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Abstract

Terahertz (THz) quantum cascade lasers (QCLS) are arguably the most promising THz radiation source,
as they hee high output power and efficiency. The main limitation of THz QfSltke needf a cooling
system due to the belemomtemperature operation. Therefore, achieving room temperature operation
with good frequencyunning abilityare essential for many m@ottial applications of THz QCL3his
thesissimulatesT Hz QCL s 6, desigres ana tlemonastraths possibl@Hz QCLs withnovel

guantum designs that have potential to improve the maximum lasing temperatyrard frequency

tuning abilityof THz QCLs.

Resonanphonon (RP) and scatteriagsisted (SA¥chemesre two widely used THz QCLs quantum
schemeshatshow good temperature performance at different frequency ranges. Holbalieschemes
have limitationssuch aghe pre-threshold electrical instability in Riesignsand thermally activated
leakage to continuum in Sdesigns, which have preventsidnificant temperaturgnprovementsn the
last eightyears.To overcomehose limitationsthis thesis developssix-leve hybrid extraction/injection
design (HEID)scheme in which thBRP and theSA-basednjection/extraction are combined within a
single Ab.1sGa ssAs/GaAs based structurBy utilizing extraexcited states for hybrid extraction/injection
channels, this degin minimizes the appearance of an intermediate negative differential resistance (NDR)
before the lasing threshold. The final negative differential resistantserved up to 26K, and a high
characteristic temperature of 2B9ds measured. These obsetieas imply very effective suppression of

prethreshold electrical instability and thermally activated leakage current.

Broadbandemissionof THz QCL is usuallydemonstratedt low temperatureOnepossibleway of
extendingTHz Q C L feduencycoveragenvolvesactivatingmultiple-lasingtransitchannelsn the
deviceactiveregion(AR). Thisthesisdiscussea duatlasingchannelTHz QCL boththeoreticallyand
experimentallyThe duatlasingchanneldevicecombinegwo opticaltransitionsat differentfrequencies
underdifferentdevicebiases The deviceexhibitsalow thresholdcurrentdensityof 550 A/cm? at 50 K
andamaximumoperatingemperaturef 144K. It provides0.3 THz emissionfrequencycoveragawith
thelowestreportedhresholdcurrentdensityamongSA THz QCLs. The combinationof a duaklasing
channeloperation]ow lasingthresholdcurrentdensity,andhigh-temperaturg@erformancanakessuch
devicesdeal candidatesor broadbaneémissiorapplicationsandpaveshe way for achievinghigh-

temperaturgperformancéHz QCLswith a greaterfrequencytuningability.

The thesis also theoretically investigates two further novel designs. One design addresses an issue
observed in the first reported HEID structure faeximprovement. The secomtsign is a quasi one

well (Q1W) design consisting of the fewest number of layers (three) and lowest thickness per period (~20



nm) of all the THz QCL quantum structures. TQEW design exhibits sufficient high optical gain in the
positive differential restance (PDR) region up to a lattice temperature abov& 250
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Fig. 16. ElectronLO phonon interaction and schematic diagram of resonant tunneling. Phonon absorption
processes are indicated by cyan arrows, andghenon emission processes are indicated by green arrows.
The solid arrow shows the main process that happens in THz QCL. (a) Possible LO phonon scattering
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Fig. 2:7. (a) Calculated optical gain of the device V775 below 20 THz. (b) Calculated conduction band diagram of the

RP structure device V775. The simulation is performed at temperature of 10 K and electric field of 62 mV (14

Fig. 18. Schematic diagram of ovbarrier leakage mechanism. Black dots indicate the unescaped electrons and
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Chapterll nt roducti on

1.1 Terahertz Radiation Application

Theterahertz (THz) region dheelectromagnetic spectrum is defined by the frequenexdB00GHZ

10THz which islocated between the microwave radiation and infrared radiation regisisshown in

Fig.1-1,an al ternati ve wor d -ackhemedghdea deszribgtleesame freguewey d el y
range because of the lack of technology of radiation sourtlestatahertz region relative to microwave

radiation and infrared radiation regions [1].
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Fig. 1-1. Terahertz gafil]".

The study and application$ terahertz radiation k& rapidly expanded in the past decades (EiB).
Its applications span from fundamental science to everyday use. For exangblertz radiation is able to
penetrate through many common matersaish as cloths plastic and cards. Compared to ultraviolet
radiation theterahertz radiation has relatively lower photon energy, which expidin it is used for
security purposgto identify explosive gas and highly excitable species without causing their destruction
An example ofiterahertz image of a hidden knife is shown in Fig(A) [2]. The non-destructive
testing is not onlyseful insecurity applicationbut alsosemiconductor industryrhefault isolation and
defect detection systeoan achieve higher stia resolution when using shorter wavelength inspecting
radiation.With the development of microelectronics towards higher speed and bandwidth beyond a few
gigahertz (GHz), terahertz radiation wélfrequency higherthathec i r cui t 6 s opisr ati on fr

required for very highresolution fault isolation and defect detection systeamsndicated in Fig-2(B)
[3].

Fig. 1-2(C) and (D) show the figungrint absorption lines of chemical species such as nucleic acid and

amino acid in the terahertz regidrerahertz radiation can be used in spectroscopy and imaging to

*Reproducedfroml*{. Fukunaga and M. Picollo, fATerahertz spectroscl®3y595pRAIEd to the an
with the permission



identify chemical species since its photon energy is comparable to molecular vibration, molecular
rotation, hydrogen bond and van der Waals energyl fhhertz radiation can achievg@odsensitivity

for tumors without causing radiation hazard.

The applications of terahertz also include space exploration. A discovery in 2016 showed that some gas
clouds in space emit terahertz radiation corresponding to ionized nitrogen and carbon ag shgwn i
2(E) [5]. The study of star formation from dust and gas has been greatly enhanced by terahertz
technologyln addition, the attenuation of terahertz in space is greatly redlieeghertzadiationis
considered promising candidate for space wirgd communicatiobecause it has higher frequency than

microwave and larger tolerancerofsalignment than visible ligH6]. A wireless system where terahertz

radiation plays an important role is shown in FHg(E).
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Fig. 1-2 Terahertzadiation applicationgA) Terahertz radiation detecting a hidden knifshioes [2]*. (B)
Terahertz radiation testing higipeed circuit faultg3)’. (C) Absarption lines of nucleic acidnd Amino acid4]®.
(D) absorption lines of amino acjd] ™. (E) Detected terahertz radiation from gas cloud in spale® (F) wireless

system in space where dbertz radiation plays a ro[6]’ ¥

AFeeproduced from@. Song, Y. Zhao, A. RedBanchez, C. Zhang,and X. Liu AiFast continuous teraher®picswave i maging syst
Communications282(10), 20192022 (2009)], with the permission

yReproducedfrom\{. Cai, Z. Wang, and D. Goyal, fAAppl i cat id niendobk oftTerahartz €echinadlogytf@ c hnol ogy
Imaging, Sensing and Communicatigi¢oodhead Publishing, 2013), pp. 6840], with the permission

§Re,\producedfrom){. Yang, X. Zhao, K. Yang, Y. Liu, Y. Liu, W Fu, and Yrehd®,i AiBi omed
Biotechnology34(10), 810 824 (2016).] with the permission

** Reproduced fromX. Yang, X. Zhao, K. Yang, Y. Liu,Y.iLu, W. Fu, and Y. Luo, fABiomedical applications of t
Biotechnology34(10), 810 824 (2016).] with the permission

AAReproducedfrom[}e I ft University of Technology, ( Ritps¥/ghys.od/aews/2D W) stofild T, @iththe anded and dat a
permission

y yReproducedfrom&{. U. Hwu, K. B. de Silva, and C. T. Ji h, 20IBtEEmRSersorsApplidatiohsz) wi rel ess s
Symposium Proceedin¢®013), pp. 171175], with the permission
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1.2 Terahertz Radiation Source s

Due to the numerous applications of terahertz, several explorative researches have been conducted to
explore compact terahertz radiation sources that can bridge the terahertz gap with sufficient output power.
Four types of terahertz radiation sources #radive to researchers: (1) ladersed THz sources, (2)

THz vacuum electronics, (3) accelerabarsed light source, and (4) THz quantum cascade lasers (QCLS)

[7]. This section discusses and compahesmajor advantages and challenges of each typeabiettz

radiation sources.

Laserbased THz source requirasadditional optical pumping source with emission frequency in the
visible or infrared regiortere, he terahertz radiation can be generated by (1) optical rectification using
tilted pulse fronexcitation [8], (2) differential frequency generation usirtggh nonlinear constant
material [9], and (3) gas excitations [10]. The optical rectification teci@siise LiINbO3 or organic
crystals to generate terahertz radiation [7]. This cagalsdyassembled in a lab for basic science study.
The drawback of this techmieis its low damage threshold of ~1 mJ/&end thesmallsize of the crystal
[7]. Differential frequency generation (DFG) tecmeusing midinfrared (MIR) QCL is widely used for
tunable and broadband sources. THz DFG QCLs utilizes two MIR QCLs arebtmia MIR waves in
high susceptibility active region to generate terahertz radiatiacinngawave mixing effecf9]. THz
DFG QCLs are compact and widely tunalidatlow conversion eftiency. Gas laser is an eadyage
concepfor generang terahertz radiation discontinuouslytheterahertz region. In a recent study, widely
tunable (~1THz) gas lasers pumped by MIR QCL are reported [10]. F&frdém [10] shows the
working principge behindthewidely tunable gas lasers. The electrons are excitgaifmpinglaser to
excited vibrational states and transit between rotational levels by emitting terahertz radiation. A widely
tunable NO gas laser has been demonstrated and well explaynimboretical model that considéhe
pumping transition, dipoldipole collision, thermal collision and diffusion [10]. The concept is universal
for other gas lasers, and it is proposed to achiéMdzifrequency coverage and milliwatt output
intensity. The tuning of MIR QCL emitting fg@ency and laser cavity pressure is critical in gas laser
operation, since those parameters directly affetransition strength and population inversion between

the desired rotational lasing levels.
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Fig. 1-3. MIR QCL based gas laser. The diagranthefworking principle in (A), andhesimulated gas laser
frequency coverage and laser powe(B) [10]%.

The vacuum electronic device (VED) genesdézahertz radiation by acceleratingedectronbeam
through electromagnetic waveguides or caviti€ke stateof-the-art gyro THz vacuum electron devices
are summarized in Fig-4 [7]. VED converts electrical power into electron kinetic energy to generate
radiation, hence it is more compact than the opticaliyged laser. The emitting frequency is limited by

the fabrication technologies and 1/frequency(f) power scaling relasoshown in Figl-4.

§ReproducedfromF[.Chevalier,A.Armizhan,F.Wanm. Piccardo, S. G. Johnson, F. Capasso, and H.

Science366(6467), 856860 (2019), with the permission
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Compact and Gyro THz sources and amplifiers
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Fig. 1-4. Summary of statef-the-art of compact and gyro THz vacuum electron devig§s [
The acceleratebased sources have been widely used for spectroscopy in the Ukayorégime. In
the past, researchdrave beelinterested in utilizinghe acceleratobased sourcef the infrared and THz
regime.The aceleratotbased sourcemre usuall longer than 30 m which i®latively larger than the
tabletop THz source discussed in previous paragrélitis This source has the advantage of continuous

frequency coverage, and high spectral power.

QCLs utilize confined energy statestlie conducton band to achieve population inversion. THz QCL
was first reported in 2002[11], and has become one of the most promising coherent radiation sources. To
date, THz QCLs have been reported to cover frequefie}.3-5.4 THz ando produce wattevel output
power in pulse mode [8]. The typical size of THz QCLs ridge waveguidssista fewmillimetersin
lengthandaroundonehundred micrometsriin width. The major limitation of THz QCL and its

application ighe operating temperatur&lext section will present taoroughdiscus#on on ths topic.

” Reproduced fromg. S. Dhillon, M. S. Vitiello, E. H. Linfield, A. G. Davies, M. C. Hoffmann, J. Booske, C. Paoloni, M. Gensch, P. WeigatrRanVilliams,
and E. CastrC a mu s , AThe 2017 terahertz science and t e &W4) 043@08{R017). withthen@epnjssion J our nal

of



1.3 Electrically Pumped THz QCL s

The first QCLis demonstrated imid-infrared (MIR) range in 19941F], andthe first THz QCLis
demonstrated in 2002[11Fig. 1-5 shows asimplified diagram of THz QClfrom ETH Zurich/DPHYS,

Faist group 14]. Fig. 1-5(a) shows the vacuum chamber and cold finger setupldbidp) shows the laser

bar with THz QCL laser ridgesid: 1-5(c) isanenlarged diagram dhelaser barandthelayered

structure indicating the active region. In the active region, different layers with different conduction band
offset are grown sequentially to create quantum wadlshown in Figl-5(d), which creates confined
energy states. Wheanelectric field is applied across the device, electrons are injected from the negative
pole to the positive pole (from left to right in Fig(d)). Theentireactive region consisbf hundreds of
repeaing periods of layered structurdsach period includes a pair of lasing states and injector section, all
periods are equally doped to maintain the electric field over the whole active core in most of the cases.
The designed amount of the electric field &t the injector state (green staktecoupling with red state

in Fig 1-5(e))to the same energy as the upper lasing state (redissagbedasUL in Fig. 5(e)), and
electrons are able to transit from the injector state to the upper lasing statsoviant tunnelin¢RT),

while the lower lasing state (blue energy stiscribedasLL in Fig. 1-5(e)) is depopulated theground

state via scatteringn this way,population is achieved #te designed electric field. Ideally, each

available electromvould go through one lasing transition between the lasing states aegrbeessetly

the injector for the next peripdsdepictedn Fig. 1-5(d). In real device, the value is characterized by

wall-plug efficiency which is extracted by the ratio ofitput power to the inject electrical power.
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Fig. 1-5. Concept diagram of THz QCL&) Vacuum charﬁber and cold finger mouhbj.Laser bar witlseveral
THz QCLs. €) Diagramof alaser bar(d) Simulated electron population on two periods of THz Qftiantum
structures, which ikighlighted by blue boin (c). (e) Two-well DP structureeonduction band structure withe
upper lasing statesJ(S) in red thelower lasing statelLS) in blug andtheinjector statginjecton in green
[14 AA

AA ﬁeproduced fromL[. Bosco, M. Franckié G. Scalari, M. Beck, A. Wacker, and J. Faist, Thermoelectrically cooled THz quantum cascade &i5®y op¢o
210 K, 0 Appl i €151)POH06GLIi(2019). witrethe tpermission of AIP Publishing



Usually, in comparison to MIR QCL3Hz QCLs are harder touild uphigh population inversion,
because th&Hz QCLs havesnergy spacing between the lasing state2&#heV) closer to the line
broadening and longitudinal optical (LO) phonon energy (36.5m&3aAs). Since the first
demonstration of THz QCL in 20027], many efforts have been made in electronic and photonic
engineering to further improwee key performance diHz QCLs in relation tehe operating

temperature, frequency control, beam dyaind power efficiency.

