWT, and grating TWT
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Fig. 8 Schematic of the two-step UV-LIGA process facreating a metal folded waveguide SWS with beanuhnel. First step
microfabrication (a-d) shows folded waveguide formtion, and subsequent second step (e-h) includes fiation of remaining folded
waveguide with beam-tunnel structure

Fig. 9 Optical images of THz FW SWS: (a) fabricatednold (before electroplating) made from thick SU-&hotoresist on 2-inch diameter
wafer using UV-LIGA process, and (b) generated meteSWS after electroplating. Profilometer images she clearly waveguide and
transition coupler region [16]
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The FW SWS mold and subsequently metal structusge been fabricated within desired tolerance + 2fpmthe
next generation THz VME TWTs [Fig. 9 (a) and Fig(bd. One of the merits of above implemented
microfabrication technology, production cost wohklreduced through mass production.

High Density Beam Generation and Transport

In MVEDSs, device power is dependent on frequengybi@am voltage (Y, current (}), and current density {Jas
follows: PO f20 V, O I, O 3. Hence, with keeping in mind moderate beam vol@ate 20 kV), device power can
be increased only with increasing beam currentitieridence, THz MVEDs desire minimum beam curresnsity

J, > 50 Alenf, which is difficult to generate from either theomic emitter or cold (CNT/ FEA) emitters [4], as
shown in review of reported current densities dfedént types of cold (CNT and FEA) and hot (thesnic)
cathodes [Fig. 10(a)]. The standard M-type dispenathodes are normally work on cathode loadisg than 10
Alcm? with keeping its life-time ~ 10,000 hours. The andesearch state-of-the-art Scandate cathodesdgaited
current density> 50 A/cnf with cathode life a few 100’s hours. Very recentiported another research stage
Scandate cathode tested in TWT at emission curodrisl0 A/cnf with probable life greater than 50000 hours at
operating temperature below 900,983]. The field emitter array (FEA) and carbon nanbe (CNT) cathodes
provide maximum cathode loading ~ 0.5 Afowith keeping their reasonable life-time ~ 100 fwoj44, 45]. Hence,
high current density beam can be formed using rdagam cathode [46, 4@hd sheet/ elliptical beam cathodes [48,
49] after beam area compression. The cylindricahibelectron gun was designed using M-type disperetbode,
and after that twenty fold beam-area compressinalytically obtained desire current density 50 Acah beam-
minima position [Fig. 10(b)]. Experimentally, despkd electron gun meets the designed electronsoptic
accomplish the beam current requirement for 0.1 WINED [24] [Fig. 10(c)].

No-doubt, sheet electron beam offer much higher ggothan is feasible with cylindrical electron bearh
comparable current density because much less giharge force (SCF) exist in sheet beam. The rep@teet
beam [48, 49] has shown uniform current density AQf, typically for 0.5 THz MVED [50]. But, sheet beam
transport under magnetic-field still a big challerfgr researchers at THz region.
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Fig. 10 Electron gun for THz devices: (a) Review dfifferent types of cathodes in terms of current desity, (b) simulated electro-optics
plot of high current density beam formation, and (3 comparison of experiment versus simulation resust Inset Figures show the tested
electron gun assembly using typical M-type thermioit cathode. [46, 47]

ANALYSIS OF STATE-OF-THE-ART THzZ MVED s

A few years ago, Unites-States government hasstadvanced program for development of next geoerdiigh
FrequencylntegratedVacuum Electronics (HiFive)' devices under byDéfense AdvancedResearchProgram
Agency (DARPA)’ and MicrosystemsTechnologiesOffice (MTO) [51]. In this program, Northrop Grumman
Electronic System (NGES) agency is involved in depimg the compact, integrated power amplifiersttie
frequency spectrum 0.22 THz to 1.0 THz. SimilaByropean-Union (EU) has also started ‘OPTHER-pnogfar

developing 1 THz MVE amplifies [30]. A few frontieountries and their reported recent major projarmdisted in
Table 3.
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Table -3 Summary of Experimentally Demonstrated Stge-of-the Art THz MVEDs

