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Abstract

For a long time, terahertz (THz) radiation has been of great interest to scientific
community because of its spectroscopic and imaging applications based on its unique
properties, such as the capabilities to penetrate many materials which are opaque in other
frequency range (e.g. packaging, plastics, paints and semiconductors), and spectroscopic

signatures of many important materials.

In this thesis, a continuously tunable THz wire QC laser, which comprises a QC laser
with deep sub-wavelength transverse dimensions, and a movable side object, termed as
“plunger”, is demonstrated. This deep sub-wavelength cross-section results in a large
fraction of mode propagating outside of the laser core (GaAs/Alg15GagssAs material
system). The frequency tuning is achieved by changing the transverse wave vector, using
a plunger made by metal (metal plunger) or silicon (dielectric plunger). When nudged

close to the wire laser core, the metal plunger can push modes to the opposite side of the



waveguide. Confined by a metal-metal waveguide, the mode is squeezed and the
transverse wave vector is increased, resulting in a blue-shifted frequency. In contrast, a
silicon plunger can suck the mode out due to its similar refractive index to GaAs/AlGaAs
material system of laser core. Thus a decreased transverse wave vector results in a red-

shifted frequency.

Although a tuning record of 138GHz (3.6%) was achieved, a discontinuous tuning
resulted from a jittering movement of the plungers due to its friction with the guiding
system. To solve this problem, an improved plunger based on micro-mechanical system
(MEMS) was implemented. This MEMS plunger uses a two-stage folded-beam flexure to
isolate the misaligned external actuation. The plunger is attached with the flexure which
suspends above a silicon substrate to eliminate friction. Eventually, this MEMS flexure
was actuated by a mechanical system which comprised a lever to de-amplify the
displacement of a linear mechanical feedthrough. This MEMS plunger enabled a
restorable and frictionless movement which led to a continuous tuning range of 330GHz

(8.6%) centered at ~3.85 THz.

The challenges posted by the weak mode discrimination led to the development of comb-
shape connectors which electrically connect the top metal of wire lasers and the side
bonding pad. This design can significantly increase the mode discrimination by
selectively guiding undesired mode into the lossy bonding pad. This robust design of
single mode operation enables the initial lasing at a frequency far below the gain peak,

which can potentially increase the tuning range significantly.

Thesis Supervisor: Qing Hu

Title: Professor



Acknowledgements

I would like to take this opportunity to thank many people who made this thesis possible.

First, it is difficult to overstate the importance of the guidance from my supervisor,
Professor Qing Hu. His sound advice and inspiration helped me progress fast in the thesis
work. I am also lucky enough to observe how he approaches and solves problems, which

is very helpful for me to grow as a researcher.

I would like to thank many people who contribute to this thesis work. First, the excellent
MBE growth from John Reno provided me good gain mediums to work on. My group-
mates, Benjamin Williams and Sushil Kumar not only designed the best terahertz
quantum-cascade lasers used in this thesis work, they also taught me valuable lab
techniques. I am indebted to Alan Lee who always made him available to discuss the
research and teach me how to fit into the new culture. I would like to thank many student
colleagues for providing a stimulating and fun working environment: Hans Callebaut,
Allen Hsu, Wilt Kao, David Burghoff, Ivan Chan, Ningren Han and Shengxi Huang. I
would particularly like to thank Wilt Kao and David Burghoff for their help in

experimental work and in electromagnetic simulation.

I am grateful to my thesis committee members, Professor Erich Ippen and Jeffery Lang,
whose useful suggestions and comments are very important to push the project forward. I
would like to thank Professor Martin L. Culpepper, Professor Carol Livermore and Dr.
Hanqing Li who helped me on mechanical design. I am also obligated to Dr. Vicky
Diadiuk and other MTL staff for their help on the fabrication.

This work would not have been possible without the love and support of my parents,
although they are in the other side the earth. They are always protecting me from being
lost especially in the hard time of my research and life. I would like to thank my friends,
Wenzhe Ma and Yufei Ge, who are always supportive and happen to be in the same city

with me from the college time.






I dedicate this work to my beloved mother and father






1 INtroduction -+«--«-++eecescscsessercassssonccscececces cssaas B PP TP PP PP PP seeessescscesscneses 22

1.1 Underdeveloped terahertz SPECEIUM »eeseerccasscteasasccescnccasances sessesccecescsscsscccssacsscscecsc))
1.2 Application of THz radiation «ssecseereesssecrmrocceccinimmenciissecsieaecneens ceecerensncetconcnscnsensennsdy
1.2.1 Astronomy ............................................................................................................................. 24
1.2.2 Biomedical applications ......................................................................................................... 25
1.2.3 Security app"cations .............................................................................................................. 26
1.2.4 Industrial PIOCESS +++ressrserteentermeneenntnesrs ettt sttt b Lo E e E s st 29
1.2.5 Other app"cations ................................................................................................................. 29
13 THz generation and detection in time domain spectroscopy and imaging «+«++++---++-29
1.4 Quantum cascade lasers (QCLS) ........................................ (PP TTTITTYTPTTTTIPPTTTPITPPITPIROITY: X: §
1.5 THZ QLS+ ++++0essssssesatsanssassasssrssssonssrssssssssnssassssassssaes B 1
1.6 Traditional tunable THZ SOUrce ssesteseerrtentetentatectsiaterecticanstsessossassssescasascessessassasasens 38
1.6.1  Tunable THz sources achieved based on the parametric method ««----e-ceeseeniiinininniicnnin. 39
1.6.2 Tunable THz sources based on the photomixing MELthOd +reeererseeserimmmniiiiiiiiiiiiinenne, 41
1.7 Terahertz waveguide.............................................-..................... ......................... 43
2 Terahertz Wire QC Lasers «+«=++=++++seeseessessacseccecaacaass seseseressssssesesssssacscssccsnrenans eeeee 48
2.1 Introduction and the previous Work ««:sccseeeeeeeeseecensens eesesescenstttreccttsttentssanassnnnses w48
2.2 Surface-Plasmon electromagnetic modes «-«:-««ssessccsssssssinannincncancncccnssinnaencanecnne «:50
2.3 Mode confinement scesescccecitiicencescecscacarcrceccescssescscescssasarsessascascesssaccsse sesssersssnesane 54
2.4 Facet Reﬂectivity ........................................................................................... s §7
2.5 Beam [« 2= 14 €T 4 1 R e L e I 60
3 Tunable THz wire QCLs—First des,'gn coscesscecnnsaane ssseeasccensnscnsnas cesscacassene ceesseccsasaasns 63
3.1 Previous tunable THz QUCLS soererersecsesnasaescscarcaransessacsensonensensasessesceseoscsassescsce cesecesecss§3
3.1.1 Electrical tuning Of THZ QUCLS +errereerrersrmeranntenninniuntioniieniiiiiiiiieniitiiinitiieiireisosttesisieottnes 63
3.1.2  Tuning distributed feedback THz QCLs by changing cavity parameters:-«-.:-ssceesesresnnanenne. 65
3.1.3 THz external cavity QCLS ........................................................................................................ 67
3.1.4 Tunable THz QCLs with a COUp'Gd MNICTOCAVILY »testreeeserssraensnentritiisistissss s 72
3.2 Tuning mechanism of tunable THz QC wire lasers =««-s+eseeeeseece secessscenssanans seesensessesesa 74

7



3.3 Gain medium selection ssseeceseeescecens reessee ETTITTTTTIeN cssessercenraseccsasstensssenssctnssssecasscccesse ]/

3.3.1 INErOAUCTION seeeereererenereetititiii it s e st e st e et e e e s sea s sn s s sassannrasesassas 77
3.3.2  Gain DANAWIALH eereveeerrerenirirteinriteistin i ettt s e et e e et sbe et enasanessentaees 79
3.3.3 The chosen gain medium ....................................................................................................... 81
3.4 Waveguide design with first order distributed feedback «++--«sseeeeeettinnnanaacnicns ceeeneee84
341 Grating Shape ........................................................................................................................ 86
3.4.2  Using facet phase conditions to achieve lasing on the desired mode:«« - sseereseresincniinnnn. 89
343 Numerical anaiysis of the waveguide .................................................................................... 91
344 Bonding pad design ............................................................................................................... 92
3.5 Piunger design ceetetesaceerectstttooraretseesestsassesncsssnrararsannanana eessesscecsscectesssvtansssccessasineanas 93
3.5.1 Metal p|unger ........................................................................................................................ 94
3.5.2 Dielectric piunger .................................................................................................................. 97
3.6 Mechanical design ...................... sesseessssetecetasatcetststenctsssnessntstcatans cesesscscssae cesssesceces 99
3.7 Fabrication of tunable THz QC wire lasers -seccescescetenseccesnccennens ssecssccccsccscssssececance 103
3.8 Tuning r@SUILS seeseeseccserscnrinserscnsannantenessseccesaes aeeessseccenasesscssvessrcnnacassctsssasnasnseses 107
3.9 Coating on sinusoidal side wall--scceeeees R T T N T T N T I I T T I T I I I TII IS sescesscesccanne 110
3.10 Summary ....................... 60600000000 000000000000000tss00vatactesestttecstrscnssassestssesaaan IXYYYTTIRLELTTINN & I §
Deve’opment ofMEMs plungers esosvesessncs T P T T T LY ST TV P YT ITTITPPYPPVTITPTTPIYPPIPTrasy, & K.
4.1 INtrodUCLION «cevssrerrrerctitcaniriettietetentiacescesntcrncrencccrsncscesecnseatocssecsecssancnsssvnssnsnes e:115
4.2 Friction issue:«-s+e+eeecerccascrsce “esseseeecettisecestcccasncsacessosssnssannss coascestccsscen TSI LTI 115
4.3 MEMS flexure ssessreessesccsesessntncnrintncasececcocsas sececescessesen secestesscesscsttscsctcccntccncarsssncs -116
4.4 Sensitivity to the alignment quality sresececoesstnuccasrnncesssssttestccnncsssosantanns sesscercesseseese 118
4.5 Design rUl@ serrescerccnscaccnrncncanianccrccnnens ssssesssesensssancen sececnsecesssnttsessrecnsosssesnssascesssanne 120
45.1 Design OVBIVIOW tvetrsartiteratiiiniiitiiietiniiiiiiieintiersionetortotmtisneraosssesetesesasessessseressessssssssssssssannans 120
45.2 Two Stage design to reduce t”tmg ...................................................................................... 121
4.5.3  The mechanical strength of the MEMS plunger under cryogenic temperature-«---.--... 125
4.5.4 Other CONSIAErations :t - «serrresererererrreriiiiinitiieriiceteiie et srer s e s e resesssereessenasssnes 125
4.6 Fabrication «seceereccinrccrcaincancrronccssccasssacesnssoseasassssessnsscscsans seesssncesssscnrccitsccccssanncanne +126
4.7 Actuator sssesesesnccee sacecece $E000000000000E0ErIIE00000000sEII0NIENTIcEROOOERORNROIRINRS esssecsssceceonssonss 130

8



4.8 Measurement and result c:sc-.. seeseseresccssesenssseenine esesessesecssrsetsacccascasscsssntcnsressecses 131

4.9 Summary ....... eesesnsecescstnensasscssansacens T Y T T T T T YT TT T T Y TP T TP I 133

5 Development of tunable THz wire lasers with robust singlek mode operation over a

Iarger tuning range -e-seeerreeecseescocnianeens cosesesessescscsssesesvrverrennnrrrcarsossesae FYTTTTTPPIPIr cecees 135
5.1 The bottleneck of the tuning FANEE: soenesersrnersiioneaiineanacnaanascaee cssessseccccnsssssccennsess ] 35
5.2 Design to increase the tuning FANEE seerressssersentonennoniraanuansassseraanonesssnaanisesnsoncanes 140
5.3 Mode selector and robust single mode operation «-«-+++- evesssessesntatanatrnsananianne eeeee142

5.3.1 First design Of MOde SeIECLOr e tererrrrerntiiiiiiiiiiiiiiii i 142
5.3.2 Fabrication and the results of wire lasers with comb-shape connectors::..:scccoseeeiiieiiiennes 145
5.3.3 Second design ..................................................................................................................... 149
5.4 Fast tuning by USing a Piezo-Stack actuator-«-teseseseserecesitasesnsccssoncasesesccsscssssaccsacase 152
5.5 Current spreading effect o+ tesesecsecsscscene T P P T T TTT TP Y T 156
5.5.1 Origin of current non_uniformity iNn THZ Wire 1asers --cccoeeeeesteeruncniiniiuiniinniinrenencncn. 156
§55.2 |mprovement ...................................................................................................................... 158
5.6 Experimenta' resultecesceesscescrsiascecscecrssceccscncnnes esesssstecsnctectsscsetsoasucstsscstcsnssecsncannss 160
5.7 5ummary £090000000000000000000000000000000sstsnncuccetasTIesstetssteatssceanssenEE ceancces eseveesscessrccssscannae 165

6 Summary andfuture WOFK eeoseotsecrsenrencsennecaacccancnssoncencsossencnsssnscsnsscccscnscncsoncse - 166
6.1 Key CONriDULIONS ssesersssecccrcisicccssoescnscnsscnsenccscntsecsestcessncsnsaastantcnsesnscsrscssscsscnsens «+166
6.2 Ongoing and future Work === seereeesesiecsuesuenaninsnennees cosvsasrassancancaressasansasansnace weee168

6.2.1 |ntegrated COMDb-Arive actuator «receereereesnieitiiiiiiiiiiiiiiiiiiiiiiiiitectiiotiitetetiiatniieiarsatee, 168
6.2.2 Optlmizann of THz wire 'asers .......................................................................................... 171
6.2.3 Master oscillator power amp"ﬁer (MOPA) ........................................................................ 172
6.2.4  Integration of a silicon plunger and a metal plunger ««--«esseersrienininnnininniniiiiniinn 174
Appendix A: Fabrication rec"pe of MEMS plunger.. .......... ssssescsssnssssvsvisvessassnsssrsareny -176



FIGURE 1.1.1 THE ELECTROMAGNETIC SPECTRUM, WHICH SHOWS THE UNDERDEVELOPED TERAHERTZ SPECTRUM BETWEEN THE
WELL-DEVELOPED MICROWAVE AND INFRARED RANGES. ........... ettt st e er e aar e e naees crveeerrenre e e e nresas 23
FIGURE 1.2.1 THE DEMONSTRATION OF THE CORRELATION BETWEEN A THZ IMAGE (RIGHT) OF A BREAST TUMOR AND THE
CORRESPONDING HISTOLOGY SECTION (LEFT). THE SIZE AND SHAPE OF THE TUMOR IN THZ IMAGE MATCH WELL WITH THE
HISTOLOGY SECTION. ...veeveeererereerenenne erreeeneena et re e ans e e r e penne e entes 25
FIGURE 1.2.2 THz ABSORPTION SPECTRA OF SEVERAL CLOTHING MATERIALS (LEFT) [14] AND THZ IMAGING THROUGH A
TYPICALJACKET (RIGHT) [15]). THE UNDERNEATH OBJECTS WERE DISCLOSED CLEARLY. vvvveevveveesvesaresssssesssssssesonns 26
FIGURE 1.2.3 PART (A): SOLID TRACE SHOWS SIGNAL/TEMPERATURE TIME RESPONSE TO A QCL PULSE, OVER A THREE FRAME
DIFFERENTIAL SEQUENCE; A FRAME IS COMPOSED OF SEQUENTIAL ROW SAMPLES OF THE SIGNAL. A 1.47 MS DELAY
EXISTS BETWEEN FRAMES ALLOWING THE PULSE TO BE STARTED BEFORE THE FIRST ROW IS ACQUIRED TO ALLOW HEATING.
PART (B) CORRESPONDS TO FRAME 1 WITH THZ SUPERIMPOSED ON INFRARED SIGNAL. PART (C) CORRESPONDS TO
FRAME 3: INFRARED SIGNAL WITH A SMALL AMOUNT OF RESIDUAL THZ SIGNAL. PART (D) CORRESPONDS TO DIFFERENCE
BETWEEN FRAMES 1 & 3, RESULTING IN THZ ONLY SIGNAL; SHOWING ABSORPTION OF PENCIL INSIDE AN ENVELOPE. PART
(E) ILLUSTRATES THE EXPERIMENTAL SETUP [16]. ...... e eeer et s et e e b e et e e sennaeeeraaee s rerrrereseerreaeeraeeereeerannns 28
FIGURE 1.2.4 PART (A) AND (B) SHOW THE ABSORPTION FEATURES OF TWO IMPORTANT EXPLOSIVE MATERIALS PETN AND
TNT[17]. {c) SCHEMATICS OF THZ DETECTION SETUP OF EXPLOSIVES HIDDEN BEHIND A BARRIER MATERIAL USING A DUAL
PASS TRANSMISSION GEOMETRY [18]. ..c.uvvviiiieireecrcrecrecre et et ee et et e r et e e eaeeeeareennnees 28
FIGURE 1.3.1. SCHEMATIC REPRESENTATION OF A TPI SPECTRA1000 [27]. A SHORT PULSE FROM FEMTOSECOND LASER IS SPLIT
INTO A PROBE BEAM AND PUMP BEAM BY A BEAM SPLITTER. ...... USING A PHOTOCONDUCTIVE EMITTER, THE PUMP BEAM
EXCITES A THZ WAVE WHICH PASSES THE SAMPLE. THE TRANSMISSION SIGNAL IS DETECTED BY A PHOTOCONDUCTIVE
DETECTOR WHICH USES A DELAYED PROBE BEAM AS A REFERENCE. .........c.e.... ettt e st esae s e e e e ntenneareen .30
FIGURE 1.3.2 THE SCHEMATICS OF THZ PHOTOCONDUCTIVE EMITTERS[29]. THE METAL STRIPLINES ON SEMI-INSULATING GAAS
ARE BIASED TO PROVIDE A LARGE ELECTRIC FIELD. THE CURRENT EXCITED BY FS OPTICAL PULSE RELAX FAST TO GENERATE
THZ PULSES. THE PHOTOCONDUCTIVE DETECTOR HAS A SIMILAR STRUCTURE. v..veeveeveserereesesesessesessossessssorsennas veeeenn31
FIGURE 1.3.3 THE UPPER FIGURE IS THE ILLUSTRATION OF THE SAMPLE HOLDER TO MEASURE THE REFERENCE AND SAMPLE
PULSE. THE LOWER TWO PLOTS ARE TYPICAL RESPECTIVE PULSES [27]. ............. Creteseresrenertateara—————————————————erraons w...32
FIGURE 1.4.1 ILLUSTRATION OF THE CONCEPT OF THE QUANTUM CASCADE LASERS. (A) SCHEMATICS OF A MODULE OF QCLS. (B)
SCHEMATICS OF THE CONDUCTION BAND DIAGRAM WITH ZERO BIAS. THE ENERGY LEVELS ARE CONCEPTUALIZED AS
STRAIGHT LINE FOR SIMPLE ILLUSTRATION. THE BLACK DOTS REPRESENT ELECTRONS IN THE QUANTUM WELL STRUCTURE.
(€) THE CONDUCTION BAND DIAGRAM AT THE DESIGN BIAS. LEVEL 1 1S ALIGNED WITH LEVEL 3 UNDER THIS BIAS. (D) THE
ELECTRON DISTRIBUTION IN K SPACE. THE THREE BANDS CORRESPOND TO THE ONES IN PART B AND C. THE POPULATION
INVERSION IS DEMONSTRATED IN THIS FIGURE. (E) A TYPICAL BAND DIAGRAM WITH SIMULATED WAVEFUNCTION

TLLUSTRATED. 1eeiriiiiiiiiiriietiirirttiesettttetsan nasasaerssssessieesneserseersssssssssssssessessenoesssessssessssnnsessenssnnnsnsessesssnsnne e384

10



FIGURE 1.5.1 THE SCHEMATICS OF QUANTUM WELL STACK OF A DESIGN OF FL183S. THE DOPING LEVEL WAS LISTED IN THE
SECOND COLUMN. THE THICKNESS IN TERMS OF ARMSTRONG AND MONOLAYER IS ILLUSTRATED IN THE THIRD COLUMN.
THE MODULE SHOWN IN THE FIGURE ARE REPEATED FOR 183 TIMES IN THE REAL STRUCTURE............ coreerrersseneennnennes 30
FIGURE 1.5.2 SCHEMATICS OF THE CONDUCTION BAND DIAGRAM OF DESIGN FL183S. THE BASIC MODULE IS REPEATED FOR
183 TIMES. THIS GRAPH INCLUDED TWO MODULES IN ORDER TO SHOW THE TRANSPORT CHANNEL IN WHICH ELECTRONS
FLOW FROM RIGHT TO LEFT DIRECTION. APOSTROPHE SIGN IS USED TO DIFFERENTIATE THE CORRESPONDING QUANTUM
STATES IN THE TWO REPEATED MODULES. AN ELECTRON IS INJECTED INTO UPPER RADIATIVE STATE 5 FROM 1’ THROUGH
THE INJECTOR BARRIER INDICATED BY AN ARROW. THEN THE ELECTRON DROPS TO STATE 4 BY EMITTING A PHOTON.
THROUGH A RESONANT TUNNELING, IT TRANSPORT TO STATE 3 WHICH IS DEPOPULATED BY A PHONON-ASSISTED
DEPOPULATION SCHEME. AFTER ELECTRON DROPS TO STATE 2, IT RESONANTLY TUNNELS INTO STATE 1 WHERE IT IS READY
TO BE INJECTED INTO THE NEXT MODULE
FIGURE 1.6.1 (IS-TPG). THE PUMP LASER WAS A SINGLE LONGITUDINAL MODE Q-SWITCHED ND:YAG LASER (1.064 pm),
AND THE SEED FOR THE IDLER WAS A C.W. YB-FIBRE LASER (1.070 M) OR TUNABLE LASER DIODE (1.067—-1.074 um).
GENERATED THz WAVES IN LINBO3 ARE COUPLED WITH A SILICON PRISM ARRAY AND EMIT INTO FREE SPACE THROUGH A
TPX (POLY-METHYL-1-PENTENE) CYLINDRICALLENS. ...v0eeveeeeeeesssesessaeessasesssesesssssasssesssessesssessasasssssssssssensessssens 40
FIGURE 1.6.2 [69] WITHIN A THIN LAYER (THICKNESS™LZ ), THE PERIODIC CHANGE OF FREE ELECTRON AND HOLE
CONCENTRATION ARE FROM THE BEATING BETWEEN TWO COLLIMATED BEAMS WITH FREQUENCIES N+= No+ Ny,/2 AND
N-= No- N1/ 2. PART A IS THE THZ GENERATION SCHEME WITH LARGE AREA EMISSION (LAE). THE TRANSVERSE
DIMENSIONS OF THIS LAE (L, AND L,) ARE LARGER THAN THE THZ WAVELENGTH. ACCORDING TO SNELL’S LAW, THE
GENERATED THZ POWER IS RADIATED INTO AIR PARTIALLY AND OTHERS ARE RADIATED INTO THE SEMICONDUCTOR. PART
B ILLUSTRATES THE THZ GENERATION WITH ANTENNA EMISSION METHOD. WITH THE TWO FOCUSED LASER BEAMS AND
AN EXTERNAL BIAS Uy BETWEEN THE ELECTRODES OF ANTENNA WITH SIZE L, THE GENERATED THZ RADIATION IS MOSTLY
FED INTO THE SEMICONDUCTOR AND COLLIMATED BY A HYPERHEMISPHERICAL (SILICON) LENS. ....cucerurreranraeennenanane 43
FIGURE 1.7.1 (FROM [1]) (A) SCHEMATIC STRUCTURE OF A THZ SEMI-INSULATING SURFACE PLASMON WAVEGUIDE. A
GAAS/ALGAAS ACTIVE REGION IS SANDWICHED BY A TOP METAL LAYER AND A HIGHLY DOPED GAAS THIN LAYER ( 400
NM, SILICON DOPED AT 3x10™® CM®) ATTACHED TO SEMI-INSULATING GAAS SUBSTRATE. (B) A TYPICAL MODE OF SEMI
INSULATING SURFACE PLASMON WAVEGUIDE. MODE CONFINEMENT IS PROVIDED BY THE TOP METAL AND THE HIGHLY
DOPED THIN LAYER WHICH HAS NEGATIVE INDEX. THE THICKNESS OF THE HIGHLY DOPED THIN LAYER IS OPTIMIZED TO
ACHIEVE A BETTER TRADE-OFF BETWEEN MODE CONFINEMENT AND MODE LOSS. ....vtioseriumssarsieisssesonsessessssecssssesones 45
FIGURE 1.7.2 (A) SCHEMATICS OF METAL-METAL (MM) WAVEGUIDE. A TOP AND BOTTOM METAL LAYERS ENCLOSE QCL
ACTIVE REGION BASED ON GAAS/ALGAAS MATERIAL SYSTEM. THE WAVEGUIDE IS ATTACHED ON A N* GAAS SUBSTRATE
FOR CONVENIENT ELECTRIC BIAS. {B) THZ OPTICAL MODE IN MM WAVEGUIDE. NEAR UNIFORM MODE ALONG VERTICAL
DIRECTION RESULTS IN UNITY OPTICAL CONFINEMENT WHICH IS SIMILAR TO MICROSTRIP TRANSMISSION LINE. ....ccevnens 46

FIGURE 2.1.1 (FROM [80]) SCHEMATICS OF A TYPICAL SEMICONDUCTOR DIODE LASER. .....cervrerrerereeereeesssesenssnnessses B .

11
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ELECTROMAGNETIC OSCILLATION. THUS BOTH COLORS INDICATE THE MAXIMUM OF THE STANDING WAVE. THE BLOWUP
OF THE MODE DISTRIBUTION AROUND THE END FACET CLEARLY SHOWS THAT THE MODE MAXIMUM OF THE STANDING
WAVE IS RIGHT ON THE FACET. ......cvevrrerernnns e s e e e e e s s ranaeaaan e 60

FIGURE 2.5.1 ILLUSTRATION OF THE BEAM PATTERN OF THZ QC WIRE LASERS. (A) THE MEASURED BEAM PATTERN [96] FROM
A THZ WIRE LASER. (8) THE SIMULATED BEAM PATTERN BASED ON THE ANTENNA MODEL [88]. (C) THE CALCULATED
BEAM PATTERN BASED ON AND THE POINT SOURCE MODEL[1], WHOSE CONFIGURATION IS SHOWN IN THE UPPER PART.
{D) THE SCHEMATICS OF THE WIRE LASER AND THE MODE ATTACHED TO IT. ..v.vutveeirerieresseeeenenneneeessessnens reeeeeneens 61

FIGURE 3.1.1 SCHEMATICS OF A TWO-COLOR TERAHERTZ QUANTUM CASCADE LASER WITH A METAL-METAL WAVEGUIDE. A
THIN DOPED GAAS LAYER IS INCORPORATED IN THE STRUCTURE TO STABILIZE THE VOLTAGE BETWEEN EACH GAIN
MODULE.....cecriirirircsssnsenenennreeesreraeeenns et e e te st a e ettt e e e arraa e e e e e eanans et aanaen 64

FIGURE 3.1.2 TEMPERATURE AND CURRENT DEPENDENCE OF EMISSION FREQUENCY OF A 2.5-THz DFB QCL [105]. .......... 66

FIGURE 3.1.3 (FROM [118]) (A) THE GEOMETRY USED TO ELIMINATE LASING OSCILLATION IN AN EC THZz QCL. THE FUNCTION

OF AN ANTI-REFLECTION COATING WAS ACHIEVED BY A POLISHED FACET AT BREWSTER ANGLE. (B) THE FREQUENCY
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SELECTIVE FEEDBACK WAS ACHIEVED BY AN EXTERNAL GRATING. OPTICAL CONFIGURATION USES OFF-AXIS PARABOLOID
(OAP) TO COLLIMATE LIGHT FROM THE POLISHED FACET. (C) MULTIMODAL OPERATION IS DUE TO A RESIDUAL
REFLECTION FROM THE POLISHED FACET COMBINED WITH THE REFLECTION FROM GRATING. .....ceeereiuereireessrneereruenns 68
FIGURE 3.1.4 (A) CONFIGURATION O FTHE EC QCL. IT USED A PLUNGER TO ACTUATE A SQUARE GOLD EXTERNAL MIRROR (M)
WHICH REFLECTED LIGHT BACK TO THE ANTI-REFLECTION COATED FACET OF THE GAIN MEDIUM. THE OUTPUT IS
COLLECTED BY THE UNCOATED OPPOSED FACET. THIS DESIGN USES AN IMPROVED A/4N-THICK LAYER OF SIO, AS AN ANTI-
REFLECTION COATING. (B) DISCONTINUOUS TUNING WAS DEMONSTRATED IN A BROAD RANGE WHILE CONTINUOUS
TUNING WITHIN THE FREE SPECTRAL RANGE OF THE QCL CHIP WAS ACHIEVED. ...cuuveteeeceneeeennecineneeenansnenessesnnnneens 70
FIGURE 3.1.5 (COURTESY BY ALAN LEE) EXTERNAL CAVITY QCL SETUP. PART (A) ILLUSTRATES THE CONFIGURATION IN WHICH A
QCL CHIP ABUTTED TO HIGH-RESISITIVITY SILICON (HRSI) LENS WITH A SPACER INSERTED. {B) THE SETUP WITH A LARGER
LENS (10-MM DIAMETER HRSI LENS) FOR DIRECT BEAM COLLIMATION. (C) THE SETUP WITH A LARGER LENS (3-MM
DIAMETER HRSI LENS) ATTACHED WITH OPTICAL GLUE. IT RESULTED IN A DIVERGENT BEAM WHICH MUST BE COLLIMATED
WITH AN OFF-AXIS PARABOLIC MIRROR. ...ccctotiisueierarirarrereecreteretememtmnmnensesnnsssssesesessssssssssemnmsmssssssnsesemeneenenmnsnnnnn 71
FIGURE 3.1.6 (FROM [124]) (A) TRANSMISSION SPECTRA OF A 1.5-MM THICK HRSI WINDOW WITHOUT OR WITH DIFFERENT
ANTI-REFLECTION COATINGS. UNNORMALIZED QCL SPECTRA OF THE DEVICES WITH 100-uM WIDTH AND 1.5-MM
LENGTH (RED), AND 150-uM WIDTH AND 1.25-MM LENGTH (BLUE). (B), BLOW-UP OF THE SPECTRA FROM (B) AFTER
NORMALIZATION AND CALCULATED ATMOSPHERIC TRANSMISSION THROUGH EXTERNAL CAVITY (HITRAN 2008). ....... 72
FIGURE 3.1.7 (FROM [126]) TOP LEFT: SCHEMATICS OF THE COUPLED CAVITIES. THE TWO COUPLED RESONATORS ARE THE
METAL-METAL WAVEGUIDE WITH DFB GRATING EMBEDDED, AND THE ONE COMPRISED BETWEEN THE TOP GRATING
METAL AND THE MOVABLE METALLIC MIRROR ABOVE. BOTTOM LEFT: INTENSITY OF THE ELECTRIC FIELD ON A
LONGITUDINAL CROSS-SECTION OF ONE PERIOD OF GRATING (X IS THE PROPAGATION DIRECTION). THE LEFT PLOT
CORRESPONDS TO THE ANTI-CROSSING POINT AND THE RIGHT FIGURE REFERS TO THE MIDDLE OF THE TUNING RANGE
WHICH IS INDICATED BY THE GRAY AREA ON THE RIGHT. RIGHT PANEL: SIMULATED EIGENFREQUENCIES OF THE MODES
V.S. THE MIRROR POSITION. PLOTTED WITH DOTTED LINE IS THE RESPECTIVE THRESHOLD GAIN.....ceeeruerrevnreeesrneesanees 73
FIGURE 3.1.8 PART (A): THE TOP FIGURE SHOWS THE SPECTRUM OF A DFB DEVICE WITHOUT A TOP MIRROR. THE TWO PEAKS
CORRESPOND TO THE TWO BAND-EDGE-MODES. THE BOTTOM SPECTRA DEMONSTRATED THE TUNING WITH DIFFERENT
MIRROR POSITIONS. WHILE THE LOWER-BAND-EDGE CLEARLY TUNES WITH THE MIRROR POSITION, THE UPPER-BAND-
EDGE MODE IS NOT AFFECTED BY THE TOP-MIRROR, WHICH MATCHES THE THEORY WELL. PART (B): WHEN THE MIRROR IS

IN A WAVELENGTH COMPARABLE DISTANCE FROM THE GRATING, A TUNING OF 20 GHz IS OBSERVED WITHOUT HOPPING.