1.3.1 Electronic Engineering of THz QCLs

To improve the maximum operating temperature of THz QCLs in electronic engineering, several efforts
have been made to understand the fundamental electron transport mechanisms and to optimize the
existing quantum structural designs. Researchers have also found it necessary to explore new possible
guantum structures thatight mitigate tradeoffs in the stateof-the-art quantum designs and improve the
major performance degradation factors. In the past decade, a few promising new quantum structures
design schemes, such as resommdnanon desigrtwo-well directphonon designs, extractiaontrolled
desigrs, phonorphotorrphonon (3P) designs, scatteragsisted designs, and spiiell directphonon

designs, have been demonstrated and studie89JLAs a result of continuous improvemetite latest
designs, such aketwo-well directphonon, scatteringssisted, resonafphonon, and sphivell direct

phonon are among the beshemesvith operating temperatures in the main frequency range from ~2
THz to ~4THz. Furthemore in comparison with other material systdrased THz QCLGaAs/AlGaAs
material systa-based THz QCL shows the best temperature performartoe experiments so farhe

effort on exploration of material system other than GaAs/AlGaAs system is briefly summarized in table
1-1.

Material |Advantages c{({Didaantages cqCurrent stRefere
GaAs/ Al GaAs {GaAs/ Al GaAs sl|devel opme]
GaSbh/ Al GaYWeaker -eOephow/I nter valley sc/TheoreticalRef. 36

interaction significant

I nGaShb/ Al | Weaker -eOephowon| Growth difficul|{Theoretical Ref. 37
internlaeweémoni nt|{i nterface rough
scattering tha

I nGaAs/ Gaj Al free systenlLarger interfac|ll142K Ref . 38

oxi dat jLoomveifd seu
el ectr;ehrmager
nomar abwglici

Si/ Si Ge orLarger LO phon Growth difficull{Demonstrateg¢Ref. 39
el ectrol umi
I nGaAs/ I nfLoavel ectron ef|Conduction band/ 122K Ref . 40
relatively high
necessarily to
ZnO/ MgZnO |Larmrg® phonon e/ Verwgtmrial dema/DemonstrategqRef. 41

growiansgcade strilelectrol umi
domain
GaN/ Al GaN|Weaker LO phon|{Growth ideisf fi cul|Observed sgRef. 42
emi ssion.

Table 11. Brief summary of progressn exploring THz QCLs based arewmaterial systems other than
GaAs/AlGaAs system.




1.3.1.1 Important Mechanics in THz QCL Design Stages

In THz QCL design stages, a femechanismsare considered to play important rgleach afRT
(including the designed tunneling and wrong tunneling), longitudipéical phonon scattering, subband
absorption (negative optical gain) at terahertz frequesutge, elastic scattering (inciad interface
roughness scattering and impurity scattering), eleatectron interaction, ovdrarrier leakagethermal
distribution,and electrical stabilityThis section gives a brief account bése mechanicand tre
simulation approachesill be discussed in chapter 2.

1.3.1.1.11 ongitudinalOptical PhononScattering andresonanfunneling(RT)

Longitudinaloptical phonon scattering is one of the most significant scattering processes that dleur in
THz QCL structure. Theptical phonon energy is constant when the wave vector is close to zero, and the
atomic displacement is in the same direcisthe energy transfer in longitudinalmodtel e ct r on 6 s
transportoccursfrom one subband to another subband by emitting/absopbioigonsFig. 1-6 shows a
schematic diagram of the electrphonon interactions is shown in Fig61The phonon absorption
processes are indicated by cyan arrows, while the phonon emission processes are indicated by green
arrows. Fig1-6(a) indicates the electrgphonon interaction between the lasing stefegrgy spacing

between the lasing statesTHz QCLsis smaller than phonon energy. In tmaximumoperating

temperature antypical doping density of THz QCL, the major LO phononttsrdng processesvhich

are markeavith solid arrowsshow the fastest rate the calculation Hot electrons fronthe upper lasing
stateUL (in orange) can be scattered itihelower lasing stateL{L) (in dark blue) by emitting a LO

phonon (indicated bgreen arrow). This process can significantly damage population inversias and
consideredo beone of the maifactorsthatlimit high temperature performance of THz QCE®. 1-

6(b) indicates the electrgohonon interaction between Lin(cyan) and ijector stateif black). The

energy spacing between LL and the injector is larger than phonon energy. The possible phonon absorption
processes aiadicatedwith cyan arrows, and possible phonon emission processexlaaed with

green arrows. The majprocess which is indicatemith solid green arrow between LL and the injector

state explains that electrons in LL can be effectively depopulated to the injector stagpwianon

emission process. This process is widely used in THz QCL designs fdepagiulating LL.

Resonant tunneling is the key phenonreuased in THz QCL to transport electrons between different
periods. When two confined enerigyelsare aligned, electr@tan tunnel through the barriers until the
two aligned energy states attaisimilar population. To maximize the available electrongfedesigned
transport path and efficiency, it is importanettsurehe electronso betransporédthrough the desed
tunneling pathFig. 1-6(c) illustratesan example of desired tunneling path agrongone Since the UL

and LL in THz QCLs are close to each other with a small energy spacingOofiéV, which is



approximatedo the line broadening (~8 meV), eleaons can be injected from the injector level to either

UL or LL. The injection r at ejyforsheidjectioetolignfethe by t he
injection to LL) It is important teensurghatthewr o n g i n;)iel@menoagh to¢gve

population inversion oveahelasing state In a smilar way, any undesired parasitic energy levels close to

the injector state arthe UL in terms of energy can be a leakage path via resonant tunriéing-6 (c)

is an example of parasitic eggrlevel (P%n-+1), the gey barindicatesnrong tunneling channel frothe

injectorl t i s also important to check i f any parasitic

the injector and UL.

(a)Electron-phonon (b)Electron-phonon (c)Schematic
interaction between interaction between diagram of resonant
lasing states LL and injector state tunneling

P1

n/n+1

Injector, ¥ uL

Extractor,

L,

Injector,
phonon ! " ULy

energy

phonon
energy

Fig. 1-6. ElectronLO phononinteraction and schematic diagram of resonant tunneling. Phonon absorption
processes are indicated by cyan arrawsl the phonon emission processes are indicated by green arrows. The solid
arrow shows the main process that happens in THz QCL. (a) Rols€iighonon scattering processes between
states with energy differences smaller than the phonon energy. (b) Possible LO phonon scattering processes between
states with energy differences larger than the phonon energy. (c) Schematic diagram of deslied &mherong
tunneling paths across the barriBlack line indicates the injector stat@;ange line indicates the upper lasing state,

blue line indicates the lower lasingsta#¢e r ows i ndi cate tunneling path, and q

1.3.1.1.2NonradiativeElastic Scattering andlectrical Stability

Elastic scattering can affect electrons distribution. Interface roughness scattering is imehrteel

interface betweethebarrier and well, the scattering rate is dependent oocahduction band offset and

the interface quality. The conduction band offset is determined by Al concentration in THz QCLs based
on the AlGaAs/GaAs system, while the interface quality is determined by the mean interface roughness
height and mean correlatidength. In general, a lower conduction band offset and better interface quality

would result inalower interface roughness scatteritrgpurity scattering is induced by dopants

10



embedded itheactive region of THz QCLs. The scattering rate is deperatethie dopantdlocation
and doping density whilhe quantum structure remains the same. Eleetdentron interaction on the
subbands can cause screening effect and Heinac distribution. In terms of the quantum structare,
high population of electres and dopants can cause conduction band bending (&ieittrther
discussion, seehapter2).

It is critical to avoiddesigning operation bias ®Hz QCLs inanegative differential resistance region
Failing to do sawvould result inasignificant electrical instability anishability to lasein the devicgd29].
The design bias (at which the device is lasing) should be within a positive differential resistance region

(PDR)to ensurdhatthe lasing operation can successfully be initi@ed maintained stahly

1.3.1.1.3PossibleAbsorption of TerahertRadiation

The target of designs with the lasing states is to achieve a high population inversion, that is, higher
electron population in UL than LL and fahigh positive optical gain between tlasing states.

However, additional absorptiaran becreated by tens of meV spaced subbands without population
inversion,these subbands cabsorb the terahertz radiation emitted from the lasing statewitigdtethe
positive optical gain in the activegion. An example of calculated optical gain and absorptitirein
terahertz range fadevicenamed a¥775from [64] is shown in Figl-7. The major absorption is from
theenergy states that are spaced around a LO phonon eAbsgyption from other subbands, for
example the absorption centered ~6 THz in Fi@, fhay reduce the peak gain in lasing frequency due to
the broadening of absorption pedBue to thefastscatteing rate of LO phonon scattering, electrons at
the higher energy state are efficiently depopulated to the ground state resulting in a very high absorption
peak centered around 9 THz. Due to the short life time, the FWHMabsorption peak could be dg,
thereby reducing the optical gain in the targeting lasing frequafneyf 5 THz. Therefore, it is necessary

to look atthe net optical gain that takes into account the optical emission and absorption artteng all

11



major confined energy states in thé\aeregion.
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Fig. 1-7. (a) Calculated optical gain @ahedevice V775 below 20 THZb) Calculated conduction band diagram of
the RP structuralevice V775The simulation is performed at temperatafd 0K and electric field of 62nV (14
kvicm).

1.3.1.1.40ver-BarrierLeakage

Overbarrier leakage has been recently recognized as an important performance degradation factor in
stateof-the-art diagonal THz QCLs4H]. Despite the THz QCL quantum design to effectively reduce LO
phonon scattering and wrong turingl at higher temperature, hot electrons can still escape from the UL

via overbarrier leakagd-ig. 1-8 shows achematic diagram of owarrier leakageorange dots indicate
electrons that are able to escape to the continuum bandawmger, andladk dots indicateelectrons with
insufficient activation energy to escafjiavo pathsare availabldor electrons to escape to the continuum

band: (1)hot electrons with enough energy can go daarier and escap€?) electrons with relatively

low energycan scatter to high energy parasitic levels near barrier edge and tunnel through the barrier
edge to the continuum band. Once an electron escapes, its mobility is greatly increased. This will produce
a significant leakage current until the escaped electroeciaptured bgubsequenperiods. The most
commonwaytoreduceoverar ri er | eakage is to increase the bar
concentration on the barrier regidnhas been reportdtiatincreasing barrier heiglebuld increase the

interface roughness scatterirgnd high interface roughness scatteithg detrimental phenomenon in
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THz QCLs[22).
(1)

(2)

000000
]

Injector,, UL

Extractor,

LL,

= ~36.5 meV

Injector,

- ULn+1

Fig. 1-8. Schematic diagram of ovbarrier leakage mechanisBlack dots indicate the unescaped electrons and

orange dots indicate tlescaping electrongrey arrowsindicatepossible ovebarrier leakage path.

1.3.1.2 Resonant-Phonon Structure

Thethreewell RPbased design schernsamong the earliest developed designs. It is currently one of the
most promising structures that can achiewaimum operating temperature above KO[19]. The other
scheme that can achieve operating temperature above 190weisdrectphonon scheme [14], and it is
discussed in the next sectidfig. 1-9 is a schematic diagram tife three-well resonanfphonon based
design. Electrons are directly injected into theand extracted from thel. viathe RT process.

Electrons on the extractor state can easily transit to the injector state via LO phonon scattering.

In theresonanfphonon bas# design, three potential performance degradation factors are often
encountered: (1) the appearance of an intermediate NDR before the lasing thie} a8 (2) the
disappearance of the final NDR at high temperatdoeto leakage tohecontinuum bad [15, 17, 18]
and (3) the theoretical | i migd)ofédd% immesonarimnelingpopul at i
(RT) based injection/extraction processes. The appearance of an intermediate NDR before the lasing
threshold constrains the operation ansligie of the device, especially in diagonal designs with low
oscillator strength, by preventing the device from reaching the designed lasinteb28.[This effect
resuls from the presence of significant curréedkage channels, such as a reschamteling leakage
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from the injector state to the extractor state before the designed lasing®R28.[One way to reduce

the appearance of the intermediate NDR is to ensure that the current density at the lasing threshold is
significantly higher than anlpcal current density peaks at the lower bias. The observation of-a well
defined final NDR is considered as a strong evidence that the admaspot suffera significant leakage

due to higher energy states and continuum at the measotemperaturel[7, 18] However,the final

NDR usually disappeai higher temperatures and the threshold current density dramatically increases
due to the fact thatlectrons possess enough kinetic energy to enable leakage path to coatitighim
temperatureand consegentlydegrae the performance dhe device 17-20, 22]. One way to reduce this
leakage is to increase the barrier height for better carrier confinement. A high barriecaright

potentially increase the interface roughness scatteringlfat2Z,30,31,44]. Various barrier height

growth is often very demanding for a typicadlecular beam epitaxy (MBE) growth system. E. Dupont
pointedthat the direct pump schenai@a RT proces a typicalthreewell resonanphonon based THz
QCLsresultsinatler et i cal ly | i mited maxiuhefB50%RYG.NIRTBased on | nv
injection and extraction scheme, the electron population on the UL is limited and similar to the injector
state, meaning that UL can hold only half of the available elegtsdmilarly, the LL and extractor state

hold a similar electron population which means that only half of the accumulated electrons on LL can be
extracted.
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Fig. 1-9. Schematic ofhreewell resonanphonon structurga) Simplified schematic diagrantb) Actual

conduction band diagram tfreewell resonant phonon structure frodad[¥ ¥.¥

1.3.1.3 Scattering Assisted Structure

To partially overcome the limitations aforementioned in the last paragraph, some SA and 3P
injection/extraction schemes have beaplored witharesulting better performance than the-Bi3ed

vy &eproduced from [S. aololoumi, E. Dupont, Z. R. Wasilewski, C. W. I. Chan, S. G. Razavipour, S. R. Laframboise, S. Huang, Q. Hu, D. Ba@, and H.
AEffect of oscillator strength and i nt e-bavedeiakertzeuanterscaandaen cl ea socerr st, hoe Jpoeurrfnoarl maonfc eA pc
113(11), 113109 (2013).], with the permission of AIP Publishing
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design when the main lasing frequency is lower than 3.5 B&234]. Fig. 1-10 (a) shows &chematic

diagram ofthe scatteringassisted (SA§lesign,andFig. 1-10(b) shows schematic diagranf the
phononphotorrphonon(3p) design. In the SA design, electrons are extractedthieirl to the extractor
viatheRT processbut electrons are injected from the injectotit®UL via direct LO phonon scattering.