. | Pout Gain Efficiency Bandwidth (%)
Agency Name, Country Device Type Freq. (THz) W) (dB) (%) Reference
SAMSUNG, Korea and :
CCR. US BWO 0.1 THz 6w NA 1% NA Baik [52]
3 -
CPI, Canada EIO 0214TH7 8W 2% °tﬁ'nei‘r:]t;°”'° Steer [53]
Hyttinen [54]
CPI, Canada EIK 0.218 THz TW 23.6 dB 0.14%
NRL,CPI, and Beam-wave
research, US PV | 0218THz 64w 14 dB 4% 6.8 % Joye [55]
(DARPA HiFIVE) p
Power Kreischer [56]
NGES, US
(DARPA HiFIVE) FWTWT 0.214 THz 542 W 38.5dB 2.1% 2.3%
Amplifier
NGFS and Teledyne FWTWT 108 mW
scientific, US (DARPA SSPA power | 0.65 THz 21.5dB 0.44% 6.8 % Tucek [57]
HIFIVE) modular
FWTWT
vacuum
NGES, US - 0 )
(DARPA HIFIVE) electronic 0.85 THz 50 mwW 26 dB 1.1% 5% Tucek [58]
power
amplifier
Lancaster Univ., UK and Backward 2.5 mw
Thales, France (EU- wave 1THz (target) 10 dB 0.001% NA Paoloni [30]
OPTHER project) amplifier
JPL- NASA, US Nanoklystron| ~ 1.2THz | MW 0.02% NA Siegel [59]
(target)
CONCLUSION

The recent advancement in design and developmehtafMVE devices and their relevant technologiehjol
fairly capable to fill the ‘THz gap’. Furthermoregported current research gives appearance thed thevices can
significantly advance the available coherent soyrower in the terahertz frequency range, making plussible
many defence and civil applications which requiidenvbandwidth and high power well above 0.1 THill, St
significant research has to be performed in thasaof reliable cold emitter development, thermahagement and
vacuum packaging for making next generation ‘corhp¢E devices on chip’.

Acknowledgement
The authors would like to thank Director, MTRDC abdK S Bhat, MTRDC for their encouragement to garut
this study and permission to publish this work.

REFERENCES

[1] PH Siegel, Terahertz Technology in Biology and Meu, IEEE Trans. Microwave Theory Tecl2004 52,
2438-2446.

[2] Ho-Jin Song and Tadao Nagatsuma, Present and FLeéwabertz CommunicationEEEE Trans. On Terahertz
Sci. and Tech2011 1(1), 256-263.

[3] MS Sherwin, CA Schmutternmaer and PH BucksbaQpportunities in THz Scienc&eport of a DOD-NSF-
NIH Workshop, Arlington, VA, 2004

[4] Anurag Srivastava, Experimental Study on Microfeded Sub-Terahertz Vacuum Electron Device, Ph.D.
Thesis, Seoul National Univ., Seo2011

[5] Roger Appleby and and H Bruce Wallace, StandofteBt@on of Weapons and Contraband in the 100 GHz to
THz Region|EEE Trans. on Antennas and Propagatigf07, 55 (11), 2944-2956.

[6] Mark Rosker and H Wallace, Vacuum Electronics dedvtorld above 100 GHz. In proc. of IEEE IVEC, 2008
[7] Goutam Chattopadhyay, Technology, Capabilities, Bedormance of Low Power Terahertz SourdeEgE
Trans. on Terahertz Sci. and Te@011, 1(1), 33-53.

[8] Robert J Barker, John H Booske and Gregory S NugihpModern Microwave and Millimeter-Wave Power
Electronics IEEE Press. Wiley Interscience, RD05

[9] Marc Madou Fundamentals of MicrofabricatiolCRC Press, Washington, DTY97

[10]B Levush, MMW to Upper-MMW Vacuum Electronics Res#tmat NRL,34" International Conference on
IRMmW — THZ2009

[11]John H Booskee, Plasma Physics and Related ChafieoigMillimeter-Wave-to-Terahertz and High Power
Microwave GeneratiorRhysics of Plasm&008 15, 055502-1 to 055502-16.

[12] http://www.cst.com

62



Anurag Srivastava Euro. J. Adv. Engg. Tech., 2015, 2(8):54-64

[13]Matthew P Kirleyl and John H Booske, Increased ®esce of Rough Copper Surfaces at Terahertz
FrequenciesProceeding of IEEE IVEQ014 157-158.

[14]A Camp Del and C Greiner, SU-8: a Photoresist faghFHAspect-Ratio and 3D Photolithographlurnal of
Micromech, Microeng 2007, 17, 81-95.

[15]R Engelke, G Engelmann, M Gruetzer, M Kubenz andMichke, Complete 3D UV Microfabrication
Technology on Strongly Sloping Topography Substraiging Epoxy Photoresist SU-Burnal ofMicroelectron.
Eng.,2004 73/74, 456-462.

