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Lay Abstract

Infraredlight (IR) falls in the wavelengtinange of0.75¢ nto 1000em, with IR
basedtechnologyhaving numerousapplicationsin society With uses inthe sciencs,
researchmedicine,and generakverydaytechnology commonIR ranges formaterial
analysis range fromh.4to 3¢ m i mshortwawelengthR (SWIR), 35 e m i n t he
wavelength IR (MWIR)and8-1 5 € m i nwatelength IR ¢LWER) Theseranges
includelR absorption dug molecular vibrationsgndincludeswavelengthgorresponding
to the bandgaps of relevant semiconductor matefaaldR detectorsTo aid in light
absorption insemiconductor materiglsmanometer scale cylindrical structuredlezh
nanowiresor pillarscan be used on the detector surface, enhancingdiggdrptionand
allowing for absorption wavelengtimanipulation by adjusting nanowire diametéhis
work focuses on developing IR detectors with wavelength absoiptitbel-16e m r an g e

dependenbn nanowiregeometry.



Abstract

InSb and InAsSb pillarswhich are large diameternanowires (NWSs) were
investigated as an alternatiugfrared (R) detector technology to HgCdTe (MCT) for
tunable multispectral IR detectiavith optical properties manipulated by pilldiameter
and pitchUndopednSb and InAsSb thin film&ere grown on undoped Si (100) substrates
by molecular beam epitaxyMBE) with a thin AISb buffer layer A top-down etching
method was used to fabricate pillafsliameters ranging from 300 nm to 1500 nm for InSb,
and 1700 nm to 4000 nm for InAsSBillar arrays were analyzed optically by Fourier
transform IR spectroscopy (FTIRThe InSb and InAsSbpillars producednarrow
absorption peakwith wavelengtirangingfroml . 6 1 e m tlooiInSha®8& & m1l & m
t o 1 6forMAsShmA 100 nm increase in pillar diameteorresponddto a0.495¢ m

increasan peakabsorptiorwavelength

InSb thin films werealso grown on rtype (As doped O 0. 061000 cm
substrates to create d@4m junction wi t h a nthidk mndopad@aSb redon gromvn
directly on the s ubtpeBeadped2x1@ ontf) ISbtop.lager e m t h |
These films were used to creata devices an interdigitated contagthotoconductowith
varying finger geometrygnda photovoltaic devic&vith square togontactf varying area
[-V characterization demonstrated trenths current with varying finger geometry.
Photocurrent measurements were obtained for both the photoconductor and photovoltaic
devices under IR and solar illuminatidrephotocurrent valuesereorders of magnitude

higher for the photoconductive device compared toptiwovoltaicdevice,indicative of



potential photoconductive gainPhotocurrent generation in the InSbi-p structure
introduces the possibility of diametdependent photocurrent generation in etghider

devices.
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Chapter 11 Introduction

1.1Early History of Infrared Technologies

Infrared(IR) light was first discovered in the year 1800 by William Herscisaglg a
prism and a thermometerl[l, 1.2]. In his experimentthe prism was used to separate
sunlight into aspectrum on his workbenghigure 1.1) and he was interested in measuring
each colored region with a thermometerd comparing the temperature change with a
reference elsewhere in the roambetterunderstandhe energy distributioroft he sunods
rays He observedhatfor the thermometer being exposedsisible light, the temperature
readingincreased as the theometer was movethrough the visible spectrufrom violet
to red light. He noted, however, that the highest temperature increase occurred beyond
visible red light in an uncolored region of the workbenEtlerschel called the rays incident
on this regiomicalorific ray they were invisible yetransmitted the highest amount of
heat.With the use of a thermometer, he confirmed that these invisible rays refracted and
reflected, as with visible lightVith the first observation of these invisible rays came the
need for a formal way of detecting their presefde result of this was thenany early IR
technologies operated on the basisenfiperaturea branch of detector technology called

thermal detectors

In the year 1821 Thomas Seebeck discoverdte thermoelectric effect and
demonstrated the first thermocou@éowing for a temprature difference in a conductive
material to induce raelectric potential This effect is called the Seebeck effect and

demonstrates a linear dependance gémeratedoltagezwbased on material properties

1
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andthe temperature differenggY Y “Y between the hot and cold sides of the
material[1.3]. He further solidified the existence of the invisible IR rays observed by
Herschel by analyzing heat distributions through prisms of varying matgtid]s The
thermocouplevaslater refined into thenore sensitivéhermopile by Leopoldo Nobili in
1829, andt was demonstrated to measure the IR radiation emanating from a pef30n 25
fed away, and showed that a caterpillar always emanated a higher temperature from its
body than the butterfly that followedll1.5,1.6]. Initial astronomical measurements
performed vith thermocouple technologwere performed in 1856 when Charles Piazzi
Smythe detected IR radiation from the mpleading tca more advancettiermopilebased
detector being used in 1915 by William Coblentz of the U.S National Bureau of Standards
tomeasuethe IR radiation emanating from 110 distant starg. In the year 1878 amuel
Langley developed the bolometet.d]. This device operatebased ona temperature
dependent resistancavhereas the thermocouple operatesed onthe thermoelectric
effect allowing for incident IR radiation to alter a matefatemperatureallowing for
measurable changes in its electrical properfiéshe time the bolometer advanced to be
able to déect the hekemanating from a cow from a quarter of a mile aWldgseearly IR
detectiontechnologies operatedlue totemperature differenceend a materi@ thermal
propertiesin generalthesethermal detectors have a slow response due teetherement

of a temperature changaddo not offer any wavelength information or specificity from

the emitting body1.9].

