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Summary

Typell superlattices (T2SLs) have emerged as a prontsamgologyfor infrared detecors
comparedto the state-of-art mercury cadmium telluride (MCT)2SLshave shown great
potential for md-wavdength infrared (MWIR)detectors but have yet to attain their
theoretically predicted performance. Smulation, fabrication and charactesation were

utilised in this research projetd improvethe performance levels of MWIR T2SL detectors.

Using themolecular beam epitaxy (MBE) reactdifferent interfacial growth schemesere

used to accommodate internal strain caused by the lattice mismatches in TRSIproject
involves band heterostructure simulations, growth schemes, structurahd optical
characterisations, and electrical characterisation of fabrical@&$Lp-i-n diode. Rference
T2Slsamplesvere evaluatedby X-ray diffraction (XRD), atomic force microscopy (AFM), and
transmission electron microscopy (TEMn 8band kp approachfor band heterostructure
simulationexplains PL experimental findings. Photoluminescence (PL) measurements probe
the band structure andandgap energynformation. T2SL p-n diodes fabrication process

was optimised usingtandard photolithographyThe diode electrical performance of the

T2SLsvas examinedby current-voltage (V) measurementasinga cryogenigorobe station

Investigation ofstructural and opticapropertiesof the grown T2SL samples withterfacial
growth schemes, namely incorporating an InSb compensation interface (IFagearried

out to improve the material quality. AFM and TEM measurements revealed structural
degradation due to the additional strain and lattice mismatch introduced by the InSb IF layers.
However, includinghe InSb IF layehasimprovedthe optical property of the T2SLBand
heterostructure simulationvas performedo understanche possibility ofatomic intermixing

and segregation at th&2Slinterfaces Fabrication processes of T2SL siygie| diodesvere
performed by wet etch, dry etch, and a combination of bothapproaches.The |-V
characteristicaeveakd that the current densityof the wet-etched devicess improved by
approximatelyfour orders ofmagnitudeat low temperatures in comparison withthe dry-
etched devices but they are comparable & high operating temperatures (HOT) Lastly,
developments of wet etching processesgre investigated using inorganic solutigrssich as

hydrochloric and phosphoric acids and organic solutions, including citric acid.
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List of Abbreviations

Symbol Definition

AFM Atomic Force Microscopy
ALD Atomic Layer Deposition
AR Anti-Reflection
BEP Beam Equivalent Pressure

BRSTEM Bright FieldScanning Transmission Electron Microscopy

BTB Bandto-Band Tunnelling
G Conduction Band

CQD Centre for Quantum Devices
Diff Diffusion

EBIC ElectronBeam Induced Current
EBR Edge Bead Removal
ECP Electrochemical Passivation
EDX EnergyDispersive Xay Spectroscopy
EQE External Quantuntfficiency
FIB Focused lon Beam
FIR Far Infrared
FPA Focal Plane Array

FTIR Fourier Transform InfraRed

FWHM Full Width at Half Maximum
GR GenerationRecombination
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HCI Hydrochloric
HF Hydrofluoric
HH Heavy Hole
HOT High Operatind@emperature
HR(S)TEM HighResolution (Scanning) Transmission Electron Microscop
HRTEM HighResolution Transmission Electron Microscopy
ICP Inductively Coupled Plasma
IF Interface
IPA Isopropanol Alcohol
IQE Internal Quantum Efficiency
IR Infrared
LH Light Hole
LN Liquid Nitrogen
LDVT Linear Differential Variable Transformer
LWIR LongWavelength Infrared
MBE Molecular Beam Epitaxy
MC Minority Carrier
MCT Mercury Cadmium Telluride
MEE Migration Enhanced Epitaxy
ML Monolayer
MOCVD Metalorganic Chemical Vapour Deposition
MQW Multi Quantum Well
MWIR Mid-Wavelength Infrared
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NFE

Nearly Free Electron

NID Non-Intentionally Doped
NEP Noise Equivalent Power
NIR Near Infrared
PC Photoconductor
PD Photodetector
PECVD Plasma Enhanced Chemical Vapour Deposition
PIPS Precision lon Polishing System
PL Photoluminescence
PR Photoresist
PV Photovoltaic
PVD Physical Vapour Deposition
QCIRPD Quantum Cascade Infrared Photodetector
QDs Quantum Dots
QE Quantum Efficiency
QW Quantum Well
QWIPs Quantum Well Infrared Photodetectors
RHEED Reflection HiglEnergy Electron Diffraction
RIE Reactive lon Etching
RSEMI Reticulated Shallow Bch Mesalsolation
SAED Selected Area Electrdbiffraction
SEM Scanning Electron Microscopy
SLS

StrainedLayer Superlattice
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SNR

Signaito-Noise Ratio

SRH ShockleyReadHall
SwaP Size, Weight, and Power
SWIR ShortWavelength Infrared
T2SL Typell Superlattice
TAT TrapAssistedlunnelling
TEM Transmission Electron Microscopy
TIS Teledyne Imaging Sensors

UHV Ultra-High Vacuum

uv Ultraviolet

Vs Valence Band
VLWIR Very LongWVavelength Infrared
XRD

X-Ray Diffraction
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List of Physics Constants

Constant Symbol Value Unit
Boltzmann Ke 1.38X16* m?kg s? K?
Electron charge q 1.60x10° Coulomb
Free electron rest mass Mo 9.11x16%* kg
Free space permittivity 5o 8.854x10+ F.mt
Planck h 6.63x106° m?kg st
Reduced Planck 2 1.055x16%4 m?kg st
StefanrBoltzmann ) 5.6703x16 W/m?2K?
Wien b 2898 pm.K
X-ray wavelength < 0.15406 nm
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List of Samples

The table underneath provides an outline of the samples used in this research work. For

simplicity, the sample names are kept consistent throughout the thesis.