FIGURE 3.2.1 ILLUSTRATION OF DIFFERENT TUNING MECHANISMS. THE CURVES RELATING THE TRANSVERSE WAVE VECTOR (kJ_)
AND LONGITUDINAL WAVE VECTOR (kz) ARE BASED ON EQUATION 3.2.1, WHICH IS THE DISPERSION RELATION IN A
UNIFORM GAIN MEDIUM. THE LASING FREQUENCY V IS DETERMINED BY THE RADIUS OF A PARTICULAR CURVE THAT
INTERSECTS A SPECIFIC VALUE OF k_LAND kz, WHICH ARE DETERMINED BY OPERATING CONDITIONS. THE BLACK CURVES

REPRESENT THE CONDITION THAT DETERMINES THE ORIGINAL FREQUENCY VO OF A LASER WITHOUT TUNING. THE BLUE
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AND RED DASHED CURVES REPRESENT THE CONDITIONS FOR WHICH THE LASER TUNING IS EITHER BLUE- OR RED-SHIFTED. A,
THE MOST COMMONLY USED TUNING MECHANISM, IN WHICH BOTH € AND K| ARE FIXED AND THE LASING FREQUENCY IS
TUNED BY CHANGING k. THIS CAN BE ACCOMPLISHED BY CHANGING THE CAVITY LENGTH OF A FABRY—PEROT LASER, OR
CHANGING THE CENTER WAVELENGTH OF DISTRIBUTED BRAGG REFLECTORS (DBRS), OR CHANGING THE ANGLE OF AN
EXTERNAL-CAVITY GRATING. B, ARRANGEMENT WITH BOTH K ; AND Kk, FIXED. THE TUNING IS ACHIEVED BY CHANGING
THE DIELECTRIC CONSTANT 1, WHICH CAN BE ACCOMPLISHED WITH TEMPERATURE TUNING OR ELECTRICAL BIAS. C, THE
TUNING SCHEME OF THE PRESENT WORK, IN WHICH THE FREQUENCY OF A WIRE LASER IS TUNED BY DIRECTLY CHANGING
THE TRANSVERSE WAVE VECTOR K | ....voeveenrerenicreieieeenennn, e e s et e e s e s e e e s eaes s raeenenreeeses 75
FIGURE 3.3.1 (FROM [134]) COMPUTED GAIN SPECTRA FOR THE 4-LEVEL SYSTEM DESIGNED TO LASE AT 4THZ WITH DIFFERENT
INJECTOR ANTICROSSINGS 2782 _4 ; ASSUMING A PERFECT RESONANCE BETWEEN 1'~4 (A ;_4~0). THE VALUES OF
FWHM LINEWIDTH AND POPULATION INVERSION ARE ALSO LISTED BESIDE EACH OF THE CURVES ....ccuveveeeeeeererseeeneees 80
FIGURE 3.3.2 (FROM [134]) SIMULATED GAIN SPECTRA FOR THE 4-LEVEL QCL DESIGN DESCRIBED IN REF [132]. (A)
ILLUSTRATION OF THE IMPACT OF DIFFERENT COLLECTOR ANTICROSSINGS 2/{)35 ASSUMING A PERFECT RESONANCE
BETWEEN STATE 3 AND 2(A3,~0); (B) DIFFERENT GAIN SPECTRA DUE TO DIFFERENT DETUNING £il35 AT 2hA 3, =
5 meV. THE VALUES OF FWHM LINEWIDTH AND POPULATION INVERSION ARE ALSO LISTED. ..v.vveveeververeneeseesserens 81
FIGURE 3.3.3 THE CONDUCTION BAND DIAGRAM OF OWI222G DESIGN. ELECTRONS ARE INJECTED FROM THE INJECTOR (STATE
1) TO THE UPPER RADIATIVE STATE (STATE 4), AND THEN TRANSIT TO THE LOWER RADIATIVE STATE (STATE 3). NEXT, THEY
TUNNEL TO STATE 3 WHICH IS EVENTUALLY DEPOPULATED BY EMITTING LO PHONONS. ......ccveevvierneeineeeereeseesenenns 82
FIGURE 3.3.4 THE CURRENT VS. BIAS (BLUE CURVE) AND CONDUCTANCE VS. BIAS (GREEN CURVE) OF FL183S (LOWER FIGURE)
AND OW!1222G (UPPER FIGURE). IT CLEARLY DEMONSTRATE THAT THE DYNAMIC VOLTAGE RANGE OF FL183S (~2.5V)
IS 25% LARGER THAN OWI1222G (~2V)........... ettt te st et e st oot e e et e rerae e saaaeesarreeeanrareeas rerreeeerenennee 83
FIGURE 3.3.5 THE POWER VS. CURRENT FOR DIFFERENT TEMPERATURES. THE MAXIMUM OPERATION TEMPERATURE OF
OWI222G 1s ~186K, COMPARED TO ~175K OF FL183S. THE DYNAMIC CURRENT RANGE OF FL183S (~800A/cM?) Is
MUCH LARGE THAN OWI222G ("‘450A/CM2). e e bt e et e e e e st reeeese s e aranaaaes e 84
FIGURE 3.3.6 THE SPECTRA OF THE FP LASERS BASED ON OWI22G (LEFT PART) AND FL183S (RIGHT PART). DOUBLE
FREQUENCIES LASED SIMULTANEOUSLY IN BOTH DESIGNS. FROM UPPER TO BOTTOM, THE BIAS INCREASES AND THE
LASING AT THE HIGHER FREQUENCY BECAME STRONGER. THE TWO DESIGNS HAD SIMILAR SPECTRAL SPACE BETWEEN TWO
PEAKS. ceiiiiiiimtiiaritieereeraneeeneteetesiasassnnnsnrenseessesssreens ettt e e e e e e e e s e b s e rarraraasnnaranrrnnannaas .7
FIGURE 3.4.1 THE WAVEGUIDE DESIGN OF THE FIRST TUNABLE THZ WIRE QC LASER. (A) OVERVIEW OF THE TUNABLE THZ WIRE
QC LASER. A PLUNGER IS BESIDE THE FLAT SIDE OF THE WAVEGUIDE WHICH HAS A DFB STRUCTURE ON THE OPPOSITE
SIDE. THE BONDING PAD IS CONNECTED WITH THE TOP METAL THROUGH A TILTED REAR FACET, ILLUSTRATED IN PART (B).
(c) SEM IMAGE OF THE WAVEGUIDE FRONT FACET. THE DFB GRATINGS ARE ONLY ON ONE SIDE OF THE WAVEGUIDE. (o)
SEM GRAPH OF THE TILTED REAR FACET, ON WHICH THE METAL LAYER IS INSULATED FROM THE GAIN MEDIUM BY A THIN

3o ST ettt sea s es st sest e eses e sesenes e eesse s eaeseeneens e85
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FIGURE 3.4.2 THE DIFFERENT DFB GRATING DESIGNS. (A) A WET-ETCHED GRATING WAS ON THE OPPOSITE SIDE OF A DRY
ETCHED SIDE WALL. (B)(C) A GRATING DESIGN WITH SINUSOIDAL SHAPE COVED BY A GOLD LAYER. (D) A DEVICE WITH
SQUARE SHAPE GRATINGS ON BOTH SIDES. ....cevesutereeeruressessensossesonsssesssessssersssssssessserssassssssssessssssssssssssssasesssssses 86

FIGURE 3.4.3 THE MODE DISTRIBUTION OF UPPER-BAND-EDGE AND LOWER-BAND-EDGE MODES. ONLY THE ELECTRICAL FIELD
ALONG THE GROWTH DIRECTION HAS BEEN PLOTTED. teieivetrersiensesisiiunesissssonteessssissssssssssnssssssssnsenesassssnnasssessssnens 88

FIGURE 3.4.4 BAND-EDGE-MODE PROPERTIES WITH THE OPEN FRONT FACET CHOSEN TO BE AT THE WIDEST LOCATION OF THE
DFB RIDGE TO SELECT THE UPPER-BAND-EDGE MODE AS THE LASING MODE. (A) GRATING MODE SPECTRA OF A TYPICAL
DFB THzZ WIRE LASER. PLOTTED IS THE RADIATION LOSS FROM THE OPEN FACET. THE DOTTED LINE IS A SCHEMATIC GAIN
SPECTRUM WITH A LORENTZIAN LINEWIDTH OF ~0.5 THz. (B), (C) INTENSITY MAP (TOP VIEW) OF E, OF THE LOWER- AND
UPPER-BAND-EDGE MODES. (D), (E) INTENSITY PLOT OF E, OF THE LOWER- AND UPPER-BAND-EDGE MODES ALONG THE
LONGITUDINAL DIRECTION OF THE DEVICE. ....veeererernvaennes P TPON 89

FIGURE 3.4.5 A TYPICAL MODE SPECTRUM OF A DEVICE WITH 12.5 uM WIDTH AND 13.7 uM PERIODICITY. {(A) THE MODE
PROFILE OF A LOWER BAND EDGE MODE. THE MODE MAXIMUM OF EY FIELD WAS ALIGNED WITH THE WIDER SECTION OF
THE GRATING. (B) THE MODE PROFILE OF A LOWER BAND EDGE MODE. THE MODE MAXIMUM OF EY FIELD WAS ALIGNED
WITH THE NARROW SECTION OF THE GRATING. {C) THE MODE SPECTRUM OF THIS DEVICE. BOTH UPPER AND LOWER
BAND EDGE MODES ARE IDENTIFIED. THE MODE BETWEEN THE TWO BAND EDGES WAS A DEFECT MODE BECAUSE THE
TRANSLATIONAL SYMMETRY WAS BROKEN BY BOTH FRONT AND REAR FACT....ccccueteriueienreeesrureeensnserssasesnssessansennsas 92

FIGURE 3.5.1 |LLUSTRATION OF THE TUNING MECHANISM WITH A METAL PLUNGER. A, SCHEMATICS OF A WIRE LASER AND A
ASSEMBLED PLUNGER. B, THE MODE PROFILE OF THE CROSS SECTION AT A NARROW SECTION OF THE GRATING. ONLY EY
FIELD IS PLOT, AND THE PLUNGER IS ~20 uM AWAY FROM THE WIRE LASER. C. THEORETICAL ILLUSTRATION OF THE
TUNING MECHANISM. D. A DEFORMED MODE PROFILE WHEN PLUNGER IS ONLY 1uM AWAY FROM THE WIRE LASER......94

FIGURE 3.5.2 ILLUSTRATION OF THE CHANGE OF MODE CONFINEMENT DURING THE TUNING PROCESS. THE X AXIS IS THE
DISTANCE BETWEEN PLUNGER AND WIRE LASER. THE BLUE CURVE REPRESENTS THE FREQUENCY TUNING. THE RED CURVE
DEMONSTRATES THAT THE MODE CONFINEMENT INCREASES WHEN THE PLUNGER IS PUSHED TOWARDS WIRE LASERS.
BOTH PROCESSES ARE VERY NONLINEAR. .....uutrieteressnereressneessarsrerssssasesesssassnnessssasasenessssssnsssessasssneesssssssessansnoses 95

FIGURE 3.5.3 ILLUSTRATION OF THE CALCULATION OF LOSSES DUE TO THE SURFACE ROUGHNESS. HERE, A GEOMETRIC OPTICAL
METHOD IS USED TO ESTIMATE THE LOSS. THE BEAM PATH IS INDICATED IN THE MIDDLE OF THE FIGURE. THE INCIDENT
ANGLE IS ESTIMATED BY CALCULATING THE ANGLE OF THE WAVE VECTOR. THE DISTANCE THE LIGHT TRAVEL FOR ONE
BOUNCE IS INDICATED IN THE FIGURE AND CALCULATED IN THE NEXT PARAGRAPH. ...c..ueeereeereeeneeeeneeeeeeeneennneessesnsnes 96

FIGURE 3.5.4 ILLUSTRATION OF THE TUNING MECHANISM WITH SILICON PLUNGER. A, SCHEMATICS OF A WIRE LASER AND A
ASSEMBLED PLUNGER. B, THE MODE PROFILE OF THE CROSS SECTION AT A NARROW SITE OF GRATING. ONLY EY FIELD IS
PLOT. THE PLUNGER IS ~20 uM AWAY. C. A DEFORMED MODE PROFILE WHEN THE PLUNGER IS ONLY 1uM AWAY FROM
THE WIRE LASER. D. SEM IMAGE OF AN ASSEMBLED DEVICE........ccceeesuuerrrerueeeeeassrsresesesnseessesessessssssnsenessnssnneees 98

FIGURE 3.6.1 THE GUIDING SYSTEM OF THZ WIRE LASERS. A. AN ARRAY OF TAPER-SHAPE RAILS ARE MADE OF 10uM HIGH GAIN

MEDIUM. B. ASSEMBLING SCHEME BETWEEN PLUNGER AND DEVICE WAFER. THE SLOTS IN THE PLUNGER WAFER MATCH
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THE RAILS ON THE LASER DIE TO GUIDE THE MOVEMENT OF THE PLUNGER TOWARD THE WIRE LASER. THE BONDING PAD IS
ALSO SHOWN IN THIS FIGURE. ..c..eevvreeiurnieneeesannns ettt e et rnre e e abaeareseenas PRI ... 100
FIGURE 3.6.2 INITIAL DESIGN OF DEVICE HOLDER AND ACTUATOR. A. OVERVIEW OF THE DEVICE HOLDER WITH PIEZO-BENDER
ASSEMBLED. 8. DETAILED ILLUSTRATION OF THE ASSEMBLING SCHEME BETWEEN PLUNGER AND LASER DIE. ONLY THE TIP
OF THE CLAMP CAN BE SEEN CLEARLY BECAUSE OF THE FOCAL DEPTH OF THE MICROSCOPE. THE PIEZO-BENDER IS ~0.5
MM AWAY FROM THE PLUNGER. C. THE DEVICE OF THE PIEZO BENDER. IT HAS THREE ELECTRODES WHICH CONNECTS THE
THREE LAYERS OF THE PIEZO MATERIAL. «.ccuvetrruueerrreerersnsessaesssesasesessessesssssessassessens rereeerae e e s neesas 101
FIGURE 3.6.3 DESIGN OF THE RIGID MECHANICAL SYSTEM TO OVERCOME THE FRICTION PROBLEM. A, SCHEMATIC OF THE
EXPERIMENTAL SETUP, IN WHICH A DIFFERENTIAL MICROMETER IS USED TO PUSH THE END OF THE LEVER’S LONG ARM,
AND THE END OF SHORT AM IN TURN PUSHES A PLUNGER. B, THREE-DIMENSIONAL STRUCTURE OF DEVICE MOUNT
(COPPER COLOR) AND MECHANICAL MODULE (SILVER COLOR). THE DEVICE IS MOUNTED IN THE LOWER-RIGHT CORNER. C,
PICTURE OF THE MECHANICAL FEED-THROUGH WITH A DIFFERENTIAL MICROMETER. D, ENLARGED VIEW OF THE
HIGHLIGHTED REGION IN B. |T SHOWS THE PLUNGER (TRANSPARENT BLUE), LYING ON TOP OF GUIDE RAILS, IS READY TO BE
ACTUATED BY THE SHAFT OF A LINEAR BEARING. ...cccruuuereeriisnstererennisineesssseseessssssessasasssessessssssnsssresssessssssnesees 102
FIGURE 3.7.1 THE KEY STEPS TO PREPARE A GAIN MEDIUM FOR LATER LITHOGRAPHY PROCEDURES. THE LEFT GRAPH
ILLUSTRATES THE THERMAL COMPRESSION BONDING, PERFORMED WITH 1500N FORCE UNDER 300 C° FOR A PIECE
WHOSE SIZE IS ~18MM BY 18MM. THEN THE BACKSIDE GAAS WAFER WAS REMOVED BY A COMBINATION OF MECHANIC
LAPPING AND WET-ETCHING WITH NH,OH:H,0,. THE ETCHING WAS STOPPED BY AN AL 50GAg 50AS ETCH STOP LAYER,
WHICH WOULD BE REMOVED BY HF IN NEXT STEP. ....ccuiiiereereeniueearaeesssneesstnesenensnneeesssssssssnsesssssssseessssssssanns 103
FIGURE 3.7.2 FABRICATION PROCESS AFTER THE WAFER BONDING SHOWN IN FIGURE 3.7.1. (A) TOP METAL LAYER WAS
DEPOSITED BY E-BEAN EVAPORATION. (B) A TILTED SIDEWALL FORMED BY ETCHING A TRENCH. (C) A S1O, INSULATION
LAYER WAS DEPOSITED IN THE TRENCH. (D) A TI/AU LAYER WAS DEPOSITED ON TOP OF SIO, AND FORMED THE BONDING
PAD. {E) A DRY ETCH WAS PERFORMED WITH THE GOLD LAYER AS THE HARD MASK. ..veeveeutesesseeneeneeseseseseesenssnssseses 104
FIGURE 3.7.3 (A} SEM IMAGE OF THE OVERHANG AT THE UPPER CORNER OF THE REAR FACET WHICH CAN SHADOW THE E-BEAM
EVAPORATION. (B) (D) SEM IMAGE OF THE GAP CAUSED BY THE OVER WET-ETCHING. THIS GAP IS BETWEEN THE BONDING
METAL LAYER AND THE GAIN MEDIUM (C) SEM IMAGE WHICH SHOWS THE BOMBARDMENT OF METAL LAYER WHICH CAN
CAUSE DISCONNECTION. ........ ettt et e e s e ar b e e e e e s b e e b e s tn e rnesareas et e st e s e s reeennas 105
FIGURE 3.7.4 FABRICATION PROCESS OF THE METAL PLUNGER. (A) THE PROCESS STARTED WITH A BARE GAAS WAFER. (B)
THROUGH A STANDARD LIFT-OFF LITHOGRAPHY AND E-BEAM EVAPORATION, A GOLD LAYER WAS FORMED ON SURFACE. (C)
DRY ETCH WAS PERFORMED AND THE TRENCH DEPTH WAS ABOUT ~17uM. (D) A LAYER OF Ti/AU WAS SPUTTERED ON
SIDE WALL. THE METAL SURFACE USED TO MANIPULATE THE MODE IS INDICATED IN {D)....vveueeerieeereerseesseeeeeeaseaes 106
FIGURE 3.7.5 FABRICATION PROCESS OF THE SILICON PLUNGER. (A) THE PROCESS STARTS WITH A BARE SILICON WAFER. (B)
S10, WAS DEPOSITED ON SILICON WAFER. AFTER THAT A STANDARD LITHOGRAPHY AND BOE ETCHING WERE EMPLOYED

TO DEFINE A SIO; HARD MASK. (C) DRY ETCH WAS PERFORMED AND THE TRENCH DEPTH WAS ABOUT ~17uM. ....... . 107
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FIGURE 3.8.1 TUNING RESULTS FROM DEVICE T114. THE DEVICE HAS AN AVERAGE WIDTH OF 12.5 MM, A SINUSOIDAL GRATING
AMPLITUDE OF 3 MM, PERIODICITY OF 13.7 MM AND 30 PERIODS. THE BLUE AND RED COLOURS INDICATE THE BLUESHIFT
OF FREQUENCY AS TUNED BY A GOLD PLUNGER AND REDSHIFT BY A SILICON PLUNGER. WHEN OPERATED WITHOUT THE
PLUNGER ASSEMBLY, THE DEVICE LASED AT THE SAME FREQUENCY (~3.83 THz) AS IT DID WHEN THE PLUNGER WAS
PLACED FAR AWAY (25 MM IN THIS CASE). {A) THRESHOLD CURRENT DENSITIES OF THE DEVICE AT DIFFERENT
FREQUENCIES, SHOWING A MODERATE INCREASE AS THE PLUNGER IS PUSHED TOWARDS THE LASER RIDGE. (B)
BROADBAND TUNING OF THE DEVICE OVER A RANGE OF 137 GHz. ALL THE SPECTRA WERE RECORDED UNDER THE SAME
DRIVE CURRENT AND TEMPERATURE CONDITIONS. THE SMALL DISCONTINUITY IS DUE TO THE STICK—SLIP EFFECT. ...... 107
FIGURE 3.8.2 CONTINUOUS TUNING SPECTRA. (A) CONTINUOUS TUNING OF A DEVICE WITH A GOLD PLUNGER OVER A RANGE OF
67 GHz. THE DEVICE HAS AN AVERAGE WIDTH OF 14.5 MM, SINUSOIDAL GRATING AMPLITUDE OF 3 MM, PERIODICITY OF
17.1 MM AND 30 PERIODS. ALL THE SPECTRA WERE RECORDED UNDER THE SAME DRIVE CURRENT AND TEMPERATURE
CONDITIONS. (B) ABNORMAL BUT CONTINUOUS REDSHIFT TUNING RESULT FOR DEVICE T13, WITH A GOLD PLUNGER,
OVER A RANGE OF 87 GHz. THE DEVICE HAS AN AVERAGE WIDTH OF 12.5 MM, SINUSOIDAL GRATING AMPLITUDE OF 3
MM, PERIODICITY OF 13.7 MM AND 30 PERIODS. THE TUNING WAS REDSHIFTED WHEN THE PLUNGER WAS PUSHED DUE
TO THE ROLL-OVER MOVEMENT, AND IS REVERSIBLE FOR THIS PARTICULAR CASE. THE INCREASED GAP BETWEEN THE
PLUNGER AND DEVICE DURING THIS PROCESS CAUSES THE ABNORMAL REDSHIFT, AS ILLUSTRATED IN THE INSET. ........ 109
FIGURE 3.9.1 SEM IMAGES OF THE THZ WIRE QC LASERS WITH METAL COVERAGE ON CORRUGATED SIDEWALL. THE LEFT
FIGURE SHOWS A LASER CORE ASSEMBLED WITH A METAL PLUNGER, WHICH HAD AN OVERHANG STRUCTURE ABOVE THE
TOP METAL. THE DFB GRATINGS WERE MADE IN A TILTED SIDEWALL WHICH WAS COVERED BY A GOLD LAYER, INSULATED
WITH A THIN SIO, LAYER. THE RIGHT FIGURE SHOWS A DIFFERENT DESIGN WHICH HAD A VERTICAL SIDEWALL ON THE
GRATING SIDE WHICH WAS ALSO COVERED BY Ti/AU LAYER. THE ROUGH SIDEWALL WAS CLEARLY DEMONSTRATED ON THE
SURFACE OF THE EMITTING FACET. ccuuvteiiuuteiiesesnistsssssasssssisisssssesssnsesssssecessossstessosssntessessassessssossansasssssononns 110
FIGURE 3.9.2 THE MODES OF THE QC WIRE LASER WITH (B) AND WITHOUT (A) METAL ON THE CORRUGATED SIDEWALL. IN
PART A, THE SIDEWALL IS OPEN AND THE MODE EXTENDS OUT FROM THE GRATING SIDE, WHILE THE MODE WAS CONFINED
IN THE LASER CORE BY THE METAL ON THE GRATING SIDEWALL IN PART B. ....eeveuereererererrniereessnresnessuecsssesonnesansn 111
FIGURE 3.9.3 SCHEMATICS OF PROCESS TO COAT CORRUGATED SIDEWALL. A, THE PROCESS STARTS WITH A BARE WIRE LASER. ™
1 uM SIO, WAS DEPOSITED WITH TILTED ANGLE AND FLAT SIDEWALL WAS SHADOWED. B, TI/AUWAS DEPOSITED ON
SI10, WITH TILTED ANGLE IN ORDER TO INCREASE THE COVERAGE. C, THE CROSS SECTION OF THE COMPLETED DEVICE.112
FIGURE 3.9.4 SEM IMAGE OF A THZ WIRE LASER AFTER A SIO, DEPOSITION WHICH RESULTED IN MANY SiQ, BALLS FORMED ON
THE ROUGH SIDE WALL. THE INTERVALS OF THE S10, BALLS WERE NOT COVERED AND COULD SHORT THE DEVICE IF A LAYER
OF METAL WAS DEPOSITED ON THE SIDEWALL. ....eeeruiereeeurenterueerenesseessessssesssessssssnsesssssssesssnsnssssnssessessssssssnes 113
FIGURE 4.2.1 (A) THE MASS AND SPRING BEING PULLED BY A TENSION FORCE. (B) TIME EVOLUTION OF THE SLIDER
DISPLACEMENT WITH RESPECT TO THE BENCH, IN THE STICK-SLIP PHASE. THE JITTERING MOVEMENT OF THE MASS SHOWS

THE CREEP PRECURSOR TO THE ACTUAL SLIP. ...coeeeeieietenrereaenraenassrerensnsesessesesssssssennee eereeireeerenneereranrseraarasenas 116
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FIGURE 4.3.1 FROM [145] (A) A CURVED FLEXURE DESIGN. (B) AND (C) SHOW A FLEXURE THAT ALLOWS LINEAR MOTION. AS
ILLUSTRATED, PUSHING ON THE TOP STAGE CAN MOVE T LINEARLY WITH RESPECT TO THE BOTTOM STAGE. .....ceuu.e... 117
4.3.2 THE ASSEMBLING SCHEME OF A MEMS PLUNGER AND A WIRE LASER. THE DETAIL WILL BE EXPLAINED LATER. ........... 118
FIGURE 4.4.1 THE LEFT COLUMN: A. LASING MODE WITH THE METAL PLUNGER 1 uM AWAY FROM THE WIRE LASER. B. LASING
MODE WITHOUT THE PLUNGER. C. LASING MODE WITH SILICON PLUNGER 1 uM AWAY FROM THE WIRE LASER. THE RIGHT
COLUMN: A. LASING MODE WITH THE METAL PLUNGER TILTED BY ~0.5 DEGREE. B. LASING MODE WITH THE SILICON
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1 Introduction

1.1 Underdeveloped terahertz spectrum

Terahertz (THz) radiation lies between 300GHz (3x10''Hz) to 10 THz (1x10"Hz),
corresponding to a sub-millimeter wavelength range between 1lmm to 30um in
wavelength. For many years, THz radiation has been the most underdeveloped frequency
range in the electromagnetic spectrum. The underdeveloped status of this frequency range
is due to a lack of high quality sources and limited applications which have been explored.
First, the lack of an efficient, compact and high-power terahertz source with room
temperature operation has deterred the extensive practical research on the material
interaction with THz radiation. Thus until recently, the primary interest in THz spectrum
has come from atmosphere and astronomy science communities. This lack of application
has discouraged the further development of THz sources. The key to break this vicious
cycle between lack of good sources and applications is to develop compact and high

efficient THz source within working temperature range of a thermal electric (TE) cooler.

Although THz is adjacent with two well-accessible frequency bands, the microwave
(<0.3 THz) and the infrared (>10 THz), it lacks convenient and efficient radiation sources
to generate THz radiation for several reasons. First, the traditional technologies in the
microwave range, such as transistors, Gunn oscillators, and Schottky-diode frequency
multipliers, are hampered by the fact that the transit time of charge carriers is longer than
the oscillation period of THz radiation. With the normal maximum operation frequency
as hundreds of gigahertz, these devices can only generate micro watts of power at THz
range which is far from enough for practical applications. Secondly, the solid state
devices used in the infrared frequency band cannot be operated in THz frequency, due to
the unavailable materials whose band gap is equal to THz energy quanta. This is further
worsened by the fact that photon energy is smaller than the thermal energy at room

temperature, which will be further discussed later.
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Figure 1.1.1 The electromagnetic spectrum, which shows the underdeveloped terahertz spectrum
between the well-developed microwave and infrared ranges.

1.2 Application of THz radiation

Until recently, the primary interest in the terahertz spectrum has been from the astronomy
and atmospheric science community [1]. However, terahertz radiation can potentially
extends its applications into the fields of spectroscopy, astrophysics, biomedical research,
microelectronics, agriculture, forensic science, and many other fields. It is worth
specially mentioning that recently THz radiation has attracted medical community’s
attention in T-ray imaging because of its low interference and non-ionizing
characteristics. These unique properties make THz radiation a powerful technique for

safe and in vivo medical imaging.

Most of the applications of THz radiation stems from THz spectroscopy, which is
essentially based on the fact that different molecule rotational and vibrational excitations
have different characteristics of emission or absorption. Among these spectroscopic
features is the strong water absorption in THz region. So in most THz spectroscopic
application, a dry environment or water absorption window in spectrum is required.
However, on the other hand, the strong wafer absorption also makes THz spectroscopy a
good technique to measure water concentration [2]. Besides, some imaging applications,
such as THz airport security imaging, are enabled by the fact that many plastics and cloth

are transparent in THz region.

Here we briefly review several important THz applications which generally desire a

compact, highly efficient, continuously tunable THz source. Being able to fast and
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precisely sweep the desired frequency range, tunable THz source can be used to analyze
spectroscopic information or probe the spatial information non-destructively. It is worth,
for readers, paying attention to the advantages of using a compact and powerful THz
tunable source in these applications. These advantages become the fundamental driving

force of this thesis.

1.2.1 Astronomy

The universe is bathed in THz radiation from big bang, and most of it is unnoticed and
undetected[3]. THz technologies enable study of interstellar dust cloud, planetary

atmosphere monitoring, and observation of asteroids, moons and comet.

Studying the terahertz radiation background help astronomers to decode the evolving
process during the universe formed. The observation of the spectral energy distributions
in galaxies shows that approximately one-half of the total luminosity and 98% of the
photons emitted since the Big Bang fall into the submillimeter and far-IR[4] region.
Additionally, the interstellar dust spectra fall into the range from 1mm to 100um.
Usually, analyzing this information requires high spectral resolution and large aperture
for high angular resolution. Specifically, lower terahertz band detection needs heterodyne
detector in which THz quantum cascade lasers are required. NASA's Far-
IR/Submillimeter Roadmap Missions SAFIR and SPECS are the recent example to
explore universe by analyzing rich information contained in THz spectral lines. Spectral
lines in THz region contain particularly valuable information about the cooling, collapse,

and chemistry of molecular cloud cores and protostars. [5]

The THz traces of atmospheric phenomena make THz spectroscopy a good technique to
monitor several important global problems, such as ozone destruction and global
warming. These traces are from thermal emission lines of stratospheric and upper
tropospheric gases. Usually, the spectroscopic signatures of these gases fall into the range
from 300GHz to 2500GHz which is revealed by heterodyne receivers[6]. The recent
example of this kind application is the THz laser system carried by NASA EOS-Aura

satellite launched in 2004. It can monitor ozone layer by measuring the concentration and
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distribution of the hydroxyl radical (OH—(2.510 THz and 2.514 THz)) in the stratosphere,
a critical component in the ozone cycle[7]. Furthermore, THz detesters are also used to
disclose the evolution of the solar system by observing asteroid, moon and comet[8] [9].
It is also suggested to explore planets containing atmospheric conditions suitable for

extraterrestrial life using submillimeter-wave remote detection and terahertz spectroscopy

[10].

1.2.2 Biomedical applications

Biomedical applications of THz radiation are normally based on THz spectroscopic
platforms or imaging systems. Compared to other techniques, THz radiation can
penetrate many materials while experiencing low scattering compared to infrared
radiation. Besides it is nonionizing and able to provide spectral “finger print” for a broad
spectrum of materials from explosive to cancers[11]. A single cycle of THz radiation is ~
1 ps, which makes it suitable to monitor dynamic biological systems with picosecond

time scale.

.06

Figure 1.2.1 The demonstration of the correlation between a THz image (right) of a breast tumor
and the corresponding histology section (left). The size and shape of the tumor in THz image match
well with the histology section.

Figure 1.2.1 illustrates a biomedical application of THz imaging as a diagnostic tool. The
imaging result shows that time domain imaging (TPI), which will be explained in detail
later, can be a reliable technique to distinguish tumor, normal breast and even in sifu
disease (early stage cancer) in the experimental sample [12]. Actually, similar research
can be traced back to the previous experiment done by Arnone et al. which showed

contrast between muscle and fat in TPI[13]. Later TeraView also found a contrast
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between healthy skins and basal cell carcinoma which commonly exists in skin cancer.
These findings make TPI potentially a powerful non-ionizing diagnostic tool for the early

detection of cancers.

Traditionally the sources used in time domain techniques for these applications have a
small average power which is in microwatt range. Given the broad band over which this
small power spreads, the average power over unit frequency range is even weaker, and
limits the detection distance and speed. Additionally, resolution of the TDS technique is
limited by the length of the delay stage which cannot be very long for practical
applications. Furthermore, the bulky and expensive fs lasers used in TDS hamper the
broad and portable applications of this technique. Thus a powerful, compact and

continuous tunable THz source is highly desirable for biomedical applications.

1.2.3 Security applications

Similar with the biomedical applications, security applications of THz radiation are based
on spectroscopic and imaging setup. These applications are based on the fact that many
materials are semitransparent or transparent to terahertz radiation, such as typical clothing
and package materials (Figure 1.2.2). Although these materials can be more transparent
in microwave, THz radiation has a better resolution. This unique property makes THz

radiation a powerful tool to disclose hidden objects which is demonstrated in Figure 1.2.2.
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Figure 1.2.2 THz absorption spectra of several clothing materials (left) [14] and THz imaging
through a typical jacket (right) [15]. The underneath objects were disclosed clearly.
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Another example is illustrated in Figure 1.2.3. Letters of “MIT” written on a paper sealed
in a paper envelope was disclosed by subtracting the background signal from the THz
image [16]. In this demonstration, a 320 x 240 microbolometer focal-plane array was
used to achieve a real time imaging with the illumination of a THz quantum cascade laser.
In a measurement cycle, the THz QCL was first turned on to illuminate the envelope and
frame 1 was recorded. Then the illumination was turned off and frame 2 was taken.
Finally, the difference between frame 1 and 2 was displayed in order to remove the
background signal. In the above example, the THz QCL was turned on and off to get the
differential signal. Potentially, a continuous tunable THz source can be used in this

situation to get much richer information by differentiate signals from multi frequencies.

Another important security application of THz radiation is to detect explosive material.
Figure 1.2.4 plots the absorption spectra of two important explosive materials, both of
which have clear spectral fingerprints in THz region. A setup to detect explosive
materials behind a barrier was illustrated in part c of this Figure. In this setup, a distant
mirror is used to reflect back the signal and the detected signal has pass through the
sample and atmosphere twice. For safety purpose, this explosive detection requires

remote sensing which needs a powerful and tunable THz source.
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Figure 1.2.3 Part (a): solid trace shows signal/temperature time response to a QCL pulse, over a
three frame differential sequence; a frame is composed of sequential row samples of the signal. A
1.47 ms delay exists between frames allowing the pulse to be started before the first row is acquired
to allow heating. Part (b) corresponds to frame 1 with THz superimposed on infrared signal. Part (c)
corresponds to frame 3: infrared signal with a small amount of residual THz signal. Part (d)
corresponds to difference between frames 1 & 3, resulting in THz only signal; showing absorption of
pencil inside an envelope. Part (e) illustrates the experimental setup [16].
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Figure 1.2.4 Part (a) and (b) show the absorption features of two important explosive materials
PETN and TNT[17]. (c) Schematics of THz detection setup of explosives hidden behind a barrier
material using a dual pass transmission geometry [18].
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1.2.4 Industrial process

Additional to clothing materials, many other common materials that don’t contain water
or metals are relatively transparent in THz range. For instance, THz radiation can
penetrate paper, dry wood, various paints, plastics and ceramic materials. This unique
property makes THz radiation applicable in many industry processes. One of these
applications is to characterize water content of newspaper print [19]. Another one is using
THz radiation to detect small voids with the size and position information inside electric
power cables[20]. High cost of THz system, however, hampers the further development

of THz applications in industry processes.

1.2.5 Other applications

Besides the THz applications described above, there are several other interesting
opportunities. For example, as a plasma fusion diagnostic tool, a narrow-band radiometer
operating in THz frequency range can be used to measure the temperature of plasma core
[21], and THz heterodyne imaging system was applied to separate fluctuated thermal
electron noise [22]. In physics, THz spectroscopy is used to study molecule rotational
transition, Rydberg transitions and excitons in solids. THz radiation was also applied to
observe Anderson localization which is promising to develop random lasers. Additionally,
THz communication was proposed because of its small antenna size and large bandwidth
[23], and potentially data rates of tens of gigabits per second can be achieved [24]. THz

radiation is further used to simulate radar system by scale down the object size [25][26].

1.3 THz generation and detection in time domain spectroscopy and

imaging
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Figure 1.3.1. Schematic representation of a TPI spectral000 [27]. A short pulse from femtosecond
laser is split into a probe beam and pump beam by a beam splitter. Using a photoconductive emitter,
the pump beam excites a THz wave which passes the sample. The transmission signal is detected by a
photoconductive detector which uses a delayed probe beam as a reference.

THz time domain spectroscopy (TDS) and imaging are typical techniques used for THz
biomedical applications. A commercially available system of this kind from TeraView is
illustrated in Figure 1.3.1. In this TDS system, a Ti:Sapphire laser is used to generate a
short pulse with ~ 100fs width and ~100MHz repetition rate. A portion of the beam is
split and used as a reference in the detection stage. The other portion of the splitted pulse
is focused by a lens and shined on a photoconductive emitter (Figure 1.3.2) which
generates electron-hole pairs. These carrier pairs are accelerated by the large electrical
field between the two electrodes. Then a THz pulse, typically from 0.1- 4THz, is radiated
by the antenna from carrier relaxation. After this radiated THz pulse pass a sample
sandwiched by quarts windows, a signal including the samples’ spectroscopic
information is sensed by a photoconductive detector which is gated by the reference
signal inheriting from the original pulse mentioned earlier. This reference pulse is phase-
shifted by a periodically varying delay line in order to create the time gate for a high
signal to noise ratio (10000:1 at one THz) detection. The whole system is usually purged
with nitrogen gas to reduce the water absorption due to its high sensitivity to the water

vapor in the atmosphere. The detector and the emitter are assembled with hemispherical
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lenses to efficiently collect or emit power. More detail of this kind of setup can be found
in ref [28].
THz Photoconductive Emitters

Front View Side View

HR-Si Hyperhemispherical Lens

few-cycle THz pulse i /
<100 fs optical pulse
1 stri L~ | striplines”
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Figure 1.3.2 The schematics of THz photoconductive emitters[29]. The metal striplines on semi-
insulating GaAs are biased to provide a large electric field. The current excited by fs optical pulse
relax fast to generate THz pulses. The photoconductive detector has a similar structure.