[16]Anurag Srivastava, Jaising J Pendnekar, KS Bhat Ma#tarand Joshi, UV-LIGA Microfabrication of
Serpentine Waveguide Mold with Thick Su-8 Photatssior Mm-Wave TWTIn proc. of ISSS-N06,2013 95.
[17]1PM Dentinger, WM Clift and SH Goods, Removal of 8 hotoresist for Thick Film Applicationdpurnal of
Microelectron. Engg2002 61/62, 993-1000.

[18]YM Shin, D Gamzina, L Barnett, F Yaghmaie, AU Bagd NC Luhmann, UV Lithography and Molding
Fabrication of Ultra-Thick Micrometallic Structuresing a KMPR Photoresistpurnal ofMicroelectromechanical
Systems201Q 19(3), 683-689.

[19]S Bhattacharjee and JH Booske, Folder Waveguidgeling-Wave Tube Sources for Terahertz Radiation,
IEEE Trans. Plasma S¢P004 32(3), 1002-1014.

[20]1YM Shin, TH Seong and GS Park, MicrofabricationMiflimeter Wave Vacuum Electron Devices by Deep-
Etch X-ray LithographyAppl. Phy. Lett.2006 88(6), 091916.

[21]J Tucek and M Basten, 220 GHz Folded Waveguideu@grdor High Power AmplifiersProceedings of IEEE
IVEC, Rome,2009 108-109.

[22]R Zheng and X Chen, Characterizing and SmoothindStoifated Sidewall on UV-Exposed Thick SU-8
Structures for mm-Wave Circuitdpurnal of Micromech. Microeng201Q 20(3), 035007.

[23]Colin D Joye, Alan M Cook, Jeffrey P Calame, DakidAbe and Baruch Levush, Breakthrough UV-LIGA
Microfabrication of Sub-mm and THz CircuiBroceedings of IEEE IVEQS,2013

[24] A Srivastava and GS Park, 100 GHz LIGA-Fabricatedfled-Cavity DevicelBID, Rome, 2009 102-103.
[25]CW Baik, A Srivastava and GS Park, MEMS Applied Baard-Wave Oscillator for 0.1 THZBID, Rome,
2009

[26]YM Shin and NC Luhmann, Terahertz Vacuum Electrddiccuits Fabricated by UV Lithographic Molding
and Reactive lon Etchind\ppl. Phy. Lett.2009 95, 181505.

[27]A Baig and NC Luhmann, Design, Fabrication and REtihg of Near-THz Sheet Beam TWTFerahertz Sci.
and Technology2011, 4(4), 181-207.

[28]1 X Xu, Y Wei and W Wang, Sine Waveguide for 0.22THavelling Wave TubelEEE Electron Devices Lett
2011, 32(8), 1152-1154.

[29]Claudio Paoloni and Mauro Mineo, Design and Faliocaof a 1 THz Backward Wave AmplifieTerahertz
Sci. and Technologg011 4(4), 149-163.

[30]Claudio Paoloni and Mauro Mineo, Design and RetbmaAspect of 1-THz BWA based on Corrugated
Waveguide)EEE Trans. on Elect. Device2013 60(3), 1236-1243.

[31]S Sengele and L Ives, Microfabrication and Charaagon of a W-Band Meander-Line TWT Circuit,
Proceedings of IEEE IVEQ009 56(5), 730-737.

[32]JA Dayton, C Kory and K Gilchrist, Applying Micrdgication to Helical Vacuum Electron Devices for Z7H
Applications,IBID, Rome,2009

[33]M Lueck and JA Dayton, Microfabrication of DiamoBa&sed Slow-Wave Circuits for THz Vacuum Electron
SourcesJournal ofMicromech. Microeng 2011, 21(6), 065022.

[34]C Chua and S Aditya, Microfabrication of W-band&laHelix SWS with Straight-Edge ConnectiolSEE
Trans. on Elect. Deviceg2011, 58(11), 4098-4105.

[35]C Joye, JP Calame and B Levush, Microfabricationac220 GHz Grating for Sheet Beam Amplifiers,
Proceedings of IEEE IVE®onterey,201Q 187-188.

[36]R Dobbs, A Roitman, M Hyttinar, A Burke, J CalamadaBN Levush, Design and Fabrication of Terahertz
Extended Interaction Klystrons. In proc. of IEEEIBERRMMW-THz conf.,201Q 1-3.

[37]Harish Manohara and Peter H Siegel, FabricationEamidter Measurements for a Nanoklystron: A NovelzT
Source Proceedings of IEEE IVEQ002 28-29.