Sample ID Material Substrate Design First Mentioned
Sample A GaSh Reference Chapter 5
Sample B (7/4) monolayersMLs) GaSb Reference

of InAs/GaSh T2SL
Sample C GaSb pin photodiode Chapter 6
Sample D GaSlsubstrate GaSh Reference
Sample E InAsthin film GaAs Reference
Sample F InAsthin film InAs pin photodiode

Chapter 7

Sample G| (12/4) monolayers (MLs] GaAs Reference

of InAs/GaShb T2SL
Sample H InGaAs InP pin photodiode
Sample | AlGaAsSb thin film InP pin photodiode
Sample J INAS/AID T2SL GaSb pin photodiode
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1.1 Infrared detection and applications
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Figurel.1l: Absorption of toxic gases and molecules in the IR spectral band between the wavelengths
2 and 11um. The highlighted green region shows the various toxic gases which can be detected in the
MWIR region (& um). The figure is adapted froraference[6].
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1.2 Dominant and emerging technologies for infrared detection
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Figurel.2: A summary of the number of research articles published orb&=d InAs/GaSb T2SL

between 1970 and 2020, expressed as a percentage. Web of Science search results utilising
"InAs/GaSb typél superlattices” in the titles, abstracts, and keywords.

1 Material gowth andchamacterisation of T2SLs using @fent interfacial schemes

C2NJ GKAEA 202S00IEST &Y IINRBz(¢ FEE iy FOKERERNETI O (i
2T AYOSNFI OARY INBEGWKIHISGBBKEGK SY a0dzRASR dza Ay
YSOUKABRDKNFI & RAGMBORZ2YA @ FT2NOLA&KONR I OX WY SE& OS
G EINI yaYrdaarzy SESEGNBHYR VA §NRERSCHESE @ ( NHzO i

1 Developnentof T2SLs device fabrication schemes

C2N) (i R®S8>2088[ RSOAOSE 8 BEEIOKIAYNE OVRAER d@&aiA v 3
SHOEAYVSRIBRIAO20A Y a2y 2F 020KIZ KYRAE G MEKFSE DY  LINT
YSI&adz2NBYSy(Ga dzaSR I ONEB23ISYyAO LINRoOS alddezy

1 Development of Skhased struatres using alternative etchingcipes

C2N) I OP&IK2SHS 26SS G SGOKAY A | dEINE HOKISa INEIOR $ B2 Le
Ay Of LdKR2SA LI AN IKEIBNRANPZSO K § R NJOQ BI IAKRSS M2 NXY | IO 2 F

~ox & N~ A

FTILONAOFISR RESRGSE &K INGNBWE & dz



¢@L@ytn E Hyy F20Ft LXIYyS mtMNNSRAYWICKY & LA BF
AYGSNBLI OAY R Y@K SI2 B Rt mal a2y 2F Ct! 2F Ly!
ySO0SaaAaialrisSa Iy SGOKAy3a GSOKyAljdsS GKIG Oy

ddzNFI 0Sa FyR Tl @2dzNYofS yAaz2zadNRBLAO OKIF NI OGS
{ SYAO02yRdzO0i2NA OlYy ©6S FIONAOFGSR Ayid2 RS@OAO
5S4LIAGS GKS NBf | o658 @Sy 2&a dAB 4 FR OREYIA OI f
RNE SOOKAYy3IA>x Fdzf UffAy3d (KS ySOSHEDRRY HINR T SNIR
ASYAO2YRdzOG2NI YFGSNAFf A NBYIFAya OKFfftSy3aay3ao
Ad (KS LINdOO NB 2NIKISANA i 8 4dz2S Aa G(KS FTNBIljdSyid T2
DIF{6 SGOKAY3 Ay Iy | OARAO Sy kAR YoResaBEKWI & Y

2EARS f1 88N AYLSRSa (KS SGO0OKAYy3a LINROS&aaz RS
OdZNNBY G d® CdzNIKSNY2NB> Ad Aa LW NByd GKFEG A
SGOKAY3I ¢H{[ &Ay3afsS 2NJ LA ESKA& 3RS °STa 4 deNIF IAGRS
FYR LER22N FyAaz2ziNRLR o&h 66X (S aiBK S (1200KK S/N 3K FHLYNR SR
F LILIN2F OK Aa Y2NB FlL@2d2N}yo6fS yR 20SNBR az2ys$s

322R dzy AF2NX b®B | yR Aaz2dNRLR

CKSNBEF2NBZ ¢S KI @S RSOAASR O NA2dza SGOKAy3 0
SGHOKAY3IZ RNE SGOKAY3IAI O2YO0OAYyRYyYSHEENBYVYEY(G A v
OF NNASR 2dzii G2 SEFYAYS (KS AYLI S92 868 ik MK A IYHA
LINE LISNb Sa o