In the 3P design, electrons are extied and injected via direct LO phonon scattering onlyb&sedand
3P-based devices require a relatively higher electric field for lasing threshold and show higher leakage to
continuum, therefore a relatively higher barrier height and lower energy gpmatineen the lasing states

are preferredd2-34).

(a)— Scattering-assisted scheme (by 3P scheme
Ground stat -1 Injector, - Extractor, | | |njector,
UL 36.5meV " ~36.5 meV
‘ = UI'n
LL ‘
*b
Ground statel .| Injector,,, LL,
~36.5 meV
UL, Extractor, Injector,,
C == % 185 d — 7
(c) (d) - _ L x10
5
200
150 1 N 4
S i
g’ 100 3 _E
% S0 - | ’é
& - 22
o — =] - —
50 ml b
-1 0 10 20 30 w0 U
Length (nm)

Fig.1-10 Schematic diagram of electron transport.ajplified scatteringassisted injection scheme. @mplified
phononphotorrphonon scheméc) Actual scatteringassisted injection schensenduction band diagrafrom
[34]% . (d) Actual 3P schemeonduction band diagrafrom [33]™ .

8 Reproduced from [ S. Kumar, C. MWMLHzl .q uChnathnu m Q. a sHua d ea nlda sJe.r Lo.p eReantar,/nlgBAsd1g.n8 f i ca
Nature Physic3(2), 166 171 (2011).], with the permission

** Reproduced from [S. G. Razavipour, E. Dupont, S. Fathololoumi, C. W. |. Chan, M. Lindskog, Z. R. Wasilewski, G. Aerafr&mRolse, A. Wacker, Q. Hu,

and D. Ban, fAAn indirectly pumped terahertz quantum calcadreal acfllZ®pl hed ohy :i
203107 (2013).], with the permission of AIP Publishing
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1.3.1.4 Two-Well Direct-Phonon Design and Split-Well Direct-Phonon Design

Thetwo-well directphonon design contains only two wells in gregiod Electrons are extracted from
theLL via direct LO phonon scattering and then injected into the UIRVias described in Fig-11

[14]. Thetwo-well directphonon design is the narrowest ZRQCL quantum design that has been
experimentally demonstrated, each period considtsunfayers(two barriers and two wellsThe glit-
well directphonon design has the same electron transport scheimetas-well direckphonon, butvith
one thin barier added in the phonon well to further assist eleétrextraction frontheLL to the
extractor/injector state via interface roughness scatterimg current world record of highest operation
temperature of THz QCLs in pulse mode is achievetivoywell direct-phonon desigf104.

(a)

Two-well direct-phonon

Extractor/ ImeLto rhq UL,

i
~36.5 meV
ULn+1
Extractor/Injectot,,

2 T T
(b) T ¥
/V\J/\/\/\/\w 5 ’T';
ISO:\_./\ /-\_./ﬁ\""“m% 1 ...E
= mhd M
5 100} S el |- Il B
E [l N =
. T — |84 Z
g Z M. &
B k-—é - = AT ¥ 3 o
m e s o A - -
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Fig. 1-11. Schematic diagram of electron transpottin-well directphonon designa) Simplified diagram. (b)

Actual conduction band diagram tfo-well directphonon design fromigr A4 A

AA AR%produced fromL[. Bosco, M. Francié G. Scalari, M. Beck, A. Wacker, and J. Faist, Thermoelectrically cooled THz quantum cascade laser operating up to
210 K, 0 Appl i €151)POH06GLIi(2019). witrethe tpermission of AIP Publishing
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A summary of publishedesigns of THz QCL with the best operation temperatures at different
frequendesis listed in Fig.1-12. An obvious performance degradation is observed when the lasing
frequency is lower than BHz or higher than 4 THz iRig. 1-12. There are multiple reass for the
frequency dependent performance variation. When the lasing frequency isdativerenergy spacing
between the lasing statbecomegloser to the line broadenirfg4 meV) The close spaced lasing
statescanresult inpoorer selective injeicin/extraction and higér non-radiative scattering. In the past,
the thermal distribution law ofsR = kisrbelieved to be an important limiting factor, but multiple latest
desigrs have shownthe operatiortemperatureabovethe value predicted bya k ¥ 4[34] At higher
lasing frequency, the largely separated lasing stateesult in more leakage to continuum from the
upper lasing state and more LO phonon emisdienause electrons in the dangainsufficient

activation energy to readyarrieredge ané LO phonon energy of 361meV above the energy of the LL

Furthermore, a clear design dependent performance difference is obsdfigedih2. This suggests
that the electron transport scheme plays an important role in the temperature pedoiBcattering
assisted designs show better performance at fre@sdower than 3 THz, whiléheresonanfphonon and

thetwo-well directkphonon designs show good performance above 3 THz.
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Fig. 1-12. Summary of temperature performance of differenésththe-art THz QCL designs. The highest
operation temperature is achieved in pulsed méddet squareindicatebondto-continue designs, blugtots
indicateresonanphonon designs, green triangledicatescatteringassisted designs, cyan diamadndicates split-
well directphonon design, and orange staidicateTHz QCL based on material systems other than GaAs/AlGaAs.
The dataaremainly extracted fromd8]. The postworld record of 199.K is achieved in 201264, the postworld
record 0f210.5K is achieved in 2012H], and current world record of 2%Qis reported in 2021104.

1.3.2 Photonic Engineering of THz QCLSs

The emission characteristics can also be improved by photonic engingdiisygection presents a brief
review ofwaveguidesnd recent photonic engineering progress of THz QCLs.

FabryPerot (FP) ridge waveguide is the most common waveguide used in THz QCLs. The first
invented THz QClis fabricated into a sendrsulating surfacglasmon (SISP) ridge waveguide]. A
SISP wavegide contains a high doped layer between the active region (AR) andhseiating GaAs
substrate. The high doped layer is-0.8 pm thick with adoping density of ~16cm?[12]. The high
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doped layer has negative dielectric constantssapgorts surface plasmon. Together with the top metal
layer, confinement of light can be achieved in the active region. The mode can be extended into GaAs
substrate SISP waveguide caachieve relatively better beaand highpower emission due to lower

facet reflectivity however, itcanresult in free carrier losa the substrate.

In order to improve the mode confinement, a doubétal waveguide has been develop®double
metal waveguide utilizes two metal layers to sandwich the active regionsviednetiathe metallic
wafer bonding method. Compared to the SISP waveguide, the doebdéwaveguide provides a more

robust frequency independent confinement with confinementfagtorl . Thr eshol d gain ol
gn= (w¥ B/, (1.1)

whereU, is the waveguide loss atlis the mirror lossThe dublemetal ridge waveguide THz QCL
achievedower threshold gaithan that ofSISP.Fig. 1-13 shows &chematic diagrarof the SISP
waveguide and double metal wave guidig[Fig. 1-13(a) shows the SISP waveguide and its electric

field intensity, (b) shows the double metal waveguide and its electric field intensity.

()

metal
contact

(quasi-metal)

active region
(~10 pm)

S.I. GaAs substrate n+ GaAs substrate

metal Alr 1

e
b

S.1. GaAs n+ GaAs

(‘n'e) Arsuayur prarg

Fig. 1-13. Waveguide and confinement schematic diagram of (a) SISP wavg@)ideuble metal waveguide with
its electric field intensityf47) ¥ ¥
Waveguide materiadelectionis an important factan the performance of THz QCL. The first

fabricated double metal waveguideAu-Au. Its selection is due to the stable property of Au. Cu is also

yyyR%producedfrom\r[.Zeng,B.Qiang,.’:lnd.Q J. Wang, fiPhotonic engineering technol oghdvahaed t he devel
Optical Materials8(3), 1900573 (2020). with the permission of AIP Publishing
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another suitable doublmetal waveguide THz QClsecausé haslow waveguide loss and slightly
higher thermal conductivity than the Au waveguide45].

One important emission charagstic is frequency control which includes single mode emission and
frequency tuning. Since the radiation wavelength of THz is longer than the thickness of the active region
and the coupling of the mode with the top metal layer is strong, distributabfdegrating can be
directly applied to the top metal via photolithography and liftoff process. The feedback frequency can be

determined by the following equation:

10=2N el /N, (1.2)
whereL is the grating period,efis the effective refractive index in the medium, and n is the integral
number which is defined as diffraction ordéhe hybrid secondand fourthorder brag gratings
implemented to THz QCL have achieved a single mode emission and high peak output da\9ern\f
with a slopeefficiency of 993mW/A [46]. Photonic crystal can be used as an external reflection mirror
that reflects radiation with certain frequencies falling in its narrow reflectivity b&fjdActive
resonators can also be developed usinggohio crystals by a 2D periodical patterning. By tuning the air
hole size that was drilled through the top metal, a photonic bandgap can be formed and-#ugband
resonances can be aligned to gain spectral range of the active region fengidgleperton [47)].

Frequency tunability is important for the applications of THas paragrapheviewsfour methods of
frequency tuning and their stadé-the-art results(1) The conventional frequency tuning, which is by
modulating the heatink temperaturesince temperature affects the effective dielectric constant. Due to
the relatively low maximum operating temperature of THz QCLs, temperature modulation is usually
inefficient. For example, the singleode distributed feedback laser (DFB) QCL can be tamgdby 12
GHzfrom temperaturei®7 K [47, 48]. (2) Dielectric layer deposition onto a DFB structure for a larger
range of effective dielectric constant tunid@][ This method achieves modepfree tuning over 57
GHz. (3) External cavityunning scheras By changing the external cavity length, the cavity mode can be
tuned. This methgdvhenapplied toverticatcavity surfaceemitting THz QCLSs achieve 20% (650GHz)
continuous fractionadinglemodetunningcentered or3.47 THz [50]. (4) With thedevelopment of the
microelectromechanical system, a metal or dielectric layer can be precisely moved in the lateral direction
of the laser cavity to efficiently adjust the effective dielectric constdns method achievesound330

GHz tuning range ceeted at 3.89 Hz in [5]].

Power efficiency is highly desirable in semiconductor lasers for sensing and spectroscopy applications.
Power efficiency can be characterized by vpdllg efficiency (WPE) angowerslope efficiency (PSE).
WPE describes the eleidal-to-optical power conversion efficiency. This value can be improved to

achievealow leakage current and thicker THz QCL AR growth for more repeptngd. By growing
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an AR of 24 pm in thickness which is significantly higher than the normal thicksef 10 pm in THz
QCL AR, a high output power of 2 and high efficiency of ~90 photons per injected electron & 10
is achieved from a conventional SISP wavegu&#. [The other parameter PSE is defined as

PSE=h¢«ar/(aw+ar), (1.3)

wherehis the detector power collection efficien@g is the radiative loss, araly is the waveguide

loss. Two strategiesan be employetb enhance PSE via photonic engineeringprove collection
efficiencyandradiative lossCollection efficiency an be improved in multiple folds by adding a lens
directly in front of the emitting facet. By adding a silicon hypemispherical lens to the facet of the
doublemetal ridge waveguide, a narrow-fegld beam pattern is formed and a high PSE of 296 mW/A i
achieved $3]. To improve the outoupling efficiency (radiative loss), the effective emitting facet can be
increased whilenaintainingphase coherence between the emitting apertures. A varkicahalcavity
surface emitting laser used in a THz QChiawed a peak power of 1.38 at 6K with a high PSE of
767mWI/A [54]. In a recent study, a phakeeked terahertz plasmonic laser array has leegployedo
coherentlycombine several sheléngth cavities. A high peak output power of 2.03 W is detedtt la
with a PSE of 156610 mW/Ag5).

1.4 Motivation and Research Objectives

Over the past decade, efforts have been made to imffreyarformance ofFHz QCLs, ass reviewed in
previous section. Compared to the quick improvement in frequency contrpbesed efficiency,

temperature performance improved+50K for 9 yearsfrom 199.5 K (in 201264]) to 210.5 K (in

2019 f4]) and 250 K (in 2021104)). As photonieengineered THz QCLs usually exhibit lower

temperature performance than simple ridge waveguides, a higher temperature performance of THz QCLs
is needed for many applications. As shown in Fg21the maximum operating temperature is highly
dependent on the quantum structure design. Research conducted in the past eight years has focused on
optimizing existing quantum structures, sucliR&designsphononphotorrphonon (3P) designandSA
designd14-21, 23-28, 63, 92-93]. However, each desigmas advantages and limitations regarding
temperature performance at different frequency regions, as reviewed in sectiomtfethteewell RP

based design scheme has been demonstrated in the earlytstepbaysa promising structure for
achievingmaximumoperating temperatures above ¥9064]. However, three potential performance
degradation factors are often encountenetthis design: (1) the appearance of an intermediate NDR

before the lasing threshol@9, 64]; (2) theabsencef the final NDRat high temperatures due to leakage

to the continuum band, 18, 20]; and (3) the theoretical limit of maximum population inversion

( o Nid) dF 50% in resonariunneling (RT)based injection/extraction process2g [ Some SA and 3P
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injection/extraction schemes have been explaad demonstrated better performance thafRP-based
designs when the main lasing frequency is lower than 3.5 3M24, 63]. However, SA and 3Based
devices require a relatively high applied electritdfier the lasing threshold and show higher leakage to
the continuum27, 32-34]. Therefore, exploring new desigiachemes that combine different existing
design schemes could overcome some of the aforementioned limitattbegxisting designs and pave
the path for possible higher temperature performance.

Given the nano scale of each layer in THz QGlsgh accuracy of device growth and fabrication is
needed. Designing shorter period THz QCLs quantum structures compared with existing designs could
simplify the design and increase the experimental error tolerance to reach higher temperature operations.