[38] Cui ZhengMicro-Nanofabrication Higher Education Press, Spring2@05

[39]EW Backer, W Ehrfeld, A Maner and D Munchmeyer, fi@diion of Microstructures with High Aspect Ratio
and Great Structural Heights by Synchrotron Raafiatiithography, Galvanoforming, An Plastic MouldifigGA
Process)Microelectronic Engineeringl 986 4, 35.

[40]www. microchem.com

[41] Colin D Joye, Jeffrey P Calame, Morag Garven aaduBh Levush, UV-LIGA microfabrication of 220 GHz
sheet beam amplifier grating with SU-8 photoresisMicromech. Microeng201Q 20, 125016.

[42]L Li, Yiman Wang and Anurag Srivastava, DevelopmehtHigh-Current Sheet Beam Cathodes for THz
Sources|EEE Trans. on Elect. Device®009 56(5), 762-768.

63



Anurag Srivastava Euro. J. Adv. Engg. Tech., 2015, 2(8):54-64

[43]Bernard Vancil, Ivor Brodie, John Lorr and Victorct8nidt, Scandate Dispenser Cathodes with Sharp
Transition and their Application in Microwave Tub&ID, 2014 61(6), 1754-1759.

[44]KH Jang, A Srivastava and GS Park, Photonic CrnyR&flex Klystron using Carbon Nano Tube Cathodes,
Proceedings of the Korean Physical Socidsju, Korea2007.

[45]Jae-Woo Kim, Sungyoul Choi, Jun-Tae Kang, Jin-Weond, Seungjoon Ahn and Yoon-Ho Song, Highly
Reliable Carbon Nanotube Field Emitters for Vacutlectronic DevicesProceedings of IEEE IVEQ014 523-
524.

[46]A Srivastava, JK Sharma, RK Sharma, SN Joshi, h§\end GS Park, Experimental Study on Electron Guns
with High Current Density BeanBID, 2007, 373-378.

[47]1Anurag Srivastava, Santosh Kumar, M Ravi and KStBhRaperimental Study on High Current Density
Electron GunsProceedings of NC-VEDQAndia, 2012

[48]Anurag Srivastava, Yiman Wang and GS Park, Desfg@heet-Beam Electron Gun with Planar Cathode for
Terahertz Deviceslournal of IRmmvand THz,2009 30(7), 670-678.

[49]1Chan Wook Baik, Anurag Srivastava and GS PBRl&ctron Beam Focusing Electrode and Electron Gsimgi
the SameUS Patent, 8304743B2012

[50] Young-Min Shin, Jin-Kyu So, Anurag Srivastava anfl Bark, Superradiant Terahertz Smith-Purcell Refiat
from Surface Plasmon Excited by Counter Streamiegtion BeamsApplied Physics Letter2007 90, 031502.
[51]www.darpa.mil

[52]CW Baik, Young Ho Ahn and and S Hwang, Experimertsdasurement of W-Band Backward Wave
Amplifier Driven by External Pulsed Sign&roceedings of IEEE IVEQ013

[53]Brain Steer, Albert Roitman and Richard Dobbs, Ba&sl Interaction Klystron Technology at Millimtenda
Sub-Millimeter WavelengthBID, 2009

[54]M Hyttinen, A Roitman and B Steer, High Power, Quitiimeter-Wave Extended Interaction KlystrofBID,
2008

[55]Colin D Joye, Alan M Cook, Jeffrey P Calame, DalidAbe, Alexander N Vlasov, Igor A Chernyavskiy,
Khanh T Nguyen, Edward L Wright, Dean E Pershifgkuji Kimura, Mark Hyttinen and Baruch Levush,
Demonstration of a High Power, Wideband 220-GHzvéllmmg Wave Amplifier Fabricated by UV-LIGAIEEE
Trans. on Electron Device2014 61 (6), 1672-1678.

[56]KE Kreischer, JC Tucek and David Gallagher, 220@Mmver Amplifier Testing at Northrop Grumman,
Proceedings of IEEE IVEQ013

[57]Jack C Tucek and Mark A Basten, A 100 mW, 0.670 Pdwer Module|BID, 2012 31-32.

[58]Jack C Tucek and Mark A Basten, David A Gallaghmet Kenneth E Kreischer, 0.850 THz Vacuum Electronic
Power Amplifier, IBID, 2014 153-154.

[59]Peter H Siegel and Harish Manohara, Nanoklystromda@kolithic Tube Approach to THz Power Generation,
Proceedings of 2International Symposium on Space Technal@g92

64