1.3 Thesis structure

¢KS 2NHIYyAAl a2y 2F (KSY KKERBANI mMa KLIRBE & $ WbES Re |
NBE&aSHNOKADS (o KRR  OKIF LIGSNJ KIFa LINPOARSR Aya.
FLILX A OYRBY R2YAY Iyl YR SYSNHAY3I GSOKy2f23AS3
/[ Kl LJG SNJ A KIBIPRAIARRWUG S LIG & | Yy R KLBKB1aFANPadzyoRS K2ATY R
¢HPl AaSR RBIGCION2ABDKEELKSANIIKe A A 04 I2RFA alOwdza AR Y |- 4
RAGSNBYUG RSGSO0G2NI GeLiSazl yaRs Ya iDRIY RY\ELRRZNTG &F NIR

- - A

OKI LIG SNIUGSK/SR AU BdkNiRKa 2 F a&dSNA G 2F Lw RSGSOG2NI



/ KI LG SN o @®dziIBza & SKREB di KISNDKA BahiEF NI Acis(a (YRS S
YR RSOAOSaQ LISNIRAANY | (i/fiOF a2 o LISHER & RINBNEE 2 (0 K S N
RSOPSt2LIYSyida FyR | RAIYyOSDIYARRFEIA Y| HNRYSRIL ww R
j dzl yddzy OF&OFRS A¥eNF NPREAK 2 QGRIREXISROR2MNK G a
Y22 @Yo 0 SKAYR (KS Od2NNByid NBASHNODK g2NJ] @

| KI LILBNRIGA RS&a | I&RSVIERFEFSERERSHIONBY (it YR G(GKS2)
T2N) GKAA NBaSIHNOK 4lZWG GBI IA KT A @Aas 5 Ny I0f dR

OKIF N} OGSNR &l oa2y> aAYdZ Fa2y> YR RSOAOS T 06N

A

/ KIFLIGSNI p NBLRZNyR AYIRBOKIS ND SHUz2F dzZNKSE INRSY ¢ H
I DSNJ 6KS 3aANRgGIK 2F NBFSNBYyOS &l YL S&a 2y DI { ¢
d0KSYSa 2F GKS {[aX I O2YLJ NI} oa@S &iNHzOG dzNJ f
LIN2E GARS | RBIGKS SRy mdrSizR@S 22F (GKS AYGSNFI OAl €
alF YL Sao

/ KFLJGSNI ¢ NBLR2NIA 2y GUKS FFEONAROFa2y LINROSAA
LIAESt RSGSO02NE ® KISI RSIZSX 2NBIS/NIBa Ay GKS Tl 6NJ
SGOKAY 3T (SOKyAlLyRBNE SIHAGK Ad3RENFT OSK EINE Vi SI0G & y2bF
FlI ONIRGARSRE A Aa GKSYy O2YLI NBR (2 dGKIG 2F GKS
LINSaSyidte | grAtlofSo

AN s

/ KFLIISNI 1 2dzif AySa (KS golia SR OKAYSINIRIGSE 24
It GSNY I o @S ¢ SHiF ISai EAllyabk DNB{GoA L0SE{ [ dzef A&AAY I 20 ¢
C(KAa Odgd §RIBNNI f YI GENRILB YA&ESIEKSE SUGOKAY A LINERC
FNE Ay@SasadliSRE AyOfdzZRAY3a LIK2ALK2EAODSY R A d
LINBf AYAYFINE 2dzi02YS&a I NB NBLR2NISRO®

| KIF LIAENIYB BKSE 20SNI £t NBASHRNDKOd2ANG & | YRS 2dAl DR
20SNEIISae2ya FT2N) FdzidzNBE NBASENDK ¢g2NJ @



[ K LIG{SON S1yYb O D3I NP dzy R

& OKI LJG SNJ LINGPAGOWNR FdBHFfy RSV R JII &4 | YR LIKE &
N} RAlFa2y FyR GKS ol yR &0 N#z@IitdyNSR 2t 7 25S3\NY ASQ AR
SuSObKBYYR &l NHzO G dzNtBK S N2BLISRW e Gd2a SLINRdy OALlwE S& 2
RSGSOG2NE I NB RSAONAOSR RAY SHEBINE & COANVHAIB A NI 3
dzNB & 22FF LIKSNIR20RNS]) SSHILAENEBEA Y SR o

2.1 Concepsof infrared radiation
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1 Nearinfrared (NIR) regiors from 0.7 to 1.4 pm,

1 Short wavelength infrared (SWIR) region is between 1.4 and 3 pm,

1 Mid-wavelength infrared (MWIR) region is between 3 and 5 um,

1 Longwavelength infrared (LWIR) region is between 8 and 14 pum,

1 Very long wavelength infrared (VLWIR) region is between 14 and 32 pum,

1 Farinfrared (FIR) region is between 32 um and 1 mm.
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Figure2.1: Hectromagnetiaadiationspectrum of light and the corresponding wavelengiscan be
seen the atmospheric absorption windovis from 0.7 up to 14 pm witha low atmospheric
transmission window betweefand8 um

2.2 Blackbodyradiation
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2.2.2 Stefang Boltzmann law
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Figure2.2: Radiant spectral emission of a blackbody versus waveleigtifferent temperatures (300
K, 1000 K, and 5000 K). Trgure is adapted from referend83].