Broadband emission is another challenge that remains to be addressed. This is not only essential for
biomolecular terahertz spectroscopy but is aldicatifor other applications, such as frequency comb
operations and tunable THz emission souréé&[l]. Boundto-continuum (BTC)based quantum
designs are most commonly used for broadband terahertz emissions. However, the broadband gain in
BTC structuress often achieved at the expense of device operating temperature performance. As a result,
BTC-based THz QCLs lase at lower temperatures THmQCLsbased on RP or SA designs at similar
frequencies§§]. Bidirectional THz QCLis another option for achiing broadband emission. Light
emission at different terahertz frequencies can be observed when the device bias polarity is $\#jtched [
Dual color emission operation under the same device bias polarity has been obsentte ddvdoes
are biased at flerent voltages. The dual lasing channel design under the same device bias qaiaty
integrated with different design schemes and bidirectional THz QCL technique to potentially achieve
multiple-lasing frequency over a large frequegmange at highagmperature.

The goal of this project can be broken down into four major steps: (1) implement and optimize
transport models to simulate and optimize THz QCL designs; (2) study and optimize existing design
schemessuch as RPand SAbased schemes; (3) éape new design schemes that combine the RP
scheme and SA scheme into one quantum structure; (4) study tHaglniglchannel behavior in THz
QCLs; (5) experimentally investigate the performance of the proposed designs; (6) explore the new

designs witha shorter period thathe existing THz QCL designs.

1.5 Thesis Organization

This thesis prsentsiew desigg, includingduatlasing channel desigshortperiod designand hybrid
extraction/injection desigr{HEID) that combine the RP scheme and SA scheme in a single quantum
design. Firstthe density matrix (DM) and rate equation (RE) simulation models are implemented in
MATLAB code. Both RP and SA schemes are studied with DM and RE models. Second, a hybrid
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extracton/injection scheme is proposasdthe first attempt of such a scheme. Third, wafer growth,

fabrication, and characterization are performed to experimentally verify the performance of the design.

T
T

Chapter 2 discusses the numerical model implementeddairtiulation and design.

Chapter 3 describes the details of the experiment, including growth, fabrication, and
characterization.

Chapter 4 discusses the design with dasing channels. The results suggest that a THz
QCL quantum design that allows favd lasing channels could be a promising approach
for achieving wide frequeccoverage, low threshold current density, and good device
performance at low frequency (~Z2T%1z). The results pave the way for designs whose
main emission frequency can be eligetity tuned over a frequency range of 1 tdHz.

Chapter 5 discusses the design and analysis of the hybrid extraction/injection channels
design. The first hybrid extraction/injection design skgeod performance with an Au

Au waveguide comparable to other statd-the-art THz QCL designs at 2.8Hz.
Consideringheeffortsdevotedo optimizethe RP- and SAbased designs, the first hybrid
extraction/injection desigrdisplays potential for hightemperature performance after
further quantum design and device optimization.

Chapter 6 presents the theoretical designs of the novel THz QCL structures. The second
hybrid extraction/injection design with two channels are achieved at the same electric field
is designed to improve the electrical stability. The narrowest design with only three layers
per period is theoretically investigatbgdusing different simulation models.

Chapter 7 outlines the conclusiarsd contributiorf this thesis and discussesifre work.
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Chapter2Carrframs Modt | Tefroarh Qu amt Gars c ad e

Laser s

This chapter describes the build of carrier transport mofldtsz QCLs 6 operation hi ghl
electrons transport betwesunbbandwia designed transport channels. Due to the multiple confined

energy states in eacfuantumwell, it is hard to directly measure which subbabdtributes the current

flowing between quantum wells. It is important to develop the carrier transport modidsuiate and

studyt he THz QCLs® o0 p &asenulatencarrieptransgont in terahertz uantum Cascade

Lasers (THz QCLs)ensity matrix (DM) and rate equatichasel (RE) models are implemented.

Fundamental parameters including conduction band shape, confined energy states, major scattering

process, and band bending due to the rimuy effect are calculateéd the models

2.1 Computation of Confined Energy State

In THz QCL, quantum wells are created in the conduction band owing to the band gap difference between
AlGaixAs and GaAs. Growth of ABa.xAs /GaAs is relativelynaturethereforeresearchers usually
assumehatthe quantum wells and quantum barriers arméal sharply in the interfac66,57).

However, recent transmission electron microscopy (TEM) results show that the interface is not
chemically sharpandsometransition areaactuallydepend on interface roughng¢5§]. This nonuniform
phenomenon is previoustywerlookedn many THz QCL simulatiomdue to itgifficult implementation

this thesishowever proves itto be important during simulation and design. The narrowest barriers and
wells in THz QCLcanbe less tha 10A andcomparable téhetypical interface roughness with a mean
height of ~3A in AlGa.xAs/GaAsbased THz QCL. Thactualconduction band profileather than the
perfect square barriemofile should be adopted’he actual conduction band profil@rcbe produced
based on thequation suggested iB7]:

w —— ford<0 (lower interface) (2.1)

W —— for d>0 (upper interface), (2.2)

wherew is the mole fraction of actual Adlis the positiond = 0 is the desired center of the barrier, is

the nominal barrier width, and L is the interface roughness mean height for the upper and lower interface.
The interface roughness bnthsides of he barrier is usually assumed to be the same, but it is actually
different depending on the growth direction. The roughness at the interface grown from @a&=¢t0

xAs (thelower interface) is generally smoother than the one grown fre@apJAs to GaAs theupper

interface). In the simulation, the interface roughness mean heagstmed arounti5 A /3 A for the lower
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interface/upper interface, respectively. A comparison of the actual and ideal barrier profiles is shown in Fig. 2
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Fig. 221. Comparison of actual barrier profile (ed) and ideal barrier profilén(blue).
Once the quantum well is created in the conduction band, eigen energies and the corresponding
wavefunctions can be

is suitable for simulation purpo$ere The general solutionsto Sédri nger 6 s

Fra o6 QwnQ a 6 QmunQ a (E<V), (2.3)
and
CU # OEE U $ ATDB U (E>V), (2.4)

- -z

where (A,B,C,D) are coefficients, k is the wave vector defined—uaif, V is the local potential energy,

and E is energy. The whole calculated quantum wells can be divided by a small distance of ~0.5
angstrom, and the TMM is applied on eacleiféce. For example, at the interface from a low potential
position (V<E) to a high potential position (V>E), the TMM can be written as

i O OEM O

(2.5)

z z

Qo @ QonQ &

z z

(2.6)
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In addition, the transfer matrix for this interface can bétemiasd) 0 0 . The box boundary
condition is applied to the end of tbalculationregion. In other words, the element M(2,2) in the overall
transfer matrix (M) is zerwith eigen energies. This boundary condition can be used to determine eigen

energies and corresponding wave functions.

Nonparabolicity is included ithe Al Ga..xAs/GaAsbased quantum well model by inducing a
nonparabolicity coefficient, T8 p m @ [58. Energydependent effective mass can be expressed

as
40 G- o —, (2.8)
40 a° p —, (2.9)
whereO UZ andO U_ are the energy gap between the conduction band atighhkéole

valence band in the well and barrier regions, respecti@8ly Generally, eigen states are calculated by
including :3 periods of a QCL structure.

Nonparabolic effeatendersconduction band statesmorthogonal thereforenormalization sbuld
consider valence band stajég] as

690 69 a p, (2.10)
wheree is conduction band state wavefunction ands valence band state wavefunction.

In [60], R. Terazzi translasthis condition into a special normalization with only conduction band

states as
6 " a p (2.11)
Y —8 (2.12)

2.2 Electrons Transport Mechanisms

2.2.1 Tunneling Process

Electrons can transport via tunneling andtring processes. To calculate the tunneling process,
coupling energy between states in resonance is needed. The coupled wave fuHetinittonian is

defined as
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C@d O|lg 0 T2 0 andO 0

—n waq, (213

where m(zE) is the position and energiependent effective maas is wavefunction on the left side of
interface+ is the wavefunction on the right side of interfaged V(z) is the conduction band potential
as shown irFig. 2-1. Coupling and dening energy can be calculated between states in two different

wells by solving the equation

e Oe e 5§02 G T2 & OYLRO h (2.149)
which can be rewritten & °Y ? S,O.? ? s,o.?wich .Y ? 2 ? ? N a
¢ SO a o SO- Q Y ¢ a0 92 a

Coupling energy (k@) Owi%andbedeetxupnriensgd eetd cavisgry ( @) as
subscript note in E indicates thraw and column oélement in matrixCoupling and detuning energy will

be used in the DM and the RE models to compute the coherent tunneling process.

2.2.2 LO Phonon Scattering

Four major scattering transitiomse beingconsidered in the model: ionized impurity scattering, interface
roughness scattering, LO phonon scattering, and eleeteatron scattering. Longitudinal acoustic

phonon scattering is optional because of its low scattering rate and high computirieygnyetype of
scatteringexcept electromlectron scatteringss u mmar i zed in terms of Fer mi 0s
in an initial stateSQexperiences a timdependent perturbatipand can be scattered into final stgifé

with different energy. The scattering time of this process can be described by
— TB M Q1 O O. (2.15)

In semiconductors, atoms vibrate around an equilibrium position. Based on the vibration phase and
direction, four phonons are determined: transverse acoustic, transverse optical, longitudinal acoustic
(LA), and longitidinal optical (LO). The acoustic mode describes atom vibration in the phase while
optical modealescribeseighboring atoms vibrate in the opposite direction. In other words, acoustic
phonon energy varies with wave vectgnthile optical phonon energy &sconstant when the wave
vector is close to zertongitudinal mode describes atomic displacement in the same direction as that of
the energy transfer, and transverse mode describes atomic displacement in the perpendicular direction to
the energy transfeHence, longitudinal phonons caasistelectron transport between layers in THz
QClLs.

One of the most important reasons for the failure of THz QCL to operate at high temperature (room

temperature) is thermally activated LO phonon scattering. By follothiegvorkof Harrison Paul and
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Alex Valavanis the following equations in this sectidh2.1) are quoted and rewrittdom [59], LO
phonon density can be calculated by

0 e (2.16)
wherea is the LO phonon energy (~36ev in GaAs), and T is the electron temperature. QCL is a 2D
system, and the electron weafunction can be described by components along-éxesz growth

direction) and the-y direction (plane of the layers)9]. The electrorphonon interaction Hamiltonian is
the sum of the dispersionless phonon wave vector in tla@dK., direction, which can be expressed as

B B 2 - (2.17)

0 — — 0 - -, (2.18)

The minus sign represents absorptibie plus sign represents phonon emission, arahpetersyy  and

N are 10.92 and 12.9, respectively. The initial electron en&®gdyand final energy@ ) after electron

phonon interaction satisfies equations

0O © ~ 90 (2.19
And
o o ° . , (2.20)

whereO andO represents the energy band minima of the initial and final state, and aisglee angle

between the initial wave vector and the phonon vector. By substituting into equation (2.2.3), tHagcatter

rate at the specific initial wave vector can be expressed as

z

— " 10 O . (2.21)

To reduce the number of variablés, can be expressed Ff.yas

0 Q0 | Qoé i (222
with

) (2.23)
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After taking the integral over angle, the LO scattering rate at certain initial wave vector can be

simplified as
— . = = = Q (2.29)
with
7, ‘ o}
Q — - (2.25)
To consider the screening effeat, in equation 2.2.1.9 can be replacedbby p — , and_
ONB S is the inverse screening | engi98l. as des

2.2.3 LA Phonon Scattering

Longitudinal acoustic phonon scattering can have some impact on electron transportation in THz QCLs.
Different from LO phonon which has constant eneagthe phonon wave vector close to zero, LA

phonon energy linearly depends on the phonon wave vector when the wave vector is close to zero. The
angular frequency can be described by

"0, (2.28)

where’ L p @mlis the velocity ofe u n d . By applying FerAphodsasgol den

0

described irthetextbook (9], LA phonon scattering can be calculated by

0 -

for QME i—

for Qmé i— QAT B,

whereO =7 eV is the deformation potentj@nd( the phonon population calculated as irl 2.
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Because of the necessary integration over the phonon wave vector for LA phonons with different
energy, the computing time for LA phonon energy is significdotigerthanthat ofLO phonon
scattering calculation. The typidal phononelectronscatteringime in GaAs/AlGaAshased THz QCL
is in tens of picoseconds, which is not significant. Table showsa comparisorof major scattering
processsin V775 structure at 15R and 200K. V775 structure is reported id9] with anoperation
temperaturef ~200 K. LA phonon scattering is significantly slower than LO phonon, Impuaity

interface roughness scattering.

El ectrons scattEl ectrons scatterinr
to LL K)atV 717550 200) V775

LO phonon ¢2.p9%e mi ssi on) 2.p3¢ emi sspoabsdOpt i
2>¢absorption)

l mpurity s(2&%s 2Pps

Interface 11%4s 1Ps

scattering

LA phonon 49@g¢emi ssi on) 6&%s (emission)
9pg¢absorption)|7Ps (absorption)
Table2-1. Comparison of major scattering time in V775 structatel 50K and 200K.

2.2.4 Interface Roughness Scattering

Another important scattering mechanism is interface roughness scattering. Interface roughness is mainly
caused by alloy disorder and growth infpetions at the interface of two semiconductor alldyss

section (2.2.3yuotesthe computing formulaffom R. Terazzb s P h Do estimate intesface

roughness scattering in THRCL [60]. The mean height of roughne®4 {s described isection 2.1, and
correlation | earguhdh ¢ yB.)Theissengthoftinteractionaesdiefined as

G 1 e ®° ® (2.29)
where) 6 : 6 : 6 : isthe positiordependent conduction band voltage differece. and
6 : are the voltage potential at the next larger and previous smaller Z positions, respectively.

By assuming the initial electron wave vectof@she final electron wave vectofter elasticscattering

can be expressed as

z z

Q —0 — (2.30)

o}

The exchanged momentum can be expressed as

Rop — — Q—0 — &Hef (2:31)

o}

wherg is the angle between the initial wave vector and the final wave vector after scattering.
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The intersubband interface roughness scattering rate at certain initial wave vector can be calculated by

g 0 Q. (2.32)

o

The intasubband interface roughness scattering rate can be calculated by
— T-4°7Q, 6770y &° 4" QG . Qanq Tt Q| (2.33)
wherer) cQp ATIO.