It is worth discussing more about the THz detection technique used in this system. THz
can be detected by a bolometer which is essentially a heat detector operating in cryogenic
temperature. However, it is not suitable to THz TDS because it cannot measure the
electrical field over time. Instead, photoconductive and electro-optical detection
technique can be applied in TDS systems. As described earlier, a portion of the short
pulse of infrared light from Ti:Sapphire laser is fed to the detector and arrives at the same
time with the THz pulse from the generator. The electrical signal produced by the
detector depends on the electrical field of the THz pulse at the time when detection
infrared pulse arrives, which is varied by a delay line. This detection is coherent, and
incoherent radiation does not come into play. Additionally, because of the narrow time
window, the noise contribution is very small. Thus high signal-to-noise ratio, up to70dB,

can be achieved with one minute averaging time.

In spite of the similar setup, there is a difference between photoconductive and electro-
optical detection. In photoconductive detection, the antenna electrodes are biased by the
electrical field of THz radiation. So the current, generated by THz electrical field,
represents the strength of the THz pulse. In opto-electrical sampling, the polarization of

the detection pulse is changed by a birefringent martial whose birefringent effect is
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proportional to the electrical field of THz pulse. Finally, the changed polarization is

measured by polarizers and photodiodes.

THz spectroscopy has broad applications in biomedical fields because THz range
(0.1THz to 5THz) covers the vibrational modes of many biological and chemical
molecules. For instance, THz TDS has demonstrated the capability to diagnosis the breast
cancer due to the different optical property between healthy fibrous breast tissue and
breast cancer [27]. Additionally, THz radiation can probe the different vibrations
corresponding to collective molecule vibration and unfolding of molecule subdomain.
Thus THz spectroscopy has the capability not only to differentiate the different materials,
but also to explore the spatial structure of the molecules. For example, THz TDS
instruments can detect different DNA structures by dielectric resonance (phonon
absorption), and the twisting and deformation of the double-helix structure in
DNA[30][31], enriching biologists’ toolbox.
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Figure 1.3.3 The upper figure is the illustration of the sample holder to measure the reference and
sample pulse. The lower two plots are typical respective pulses [27].

THz pulse imaging (TPI) was first introduced by Hu and Nuss in 1995 [32]. The system
is similar to TDS and full images are constructed by scanning beam over the objects.

[32][33][34]. This technique is especially attractive for biomedical application because of

32



unique features of THz radiation. Compared to X-ray, in addition to its non-ionization
feature mentioned earlier, THz radiation can provide a better contrast for soft tissue
because of its sensitivity to polar materials, such as water. Besides, in TDS system the
coherent detection measures both the phase and amplitude of temporal electrical field,
which enables further extraction of the refractive index by Fourier transformation of the
signal. Moreover, the spectroscopic information in THz region, such as rotational and
vibrational transition of molecules, contributes to another dimension to distinguish

different materials.

Due to the strong water absorption, TPI operating in reflective mode has more
applications than transmission mode for biomedical samples. When a THz pulse is
incident on a biological sample with various interfaces, a train of reflected pulses from
different interfaces will be detected. According to the amplitude and the detection time
recorded precisely, the information of internal dielectric profile can be extracted. This

forms the foundation of THz 3D imaging for optically opaque material [35][36][37][38].

1.4 Quantum cascade lasers (QCLs)

The concept of quantum cascade laser was raised by R.F. Kazarinov and R.A. Suris [39]
in 1971, and first demonstrated by Jerome Faist and Federico Capasso et al. in Bell Lab
[40]. QCL is a semiconductor laser mainly covering mid- and far-infrared frequency
range. Compared with the traditional interband semiconductor lasers, in which photons
are generated through the recombination of electron-hole pairs in active region, QCL is a
unipolar device in which laser emission is achieved through electron intersubband
transition in cascaded repeated stacks of multiple quantum wells, termed “module”, of a
semiconductor heterostructure. Tens and even more than one hundred of these modules
cascade sequentially and formed a quantum cascade laser. Thus the operation voltage of
quantum cascade laser can be easily as high as ~10 volts due to a large number of

modules.
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Figure 1.4.1 Illustration of the concept of the quantum cascade lasers. (a) Schematics of a module of
QCLs. (b) Schematics of the conduction band diagram with zero bias. The energy levels are
conceptualized as straight line for simple illustration. The black dots represent electrons in the
quantum well structure. (c) The conduction band diagram at the design bias. Level 1 is aligned with
level 3 under this bias. (d) The electron distribution in k space. The three bands correspond to the
ones in part b and c. The population inversion is demonstrated in this figure. (e) A typical band
diagram with simulated wavefunction illustrated.

Schematics of the physical structure and band diagram of QCL are illustrated in Figure
1.4.1. As shown in part a, the basic module of QCLs are composed of alternated barrier
and well layers (AlGaAs/GaAs in the device used in this work). A typical thickness of a
QCL’s layer is in the order of a few nanometers. Thus the multiple quantum wells are
usually grown by advanced growth techniques, such as molecular beam epitaxy (MBE)
or metal organic chemical vapor deposition (MOCVD) to satisfy the requirement of
precise thickness. The corresponding energy band diagram without a voltage bias is plot
in part b of Figure 1.4.1, in which the basic three functional energy levels are shown. At
thermal equilibrium, all electrons stay in state 1 which has the lowest energy. Under the
design bias, the band is tilted along the direction of electrical field. State 1°, called
injector, is aligned with the state 3, which is the upper radiative lasing state. The
population inversion is achieved between upper and lower radiative state (3 and 2
respectively) by designing a fast depopulation channel for state 2, as illustrated in part d.

In each module a photon is generated when an electron transits from state 3 to 2. After
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that, the electron drops to state 1 and is ready to be injected to the upper radiative level of
the next module, which is the beginning of a new cycle. Thus the lasing frequency is
determined by the energy difference between state 3 and 2 which can be engineered by
the quantum well structure. Theoretically, for a QCL with many modules, one electron
should be able to emit multi photons. This results in a greater-than-unity differential
efficiency which is a key property of quantum cascade lasers. It is worth noticing that the
energy space between different energy levels play more important role than the absolute
energy. In the design of quantum cascade lasers, these energy differences between states
can be precisely adjusted by engineering the thickness of quantum barriers or wells, and
are directly related to the characteristics of the transport channels which determine the
device performance. Due to the similarity between QCL’s quantum level system and
atomic states, the design concept of QCL is described as “designing of artificial atom”,
quoted from Professor Qing Hu. Compared to the natural atoms, the “atomic energy level”

of QCLs can be artificially designed by carefully selecting the layer thickness.

The first QCL was designed based on GalnAs/AllnAs material system and operated at a
wavelength of 4.2um. It can only lase at cryogenic temperature in a pulsed mode. After
sixteen years of development, quantum cascade laser has become the dominant mid-
infrared laser source, due to a large performance improvement, and extended its spectrum
coverage into terahertz range. The development history was reviewed by Capasso et al.
[41] and Faist et al. [42]. The device structure of most mid-infrared QCLs has quantum
well active region imbedded in a waveguide, and the laser resonator is mostly of DBR or
DFB type. At liquid nitrogen temperature, it is easy to get multiple watt power from mid-
infrared QCLs. Even at room temperature, more than one watts of power has been
achieved with a CW operation [43][44]. Recently, device with >50% wall plug efficiency
have been demonstrated [44][45] although only for cryogenic temperatures.

1.5 THz QCLs

Although mid-IR QCLs were first demonstrated in 1994 [46], THz QCL was not born
until 2001. Breakthrough was first achieved by Koéhler et. al. in 2001[47] based on a
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chirped-superlattice design. Shortly after that, different designs of THz QCLs were
demonstrated by Rochat er. al. [48], and Williams et. al. in 2002 [49]. It is worth noticing
that the later design based on the resonant phonon depopulation scheme currently holds
the record of the maximum operation temperature (199K) and highest CW power of

248mW [50] for THz QCLs. A similar design was used in the work of this thesis.

Although the basic design concepts of THz QCLs can find their counterparties in mid-IR
QCLs, it is still very challenging to achieve THz radiation in QCLs even in cryogenic
temperatures for two reasons. Firstly, the small energy difference (<20meV) between the
upper and lower radiative states, corresponding to the THz photon energy, makes it
difficult to selectively inject or depopulate the desired states. Secondly, due to the free
carrier absorption which scales with square of wavelength (A%), low loss waveguides is
difficult to design and implement for longer terahertz wavelengths, and one cannot use

dielectric guiding due to the requirement of impractically thick cladding layers (~10’s of

microns).
P [Gaas undoped 76.3 A (27 ML)
Alg 15Gag gsAs undoped 226 A(8ML)
GaAs ndoped 73.5 A (26 ML
Repeat Lnooe ( )
183 Alg 15Gag gsAs undoped 39.6 A (14 ML)
GaAs 1.9x10% cm® 162.4 A (57.5 ML)
times Alg 15Gag gsAs undoped 32.5A(11.5ML)
Gahs undoped 91.8 A(32.5 ML)
N AangGag’ssAS undoped 48.0 A 1:17 ML)

Figure 1.5.1 The schematics of quantum well stack of a design of FL183S. The doping level was listed
in the second column. The thickness in terms of Armstrong and monolayer is illustrated in the third
column. The module shown in the figure are repeated for 183 times in the real structure.

The schematics of quantum well stack of design FL183S, which is chosen to implement
THz tunable wire QC lasers, are shown in Figure 1.5.1. Alp;5GaggsAs and GaAs are
used as barrier and well materials, respectively. A delta doping is implemented in the
thickest GaAs layer to minimize the free carrier absorption while providing enough
electrons to generate photons. The total QCL active region is ~10 um thick, consisting of

183 modules cascaded together.
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The conduction band diagram of two modules at design bias, plot in Figure 1.5.2,
illustrates the electron transport channel. Driven by an electrical field, electrons flow
from the right to the left and the quantum states in the right module are marked with
apostrophe. First, the electrons were injected into the upper radiative state 5 from a
doublet injector composing state 1’ and 2’ through a thick injector barrier indicated in
Figure 1.5.2. However, electrons can be undesirably injected to the lower radiative state 4,
resulting in a non-unity injection efficiency n (<1). Compared with ideal situation with
unity injection rate, this inefficient injection requires longer upper state life time in order
to achieve population inversion in sub threshold region[51], which is described by
equation
2

Ng —Ng = ;]?[nfs (1 - a) -(1- n)u] 15.1)

where n is population of the states, J is current density and e is electron charge, t is
thickness of one module and 7 is state lifetime. Above threshold, n is factored into the

slope efficiency and decrease the value of this efficiency, demonstrated by the equation:

T _(1-
57 = - Nmod T e
al e A + ay r4+r5( _'rf;)

where L is optical power, Iis current, Np,,4 is the number of modules, a,, is the mirror

loss, a,, is the waveguide loss and 1 represents lifetime of different states.
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Figure 1.5.2 Schematics of the conduction band diagram of design FL183S. The basic module is
repeated for 183 times. This graph included two modules in order to show the transport channel in
which electrons flow from right to left direction. Apostrophe sign is used to differentiate the
corresponding quantum states in the two repeated modules. An electron is injected into upper
radiative state 5 from 1’ through the injector barrier indicated by an arrow. Then the electron drops
to state 4 by emitting a photon. Through a resonant tunneling, it transport to state 3 which is
depopulated by a phonon-assisted depopulation scheme. After electron drops to state 2, it resonantly
tunnels into state 1 where it is ready to be injected into the next module.

1.6 Traditional tunable THz source

As discussed in the section 1.2, tunable THz sources are highly desirable in most THz
applications. Indeed, a THz tunable laser was described as “A wrench of wavelength”[52].
In spectroscopic applications, the importance of a tunable THz source lies in its capability
to provide a convenient access to a broad spectrum at desired and precise wavelengths,
which enables the collection of more spectroscopic information with a single device. For
instance, using tunable THz narrow band source to scan the corresponding frequency
range, the narrow spectroscopic features (~MHz) [53][54][55] of multiple gases and
broad spectral features of different solids (>100 GHz) [56][57][58] can be extracted to
identify the target contents. This frequency tunability is also a handy tool for THz
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imaging application because the spectroscopic information can be converted to depth

information as the case of swept source in optical coherence tomography[59][60].

Because of broad applications of THz tunable sources, a significant amount of research
effort has been devoted into this field. In the RF side, Backward-Wave Oscillaor (BWO)
[61] can provide up to tens of mW power of tunable narrow band THz radiation with up
to 1.45 THz [62]. Due to the requirement of large magnetic field and a vacuum
environment, however, the necessary equipment is bulky and expensive. In the optical
domain, external cavity tunable quantum cascade lasers have been demonstrated although
the performance is unsatisfactory for several reasons which will be discussed later.
Additionally, non-linear generation and photo mixing are important techniques to
generate tunable THz radiation. Before we dive into the topic of THz wire laser, it is
necessary to briefly review the traditional tunable THz sources. The existing tunable QC

lasers will be introduced in chapter three.

1.6.1 Tunable THz sources achieved based on the parametric method

Many research efforts have been carried out to generate tunable coherent THz radiation
based on nonlinear parametric methods[63][64]. In the late 1960s and early 1970s,
Pantell and Puthoff et al. achieved efficient and widely tunable THz generation
[65][66][67] from the tunable light scattering by the long-wavelength side of the A;-
symmetry softest mode in LiNbO; [68].

Although other nonlinear materials, such as GaP et al., are also used, LiNbOs is used as
an example to demonstrate this type of generation. Stimulated by the near infrared pump
photon, a near-infrared Stokes photon (idler) is created at the difference frequency
between the material vibrational mode and the pump photon. Meanwhile, the THz wave
(signal) is generated by the parametric process due to the nonlinearity contributed from
both electrons and material vibration which will be discussed in the next paragraph. The
frequency tuning was enabled by changing the propagation direction. It is worth pointing
out that due to LiNbOs’s large absorption coefficient and large refractive index in THz,

most generated THz photons are absorbed or trapped inside the crystal. These problems

39



were solved by introducing the monolithic grating coupler, the arrayed Si-prism coupler,

doped crystals, and injection seeding [68], which resulted in much better performance.

TPX cylindrical
1,064 pm Telescope »
/ Si prism
/ aay
wqu Hr i A Sk
; ;
YAG laser Pump E # T —— - — et
N— 1.067-1.074 ym
/ Seed for idler MgO-LiNDO,
Attenuator
Tunable LD
1.067-1.074 ym

Figure 1.6.1 (IS-TPG). The pump laser was a single longitudinal mode Q-switched Nd:YAG laser
(1.064 pm), and the seed for the idler was a c.w. Yb-fibre laser (1.070 pm) or tunable laser diode
(1.067-1.074 pm). Generated THz waves in LiNbO; are coupled with a silicon prism array and emit
into free space through a TPX (poly-methyl-1-pentene) cylindrical lens.

A typical injection-seeded THz—wave parametric generator (IS-TPG) is illustrated in
Figure 1.6.1. First, photons with wavelength of 1.064um are pumped into the crystal and
interact with the lowest infrared- and Raman-active transverse optical phonon mode,
termed A;-symmetry modes, to form polaritons. At low frequencies, the polaritions
behave like a photon, and a near-infrared idler photon (w;) are created parametrically
from a near-infrared pump photon (®,) (energy is conserved in the process w, = ot + ®;
(p: pump; T: THz; i: idler)). The involved microscopic physical process is also very
interesting. The pump photons excite the electronics dipole moment of the electron cloud
outside of the atom nuclei, which is the origin of the second order nonlinear effect. Next,
some of the energy absorbed by the electrons is transferred to the ions (nuclei) which
begin to vibrate (phonons are generated). This leads to ionic dipole moment (stokes
process) which is the origin of the third order nonlinear effect. Eventually, the electronic
dipole moment is modulated by ionic vibration. Thus three photons, pump, stokes (idler),

and THz (polariton), are involved into this parametric scattering process.
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After THz wave is generated, a monolithic grating coupler, fabricated on the surface of
LiNbO;, is used to couple the THz radiation out, as shown in the Figure 1.6.1. Through
this design, thousands of time higher efficiency, compared to the traditional method, was
demonstrated. Finally, a seed for the idler is added into the system to enhance the power
and narrow the line width. Through this configuration, a wide tunability from 0.7-2.4
THz was accomplished. The THz emission line width is less than 100MHz. The peak
power produced by the system is as high as 1 watt, which is impressive. Furthermore, this
system is capable to continuously tune frequency at high spectral resolution in 4 GHz

segments.

Although this technique has demonstrated impressive power and large tuning range, it
has several disadvantages for practical applications. First, its system is bulky and
expensive. Secondly, to tune frequency, the incident angle of the pump beam has to be
changed mechanically, so this mechanical process limits its tuning speed. Thirdly, the
line width is limited by Fourier limitation and difficult to further narrowed, which might

prevent it from the application requiring high spectral resolution.

1.6.2 Tunable THz sources based on the photomixing method

There are several ways to generate tunable THz radiation through optical mixing. For
instance, THz radiation can be generated by difference mixing of the two laser beams of
frequencies v.= vo+ vri/2 and v.= vo- viu/2 in a nonlinear material with a large second-
order susceptibility. Termed as “optical rectification”, this process requires NIR or IR
power of several hundred W/cm? in order to generate a reasonable THz power. Usually
only operation in a pulsed mode is achieved because CW operation requires phase
matching over long distance. Additionally, there are several other limiting factors in high
frequencies, such as transit time or lifetime roll-off, antenna-device RC rolloff, current
screening and blocking, and heat dissipation [69]. To overcome these difficulties, various
realizations, such as photoconductive and p-i-n diode based photomixers, are

implemented.
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CW or quasi-CW THz radiation is created by the THz-periodic generation of electrons
and holes in semiconductors from absorption of two interfering laser beams of
frequencies v,= v,+ vu,/2 and v.= v.- vi,/2. The THz periodic carrier generation results
in the intensity modulation from the interference of the two beating laser beams. There
are two emission methods for this kind of generation, large area emitter (LAE) and
antenna-based emitter (AE). For LAE, illustrated in part (a) of Figure 1.6.2, the THz
emission is from the acceleration of the individual photo-generated carriers in a large
area. Alternatively, in AE method, THz radiation is generated by the collective current in
a very small area and collected by an antenna. In both cases, the tunability comes from
the tuning of the original input frequencies. There are two basic concerns in designing
antenna based emitters. First, the finite capacitance of the device is parallel to the
radiation resistance of the antenna, yielding an “RC roll-off.” The finite transport time of
the photo-generated carriers creates a “transport-time roll-off.” The best result so far has
been achieved with the p-i-n—based “uni-travelingcarrier” (UTC) devices which have
demonstrated 20mW at 100GHz [70] and 25 uW at 0.914Thz [71][72]. The other concern
is that the antenna design should maximize the output power at the desired frequency by

using a proper geometry.

Through much research efforts, the photomixing technique has achieved significant
improvement. In the pulse mode, record power levels of 1.5 mW average power and
conversion efficiencies as high as 2x10 3 have been obtained [73]. The THz linewidth
basically depends on the linewidth of the lasers. Using commercial telecom lasers with
linewidths of a few MHz, a HWHM linewidth of the THz signal of ~10 MHz was
achieved [74]. Regarding the tunability, photomixers are easily continuously tunable over

1.0 THz, usually limited by the drive lasers (when using DFBs or similar laser diodes).

42



h(vtv,.)

O N

Figure 1.6.2 [69] Within a thin layer (thickness~Lz ), the periodic change of free electron and hole
concentration are from the beating between two collimated beams with frequencies v+= vo+ vy, /2
and v-= vg- vru /2. Part a is the THz generation scheme with large area emission (LAE). The
transverse dimensions of this LAE (L, and L,) are larger than the THz wavelength. According to
Snell’s law, the generated THz power is radiated into air partially and others are radiated into the
semiconductor. Part b illustrates the THz generation with antenna emission method. With the two
focused laser beams and an external bias U, between the electrodes of antenna with size L,, the
generated THz radiation is mostly fed into the semiconductor and collimated by a
hyperhemispherical (silicon) lens.

1.7 Terahertz waveguide

It is challenging to design a low loss Terahertz waveguide by deploying traditional
dielectric guiding due to the large free carrier absorption which is proportional to the
square of the wavelength (~A%) and the required impractical cladding-layer thickness
(>10um). Furthermore, in the frequently used GaAs/AlGaAs material system, GaAs
substrate provides no mode confinement since it has a higher refractive index than
AlGaAs. So THz waveguide should use a novel mechanism or thin films to confine the
THz mode, and can minimize the overlap between the THz optical mode and the doped
region. The existing THz waveguides typically use different forms of Plasmon effect to

achieve THz mode confinement.
Before the discussion of different types of THz waveguides, it is worth summarizing the

important parameters describing THz waveguide in general. First, the lasing threshold

Jgencan be expressed as:
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Cgen = ty + 8.0

where I' is mode confinement, a,, and a,, are waveguide and mirror loss respectively.
Generally speaking, I' indicates the overlap between mode and gain medium which is
related with waveguide geometry and confinement mechanism. The waveguide
absorption loss is given by a,, which depends the overlap between THz mode and
different absorptive sources e.g. doped layers, metal players and sidewall roughness. This
@, can be changed by designing specific waveguide geometry to force the mode to
propagate in lossy region which will be discussed later. The other loss term is the mirror

loss a,, due to the finite mirror reflectivies and can be written as:

am = —In(R4R,)/2L 1.8.2)

where R1 and R2 are facet reflectivity, and L is cavity length. The mirror loss of a typical
2-mm-long Fabry-Perot ridge laser is ~6cm™. But this value can be sensitive to the

waveguide geometry as described in ref [75].

The first THz QC laser[47] uses a semi-insulating surface plasmon (SISP) waveguide
whose schematic structure is shown in Figure 1.7.1. In this design, a GaAs/AlGaA active
region is sandwiched by a top metal layer and a highly doped GaAs thin layer in the
bottom. The doping level of this GaAs thin layer is high enough to ensure that the plasma
frequency is above lasing frequency, so that this n-doped layer has a negative dielectric
constant in the frequency range below 5 THz. As illustrated in part b of Figure 1.7.1, a
surface plasmon mode is attached to this n-doped layer and extends into the semi-
insulating substrate significantly, resulting in a relatively low mode confinement
(typically < 50%). As a result, this relatively large mode distribution enables a relatively
low divergence beam patterns. Another result of this large mode is a low reflectivity
(32%) at a cleaved facet, leading to a large output power, due to the relative small mode
mismatch between the cavity mode and free space plan wave. The good beam pattern and
high power of SISP waveguide make it a good THz source for imaging applications

which require illuminations of multi-element direct detectors [76].
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Figure 1.7.1 (from [1]) (a) Schematic structure of a THz semi-insulating surface Plasmon waveguide.
A GaAs/AlGaAs active region is sandwiched by a top metal layer and a highly doped GaAs thin layer
( 400 nm, silicon doped at 3x10"™ ¢m™) attached to semi-insulating GaAs substrate. (b) A typical
mode of semi insulating surface plasmon waveguide. Mode confinement is provided by the top metal
and the highly doped thin layer which has negative index. The thickness of the highly doped thin
layer is optimized to achieve a better trade-off between mode confinement and mode loss.

On the other hand, the drawback of this kind of waveguide is obvious and mostly related
with low mode confinement. As we can see from equation 1.6.1, the waveguide and
mirror loss are “amplified” by a small confinement factor I'. This essentially means that
more gain is required to overcome the material loss because modes ‘“see” less gain
medium. Combined with gain degradation with increased operation temperature, this low
mode confinement leads to limited maximum operating temperatures which is up to

~105K for pulse mode and ~40K for continuous wave (CW) mode [50].

In contrast to the SISP waveguide, a metal-metal (MM) waveguide, first introduced to
THz QCL design by Professor Qing Hu’s group [77] have a near unity confinement
factor, I'. This is mostly because of its mode confinement scheme achieved by two metal
lays both on and under the gain medium (part (a) of Figure 1.7.2), which is similar to
microstrip transmission line. Essentially, the mode of the MM waveguide is also a
surface plasmon mode. Distinguished from the SISP modes, the extinction length of MM
waveguide mode is very different in metal (~20-30nm for f>1THz) and gain medium
(~1mm at 3THz). Thus, in 10um thick (compared to ~Imm extinction length in GaAs)
gain medium, an almost uniform mode distribution along the vertical direction (part b of
Figure 1.7.2) results in a mode confinement close to unity, which further leads to a low
threshold gain. But the mode is highly confined in a deep subwavelength dimension in

vertical direction, resulting in highly divergent beam patterns exceeding 180° [78], and a

45



high facet reflectivity of 70% to 90% due to a large impedance mismatch between guided
and free space modes. In the case of wire lasers, this divergent beam pattern is further
exacerbated by the deep subwavelength dimension in the transverse direction which will
be discussed later. Thus typically the output power of a Fabry-Perot laser is below ~10
mW limited by this large reflectivity. Additionally, avoiding the overlap between cavity
modes and highly doped layer, the waveguide loss of MM waveguide was measured as
~16cm™'[79] and smaller compared to SISP waveguide. Combined with large mode
confinement, the smaller mirror and waveguide loss result in a higher maximum
operating temperatures of 199 K in pulsed operation [77]. It is worth pointing out that the
value of facet reflectivity is a function of wavelength and waveguide geometry [75],

which is every important for the discussion of wire laser in the later chapters.

a) GaAs/AlGaAs
Active Region

GaAs/AlGaAs 25um

—>
B 1

Figure 1.7.2 (a) Schematics of metal-metal (MM) waveguide. A top and bottom metal layers enclose
QCL active region based on GaAs/AlGaAs material system. The waveguide is attached on a n* GaAs
substrate for convenient electric bias. (b) THz optical mode in MM waveguide. Near uniform mode
along vertical direction results in unity optical confinement which is similar to microstrip
transmission line.

It is more meaningful to put our discussion of THz waveguide into the context of this
thesis topic, tunable THz QCLs. Ideally, tunable QCLs prefer single mode operation
which requires a robust mode selection mechanism. The mode discrimination is achieved
by differentiating the threshold gain among cavity modes. From equation 1.7.1, it can be
seen that, there are three parameters, mode confinement factor, mirror and waveguide

losses, which can be played to achieve more robust mode discrimination. In this thesis,
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the discussion will be focused on engineering these three parameters to realize tunable
THz QCLs. As to be discussed later, by narrowing down the waveguide width to deep
subwavelength size, the mode confinements of different order of lateral modes are
differentiated significantly. Additionally, the mode discrimination can be obtained by
different mirror loss enabled by a first order DFB structure. Furthermore, the waveguide
loss can be engineered by introducing side connectors to the waveguide which will be

discussed in the later chapter.
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2 Terahertz Wire QC Lasers

2.1 Introduction and the previous work

Electrical
Lead

< ‘ Junction

eat Sink
and

Electrical
Contact

Output

Figure 2.1.1 (From [80]) Schematics of a typical semiconductor diode laser.

Traditionally, a semiconductor laser is featured as a ridge structure illustrated in Figure
2.1.1. In the longitudinal direction, photons will be bounced back and forth between two
polished ends and get amplified. Usually, the lateral size of lasers in telecom or visible
frequency regions is larger than or at least comparable with the wavelength. So most of
the lasing mode is confined in gain media and cladding material and does not see much
external environment. Fig 2.1.2 (a) illustrates a typical mode profile in the cross-section

of a QCL in mid-infrared range.

metal contact
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Figure 2.1.2 Schematic mode profile of a traditional semiconductor laser (part a [81]) and a typical
wire laser (part b). In a traditional semiconductor laser, the mode is highly confined in the active
region whose dimension is larger than the wavelength. In contrast, the waveguide width of a wire
laser is much smaller than the lasing wavelength, which leads to a special mode which has a large
portion of mode propagating outside the laser core.
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A wire laser, which generally refers to miniaturized lasers with deep sub-wavelength
dimensions in the lateral directions, was proposed in 1995 by J.P. Zhang [82] et al. to
study the large enhancement of stimulated emission in a waveguide with very small
optical volume. The driving force behind the development of wire lasers, or more
generally nanowire lasers, is the mismatch between the silicon based microelectronic
devices and the compound-semiconductor based optoelectronics. This size mismatch can
be a critical problem if photonics need to be integrated with photonics [83]. After the first
demonstration, this concept has been further developed in several researches of nanowire
lasers or some other deep-subwavelength laser cavities[84][85][86][87](88]. The deep
subwavelength cavity of wire lasers also enables a significant part of mode propagating
outside of the waveguide, which is illustrated in Fig 2.1.2b. Usually, this leads to small
mode confinement and is generally considered as a drawback since it can cause an
increase of the lasing threshold. Another unique property of wire lasers is the very
divergent (>40°) far field beam pattern due to deed subwavelength apertures[83]. These
researches were often taken in a telecom wavelength (~1.55um) which requires
nanofabrication techniques to demonstrate the wire laser concept (~100nm). This poses a
fabrication challenge. In a contrast, a wire laser in THz region [88] can be a good choice
to study the effect of subwavelength cavity because it only requires a deep
subwavelength of ~10um, which is easy to fabricate. The THz wire laser not only
demonstrates the general properties of traditional wire lasers, but also has its unique

features which will be discussed in this chapter.

Demonstrated in metal-metal waveguide, the most prominent feature of a THz wire laser
is the distance its mode extends outside the laser core. These features originate from the
wavelength of THz which spans from 30um to 300um, which enables an evanescent
which vanishes at ~10um distance from the laser core. Additionally, the unique metal-
metal waveguide of THZ QCLs allows a relatively strong mode confinement even in a
deep sub-wavelength waveguide which ensures a reasonable lasing performance. Besides,
THz wire laser has even larger beam divergence which can be modeled as the beam

pattern of point sources in the two facets. At the same time, given the similarity between
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the microstrip transmission line and MM waveguide, the analyzing methods deployed in

THz region can be applied to study this THz wire laser intuitively.

In this chapter, we will discuss the different aspects of THz wire laser as well as several
intuitive analyzing tools. Following the electromagnetic properties of the MM waveguide,

the mode confinement, the facet reflectivity and the beam patter will be discussed.

2.2 Surface-Plasmon electromagnetic modes

Traditional wire lasers suffer from a poor mode confinement. A surface-plasmon
polariton resonance was proposed to improve the mode confinement of nanowire lasers.
As introduced in chapter one, THz QC lasers have two kinds of waveguides- surface
plasmon semi insulating waveguide and metal-metal waveguide. It is desired to maintain
the lasing performance while miniaturizing lateral size in designing a THz wire laser.
THz wire lasers based on SISP waveguide can suffer from a poor confinement factor.
Thus THz wire lasers use a metal-metal waveguide to achieve a double surface-plasmon

mode which has a strong confinement.

Plasmon is collective oscillations of free electron gas density. Similar with quantization
of electromagnetic wave and mechanical vibrations as photon and phonon, the plasmon is
a quantum of plasma oscillation. Surface plasmon occurs and is confined at the interface
between positive dielectric material and a negative one. Surface plasmon is involved in
surface enhanced Raman Spectroscopy, explaining abnormal diffraction from metal
grating and so on. Strongly interacting with external electromagnetic wave, it results in a
polariton which is called surface plasmon polariton (SPP). Thus EM wave energy can
propagate at the interface via the help of SPP. However, SPP modes are frequently

referred as surface plasmon electromagnetic modes in literature.
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Figure 2.2.1 Illustration of a surface plasmon mode. The mode is bounded by the metal-dielectric
interface. The positive and negative charges in metal are represented by + and — respectively. The

propagation constant is represented by E The wavevectors in y direction are expressed by K, (in
dielectric material) and K, (in metal)

As we described earlier, in order to have an SPP mode, one necessity is the positive and

negative dielectric constant beside the interface. Starting from Drude model:

(2.2.1)
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where, €.,re is the relative permittivity of the material excluding the contribution due to
the free electrons, m* is the electron effective mass, €, is the permittivity of vacuum, n is
the electron concentration in the conducting medium, e is the electronic charge, 7 is the
effective scattering time for the electrons, and w is the frequency of the electromagnetic

wave. wy, is the plasma frequency in the material.

When w > w,, the real part of &, is positive and the material appears as a dielectric one.

When w < w,,, the real part of €, is negative and the material appears as a metal. As
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examples of typical plasma frequency which will be used in this thesis, Au
has w,~2000THz x 2, highly doped GaAs (n~5 x 108cm?) has w,~20THz x 2.

Solving the Maxwell equation, the propagation constant of TM modes can be expressed

8. = W | EnEy
° ¢ [emte (223)

The imaginary part of fB,indicate the waveguide loss and the real part include the

as

information of the effective index.

The wave vector in evanescent direction is expressed as:

2

w
K§ = B% - Tt (2.2.4)
2
w
2 _ p2 _
Km = Bz ——7 &n (2.2.5)

The real part of K,, and K, represent the extinct lengths in metal and dielectric material

respectively. It is worth to pointing the relation %L = —=% Thus Ky is much smaller

m €m

than Ky, since &, is typically much larger than €4 in a typical metal/semiconductor
interface in THz region. For Au/GaAs interface, in THz region, the skin depth is in the
order ~100-200 Angstroms in Au and ~1000um in GaAs.

Au  (300nm) €au

Au  (300nm) €xis

Figure 2.2.2 Schematics of the mode in a metal-metal waveguide. This mode is almost uniform in
GaAs.
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In a MM waveguide with subwavelength dimension, an active gain medium is
encapsulated between the top and bottom metal which is often Au in THz case. The
thickness of gain medium is optimized to ~10 pm which is much smaller than the mode
skin depth in GaAs (~1000um), which indicates an almost uniform mode distribution in
this distance range. Thus, the mode of a double metal waveguide, illustrated in Figure
2.2.2, demonstrates an almost uniform mode in vertical direction. The mode is the
combination of the double surface plasmon modes and highly confined between the two
metal plates. This mode is similar to TEM mode of a transmission line. When the width is
narrowed down to deep sub wavelength, a significant amount of mode extends out of the
laser core from the semiconductor/air interface and propagates outside. The property of
TEM-like mode inspires the thought to borrow transmission line theory to understand the

systems, which will be discussed later.