2.3 Semiconductors band structure
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2.3.1 Nearly free electron (NFE) model
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Figure2.3: (a) Plot of energy E versus wavevector k for a free electron and (b) plot of energy versus
wavevector for an electron in a monatomic linear lattice of lattice constant a. The energy sfagwih

is related to the first Bragg reflection®  —; other gaps are found at higher energiesS@t —
for integral values of . This figure is adapted from referenf&].
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U, potential energy
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Figure2.4: (a) The potential energy of a conduction electron varies in the field of a linear lattice's ion

cores. (b) The probability density distributidnin the lattice is given by S| 1 Q& &N

s S| wé i d as well as for a traveling wave. The wavefundtion accumulates electronic
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energy experienced by a traveling wave. The wavefun¢tion accumulates charge in the region

between the ions, increasing the potential energy compared to a traveling wave. This figure is crucial

in comprehending the origin of the energy gap. This figure is adapted from refeli&rice
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Figure2.5: A schematic diagram illustrates the occupied states and band structures of (a) an insulator,
(b) a metal or semimetal due to band overlap, and (c) a metal due to electron concentration. In (b) the
overlap is not required to happen in the same directionthimithe Brillouin zone. When there is a
small overlap involving only a few states, it is referred to as a semimetal. This figure is adapted from
reference[38].
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2.3.3 Direct and indirect bandgap semiconductors
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Figure2.6: Bandgap structures for semiconductors. @yect bandgap in which the valence band
maximum and conduction band minimum are located at the sampeikt, and (b) indirect band
structurein whichthe valence band maximum and conduction band minimanmesituatedat different
k-points.

2.3.4 Band structure alignments
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Figure2.7: Band structure for two different undoped materials A and B where the bandgap energy for
YFGSNRFE | Aa KAAKSHRIed oithé eletiroi Sty linf whichdhe energy
required to liberate electrons to move from the conduction band to the vacuum leyg).Bza)y, Es)
andEg)are referred to as the conduction and valence band energies of materials A and B, respectively.
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betweenthe conduction and valence bands and the energy bandgaps are labellgg@)asdss)
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2.3.4.1 Typel heterojunction
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Figure2.8: classification oband alignments at heterojunctionga) type-l, (b) type-ll, is alsocalled
staggered heterojunctionand (c) type-ll or type-lll, it is called straddlingor broken gap
heterojunction

2.4 Strainedlayers epitaxy
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Figure2.9: Shematic diagrantepresents(a) deposition othe semiconductor layer with a greater
lattice constant (blue region) than the substrate (orange region), (b) the greater lattice constant of the
deposited material isompressegerpendicular to the growth direction and stretched in the growth
direction, (c) formation of compressive strain due to this type of growth process, (d) a deposited layer
with a smaller lattice constant (orange region) than the substrate (blue regigrthdesmaller lattice
constarn of the deposited material is stretched perpendicular to the growth direction and squashed
in the growth direction, and (f) formation of tensile strain in the structure due to this growth process.

2.4.1 Ciritical thickness
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2.4.2 Formation of defects
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2.4.2.1 Point defecs
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Figure2.10: Schematic diagranmepresentsdifferent types of point defectthat typically formwithin
the crystal structure.

2.4.2.2 Line defects
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Figure2.11: Sshematic diagram shastwo types ofdislocations in a crystal lattice structurthese are
edge and screw dislocations. Thgure isadaptedfrom reference[43].

2.4.3 Strain effect onthe band structure
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Figure2.12: Schematicdiagramshows the strain effect on the band structure of a material system (a)
no-strain is introduced intothe structure (b) tensile strainis formed into the structurgand (c)
compressive straiis introduced into the structureThe figure iseproducedfrom reference[44].

2.5 Classification of infrared detectors
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2.5.1 Thermal detectors
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Figure2.13: Shematicof a typical thermal detector. THegure isadaptedfrom reference[47].
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Figure2.14: Schematic diagram represents the relative spectral response for a photon and thermal
detector.

2.5.2 Photon detectors
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Figure2.15: Schematic diagram shows a typi€édCdetector with a semiconductor material and
contacts at both ends connected to a voltage source.

2.5.2.2 Photovoltaic detectors
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Figure2.17: A typical currentvoltage (V) characteristidor a semiconductor diode with and without
light illuminationwith photocurrent effet.

2.5.2.3 Bandgap modification detectors
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Figure2.18: A diagram illustratethe subbandf the optical transition of carriers in QWIH%is figure
is a redawn version fronreference[49].
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Figure2.19: The conduction bandf GaAs/AlGaAs QWIPs under bias operafitrefigure isadapted
from reference[47].