2.2.5 lonized Impurity Scattering

Doping in eactperiodis necessary in THz QCLs, as dopants are impaitamaintaining homogeneity
of the electric field domain across the major part of active region at most pumping bigsescessary
to consider dpantinduced ionized impurity scattering and conduction band berfidingHz QCL
simulation.This sectiordiscussesanized impurity scattering. The calculating formirdhis section
(2.2.4)is adopted from@g1] and implemented into MATLAB code.

The intersbband scattering betweémeinitial-states and finalstatee can be calculated by

z

— — QO — 0 —— Q& ¢+ aQbdR A AH & ., (239
where q is the exchanged wave vector as described in equation (2.2.318), ang———is a

screening wave vector based on the Debye modeés the sheet carrier density geariod

The intrasubband scattering at the initial and fatate can be calculated by

z

Q ——— Q¢ a - a Qan n n& & h (2.39)

N 9 v

wherer) cQp AT O .
The doping profile NZ) can be the average doping over a period or delta doping that is dependent on

MBE growth. Considering the segregation, the delta doping profile is modified as
00 Qwn — (Z>D) (2.39)
0 0 TmZ<w), (2.37)

where @ is the delta doping location, and z is the position that increases along the growth direction,
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2.2.6 Electron -Electron Scattering

Electronelectron scattering is included by multiple functions, such as thermal distribution, screening
effect (as dagibed in the previous section), and the-selfisistently solvingdartree potential and
exchangecorrelation potential

Thermal distribution on subbands is a result of eleetentron scattering. Electrons are not equally
distributed in the initial sta, and filled states in the final subbarahprevent electrons from scattering
into them. The average scattering rate over subband populations in the initial and final state can be
modified as

— , (2.39)

where’Q andQ are the FermDirac distribution function in the initial and final state, respectively. In

the 2D case and low doping concentration, the Fermi level is calculated by

el

O 0 YaéQQ ° p, (2.39)
where n is the carrier density.

Differenceof a few meVin conduction band potential can be introduced by embedded dopants and

carriero6s distribution. The total conduction
WG wa O wa w qa, (2.40
wherew & is the initial conduction band profile at zero doping and zero electric®i@s, is the

potential induced by external electricbias, ¢ — &« &« 0 & & @ QaeistheHartree

potential induced by dopandensity (& ) and electrasdensity (ng)), andw &

-p ™M¢pa— —— | Ip —— istheexchangecorrelation

N N

potential induced bgopants andedistributed electron82]. The calculation diagram is shown in Fig. 2
2.
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Fig. 22. Schematic thgram of seHconsistent iteration.

2.3 THz QCLs Transport Models

With knowledge of calculated energy states, scattering rate, and coupling strength, one can employ
compact and effectiveansport models such as RE and DM to calculate electron distribution on each

subband for a complete cycle shown in Fig.2

2.3.1 Rate Equation

The general RE can be described as

B B B (2.41)

_ B B — (242
w (243
. . . (249
: B —_— (2.45)

wherei Q¢ oilhe intersubband scattering mechanismiandQ¢ 0is thie intrasubband scattering
mechanism mentioned in section (2@)s thedetuning energy, and is thecoupling strength. T is

described athetunneling time, and is the dephasingrhe between state f and i.
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An example of a sktevel RE can be written as

- B — — _— - - - - _ _
o] & »
Yy — — — B— — - - - - — E
.y — — — — — B— — — — ____:@’ﬁ & O
fz\’ F\JO’, Yy ﬁT[F'”
Ay — — — — — — - B—- - — — —5 0
oy o L L o B — _ _n’o’ O gpQ’
¢ p p p p p p O

(2.46)

where subscrippumbers 16 correspond to energy levels,dnd s t he i th st atebds

the total electron density in operiod Population inversion can be calculated frordR.Electron
population can be used to calculated in equation (20). Calculated electron population is the key to

complete the selfonsistent iteration in Fig. 2.2.

2.3.2 Rate Equation -Based Current Density Calculation Method

The method of current density calculation is also called seoadet current densityalculation[68], as it

el

considers the effect of c ar r i-ieducedcurceint san beiddfinet aso n

0 v " " (2.47)
.y (2.48)
.y (2.49
.y .y 0y Qaﬁi, (2.50)

whereY is the detuning energy and is the coupling strength between state j and state i.
A simplified formula that does not consider the effect of carrier distribution is described as

B - — . (251)

Fig. 23 shows aimplified diagram indicating important coupling energy values and scattering times
between energy states in the hybrid extraction/injection design (HEID) structure-3t&).shows
important coupling energy values that need to be calculated in the byEHe RE modelGreen arrows
indicatethe designed maiRT process, and red arrows indicate a weak undeRifgatocess ands
corresponding coupling energy. Fig3@) shows the semiclassical scattering time that needs to be
considered in the HEID biyhe RE modelGreen arrows indicate a scattering process thigdluesigned

forward-scattering time  (from state i to state j) and undesired backttering time (from state j to state
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i), and red arrows indicate a scattering process with undesmadrtbscattering and beneficial back
scattering time in the HEID by the RE model.

(a) Diagram of important coupling (b)Diagram of important scattering time
energy values for HEID design in HEID

N™ module 1st

N1 module N module | | N+1 madule

Fig. 2-3. Diagrams of important coupling and scattering process between subbands.

2.3.3 Density Matrix -Based Transport Model

The DM method allows correlations between stadetescribe tunneling effect and effects of coherence
terms between states on gain spectra. Baevporld recordof threewell RP structure is designed by
employing a foustate DM model19]. This section discusses the DM model and its extensiosite a
state system. The labeling of energy states ibtflanodel, which is shown in Fig. 2.4, is different from

RE where the numbgcorrespond to the confined state energy.
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4n-1

2
3 4
1n+1 2n+1
Fig. 2.4 Energy state labeling in the density maldsed transport model.
The DM of an isolated quantum system begins from the Liouvile Neumann equation:
Sar (252
where H is the Hamiltonian matrix,is the scattering rate matrix, ahds the carrier DM.
For the fourstate system, the aforemiemted matrixes can be described as
” ” (2.53)
(@) 2 b} 2
" ) (@) m 2
(@] 5 - 0 5 (2549
) ) 2 0O
n.]. ” .l. ” T§ ” T§ n -'-$ ” I1I
1 -l- ” _I_ ” _I_ ” .l. ” .I. ” I-’I
T 11 -'-§ n -I- n .I. ” § .I. ” & T ” "l (255)
11 X 3 RS ]
u Ts ! Ts ” Ts ” t t 7w
wheretg

0 as described in equation 42).
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By plugging equations (23) to (255) into equation (&2), equation (52) can be rewritten as

(2.56)
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where’Q p'QElectron population can lwalculated from equation &6). The fourstate DM is

simplified to simulate four main energy states in the thwek RP structureq2]. Lasing energy is labeled
as state 2 and 3, the injector state is labeled as state 1, and the extractor statd aslabake 4. Tight
binding is applied between the phonon well and the lasing well in sfate DM scheme.

The fourstate DM lacks genericity to other QCL schemes. An extendestegixk DM is derived and
presented here. Since the major confined enstiaggs in statef-the-art THz QCL design are around 6 (4
main states and 2 parasitic stateshjtrarily large DM method is necessary to simulate this type of
devices 83-85]. Thissection derive$-state DM formulahatis not limited to the RP schemattalso
appliableto hybrid extraction/injection designs.
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2.3.4 Density Matrix -Based Current Density Calculation

Population inversion can be solved by equatiof2and current density can be calculated with dipole

moment between states:
'00Q- Aok (258)
0 00—. (259

The dipole moment matrix for the featate DM in section 2.3.3 can be written as
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The dipole matrix for the sigtate DM is written as
Nd’) T T O T i
| IT[ d) (I) mTm (I) Y]
| IT[ d) (I) T T (I) Y]
W T ITO O mMa
lddo T MO @ TN
Umow & m© now U

(261

2.3.5 Optical Gain Calculation

The optical gain of the active region can be estimated by the product of dipole moment and population
inversion with Lorentzian shape assumption and calculate@idth-half-maximum (FWHM). The

general optical gain can be described by

o]

QO _"Q Y6 0a Y (2.62)
and
Q &) (2.63)

o)

where'Q is the oscillator strength,.dis the dipole moment, n is the refractive index, c is the speed of
light, Y0 is the population inversion, and L is the Lorentz function. The dipole moment is generally
defined as

() s e (2.64)
where Z is the position operatohd typical linewidth of THz QCL is aroundTHz, and can be

estimated in frequency by from equatiorn(2.50).

An alternative way to calculate optical gain without taking the Lorentzian shape assumption is

presented in the DNdased model. The statigrinelinginduced coherence is rewrittenras , and the

laserinduced coherence between state i and j is writtem ag! and" . Hencethetotal coherence is

written as
R o) 5Q " Q0 (2.65)
" 50 60 " QW o Gi&® 6 8 (2.66)

To simplify the calculation, rotatinggave approximation (RWA) is applied to rewrite coherence as

. e "o (2.67)
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” ” 'Q ” 'Q TQ (268)

By substitutingw back to DM and adding Rabi oscillator strength)(between the lasing states (state

2 and 3) in the Hamiltonian matrix in equatiorb@, the LiouvilleVon Neuman equation can be

rewritten as

~ T Qo Q Qo Q
h,'Q Q Qo Q T
0 0 Q6 0 06 Q 0 o O
Qo Q N6 Q Qo Q 06 Q
Qo Q Q6 Q Qo Q Q6 Q
8 TQ@ 'Q TQK.)’) 'Q jQ !Q jQ Q ﬁ _ "Gfiv -I-’ (269)
_ n Qo Q Qo0 Q °
Qo Q Qo Q T
where
K 0o Q 0 Q "
. 0 Q 0 Q " "
A, , 8
o Q o Q ” o Q o Q "
0 Q 0 Q " Q 6 Q "
0o Q 0 Q K 0 Q 6 Q "
6 o Q o Q ? Q 0 'Q Fv 2.70)
K 0 Q 6 Q "
0 Q 6 Q K " o

Time-dependent part@ andQ can be combined, and equatior6@.can be rewritten as
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2.71)

has been solved in section 2.3.4. Optical gain is related to the

Static tunnelingnduced coherence

as

imaginay part of susceptibility.. 1

2.72)

Susceptibility isrelatedto polarization as described by

.
L]

§$s8°

GED
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(2.73)
whereg 0 # sYd 6 dis the mixed state fdhe twostate system of the upper lasing state (U) and
the lower lasing stat@), @ is the volume of the active regio®, is the dipole moment between states i
and j, andO Q Q is the external optical field, and only the electigtd component in the Z

growth direction is considered because of the intersubband polarization selection rule. The gain equation

can be written as

: ]
Q Looa 225 6 8 o
W w-0
— 22 _"06¢d 0 . (2.74)

The electric dipole interaction term between lasing states can be described as

5 <y O. (2.75)

The overall optical gain@] ) can be written as

"0l 0 "Q 6 —¥ 04 , (2.76)

o} —

where N ishetotal number of electrons, alid is the doping concentration.

2.3.6 Model Validation

This section tests transport models by comparing simulateaviththistorical QCL experimental data.

2.3.6.1DensityMatrix-Based]V Simulation

DM model hasheen used to optimize resongafitonon design and achieved the previous rebotder

design (F47)19]. The previous simplified DM for resonaphonon optimization uses estimated pure
dephasing timeand includes only four main states, so it is not swtédldesign and simulate structures

using six statesuch as hybrid extraction/injection designs. The model presented in this thesis is extended
to six states, and intrawell pure dephasing time is calculated using intrasubband scattering time as
presentedn section 2.2Fig. 25(a) and (b) illustrateimulated IV curves and measured IV curves of

V775 from [L9 and the first hybrid extraction/injection design fro#3]l The simulated IV curves are

nonlasing curves, since lastingduced currentanbe affeted by factorssuch as mirror loss from
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fabrication rather tharfrom quantum design. For RBased V775, the DM modsimulated IV curve

agrees well with experimental data fr@a@robias up to the lasing thresholts shown in Fig.-B(a). In

Fig. 2-5(b), the DM modekimulated 1V curve matches experimental data frddv/&m to 12kV/cm,

which is the most important electric range that includes a lasing operating electric field. Compared with
the RE model, the DM model tends to describe more eevgyinteraction via coherent tunneling than
semiclassical scattering, and the approaches overestimate the current density for HEID devices at low

electric field bias (no proper alignments) when electrons distribute semiclassically.

(a) T T (b) 2000 T T T T T
. =0=Measured IV from HEID at 70K
— DM simulated —— DM simulation
1500 - © Measured IV of V775 at 8K .
sNelelele)

& 1500
£
o
= <
< 1000 {1 =

5] 2 1000
= o}
> [a]
© =
o
500 41 5

O 500

R -~ 0

15 4 6 8 10 12 14 16
Electric Field(kV/cm) Electric Field(kV/cm)

Fig. 25. DM simulaed arrentvoltage curve comparison. (a) Device V{RP)at 8K. (b) Hybrid

extraction/injection design at # Insets shows corresponding conduction band diagram at design bias.

2.3.6.2 Rate Equation Model-Based JV Simulation.

RE model hasnore flexihlity than DM modelwhen applied to different structurdRE has been applied

to simulate scatteringssisted designs, phonrphotonphonon designs, and the first extraction/injection
designs in this thesis. Because growth condition varies with timeje¢ha height of interface roughness

is slightly adjusted for different designs grown at different benches. 3P designs are used to validate the
simulation in Fig. 26(a) with an interface roughness mean height of &.86d a correlation length of
128A. A simulation result for the scatterirassisted structure i8] is presented in Fig.-8(b), interface
roughness mean height is assumed Asahd correlation length is kept at 148In Fig. 2-6(c), the first
hybrid extraction/injection design fror8J| is simulated with a mean interface roughness mean height of
3 A/1.5 A at the upper/lower interface, respectively, and a correlation length d¥/638A at the

upper/lower interface, respectively, as discussed in sectiofit&linterface roughness paraerst

interface roughnesseanheight and correlation lengdre adjustable parameters used from reasonable
ranges of 6i 15 nm and 2.8% A, respectively 75].
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Fig. 26. RE simulation results in comparison with experimental data. (a) 3P structure V98A gblcture G216.

(c) The first Hybrid extraction/injection desiginsets shows corresponding conduction band diagram at design bias.