For a THz wire QC laser, there are two categories of losses in general: mirrer loss (0m)
and waveguide loss (o). In a MM waveguide, mirror loss, which will be discussed in
detail later, is relatively lower compared to SISP waveguide. Total waveguide loss can be
broken down to free carrier loss, metal loss and scattering loss. THz QC lasers are lightly
doped unipolar device with electron concentration n~10'°cm™. Based on Drude model,

the free carrier loss , ay,, is roughly given by

/‘{2
A X —
reT g (2.2.6)

where A is wavelength and 7 is Drude scattering time. This expression can be used with
caution because it overestimates the free carrier loss. The reason is that electrons are not
free in the material growth direction because of the existence of quantum wells in QCLs.
The metallic loss is due to the penetration of the mode in the metal layer at the two sides
of the gain media. This metallic loss in general weighs less than free carrier loss,
depending on the metallization quality. Based on Drude model, it can be derived from

Im(B,), and is typically ~3-4 cm™ in THz region for a MM waveguide comprising a
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metal with a Drude scattering time of 50fs. The scattering loss originates from the
sidewall roughness of the laser ridge. The overlap between the mode and sidewall
roughness determines this scattering loss. The narrower the device is, the more overlap
between the mode and the sidewall roughness, and hence more loss is introduced. This is
systematically investigated in ref [89]. An analysis based on perturbation theory was
applied to a rough symmetrical slab waveguide[90] and a closed form expression for this
scattering loss due to sidewall roughness was developed by Tien [91] derived from

Rayleigh criterion and Marcuse’s theory[90] :

4700, puan \° [ cos36 1 1\17!
ascatt(arough"l) = ( r;ug ) [2 sin 0] [t * (;1.) * (E)] 2.2.7)

Where @gcq¢; the scattering 10ss, 0,4y gp is the standard deviation of sidewall roughness,

A is the lasing wavelength, @ is the angle of ray propagating in the waveguide, t is the

waveguide thickness, and DL are the penetration depth of modes into the cladding layers.
1,2

Although this expression was originally developed for a slab waveguide, the general

4n0rough |2 . .
trend, @gcqrt (O'rough'/l) x (—;—L) , should be applicable to THz MM waveguides.

Though it is difficult to analytically quantify each of the three losses, the total waveguide
loss of the MM waveguide was experimentally measured as ~18cm™ for a Fabry-Perot
THz QCL with 80um width and 1.2mm length[79]. The actual waveguide loss for
terahertz wire lasers is larger than this value, because of the larger overlap of the mode

with sidewall roughness.
2.3 Mode confinement

One important feature of THz wire lasers with a MM waveguide is the relatively small
mode confinement factor, which represents the optical overlap between the mode and the
gain media. It can be a crucial factor to determine the lasing performance for a THz wire

laser and is worth being carefully understood.
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Traditionally, the mode confinement factor is defined as:

= ffactive Wedxdy
0 If dxdy(w, + Wiy /2 3.1

where w, and wy,are the stored electrical and magnetic energy of the field respectively.
However, strictly speaking, this definition as the ratio of inside to outside power is only

correct in the case of weak waveguiding in which neg~n,cive[92][93].

The derivation of a correct confinement factor starts from a basic equation which

describes the power amplification:

dl

- Gm 23.2)

where G,, is the modal gain and I is the total power flux. The material gain G is linked

with modal gain by the confinement factor I" through the expression:

G = TGy (23.3)

Electrical field can be decomposed into a fast varying component E (x, y) in longitudinal

direction, and a quasi-stationary filed A(z) in transverse direction:
E = A@2)E(x, y)eiBzz—iwt +c.c. (23.4)

where [3, is the propagation constant in the longitudinal direction z and w is the

frequency. Then it can be shown that I' can be expressed as:

_ Vph ffactive Wedxdy _ Vph
Vg [[ dxdy(We + Wm)/2 Vg,

Io (2.3.5)

55



where v, = ¢/ny, is the phase velocity and v, is the energy velocity in the waveguide.

Finally, the confinement factor can be further written as:

_ Neyy
r= n, 0 23.6)

where n, is the background index of the gain medium and n, is the group index of the
waveguide. The effective index n.pr can be derived by n.rr = Re{f,}c/w or nypp =

¢/(2A8vL.,,), where c is the light speed, Av is the longitudinal mode spacing and L., is
the cavity length.

In THz QCLs, a strong mode guiding is resulted from the natural property of surface
plasmon mode in MM waveguide. Thus the corrected form of the confinement factor
should be used. However, a further correction should be included becauseof the
intersubband selection rule: only transitions with the electrical field polarized along the
growth axis are permitted. Thus in the gain medium of quantum cascade laser, the mode

confinement factor is defined as:

2
r= Vph I, = Vph J‘activelE’Cl dx 537
VE,z Vg, [ |E|2dx 237

where E, is the electrical field in the vertical direction to the plane of quantum well. This
definition is a little bit different from the previous by replacing the w, by the energy

associated with the electrical field polarized along the growth axis.

Compared with traditional slab waveguides, the mode confinement of a THz wire QC
laser is much higher because of its MM waveguides. The mode is highly confined in the
vertical direction by the top and bottom metal of the MM waveguide. The mode
penetration depth depends on the metal quality, as discussed in the previous sector. In the
lateral direction, the mode is strongly bounded by both the metal/semiconductor interface

and the index mismatch between the laser core (GaAs/AlGaAs, n~3.6) and the
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environment. These two mechanisms lead to a large confinement factor, close to one.
However, when the waveguide is narrowed down to a deep sub wavelength size of
~10um, the traditional mode confinement factor Iy can decrease to below 80% at 2THz.
Figure 2.3.1 illustrates that the confinement factor I, drops significantly when the device
width is shrinking. Additionally, higher order lateral modes have poorer mode
confinement factors and smaller effective index both of which lead to weaker modal
gains indicated by equation 2.3.6. For a same lateral mode at a lower frequency, it has a
lower effective index and poorer mode confinement fact while these values changes
slowly over different frequencies. These properties are important to develop tunable
terahertz wire lasers, since the confinement-factor differentiation is used to discriminate

different lateral modes, which will be discussed in later chapters.
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Figure 2.3.1 (from [94]) Effective mode index (n.y) and traditional mode confinement factor (I;;) of
Fabry-Perot MM waveguides with different widths. Using a finite-element mode solver, the
calculation in a range of v = 1 - 5 THz, was carried out for a waveguide with 10 pm thickness and
open end sidewall. For a given waveguide width, both n.y and Iyfor different lateral modes are
demonstrated and the lower numbered curves (for both ny and Ij) correspond for progressively
higher order lateral modes which is indicated by the numbers below the curves. For instance, n = 1
implies the fundamental mode. In the calculation, ng,ss = 3.6 is assumed.

2.4 Facet Reflectivity

Understanding the facet reflectivity is crucial to design tunable THz QC wire lasers. The
reasons are two folds. First, mirror loss due to the imperfect facet reflectivity can play an
important role in discriminating different longitudinal modes to ensure a single mode

operation. The mode discrimination mechanism will be discussed in detail in next chapter.
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Secondly, understanding the facet reflectivity is helpful to interpret the emission
characteristics of THz wire QC lasers, and then lead to further improvement. In the
following discussion, since THz wire QC lasers have only been achieved in a MM

waveguide, all the discussions are based on this design.

For THz wire QC lasers, the modes extend out of the laser core significantly because of
its deep subwavelength waveguide. At the end facets, two factors contribute to a
relatively high reflectivity compared to traditional slab waveguides. First, the traditional
dielectric interface, GaAs/air interface in this case, partially provides the reflectivity. This
reflectivity abides with Snell’s law and can be expressed by Fresnel equation. The other
contribution is the impedance mismatch between the strongly guided modes and free
space modes. This reflectivity is further increased by the termination of the

metal/semiconductor interface which the surface plasmon mode tightly binds to.

It is difficult to derive a closed form solution of facet-reflectivity due to these coupled
reflective mechanisms. So a numerical simulation based on COMSOL3.0 was performed
[75] while the results were understood intuitively. In this calculation, an approximated
mode derived from a two dimensional simulation was used to excite the three
dimensional cavity, which ends at two “cleaved” open facets. The calculated reflection
from the open facet interferes with the excitation and form a standing wave, whose ratio

is used to derive the facet reflectivity:

_ (B NIE® Y max _ 1+ 17

SWR = _
(B e IEQ Y min 1= 7] @2.4.1)

Here E; is the y (growth axis direction) polarized electric field from the two dimensional
simulation, and E is the value from the three dimensional simulation. The inner product
in equation 2.4.1 is taken over the transverse plane at various locations along the

propagation direction where the maximum and minimum values are observed.
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The reflections resulted from different waveguide width is illustrated in Figure 2.4.1.
From the top to the bottom, progressively, the reflectivity of f=3, 4 and 5 THz radiation
ranges from ~90% down to ~60%. This high reflectivity corresponds to a mirror loss
order of ~0.5-2cm™ for a typical waveguide length of ~Imm. In general, when the
waveguide width is fixed, lower frequency leads to a higher reflectivity, due to a stronger
mode impedance mismatch and the aperture boundary effect. Additionally, the reflection
is increased when the waveguide is narrowed. Specifically, in a wire laser case (deep
subwavelength), the increasing rate of the reflectivity along the decreased waveguide
width advances significantly. This is due to the increased mode impedance mismatch.
The reflection can be as high as ~90% when the width is ~12um. This high reflectivity
results in a low emission power of THz wire QC lasers. This high reflectivity also implies
a weak mode selectivity because the difference of the radiation loss is small. Indeed, the
small mirror loss, compared to the waveguide loss (10-20cm™), limit the upper bound of
the mode differentiation. But the early effort to achieve a single mode operation relied on
this the difference of the weak radiation loss, resulting in an unstable performance which

will be explained in chapter 5.
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Figure 2.4.1 (from [95]) The facet reflectivity of THz QC lasers with different waveguide widths and
lasing frequencies (f=3,4 and 5 THz). The solid lines represent the simulated result by a 3-D model
while the dotted lines give the value of 2D simulation to show convergence.
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Figure 2.4.2 Mode distribution of a typical first order lateral mode. The wiggled arrow indicates the
direction of THz radiation. The alternated blue and red colors represent positive and negative phase
in a cycle of electromagnetic oscillation. Thus both colors indicate the maximum of the standing wave.
The blowup of the mode distribution around the end facet clearly shows that the mode maximum of
the standing wave is right on the facet.

It is worth noticing that an intuitive understanding of the mode behavior can play an
important role in the design. The MM waveguide of the THz wire QC laser is essentially
like a strip transmission line, and many analysis methodologies of microwave
engineering can be applied to THz wire QC lasers. For instance, the end facets of MM
waveguides are similar to an open circuit load because of the small radiation caused by
the high reflectivity. So according to the standard transmission line theory, the maximum
of the standing wave is roughly aligned with the end facet although a modest offset exists
due to the weak radiation. Confirmed by the simulation shown in Figure 2.4.2, this
property is crucial to enable a robust single mode operation. As an important design tool,

it will be further discussed later.

2.5 Beam pattern
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Figure 2.5.1 Illustration of the beam pattern of THz QC wire lasers. (a) The measured beam pattern
[96] from a THz wire laser. (b) The simulated beam pattern based on the antenna model [88]. (¢) The
calculated beam pattern based on and the point source model[1], whose configuration is shown in the
upper part. (d) The schematics of the wire laser and the mode attached to it.

The beam pattern of THz wire laser shows a strong interference pattern [96] which can be
explained by both an antenna model [88] and a point source model which takes the facets
as two point sources [1]. Actually, the concept of tunable THz wire lasers is inspired by
the antenna model, which attributes the interference beam pattern to the emission from
the mode attached to a wire laser and extended out of the solid core significantly.
According to this model, the divergent far field beam pattern over 180° (Figure 2.5.1 a) is
determined by the interference of the radiation from the longitudinal distribution of
radiation, similar to a phase array. The other model, illustrated in part ¢ of Figure 2.5.1,
attributes the divergent beam pattern to the diffraction of the deep subwavelength
radiation aperture and the strong aperture boundary effect. Then the deep subwavelength

radiation apertures can be modeled as point sources which can interfere with each other,
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resulting in an interference beam pattern. Compared with the antenna model, the point
source model is simpler and was also verified by the experiments [1]. The theoretical
calculations of the beam pattern, based on the antenna model and the point source model,
are shown in part b and ¢ of Figure 2.5.1. Compared with the experimental result, the

two simulated patterns both reconstruct the basic interference features.

The divergent interference beam pattern has important implication for practical
applications and the further development of THz QC wire lasers. Although the divergent
beam pattern allows an easy optical alignment for the measurement during the
preliminary developing stage, it does pose a technical difficulty for practical applications
because of the low average power distributed in a unit solid angle. As discussed in the
last sector, the radiation power is relatively low because of the high reflectivity. This
inefficient radiation is further exacerbated by a difficult to collect the power resulted
from divergent radiation exceeding 180°. Consequently, although a large tuning range has
been demonstrated in this thesis, the absolute emission power hasn’t been successfully
measured yet. Hence, an integrated power amplification and beam pattern shaping
mechanism is desired in the future development, and will be further discussed in chapter

five.
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3 Tunable THz wire QCLs—First design

3.1 Previous tunable THz QCLs

THz QCL is actually an ideal candidate as a tunable THz source because its compactness,
high power (>100mW), spectral purity and reliability. For practical applications, a broad
band tunable THz QCL is desired. This broad band tuning range can be facilitated by the
large gain bandwidth of up to 1THz in THz QCLs. Indeed, this broad gain bandwidth can
be further extended by using multiple upper or lower radiative levels. Moreover, the
interface roughness dephases the coherent lasing transition and further broadens the gain
bandwidth. Besides, the cascading principle of THz QCLs allows the combination of the
modules with different gain characteristics, e.g. design bias and gain peak. This enables
the engineering of the gain band width [97] and even gain shape by designing each
module separately. Traditional tuning mechanisms for semiconductor lasers include bias
adjustment, cavity refractive index modulation enabled by carrier injection, temperature
tuning and cavity length adjustment. In this section, different techniques to tune the

lasing frequency of THz QCLs are reviewed.

3.1.1 Electrical tuning of THz QCLs

Electrical tuning of THz QCLs stems from the energy change of quantum states induced
by the bias adjustment. In THz QCLs, electron transport relies heavily on resonant
tunneling and phonon or photon assisted coupling. When the bias is changed, tunnel
coupling and dipoles redistribute, causing the energy space among radiative states to

change. Thereafter this shifts the lasing modes, as illustrated in ref. [97][98].

63



GaAs substrate
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Figure 3.1.1 Schematics of a two-color terahertz quantum cascade laser with a metal-metal
waveguide. A thin doped GaAs layer is incorporated in the structure to stabilize the voltage between
each gain module.

Among the several electrical tuning schemes of THz QCLs is a frequency switching
which has been demonstrated in different configurations. For instance, reversing the bias
direction or changing bias voltage can enable different quantum-state alignment schemes
which can achieve lasing condition [99][100][101]. Moreover, the sensitive dependence
of the lasing frequency on the bias voltage [79] adds to the tunability of this technique.
Another frequency switching was accomplished by cascading two different gain mediums
heterogeneously [102] (Figure 3.1.1). In these designs, only two colors are achievable
although each frequency can be varied slightly by changing temperature or voltage. So

the limited spectral density restrains this technique in practical applications.

In another electrical tuning scheme, frequency tuning “in a step-wise manner from 3.07
to 3.40THz” [97] was demonstrated recently, thanks to a clever design borrowed from
mid-IR QCLs [103]. Firstly, a heterogeneous gain media, comprising 23 different lasing
sections, was designed through systematically changing the material growth parameters.
All these modules have slightly different design biases and gain peaks. When the device
bias increases progressively, different modules are proper aligned one by one and the
gain maximum shifts to a higher frequency. Hence, a broadband gain spectrum results
from these incrementally varied modules, and the frequency tuning is realized by
changing the bias. Although impressive 330GHz tuning has been accomplished, the
tuning actually arises from the mode hopping and exhibits a multimode form. As a

comparison, the continuous tuning, in a homogeneous gain medium, can be realized by
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Stark shift which is larger for a more diagonal lasing transition design and a relatively
low ratio between the upper to lower state lifetime t,p/Tio [104]. Actually, up to 240GHz
tuning has been demonstrated by Stark shift, although the tuning is discontinuous in a

multimode form.

3.1.2 Tuning distributed feedback THz QCLs by changing -cavity
parameters

Distributed feedback (DFB) is a common technique to make semiconductor lasers
operate at a single frequency which can be varied by modulating cavity parameters. Often,
a periodic grating, integrated into the cavity, is used to select the desired mode by
manipulating the net gain (Gu=Gain-Loss). Similar with the periodic perturbation in the
electronic system which results in an electronic band-gap, this periodic grating creates a
photonic band gap around the Bragg frequency. The Bragg wavelength can be described
as Ag=2nesA/n, where n is an integer, A is the grating period and neg is the modal
effective index. The lasing frequency is determined by the grating characteristics, such as
modulation mechanism, amplitude and periodicity. The grating associated modulation
should provide an enough feedback to ensure a single mode operation. Due to the
permanent way to implement DFB grating, the grating parameters cannot be changed as a
result of the rigid waveguide. So changing grating period is often not an option to tune
the frequency of DFB QCLs. Alternatively, the frequency tuning can be accomplished by
varying the heat sink temperature or varying injected carrier concentration. These tuning

mechanisms can be explained by equation 3.1.1.

k. + k= 0?pe
z TR = O (3.1.1)
Here k, and k, stand for the longitudinal and transverse wave vectors respectively, o is
the angular frequency, wo is the permeability and € is the permittivity. This equation is
fundamental to describe the dispersion in a cavity. For a DFB QCL, while k,, k, and po

are fixed, € can be changed as it’s a function of temperature and carrier densities.
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Figure 3.1.2 Temperature and current dependence of emission frequency of a 2.5-THz DFB QCL
[105].

Currently, single mode operation has been demonstrated in different configurations of
THz DFB QCLs, such as surface emitting [106] and edge emitting [107] in both linear
and circular cavities [108][109]. But the tunability is small and in the order of a few GHz.
The maximum operation temperature of THz DFB QCLs is often lower than the Fabry-
Perot ones due to the additional loss from the grating. The tuning rate are typically from
~34 MHz/K to ~100MHz/K [105], depending on such factors as the device and
waveguide structure, operation conditions (current and temperature) and the actual lasing
mode. Another way to change device temperature is the Joule heating from injecting
current, which can result in ~5.0 MHz /mA [110][111][112], 10-20 less than mid-infrared
QCLs. The opposite tuning direction, due to a mode-pulling effect [105][113], was
observed at a rate up to ~8MHz/mA. This mode-pulling effect is resulted from the blue-
shift of the underlying gain spectrum with increased bias, and can be enhanced by a
larger gain and a more diagonal design. Using a DFB QCL, up to ~30GHz tuning has
been demonstrated in a microdisk laser whose small optical volume can provide a large

mode spacing to avoid the mode hopping.

Although the tuning range of a single DFB QCL is limited, a clever design of DFB arrays
can achieve broad band tuning. In mid-IR range, 200 cm™ continuous tuning range has

been achieved [114] by monolithically integrating an array of individually controlled
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DFB lasers, whose lasing frequencies are slightly different. Recently, in THz frequency,
this array concept has been realized to improve the beam pattern and radiation power
[115]. Meanwhile this THz DFB array can be used to accomplish a broad tuning range
[116].

It is worth pointing out a method to precisely design the lasing frequency (~1GHz) of
DFB THz QCLs since it can be critical to realize tunable THz DFB arrays. It is difficult
to control the lasing frequency by precisely defining the DFB periodicity because an
accuracy of ~1GHz requires the periodicity precision of several nanometers, which is
fairly difficult for contact lithography. Recently, a novel solution has been proposed to
solve this problem by varying the DFB duty cycle in a scale of micron [117]. Precise

control of the frequency shift in an order of 1GHz has been achieved with this method.

3.1.3 THz external cavity QCLs

For a broad-band tunable semiconductor laser, external cavity (EC) configuration with
selective frequency feedback is widely used. Although mid-IR EC-QCLs have
successfully demonstrated a tuning range over 400cm™, several initial efforts in THz
region only achieved very limited success. Similar with conventional EC semiconductor
lasers, the feedback of these THz EC-QCLs was provided by a diffraction grating or a
simple movable mirror. The other crucial component of THz EC-QCLs is an anti-
reflection (AR) coating applied to the gain medium/air interface to prevent/reduce

reflections.

There are several difficulties to design THz EC-QCLs. First, the deep subwavelength
cavity makes it challenging to couple the feedback radiation back into the cavity due to
the strong mode mismatch between the free space and the cavity modes. Secondly, AR
coating in THz region poses a crucial challenge to suppress lasing oscillation formed by
the original semiconductor resonator. Due to the long wavelength (~100pm) of THz
radiation, AR coating has to be as thick as ~25pm which is a quarter of the wavelength. It

is too demanding for the current fabrication technique to achieve this thickness.
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Additionally, the adhesion between the AR coating and laser fact causes troubles during
the thermal cycles of cryogenic operation. Furthermore, the strong absorption of the

coating material remains as an important concern.

Due to these difficulties, the first attempt to make THz EC-QCLs has achieved very
limited success [118]. The device was designed to lase at ~4.7THz which is associated
with the detection of atomic oxygen. The lasing oscillation was supposed to be
suppressed by a tilted facet which was polished at an angle, O, of 13° (Figure 3.1.3)
which is slightly smaller than the Brewster angle, 15.1° (ngaas= 3.7). As illustrated in part
b, an off-axis parabolic mirror is used to collimate the emitted light, and frequency
selective feedback for angle tuning was enabled by a diffraction grating. But the tilted
facet failed to suppress the lasing oscillation, and its reflection can compete with the
feedback from the external feedback. This multiple feedbacks resulted in a multimodal
operation shown in part ¢ of Figure 3.1.3. This conclusion is proven by the match of
mode spacing between the observed result and the calculated free spectral range, i.e.
Af = c¢/n2L. Here c is the speed of light, n and L are the effective index and the gain

medium length respectively.
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Figure 3.1.3 (from [118]) (a) The geometry used to eliminate lasing oscillation in an EC THz QCL.
The function of an anti-reflection coating was achieved by a polished facet at Brewster angle. (b) The
frequency selective feedback was achieved by an external grating. Optical configuration uses off-axis
paraboloid (OAP) to collimate light from the polished facet. (c) Multimodal operation is due to a
residual reflection from the polished facet combined with the reflection from grating.

Improved AR coatings led to new designs of tunable THz EC-QCLs [119][120][121]. An
AR coating was formed by depositing a single layer of SiO, with an index of refraction,

Nsip, & 1.8 — 1.9, on one of the laser facets. The ideal index of a A/4n impedance
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matching layer for plane wave should be n = \/ng 45 = 1.89, slightly smaller than the
experimental result which are 1.98 to 2.1 [122][123]. Thus SiO; is almost ideal, in THz
region, as the material of a M4n impedance matching layer between the gain medium

(GaAs/Alp 15Gap gsAs) and atmosphere.

Figure 3.1.4 illustrates the setup of a demonstrated tunable EC THz QCL [120]. In the
cryostat, a square gold mirror, used to provide the selective feedback, was mounted on a
linear mechanical feed-through, termed “plunger”, located close to the facet coated by a
Si0; layer with targeting thickness for A = 41 pm. With this AR coating on a cleaved
facet in a control experiment, it was found that this coated facet has less than 0.12%
reflectivity over a 1-um bandwidth at a 41.9 pm center wavelength. Based on the light-
current characteristic of the real device, a reflectance of up to 4% was estimated.
Because there was no collimation lens between the mirror and the coated facet, the
maximum change of cavity length was limited to ~160 pm due to the laser beam
divergence. The other end of the laser was terminated by a cleaved facet that was not

coated and used to out-couple the power.

In this cavity formed by the laser ridge and the external mirror, a laser operation was
recovered. Single mode operation was only achieved when the current was slightly above
the lasing threshold, while the multiple longitudinal modes appeared under high current.
Continuous frequency tuning by effectively adjusting the cavity length was realized by
moving the metallic mirror inside the liquid helium cryostat. However the continuous
tuning was only obtained within a free spectral range of the cavity (~15 GHz) due to a
lack of further frequency selective feedback among different longitudinal modes (part b).
Nevertheless, single tunable mode could be selected, in a stepped manner, over a range of

~90 GHz, corresponding to ~ 2% of the lasing frequency.
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Figure 3.1.4 (a) Configuration o fthe EC QCL. It used a plunger to actuate a square gold external
mirror (M) which reflected light back to the anti-reflection coated facet of the gain medium. The
output is collected by the uncoated opposed facet. This design uses an improved A/4n-thick layer of
SiO, as an anti-reflection coating. (b) Discontinuous tuning was demonstrated in a broad range
while continuous tuning within the free spectral range of the QCL chip was achieved.

More recently, a broader tuning range of 165GHz [124] has been achieved with an
alternative EC configuration of THz QCL (Figure 3.1.5). In this design, a silicon hyper
hemispherical lens was attached using a high-resistivity silicon (>10 KOhm-cm, ng; =
3.41) spacer. The good index match between silicon to the gain medium (ngaas = 3.6)
leads to a low reflectivity at this interface. The thickness of the spacer was carefully
chosen to reduce the beam divergence, and eliminate spherical and coma aberrations.
Additionally, this spacer functions as a mechanical buffer to avoid the damage of the
laser facet during the assembling. The hyper hemispherical lens can couple an external
grating, which provides a frequency selective optical feedback, to the laser waveguide.
This silicon lens not only reduces facet reflection and but also acts as a beam-forming
element. Reflection at the lens/air interface is also reduced by an anti-reflection layer

made of low-density polyethylene.

To optimize collimation of the THz beam, two EC designs were proposed: a large 10-mm
diameter lens used to directly collimate the emitted beam (part b in Figure 3.1.5), and a
smaller 3-mm diameter lens with the help of an off-axis parabolic mirror for beam
collimation (part c). A larger lens enables the direct collimation which reduces the
number of optical components, due to the smaller beam divergence yielded from larger

beam waist which is proportional to lens size. On the other hand, smaller lens benefits
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because its position is less sensitive to thermal contraction which can undesirably move
the lens. Furthermore, long distance (~10 cm) collimation between the lens and the
grating is practical only with the large diameter lens because it leads to a large beam
waist. By contrast, the smaller lens should be placed closer to the aplanatic point to

reduce optical aberrations because of the smaller collimated distances.
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b
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*Device in closed cycle
refrigerator at 30K

Figure 3.1.5 (courtesy by Alan Lee) External cavity QCL setup. Part (a) illustrates the configuration
in which a QCL chip abutted to high-resisitivity silicon (HRSi) lens with a spacer inserted. (b) The
setup with a larger lens (10-mm diameter HRSi lens) for direct beam collimation. (c) The setup with
a larger lens (3-mm diameter HRSi lens) attached with optical glue. It resulted in a divergent beam
which must be collimated with an off-axis parabolic mirror.

fn,sorr Parabolic Mirror

The tuning results were illustrated in Figure 3.1.6. For the 1.5-mm long device
(configuration a), although a tuning of 165 GHz centered at 4.4 THz, equivalent to 3.8%
of the central frequency, was obtained, frequency hopping was observed among the
Fabry-Perot longitudinal modes spaced by 24 GHz which corresponded to an effective
index ner=4.24. This frequency hopping is due to the residual reflection from the lens in
additional to the external feedback and the lasing occurs preferentially on the longitudinal
modes. Thus even though a single longitudinal mode operation was achieved by tuning

the grating angle, the continuous tuning around these longitudinal modes was still limited
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below 9 GHz. So although a relatively broad tuning has been demonstrated in this
configuration, further development to achieve a continuous tuning should be carried out

for practical spectroscopic applications.
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Figure 3.1.6 (from [124]) (a) Transmission spectra of a 1.5-mm thick HRSi window without or with
different anti-reflection coatings. Unnormalized QCL spectra of the devices with 100-um width and
1.5-mm length (red), and 150-pum width and 1.25-mm length (blue). (b), blow-up of the spectra from
(b) after normalization and calculated atmospheric transmission through external cavity (HITRAN

2008).

3.1.4 Tunable THz QCLs with a coupled microcavity

Analogous with electronic systems, the resonance of the two photonics systems can lead
to a splitting of their eigenfrequency. The magnitude of this splitting is determined by the
coupling strength [125]. This resonance condition can be satisfied by coupling the
second-order surface emitting cavity with the external cavity formed between the grating
metal and piezo-actuated metallic surface at wavelength distance above the DFB grating
(Figure 1.5.9). The control of the frequency detuning is achieved by varying the height of
the external cavity which is comparable to the radiation wavelength. The metallic second-

order gratings not only enable vertical coupling but also function as a coupler between
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the laser cavity and the external cavity. The lower band edge mode of the DFB strongly
couples with the external metallic cavity and therefore, an anti-crossing exists when the
external cavity mode is in resonance with the lasing DFB mode. The coupled mode is a
combination of the DFB and the external-cavity modes. As an important factor to
determine the threshold, the confinement factor is high (low) when the modes are more
DFB-like (external-cavity-like or mostly confined in the external cavity). The tuning
range of this mechanism can be up to twice the anti-crossing, which does not depend on
lasing frequency, before hopping takes place. In a laser with low lasing frequency, the
percentage tuning range of the center frequency is larger than higher frequency design.

This tuning mechanism is illustrated in Figure 3.1.7.

Threshold (a.w.)

Frequency (THz)

2" ‘ L) T 2 T ‘ T = T 0
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Figure 3.1.7 (from [126]) Top left: Schematics of the coupled cavities. The two coupled resonators are
the metal-metal waveguide with DFB grating embedded, and the one comprised between the top
grating metal and the movable metallic mirror above. Bottom left: Intensity of the electric field on a
longitudinal cross-section of one period of grating (x is the propagation direction). The left plot
corresponds to the anti-crossing point and the right figure refers to the middle of the tuning range
which is indicated by the gray area on the right. Right panel: Simulated eigenfrequencies of the
modes V.S. the mirror position. Plotted with dotted line is the respective threshold gain.

The spectrum of a typical laser of this kind without a top mirror is shown in Figure
1.5.10. Both upper and lower band-edge-modes, separated by 150 GHz, lased
simultaneously. The different tuning behavior of the two modes with a metallic mirror

unambiguously proved the proposed tuning mechanism. Illustrated in the figure below,
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when the metallic mirror located at different positions above the gratings, the lower band-
edge mode (with strong vertical emission) was clearly tuned and the upper-band-edge
mode (non vertically radiating) instead, showed no tuning, as expected. However only 20
GHz tuning was achieved in this preliminary experiment. The theoretical tunability of a

few hundreds of gigahertz might be obtained with device optimization[125].
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Figure 3.1.8 Part (a): The top figure shows the spectrum of a DFB device without a top mirror. The
two peaks correspond to the two band-edge-modes. The bottom spectra demonstrated the tuning
with different mirror positions. While the lower-band-edge clearly tunes with the mirror position, the
upper-band-edge mode is not affected by the top-mirror, which matches the theory well. Part (b):
When the mirror is in a wavelength comparable distance from the grating, a tuning of 20 GHz is
observed without hopping.

3.2 Tuning mechanism of tunable THz QC wire lasers

From the review of the previous work of EC THz QCLs, it can be seen that conventional
laser tuning methods are difficult to implement at terahertz frequency because of the
relatively long wavelength A compared to the cross-section w of semiconductor lasers.
Continuous frequency tuning using an external-cavity grating has yet to be achieved
[124], and electrical tuning by changing the refractive index due to temperature [106] or
due to a cavity-pulling effect [127][128]produces a relatively small fractional tuning
(~1%). In this section, a novel tuning mechanism that qualitatively differs from all other
methods [129] is introduced. This mechanism is based on the manipulation of the

evanescent propagating mode of an unusual device termed a ‘wire laser’[88], which is
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defined as a laser for which the dimension in the transverse direction w is much smaller
than A. To appreciate the difficulty in developing tunable terahertz QCLs and the novelty
of the tuning mechanism in this work, it is instructive to revisit at a fundamental level
how lasers are tuned in the previous work without introducing any intermediate variables
such as effective mode index. In a uniform gain medium, the lasing frequency for a

particular resonant mode is determined by its w — k dispersion relation

k4 k= wluge (3.2.1)

and the specific operation conditions.
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Figure 3.2.1 Illustration of different tuning mechanisms. The curves relating the transverse wave
vector (k,) and longitudinal wave vector (k;) are based on equation 3.2.1, which is the dispersion
relation in a uniform gain medium. The lasing frequency v is determined by the radius of a
particular curve that intersects a specific value of k and k,, which are determined by operating
conditions. The black curves represent the condition that determines the original frequency voof a
laser without tuning. The blue and red dashed curves represent the conditions for which the laser
tuning is either blue- or red-shifted. a, The most commonly used tuning mechanism, in which both &
and k, are fixed and the lasing frequency is tuned by changing k,. This can be accomplished by
changing the cavity length of a Fabry—Perot laser, or changing the center wavelength of distributed
Bragg reflectors (DBRs), or changing the angle of an external-cavity grating. b, Arrangement with
both k, and k;, fixed. The tuning is achieved by changing the dielectric constant 1, which can be
accomplished with temperature tuning or electrical bias. ¢, The tuning scheme of the present work,
in which the frequency of a wire laser is tuned by directly changing the transverse wave vector k, .

75



Equation 3.2.1 is same with 3.1.1. The lasing frequency w of an already fabricated
device can be tuned by changing the values of k, (Figure 3.2.1a), k, (Figure 3.2.1c) or €
(Figure 3.2.1b). The dielectric constant £ can be tuned with temperature or electrically by
carrier injection or a cavity-pulling effect, as discussed in section 3.1. However, this
tuning has a limited range (~30 GHz for suitably designed terahertz QCLs). Most of the
tunable lasers are tuned by changing k,. Examples include changing the length of a
Fabry—Perot cavity formed with either a ridge [130] or a surface-emitting structure [131],
changing the center frequencies of distributed Bragg reflectors (DBR) [129], and
changing the angle of an external-cavity grating [132]. Interestingly, these two
mechanisms are the same as that used to tune a stringed musical instrument such as the
violin, in which varying the length of a string corresponds to changing k, , and varying
the tension corresponds to changing €. For sensing applications, mode-hop free
continuous tuning is required, which is usually achieved using an external-cavity grating.
A broad range of tuning of ~24% has been demonstrated with mid-infrared QCLs [132].
At terahertz frequencies, because of the long wavelengths (A=100um) compared to the
subwavelength dimension w of the laser facet, it is difficult to focus a large fraction of the
beam diffracted from the grating back to the gain medium. This difficulty is further
exacerbated by the cryogenic conditions that are necessary for operation. As a result,
continuous tuning based on this well-developed technique has not been achieved at
terahertz frequencies, as discussed in the previous section. In contrast, instead of fighting
the battle with brute force, the new tuning mechanism demonstrated here actually takes
advantage of the small cross-section relative to the wavelength, and is achieved in the

wire laser which has an extreme limit w/A «1.

Of the three parameters that determine the lasing frequency (k,, k,, and ¢), very little
effort has been made to change k, [133]. This is because in most solid-state and
semiconductor lasers, A is comparable with, or often smaller than, the transverse
dimension of the cavity w. Consequently, little mode leaks out in the transverse

directions and very little change can be made to k,. For terahertz QC wire lasers based
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on metal-metal waveguides, as described in chapter two, laser ridges can be made with
deep subwavelength size in the transverse dimensions while maintaining a reasonable
mode confinement. Such lasers showed unexpected radiation patterns with strong
interference structures which are attributed to the mode attached to a wire laser. The
unusual feature of THz wire QC lasers allows tuning of the lasing frequency by changing
k,, as demonstrated in this thesis. Such a tuning mechanism has no analogue with the
aforementioned example of a stringed musical instrument, because changing the diameter
of a string also modifies the sound velocity, in a similar manner to changing the refractive
index in a laser. It should be clarified that the term ‘wire laser’ in this letter refers to w
relative to the wavelength A rather than the absolute size, with the implication w/A «1.
The similar term ‘nanowire laser’ is typically used for lasers with a transverse dimension

on the scale of nanometers, but they function with a relative dimension w/A~1 or greater.