2.5.2.4 Typell superlattice detectors
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Figure2.20: The band heterostructure alignment of the 6\group family of IV semiconductors,
such as InAs, GaSb, and AISb at a temperature of 0 K.
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GaSb

InAs

Figure2.21: The band heterostructure alignment of tyybelnAs/GaSh material system. The effective
bandgap energy of the SL (highlighted in green) is herein calculated as the difference between the first
electron andHH minibands in the conduction and valence bands, respectivEe figure is a
reproduced version from referendé5].
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2.6.1 Dark current
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2.6.1.1 Generatiorrecombination current
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2.6.1.2 Diffusion current
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2.6.1.3 Trap-assistedtunnelling current
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2.6.1.4 Bandto-band tunnelling current
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2.6.1.5 Shunt current
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2.6.2 Responsivity
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2.6.3 Quantum efficiency
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2.6.4.1 Johnson noise (thermal noise)
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2.6.4.2 Shot noise
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2.6.4.3 (I/f) noise
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2.6.5 Detectivity
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3.1 A brief history of infrared detectors
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3.2 Historical perspective of typdl superlattice infrared detectors
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Figure3.1: A summary of phlished research articles (in proportions) for both (a)ftz® InAs/InAsSh

and (b) Gébased InAs/GaSh2SLs over the past 50 years. Web of Science seanployingthe terms

"InAs/InAsSb and InAs/Ga$ppell Superlattices” in the titles, subjects, abstracts, and keywords.
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Table3.1: A summary of the pros and cons of the@sed InAs/GaSh and Bae INAs/INAsSIH2SL material systems.

needs control during growth

Material System Pros Reference Cons Reference
INAs/GaSA 2SL Stronger optical absorption [71], [72] Shorter minority carrier lifetime in the MWIR| [73], [74]
coefficient regime, typically between 14@sand 800 s at
77K
Larger conduction and valence ban [14] More difficult to grow as four shutters (In, As, [75]
offsets leading to lower tunnelling Ga, and Shhust be controlledduring growth
current
Wider range otut-off wavelengths [76] At the SL IFs, sensitivity to elementdakermixing | [77], [75],
can be tuned to cover the SWIR tg is high [78], [79]
VLWIRspectrum
Limited by SRH because of the presence of ( [80]
componentin the GaSb material
INAsS/INASSH2SL | Longer minority carrier lifetime in thg [81], [82] Weaker optical absorption coefficient, [72], [83],
MWIR region, typically from 18 to particularly at longer wavelengths resulting i~ [84]
Qusat 77 K lower quantum efficiency
Less complicated growth scheme| [85], [14] More challenging vertical hole transport, | [84], [86],
since solely one shutter (As or Sb particularly at longer wavelengths [87]
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More tolerant to defects, as defects
are mainly localised above the
conduction band edge

[88]

Smaller conduction and valence band offset [14]
leading toincreasedunnelling current
Strong dependence of quantum efficiency on t [72], [89]
carrier diffusion length, particularly at longer
wavelengths; lower quantum efficiency is caus
by shorter diffusion length
Prone to Sb segregation at the I5k [90], [91],
[92]
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3.3 Fundamentalgnaterial properties oftype-Il superlattice

¢tKS O0AYINE O2YLRdzy R & $¥N O 28/ (RN RdxNS adzalSNS  AS/E
43S002y® LUOHLINR@OREA { (0 KBIR LISND Sa aaz® 00 KR I YI &«
SYSNA&SOo2yY UDYDMAGE O NOASNI HRFSIbdES2 NLIo 2y O
0{SO002¢ o0do DOV
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Figure 3.2: Bandgap energy versus lattice parameter of severaV ldemiconductor materials,
including InAs, InSb, GaSb, GaAs, AlAs, and AISb at a temperature of 0 K.

3.3.2 Minority carrier lifetime
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Figure3.3: An overviewof the accumulatedraluesof MClifetimes at 77 K over the last few years for
-V compound semiconductors including InAs, InSh, GaSb, InAs/GaSh T2SL, InAL81A<Hid 71
VI MCT.

3.3.3 Absorptioncoefficient
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Figure3.4: Theoretical (black line) and experimental (grey line) results of the absorption coefficient
versus the detector cubff wavelength at 77 K for (a) éasedand (b) Gdree T2Sls. The figure is
reproduced fronreference[72].
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containing T2SL detectors at HOT of 150 K.

3.4.2 Dark current density
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Table 3.2: The dvelopment of InAs/GaSb and InAs/InAsSRRSLsis the focus of numerous
international research groups.

Research Group Interest/Focus Reference

Centre for Quantum Devices (CQD) att| Gacontainingand | [131], [132], [148],

Northwestern University, the USA Gafree T2Sls [153], [159], [172],
[173], [174], [175],
[176], [177], [178],
[179], [180], [181]

State Key Laboratory for Superlattices a [182], [183], [184]
Microstructures, Institute of
Semiconductors, Chinese Academy o
Sciences, China

Gacontaining T2S&

Synergetic Innovation Centre of Quantu| Gacontaining and | [133], [134], [185]

Information and Quantum Physics; Gafree T2SLs
University of Science and Technology ¢
China
Kunming Institute of Physics, University| Gacontaining T2S& [186]

Technology, China

Centre of Materials Science and [152], [154], [156]
Optoelectronics Engineering, University
Chinese Academy of Sciences, Ching
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Agency of Defence Development, Reput
of Korea

Jet Propulsion Laboratory (JPL) at the
National Aeronautics and Space
Administration (NASA), the USA

Gafree T2Sls

[187]

[76], [111], [130],
[188], [189]