2.3.6.3 Optical Gain Calculation Validation.

A simulated optical gain of V775 at 280is shown in Fig2-7. Threshold optical gain generallyagreed
around 25cm in the literaturel9,64]. Simulated optical gain peaks at ~3 Bz with a magnitude of 25
/cm. In [19,64], V775 targeted ~3.8Hz during the designing stage, but the experimental results ahow
slightly different lasingrequencyof 3.22THz at 199.5K. Clearly, in terms of frequencyur approach
agrees better with experimental results fr@#.[ Theimprovement is mainly due to the consideration of

the nonchemically sharp interface describadsection 2.1.
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Chapter3SBExperi ment

To experimentally generate THz radiation and test the performance of THz QCL quantum structure
design, the design has to be fabricated autoialdevicewith optical cavityand characterizedhe
thickness of each GaAs/AlGaAs layer in the design naro scale and needs to be grown accurately
with high quality to ensurthatthe quantum wells are well createdhedesign. Electrically pumped
laser operatiomeeds high quality optical cavity aetectricalconnection which is achieved by double
metal wareguide fabrication. Thactualdevice neeslto be accurately characterized to know its
performance for application and further improvem@&his chaptesummarizeshe experimental method
of THz QCLs fabrication and characterization.

3.1 Wafer Growth

The designed THz QCLs quantum structure is grown via molecular beam epitaxy (MBE)dssBrof
Wasilewski and his researtdam The growth is performed on a sefimsulating GaAs substrate. A2
pm buffer layer is first grown on top of the substrate, aftich a0.3 pn Al sGay sAs is grown at 550
°C as the etclstop layer. Active regions are sandwiched between a 100 A undoped GaAs spacer followed
by a 10008/v  p 1 cm®n* GaAs, then a 100 A undoped GaAs spacer followed by a top stack of
v prcmi/t pmem?(500A/100 A) n* GaAs layers, and finally capped with a 35 A low
temperature grown GaAs layer.

The morphology is assessed und&taanarski differential interferenagontrast microscopio estimate
the defect density which is onétheparametesto determine the growth quality. The defect density for
wafer G499, referred to as the HEID wafer in the subsequent chapters, i$ #mtange defects and 8
mm2for all defects. Higkresolution xray diffraction (HRXRD) is employed to estimate tletuallayer
thicknesses and composition of the actual structure grown. ThéRIRresults of the G499 center area
reveal that the thickness of the active region period is@BB6 thinner than the target, and the
magnitude of random variation in the layer thickness is #.2%. A diagram of wafer G499 is illustrated in
Fig. 31.
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mmm Al <Ga, ;As layer
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_ x216

Fig. 3-1. Diagram of grown THz QCL active region on GaAs substrate.

3.2 Double -Metal Waveguide THz QCLs Fabrication Procedure

This section describes the fabrication procedure for THz QCL ridge wavegoildsctedy the author

in cleanroom. The fabrication procediregirs from a wafer growrin accordance with the procedure
described in Section 3.1. The wafer is then cleaved into 1 cm x1 cm pieces for fabrication. The general
fabrication process can be summarized in seven steps, as depicted i@.AigF]y 3-2, blue layers

indicate the AR, whil®rangdayers indicate the metal layers. After wafer cleaving, met#posited on

top of theTHz QCLwafer and receptor wafer, as presented in step 1. For example, the Ti/Au layers are
deposited for AtAu double metalaveguide fabrication, while the Ti/Cu layers are deposited feCCu
double metal waveguide fabrication. The receptor wafers are cleaved into ~1.3 cm pieces for the

wafer bonding process. A die bonder is used during the wafer bonding procegsai¢afers are
permanently bonded with the assistance of heat and pressure, as described in the following sections. For
Cu-Cu bonding, the Cu metal on the receptor wifat is noicovered by QCL wafer will bguickly

oxidized due to the heat and haweimpact orsubsequent steps dévice fabrication, while the bonding

area between the QCL wafer and receptor wafer is well bonded. After the bonding process, the ~600 pm
GaAs substrate of the QCL wafer is removed by lapping anetebing process to expe the AR in step

3. Concentrated HF is used to remdfie etchstoplayer. After the etctstop layer is removed,

photoresist is spieoated and patterned for top metal deposition. In step 4, Ti/Au layers are deposited on
top for Au-Au waveguide fabricatim, while Ti/Cu/Au layers are deposited for-Cu waveguide

fabrication. A thin layer of Au is deposited on top of Cu to avoid oxidation and assist wire bonding in the
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last stepStep 5 illustrates the result whemgporesist is removed by PG remodating lift process. Once
again, the photoresist is spinated and patterned for deyching process. The AR area that is not

covered by metal/photoresist will be etched off to the fabricated ridge waveguide lasers in step 6. In the
final step (7), Au isleposited on the backside of the receptor wafer, and the fabricated piece is cleaved
into a 22 mm long lasedie and bond on copper package via-Wbonding.Wires arebonded on top of

the ridge waveguidand the top of the receptor wafer as electrodesaf-Au waveguidesWires are

bonded to the top of the ridge waveguide tretop of the copper package for electrical connections for
Cu-Cu waveguide device$he following sectiongrovide aetailed accounof each step.

(1) (2) wafer bonding process (3)

Metal deposition (~250nm) Lapping and wet etching to
remove substrate and etch
]
stop layer
[
4 —
Metal
mm General photo resist layers
B Active region
Substrate
(4) Patterning and top (5) (6) Patterning and dry (7)C!eaning, FESEF
metal deposition Lift off etching for ridge die mounting

waveguide and wire e —

Bl B e | =l

—

Fig. 3-2. Schematic diagranf 3Hz QCLs major fabrication steps.

3.2.1 Wafer Bonding Process

Three bonding methods have been tested in this thesis, and their scanning electron mi@addppe

images are illustrated in Fig-3 The most common metal used for fabrication idAcause oits stable
chemical properties. In the first step, both QCL wafers and receptor wafers are coated by Ti/Au film via
E-beam evaporatiorThe thin layerof Ti serves as an adhesion layer. Special care is needed during the
bonding process to avoid Ti diffusiamto the surface to form Ti©Qwhich can prevent good Al

bonding p5,66]. Conversely, Au is not very likely to diffuse through Ti layers to the active region side

[66]. Temperature ramps relativeigstto the targeting temperature of 3D in 30 minutes, and a 3.5

Mpa pressure is maintained for the bonding wafers during the bonding process. The bonding interface of
Au-Au bonding is depicted in Fig-3b). InAu bondingis alsoperformedn early stagein which a ~1

pm In layer is deposited on the receptor wagerda Ti/Au file is deposited on THz QCL wafer via E
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beam evaporation and electrode plating. During th&urbonding process, temperature ramps to°ZD0

in 15minutesand remains at 200 for 30 mirutes with a pressure of 0.5 Mpa on top of the two bonding
wafers. The bonding interface ofku bonding is presented in Fig3(c). CuCu bonding has been
reported in the literature to demonstrate good temperature performance of THz QCLé&nkd giep,

Cu-Cu bonding is tested and fabricated. Both 250 nm Ti/Cu layers are deposited on THz QCL and
receptor wafergnaking the total thickness of the bonding interfate-500 nm, which is relatively

thinner than that of A\u and InrAu bonding. A argeting temperature of 288 and pressure of 3.5

Mpa are useth the bonding process. The @u bonding interface is characterized by SEM, as presented
in Fig. 33(a). The bonding interfasarecharacterizeevhen the waferaredeveloped into ridge

waveyuide devicesfter step 6 in Fig-2.

(a) Cu-Cu (b) Au-Au {c) In-Au

Fig. 33 Comparison of bonding interfaaenongthe devices. (a) GCu bonding interface, (b) AAu bonding

interface, and (c) kAu bonding interface.

3.2.2 Lapping and Wet-Etching

The typical GaAs substrate used for MBE growth is ~600ruthicknessand is completely removed by
lapping and weetching. Lapping is achieved with a lapping machine, and the wafer is mounted to a glass
padby wax, as illustrated in Fig.-8(a). Fig. 3-4(b) shows théapping machineve used in the procedure.

Our lapping solution is mixture of3 pm Al .0z with waterin a ratio of 1:10. A ~500 pm substrate is

removed during the lapping proce$be design of lapping machine can roughly ensure the lajgping

parallel to the device surface; additionally, around 100 pm substrate is left on purpose to avoid damage of
AR from imperfect parallel lapping proce3e receptor wafer is mounted on a Si wafih

photoresistand thesidewalls are carefully covedwith photoresist to avoid etching at the backskelg.

3-4(c) shows the sidewalld'he remaining substrate is removed via wet etching by dipping the wafer into

a solution comprised of 100 g citric acid and 33 mL hydrogen perdiigiedin 100 mL Dlwater. The

wet etching solution should be highly selective to etch GaAs and stop etching at tbptelyer,

which is AbsGa sAs layer. Regular cleaning process watietone, isopropyl alcohol (IPAand

deionized (DI) water remogghotoresist and prepare the waferdabsequendteps. To remove the etch

stop layer AlsGa sAs, the device is cleanedth acetone, IPAand DI waterandthendipped in
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concentrated HF solution for 58ndsA rainbowof color changes should be @brsed during the eteh
stop layer removal process.

(b) ()

Fig. 3-4. Substrate removal procega) Mouning wafer on glass padith wax. (b) Lapping process on lapping

machine. (cPevice during wtetching process.

3.2.3 Patterning, Top Metal Deposition, and Lift -Off

This stefocuses omlepositing metal for top contaahd consists dhree main parts: Bayer photoresist
patterning, metal deposition, and-dff process.

In the bilayer photoresist patterning step, PG8&H7 is applied uniformly on the wafer via a spin
coating process as a ififf photoresist, and the wafer is baked at ~18®n a hot plate for 9®sonds
Photoresist S1811 is uniformly applied as thesddayer for imaging, and the wafer is baked again at
~120°C for 90secondsPatterning is achieved using MLA 150 dirggite UV lithography system. An
e-version mask for patterning is displayed in Figh.3n the figure, the covered parts are ridge$50
pm, 120 pm, 80 pm, 60 pm, and 40 pmin width. The round shape is for disk device wisldiusof 75
pm . Smallsize disk device can be used to extract the IV curve with minimized extra voltage drop on the
wire resistance. The exposed photoresist igld@ed in MF319 for imaging.
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|
Fig. 3-5. Top metal nask for patterning in MLA direetvrite UV lithography systenRidge width are 144m,116
pm, 80 pm, 60 pm, and 40 pm. Disk radius is 72 pm.

Top metal is deposited bylieam evaporation system. For-Au waveguide devices, 10/250 nm
Ti/Au layers are deposited, while 10/200/50 nm Ti/Cu/Au layers are deposited-fon @aveguide
devices. During the lifoff process, AvtAu waveguide device can be dipped in-REhover at 95C
overnight tocompletethe lift-off process. C+Cu waveguide device must be handled with caution during
the lift-off process. Normally,-hour dipping in PG@emover at 98C issufficientto remove most of the
lift -off resist,andtheresidualscan berinsed off withIPA/Acetone. It habeen reported that Traight be
bettersuited asadhesivdayerthan Ti layer for CeCu waveguide, but Ta is not permitted in ododam
evaporation system in NanoFabthe time of writingAfter the liftoff process, the wafer is cleaned with

acetone, IPA, and DI water, as mentioned in previous steps.

3.2.4 Second Patterning and Dry Etching

The purpose of the second patterning is to cover the metalihgahotoresist to avoid etching on the
metal, which can cause chamber contamination and medab@sition. A sample of the mask the
second patterning is presented in Fig. 3he width of the ridges is slightly increasedabigwpm to

fully cover themetal area. The exposed photoresist is developed in AZP400K for imaging.
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Fig. 3-6. Mesa etchmask for the second patterniiRjdge width are 15fm, 122 pm, 82 pm, 58 pm, and 38um.
Disk radius is 7%m.
Dry etching is conducted with a meta reactiveetching system. @IBCLs, and Ar are used as
etching receipts. The sidewalls of the ridges are depicted in+igARer dry-etching, the wafer iagain

cleanedwith PG-removeracetone, IPA, and DI water.

(b) Cu-Cu waveguide | —

100pm QNFCF 2/26/2020 10um QNFCF 3/12/2020
SEM WD 8.lmm 11:05:00 s WD 3.5mm 10:01:18

Fig. 3-7. SEM image of fabricated ridggs) Au-Au waveguide. (b) GACu waveguide.

3.2.5 Laser Die Mounting and Wire Bonding

Fabricated wafers are cleaved int@ inm long lasedieswhichin turnare mounted on a goltbated
copper package via-Au bonding During laser die mounting step, a glass slide is used to pthoe
indium piece on the copper packadée copper packags placed ore hot plate targeting ~170 to
meltindium. Blade coating techqueis used to uniformly coat thiedium aroundthe mounting arean
thegold-coated copper package. Afiadium coating, a heat proof ®ezeris used to gently placelaser

bar on thendium coated ared he gold deposited substradowards thendium film, and thedser bar
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is gently pressetb ensuregoodcontact betweethegold layer andndium film. Hot plate isthenturned
off, and thegold-coated copper packageallowed time toeturnto room temperatureAfter thelaserdie
is mountedgold wire is used to connetiie bonding pad and laser ridges via a ball borides first
bondingpointis onthe package gold pad which is designed for wire bondamgl he secondonding
point is onthelaser ridge The ultrasonicpower is reduced to 30Which is an arbitrary uhin system
programming paneindtheforce is set low to avoid damage on laser ridge waveguide. gftee trials
the ball bondergest bond model 747677E seji@s QNC cleanroonis able to wire bond to ridge
waveguide as narrow as 40pm witha#tusingany damage-or the AuAu waveguide, a wire can bond
from ground bonding pad the gold substrate to form good grounding. A highly doped substrate is used
for Cu-Cu waveguide to enseigood grounding connection, because the wire bonditigesubstrate is
difficult to achieveduetoc o pper 6 s s wddatompA padiagdd iaselybartready for

characterization is presented in Fie8.3

~ .
0060000 .| > @

22 P3 P4 P5 P6 P/

Fig. 3-8. Packaged laser based in hetest.