A movable object, called a ‘plunger’ hereinafter, is placed along the side of a terahertz
wire laser. The gap between the plunger and the laser can be adjusted mechanically. In
the first design, which aims to demonstrate the principle of operation, the plunger can
only be pushed towards the laser, irreversibly. The frequency tuning is achieved by the
deformation of the transverse mode profile through the plunger movement. Two kinds of
plungers, metal plunger and dielectric plunger, are used to tune frequency in different

directions, which will be explained later.

3.3 Gain medium selection

3.3.1 Introduction

The design of THz QC wire laser should be based on the available gain mediums. This
means that the characteristics of the gain medium should be factored into the design
process. So, in order to achieve a successful tunable THz wire laser, the first step is to
choose a best gain medium among our design portfolio from the perspectives of

optimizing the continuous tunable range and robustness of single mode operation. To
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achieve this goal, three aspects of the lasing performance should be evaluated: maximum

operation temperature, gain bandwidth and voltage dynamic range.

General speaking, maximum operation temperature, indicates the absolute value of the
gain. When temperature is increased, lasing performance degrades due to three reasons.
First, electrons in the upper radiative state are excited to the higher energy and
depopulated to the lower radiateive state by emitting phonons which are more populated
in higher temperature. Secondly, electrons with high temperature can escape from the
confinement of the quantum well, which is termed as ‘thermal runaway’. Since most of
the designs share these temperature degradation mechanisms, assuming a universal gain
decreasing rate per degree, a higher maximum operation temperature denotes a larger
gain. However, this rule should be used with caution because the universal gain

decreasing rate is a crude approximation.

A larger gain bandwidth is critical to achieve a broader tuning range. A necessary
condition of lasing is that gain should be larger than loss, which should be true across the
whole tuning range. However, when this project started, it was not easy to measure the
gain bandwidth of our gain medium directly due to a lack of experimental setup. So
instead we use the lasing spectrum with short-pulsed operation to peek into this
information. This is because of the different bias conditions during the rising and falling
time of a pulse resulting in lasing on more modes. But again, since it is not a strict

measurement of gain bandwidth, the pulsed spectrum should be used with caution.

It is not obvious that voltage dynamic range, defined as the difference between threshold
and peak voltage, is important to achieve a broader tuning range. The reason lies in the
fact that tunable THz wire QC lasers are physically connected with an area of unbiased
gain medium on which bonding pad is seated. The direct connection between the
unbiased gain medium with biased wire laser causes current speading in the lateral
direction which can lead to non-uniform bias across different modules, and hence early

negative differential resistance (NDR). A gain medium with larger voltage dynamic range
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can sustain more bias non-uniformity. This early NDR introduced by the current

spreading will be discussed in more detail later in this chapter.

3.3.2 Gain bandwidth

It is worth further discussing the gain bandwidth of THz QCLs in more detail.
Theoretically, intersubband transition is like a delta function in an energy domain
because the parabola of the subbands tracks each other in k space, illustrated in part (d) of
Figure 1.3.1. In reality, the gain bandwidth is widened for three reasons. First, the gain is
broadened by the lifetime of the subbands associated with THz radiation. Secondly, the
dephasing scattering, seen by radiatitve transition, widens the gain bandwidth.
Specifically, when electrons transit diagonally in real space, the interface scattering plays
an important role in the gain bandwidth. Thirdly, optical gain spectrum can be a function

of injector anticrossing. The FWHM linewidth due to scattering is given by

11 1 1 1

MVeqre~— +—t =
scatt T 2T4'eff 2,[5 Tz* (3.3.1)

where phenomenological broadening term T, is due to interface-roughness and impurity
scattering, Ts4.fris the effective life time of the lower radiative state which is defined in
[134], and 75 is the lifetime of upper radiative state. Intuitively, when injector anticrossing
is increased to an extend in which the energy splitting is comparable with scattering
linewidth, this anticrossing splitting essentially broadens the upper readiative state and
increase the FWHM of the gain spectrum, which is illustrated in Figure 3.3.3. In this
graph, state 4 and 3 are the upper and lower radiative states respectively due to a different
notation. It is worth pointing out that, when injector anticrossings 2k, _,, reaches ~2.5
meV, the gain spectrum acquires a double-hump structure which can play an important

role during the frequency tuning and will be discussed later.
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Figure 3.3.1 (from [134]) Computed gain spectra for the 4-level system designed to lase at 4THz with
different injector anticrossings 27Q;_,,, assuming a perfect resonance between 1'—4 (A;_,,~0). The
values of FWHM linewidth and population inversion are also listed beside each of the curves.

Additional to the upper radiative state, lower radiative state can also be broadened by a
collector anticrossing splitting comparable with Avg.,.; and the gain spectrum has a
double-hump shape, which is demonstrated in Figure 3.3.2. More interestingly, different
detuning configuration can cause the change of relative peak heights between the double

humps (part b in Figure 3.3.2).

In order to achieve maximum tuning range, injector and collector antiacrossings need to
be optimized. A smaller peak gain can happens along with the gain broadening. This
smaller gain may reduce the lasing range because the lost is constant. Thus a tradeoff
between FWHM and absolute gain should be carefully considered. Furthermore, the
relative gain heights between the double humps can change and cause the frequency
hopping from one hump to the other. This dynamics of the gain spectrum evolution

should be factored into the mode selection strategy.
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Figure 3.3.2 (from [134]) Simulated gain spectra for the 4-level QCL design described in ref [134]. (a)
Ilustration of the impact of different collector anticrossings 273, assuming a perfect resonance
between state 3 and 2(A3,~0); (b) Different gain spectra due to different detuning hA3; at 2iQ3; =
5 meV. The values of FWHM linewidth and population inversion are also listed.

3.3.3 The chosen gain medium

The design portfolio in our group mainly includes the FL series which have two well

injectors and the OWI series which have one well injector. Both of them have achieved

high temperature performance. The design of FL183S has the highest maximum lasing
temperature (Tmax=172K) in FL series and design of OWI-222G has the best result

(Tmax=186k) in OWI series. Regarding the temperature performance, OWI222G is

marginally better than FL183S. The band diagrams and the power-current characteristics
of FL183S and OWI222G are shown in Figure 3.3.3. The spectrum of FL183S spans ~0.6

THz, estimated from the frequency difference between the two lasing peaks (Figure 3.36),
which is larger than OWI222G’s ~0.5THz. The voltage dynamic range of FLL183S (~3V)
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is larger than OWI222G (2V), possibly because that two-well injector can provide
enough electron injection even when it is slightly misaligned with the upper radiative
state. The experimental result demonstrated that this had a huge advantage since a larger

voltage dynamic range can abate the early NDR introduced by current non-uniformity.
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Figure 3.3.3 The conduction band diagram of OWI222G design. Electrons are injected from the
injector (state 1) to the upper radiative state (state 4), and then transit to the lower radiative state
(state 3). Next, they tunnel to state 3 which is eventually depopulated by emitting LO phonons.

Both FL183S and OWI222G have their gain peaks around a similar frequency, shown by
the spectrum under the peak bias in the Figure 3.3.1. Besides, under several biases,
FL183S lased around double frequencies at ~3.4THz and ~3.8THz, which indicates that
the gain possibly has double humps near those two frequencies. Eventually, the
competition between the two gain peaks favored the one at 3.8THz which has a larger
gain. Thus the lasing frequency was ~3.8THz finally. This was proved by our
experimental results which will be discussed later. The similar lasing frequencies are
convenient for us to use same design of wire lasers for both wafers. Thus both wafers

were chosen for the fabrication at the early stage.
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Figure 3.3.4 The current vs. bias (blue curve) and conductance vs. bias (green curve) of FL183S

(lower figure) and OWI222G (upper figure). It clearly demonstrate that the dynamic voltage range of
FL183S (~2.5V) is 25% larger than OWI222G (~2V).
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Figure 3.3.5 The power vs. current for different temperatures. The maximum operation temperature
of OWI222G is ~186K, compared to ~175K of FL183S. The dynamic current range of FL183S
(~800A/cm®) is much large than OWI222G (~450A/cm?).
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Figure 3.3.6 The spectra of the FP lasers based on OWI22G (left part) and FL183S (right part).
Double frequencies lased simultaneously in both designs. From upper to bottom, the bias increases
and the lasing at the higher frequency became stronger. The two designs had similar spectral space

between two peaks.

3.4 Waveguide design with first order distributed feedback
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In terahertz wire lasers, first order DFB is chosen to accomplish this single frequency
emission. DFB structure can be conveniently integrated into THz wire lasers. In contrast,
external gratings and moving mirrors only achieved very limited success because it is

difficult to feedback the divergent THz beam back to the deep subwavelength waveguide.

This DFB structure has an asymmetric unilateral grating, illustrated in Figure 3.4.1. The
laser ridge width is on the order of ~10um. The flat side of the waveguide is open and
faces the plunger. The other side is corrugated and enables single mode operation. As a
periodic photonic structure, DFB waveguide can be considered analogous to a solid state
electronic system. Similar to the formation of electron band structure by introducing
periodic energy potential, a photonic band structure stems from a periodic modulation of
the effective index. This modulation can be achieved by the gratings of a DFB structure.
Along the longitudinal direction, under the resonance condition k, = m/A, where A is
the grating period, two standing-wave solutions exist and each at a different frequency,
forming a bandgap. These two modes are on the two edge of the bandgap and have
unique properties, such as energy distribution and waveguide loss. More importantly, the
relative loss value between the two modes can be controlled by using the design rule

derived from the transmission line theory, which will be discussed later.

Bonding pad is connected
with top metal from rear facet

Figure 3.4.1 The waveguide design of the first tunable THz wire QC laser. (a) Overview of the
tunable THz wire QC laser. A plunger is beside the flat side of the waveguide which has a DFB
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structure on the opposite side. The bonding pad is connected with the top metal through a tilted rear
facet, illustrated in part (b). (¢) SEM image of the waveguide front facet. The DFB gratings are only
on one side of the waveguide. (d) SEM graph of the tilted rear facet, on which the metal layer is
insulated from the gain medium by a thin SiO,.

In a tunable THz wire QC laser, DFB not only ensures single mode operation but also
plays an important role to tune lasing frequency. Two standing waves on the two sides of
the Bragg frequency stem from the resonance between the optical mode and grating,
which require the longitudinal wavelength to be equal to the grating periodicity. Thus the
longitudinal wavevector of the two bandedge mode is fixed by this DFB structure,
leaving transverse wave vector to be changed. This corresponds to the part (c) of Figure
3.2:1

3.4.1 Grating shape

~ Metal layer was
“unconnected

Bonding pad

Figure 3.4.2 The different DFB grating designs. (a) A wet-etched grating was on the opposite side of
a dry etched side wall. (b)(c) A grating design with sinusoidal shape coved by a gold layer. (d) A
device with square shape gratings on both sides.
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To enable robust single mode operation, different grating shapes and fabrication
techniques have been tried and are shown in Figure 3.4.2. Two parameters should be
determined by design: the grating periodicity and the coupling coefficient k. The grating
periodicity is approximately half the longitudinal wavelength of the band edge modes,
since the stop band is centered at the Bragg frequency. The band edge modes for an
infinitely long waveguide are perfectly in resonance with the grating. The upper band
edge mode has its maximum electrical field at the narrow section of the grating, which
has a smaller effective index (demonstrated in Figure 3.4.3). The opposite is true for the
lower band edge mode, which has its maximum intensity localized in the section with
larger effective index. For a device with finite length, translational symmetry is broken
and the distribution of the mode is no longer uniform. This broken symmetry results in an
envelope function of mode distribution whose shape depends on the boundary conditions

of two facets and will be further discussed later.

Secondly, the coupling coefficient k, which represents the strength of the coupling
between modes and gratings, should be carefully considered to avoid spatial hole burning
that can cause multimode operation. Mathematically, the coupling coefficient is defined

as

mAn Aa

K= ' +J - 34.1)

where An is the modulation of the index, A is the wavelength, and Aa is the gain
modulation. The band gap width is proportional to ~2kL, where L is the length of the
laser. We can estimate this coupling coefficient from the calculated mode spectrum from
on finite element simulation. Usually, large value of kL should be avoided because it can
cause spatial hole burning, which further.leads to multimode operation. On the other hand,
very small xL indicates weak feedback that cannot provide enough mode selectivity.
However, this parameter of kL should be applied very carefully in the case of THz QCLs
with MM waveguides. The coupling coefficient is based on the standard coupling theory

which assumes a weak coupling. In THz MM waveguide, modes are highly bounded by
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the metal/semiconductor interface and have stronger interaction with metal grating

compared to traditional index modulation. Thus kL should be used with caution.

Figure 3.4.3 The mode distribution of upper-band-edge and lower-band-edge modes. Only the
electrical field along the growth direction has been plotted.

Indeed, the different grating designs result in different coupling coefficient. For an index-

coupled DFB structure, the coupling coefficient is

6 k_gfcorTugationAQ*oEJzI (x)dx
2p J EZ(x)dx (34.2)

where 8 is the propagation constant, E,, is the electrical field in the growth direction of
QCLs, and A is the grating area. The evaluation of this value requires numerical
calculation based on precise measurement of the grating features, which is relatively

difficult for early designs due to the unavailability of a precise shape.

The early grating designs (Figure 3.4.2) were not successful mainly due to the fabrication
challenge and the metal coating on the gratings. The metal coating was mainly used to
connect the top metal and a side bonding pad. To achieve this sidewall coating with
directional e-beam evaporation, a tilted sidewall was attained by wet-etching whose
reproducibility was usually poor. Even after significant effort was invested to imporve
this connection, only limited success has been achieved. Either the connection was
broken due to the metal discontinuities at the corner of laser ridge or the device was
shorted due to bad coverage of the buried insulation layer. Success was achieved with the

sinusoidal corrugation with bonding pad connected from the tilted rear facet. This
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sinusoidal grating has only one frequency component to be added into the modulated
optical modes. In this thesis, the amplitude of the sinusoidal features is always 3 um,
unless I specifically pointed out otherwise. The bonding pad design will be discussed

later.

3.4.2 Using facet phase conditions to achieve lasing on the desired mode
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Figure 3.4.4 Band-edge-mode properties with the open front facet chosen to be at the widest location
of the DFB ridge to select the upper-band-edge mode as the lasing mode. (a) Grating mode spectra of
a typical DFB THz wire laser. Plotted is the radiation loss from the open facet. The dotted line is a
schematic gain spectrum with a Lorentzian linewidth of ~0.5 THz. (b), (c) Intensity map (top view) of
E, of the lower- and upper-band-edge modes. (d), (e) Intensity plot of E, of the lower- and upper-
band-edge modes along the longitudinal direction of the device.

By carefully designing the position of the front facet relative to the DFB grating, either
the lower band-edge or the upper band-edge mode can have lower radiation loss, and
become the lasing mode, assuming single-mode operation. The upper band-edge mode
has a maximum intensity localized at the narrow part of the grating, which results in a
larger k. Similarly, the maximum intensity of the lower band-edge mode is located at
the wider sector of the grating. The front facet, from which the radiation is coupled out, is

open and can be defined by dry etching.
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Both the facet phase condition and the DFB contribute to the mode discrimination.
Asymmetric DFB corrugation in a metal-metal waveguide is used, enabling single-mode
operation while facilitating access to the optical mode on the flat side. In a QCL wire
laser, the lasing mode has the lowest threshold gain g;,. Mode discrimination refers to the
gn difference between the lasing mode and other modes. In general, larger mode
discrimination results in a more robust single mode operation. In a THz wire laser whose
width is ~10pum, higher order lateral modes have much smaller mode confinement I' than
the fundamental mode, and so they can be safely ignored. In the longitudinal direction,
there are two standing-wave solutions on the two sides of the grating stop band centered
at the resonance condition k, =n/A, where A is the grating period. The upper-band- edge
(lower-band-edge) mode has the maximum intensity located at the narrow (wide) part of
the grating (Figure 3.4.4 (b) and (c)). These two modes have different frequencies but
similar waveguide losses. It is desirable to select the upper-band-edge mode [135] as the
lasing mode for its larger tuning range. When metal plunger were pushed towards wire
lasers, both band edge modes were pushed toward grating and interacted more with it,
which resulted in a wider stop band as discussed in the previous sessions. The broadening
of the stop band pushes the upper (lower) band edge further to higher (lower) frequency
and added up to (undercut) the tuning from the plunger. When a silicon plunger was used,
the mode was sucked further from grating resulting in a weaker interaction, reducing the
stopband width. This pulled the upper (lower) band edge to lower (higher) frequency and
added up to (undercut) the tuning from the plunger. Therefore, the tuning range of upper
band edge mode is always larger than the lower-band-edge mode with either metal or

silicon plungers, which justifies our choice of upper band edge mode as the lasing one.

This goal can be realized by choosing the front facet of the wire laser to be at the widest
section of the grating, which has been assumed for the discussion below. Because the
fundamental modes of wire lasers are TEM like, the metal-metal waveguide of the THz
QCLs can be modeled with a transmission-line theory. Because the reflection of the facet
is high [75], the facet is essentially an open-circuit load, which requires that the
maximum electric field intensity of the mode located exactly on the facet. However, the

upper-band-edge mode requires minimum electrical-field intensity at the open facet if it

90



is at the widest part of the waveguide, which conflicts with the result from the
transmission-line model. This conflicting requirement results in an envelope function that
is localized in the center and vanishes at the facet, as illustrated in Figure 3.4.4 (e). On
the other hand, the boundary condition for the lower-band-edge mode is consistent with
both the transmission-line and DFB requirements, resulting in an envelope function with
large amplitude at the facet. As a result, the upper-band-edge one has a lower radiation
loss and thus becomes the lasing mode. In comparison, for the same reason, if the open
facet is chosen at the narrow position of the waveguide, the envelope function will have
maximum (minimum) close to the open facet, resulting in a higher (lower) loss for the
upper (lower) band-edge mode. In addition, as described in [135], the rear facet is tilted

and covered by gold, which causes the asymmetry of the mode.

3.4.3 Numerical analysis of the waveguide

For this thesis, the numerical analysis was mostly performed with COMSOL 3.2 and
HFSS. Eigenmode solver was used to analyze the mode properties of the wire QC lasers.
In these simulations, laser cavity was assumed as a cold cavity, which meant that the
material loss and gain were not included, due to their unavailable precise information.
Perfectly matched layer were used to ensure zero reflection at the boundary. The
eigenvalue of the simulation result is the propagation constant, of which the imaginary
part represents the loss of the waveguide. Due to the cold cavity assumption, only mirror
loss was included by this imaginary part of the propagation constant. Mathematically, it

can be written as:

A = imag(B?) X 2 X Ny /100 (34.3)

where f is the propagation constant and Ny, is the refractive index of the bulk material.
To achieve lasing, the model threshold gain g, has to reach a,,/I’ in which mode
confinement factor has been factored into. A typical mode spectrum is illustrated in
Figure 3.4.5. The lasing mode is the upper band edge mode (3.75 THz) whose loss is

~2cm’’. Tt is worth studying more about the upper bands which have two categories of
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modes: The fundamental modes, indicated by a red dotted line, and the second order
lateral modes, represented by green dotted line. The loss of fundamental mode increased
from the band edge mode to higher order longitudinal modes because the mode energy
was localized more close to the facet. The loss of the second order lateral mode decreased
along frequency increasing because the modes became more localized in the center. In
fact, sometimes both the upper band edge mode and mode B (4.15THz) could lase
simultaneously in the experiment because of the broad gain band width. To achieve a
robust single mode operation, other methods to further discriminate modes need to be

deployed.

The simulation also proves the advantage in choosing the upper-band-edge mode as the
lasing mode. For a specific device described below in Figure 3.4.5, upper-band-edge
modes have a simulated tuning range of ~340 GHz by pushing the metal plunger from 20

pm distance to 1 pm, compared to ~190 GHz of the lower-band-edge mode.
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Figure 3.4.5 A typical mode spectrum of a device with 12.5 pym width and 13.7 um periodicity. (a)
The mode profile of a lower band edge mode. The mode maximum of Ey field was aligned with the
wider section of the grating. (b) The mode profile of a lower band edge mode. The mode maximum
of Ey field was aligned with the narrow section of the grating. (c) The mode spectrum of this device.
Both upper and lower band edge modes are identified. The mode between the two band edges was a
defect mode because the translational symmetry was broken by both front and rear fact.

3.4.4 Bonding pad design
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The THz wire laser is a device with deep subwavelength dimentions. A typical width of
this kind of laser is in the order of ~10 pm, which is much narrower than the typical wire-
bond size of 60-80um. Due to this size mismatch, it is impossible to make wire bonds
directly on top of the device to electrically bias QCLs. Thus, a bonding pad is a necessity,

and should not interfere with the plunger movement.

As demonstrated in the previous section, the original effort tried to put the bonding pad
beside the grating and connect it with the wire laser through a tilted corrugated side wall.
The difficulties of this design came from the broken connection at the corner of laser
ridges and the bad insulation under the metal layer on tilted side wall. Additionally, the
metal layer on side wall introduced large extra losses which degraded the laser
performance significantly. Thus an improved design proposed to place the bonding pad
behind rear facet and connect it with the top metal through coating the tilted rear facet
(Figure 3.4.1). The bonding pad and the metal layer on the rear facet were insulated from
the gain medium by a thin layer of SiO, However, the mode can be guided into the thin
SiO; layer by the gradually thinned rear facet, which is similar to a horn antenna. The
SiO; thickness is only 300nm and the mode is extremely loss in this thin layer covered by
a metal sheet. This is not only because SiO; is lossy but also because the mode is pushed
into the metal due to the extremely tight confinement. The simulation showed that the

reflection from the rear facet can be only ~60% with 300nm thick SiO,.

The other drawback of this rear facet design is the fabrication difficulty. Wet etching by
NH4OH:H,0;, was used to select the plane 45 degrees relative to the vertical direction.
But it is difficult to control wet etch speed to get the rear facet at a precise position.
Moreover, the fabrication of this rear facet requires lithography on a tilted plane which is
very challenging due to the piled up photoresist at the corner. This difficulty will be

discussed in detail later.

3.5 Plunger design
As discussed in section 3.2, the novel tuning mechanism, developed in this thesis work,

requires a plunger which is placed beside the flat edge of the wire lasers. This plunger
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can change k, while the first order DFB can fix k,. To extend the tunability of the
plunger, two kinds of plungers have been designed: metal plungers which can increase k|,
and dielectric plungers which can decrease k; . These two plungers manipulate the
transverse mode in a very different way and have to be carefully thought separately. In

this section, the design detail of these two plungers will be discussed in detail.

3.5.1 Metal plunger

Metal plunger and dietetic plunger manipulate the mode in different ways, which will be

explained in this section.

a

Cross section at the na

original 4,

- A12 decreases

Figure 3.5.1 Illustration of the tuning mechanism with a metal plunger. a, Schematics of a wire laser
and a assembled plunger. b, The mode profile of the cross section at a narrow section of the grating.
Only Ey field is plot, and the plunger is ~20 pm away from the wire laser. c. Theoretical illustration
of the tuning mechanism. d. A deformed mode profile when plunger is only 1um away from the wire
laser.

The basic setup is illustrated in Figure 3.5.1. The metal plunger is beside the flat side of

the wire laser. In this thesis work, the metal plunger is made of gold because of its high
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conductivity, chemical stability and mature coating technology. On the other side is the
sinusoidal corrugation without a metallic cover which allows the mode to extend out of
the MM waveguide substantially. The upper-band-edge mode is used to demonstrate the
tuning mechanism because it is the preferred mode for tuning purposes which will be
explained later. The double plasmon mode originally is symmetrical when the metal
plunger is far away from the waveguide. When the plunger moves toward wire lasers, the
electrical field is shorted on the surface of the metal and mode is terminated there. On the
other side, the mode is bounded by both metal/GaAs interface and index mismatch. Thus
effectively, the mode is squeezed in the lateral direction. So k, increases as the metal
plunger is pushed towards the laser as the mode approaches cutoff in the lateral
dimension, resulting in a blueshift tuning. A more theoretical understanding is illustrated
in Figure 3.2.1(c) which starts from Maxwell equation mentioned in the introduction. In
this Figure, each circle represents a value of w?ue. This figure essentially illustrated the

tuning scheme in which k;, and ¢ are fixed while k, is changed.
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Figure 3.5.2 Illustration of the change of mode confinement during the tuning process. The x axis is
the distance between plunger and wire laser. The blue curve represents the frequency tuning. The
red curve demonstrates that the mode confinement increases when the plunger is pushed towards
wire lasers. Both processes are very nonlinear.

A side product of this frequency tuning scheme is the changed mode confinement,
illustrated in Figure 3.2.2. The mode confinement factor increases when the plunger is
pushed towards to the wire laser. This confirms our conclusion that the mode is squeezed

in the transverse direction. In a dielectric waveguide, squeezed mode should result in a
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greater ‘effective mode index’ nes since more fraction of the mode is pushed into the
solid core where the refractive index n is larger than vacuum n,. However, the definition
k, = nes(@/c) suggests that the parameter ner actually decreases due to the blueshift of ®
(note that k, is kept fixed by the grating periodicity), which is counterintuitive to
conventional understanding. Hence, to avoid confusion, this tuning mechanism is best
described by considering the variation of the parameter kinstead of the parameter negr.
Figure 3.5.2 also illustrates the nonlinearity of the tuning process. Most of the tuning is
from the last ~5um of the plunger movement. This fact makes the design of mechanics
more challenging since the high spectroscopic resolution can be translated into high

precision of the movement in this case.

A drawback of the metal plunger is the associated extra loss. In general, the loss
introduced by metal plunger can be categorized into two kinds: the scattering loss related
to surface roughness and the metal loss. The scattering due to surface roughness is
expressed as [136]:

4mocosb;
n=1-exp[-(——F)"] (3.5.1)

where 7 is the percentage of scattering loss, o is the root-mean-square (RMS) roughness
of the mirror surface, 6; is the incident angle, and A is the light wavelength. In general,

the RMS of plunger surface is less than 1um, which give a value of 7 <2% at 3THz.

2_p 2 2
Distance for one bounce BB =B+ By Mode profile

\A[Iire laser

.—c-' T

Metal plunger

Figure 3.5.3 Illustration of the calculation of losses due to the surface roughness. Here, a geometric
optical method is used to estimate the loss. The beam path is indicated in the middle of the figure.
The incident angle is estimated by calculating the angle of the wave vector. The distance the light
travel for one bounce is indicated in the figure and calculated in the next paragraph.

The loss due to this roughness scattering can be estimated. For the upper band edge

mode, B , which is the longitudinal wave vector and defined as @/A, is fixed by the DFB
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grating. 8, the total wave vector, is defined as ng,asx2n/A, where A is the free space

wavelength. B, the transverse wave vector, can be calculated by the equation §? =

B, ? + By 2. The calculated incident angle 6 (tan(6)= S,/B.) can be applied to the
calculation of optical length per bounce by L=W (wire laser width)xtan6. Here we assume
the lasing frequency is 3.85 THz and the wire laser width is 10.5um. The optical beam
path is ~35 pm per bounce. Then the loss due to this surface roughness scattering is
calculated by equation 1- n=exp(-0z), where a is the loss. Finally, this loss is estimated as

<50m".

The other source of loss is free carrier absorption from the metal material of the plunger.
Essentially, the radiation penetrates into the metal surface and accelerates the free
electrons which dissipate the accumulated energy by heat. The skin depth d, defined as

the distance where the energy density falls to 1/e of its value, is:

= Ao 1 |cAq tal
= Tk " I | o (for metal) (3.5.1)

where A, denotes the wavelength in vacuum, k is called the attenuation index and o is the
conductivity of metal. For a frequency of ~3.8THz, the skin depth in gold layer is ~40nm
which is much smaller than the metal thickness of real plunger. According to ref [137],
the reflectance of the gold mirror is ~ 99% which indicates a small metal loss. However,
this number should be used in a caution since the quality of the gold on plunger is
unknown.

3.5.2 Dielectric plunger

In contrast, when dielectric plungers (silicon in this work) are pushed towards the laser,
the mode is sucked out of the gain medium into the plunger because the index mismatch
between the plunger and the gain medium is small. Effectively, this dielectric plunger

expands the mode profile in the transverse direction, as shown in Figure 3.5.4d.
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Consequently, k, decreases, and redshift tuning is achieved. Again, a graphical

illustration of this tuning mechanism is illustrated in Figure 3.2.1 (b).

There are many dielectric materials we can choose to make a plunger. The main concerns
include index mismatch and material loss in the THz range. The redshift tuning stems
from a small index mismatch between this material and gain medium. Material loss
should be small in the THz range to minimize the extra loss from plungers. Moreover, it
should be easy to fabricate the plunger based on the chosen material. Given all these
concerns, silicon is the best choice. Its refractive index is close to GaAs’s, and the high
resistivity silicon (~5000Q/cm™) is used to minimize free carrier loss. The mature silicon

technology facilitates the fabrication of this silicon plunger.
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Figure 3.5.4 Illustration of the tuning mechanism with silicon plunger. a, Schematics of a wire laser
and a assembled plunger. b, The mode profile of the cross section at a narrow site of grating. Only Ey
field is plot. The plunger is ~20 um away. c. A deformed mode profile when the plunger is only 1um
away from the wire laser. d. SEM image of an assembled device.

A major drawback of this silicon plunger is that it can cause a worse mode confinement.
If bulk silicon is placed in a distance of ~1 pm from wire laser core, the mode will be

significantly sucked into silicon due to the small index mismatch. The mode confinement
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may drop to a level in which lasing cannot sustain. Thus we need an optimized design to
limit the amount of mode the silicon plunger can suck out while maintaining its tunability.
A trench in the silicon plunger (Figure 3.5.4 d) was used to achieve this goal. In this
design, only a thin slab of silicon (~15um wide) could manipulate the mode. However, a
too slim silicon piece may result in a small tuning range due to its limited capability to
suck mode out. Thus a width of 15um is a result of the tradeoff between tunability and

loss of mode confinement.

3.6 Mechanical design

It is challenging to design a mechanical system to demonstrate THz tunable wire lasers
for two reasons. First, it is required to align plungers and wire lasers in a precision better
than ~lum. Furthermore, this system should be able function properly after a cooling
from 300K to 5K. Secondly, continuous tuning requires a displacement resolution of
better than 100nm. Thirdly, cryogenic mechanics is generally much more challenging
than their counterpart in room temperature. This is further complicated by the difficulty

to in-situ monitor the operation situation of the system at cryogenic temperature (~5K).

In spite of the difference, both metal and silicon plungers require a strictly parallel
alignment between the flat edge of the wire laser and plunger. As will be discussed in
section 4.4, a tiny tilt can result in a significant loss of tunability. This requires a guiding
system to ensure that the plunger is always parallel with the wire laser along the entire

displacement range.

The first design of this guiding system, illustrated in Figure 3.6.1, is a proof-of-concept
design to quickly demonstrate the tuning concept. But this ‘quick and dirty’ mechanical
design became a major obstacle to achieve continuous tunable THz wire QC lasers,
which will be explained later. This guiding system, illustrated in Figure 3.6.1, was
composed by an array of 10um-high rails extruded on wire laser wafer and corresponding
slots in the plunger wafer. Like male and female connectors, the shape and number of

both extrusions and slots matched with each other, except that the slots were designed

99



longer than the rails to allow the plunger to move. The rails, made by 10um high gain
medium, were fabricated simultaneously with the DFB laser ridge in a same process. The
length difference of the guiding rails and slots was also precisely designed to prevent the
plunger from hitting into the DFB ridges. To achieve the size accuracy required by these
strict alignments, a dry etching process, which could be well controlled, was used to
fabricate both extrusions and slots. An actual plunger used in the experiment had an
overhang which is ~7 pm above the laser ridge. Our simulation showed that this
overhang has little effect on the tuning result because the evanescent mode was negligible
at ~7um height above the wire laser. To tune the frequency, the plunger could only be
pushed towards the laser ridge and this movement was not reversible due to the lack of a

restoring mechanism.

Although a guiding system was carefully designed, it was still challenging to align the
plunger and the wire laser due to the small rail height (~10um). The way of aligning was
to nudge the plunger by micromanipulator until a click between the plunger and laser die
was seen under microscope. In this procedure, it was easy to get the plunger onto the wire
laser and caused a scratch in the top metal, which should be carefully avoided. After the
alignment, a home-made clamp was used to fix the plunger, demonstrated in Figure 3.6.2

b. Then it was assembled on a device holder made by oxygen free copper as a heat sink.

Figure 3.6.1 The guiding system of THz wire lasers. a. An array of taper-shape rails are made of
10pm high gain medium. b. Assembling scheme between plunger and device wafer. The slots in the
plunger wafer match the rails on the laser die to guide the movement of the plunger toward the wire
laser. The bonding pad is also shown in this figure.
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The plunger is actuated by a piezoelectric-transducer (PZT) bender (P-871.140 Piezo
Bender Actuator,
http://www .physikinstrumente.com/en/products/prspecs.php?sortnr=101780). This
bender has a continuous displacement range of 800 um in either direction at room
temperature, although data for cryogenic temperatures are not available. However, with
this set-up, continuous tuning was difficult to achieve. This problem was identified as a
known stick—slip effect [138][139]resulting from the difference between the static and
dynamic friction when the plunger moves on the rails, which often causes an abrupt and
discontinuous movement of the plunger. This effect is more severe when metal plungers
are used because the frictional force between two gold surfaces increases when

temperature drops to SK[140].
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Figure 3.6.2 Initial design of device holder and actuator. a. Overview of the device holder with
piezo-bender assembled. b. Detailed illustration of the assembling scheme between plunger and laser
die. Only the tip of the clamp can be seen clearly because of the focal depth of the microscope. The
piezo-bender is ~0.5 mm away from the plunger. c. The device of the piezo bender. It has three
electrodes which connects the three layers of the piezo material.

Much effort was devoted to eliminating or reducing this stick-slip effect, such as using
lubricant particles or making plunger suspending. But success was not achieved, using
traditional methods to fight the force of friction, which was known several hundred years

ago and is still not well understood. The failure could be attributed to the cryogenic
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temperature operation and the microscopic size of the guiding system, which make these

traditional methods difficult to implement.

Linear mechanical
feed-through

Figure 3.6.3 Design of the rigid mechanical system to overcome the friction problem. a, Schematic of
the experimental setup, in which a differential micrometer is used to push the end of the lever’s long
arm, and the end of short am in turn pushes a plunger. b, Three-dimensional structure of device
mount (copper color) and mechanical module (silver color). The device is mounted in the lower-right
corner. ¢, Picture of the mechanical feed-through with a differential micrometer. d, Enlarged view of
the highlighted region in b. It shows the plunger (transparent blue), lying on top of guide rails, is
ready to be actuated by the shaft of a linear bearing.