Montpelier in France

Gacontaining and

[96], [110], [141],

Gafree T2SLs [143], [144], [145],
[155], [190], [191],
[192], [193], [194],
[195]
Arizona State University (ASU) in the U Gafree T2Sls [151]

Centre for High Technology Materials,
University of New Mexico

Fraunhofer Institute for Applied Solid
State Physics in Germany

Gacontaining T2S&

[114], [138], [139],
[140], [142], [146],
[196], [197]

[171], [198], [199]

Institute of Applied Physics, Military
University of Technology, Poland

ShanghaiTech University in China

Gacontainingand
Gafree T2SLs

[200]

[149], [161], [201],
[202]

Key Laboratory of Infrared Imaging
Materials and Detectors, Shanghai
Institute of Technical Physics, Chinese
Academy of Sciences in China

IRnova in Sweden

Department of Physics, Chonnam Natioi
University, Korea

Department of Physics, Middle East
Technical University, Turkey

Gacontaining T2S&

[150], [203]

[145]

[204], [205]

[206, p. 3], [207]
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Figure3.9: Accumulated values of differential resistance apeaduct ofInAs/GaSI 2SLInAs/InAsSb
T2SLand MCT detectors at room temperature operation.

3.5 Advancements in infrared typél superlattice technologies
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3.5.1 Barrier infrared photodetectors
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Figure3.10: (a) Schematic view ofncorporating a barriestructure underan appliedvoltage and (b)

representation of dark currenfArrhenius plo} depicting the dark current temperature dependence
in a conventional and barrier diode structure.
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group at the CQDs.

3.5.2 Quantum cascade infrared photodetectors
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reference[218].

3.6 Challenges addressed in thissearch work
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3.6.1 Epitaxial growth
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Figure3.13: Schematic of possible formation of (a) Gake or (b) InSHike IFs in InAs/GaSh T2SL
heterostructure.
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3.6.2 Device &brication
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Table3.3: A summary ofhe wet and dry etchingpproach[30], [31], [55], [241], [242], [243]

Etching Approach Advantages Disadvantages
Wet etch Lower cost Uncontrollable
Easier to implement Lower fill factor
Higher etching rate Unavoidable tendency to
undercut

Higher throughput

Better selectivity for most Isotropic profile

materials Damage to the substrate
Smaller number of broken Inadequate for the definition
chemical bonds of asmall feature size < 1 pm|
Reduction of free carriers Wafer/sample contamination
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Dry etch Vertical (anisotropic) profile Higher cost

Increased etch uniformity Harder to implement (to

Much smoother sidewalls control gas mixtures)

Higher fill factor Lower throughput

Controllable Poorer selectivity

Potential damage to the
wafer/sample surface causec
by ICP ion bombardment

Reproducible

Suitable for the definition of a
small feature size < 100 nm
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Figure3.1_5: Schematic of possible mesa etching profile (a) isotropic, (b) crystallographic, and (c)
anISOII'OpIC.

¢CKS TFTILONRORLSE 2 MIOKNE OSFHON gz ®S 232 Y LI SEI NG G 27NB
GKAOK O2yarada 2F | FSg YAONRya GKAO1l {[ NJ
FRRAa2Yy It Ly{o 2NJ D¢RKE LINA YIYNBR yANSESNES Oc k& K £ fi &
YFEGSNRALFE 06S502YSa ONMzOAL £ RdzNAYy3I GKS LIAESt Aa
dzddz- t £t @ 2NAIAYIGS i SELRASR RSOAOS 4AXRSsI ¢
adrasSa Ay (0KS ¢H{[ O0FYRIILI YR O2YyYyNAk RIRAYIYE
dzy RSAANBOREARBAGGELIAOLIff & F2NY RANRSIQIDES Si
LISNF 2 Nv2 fyfOBg Ay 3 GKS SOGOKAYy3a LINRPOS&aas RAGdzaA2)
AARSGlIEta YR F2N¥lo2y 2F Yyl a@®S 2EARS& Yl & 2

76



¢OE 0iob ©®U 0Oi 0 (3.10

COM Yl © "0 YD (3.12)

08 {0 O cOE B i (3.12)

tKSaS 2EARI ¢ AR YNN2YBABWHEE & dzf oy 3 yI o 88 SHENR DA f

O2yRdzOG2NE>X NBadz say3d AYy I KAIK &adz2NFF OS RINJ

RSGSOG2NE FFL0OS Iy SEGN} OKItftSy3aSo 1t a I NBa
gSNBE dzaSR 2y (GKS aSYAO02yRdzO02NDB& ddEA OSy 820 KB
RSOAOS aAaARSglfta Ay |+ NBflogSte (GKAOl ftl &SN

RAGARSR Ayi(2 YRIAGSSNSCEHINDICH SARENR Bl yAO RSLI2AA:
LI a3A0 a2y YR St SOGNROKSYAOLFf LI aaAirgdlaz2yod

O

¢tKS RASESOUNRO LI aaAragdlezy Aa GUKS Yz2alm AYLX S
SYKFyOSR OKSYAOIf @I L}Rdz2NJ RSLIR2aAsa2y 0t 9/ +£50