3.3 Characterization System of THz QCLs

Two characterization methodse commonly usefbr THz QCLSs: lightcurrentvoltage (LIV)
measurement and spectra measurenidiis. section describetié methodsised bytheauthor

At the time ofwriting, the operation of THz QCLs is still limited e temperaturwer than room
temperature. A cryogenic cooler is required for THz Q@Lisse at frequency 6fli 5.4 THz. To cool
down the device tlowerthan 0°C, a sufficient vacuum is neededpieventmoisture condensation and
freezing ornthedevice. A vacuum chamber for the cryogenic cooler is designed using Solidwor&rsoftw

Fig. 3-9illustrates the construction of the vacuum chamibe cryogenic cooler used isSamitomo
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(SHI) CH-110 Cryocooler.The out chamber is used to create a vacuum seal with double O rings, and the
inner shield is designed for heat radiation flux blocking. A laser device is mountedmin package. A
device package and temperature sensor are mounted on thagetdwhichin turnis mounted on a

cryostat cold head through a copper connector. A heater is tagtgshed tahe cold finger to adjust the
temperature for tempaturedependent measurement. Tieavly constructedystemcanwork at 20 K,

which is thedesigned lowest cooling temperatureSoimitomo (SHI) CHL10. It can still work &~30 K

after 5 years of us¢he possible reason for the minimum temperature rising could be the slight loss of

recycled helium gas and accumulated particles which is bdrd temoved by vacuum pump

Cold finger

emperatu

Sensor

Cold finger connector
Ao\ Window
Quter chamber
Fig. 39. Chamber design schematics for cryogenic cooler.
The device is electrically pumped by AVTECH (AM&L-B) pulse generator in pulse modepialse
with repeatingrequencyof 500 Hz angulse width 0500 nsis regularly used for our measurement. A
circuit, as illustrated in Fig3-10, is constructetb monitor the current and voltage on the QCL device in

measurement. A 40 Ohm resistance isealdidr impendencenatching.
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Fig. 3-10. Circuitboard diagram.
The light signal is measured by a Golay cell and amplified using araakplifier. An extra pulse
generator is used to moduldbsv-frequency pulse (20 Hz) due to the slow respdinse of Golay cell.
The extra pulse generator, with 50 ms pulse width and 20 Hz frequency, is injected into the raference
port in the lockin amplifier and thegateport in the AVETECH pulse generator, which pumps THz
QClLs.

Since the broadband signarcbe measured by Golay cell in LIV measurement, it is necessary to
measure spectra to confirm the frequency of emitting radiation from THz QCL devices. The spectra of
THz QCLaremeasured by usingouriertransform infrared spectroscopy (FTIR) spectromatel Si
bolometer. A QCL device for spectra measurement is set as external light source,-aotbe&ter is
set as external detector for FTIR spectrometer. The optical path diagram is presented1i Fithe3
entire optical path is purgedth dry nitrogen to reduce water absorption. Substantial optical alignments

are needed to enhance sigt@hoise ratio in spectra measurements.
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FTIR optical path diagram in green

s133229 |1
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Fig. 3-11. Optical path setup for spectra measurement.
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4.1 Introduction

Terahertz Quantum Cascade Laser has been recognized as one of the most promising coherent radiation

sources in EM band since its incept[@t67]. To date, THz QCLs can cover a wide frequency ob~1

THz [68] and prodice wattlevel output power in pulse modgq,69. THz QCLs have been used in some
practical applicationdyuttechnical difficulties, such as cryogenic operating temperat4é4,104 and
poorer performance at lower frequencies (<B-&) [68], preventfurther and wider deployment of this
device technologySincethe characteristic absorption of many biomolecules is located in the THz range,
largely at frequencies below 2.5 THY,[it is of scientific interest and technological importance to
develop THZQCLs at tlese frequencies. Broadband emission is another challenge that remains to be
addressed, which is not only essential for the biomolecular terahertz spectroscopy but also critical for
other applications such as frequency comb operation and turtdblemission source§(,71]. Bound to
continuumbased quantum designs are most commonly used for broadband terahertz emission. However,
the broadband gain in the bound to continuum (BTC) structures is achieved often at the expense of device
operating temerature performance. As a result, Bb&sed THz QCLs can lase only at lower
temperatures comparedTblz QCLsbased on RP or scatterbagsisted designs at the similar frequencies
[69]. Bidirectional THz QCL is another option to achieve broadband emigsight emission at different
terahertz frequencies when the device bias polarisyitched 72]. Dual color emission operation under
the same device bias polarityalso observed when the devieesbiased at different voltages. The THz
QCL in [34] first lased at ~4 THz at lower bias (a lower current injection), then at ~1.8 THz at higher
bias, whichis attributed to sequential tuom of two different lasing transition channelssubstantial
spectral gap 4.8 = 2.2 THz)s presenbetween thewto lasing frequencies.

This chapteranalyzedour-well GaAs/Ab.1/Ga.ssAs THz QCLs based on the scatteramgsisted
scheme that laseip to 144 K. The Al composition of AlGaAs barriers is 17%, providing better
suppression for leakage current to continthand at higher temperature than conventional designs with
15% Al compositionThis statement is evidenced &lower threshold current density thdrat of the
existing SAbased designs listed in taldlel. A large injection coupling strength (1.7 meVadopted
here Numerical simulations predict that two lasing channels contribute to device optical gain, which is
supported by experimental results. The devices exhibit lasing emission spectra cove2ibgrH3and
a large dynamic rang#f ~550 825 A/cnt (at 20K). The study shows that THz QCL quantum design

allowing two lasing channelsightbe a promising approach to achieve wide frequency coverage, low
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threshold current densitand good device performance at low frequency (F215). Compared to the

device reported in7[3 that emits light in similar frequencgur device achieve2% lower threshold

current density, wider frequency coverage (0 to 0.13THz), and the same aximum operation

temperature are achieved. A summary of previous scattasigted structures with top temperature

performance ifistedin table4-1.

Desi g|/Materi al Mai n |[Tmax|Currenl njedsci
frequ Densitcouplstre
(heat ssrteng
t emperpq
Kumar |GaAso @4 . As|1.T8Hz|163/865 A/1.neV0. 6
et 3afl and 4K ( 1K)
Dupon|GaAso @4 As3.T2Hz|138/1170 ?Al. lné\Y0. 39
et 2aJl K ( 1K)
Razav|GaAso @d. As|2.T4Hz|[153/800 A/0.84%. 27
et 3aBl K ( 1K) me V
Razav|GaAs) @4 As|2. 821511440 2AL. ma\0. 27
et 3ap K ( 1K
Khana|GaAso @d. As|2 . TIHz|144/745 ~1.5%. 39
et 7apl K Al ém |meV
(_4K5)
Thiver |GaAso @4 As 2 .T4Hz|144550 A/l .nfeV0D. 44
K ( 5K0) 0. 27

Table 41. SA-based THz QCL structure key parameters and performance surfG8ary
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4.2 THz QCL Design and Simulation

(a) Conduction band diagram (b) Conduction band diagram (c) Scattering time
at 15.4kViem at 17.5kV/em

T T T 1 T ],

; - e — —2-1

| 54.90m 54.9nm | 3-1 Is
—3-2
—4.3
_5_4 44

..............................

a hw
| Electric Field (kV/cm)

Fig. 4-1. Dual lasing channel SAased structureonduction band diagraand scattering time. Conduction band

Scattering time (ps)

diagramat electric field of 15.4kV/cm (a) and 17.%V/cm (b). (c) Simulation of scattering time between stale 3
(green), state-2 (red), state-2 (blue), state 8 (brown) and state 8 (pink) versus electric field at I [63].

Scatteringassisted design schemes show the best temperature performance at low frequetyzj<2.5
because of its efficient and selective charge carrier injedd®65]. At low frequencies, the energy
spacing (~0 meV) between lasing statexomparable to the energy broadening irel) [24], so, it is
more challenging teelectively injectarriers to the upper lasing state rather than the lower lasing state
[73]. In order to sustain higher populatimversion to achieve high optical gain for wide frequency
coverage, a GaAs/MGagsAs quantum design based on scatteasgisted pumping scheme is adopted.
Eachperiodconsistf four quantum wells and four barrier layettse thickness afhe actualayer
extracted from HRXRD measurementangstrom ard0.374.424.1/103.629.779.740.3156.7, starting

from the rightmost barrier in the period (shown in Bid.) with barriers indicated in bold fonts and

doped layer underlined. The widest well isdoped with Siat8t ¢ p T G & , and averagsheet
dopingdensityin oneperiodiso® X p T ® & .

The conduction band diagrams at electric fields of 15.4 and 17.5 kV/cm are showndii F&g.and
(b), respectively, together with energy levels amquise of their corresponding wavefunctions. In one
period carrier transport and potential optical transition basically involve five lowest quantum stajes (1

State 5 is highly coupled with statéftom previousperiodfor effective electron inteperiodtransport.
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Population inversion can potentially be built up between state 4,amd etween state 3 and 2, yielding
two stimulated emission transitions, as denoted in4-ig.

State 5 is located ~3018eV-32.7meV above state 4 at electric fields from 15.4 to 17.5 kV/cm.
Though tle energy separation is slightly less than GaAs LO phonon energy (36 meV), the ele©tron
phonon scattering from state 5 to 4 is adequately efficdhBp]. As shown in Figld-1(c), thecalculated
scattering timds,4 is below 25 ps in this electric field range and decreases as the increasing of the electric
field. The scattering times for other transitions, (t 42, t 32, t43) are also plotted in Figl-1(c). The states 3
and2arealignd at an electric field of 12.4 kV/cm, whi |
kV/cm. At a lower bias (~15 kV/cm), the state 3 is depopulated via scattering and resonant tunneling to
the state 2 (only senaiassical scattering is included in Fig1(c)), and electron population inversion is
achieved between states 4 and 3. This yields the first stimulated optical transttafigddhe first
lasing channel thereafter). Simulation shows that lasing frequency of subbansl2 27THz (9.4meV)
at 15.4kV/cm. While the applied electric field is increased to 17.5 kV/cm, the states 3 and 2 become
misaligned and the electron transport from 3 to 2 is significantly slowed down. As shown4LEGy.
tszincreases from ~fis at 14.5 kV/cm to ~f8s at 17.75 kV/cm in Figd-1(c). Nevertheless, state 3
continues to be populateiitectly from the state 4 via nonradiative scattering or stimulation emission
transition or even directly from the state 5 via LO phonon scatt@rgig 6/ 9 ps which is not shown). In
particular,t 3» exceedd 43 beyond the electric field of ~15.8 kV/ctalectrons are therefore accumulated
at the state 3 and population inversion is built up between the states 3 and 2, yielding the second
stimulated optical transition (the second lasing channel). Electrons at the state 2 can be quickly
depopulated via fa$ O phonon scattering to the ground state fl.asemains very short at ~Op$ over

the whole electric field range of interest.

The electric field deprdent dual lasing process is described by a cartoon diagraig. 2. At low
electric field of ~1% kV/cm, the main lasing transition is between statmd3 due to is above
threshold optical gairas shown in Fig.£2(a). As electric field increases to B@/cm, state 2 and stag
are not perfectly aligned and population inversion starts buildeset state and2. Thelasing transition
between state 3 andsfartsto show up butit is not asmanifestasthat between state 4 andA high
electric field of 17.5V/cm, both 43 and 32 lasing transitiomccur. In contrast withd-3 lasing transition
as the main lasing transition at lower electric field, howe3rlasing transition is the main lasing

transition at high electric field
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(a) 15.5kV/ecm N-1 Module
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Fig. 42. Schematic diagram of electric field dependent lasing transition behaviSin¢# 43 lasing transition at
~15.5kV/cm. (b) Dual lasing transition with main lasing transition between state 4 and state 3. (¢) Dual lasing
transition with main lasing transition between state 3 and state 2.
Several key parameter differencean be dicernedetweerourdevice andtherSA-based structuse
First, energy spacing between state 4 and 5 changes from8&0.® 32.7nev from electric field of 15.4
kV/cm to 17.5kV/cm. Theenergy spacing is closer to phonon energy comparir@fies thathigh
frequency radiative emission between subk&nand 4 is prevented. Second, barriers gfi&la sAS
are adopted, the barrier height (184V) is tuned to be lower thaB{32], but higher than those 134,
73). This is a tradeff for reducing inerface roughness while effectively suppressing carrier leakage into
continuum band. In73], S. Khanal et al. proved that scatteragisted design can be utilized with low
barrier material system (MsGa ssAs/GaAs), and low threshold current densify745A/cm? has been
achievedecause dfhelower interface roughness scattering. However,suspectedhatthedevice in
Ref.14 is damaged by leakage to continuwtmich is supported by the absence of negative differential

resistance (NDR) aven 46K. A tradeoff between interface roughness scattering and leakage to
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continuum has been pointed out 80[31]. A numerical simulation for the device reported in thapter
shows thaainincreag of barrier height from 15% Al to 17% Alanreduceeakage current to continuum

from 418A/cm? to 204A/cm?, while interface roughness scattering time between state 4 and 3 decreases
from 3.05ps to 2.53s. A further increased barrier height may result even less leakage to continuum, but
it is on risk tomake interface roughness scattering faster than LO phonon scatteringq-a2 . 46K) as
another dominant scattering mechanism as shown in table 2. The three parameters are calculated when
barrier height is the only variable. In order to reduce threstunlrent density without introducing too

much interface roughness scattering, a barrier height of 17%sAit&blefor this structure. Thirdly,

High injection coupling strengtis chosen to maintain high optical gain peak value. The coupling energy
(0q1s ¥is 1.7 meV. Thvalueis sethigher than other scatteriragsisted designs based on the same
material system, as summarized in tablEdurth the alignment of stateéd2 is detuned tan electric

field lowerthanthat ofstate Sand1 @lignment and the energy spacing between state 3 and 2 increased
to ~9.9meV at 17.5%V/cm for the second lasing channel operation

15 %A 17 %A 19 %A
|l nterface roughne 3.0% 2.57 2.1
state 4 and 3

LO phonon scastttaetry 2. 34 2.39¢¢ 2. 4
and 3 (ps)

Table4-2. Interface roughness scattering, LO phonon scattering and leakage to continuum calculation for different
barrier height at lattice temperature of 168kd applied electric field of 15.5kV/cii63]

The theoretical modeling of ndasing device is based on rate equation approach, as it is proved to be
reliable for simulating THz QCLs based on scatteasgisted pumping schen?[33]. Tight binding
metlod is applied only betwegreriods and all transitioewithin oneperiodaretreated semclassically,
becausetate3 and?2 is not perfectly aligned at design b&sl electron transparbetween state 1 and
state Sely oneffective tunneling at design bidsterface roughness, LO phonon, and impurity scattering
have been included in intersubband scatteangglectron distribution on each energy level is
consideredo beobeying FermiDirac distribution. When calculatythe interface roughness scattering,
the mean height of roughness and the correlation lengthfemd 128A, respectively, and the product
of these two values is similar to the product of values usedjridr GaAs/AlGaAsbased QCL. The
interface roghness may vary between different growth conditions. The typical experimental values of
correlation lengthof 61 15nm, and roughness height varies around 2 monolaygJrsihe parameters are
estimated in this range. The current densditage (3V) curvecalculation is based on second order rate
equation which includes the effect of carrier thermal distribution in different states on charge carrier

tunneling[76]. Electron temperature is set to belO@bove heat sink temperature.
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The leakage to continuura calculated by obtaining electron density that has ability to escape to
continuum. Electrons density apper lasing stateith energy above the barrier edge are included by
Eq. @.1):

6 —0er— (4.)

whereO is the thermal activation energy which equals the energy difference between the barrier edge
and the Fermi level in thepper lasing statidhat are calculating. Additionally, electrons with energy lower
than barrier edgmightalso be ableat scatter into energy levels are slightly lower tttegbarrier edge

and tunnel into continuum. Hence, electrons with lower thermal energy than activation energy are also
considered to have possibility to escape to continuum via scatesdigted tunniglg [77,78], and can be
calculated in Eq.42) [79:

0 5 T"Y'Oﬁ“o P Quih— QO (4.2)
where
YOO Qwh ¢, Qdaca O O QO (4.3)

is thetransmission coefficient, E1 fkeelectron energy that is lower than Eb (barrier edge energy), Zc=
(Eb-E/eF) istheclassical turning point or barrier thicknegbsough whichelectronmighttunnel at the
calculating energy, and Ftiseapplied electridield [78]. Finally, the leakage current can be calculated
with formula [79]:

0 O—0"0 (4.9

and

vo —, (4.5)
7 _

where Lp ighelength of ongreriod 0 & 1 %/9'® €he roobility and wad 0 . 7c2nh Msthe
saturated drift velocityd0,81].