Eventually, this friction problem was partially solved by a mechanical system comprising
a lever actuated by a differential micrometer, which had a displacement resolution of 0.5
mm. This resolution was further improved by using this lever with a length ratio of ~4:1
between the two arms, shown in Fig. 3.6.3, resulting in a ~140-nm step resolution. This
mechanical system was mostly made by rigid steel with except the thermal isolator,
which was made of fiber glass. So the whole system was much stiffer than the PZT
bender, allowing a much smaller deformation to overcome the static friction, resulting in

a relatively smooth displacement of the plunger.
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3.7 Fabrication of tunable THz QC wire lasers

| AlGaAs AlGaAs
| etch stop layer etch stop layer

TafAu/Ta/Cu
(30/300/30/500nm)

En+ GaAs receplor substrate

|

Figure 3.7.1 The key steps to prepare a gain medium for later lithography procedures. The left
graph illustrates the thermal compression bonding, performed with 1500N force under 300 C° for a
piece whose size is ~18mm by 18mm. Then the backside GaAs wafer was removed by a combination
of mechanic lapping and wet-etching with NH,OH:H,0,. The etching was stopped by an
Al 50Gag s0As etch stop layer, which would be removed by HF in next step.

The fabrication procedure of THz wire QC lasers can be divided into two stages. The first
stage follows the same steps to make normal THz FP QCLs, shown in Fig 3.7.1. It started
with depositing a metal multilayer on both a highly doped GaAs wafer and the QCL gain
medium prepared by BOE dip. The metal stacks were Ta/Au/Ta/Cu (30/300/30/500nm).
The first thin Ta layer was used to wet the GaAs surface and increase the adhesion of Au
layer. Additionally, Ta has a very high conductivity and less loss in THz range than
Titanium. The Au layer functioned as a dry etch stop layer in the later dry etching process.
The second Ta layer was used to prevent Au and Cu forming alloy. The finishing Cu
layer was employed to form a good thermal compression bonding between the receptor
and gain medium wafers. After that, the backside GaAs wafer was removed by a
combination of mechanic lapping and wet-etching with NH4OH:H,0,. The etching was
stopped by an Algs0Gag s0As etch stop layer, which would be removed by HF in next step.

Now the wafer was ready to be processed to define the tilted rear facet.

In the second phase of the fabrication, a layer of Ti/Au (30/300nm) was first deposited on
GaAs wafer and eventually became the top metal of the wire QC lasers. Then, a wet etch
by H>SO4:H,0; followed a standard photolithography to define a tilted facet with ~45°

angle, which is demonstrated in Figure 3.7.2. After that, a SiO, layer was deposited, and
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then was defined by wet etch to cover the tilted side wall and the bottom ground as an
insulation layer. After that, a bonding pad was deposited on top of the SiO, and
connected with the top layer of wire lasers. Finally, a dry-etch defined the laser structure

with the gold layer as a hard mask.
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e-beam Ti/Au
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Figure 3.7.2 Fabrication process after the wafer bonding shown in Figure 3.7.1. (a) Top metal layer
was deposited by e-bean evaporation. (b) A tilted sidewall formed by etching a trench. (¢) A SiO,
insulation layer was deposited in the trench. (d) A Ti/Au layer was deposited on top of SiO, and
formed the bonding pad. (e) A dry etch was performed with the gold layer as the hard mask.

The challenge is to further improve the design from the perspective of the processing.
First, the tilted facet and 10um step pushed our fabrication capabilities to their limit. The
large gap between the photomask and the tilted side wall resulted in a poor resolution
during the contact lithography. Moreover the photo resist (PR) was piled up in the bottom
corner and thinned down in the upper corner of the tilted sidewall. This non-uniform PR
was a problem because this requires different exposure time in different areas. A
balanced lithography recipe was required to universally fit to all the thickness, which was
very challenging. Additionally, it was very hard to develop thick photoresist because of
the abnormal heat transfer process in the corner during the baking time. Secondly, it was
very difficult to connect bonding pad and top metal by using a directional e-beam
deposition to achieve a thin layer of Ti/Au on tilted facets, illustrated by Figure 3.7.d (d).

The reasons were threefold. First, there was a small overhang due to the wet etching,
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shown in Figure 3.7.3. This could shadow the directional e-beam deposition and caused a
disconnection at the upper corner. Secondly, there was a gap in the bottom corner also
due to wet etching. This is illustrated by the SEM picture in Figure 3.7.3, although it did
not happen to every device because of the nonuniform etching across the whole wafer. In
this case, a disconnection resulted in an open circuit of the device. Thirdly, there was a
weak connection at the upper corner of the tilted sidewall. Frequently, the metal layer
was not even connected. This problem stems from the thin photoresist (~0.5um) at this
upper corner in the lift-off process. The rule of thumb is that the thickness of the
deposited metal is less than half the thickness of the PR. Thus, the maximum thickness of
the Au layer at this upper corner is ~250nm, which may not survive the long dry etching
step due to the bombardment, as illustrated in Figure 3.7.3. After many failures, we
managed to develop a relatively successful recipe to fabricate this tilted rear facet.
However, the low yield rate from this process motivated us to further improve the design
and lead to the development of the comb-finger design, which will be explained in

chapter five.

Top metal

Figure 3.7.3 (a) SEM image of the overhang at the upper corner of the rear facet which can shadow
the e-beam evaporation. (b) (d) SEM image of the gap caused by the over wet-etching. This gap is
between the bonding metal layer and the gain medium (¢c) SEM image which shows the
bombardment of metal layer which can cause disconnection.
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The other important component of tunable THz wire QC lasers, the plunger, was
relatively easy to fabricate. The fabrication of the metal plunger (Figure 3.7.4) started
with GaAs wafers that could avoid any mismatch of thermal expansion with laser die.
After standard contact lithography, Ti/Au (30nm/300nm) layer was deposited on the
surface, and lift-off was performed to define the pattern. Then, a dry-etch by ECR-RIE
with BCl; gas was used to etch away ~16pm thick GaAs, using Au as a hard mask.
Finally, a second layer of Ti/Au (30nm/300nm) was sputtered on the sidewall of the
plunger.

Figure 3.7.4 Fabrication process of the metal plunger. (a) The process started with a bare GaAs
wafer. (b) Through a standard lift-off lithography and e-beam evaporation, a gold layer was formed
on surface. (c) Dry etch was performed and the trench depth was about ~17um. (d) A layer of Ti/Au
was sputtered on side wall. The metal surface used to manipulate the mode is indicated in (d).

The fabrication of the silicon plunger started with a high resistivity (~5000Q/cm™) silicon
wafer. First, a 300nm-thick SiO, layer was deposited on the lapped surface. After
standard contact lithography, buffered oxide etchant (BOE) was used to define the SiO,
hard mask. Following that, a dry-etch by ICP-RIE with BCl; gas was applied to etch
away ~17pm silicon, using the SiO; layer as a hard mask. Finally, the wafer was cleaned

by piranha etching.
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Figure 3.7.5 Fabrication process of the silicon plunger. (a) The process starts with a bare Silicon
wafer. (b) SiO, was deposited on silicon wafer. After that a standard lithography and BOE etching
were employed to define a SiO; hard mask. (c) Dry etch was performed and the trench depth was
about ~17pum.

3.8 Tuning results

Before the measurement, the THz wire QC laser was first assembled on a heat sink made
of oxygen free copper, and then was placed into a cryostat. The emitted laser light was
collected without any optical components inside the cryostat due to the limited available
space. Using a Nicolet 850 spectrometer (purged with N2 gas) and a Gallium-doped
Germanium photodetector, all the spectra were measured at 5 K when devices were

biased by a square wave with 90 KHz frequency and 200 ns duration.
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Figure 3.8.1 Tuning results from device T114. The device has an average width of 12.5 mm, a
sinusoidal grating amplitude of 3 mm, periodicity of 13.7 mm and 30 periods. The blue and red
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colours indicate the blueshift of frequency as tuned by a gold plunger and redshift by a silicon
plunger. When operated without the plunger assembly, the device lased at the same frequency (~3.83
THz) as it did when the plunger was placed far away (25 mm in this case). (a) Threshold current
densities of the device at different frequencies, showing a moderate increase as the plunger is pushed
towards the laser ridge. (b) Broadband tuning of the device over a range of 137 GHz. All the spectra
were recorded under the same drive current and temperature conditions. The small discontinuity is
due to the stick-slip effect.

Frequency tuning was achieved using either the differential micrometer or the PZT
bender. The results with the broadest tuning range, including both redshift and blueshift,
from a single device are shown in Figure 3.8.1. With plungers, a redshift tuning of 57
GHz and a blueshift of 80 GHz were achieved. In combination, a total tuning of 137
GHz, or ~3.6% fractional tuning, was achieved. During the spectral measurements, both
the device bias and the temperature were kept constant, so tuning due to Stark shift and/or
temperature was negligible. In fact, the frequency shift of the DFB device with bias, with
the plunger in a fixed position, was not measurable within the resolution (3.75 GHz) of
the spectrometer. Hence, the frequency shift of the single lasing mode, shown in Figure
3.8.1, can be unambiguously attributed to the change of k;, by changing the plunger
position. The redshift tuning with the silicon plunger and blueshift tuning with the metal

plunger are also consistent with our predictions.

Together, these results have firmly demonstrated the novel tuning mechanism explained
in section 3.5. The total tuning range of ~137 GHz, although impressive and far greater
than the previous results achieved with terahertz QCLs, is far less than the calculated
result of ~430 GHz. This discrepancy can be explained by several possible scenarios.
First, the theoretical calculation assumes a perfect parallel alignment between the plunger
and the flat side of the DFB laser ridge. If the alignment is slightly off, even by half
degree, the tuning range will be reduced by more than a factor of two. Such a
misalignment could certainly not be ruled out in this proof-of-concept demonstration.
This misalignment issue will be discussed in detail in chapter five. Secondly, as discussed
earlier, most of the tuning is achieved when the plunger is very close (<~5 um) to the
laser ridge. Well-controlled movement of the plunger in such a close range was difficult
to achieve with the present setup. The measured power changed along with the plunger

position in a complicated way, due to the changing beam pattern and the changing
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atmospheric attenuation with frequency. Also, the absolute power was too low in this
experiment to be measurable using a power meter for two reasons. First, the measurement
setup required the device to be placed far from the Dewar window, and secondly, a
collecting optic, such as a metallic cone, was not allowed to collect the highly divergent
beam emitted from the laser facet due to the spatial limitation. Thus, a more meaningful
parameter for characterizing the laser performance is the threshold current at different
plunger positions. This result is shown in the upper panel in Figure 3.8.1, which exhibited
a moderate increase as either a silicon or a metal plunger was pushed towards the laser
ridge. For the silicon plunger, this increase is due to a reduction of the mode confinement
factor. For the metal plunger, the increase of the lasing threshold is likely due to the extra
loss from the metal and a thin SiN insulation layer preventing shorting the plunger with

the device.

a 67 GHz continuous blueshift tuning b 87 GHz continuous redshift tuning
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Figure 3.8.2 Continuous tuning spectra. (a) Continuous tuning of a device with a gold plunger over a
range of 67 GHz. The device has an average width of 14.5 mm, sinusoidal grating amplitude of 3 mm,
periodicity of 17.1 mm and 30 periods. All the spectra were recorded under the same drive current
and temperature conditions. (b) Abnormal but continuous redshift tuning result for device T13, with
a gold plunger, over a range of 87 GHz. The device has an average width of 12.5 mm, sinusoidal
grating amplitude of 3 mm, periodicity of 13.7 mm and 30 periods. The tuning was redshifted when
the plunger was pushed due to the roll-over movement, and is reversible for this particular case. The
increased gap between the plunger and device during this process causes the abnormal redshift, as
illustrated in the inset.
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The tuning spectra in Figure 3.8.1 show some discontinuities, likely due to the stick—slip
effect mentioned earlier. Additionally, the experimental results were not consistent
because of the issue of friction. Figure 3.8.2 shows clear evidence of continuous tuning,
although with smaller tuning ranges, from two measurements on different DFB devices.
Figure 3.8.2a shows a continuous blue-shift tuning using a metal plunger, as expected.
The result of a redshift tuning, shown in Figure 3.8.2b, was also attained by using a metal
plunger. This puzzling result was understood when the set-up was inspected under a
microscope at room temperature. It became clear that the plunger had been tilted
inadvertently, and its overhang was hinged on the edge of the laser ridge, as illustrated in
the inset in Figure 3.8.2b. As the upper edge of the metal plunger was pushed forward,
the plunger was further tilted and the effective gap between the plunger and the laser
ridge increased, resulting in the redshift tuning. Interestingly, free from the friction
problem, this scheme allowed a reversible tuning, as a retreat of the piezo-bender relaxed

the tilt of the plunger, yielding a blueshift.

3.9 Coating on sinusoidal side wall
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Figure 3.9.1 SEM images of the THz wire QC lasers with metal coverage on corrugated sidewall.
The left figure shows a laser core assembled with a metal plunger, which had an overhang structure
above the top metal. The DFB gratings were made in a tilted sidewall which was covered by a gold
layer, insulated with a thin SiO; layer. The right figure shows a different design which had a vertical
sidewall on the grating side which was also covered by Ti/Au layer. The rough sidewall was clearly
demonstrated on the surface of the emitting facet.

The design with open sidewalls successfully demonstrated the novel concept of tunable

THz wire QC laser. It is also worth discussing an attempt to increase the tuning range by
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covering one sidewall with metal. The configuration of the two designs is illustrated in
Figure 3.9.1. Both of them have a flat side wall open to facilitate the frequency tuning by
plungers. In contrast, the sidewall on the grating side is covered by a Ti/Au layer
insulated by a thin SiO,. This design has two advantages. First, theoretically it can
increase the tuning range by squeezing the transverse mode more tightly. As shown in
Figure 3.9.2, the mode is totally confined in the laser core on the grating side (part b),
compared to the other one which extends out of the open sidewall (part a). When the
sidewall is covered by metal, the mode is sandwiched by two metal boundaries
simultaneously. Simulation shows that, by covering the corrugated sidewall with metal,
the tuning range of a device with 12.5um width, is increased to ~600GHz using a metal
plunger, compared to ~340GHz without a metal coating. Secondly, the metal layer on the
side wall can connect the top metal with a bonding pad beside the laser core. This design

can avoid the complicated rear facet, and so lead to a longitudinally symmetrical laser
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e ‘ The side
ARARARARARARAR AR AR - R - LN ol was
S Open
The sidejlls]
wall wa
coverb
Ti/Au

Figure 3.9.2 The modes of the QC wire laser with (b) and without (a) metal on the corrugated
sidewall. In part a, the sidewall is open and the mode extends out from the grating side, while the
mode was confined in the laser core by the metal on the grating sidewall in part b.

The biggest challenge to this design is how to coat the sidewall on the grating side. An
isotropic sputter technique is not an option because it will coat everywhere unselectively.
So we chose anisotropic e-beam evaporation. But it cannot coat vertical sidewalls. So
wire-laser wafers were always tilted in the e-beam chamber to facilitate the metal coating

since this sidewall cannot be “seen” effectively by the directional e-beam evaporator. To
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avoid the device short circuit, the metal layer on sidewall was insulated from gain

medium by a 300nm-thick buried SiO; layer.

In the first design, the ‘gratings weré embedded in a tilted side wall (Figure 3.9.1) to
facilitate the sidewall coating. However, the yield rate was very low because either the
coating was discontinuous at the corner or the device was shorted. The short circuit was
due to the failure to attain full coverage of SiO; on the rough sidewall resulting from a
dry etch. There are many SiO, balls forming on the rough sidewall, as illustrated in
Figure 3.9.4. The intervals between these balls are not covered by SiO; and will be
shorted if metal is deposited on them. Moreover, this tilted side wall can guide the mode
into the lossy thin SiO, under the bonding pad, similar to the tilted rear facet. Thus, most

devices based on this design did not lase at all or lased very poorly.
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Figure 3.9.3 Schematics of process to coat corrugated sidewall. a, The process starts with a bare
wire laser. ~ 1 pm SiO; was deposited with tilted angle and flat sidewall was shadowed. b, Ti/Au was
deposited on SiO; with tilted angle in order to increase the coverage. c, The cross section of the
completed device.
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A second design kept the sidewall on the grating side vertical. However, this design still
failed due to the rough side wall and the large material loss from the SiO, layer deposited
by e-beam evaporation. Again the sidewall roughness resulted in a short circuit of the
device. A thicker SiO; layer (1pm) was deposited to ensure a complete coverage, and
perfect insulation between the metal layer and the gain medium. But for a ~15um wide
device, the lasing was stopped after the corrugated sidewall was coated with SiO,/Ti/Au.
Indeed, the thick SiO, layer introduced an extra scattering loss due to the sidewall
roughness and an additional absorption loss due to the poor material quality of the SiO,
from the e-beam evaporation. Annealing could not be applied because the high
temperature (>500C°) may cause the metal stacks (Ta/Au/Ta/Cu) to form lossy alloys.
Another possible reason is the extra loss and the smaller mode confinement introduced by
the metal coverage on the corrugated sidewall. This result echoed the fact that lasing
stopped when the metal plunger (Ti/Au) was very close (~1um away) to the laser core

with both sidewalls open.

Figure 3.9.4 SEM image of a THz wire laser after a SiO, deposition which resulted in many SiO,
balls formed on the rough side wall. The intervals of the SiO, balls were not covered and could short
the device if a layer of metal was deposited on the sidewall.

3.10 Summary
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In this chapter, following the discussion of the tuning mechanisms, the design principles
of THz wire QC lasers and plungers were discussed in detail. The novel frequency tuning
mechanism, by changing k,, applies to wire lasers at any frequencies. For another wire
laser technology at visible frequencies [141] developed at a same time, one could
envision using a scanning probe to manipulate the transverse mode profile to tune the
frequency for sensing and spectroscopy at nanometer scales. For terahertz wire lasers,
further development based on MEMS (micro-electro-mechanical systems) technology
will allow a better control of the plunger, which will result in a finer tuning over a
broader frequency range in a reversible way, as discussed in next chapter. Such a
controlled tuning will also offer a mechanism for frequency stabilization using feedback
control. Finally, the generated tunable single-mode signal from a wire laser can be fed
into an integrated terahertz amplifier to produce high-power radiation with good beam

patterns, which will be discussed in chapter six.
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4 Development of MEMS plungers

4.1 Introduction

Based on the THz wire laser, whose transverse dimension w is much less than the
wavelength (w~ A./6), a record tuning range was demonstrated in the previous chapter.
This tuning range was achieved by manipulating the transverse wave vector with a
plunger, which is a moveable side object made of a metal or dielectric material. The
practical applications require the plunger to move controllably and strictly translationally
with a ~10 nm displacement resolution. However, due to the stick-slip effect [142] and
the lack of a restoring mechanism in the guiding system, the plunger moved
discontinuously and irreversibly [135], limiting its practical applications. These problems
stem from the initial objective to make a ‘quick and dirty design’, in which the plunger
slides on the laser substrate and is guided by a rail system, as illustrated in chapter three.
Another problem is the plunger tilting which significantly reduces the tuning range.
Moreover, the cryogenic operation of THz QCLs, which takes long to prepare the
measurement, slowed the development progress. In the early development, although
tuning was observed, the discontinuous frequency change puzzled us for a long time. Due
to the jumpy lasing frequency, the mode hopping, which originates from unstable optical
design, cannot be excluded. Another desired property of tunable wire QC lasers is a fast
tuning speed which enables fast scan in spectroscopic applications. This needs a
mechanical system which responses fast. These challenges call for a new design to
increase the alignment precision and displacement resolution. In this chapter, a solution

using plungers based on micro-electromechanical systems (MEMS), is presented.
4.2 Friction issue

Friction is a force resisting the relative motion of solid surfaces, fluid layers, and material
elements sliding against each other. It may be one of the most ancient topics in physics.
The classical rule of sliding friction was discovered by Leonardo Da Vinci more than five

hundred years ago. But even till today, it is still not an antique topic. This is evidenced by
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the research of the stick-slip effect which causes the jittering movement [142].
Essentially, this effect is from the atomic force between the two surfaces which contact
with each other. The attraction force has to be overcome in order to move a mass and
then accelerate too much before this mass eventually slows down by dynamic friction.

This process is called stick-slip effect, an intensive research topic in the field.

As sketched in Figure 4.2.1, the apparatus to demonstrate stick-slip effect includes a
surface made of Bristol board which has a nominal contact area of 8x9cm®. A spring with
stiffness k and constant speed v pulled a slider of mass m. A clear discontinuous
displacement was observed. The slider was in a “stick” state associated with the elastic
loading of the system and experienced a sudden “slip” corresponding to stress relaxation.
This is directly related with the discontinuous tuning observed in the early development
of tunable wire lasers. In our case, the actuator could deform and functioned as a spring.
The plunger, sliding on device wafer, experienced stick-slip effect when it started to
move. The resulted jittering displacement caused the discontinuous tuning. This effect
was more severe when the plunger was in the distance range of ~5um from the laser ridge
because the lasing frequency is very sensitive to the plunger position. However, this
discontinuous displacement is hard to be directly observed due to the difficulty to install a
monitoring equipment in the cryostat where the tunable wire laser was seated. On the
contrast, this effect is indirectly proved by the continuous tuning result when a stiffer

mechanical design was used.

5
>

Mass a b
Spring

\

\
i
4

Distance

Tension —»

Mass

Time(second) >

Figure 4.2.1 (a) The mass and spring being pulled by a tension force. (b) Time evolution of the slider
displacement with respect to the bench, in the stick-slip phase. The jittering movement of the mass
shows the creep precursor to the actual slip.

4.3 MEMS flexure
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Flexure is a traditional mechanical design, broadly used in equipment which requires
precise linear or rotary motion or a combination of both. It can eliminate frication which
is a roadblock in many precision engineering works. Figure 4.3.1 illustrates two typical
flexure designs. The key element in flexure structures is bending components which
allow a precise linear or rotational movement. In part (a) of Figure 4.3.1, a curved hinge
can bend and leads to motion. In part (b) and (c), the both beams can bend, resulting in a
relative motion between the upper and lower stages. The flexure design can conveniently
satisfy the requirement of different stiffness in different directions, using different
bending designs. On the other hand, MEMS design is attractive to the field of photonics
for its fast response and smaller features compared to traditional designs. As a
combination of both, a MEMS flexure inherits the merits of its both ancestors. It has been

applied broadly in photonic devices [143][144].

No
Force

Lower

Figure 4.3.1 from [145] (a) a curved flexure design. (b) and (c) show a flexure that allows linear
motion. As illustrated, pushing on the top stage can move it linearly with respect to the bottom stage.

There is little reported work about the MEMS technology operating at liquid helium

temperature. In this thesis work, in a ~5 K environment, using a MEMS plunger
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actuated by a differential micrometer, the distance between the plunger and THz wire
laser is continuous changed which lead to a reversible frequency tuning. The assembling

scheme of a MEMS plunger and a wire laser is illustrated in figure 4.3.2.

MEMS
flexure. -

Parallel alignment

4.3.2 The assembling scheme of a MEMS plunger and a wire laser. The detail will be explained later.

Due to the small size of both the wire laser die (2 mm x 2 mm) and the MEMS plunger
(2.3 mm x 2.3 mm), it is difficult to implement a traditional aligned bonding technique
here. In this work, a female-male aligned scheme is used in the assembly between the
plunger wafer and the wire laser die, resulting in a better than 10 um alignment precision.
Using a clamp to fix the assembled structure, instead of bonding, avoids the mismatch
between the thermal expansion coefficients of the silicon (MEMS plunger) and GaAs
(material system for THz QCLs) wafers. A two-stage flexure design is used to isolate the
misalignment from the external actuator. The appeal of the MEMS system is its
frictionless, controllable, and reversible movement of the plunger. In addition, the

compactness and potential fast tuning speed make this technique very attractive.

4.4 Sensitivity to the alignment quality
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Figure 4.4.1 The left column: a. Lasing mode with the metal plunger 1 pm away from the wire laser.
b. Lasing mode without the plunger. c. Lasing mode with Silicon plunger 1 um away from the wire
laser. The right column: a. Lasing mode with the metal plunger tilted by ~0.5 degree. b. Lasing mode
with the silicon plunger tilted by ~0.5 degree.

One important characteristic of the tuning mechanism of a THz wire laser is the large
sensitivity to both distance and relative direction of the plunger. As described in previous
chapter, the frequency tuning is achieved by changing k., the transverse wave vector.
This tuning mechanism is enabled by a substantial fraction of the mode traveling outside
the waveguide core, which is a trademark of wire lasers. Most of the tuning is from the
last few microns’ movement of the plunger before it hits the wire laser. This highly
nonlinear process requires the plunger to move as close as possible to the wire laser, in
order to achieve the largest tuning range. Furthermore, it is necessary to keep the plunger
parallel to the flat side of the wire laser throughout the tuning range. When the metal
(dielectric) plunger is tilted relative to the flat edge of the wire laser, the mode will be
pushed (extracted) longitudinally to the end where the plunger is further from (closer to)
the wire laser, as illustrated in the right column of figure 4.4.1, compared to the ideal
cases. Thus the tuning range is reduced dramatically with a metal plunger because the
plunger cannot effectively move close to the mode. The simulation shows that even when
the tilt angle of the metal plunger is as small as ~0.5", the tuning range is reduced to 157
GHz, compared to the 370 GHz without tilting, that is, a reduction by more than a factor
of 2. Additionally, the plunger can tilt about the Y-axis, resulting in an abnormal and
undesired tuning behavior [135].
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4.5 Design rule

4.5.1 Design overview
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Figure 4.5.1 a. Illustration of the MEMS plunger and the wire-laser before assembling. b. Image of
an assembled device. c. SEM picture of a bare wire laser. Different structures are indicated in the
every image.

The design of the wire-laser and the MEMS plunger needs to take into account of several
critical constrains that interleave with each other. First, due to the preciousness of the
MBE-grown QCL wafer, the size of the wire-laser die should be limited in the range of a
few millimeters. This also limits the size of the MEMS plunger because it has to reside
on the wire-laser die. Secondly, to minimize the tilt about X and Y-axis, the spring design
of the MEMS should have larger torsional stiffness about X and Y-axis (Figure 4.5.3).
Thirdly, the alignment error should be minimized between the MEMS wafer and the
wire-laser die. Fourthly, at liquid helium temperature (~5 K) the maximum displacement
of the plunger should be larger than 20 um to enable a full tuning range, which was

discussed earlier. The assembling scheme between the MEMS wafer and wire-laser
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should avoid the possible problems caused by the thermal expansion coefficient

mismatch during the cooling process.

Combining all these considerations, we have come up with a design that is illustrated in
Figure4.5.1 a and b. A complete device is assembled from two components, a wire-laser
and a MEMS plunger, which were fabricated separately. The wire laser followed the
same fabrication steps and used the same MBE-grown wafer as in ref. [135] (wafer
VAQ0094, design FL183S, which is a resonant phonon design). This design has a gain
peak around 3.8 THz. The device has an average width of 10.5 um, 3-um corrugation
amplitude, 30 periods and 14.5-pm periodicity. The bonding pad is in the corrugation
side of the wire-laser to avoid the interference with the plunger movement. Three
alignment extrusions on the wire-laser die are 10-um high, same with the height of the
wire-laser. These extrusions are used to align the MEMS plunger and the wire-laser,
which will be illustrated in detail later. One important feature of a real wire-laser is the
tail structure (Figure 4.5.2), from non-uniform dry etching, in the bottom corner of the
flat side wall. Thus, the bottom of the plunger is 1.5 wm higher than the substrate surface

of the wire-laser die in order not to be blocked when it approaches the wire-laser.

a Tail structure of the wire-laser
from the dry etch

Figure 4.5.2 a. SEM image which illustrates the tail structure in the bottom corner of the wire-laser.
b. Schematics of the lifted plunger to avoid the tail structure.

4.5.2 Two stage design to reduce tilting
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The design was carried out, from three aspects to minimize the tilting possibilities about
both X and Y-axis (Figure 4.5.3). First, a two-stage flexure design is used to enable a
restorable and non-tilting MEMS plunger, as illustrated in Figure 4.5.3. The first stage in
this design can isolate the second stage, which is attached with the plunger, from the
external misalignment of the actuator. The shape of front of the first stage has a circular-
arc edge, which could avoid the torque about Y-axis to be transferred to the second stage.
Even when the first stage is actuated slantways, because of the front arc shape, the tilting
of the second stage is minimized as long as the friction between the first-stage front and
the second-stage tail is not too large. The stiffer design of double compound rectilinear
spring is used in the second-stage design to minimize the tilt of the plunger at the expense
of a smaller movement range compared to that of the first stage, in order to assure a

greater precision.

stage

Two stage design of the flexure structure
)I

Max 250 Mpa

b —— — . 200

150

Rounded corner

Figure 4.5.3 a. Illustration of flexure structure. b and c. Simulated results of the stress in the flexure
structure with ~ 20-pm displacement. The maximum stress has been indicated in the color bar.

Secondly, since the alignment quality between the MEMS plunger and the wire-

laser is crucial to the performance of the tunable wire-lasers, three L shape alignment
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elements (Figure 4.5.5) are used to minimize the initial tilting about Y-axis. These three
L-shape extrusions on the wire-laser wafer can click with the three L-shape holes in the
MEMS plunger wafer. The size of the holes is only 10 microns larger than the extrusion
structure to optimize the precision. The distances between the three alignment elements
are 1200 pm, which has been maximized under the constraints of the die size. In this
configuration, the worst case will give a ~0.5 degree (~180/120x) tilting. In addition, the
alignment hole in the MEMS wafer is through the whole SOI wafer to facilitate the
alignment when the extrusion can be seen through the holes. During the assembling, the
MEMS wafer is first roughly aligned with the wire-laser die visually. Then the MEMS
wafer is nudged by a micrometer until the alignment holes click with the extrusions and
the laser die is forced to move with the MEMS wafer together. The difficulty of this
alignment lies in the 10-um thickness of the alignment structure. This small thickness
could be easily shadowed by dusts which are larger than 10 um size. Or if the edge of the
extrusion or the holes is not sharp, the clicking effect will not function well because it is
very easy to slide the MEMS structure (~500-pm thick) onto the 10-um high structure.
Thus a clean surface and sharp edge of the alignment structure are crucial for a good
alignment. Therefore, solvent cleaning and nitrogen gas blowing were performed before

the aligning to remove dirt or dust.
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Figure 4.5.4 a. [llustration of the alignment scheme between the wire-laser and MEMS plunger. b
and c. Detail of the backside of the MEMS plunger wafer from tilted (b) and bottom (c) view.

Thirdly, the plunger design needs to take into account of the tilting possibility about X-
axis (Figure 4.5.3). The plunger mass and device layer thickness should be designed
carefully to ensure no severe tilt of the second stage about X-axis. The torsional stiffness
of simple leaf design about X-axis, which is proportional to the torsional stiffness of
double compound rectangular design, is En’wD?/2L?, where L, w, h, W, D and E are the
length, width, height of the beam, the distance between the two beams, and Young’s
modulus, respectively. On one hand, the larger height is preferred to increase the
torsional stiffness about X-axis. On the other hand, if the height is too large it can cause
dry-etching difficulties due to a large aspect ratio. Therefore, 50-um thickness of the
device layer is chosen and the size of the plunger is ~ 700x50 x550 um?>. Additionally, as
indicated by the torsional stiffness equation, to optimize this value, D should be
maximized under the size constraint. Here, D was chosen as 250 um for the second stage.
A mechanical FEM simulation was performed, with commercial software COMSOL 3.5,
to confirm that the design requirement is satisfied. It showed a negligible tilt about X-axis

resulting from the plunger mass.
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4.5.3 The mechanical strength of the MEMS plunger under cryogenic
temperature

The possibility of catastrophic failure with the maximum displacement of the plunger
should be considered after minimizing the tilting. The yield stress of Silicon is 5-7 GPa at
room temperature and the data at 5 K are not known. In addition, because any defect
from fabrication in the beam can cause failure as the stress is accumulated, the structure
strength is not easily predicted before actual implementation. Thus a large safety factor is
necessary to ensure non-failure displacement of the flexure. The largest stress in a
cantilever beam is 3EwS/2L? where § is the maximum displacement. As discussed in the
introduction part, at least 20-pm displacement is required to cover the full tuning range.
In the actual design, 40-pm maximum displacement of the second stage was used to yield
a large safety margin. The non-actuated gap between the second-stage tail and the front-
stage front is ~9 um. Thus the required displacement range of the first stage is ~9 pm
larger than the second stage. Therefore, a softer three-fold spring is used in the compound
spring design of the first stage to ensure a larger displacement range. Indicated by the
equation above, to achieve the 40-um displacement range at ~5 K, thin and long beams
should be used to avoid material failure. On the other hand, to avoid buckling of the
second stage, thick beams should be used to increase the stiffness. This tradeoff between
the two underlying factors results in the 20-um thick and 650-um long beam design in
the first stage and 25-um and 700-um in the second stage. In addition, all the corners of
the flexure structure were rounded by 25-um radius halo (Figure 4.5.3 c) to avoid the
stress concentration in the corner. A FEM simulation was performed to evaluate the
maximum stress under the largest displacement. This simulation (Figure 4.5.3 b and c)
shows that the maximum stress is 250 MPa with ~20 um displacement. This gives a
safety factor of ~20 at room temperature, which should yield a sufficient margin to

compensate for the property change of silicon at cryogenic temperature.

4.5.4 Other considerations
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Clamp

: MEMS plunger

Wire-laser die

Figure 4.5.5 a. Illustration of relative position of the wire-laser and the output aperture. b.
Photograph of the side view of an assembled device.

Besides the non-tilting and non-failure displacement at liquid helium temperature, several
other factors need to be addressed. First, the bottom surface of the plunger is ~1.5 pm
elevated from the bottom of the supporting structure, to avoid interference of the tail
structure of the wire-laser (Figure 4.5.5). Second, beside the plunger head, as illustrated
in Figure 4.5.5a, there is a ~ 250-um deep and 200-um wide trench, which is used as an
aperture to output the laser emission. The depth of 250 pm was chosen so that the light
can come out and the left ~250-um handle wafer is still strong enough to survive during

the later alignment step.

4.6 Fabrication

The MEMS plunger fabrication process is outlined in Figure 4.6.1. The process began
with lithography on the handle side and dry etching for ~ 1.5 um depth. Thus, the bottom
of the plunger was lifted by 1.5 pm to avoid the interference from the tail structure of the

wire-laser, which is discussed earlier. Then 3-um thick SiO, was deposited on both sides
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of wafer by PECVD, followed by an annealing at 1000 C° for ~ 1 hour to increase the
oxide strength during the later long dry etching. Both sides of the SiO, were patterned by
standard lithography and BOE etching, and were used as hard masks. After this, a 10-pm
thick photoresist was spun on the handle side of the wafer and patterned in such a way
that all the through holes were open and the output aperture mentioned earlier was
covered by photoresist. Then silicon etching was performed for ~250 pm depth by deep
reactive ion etching (DRIE) using equipment from Surface Technology Systems. After
this etching, the photoresist was stripped by piranha and the handle side of silicon was
etched again until the through holes reached the embedded SiO,. Thus the different depth
etching in one side was achieved by this double mask technique. After the etching on
handle side, two DRIE steps were performed on the device side, even though all the holes
are through all the way to the SiO; layer. This two-step process is adapted so that a
narrow gap (~9 pm) between the first and second stage can be etched uniformly all the
way through. First, only the gap between the first and second stages was exposed to
DRIE for ~35-min (~30-um depth) etching with a thick photoresist mask. Then the
photoresist was stripped and the whole device side was etched with annealed SiO; as the
mask. This DRIE with double mask is necessary to achieve vertical sidewall of the beams
of the flexure structure, which is necessary to avoid structure failure when the beams are
deflected. It is desired to have DRIE reach the stop layer (SiO; in this case)
simultaneously across the whole area because any further etching will drill a notch in the
bottom corner, which can result in a weakened mechanic structure. However, the gap size
between the two stages is only ~6 pm on mask (Figure 4.6.1), which is much smaller than

other places and will result in a much slower etching rate. Thus only this gap was
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Figure 4.6.1 Illustration of the fabrication process.
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etched for ~35 min first and then it reached the embedded SiO; simultaneously with
other area during the second DRIE etching. Then the wafer was divided into separated
MEMS chip by die saw. To release the flexure structure, a diluted (49% HF: water=1:5)
HF etchant was used to etch away embedded SiO,. Because of a much larger area, the
SiO; layer under the plunger is only partially removed from the perimeter (~20 pm),
leaving the plunger still mechanically attached to the device side that can be pushed by an
external actuator. Finally, the side wall of the plunger was coated with Ti:Au by

directional e-beam deposition.