O {WAChH pCc 8 H p EABAX AcD2pyyoeyti HIGNG PREESANJON dAdA A Y AhddY 2 EA R
WHNCYE LWMSOEYKORRBEI2Z hiood2 yI (i22ZFYA O I @SNJ RSLI2aAs
LINR LI2Z A SBYOARBSIWNKZIR LI aaAQBl a2y RdzS G2 AGa 7Tl O;
NB & dzf (b KIINIWERFR2 NI I 2 2hy2 @SNJIIfy S DF X ! & I R c{H® 2 EA
K @&26 K oLl fa 3 AR ORBIIKESS R NJ Y WIANNBIY{io 02 lbw ¢ H{
NRSNJ 27F tYSNRyWFHOEND & yOl A28 ARY RAIKISs ONSS R#O o 2y A )
AdZNMBOS 6SR O02YLRYSyid 2F (KS RIdbpcO6zENEBGIND B a
AK2@KI oL AaA D o SYOATRYNT2aNE. w Ly 02 ¥ D} NBRRIAER [fa

YSUKZABRDK AMAEA BT Hay h el PEBNRSNE 2F YIF3IAYyAGdzZRS )
lf 0K2dzZAK (KAA KaLISi8Po @B AdIADI K2MNPRIKDSIEAL RN
j dzk £t A WESRE24 YR AYOGSNFIFOAIf OKIFNBS&a RSyaiie
O2yaARSNDPYERI NBKEBSHINE ¢ 0 K (SYLISING fIjpdNg RHRAY2 X
GKS SEAaGSYyOS 2F ylo@S UESR OKFNHBSa Ay (KS R
iKS RABNIDS NI eynBS

No

77



CH{[ LI Aaargdleazy 6AGK 2NBIFIYAO StSYSyidasz Lkfte
F LILINE F OK (L3 ARA©Oh S @ NA O dyc BBAYWRGHK S Y2ad | LILX
LI2f @AYARS yS3lka@S LK2G2NBaArad G2 + ¢u{[ YSal
GKS &lYS aidSLia 2F | LId2Ry@EIT yE2DIKRKHRNPAZ & (§
RSOSt 2BKY36 RIZAKS YSal amRIEIKMAEE & STIKR2R [A¥a0 I RyA
Aad FTrad YR R2Sa y2i0 NBIdzZANBE Ozaidfte Sl dz LIYS)
RSLI2aAAGSR G NR2Y GSYLISNI GdzNE FyR OFy 06S dza‘e
DI NR 2 dza 62 1IOSNISy/ WS rafag By ST O Y KA 2RSS A 4 8§ RIF( KA
0K fj dA (B3A A&IS A & dzy A GSNEFffe | O0OSLIISR GKIFG OK!
2Ll2y UGUKIY LIKE@AAOFf LINRGSOa2y FTNBY | YOASYOH |
/| KI £ O23SYARS LI aardle2y 2N adz LIKdzZNAAl a2y Aa
6{0 lFd2Ya I NB dz&aSR (2 aloeoa¥feé RIy3fAywd asSR/ RA
LI a3A0l o2y AY 6KAOK | LINP@ESKSIVaH Az&tSINER FRSRRL FBNIES C
+ [02Ya2X KIFa 0SSy¥dzRO S aRa defil (BvRd) &¥8/yoid28/ 2 dzy O 2
GAGK | RASMEQBNA WKBIWGBEINIA SEG adzAf LIKAZNA &L a2y )
Al YLX S Ay |[1jdzS2dza a2t dzm2 $h8E Tk MBR & ldar( 1285 LK
LI a3AQ0l a2y YSIUK2R Aa GKFG A0 R2Sa y2id NBI dza N
VI oa@S 2EARSE 0Bl STOKBER ORY 0bI SN a2t dze2y i
¢CKAZ2I OSSO YMRS{ txntrivepR /2 00 RSOl y Sl @A 2 fOH DG ¢ X
GNBl 0YSyia KIFI@S Fftaz2 0SSy dzaSR (G2 LINROYARS Y
O2yaeslidsSyid StSYSyila oLy= DFEXZ 'ax FyR {00
tKS St SOGNROKSYAOIT LI aaragdlezy 69/t0 LINROSa
Al GdzNF GS GKS RFEYy3IfAYy3I 02y RIOBWIIKA Y Azl AIKAAND dk N
OKSYAOIf RSO2YLRaAa2z2y A& LINPRdAzOSR aA®8 dzhJR § & A
O2y il AYyAy3a A2yad ! fiGK2dzZAK (KA& YSGK2R Aa adz
9/t YAIAKG 2EARAAS ljdzadlfes IyR KSyOS | RRAa;
NBE&aSkNOK 3INRdzLJA KI @S GNASR 2 NBRWOWYEBRA G HLAMNP I
&SI NED® C2NJ SEF YL ST OKSYAOIf |yR LKeaAaollrt LI
SiSO0a@S Ay NBRAzOAY I cfnSay 18IS NBQINIBWRG & KIF G2 (KB
LI a3A0 o2y F2{f265RF ®ENIt R & 5NBRAZGKE {K$H RI NJ