4.3 Experiment

The quantum structure presented in Figs @rown on seminsulating GaAs substrate by using molecular
beam epitaxy with 172 repeatipgriodsin 10 mm thicknessactive region core. The widest well in each
periodis uniformly doped to achieve a sheet doping densiggofy p T @& perperiod The active

region is sandwiched between a 100 angstrordaped GaAs spacer followed by a 100
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nmb pm Al n+GaAsand a 100 angstrom wdoped GaAs spacer followed by a top stack of
v prm Al /v p mcem3(50nm/10nm) n+GaAs layers and capped with a 8rf low temperature
growth GaAs layer.

The laser devices are processed with the conventiomal lmafer bonding and Ti/Au double metal
ridge waveguide. The laser ridge is 18 in width and cleaved into 2.22 mim lengh. The measured
maximum lasing temperature of the fabricated device is 144 K, which is the same as reference device in
[73]. The fabricated device also shows low threshold current density of 553 &/&0K. To eliminate
high order mode competition the wide ridge waveguide which often yislkinks on measured light
current curves of THz QCLS§], two side strip®f 6.5um width of the nGaAs contact layeare
uncovered by the top metal along the ridge waveguide of the dewitthen-GaAs layer is at etched.

In other words, hdoped top contact layer between the top metal and active region at the laser ridge
waveguide edges is uncoveredtbgtop metal. High order optical modes will suffer from higher loss at
the sides of ridge, while the fundamamptical modehatmostly locates in the center of laser ridge
remains unaffected. Thus, the fundamental optical mode domsithateutput 86|.

4.4 Results and Discussion

4.4.1 Dual-Lasing Channel Device Characterization Result

Fig. 43 showslight (L)-current density (J) characteristics of the fabricated device from 20 to 130 K in
pulse mode, with pulse frequency of 389 and pulse width of 500 ns. The measuretdurves at
temperatures below 120exhibit a substantial slump in optical output movletween two peaks before
reaching the negative differential resistance (NDR) point. Correspondingly, a turning point in the slope of
the voltage (Vcurrent density (J) curve at 40 K is observed right after the first optical output peak,
denoted bydasked line in Fig4-3. A clear NDR is measured at high bias on Volt&gerent density

curve, and NDR is observed up to 120while asimilar device in T3] did not show clear NDR at 4R.
Observation of NDR region up to 1R0and a 26% reduction on thresthaurrent density together prove
animprovement of 17% Al barrier on leakage current suppression. Considering a wider emission
spectrum (0.3 Hz compare to 0.18Hz) and the same maximum operation temperature, this device

should have achieved larger ptgiion inversion.
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Fig. 4-3. Current Densityv/oltage curve at 4& andlight-current density curve after lasing threshold fromk2t®
130K [63).

The experimental-¥ curve is compared to the simulation results of alasing structure, as shown in

Fig. 4-4(a). After including the extra voltage drop (~1.2dr)contacs, the simulation and experimental

curves are in good agreement. Threetprestold tunneling resonances are observed at device biases of

4.7 V-4()f, or7-:3¢4é nvd (8L.89, respectively corresponding well with the two shoulders in

the experimental curve. The measured threshold voltagekat906.1 V, as denoted byashed line in

Fig. 4-4(a). The device enters NDR region at Mt 90K.

4.4.2 Comparison between Measured Results and Simulated Results

In order to understand the double peaks observed in the optical output power curve,-tudtdigat(L-

V) curve at 30 Ks replotted in Fig.4-4(b), The figure also illustratethe calculated optical gain peak
values (in norasing case) as a function of device bias for the firg {&nsition) and the second lasing
channels (2 transition). The 8 transition peak gaireaches its maximum of 31.19 €rat ~15.7kV/cm
with an oscillator strength of 0.44, while that of th 8ansition reaches 42.¢87* at ~17.5kV/cm with
an oscillator strength of 0.27 at BO The first lasing channel f&st turned on at low biases (~15/8
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14.6kV/cm), leading to the ignition and increase of the lasing emission. The lasing emission is peaked
around 17.3 V (~16.&kV/cm), corresponding well to the bias at which th@ #arsition optical gain (the

red curve) is maximized. Beyond this bias, the states 3 and 2 become more and more misaligned and the
fast resonant tunneling from 3 to 2 slows down. Charge carriers therefore pile up at state 3 and the
population inversion betweehand 3 is diminishing, leading to the quick reduction of the corresponding
peak gain value. The shdbwn of the first lasing channel contributes to the observed reduction in the

lasing optical output power.

(a) J-V curves comparison (b) Simulated optical gain and
measured light curve
Electric Field(kV/cm) Electric Field(kVicm)
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Fig. 4-4. Simulation results in comparisorittvexperimental resulfa) Simulated JV curve (orange solid line) in
comparison with experimental IV curve at R@black dotg. Schottky junction voltage drop of 1\2is considered.
(b)Simulated optical gain (nelasing case) between stat84red) anl 3-2 (greendotted ling in comparison
between measured Ligholtage curve (black dots) at 30 A Schottky voltage drop of 1.¥ is assumed. Two
channels are distinguished by light curve, while #&tdansition dominates the first channel and switckgcond
channel while 43 optical gain becomes too we§&3]
The second lasing channel (th€ &ansition) is turned on at higher biases. As the optical transitions
from the 43 pair and the -2 pair do not overlap exactly in lasing frequency (to bevshio Fig.4-6
shortly), the increase of theZtransition peak gain is not necessarily compensating the reduction of the
4-3 transition peak gain at the34lasing frequency. As a result, the measured overall lasing emission
power doesiotbounce back ui a bias of ~17.8 V, at which the3Btransition gain is high enough to
overcome the optical loss at its corresponding lasing frequency, and reaches its second peak at ~18.5 V

(~17.3kV/cm), when the second lasing channel is fully opened up. And devieessdNDR region
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immediately after 18.% at 30K. This explains the double peak in the liglirrent density curves in Fig.
4-3.

The lasing channel switching is also indirectly manifested in the measured current-deltesgy (3
V) curve.The slope oftte 3V curve in Fig.4-3 exhibits a sudden change at the bias of ~17.58 V Kt 40
because the currenairrying capacity of the first lasing channel3is higher than that of the second (3

2). The sudden changearksthe switching point of the dominant lasing channel transition.

4.4.3 Leakage Analysis

In order b further reveathe differerce inthat the underlying mechanisms responsible for the two lasing
emission peaks are different, the normalized peak val€T(f of the two optical emission peaks in the
L-J curves of Figd-3is plotted as a function of 1/T in Fig-5(a), where T is the temperature. For both
peaks, the value of,l{T) decreases with the increase of T. An activation energycéa be extracted

from high temperature end (>%Q by using equatio& g —— 1 T®0 —[18], where

0 is the maximum output power at the lowest temperature (20 K).

At low temperatures (below 113 K), the fitting to the emission peak curve from the first lasing channel
(4-3) yields an activation enerdiiss = 8.3 meV, while the value Ea32= 18.4 meV for the second lasing
channel (32). The emission peak from thiest lasing channel diminishes faster than that from the second
lasing channel, and gradually becomes indistinguishable at temperatures higher than 120 K. The different
activation energy derived from the fitting can be explained by the energy differdaneebeahe states 4
and 3. As described earlier, the first lasing emission peak (at lower biases) is mainly contributed from the
4-3 transition where 4 is the upper lasing state (UL) and 3 is the lower lasing state (LLS), while the
second peak (at higherdsies) from the-2 transition where 3 is the UL and 2 is the LLS . At the design
bias, an inteperiodleakage level (labeled as state I) is ~5.4 meV above th&fir§d) and~15 meV
above the second UL (3) as shown in Fig(Hd). HenceEaz2 is ~10meV larger tharEass. Because of the
lower activation energy,-8 transition plays a substantial role only at lower temperatures (i.e., < ~113 K)

and the 2 transition becomes more dominant at higher temperatures.

This chapter is a slightly modified version of (Boyu Wen, CKapSiyi Wang, Kaixi Wang, Man
Chun Tam, Zbig Wasilewski, and Dayan Baptics. Expres6, 91949204.) Copyright (2018)

Optical Society of America.
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(a) Normalized output light power (b) Conduction band diagram of inter
module leakage path
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Fig. 45. Normalized output light poweand conduction band diagram of infggriodleakage pathla) Normalized
output light intensity ofhefirst peak (black dots) artthe second peak (red dots)light-current curve versus
temperature in plot off( —) with fits (dashed lines). Two peaks show different trends untilkL1(®)

Conduction band diagram shows possible ipietiodleakage path from states 4 and 3 to state I. The energy spacing
between statesMand state8-l are 5.4meV and 14.meV respectively63].

4.4.4 Lasing Spectra

The switching hypothesis of two lasing chanreaebe verified ultimately by measuring the lasing

spectra at different device biases (current injectiBig). 46 present the masured lasing spectra at

different devices biases (16.5, 17.2, 18.2, 18.46 V) #& 80d simulated gain spectra due {8 4

transtion and 32 transition under corresponding conditioBgtical gain is calculated in ndasing case

and is proportional tthe product of population inversion and oscillator strength. At the lower bias of 16.5
V, the lasing is observed at a frequency-2f3 THz, corresponding well with the peak frequency-8f 4
transition gain spectrum (dashed red curve). As the device bias increases, the peak gain of the first lasing
channel (43) diminishes. In addition, due to the Stark effee3, ansition peak figuency (marked by

brown solid squares at each bias) almost lineshiftsto higher values (blushift, denoted by brown

solid line). The optical gain due to the second lasing chantBI (@eendashed line) starts to emerge on
the lower frequency sidet the bias of 17.2 V. As a result, the calculated overall géacKsolid line)

exhibits a slowepaced blue shift. At higher biasesich as 18.2 V and 18.4 V, the lasing spectra overlap
well with the peak of the overall gain spectra, which is domihbyeoptical gain contribution from the

second lasing channel-@. The lasing spectra clearly demonstrate the transitiothe of/o lasing
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channels during device operation. Due to the dual lasing channels, the lasing spectrum spans a range of
~6.5% of the central frequency of 2.Bblz at 1.317 and 7.9% of the central frequency of 2Bz at

1.48Jn. The frequency coveragefrom 2.3THz to 2.62THz.
16.0
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Fig. 4-6. Experimental lasing spectra (blue solid lines) in comparison with simulated optical gain of 3ate 4
dashed line), state 3 (green dashed linggnd total (black solid line) at 30 under different bias. The ritacenter
frequency of state-2 at different bias isnarkedas red solid line to show contrast with experimental center

frequency which is determined by total optical J#i§].

4.5 Additional Simulation Results by Using nextnano.NEGF Model

This section premts the simulation results obtained frdlon-Equilibrium Grees Functions formalism
(NEGPH model for comparison and validatidn.2017 a commercialized powerful simulation tool named
nextnano.NEGF is developed by Thomas Grdd@d. Fig. 4-7 show he simulated wavefunction
diagrams and corresponding resolved optical gain at electric fieldskdf/é®,16.5kV/cm, and 17.5
kV/cm. At 15 kV/cm, only one significant lasing optical gagobservedgentered around 2 THz (~10
meV) in frequency and loted at 50hm and-30nm in position. This optical gaicorrespond$o the 43
transition and peak optical gain located at the radiation barrier between state 4 and state &\VAtrh6.5

dual optical gain peaks are observed. The optical gainlpeated at the same position aroundhsdand
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-30 nm corresponds te3ttransition as 1&V/cm, while another presenting optical gain peak located
around 60hm and 5nm at the radiation barrier between state 3 and stats 2hown irthe conduction
band dagram. Thisobservatiorprovesthatoptical gainwith slightly lower center frequency of ZHz (~8
meV) corresponds to-2 transition Finally, the main optical gaipeaksat 2.37THz (9.5meV) in
frequency 60 nm and 5hm in position at high electric figt of ~17.5kV/cm. 3-2 transition contributethe
most into the optical gain at ~1/&%¥/cm. Thesimulationresults agree well witthat ofthe RE

simulation andneasuredesultsshown in sectiod.1-4.4.
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Fig. 47. NEGF model simulatedonduction diagram and resolved optical gain at different electric[&8ld

4.6 Reproducibility Verification

Two patclesof fabrication are performed to verified the observatidre laser device (device B) is

processed with the conventionalAu wafer bading and AdAu ridge waveguide. The conduction band
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