6 um gap on mask

(.\ | "' (’—}\/("/\

|

Figure 4.6.2 SEM picture of the small gap between the front of the first stage and the tail of the
second stage.

Another important concern about the fabrication is profile of folded beam. The dry
etching process can shape a sloped side wall of folded beam (Figure 4.6.3), which can
change the characteristics of the folded beam. For instance, the stiftness of longitudinal
and transvers direction can be changed due to this imperfect vertical sidewall [146].
Depending on the different slope angle, this imperfection can increase the stiffness in
specific directions. The fabrication of MEMS plunger resulted in relatively vertical
sidewall for most devices. However, we did observe the sloped side wall when the

opening is very narrow, indicated in Figure 4.6.4. When the opening size is smaller than
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5um, the dry etched sidewall has a negative slope while others have relatively vertical
shape. So this sloped sidewall is not an issue for the current flexure design while it will

be a problem in the design of comb-drive which will be discussed later.

(b)

Figure 4.6.3 from [146] (a) schematics of sloped folded beam. (b) SEM picture of the sloped
profile.

I
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bottom

Undercut at
the bottom

Figure 4.6.4 the dry etching result of different size of openings or slabs. In general, with smaller
opening (<5pm), the dry etch resulted in an inner sloped sidewall (under-etching in the bottom). For
relatively larger openings, the undercut was observed in the bottom.

4.7 Actuator

In the current design, a comb-driver actuator is not integrated with the MEMS chip yet.
Instead, compared to the actuation system in ref [135], between the lever end and the
MEMS plunger a piezo-actuator (Thorlab AE0505D08F), which has a maximum
displacement of 9.1 um and a resonance frequency of 138 kHz at room temperature, is

added to achieve fine and fast tuning (Figure 4.7.1 b). This piezo-actuator is chosen
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because it has the largest displacement among the available ones, given the space
limitation of the cryostat. However, at cryogenic temperature, the maximum
displacement is estimated to be reduced to ~1-2 pm, which cannot cover the whole tuning
range. In an actual operation, sequentially, the lever is pushed by the micrometer to
realize coarse tuning and the piezo-actuator is then used to realize fast fine tuning by
pushing MEMS plunger. In this fine tuning system, the MEMS plunger has a smaller
resonance frequency (~15 kHz from FEM simulation) which determines the largest

tuning speed.

Piezo-actuator

Cryostat

Linear mechanical
[?gq;through

TG

actuator

Figure 4.7.1 Schematics of the cryostat setup. b. Photograph of the actuator mechanical system. A
piezo-actuator is installed between the lever and the MEMS plunger. In an actual operation,
sequentially, the lever is pushed by the micrometer to realize coarse tuning and the piezo-actuator is
then used to realize fast fine tuning by pushing MEMS plunger.

4.8 Measurement and result

After the wire laser and plunger were fabricated separately, they were aiigned and
assembled according to the pre-defined alignment holes and extrusions on the plunger
and laser wafers. The gap between the plunger and the flat side of the DFB laser is ~20
pum in a nonactuated position. The external differential micrometer can push the plunger
all the way towards the laser. When the micrometer is reversed, the meandering MEMS
springs retract the plunger reversibly. The assembled device was mounted in a cryostat

(Figure 4.7.1 a and b) for measurement. All spectra were measured at 5 K using a Nicolet
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850 spectrometer (purged with N, gas) and a Ge:Ga photodetector in pulse mode with 90-
kHz frequency and 200-ns duration.
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Figure 4.8.1 Tuning results from device A, which has 10.5-pm average width, 3-um sinusoidal grating
modulation, 30 periods, and a grating period of A = 14.5 pm. (a) Threshold current densities of the
device at different frequencies. (b) Atmospheric attenuation at different frequencies (HITRAN 2008).
The three arrows indicate strong absorption lines. (c¢) Tuning over a range of 330 GHz in device A.
The gaps in the tuning spectra are due to the highly absorption lines indicated in part b.

At ~5 K, the MEMS plunger functioned as expected without structure failure. A
continuous tuning of 330 GHz, or 8.6% fractional tuning, was achieved with  MEMS
plungers and a device with 10.5-um average width, 3-pm sinusoidal grating modulation,
30 periods, and a grating period of A = 14.5 pm. As illustrated in Figure 4.8.1, a Si
plunger enables ~30 GHz tuning, compared to ~300 GHz achieved using a metal plunger.
The range of blue-shift tuning (with the metal plunger) is impressive and slightly less
than the predicted tuning range (340 GHz), possibly due to a small misalignment.
However, the tuning range of the red-shift (with the Si plunger) is underwhelming, even
compared to that achieved (~57 GHz) from a rudimentary system which demonstrated a
~1:2 red:blue tuning range. This is due mostly to the use of a doped Si plunger. When Si
plunger was close to the wire laser, the mode was extracted out of the gain media into the
silicon plunger. The mode effectively saw less gain media and this resulted in an

increased threshold current. Additionally, the lasing frequency (~4 THz) coincides with
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the absorption spectra of the impurities, which causes a significant lasing modal loss
when Si plunger was close to the wire laser. The much larger tuning range from the metal
plunger (compared to ~80 GHz in Ref. [135]) was achieved mostly because the MEMS
plunger enables controllable and reversible tuning with a more precise alignment,
enabling full exploration of the available tuning range. Furthermore, it is obtained from a
slightly narrower laser ridge (10.5 um as opposed to 12.5 um in the previous work [135] )
which has a larger fraction of the mode propagates outside of the waveguide and is
accessible for manipulation. The threshold current density, which is an important
indicator of the laser performance, increased when the lasing frequency was tuned away
from the original frequency without a plunger. This is due both to additional loss
introduced by the plungers and more likely to a decreased gain when the frequency is

further away from the gain peak.

4.9 Summary

Operation of MEMS-based systems at liquid helium temperature is a great challenge.
The successful operation of this tunable THz wire-laser presented some demanding
requirements, including precise alignment between two different material systems and
strict translational movement of the plunger without tilt. The mismatch of thermal
expansion coefficient in the two material systems causes additional complexity. These
requirements have been met and record tuning range of the THz wire laser operated at ~5

K temperature has been demonstrated.

The work, introduced in this chapter, is the first demonstration to apply silicon MEMS
technology to tune THz QCLs. The device, whose size is ~2x2 mm’, is very compact
compared to other existing THz tuning techniques. Additionally, the MEMS plunger
enables fast electrical tuning, which is highly desirable for many spectroscopy
applications. Furthermore, actuators using comb-drives can be integrated with the flexure
design, enabling an all MEMS-based tunable THz wire laser whose frequency can be

“dialed” electronically.

133



Benefiting from this MEMS plunger, a record tuning range of ~330 GHz with single-
mode operation was achieved using a narrower laser ridge compared to our previous
work. This broad tuning range could be extended further in the red-shift with the present
gain medium if a high-resistivity Si plunger was used. It can be extended even further by
using heterogeneous gain media with broader gain bandwidths in future development.
The gaps in the broad tuning range (Figure 4.8.1) from atmospheric water absorption

prove the utility for spectroscopy applications.
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5 Development of tunable THz wire lasers with robust single
mode operation over a larger tuning range

A continuous and restorable tuning over 330GHz has been demonstrated, using MEMS
plungers to eliminate the jittering movement due to the stick-slip effect. What will be the
next step of this technology after the first demonstration? Spectroscopy, the major
application of tunable THz sources, prefers more stable single mode operation, larger

tuning range and faster tuning speed, which define the new design objects.

To achieve a better tuning performance, we focused on the unique features of THz wire
QC lasers: deep subwavelength double surface plasmon waveguide. Special electrical
connection was designed to suppress the un-preferred modes and enable electrical bias of
wire lasers. This solution kills the two birds with one stone: both optical and electrical
designs are optimized simultaneously. Moreover, a fast tuning (>15KHz) was enabled by
a design composed with a piezostack actuator for fine tuning and a mechanical lever for
rough tuning. This prototype can be applied for fast scan in spectroscopic applications.

These improvements are introduced in this chapter.
5.1 The bottleneck of the tuning range

Tuning range is an important design target of tunable THz laser especially for practical
applications. By scanning over a larger frequency range, more spectroscopic information
can be collected. Although the tunable THz QC wire laser has demonstrated tuning over

330GHz, several factors limit the further improvement of the tuning range.

First, the tunability from changing k, is limited. As discussed in early chapters, the
tuning is achieved by changing k, when the plunger moves toward to a wire laser. So the
tuning range is determined by the closest distance the plunger can move to. The plunger
cannot touch the sidewall of the wire laser because it can cause short circuit or permanent
physical damage. On the other hand, due to the ununiformed dry etching, there is always

a tail structure (Figure 5.1.1) at the bottom corner of the wire laser. So the distance
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between the plunger and the wire laser sidewall cannot be smaller than ~ 1um. Thus all
the simulations in this thesis always assume that that the closest distance is 1pm. In these
simulations, the tuning range is ~370 GHz using only metal plungers, compared with
experimental result of 310GHz achieved in the device with 14.3um periodicity and
10.5pm width. So it looks like that the experimental tuning range is not limited by the
tuning mechanism. But, this conclusion should be drawn with a caution due to the

significantly simplified model.

Tail structure

Figure 5.1.1 Illustration of the tail structure at the bottom corners of the THz wire laser due to the
ununiformed etching. This can block the plunger from moving further toward the wire lasers. When
the plunger touches this tail, the wire laser is either shorted or physically damaged.

Secondly, the tuning range can be limited by gain bandwidth, illustrated in Figure 5.1.2.
When the metal or silicon plunger moves toward the laser ridge, the lasing frequency will
either shift to blue or red side of the spectrum respectively, until the gain is smaller than
the modal loss when the lasing stops. In the previous designs, the lasing mode, which had
the smallest modal loss, was designed slightly lower than the gain peak when the plunger
did not present. This design was based on the concern that more potential tuning range,
which was equal to the net gain bandwidth, should be allocated to metal plungers which

had a larger tunability than silicon.
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Figure 5.1.2 Illustration of the gain availability for different modes. The gain curve is overplayed
with the absorption spectrum of a THz wire laser (12.5 pm wide, 13.7um periodicity). The gain curve
is qualitatively shown and is not scaled precisely in the figure. In addition, this gain curve is shifted
up for better visualization. The lasing mode without tuning is indicated in the figure. The possible
blue and red shift tuning ranges are also indicated, assuming no mode hopping. Additionally,
indicated in the stop band, a defect mode was observed at ~3.55THz.

How large is the net gain bandwidth. This net gain can be calculated as:

a
9net = Imatieral — T

where gmateria 1S the material gain whose value is set by the gain medium design, « is
the material cavity loss and the I is the mode confinement. FL183S, with the phonon
depopulation scheme and the two-well injector configuration, has a relatively large gain
bandwidth while the precise value is not available. A typical Fabry-Parot device of this
design can lase at two frequencies separated by ~0.7THz space (Figure 3.3.6) which can
be estimated as the lower boundary of the gain bandwidth. Additional to the gains seen
by different modes, the loss and mode confinement are important factors to determine the
lasing frequency. Indeed, these two parameters can dynamically change during the tuning

process, resulting in mode hopping.

When the metal plunger approaches the wire laser, as described in the previous chapter,

the mode is ‘pushed’ into the wire laser by the plunger. On the opposite side, the mode is
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pushed out but still bounded by the metal-metal waveguide. So qualitatively, the mode
confinement is increased. Furthermore, the mode overlaps more with the grating which
can cause scattering, so the mode loss is increased. This increased mode confinement is
proved by the simulation shown in Figure 3.5.2. On the other hand, the metal plunger
also introduces extra loss which is a function of surface roughness and metal quality. This

is proven by the increased threshold current density in the tuning process.

In contrast, when a silicon plunger is used, the mode is sucked into the plunger and the
mode confinement decreases significantly. Due to the free electrons absorptions and other
scattering impurities in silicon, the mode loss is increased. The increased loss is further
amplified by the relatively small mode confinement which appears in the denominator in
the equation 1.8.1. At some point, the increased modal loss is large enough to eliminate
the net gain and the lasing stops. This qualitative analysis matches the experimental

observation well, illustrated in Figure 4.8.1.

During the tuning, the dynamically changed gain ‘seen’ by each mode determines the
lasing frequency. As described in section 3.4, the upper-band-edge mode is designed as
the lasing mode which has the smallest threshold gain. By engineering the grating
parameters, the frequency of this mode is close to the gain peak when the plunger is not
presented. When the plunger moves toward the wire laser, the frequencies of all the
modes will shift. Take the metal plunger as an example -- the upper-band mode blue-
shifts to higher frequencies and ‘sees’ less and less gain. In contrast, the lower-band-edge
mode ‘sees’ more and more gain since it locates at the other half of the gain spectrum,
demonstrated in Figure 5.1.2. At some point, the lower-band-edge mode ‘sees’ larger
gain than the upper-band-edge mode and becomes the lasing mode. If the standing wave
in the waveguide becomes too strong, the spatial hole burning kicks in and causes a
multimode lasing. If a silicon plunger is used, the mode spectrum shifts to the lower
frequency while the gain spectrum keeps same. So the upper-band-edge mode again sees
less and less gain and some other higher order longitudinal modes see larger gain,

resulting in a changed lasing mode. This process is difficult to be quantified because
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many parameters of the THz wire laser cavity are experimentally unavailable, but it can

limit the continuous tuning range due to the possible mode hopping described above.

Identifying the dominant one, out of two possible causes of the limited tuning range, is
crucial to further expand the tuning range. To achieve this, based on the same gain
medium (FL183S), two devices which have the same width (12.5um) but different
periodicities (device A: 13.7um; device B: 13.5um) were fabricated. The tuning by a
metal plunger was measured in a pulsed mode (80KHz, 200ns pulse width) and the result
is illustrated in Figure 5.1.3. Device A lased at a lower frequency (~80GHz) than device
B when a plunger is not used. However, the tuning range of both devices, using a metal
plunger, terminated at similar frequencies (~4.15 THz). This inferred that the tuning
range was limited by the gain bandwidth. Several other possibilities can be excluded by
this experimental observation. First, the same width of both devices assured the same
waveguide loss due to the sidewall roughness. Secondly, the same gain medium and
plunger excluded the possibilities caused by different material gains or plungers. If the
tuning range was dominantly limited by the plunger’s tunability, it should be independent
of the starting frequency. In contrast, the tuning ended at similar frequencies. These

indicated that the tuning was actually limited by the gain bandwidth.

Because the upper bound of the tuning range is determined by the gain bandwidth, which
cannot be changed much, the tuning range can only be expanded by starting from a lower
frequency where the gain is still larger than the loss. However, as we have discussed, the
gain seen by different modes can change dynamically during the tuning process and
mode hopping can happen. To solve this problem, a comb-shape connector was proposed

to ensure a single mode operation to further increase the tuning range.
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Figure 5.1.3 Tuning range of the devices from the same wafer but with different initial lasing
frequencies by using different periodicities. The width (10.5 pm) of the device A and B is same to
assure the similar overlap between the mode and the sidewall roughness. The frequency tuning
started at different frequencies and ended at similar frequencies.

5.2 Design to increase the tuning range

As discussed earlier, the tuning range was limited by the bandwidth of the net gain. To
augment the tuning range, our focus is placed on the characteristics of the gain spectrum.
Due to the reduced mode confinement and the extra loss, the tuning range of silicon
plunger is much smaller than the metal plunger. In the previous design, when the plunger
was not used, the initial lasing frequency was close to the gain peak. So only the upper
half of the gain spectrum, indicated by the blue box in Figure 5.1.2, was utilized.
Naturally, we asked ourselves if the lower half of the gain, indicated by red box in Figure
5.2.1, can be used to increase the tuning range of the metal plunger. Indeed, as long as
enough mode discrimination is provided by the DFB, the upper-band-edge mode can be
designed at a much lower frequency than the gain peak while maintaining a single mode
operation. Then the tuning range can be significantly increased because more gain
bandwidth can be utilized. In summary, larger mode discrimination, a lower starting
lasing frequency and a larger tunability from the metal plunger are needed to achieve this
challenging goal. I will start the discussion about how to achieve a lower initial lasing
frequency, then the method to enable a larger tunability will be addressed. After that, we
will explore how to improve the mode discrimination using comb-shape connectors in the

next section.
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Usually, the initial lasing can be designed at a lower frequency by using a larger
periodicity of the DFB grating. In the first implementation of this design, mode hopping
was observed instead of continuous tuning, because the mode discrimination originated
from DFB cannot dominate the gain curve. In other words, the loss difference seen by
different modes is less than the gain difference. We can take the first and second order
mode as an example, demonstrated in Figure 5.2.1. In A, if the loss difference AL, is
smaller than the gain difference Ag, the second mode will lase first. In B, after the metal
plunger tunes the two modes into the upper half of the gain curve, the first order mode

lases and mode hopping happens.
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Figure 5.2.1 Schematics of the lasing dynamics. After the metal plunger tune the modes from lower
half of the gain curve (part A) to higher half (part B), the lasing mode jumps from second order
mode to the first order one. In this scenario, the gain difference is larger than the loss difference.

A larger fraction of mode outside of the waveguide can lead to an increased tuning range.
Intuitively, the metal (silicon) plunger can squeeze (suck) more mode into (out) of a
narrower wire lasers. In the simulation, when the average width of wire laser is narrowed
down to 6.5 pm from 12.5 pm, the tuning range can be as high as ~650GHz which is very

impressive. But, we should be aware that the drawback of this method is an even smaller
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mode confinement, which increases the laser threshold and reduces the tuning range. So
there should be an optimized width to maximize the tuning range. In the experiment,
several width, including 12.5um, 10.5um and 8.5um, have been tried. The result will be

discussed later.

5.3 Mode selector and robust single mode operation

5.3.1 First design of mode selector

The first generation of THz wire lasers had a tapered rear facet which was covered by
Ti/Au/SiO, multiplayer. As discussed in the previous chapter, it introduced additional
loss due to the mode leaking into the bonding pad. Moreover, this design requires
complicated fabrication processes, illustrated in chapter 3, which led to a low yield.
Additionally, due to the breaking symmetry between the front and rear facet, undesired
defect mode (Figure 5.1.2) can bring more uncertainty to the lasing dynamics. To solve
these problems and improve the robustness of the single mode operation, a novel design

of comb-shape connectors, illustrated in Figure 5.3.1, is developed.

In the new design, the bonding pad is placed beside the wire laser and connected with the
wire laser by comb-shape connectors while both the bonding pad and connector metals
are insulated from the underneath gain medium by a thin layer of SiO,. Thus in the area
of the connectors and the bonding pad, the material layers from top to bottom is

Au/Ti/Si0,/gain medium.

It is just as important to realize that this comb-shape connector design actually functions
as a mode selector by selectively increasing losses of undesired modes. In the first design,
there are five fingers connected with the wider part of the DFB grating. This preliminary
design replaced the old bonding pad (chapter 3) and partially proved its function as a
mode selector. These connectors were connected to the waveguide at the widest section
to minimize their interference with the desired lasing mode which is the upper band edge
mode in this case, and it has the maximum intensity at narrow sections. As illustrated in

Figure 5.3.1, the electrical field is attached to and confined by the top and bottom metal
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layers and tends to propagate in the material with larger permittivity. In the case of THz
wire laser, the connectors’ top layer can guide the surface plasmon mode and the
underneath GaAs has larger permittivity (~13.1) compared to vacuum. So qualitatively,
when modes see the connectors, they are guided into bonding pad by the connectors. On
the other hand, the magnetic field does not see the difference between GaAs and vacuum
because both of them have same permeability. So we don’t need to consider magnetic
field in this design. The electrical field of the upper-band-edge mode localizes in the
narrow section of the waveguide. At the wider section, electrical field almost diminishes.
So when the connectors centered at the widest part of DFB, they see little upper-band-
edge mode and do not perturb the mode. However, higher order longitudinal modes are
sucked into the connectors and bonding pad. Demonstrated in Figure 5.3.1f and g, the
maximum electrical field of the fundamental mode is almost aligned well with the narrow
sections in the gratings. In contrast, the higher order modes misalign with narrow sections
more. So these higher order modes are more perturbed by the connectors at the wider
sections. In the bonding pad and the connectors, the gain medium is not biased due to the
insulation of the thin SiO; layer beneath the metal layer. So the leaked mode sees a cold
laser cavity with loss. Additionally, these modes have larger radiation loss because they
can emit from the bonding pad. Therefore, the undesired modes yield a larger loss and the
mode discrimination is increased. But because the periodic symmetry of the first order
DFB is broken, there is still some overlap between the upper-band-edge mode and the
widest section. So the loss of this lasing mode can increase slightly. To keep the
additional loss of lasing mode relatively low, only five connectors are used. These five
connectors are arranged every six periods of the DFB structure to minimize the symmetry

breaking.
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Figure 5.3.1 Schematics of the first comb-shape connection design. Comb-shape connection bridge
the laser ridge and bonding pad which is electrically insulated from the gain medium by SiO, layer
underneath. In the graph, only five fingers design is illustrated. a, Schematics of the previous design
of wire lasers. b. SEM picture of the rear facet. ¢, Schematic illustration of the new wire-laser design
and the MEMS plunger. d, SEM picture of the new wire-laser design. e. A typical mode spectrum of
wire laser with comb-shape connectors. f and g, The mode intensity of first and second upper-band-
edge modes, respectively. A clear leakage of the mode from the wire laser to the bonding pad is
shown in g.

In the design of comb-shape connectors, the key parameters are the width and length of
the connectors. Wider connectors can guide more fraction of mode into bonding pad
which will undesirably increase the loss of the lasing mode. Moreover, these connectors
have to be strong (wide) enough to survive in the later fabrication steps. So a width of
~4um was chosen to optimize the tradeoff. Besides, the connector cannot be too short
because the current can spread into the unbiased connectors and even bonding pad from
the wire laser. On the other hand, the connectors should not be too long due to the
limitation of the wafer area. Given all these constraints, the connector length was

designed as ~80pm.
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The first, second and third upper-band-edge modes are illustrated in Figure 5.3.1. The
simulation was simplified by assuming a cold cavity and lossless materials. So the model
only included the radiation loss. After the tilted rear facet was avoided, the modes are
symmetric longitudinally. The higher order longitudinal modes leak into the bonding pad
through the connectors. For the first mode, the loss is increased to ~lem™ from ~0.5cm™.
As a comparison, the loss of second order mode is increased to ~4 cm™ from ~1.3cm™
the loss of third order mode increased to ~8cm™” from ~3cm™. Clearly the mode

discrimination is increased substantially.

5.3.2 Fabrication and the results of wire lasers with comb-shape connectors

The fabrication process of the wire lasers is illustrated in Figure 5.3.2. First, wafer
bonding and substrate removal were performed and the procedures were the same as the
process of normal THz QCLs described previously. After that, a 300nm thick SiO; layer
was deposited by PECVD at 300C° followed by a standard contact lithography and wet
etching. Then a layer of Ti/Au (30nm/300nm) was deposited by e-beam evaporation and
defined by a standard lift-off process. Finally, with this metal layer as a hard mask, a dry-
etch by ECR-RIE was performed to etch 10um gain medium. Compared with the
fabrication process with tilted rear fact, the process is much simpler because it eliminated

the lithography over a 10um step and improved the yield rate.
Insulation layer
Bonding pad Wire laser 1o, metal Au SiO
(=== —‘- ¢ - 2
B GaAs

Figure 5.3.2 The processes to fabricate wire lasers with comb-shape connectors. Similar with the
normal THz QCL fabrication, the wafer bonding and the substrate removal resulted in a bonded
wafer shown in part (a). (b) Deposition of a thin SiO,. (c) After a deposition of Ti/Au layer as a hard
mask, the 10pm thick gain medium was etched away.

Gain medium Bottom metal

The fabrication result is shown in Figure 5.3.1 (d). In general, good fabrication quality

was demonstrated although the dry-etching causes non-uniform sidewall feature which
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was explained in chapter four. In addition, the metal piece between the connectors
sometimes could not been removed in lift-off process because the metal layer is thick
(~330nm) compared to the thin photoresist (~450nm). As a rule of thumb, in a liftoff
process, the metal thickness should not be more than half of the photoresist. However, in
the fabrication of the THz wire laser, the metal has to be thick enough to survive the ion
bombardment in the dry-etching step and the photoresist cannot be too thick due to the

high resolution requirement of the DFB gratings.

The device was measured according to similar procedures with the previous experiments.
At 5K, the device was biased by a short square pulse train with 200ns duration and 80
KHz repetition rate. The THz signal was detected by a photo detector with a face to face
configuration. The maximum operation temperature of ~109K was achieved in a
~10.5um wide device which lased at ~3.9THz. This temperature was higher than
previous devices with a tilted rear facet due to the associated additional loss described in
the previous chapter. This higher temperature also indicated that the additional loss from

the connectors was not significant for the lasing mode.

A typical IV curve of a device with the comb-shape connectors is shown in the latter
section (Figure 5.6.2 (b)) and is compared with a typical Febry-Perot device. This IV
curve deviated from the FP device’s significantly and has a larger current density in the
lower biases. This was not surprising because the current spreading was expected and
explained in section 5.5. Here, the current spreading length is different from the diffusion
length Lp due to the existence of the vertical field. The electrons are dragged down to the
bottom contact before they reach the diffusion length. Thus the current spreading length,
depending on the geometry, is smaller than the diffusion length. A significant amount of
current spread to the bonding pad and caused a softer and earlier NDR compared to FP
devices, due to the different actual bias across the different modules. This current

spreading effect will be discussed in detail later.

Using the devices with the comb-shape connectors, tuning was observed although it did

not break the record. This was because the tuning range was limited by the same factors
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which were described in section 5.1. But the key information from this batch of devices
was that comb-shape connectors actually worked and needed to be improved, as

discussed in the next paragraph.

It is interesting to discuss the devices whose initial lasing frequency was designed below
the gain peak. For instance, 8.5um wide devices were fabricated based on both FL183S
and OWI222G wafers which both had gain peak at ~3.8THz. The facets were chosen at
the widest part of the sinusoidal modulation. Thus the upper-band-edge mode was chosen
as the lasing mode. The lasing frequencies of bare wire lasers were designed at ~3.75
THz (device A), ~3.6 THz (device B) and ~3.4THz (device C) by using different DFB
periodicities. The amplitude of the sinusoidal modulation was 3um. The sidewall of DFB
side was open without any metal coating. Five connectors were on the DFB side and
were distributed every six periods. The length of the connectors was 80um and the width

was ~4um.

The spectra of all the three kinds of devices (A, B and C) are shown in Figure 5.3.3. The
lasing frequency did not scale with the DFB periodicities as expected. The actual lasing
frequency of the device A was ~100GHz higher than the designed 3.75THz because the
fabricated device turned out to be narrower than 8.5um. The rule of the thumb is that if
the average width is reduced by 0.1 pm, the lasing frequency is increased by ~20 GHz.
Thus this ~100GHz difference can be attributed to 0.5-0.6 um width difference between
the designed and the actual laser which is possibly due to the lithography and liftoff step
during the fabrication. Either over-exposure or loose contact in the lithography step could

cause this size difference.

But the lasing frequencies of device B and C deviated from the designed 3.6THz and
3.4THz significantly. This mismatch was because the loss difference could not dominate
over the gain difference seen by the cavity modes, illustrated in Figure 5.2.1. When the
designed lasing mode is far below the gain peak, other modes close to the gain peak can
see larger gain although they are lossier. The gain difference was larger than loss and the

lasing happened on the modes other than the upper-band-edge mode. Thus device B
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lased at ~3.81THz in spite of the designed 3.6THz. Device C lased at an unpredictable
3.97THz which was much higher than the designed 3.4THz. Moreover, when the plunger
was used to tune the frequency, mode hopping was observed frequently due to the
complicated mode selection dynamics. In other words, this deviation of the lasing
frequency from the initial design was because the comb-shape connectors cannot provide
enough mode discrimination. This indicated that a stronger mode selector was needed

and more comb-shape connectors can be an option to ensure a robust single mode lasing.
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Figure 5.3.3 The spectra of the devices with different periodicities. The gain peak is ~3.85THz, and
all the devices have ~8.5um width. The design frequencies of device A, B and C are ~3.75THz,
~3.6THz and ~3.4THz corresponding to the periodicities of 16pm, 17.05pm and 18.3pm respectively.
But the actual lasing frequencies deviated from the design values significantly. Especially device C
lased at ~3.98THz compared to ~3.4THz in the original design.

In addition to different periodicities, different average widths have been tried for five-
connector design. These includes 10.5 pm (device D), 8.5 um (device E) and 6.5um
(device F) width. To compare them apple to apple, the lasing frequency of all of device D,
E and F were designed close the gain peak (~ 3.9THz). The maximum operation
temperature of device D was the highest (108K) compared to ~97K of device E and ~57K
of device F. The power-current curve of device D is shown in Figure 5.3.4. In this curve
the changing differential slope efficiency resonates with our guess of the gain’s double-

hump structure (Figure 3.3.1). The maximum operation temperature of the 12.5pm wide
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device is ~115 K which is similar to 10.5um and 8.5um devices. So it indicates that
below 8.5um, the device width will play an important role either due to the reduced mode
confinement or larger overlap between the mode and the sidewall roughness. Thus the
optimized average width should be between 10.5um and 8.5um. With an 8.5um width,
the tuning capability from a metal plunger is limited to ~500GHz according to the

simulation.
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Figure 5.3.4 The curve of power Vs current density for device D (part I) at different temperatures.
The maximum operation temperature is ~118K and the inlet lists the measurement temperatures.

It is worth to discuss the results of the devices based on OWI222G wafer. It performed
much worse than FL183S again. The maximum operation temperature was 68K with a
10.5pm wide device whose designed lasing frequency was 3.75 THz. This further
confirmed our concern about its smaller dynamic voltage range (section 3.3). The current
spreading in the comb-shape connectors introduced non-uniform electrical field in the
different modules, which caused some modules to enter NDR earlier than others. So a
resulted early NDR led to a degraded lasing performance and a smaller tuning range. As a
conclusion, although a preliminary design of comb-shape connectors was demonstrated, a

significant improvement is needed for practical applications.

5.3.3 Second design
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To improve the design of the comb-shape connectors, the number and the geometry of
the connectors were optimized and the second design with comb-shape connectors were

fabricated based on FL183S wafer (VA0094).

A R 3 order mode
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Figure 5.3.5 Schematics of the wire laser with nine connectors and its mode spectrum. (A) The
device configuration with nine connectors. (B) The mode spectrum. The right half graph illustrates
the electrical field intensity of the first three modes in the upper band. In this simulation, the length
of the connectors was only 40um compared to 100um in actual device due to the limited computer
memories.

To further increase the mode discrimination, more comb-shape connectors were used in a
new design. First, a design with nine connectors was proposed and illustrated in Figure
5.3.5, in which the simulation results are shown in the lower part. This wire laser had a
width of ~10.5um and a periodicity of ~14.3pm, and the connector width was ~4pm.
Compared to the five-connector design, the mode discrimination was increased
significantly. The modal loss difference between the first and second longitudinal modes
was larger than 20cm™. To understand the mode spectrum, reader should be careful with
the definition of the loss, which is the modal loss and defined as a/I' , where I' is the
mode confinement factor. The right graph of Figure 5.3.5 plots the electrical field
intensity of the first three upper-band modes in the growth direction. As illustrated, the
upper-band-edge mode was barely perturbed. But for the second and third order modes, a

larger fraction of mode was sucked into the connectors and the bonding pad.
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Although the mode discrimination between the upper-band-edge and second order modes
was increased significantly, the loss of the third mode was still not much higher than the
second mode. Because the third order mode has a much higher frequency than the upper-
band-edge mode, the possible gain difference may be larger than the loss difference,
resulting in an undesired frequency. So two more connectors were added to further
increase the mode loss difference, illustrated in Figure 5.3.6. These two connectors were

two grating periods away from the center of the DFB waveguide.

The positions of these two extra connectors were chosen carefully to maximize the loss
increase of the undesired modes, while minimizing the loss increase of the upper-band-
edge mode. As discussed earlier and illustrated in Figure 5.3.5, the upper-band-edge
mode maximum was aligned with the narrowest section of the waveguide. Moreover, this
alignment is perfect near the center of DFB grating and worse near the two ends of the
waveguide. It infers that if we want to minimize the perturbation of the upper-band-edge
mode, the two extra connectors should be placed at the widest sections not far away from
the center of the DFB structure. Furthermore, the envelope of the third order mode had a
maximum intensity at the center. At this position, similar to the upper-band-edge mode,
the maximum of the electrical field intensity for the third mode aligned well with the
narrow section of the waveguide, and the alignment gets worse at the position further
away from the center. So the two extra connectors should be placed far away from the
waveguide center. In the real design, given the concerns of leaving upper-band-edge
mode unperturbed and increasing the loss of third order mode, the extra two connectors

were placed two periods from the center, indicated in part A of Figure 5.3.6.

To prove the design concerns, a simulation based on finite element method was
performed and the result was shown in Figure 5.3.6. The loss of the desired upper-band-
edge mode was almost unchanged. In contrast, the third order mode had a loss of 53cm™
compared to 34cm™ with only five connectors. Even the loss of the second order mode
was further increased to 34cm™ from 27cm™. Illustrated in right graph of Figure 5.3.6, the
upper-band-edge mode was almost not interfered. But the second and third order mode

had a significant amount of mode leaked into the lossy bonding pad. The electrical field

151



distribution of the third order mode even deformed significantly due to the perturbation

of the two extra connectors.

Can we further boost the mode discrimination by adding more connectors? The answer is
difficult. This is because adding more connectors on other locations will also increase the
loss of the upper-band-edge mode. So even more additional loss can be introduced for the
higher order modes, the mode discrimination is increased only marginally. Given that the
loss difference between the upper-band-edge mode and higher order modes was already

high, no additional connectors were added.
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Figure 5.3.6 Schematics of the wire laser with eleven connectors and its mode spectrum. A is the
device configuration. The additional connectors are highlighted in the graph. B illustrates the mode
spectrum. The right half graph plots the electrical field intensity of the first three modes in the upper
band. As illustrated, the second and third order modes were sucked into the waveguide.