~ A s oA o

AYLINR PSR (KS RSUSOE2NI KISRSB2 N& & ¥ O Do &R yAKI (

78



2NJ FY2RAO0O Ddz22NARS LI daAdlaz2y Ay O2Y0AYylaz2y ¢
LISNF 2 NXY Iy OS ¢ 5 SRAGIAONIBNIG RS &K S| & dzf LIKA RS OKSYAOL
08 (NSLIKR2G2NBaAAaA0 AYLISRSA (KST aRMESL AV 32 0 2WIF
FYR 20SNB GKS aidloAafAride 2F LI aargdloazy 20SNI |
QLIAGEEALFE 2 OSINBWNRBIIK 2IFG AINBIAIR SKiIRA NBRIZOS 2 NI &
& dzNJF | O SO dzNoNuts| yh (i & KT NP OS RdzNB 2 a4 A A SO O St T
oFyR 20480 Io05%0CS NRKBAH S v RAS YA O2 Y Rdz® & DKI 0 NA y
' 62dzi RELENISN ¢RENDSKSULCO®F GKA& | LILINRIF OK 2
GKId GKS 02YY2y CSN¥YA tS@St 06Si6SSy (KS (g2

2F KB $RBSLIOYIC2 S NBRKBIMNFL DS tSH{F3IS OdZNNBy G =
SGOK YSal ArAazftlezy o6w{9al SVYLWRYKRE BTSSR 2HFNIGKI
LI 34 34 AdoH P28/ oM A TYBYISIIK 2028 R S2aTh IrOMINA BT/ NG KIS OK 2 y f
SiOK ik OBy OIKBFES o6F NNASNI f F @SN RS pazdKS | R
LWESt Aazftleaz2yd LYy (G(KAA Yl%ySSaNzyamKﬁ EBABIF O IOF
O dzNNEWh R IINGSY2IIS RAAOdzAAA2 VI RFACKK HRNB & 8 NADK -
NR dz(i S T 2Wi & RIS OaeBa RO RAGa0dS aSO02yR yR GKAN
2HKAA GKSaAao
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3.7.1 Growth and characteisation of InAs/GaSb T2SLs usidijferent interfacial

schemes
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3.7.2 Fabrication of InAs/GaSb T2Slksing different etching methods
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3.7.3 Fabrication process develapents of Sbbasedusing altenative wet etching

recipes
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Table3.4: A summary of the main objaeesand approaches used foralturrent research project.

Section Objective Approach Thesis Chapte
3.7.1 Determining the effect of | Growth and characterisatior; Chapter 5
INAs/GaSA2SL IF growth | of INAs/GaSE2SL samples
schemes on the structural | using different IF schemes
and opticalpropertiesof the
samples
3.7.2 Optimising theinAs/GaSh Fabrication olnAs/GaSh Chapter 6
T2SL fabrication proces® T2SL using wet etch
wet etching, dry etching, an¢ approach, namely HF acid
surface protection technique| and investigating alternative
and studying their efficacy o dry etchand wet etch
the deviceQ gerformance methods and surface
passivation
3.7.3 Optimising the wet etching | Investigation of alternative Chapter 7
process of Sthased materials wet etching
towards fabricating high recipes/processes, including
performance T2SLs phosphoric, sulphuric, citric
and hydrochloric (HCI) acid
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4.1 Introduction
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Properties
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Figured.1: Experimental and theoretical methods and the information attained from éachnique
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Figure4.2: Schematic representation of the whole T2SL process layout.

4.2 Material growth
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4 ML GaSb cap

MWIR T2SL
7 ML InAs / 4 ML GaSb
100 Pairs

GaSb buffer ~ 45 nm
GaSb substrate

Figure4.3: Schematiof an InAs/GaSh T2SL reference sample grown by the MBE reactor.
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Figure4.4: Basicschematic oan MBEreactorwith the essentialparts labellingthe growth chamber
surrounded by materiaffusioncellsand shutterssubstrateand heating sourcdeedthrough forCAR
assemblyjonisationgauge, RHEED gand screerfor growth processnonitoring.
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1 Preparationchamber
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1 Feedthrough for entinuous azimuthal rotation assembly

¢ KS adaoymRINgra SSt ISNSygiih gSR A GK || O2yoeydzzdza |17
Fd&aSYyofeée GKI G LIAWER EOWMAIADINSSUEEWR Wdri S 4K S¢ KN | O S
K2Y23SySaie 2F EKONBLASREAIT f1 &SN AaA

1 Effusion cells

Ly |y Ay SKbBYy QRBEBENSRH2 G Ay (KS a2 dz2NOS Y (SN
a0l S 1K NBHERIR (&8 tOEBSKBAE G (KS ONHzOAOGES G2 @K
F2N SOlaa NENRHAz0S Y2t SOdzZ F NJ 6SFYad ¢KS GSYLIS
I OKSNX202dzLJ S® bdzYSNRdza @Rz S YERINIEWEI 6 RS DKy
RA&oay Ol {KSNYOSHodLALS 4l yKRS I aiLIs KISK S NE 6 @

AN YUY WAK S K dzgISMBOO2 YLB ¥ ASRS &S O 2
ANR O UK

fta

(0p))

1 Reflection higkenergy electron diffraction
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4.3 Material characterisation
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4.3.1 X-ray diffraction
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Figure4.5: Schematic of a typical XRD scanning tooineasureX-ray diffraction from thematerials
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Figure4.6: Shematicshowsthe diffraction of the Xay beam in the crystal lattic&symbols jand® 4
are the angles of incident and diffractedray beams respectively,and d denotesthe distance
between the lattice plane.
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