5.4 Fast tuning by using a Piezo-Stack actuator

For the spectroscopic applications using amplitude or wavelength modulation techniques,
a fast-tuning capability (1K-100KHz) is desired for the tunable laser system. Since the

differential micrometer was used for tuning, the capability of MEMS plunger for fast
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modulation had not been explored. Here we present a tuning configuration by a piezo-
actuator based on the improved wire laser which was discussed in the previous section.

This system is capable of tuning in a speed up to ~15 KHz.

As described in the previous chapters, the displacement resolution of the lever was about
~140nm. But this is still not enough for the practical application. This problem could be
potentially solved by using piezostack. The expansion ratio of typical piezo material is
1000:1. That is, a piezostack with 10mm length can expand ~10um. At 5K, this
expansion can be only ~10-20% of the range in room temperature. In our experimental
setup, a piezo-actuator (Thorlab AE0S05D08F) was added between the lever end and
MEMS plunger. It has a maximum displacement of 9.1 um and a resonance frequency of
138 kHz at room temperature. This piezo-actuator is chosen because it has the largest
displacement among the available ones, given the space limitation of the cryostat.
However, at cryogenic temperature, the maximum displacement is estimated to be
reduced to ~1-2 um, which cannot cover the whole tuning range which requires ~10 pm
displacement range. In an actual operation, sequentially, the lever is pushed by the
micrometer to realize the rough tuning and piezo-actuator is used to realize the fast fine
tuning by pushing MEMS plunger. In this fine tuning system, the MEMS plunger has a

smaller resonance frequency (~15 kHz) which determines the largest tuning speed.

Eventually, the cryostat was setup to face a fast responded photo-detector (>>100KHz),
as illustrated in Figure 5.4.2. After the plunger was actuated by the lever to a desired
position, the fine tuning was turned on by piezo-stack which was modulated by a
sinusoidal signal. This signal was also used as a reference of lock-in amplifier to filter
the signal detected by the photo-detector. Finally, the filtered signal was displaced on

oscilloscope.
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feed-through
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Figure 5.4.1 a. schematics of the setup inside the cryostat. b. the heat-sink module including
mechanical lever. c. Blowup of the mounted device with the piezostack beside it. The inset figure is
the picture of the piezostack.

If the fast tuning was enabled, a signal, with oscillation at the same frequency with the
modulation signal of piezo-stack, should be observed. When the plunger approached the
wire laser, the frequency moved further away from the gain peak and additional loss was
introduced by the plunger, both mechanisms resulted in a lower emission power.
Additionally, the beam pattern changed when the plunger moved, resulting in a changed
collected power. Thirdly, different frequencies saw different atmospheric absorption. All
these factors contribute to the intensity modulation, which can be used as the indirect

evidence of the fast frequency modulation.
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Figure 5.4.2 Illustration of fast tuning with the tunable THz wire laser. a. the schematics of the
setup. b. the output signal shown on oscilloscope. c. illustration of the working principle.

The wire laser used to demonstrate the fast tuning is a device described in section 5.3. It
has 10.5-um average width, 3-um sinusoidal grating modulation, 30 periods, a grating
period of A = 14.1 pm and ~4-pm wide connection fingers. A MEMS metal plunger is
used in this work, and the preparation and assembling of MEMS plunger is described in
chapter 4. All the measurements were performed at 5 K temperature using a Ge:Ga
photodetector in a pulse mode with 90-kHz frequency and 200-ns pulse duration. The
signal from photodetector was amplified by a lock-in amplifier before the read-out. Due
to a narrower laser core than the designed value, the lasing frequency of the wire laser
without the plunger was at 3.93 THz despite the gain peak at ~3.8 THz. Its maximum
operation temperature is 115 K, higher than 105 K of the previous design due to the
improved bonding-pad design. The achieved tuning range using this metal plunger is

~220 GHz. The fine tuning range increased when the plunger was closer to the wire laser.
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The achieved tuning range is smaller than the record of 330 GHz because of the higher
initial lasing frequency (3.93 THz) and limited gain bandwidth in the higher frequency
end. Figure 5.4.2 plots the output of photodetector, placed ~10 cm away from the wire
laser facet (the beam path in atmosphere is ~5cm.), when the piezo-actuator was
modulated with a 200-Hz saw-tooth signal. The slow response of lock-in amplifier (1ms),
which is necessary to measure the signal from the photodetector, limits the time
resolution of the signal and only 200-Hz modulation was used to demonstrate the concept.
Clearly demonstrated in Figure 5.4.2¢, the intensity of the output signal was modulated in
the same frequency with piezostack’s. However, the precise calibration of lasing
frequencies during this modulation is difficult to achieve due to the instability of the
mechanical system and the hysteresis of the piezo-actuator. The introduction of feedback

mechanism in the future work should address these problems.

In summary, we demonstrated a fast frequency tuning of a terahertz wire-laser. Using a
piezo-actuator and a MEMS-plunger enables a tuning speed up to ~15 KHz. Although the
whole tuning range was not covered by only piezo-actuator, fast tuning should be able to

be extended to the full scope by using better piezo-actuator in a larger cryostat.

5.5 Current spreading effect

5.5.1 Origin of current non-uniformity in THz wire lasers

It is meaningful to discuss the current non-uniformity in a separated section since it plays
a crucial role to design DFB THz QCLs. The necessity of this section is further reckoned
since the comb-shape connector, an important origin of current non-uniformity, was

applied in the design of surface emitting and third order THz DFB QCLs [115][147].

In the design of a THz wire laser, there are two origins of the current non-uniformity.
First, due to the imperfect anisotropic dry etching, the sidewalls of the wire laser were
curved, as discussed in chapter three and shown in part a of Figure 5.5.1. The undercut of
the sidewalls can be as big as 1.5 pm contributed from both sides. When the width of the

laser ridge is ~10um, this problem can be significant enough to kill lasing as what

156



happened with the wire lasers based on OWI222. The other origin is the comb-shape
connector. Using a thin SiO; layer, these connectors are electrically insulated from the
underneath gain medium. However, these gain mediums are physically connected with

the biased wire laser. The relatively high conductivity in the growth planes of the

quantum well structure causes current to spread to the connectors, illustrated in Figure

53.1.

Figure 5.5.1 Illustration of two kinds of current non-uniformity in THz wire laser design. (a) The
current non-uniformity from the curved sidewall. The undercut from the two sides totaled to 1.5pm.
(b) The current spreading due to the unbiased connectors and bonding pad connected with the biased
wire laser. The colored graph plots the potential distribution in a cross-section within the laser core,
connector and bonding pad. The non-zero potential in the unbiased connector is due to the current
spreading.

When the current flows through the narrower (undercut) section, the electrical field
increases due to the larger current density. This can be explained by ohm’s law j = gE,
which indicates a larger (smaller) electrical field given a constant resistivity, a smaller
(larger) cross-section and a conserved current. This is illustrated in the simulation result
shown Figure 5.5.1. When there are eleven ~ 4 um comb-shape connectors, the spread
current can be as high as ~20% of the total current. The difference of the electrical field
in different modules causes non-uniform bias condition. That is, when some modules are
in lasing bias, some are not. So the threshold voltage or current density is increased.
When the modules with the higher electrical field enter NDR, some other modules have
less electrical field and are still in the lasing region. So the device enters NDR earlier.
The maximum operation temperature can decrease since less gain is available. Actually,

these effects were all observed in the experiment.

157



5.5.2 Improvement

To address the current spreading problem, several solutions were proposed. First let’s
focus on the curved sidewall which was etched by Electron Cyclotron Resonance
Reactive Ion Etcher (ECR/RIE). This system uses a low-pressure, high-density plasma
source with a manually tuned driven source and electromagnetic coils. The wafer sits on
the electrode which applied a RF bias. This RF power controls the ion bombarding
energy. Microwaves (power~600W) are injected axially through a dielectric window into
the source plasma. The source plasma controls the ion/radical flux streams in a vacuum
chamber where the wafer is etched. One important drawback of ECR tools is the wafer
etching non-uniformity that is translated from the magnetic field induced plasma non-

uniformities.

The curved sidewall profile was more likely due to aging and contaminated chamber of
the ECR/RIE which was shared by many different users. Although significant amount of
effort had been committed to optimize the process, the result was still not a satisfactory,
as illustrated in Figure 5.5.2 (d). The possible undesired chemical etching and ion-

enhanced inhibitor etching shaped the curved sidewall profile.

A new Inductively Coupled Plasma Reactive Ion Etcher (ICP RIE) (SAMCO Model
200iP), purchased by MIT, was used to achieve a better etching profile. This system uses
a low-pressure, high-density plasma source. Similar with ECR-RIE system, the powered
electrode, on which the wafer sits, controls the ion bombarding energy. The ion/radical
fluxes are controlled by a powered RF coil. ICP tools provide better line width control,
higher throughput, and less plasma damage, versus ECR tools, by having higher ion

fluxes and lower ion bombarding energies.
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Figure 5.5.2 SEM images of the fabrication result with the ICP and ECR tools. (a) Overview of the
THz wire laser with the comb-shape connectors and the side bonding pad. (b) The blowups of the
front facet. A vertical sidewall is demonstrated. (¢) The grass structure from the micromask effect.
(d) The dry etching result by ECR-RIE as a comparison. The rough sidewalls and severe undercut
are demonstrated.

The Figure 5.5.2 shows the fabrication result which demonstrated very nice vertical
sidewalls from the ICP etcher. Compared with the result from ECR-RIE (part d of Figure
5.5.2), the ICP tool gave a very smooth and almost perfectly vertical sidewall. The
sidewall roughness featured with many vertical lines and was from the hard mask
roughness. Part ¢ showed many grass structures after the ICP etching due to a micromask
effect which was a result of the undesired deposition during the dry etching process. The
size of the grass was in the order of ~100nm. So these grass should not be able to block

the movement of the plunger.

The other current spreading source is the comb-shape connector and the side bonding pad.
A longer and narrower connector design was proposed to reduce this current spreading
effect, and illustrated in Figure 5.5.3. Using a longer connector, less current is able to
spread into the bonding pad area. In the improved design, ~100pm long connectors were

used. Additionally, a small section of these connectors were gradually narrowed and
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functioned as a bottleneck of the current spreading. This adiabatic design also ensured
that the narrow section did not block the mode being guided out. An abrupt change of the
connectors can result in a large mode impedance mismatch and lead to a large reflection.
Thus an abrupt change can prevent the undesired mode to be efficiently guided into the
bonding pad. The calculated result, from a 10.5pm wide laser core with eleven 3um-wide
connectors, showed that only ~13% current transported through connectors and bonding

pad while the mode description was in a similar lever with the uniform connector design.

Figure 5.5.3 The improved design of the comb-shape connectors. The left graph shows the overview
of the whole device in which the section in blue color represents the bonding pad and the green part
includes the wire laser and connectors. On the right, the SEM image shows the fabrication result of
this design.

5.6 Experimental result

The measurement procedure was similar to the previous experiments. The device was
measured at liquid helium temperature. A pulsed operation with 0.1% duty cycle was
used to minimize the current heating. Spectra were taken by a Nicolet Fourier transform
infrared spectroscopy by using an external Ge:Ga detector. A metal MEMS plunger,

actuated by the external lever system, was used to tune the lasing frequency.

The design of the first order DFB follows the discussion in section 5.3 and 5.4. Thirty

periods of grating with sinusoidal shape, whose modulation amplitude is 3um, was only
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placed at one side of the waveguide. As described in the previous section, eleven-comb-
connector design was used to increase the mode discrimination. Both dry-etched facets
located at the maximum width of the waveguide to ensure the upper-band-edge mode to
lase. To compare the eleven comb-connector design with the previous five connector

design, both designs were fabricated.

Estimated

gain shgge

a: fabry-perot laser ridge,
3.9THz (frequency is
determined by gain
spectrum shape)

S

b: design frequency, 3.85THz;
realized frequency, 3.73THz.
Multimode.

c:design frequency, 3.63THz;
realized frequency, 3.51THz.

d:design frequency, 3.53THz;
realized frequency, 3.4THz.

34 36 3.8 4
Frequency(THz)

Figure 5.6.1 The normalized spectra of the different designs implemented in FL183S wafer.
Schematics of the gain spectrum are plot along the spectra. The corresponding device type for each
spectrum is indicated beside it. Spectrum (a) was from a Fabry-Perot device. Spectrum (b) was from
a device with five connectors. Spectra (c¢) and (d) were from devices with eleven connectors. The
designed frequency and actual frequency of each spectrum are listed beside the graph. The color of
the texts matches the spectra plot. As illustrated, the realized frequencies are systematically 120GHz
smaller than designed frequencies. The eleven connector design provided enough mode
discrimination for single mode operation, compared with the five connector design which resulted in
a multimode operation due to the limited mode discrimination.

Most devices have a width of ~10.5um, and different periodicities were also used for two
reasons. The first reason is to ensure that at least one of the designs can hit the designed
frequency in the lower half of the gain spectrum. Usually, due to the fabrication
uncertainty, the actual size can be off by 0.5-1um compared with the original design.
This can lead to a frequency change of ~100-200GHz. The other reason is to test the

grating functionality since the lasing frequencies should scale with the periodicities.

161



The spectra of different designs, implemented in the wafer VA0094 (FL183S), are plot in
Figure 5.6.1. Spectrum (a) shows that a Fabry-Perot device lased at ~3.9THz and
~3.3THz simultaneously. This agrees with the theoretical predication of double-hump
gain shape in reference [134]. A schematic gain spectrum is plot along the actual
measured spectra. Spectrum b, ¢ and d were from the DFB wire QCLs with 10.5um
width. Among them, device b (A=14.3um) has five connectors while device c
(A=15.3um) and d (A=15.8um) have eleven connectors. The single mode operation of
device ¢ and d, compared with the multimode operation of device b, clearly demonstrated
that the eleven-connector design is more capable to achieve a robust single mode
operation than the five-connector design. Additionally, the realized frequencies were
systematically ~120GHz lower than the designed frequencies. This consistent result

proved that the DFB gratings functioned properly to choose the correct mode.

Because the lasing frequency is much lower than the gain peak, the device performance is
also highly correlated with the lasing frequencies. Compared to FP device (Tmax~170K),
the maximum operation temperatures of device b (Tmax~118K), ¢ (Tmax~103K) and d
(Tmax~82K) are significantly lower due to the worse mode confinement and more
scattering loss from sidewall roughness. Additionally, device ¢ and d had even lower
Tmax because their lasing frequencies were further from gain peak and they saw less gain,

compared to device b.
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Figure 5.6.2 (a) Current density (blue) and conductance (green) vs. voltage of a typical FL183 Fabry-
Perot device (~Imm long, 100pm wide). (b) Current density (blue) and optical power (green) vs.
voltage of a device with five comb-connectors whose design frequency is ~3.6THz. (c) Current density
(blue) and optical power (green) vs. voltage of a device with eleven comb-connectors whose design
frequency is ~3.7THz. From up to bottom, the IV curves have less obvious kinks and are more like a
diode. This clearly demonstrated the current spreading in part b and c.

It is worth noticing that the single mode operation was achieved first time in a THz QC

wire laser at a frequency much lower than the gain peak. In this case, device d lased at
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~3.4 THz, half THz lower than the gain peak (~3.9THz). This is a direct prove that the
eleven-connector design achieves a robust single mode operation. This sets the
foundation to further increase the tuning range by utilizing the lower half of the gain

spectrum.

The pulsed current density-voltage (J-V) curve of an eleven-connector device is shown in
Figure 5.6.2 (c) along with the light-voltage curve. As a comparison, J-V curve of a FP
device (part a) and a five-connector device (part b) is also included. As illustrated, the
increase of the connector number from five to eleven does not significantly increase the
current density at the peak bias because of the use of the improved connector design
described in the section 5.5.2. But the J-V curve of an eleven-connector device has less
obvious kink and more like a diode’s linear I-V curve compared to the five-connector
device. This is a strong indication of a larger current spreading. On the other hand, due to
the improved dry etching and the special connector design, the maximum operation
temperature of the new design (~118K) was actually higher than the previous five-

connector devices (~110K).

Although the better results had been achieved with design of FL183S, the performance of
OWI222G design were not that good. The maximum operation temperature of a 10.5 pm
device (f~3.8THz) based on OWI222G was only ~50K, which was much worse than
FL183S. The devices with 8um on OWI222G wafer even didn’t lase at all. This might be
due to the possible low peak gain at cryogenic temperature although it degrades slowly at
higher temperature compared to traditional design [77]. Moreover, the small dynamic
voltage range of OWI222G can play an important role due to the early NDR induced by

the current spreading effect, as discussed in section 5.5.

The measurement of frequency tuning was carried out after assembling a metal MEMS
plunger with a laser chip. The maximum observed continuous tuning, using only a metal
plunger, was ~300GHz, which was below our expectation since more tuning range should
have been achieved due to a lower starting frequency. This tuning range is slightly

smaller than our previously best result which is ~310GHz. It is possibly due to a
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misalignment between the plunger and the wire laser. This 300GHz tuning range is not
far from the theoretical limitation which is ~380 GHz. Getting the full possible tuning
range relies critically on a perfect alignment which is very difficult in the current design.
For instance, sometimes realigning the plunger on a same device could lead to a
~100GHz increase of the tuning range. Thus a further optimization of the alignment

design is necessary to achieve a larger tuning range in the future.

5.7 Summary

In this chapter, we analyze the bottlenecks which can hold off the future practical
application of the tunable THz QC wire laser. Tuning range, robust single mode
operation and tuning speed are supposed to be improved for the practical applications. A
narrower QC wire laser as well as an improved fabrication technique was proposed to
increase the tuning range. This new design forced more fraction of mode propagating
outside of the wire laser core, and the new fabrication technique eliminated the current
non-uniformity due to the curved sidewall. Moreover, its starting lasing frequency
without a plunger was adjusted to a frequency much lower than the gain peak to increase
the tuning range from a single metal plunger. Moreover, the robust single mode operation
was achieved by a comb-connector design, which selectively guided the undesired modes
into the lossy connectors and bonding pad. Furthermore, using a piezostack actuator, the
tuning speed was increased to ~2 KHz while the full tuning range was not covered due to
the spatial constraint. The final tuning range with the latest setup did not break the
previous record possibly due to an imperfect alignment between the plunger and the wire
laser. However, more importantly, our experiments have demonstrated every component
needed to achieve practical applications except a power amplification section which will

be discussed in the next chapter.
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6 Summary and future work

6.1 Key contributions

In this thesis I have described a novel tunable QCL which enables a broad and continuous
frequency tuning in THz range. To achieve this, not only a THz wire QCL was designed,

but also a frictionless and restorable plunger based on MEMS technology was developed.

The first broad-band continuous tunable THz QC wire laser demonstrated a tuning range
of ~137GHz centered at 3.83THz. This result was based on two novel designs. First, an
unsymmetrical first order DFB structure was implemented in a THz wire QC laser, which
had deep subwavelength lateral dimensions (~10um). The first order DFB resulted in an
envelope function over the periodic oscillation of electromagnetic wave, which led to
different mirror losses for different longitudinal modes. Using a wire laser, this design
was able to kill higher order lateral modes which had larger overlap with sidewall
roughness and a lower mode confinement compared to the fundamental lateral mode. On
the other hand, corresponding to the smaller mode confinement, a significant amount of
laser mode propagated outside of the laser core and could be manipulated by an external
subject, termed “plunger”. This plunger was made from either gold (metal plunger) or
high-resistivity silicon (silicon plunger). Pushed close toward the flat side of THz wire
laser (<10 um distance), the metal (silicon) plunger can tune the lasing to a higher (lower)
frequency. This tuning mechanism is described by equation 3.2.1. Fixing longitudinal
wavevector k, and refractive index, only transverse wavevector k, is changed by the
plunger and the lasing frequency was tuned. The novelty of this tuning method lies in the
fact that traditional tuning mechanisms only change k, (EC lasers) or refractive index
(temperature tuning and bias tuning) which have been proven difficult for THz QCLs
[75-90]. In a preliminary experiment, the plunger slid on a THz wire QC laser finished
with a gold layer. A combined continuous tuning over 137GHz was demonstrated with a
metal plunger (80GHz) and a silicon plunger (57GHz). This was a record of continuous
tuning range up to the time when the paper was published [135]. Although this result was

a milestone in the development of tunable THz QCLs, a significantly technical difficulty,
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originating from the friction between the plunger and the QC laser chip, was observed.

This technical challenge delayed the development of this work by two years.

To overcome this friction problem, a MEMS-based plunger was developed. Either a
metal or silicon plunger was attached with a flexure, which suspended above a handling
wafer to avoid contact and eliminate friction. The gap between the flexure and the
handling wafer was ~1.5 um after a sacrificial SiO, layer was etched away. This
suspended flexure was actuated by an actuator composed by a frictionless lever and
hermetic push-pull feedthrough assembled in a cryostat. The tuning range was very
sensitive to the alignment condition between the plunger and the wire QC laser which
ideally should be parallel with each other. To satisfy this alignment requirement, the
flexure design had two stages to isolate the possible misalignment from the external
actuation. The flexure design complied with the rule of SOI technology and was tailored
to the cryogenic operation. Among these concerns, it is worth emphasizing that the
mechanical structure was designed soft enough to avoid the material failure at ~5K. This
is actually the lowest operation temperature of a MEMS based on SOI, as far as we know.
The MEMS plunger was assembled with a THz wire QC laser through a male-female
alignment scheme. The alignment should have a tilting less than ~0.5 degree. A
homemade clamp was used to fix the plunger wafer on the laser substrate for the

operation at ~5K.

To further increase the tuning range, several designs with narrower DFB ridges were
implemented. A narrower ridge was used to force more fraction of mode propagating
outside of the laser core and resulted in a larger tunability. Additionally, the initial lasing
frequency without a plunger was designed at a frequency much lower than the gain peak
to fully utilize the lower half of the gain spectrum. But this theoretical result was
complicated by the smaller gain the mode could see at a lower frequency, which led to
mode hopping, and poor temperature performance. To solve these problems, finally 10.5
pum wide DFB ridge was used and an optimized comb-shape connectors were designed to

achieve a robust single mode operation by increasing the mode discrimination.
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The best tuning result achieved is ~330 GHz with a THz wire QC laser which originally
lased at ~3.8THz without a plunger. In this impressive 8.6% tuning range, 310GHz was
achieved using a metal plunger and 27 GHz from a doped silicon material. The tuning
range from a silicon plunger was smaller than the theoretical value due to a large
absorption from the doped silicon material. To adapt this prototype for practical
applications, a fast tuning was enabled by using a piezostack actuator. A fast tuning up to

2 KHz with a limited tuning range was demonstrated.

6.2 Ongoing and future work

Although significant progresses has been achieved, the performance of this tunable THz
wire QC laser can still be further improved from several aspects, such as its output power,
beam pattern, and integrated electrically-driven actuator. Several research efforts, which

will be discussed below, have been already carried out or planned to address these issues.

6.2.1 Integrated comb-drive actuator

As a preliminary design, the current mechanical system has demonstrated a world record
of continuous tuning range of THz QC lasers. However, from an engineering perspective,
it still has several technical problems to be addressed. First, the current design has a
bulky and complicated mechanical system which is not ready for practical applications.
Secondly, the actuation from a differential micrometer does not have a robust resolution
due to the fundamental limitation of these macroscopic mechanics, such as backslash et.al.
Additionally this mechanical actuator is assembled with a cryostat which couple the
external vibration into the actuation. This coupling can make the tuning very unstable if

these vibration is in a resonance with the MEMS resonant frequencies.

An integrated comb-driver is ideal to solve the problems associated with the mechanical
system. The concept was demonstrated in Figure 6.2.1. An integrated comb-driver is
connected to the flexure on the opposite side of plunger. When the stator and rotor of the
comb-drive are electrically biased, the electrostatic force between the comb-fingers can

actuate the flexure and pull the plunger on the other side. It is worth pointing out that the
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actuation force tends to pull the rotor to the stator. So in the design illustrated in Figure
6.2.1, the plunger has to be very close to the wire laser when comb-drive is not biased.
On the other hand, by switching the relatively position of the rotor and stator, the plunger

can be pushed toward the wire laser, which is not plot.

Truss Rotor

\5‘\1‘\ " Stat: b-dri
C RN\ e

Plunger

Aligning pole

Device

Figure 6.2.1 Schematics of MEMS plunger with an integrated comb-driver. The rotor can be pulled
by the stator when they are electrically biased. The alignment method is still similar to the original
MEMS plunger design.
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Figure 6.2.2 Illustration of the working mechanism of comb-driver. The electrical fringe field pulls
the rotor fingers and stator fingers close to each other when they are electrically biased. The upper-
left (lower-left) part is the position of rotor and stator fingers before (after) actuation. The fight
subfigure illustrates the 3-D configuration between rotor and stator fingers.

The electrostatic force coming from the comb-drive is from the fringing field between the

rotor and stator fingers, illustrated in Figure 6.2.2. This fringe field applies forces on the
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surface charge of the fingers and pulls them together. Quantitatively, this can be
understood by calculating the energy stored in the system. The capacitance between the

stator and the rotor can be expressed as:

_ 2negb(y + o)
C= d 6.2.1)

where n is the finger number, €, is the vacuum dielectric constant, b is the comb-finger
width, yy is the initial overlap between two comb fingers, y is the comb displacement and
d is the gap size between the fingers. According to Newton’s law, the electrostatic force,
Fe, is equal to the negative derivative of the energy, in this case, with respect to y:

F _1aC ., neb
=25 T4 6.2.2)

where V is the applied voltage between the stator and rotor. This force actuates the rotor

which is connected with the plunger.

Although comb-drive has been existing for a long time, it is still challenging to design
this comb-drive MEMS plunger. First, in order to cover the whole tuning range, at least
~15 um displacement has to be achieved which can be difficult due to the unavailable
material parameters in liquid helium temperature. For this large displacement, several
hundreds of finger pairs are needed depending on the gap size of the finger pairs.
Additionally, the system stability can be a potential problem. In the direction vertical to
the desired movement, the comb-drive is not stable because the fingers between stator
and rotor attract each other. When the restoring force provided by the flexure is not
enough to compensate the instability of comb-drive, the fingers will move out of the
balanced position and touch each other, resulting in a short circuit. Furthermore, it is very
challenging to make wire bonds, which are required to bias comb-drive, on MEMS
plunger because it is only loosely fixed on the laser chip by a clamp in this demonstration

stage. The potential solution can be the silver glue used to stick the wire onto a bonding
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pad on MEMS wafer. Or a stronger bonding between the MEMS chip and the laser chip

can be used.

6.2.2 Optimization of THz wire lasers

The design of THz wire lasers can be optimized in three aspects. First of all, the length of
the wire laser can be further increases in order to reduce the lasing threshold. Originally,
the length of wire lasers is always kept as 30 periods of DFB grating. The concerns are
two folds. By fixing the length, all the designs are comparable. Besides, in the previous
design, the mirror loss, which is inverse proportional to In(1/L), was the only mechanism
to discriminate different longitudinal modes. So a longer laser can reduce the mode
discrimination and possibly cause mode hopping. Since the comb-shape connectors are a
much effective mode selector, the mirror loss is not a dominate factor anymore and can
be reduced by elongating the DFB laser. So a larger gain bandwidth can be achieved,

resulting in a wider tuning range.

Till now, the grating of first order DFB structure always has a sinusoidal shape with 3 um
amplitude. Originally, this DFB design includes a concern to tradeoff between the
feedback intensity and the possibility of spatial hole burning. If the coupling is too weak,
it is not enough to discriminate the different longitudinal modes. On the other hand, if the
coupling is too strong, a spatial hole burning occurs and results in a multimode operation.
Traditionally, this coupling is quantified according to a coupling coefficient |[k|=nn.rAf/c
where nsr is the effective refractive index, Af is the size of stop band and c is light speed.
However, this perturbation calculation fails because the surface-plasmon modes are
strongly coupled to the metallic corrugation, and a large discontinuity in the dielectric
constant is seen at each grating step [148]. Thus the optimization of the grating
parameters can only be done empirically. The goal is to get a larger mode discrimination.
The parameters which can be played include grating shape and grating amplitude. In
addition, a defect can be implemented into the periodic grating to test the tunability of the

defect mode.
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Width optimization has been partially done and currently 10.5pum is chosen in the final
design for this thesis. However, the performance of 8 pm wide devices is not much
worse than 10.5 pm wide devices. So the optimized device width is very possibly
between 8 pm and 10.5 pm. A larger tuning range can be achieved based on a device

with the optimized width.

6.2.3 Master oscillator power amplifier (MOPA)

Currently, the biggest problem, preventing this preliminary design from practical
applications, is the limited emission power and divergent beam pattern. The reasons are
three folds. First, the facet reflectivity of such a narrow laser ridge is very high (>80%)
[75], as described in the previous chapter. Secondly, the first order DFB structure further
confines mode into the cavity center and further limits the output coupling. Thirdly, due
to the deep subwavelength size of the output aperture, the beam is very divergent and the
power collected per solid angle is very low. For these reasons, the output power hasn’t

been precisely measured yet.

1 ;
DFB master oscillator  single pass power amplifier /
{ Current in
0’1 i the amplifier:
—06A
1.2A
0,01 asmang | |, T 20A

Normalized light intensity

AR | i g ] ! 3 i .
1355 1360 1365 1370 1375 1380 1385
Wavenumber [cm-1]

Figure 6.2.3 from [149]. Device configuration (inset) and spectra of a MOPA with 1° tapered
structure. The DFB laser acts as the seed laser and the tapered section is a single-pass traveling wave
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amplifier. Using a finite-difference time-domain method, the calculated light intensity is
demonstrated. The device geometry is indicated by grey lines.

One possible solution is using master oscillator power amplifier (MOPA), which has
been successfully implemented in mid-IR QCLs [149]. The device configuration and
experimental result are shown in Figure 6.2.4. Essentially, the relative weak power from
the seed laser, which in this case is a DFB QC laser, was fed into an optical amplifier
which was coated with anti-reflection layer son both facets to kill lasing. In the
electrically biased amplifier, the lasing cannot occur due to the larger mirror loss. The fed
light was amplified by the gain medium in a single pass and reemitted out of MOPA. In
the work in mid-IR range, an amplification of factor ~2 was observed. Additionally, the

beam divergence was reduced by this amplifier.

However, it can be challenging to design a MOPA device for a THz QC laser because the
difficulties to efficiently couple the emission from the seed laser to the amplifier while
preventing amplifier from lasing. Due to divergent beam emitted out of wire laser, it is
hard to recouple most of the power back to an aperture with deep subwavelength
dimensions. Moreover, it is very challenging to kill lasing in a metal-metal waveguide
because the mode is strongly attached with metal-semiconductor interface and see a large

mode reflection at any discontinuities of this interface.

Absorbing
layer

plifief Anti-reflection

coating

Figure 6.2.4 A possible design of MOPA for THz QC lasers. The amplification section is connected
with a DFB laser seamlessly to avoid the coupling difficulty. An absorption layer was deposited on
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the tilted edge in order to Kkill the lasing of amplifier. An anti-reflection coating is deposited on the
tilted out-coupling facet. This facet is tilted to scramble its feedback.

The possible solution is shown in Figure 6.2.5. The amplification section was connected
with DFB laser seamlessly to avoid the coupling difficulty. An absorption layer was
deposited on the tilted edge in order to kill the lasing of amplifier. An anti-reflection
coating is deposited on the tilted out-coupling facet. Both edges are designed tilted to
scramble their reflection. In this amplifier, the lasing can possibly be eliminated and the

amplification amplitude depends on the length of the amplifier.

6.2.4 Integration of a silicon plunger and a metal plunger

The current design of tunable THz wire QC lasers is still only a proof of concept.
Although both silicon and metal plunger are used to tune a single cavity, they are not in-
situ switchable. To further extend the tuning range by a single plunger, a possible design

is illustrated in Figure 6.2.6.

Uncoated
side

Surface
Wire lasers grating

Figure 6.2.5 The configuration of a device which can be tuned to both higher and lower frequencies
with a single plunger. The lower part is a blowup of the upper figure. The first order grating is
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formed in the metal layer on top of the device. One of the two sidewalls of the plunger is coated by
metal. By pushing and pulling the plunger, the metal and silicon plunger can function on the device
alternately without delay.

In our design, the continuous switching is realized by designing the grating on top of the
ridge. The first order grating is formed in the metal layer on top of the device. Then the
two side walls are open to be accessed by a plunger, which is made by high-resistivity
silicon. One of the two sidewalls of the plunger is coated by metal. By pushing and
pulling the plunger, metal and silicon plunger can function on the device alternately
without delay. The to/from mechanical motion could be made reversible using a MEMS

based actuator with comb-driver on both sides of the laser ridge.
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Appendix A: Fabrication recipe of MEMS plunger

SOI Wafer: double side polished,
The thickness of handling side is 500um; the thickness of device side is
50pum.
Step 1: Standard lithography with Shipley 1813 photoresist
resist/spread/spin 6/8/30 sec .5/.75/4 krpm
Prebake 95deg C 30 min in oven
Expose (SmW/cm”2 ks2 aligner) 170sec
MF319 develop 30-40sec
Rinse in water for at least 1.5min

Postbake 30min 120 deg C in oven

Step2: Shallow etch the handling side by ~2 pm
The pattern: (a) alignment mark for the double side alignment
(b) Etch the plunger bottom avoid the contact with laser die
Recipe:

12.5

75

- 600/600
. 50/50
80/60
50/50

70
35
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Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Coat both side with ~3 pm SiO, by DCVD in MTL which will be used as
hard mask later.
Anneal (~1000°C) at N, environment to strengthen the SiO, layer.
Standard lithography with Shipley 1813 photoresist on both sides
sequentially and pattern the SiO; layer.
Standard lithography with AZ 4620 on the handling side.
Recipe:
resist/spread/spin 6/8/30 sec .5/.75/3 krpm
Prebake 95deg C 30 min in oven
Expose (SmW/cm”2 ks2 aligner) 300sec
MF319 develop 30-40sec
Rinse in water for at least 1.5min

Postbake 30min 120 deg C in oven

Etch ~300 um Si on the handling side, using photoresist as a hard mask
Recipe (JB etch):

28

| 800/600

) 33/45
' 120/60

50/50

105
50

After striping the photoresist with piranha, the handling side was etched down
to the embedded oxide layer with JB etch recipe, using SiO; layer as a hard

mask.
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Step 9:

Step 10:
Step 11:

Step 12:

Step 13:

Step 14:

Step 15:

Standard lithography with AZ 4620 on the device side.
Standard lithography with AZ 4620 on the device side.
Etch Si for ~20min on the handling side, using JB etch recipe and
photoresist as a hard mask. This step is necessary because there is a
narrow trench (~4 pm) between the two stages which require a longer
etching time than other region whose opening size is ~20 um.
After striping the photoresist with piranha, the device side was etched down
to the embedded oxide layer with JB etch recipe, using SiO, layer as a hard
mask.
Die-saw the chip with wafer protected by thick photoresist (AZ4620).
Release embedded SiO; sacrificial material under the movable parts with
HF(49%):H,0=1:4.
Tilt the wafer with ~40° and coat the sidewall of the plunger with Ti/Au
(30nm/300nm) by e-beam evaporation.
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