Another branch of detector technology called photon detectors was developed during

the early 19006s wi orHeveloped in 19y €ase1I10R Sygth ot oc o
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a photoconductor devidanctionsbased omphoton absorption within the materiekciting

electrons in thgg h ot o ¢ o nrcyatat dtructuréAs the wavelength of incident light

being absorbed is dependent ondhe t e eniaterial prepertiesvavelength specificity

can be obtained in photon detectdns1933 Kutzscher found th#te naturally occurring
mineralgalena comprised of PbS, wasphotoconductivenaterialand had an absorption
response up t o ab o lll]. E¥entaatly, Suah IRtdétectors WRlizinge gi o n
PbS photoconductors were used for the first IR survey of the sky. The observations done at

the Mount Wilson Observaty covered 75% of the sky and found upwards of 20,000 IR
sourcesincludingstars and other objects that were never seen before using visible light

observationsPhoton detectors are the branch of IR detector focused on thekis

1.2Photodetector Operating Princides

As mentioned, photon detectors are the primary branch of photodetector that will be
discussed in this workThe most common example a photodetectorconsists ofa
semiconductor containing arpjunction, referred to as a photodipagd this section
covers the physics of therpjunctionand the origination of a bandgdphoton detectors,
as opposed to thermal detectors, can allow forelength specificity during detectiom
brief, the semiconductor chosen allows for wavelength selection of the absorbed light based
on thes e mi ¢ o n bDandgdp @me@is;. If light is of sufficientenergy it will excite
electrons across the bandgap and be absofibegh-n junction withina semiconductor is
an abrupt junction in which the semiconductor transitions from betygedoped to n

type doped. A fiype dopant is a dopant wifiewervalence elecons than the atoms making
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up the semiconductoroés <crystafholes whicharé ur e &
positivdy chargel vacancies created by absent electtbascan travel through the material.

The ntype dopant contains more valence elmtsr than the atoms making up the
semiconductor and this induces an electron majorhg. hole and electron majority sides

meeting at them junction will cause diffusion of majority carriers to the opposite side of

the junction, forming the depletion lieg, and creating huilt-in potential. This potential

causes optically generated electiarie pairs (EHPS) to be swept to their majority side and
collected by metal contacts on the semiconductor delnéermation in the following

sections pertaining to semiconductor physicsespnimarily from referencesl[12-1.15].

1.2.1Crystal Structure and the Bandgap

The primitive basis vectoild "H and Han be used to describe the arrangement of
atoms in a crystalline solid. Given some point in the salg otherequivalentpoint in the
crystal can be reached through a linear combination of the basis vectors,

n I'H T"H BH (12)
where m, n and p are integeFéie set of vectorg that are linear combinations of the basis
vectors will define the crystal lattice sites of the sofBbme simple crystal lattice
arrangements include the cubic, bamhntered cubic, and faoentered chic
arrangementsThese arrangements consist of a singslangement of atoms centered on
the corner of repeated cubes, with the bodgtered arrangement having one extra atom at
the center of the cube, and the f@aemtered arrangement having an extoaraat the center

of the cubes faces. These are showimgure 1.1.
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' I

Figure 1.1 Atom arrangement®r thea) cubic, b) body-centerectubic, andc) facecenterectubic
lattice arrangements.

More complicated crystal arrangements exist, such adidineond and zincblende
arrangements. The diamond arrangement is such that each atom is surrounded by 4
equidistant neighboring atoms, with the neighboring atoms creating the corners of a
tetrahedron The zircblende arrangement is the sameterms of atom positions in the
lattice however, the 4 neighbors of the tetrahedral organization are a different atomic
speciesThese lattice structures are taken on by important semiconslgatdr as Swith
adiamondstructure and GaAsvith azincblendestructureAll 111 -V compounds crystallize
in the zincblende arrangemeint bulk with the exception of nitridefsl.16-1.18]. III-N
compounds may also take on thartzite crystal structurea closely related structure to
zincblende which alstakes on a tetrahedral organization of neighboring atomic species

with a different atomic stacking arrangement

The energymomentum relationship of a crystalline solid, usually called the band

structure, is determined by thea t e rcriystal stusturand the atomic species involved.
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The band structure is obtained by solving the Schrédinger equation for an electron
experiencing a potential exerted on it by the atoms in the laftr@eBloch theorem states

that for the Schrédingerquation

. ; ; (12)
—n 67 n 1T %n

for a potentiab "I with the periodicity of the crystal lattice, the solution will be of the

form,

n o Ats TR (1.3)
where5 is periodic with the periodicity of the crystal latti¢&om this it can be shown
that the energy Es periodic incrystal momentunk. To understand the periodiciof the
energyin the crystal structure it is useful to look at the reciprocal lafficea given set of

basis vectors for the crystal lattjcke vectors,

"H "H "H H H "H (14)

T < MR H

“HEH CH
define the reciprocal lattice basis vectors. The original basis vectoefemedo as direct
basis vectors. Theciprocalvectors are perpendicular to thets ofplanes formed by the
directbasis vectorandarenormalized to the diredt a t tunitceal dadume Since K is
periodic we can usé vectors in the primitive unit cell of the reciprocal lattice, called the
Brillouin zone.Any vector beyond the Brillouin zone can be written as a vector within it

due to the periodicity of the crystaltiae. Various numerical methods have been used to

solve the band structure of different semiconductor matefiiaks band structures of Ge



M.A.Sc. Thesig Curtis Goosnhey McMaster Universityi Engineering Physics

and InSb are presented ih]9], with a basic representation of a band structure shown in

figure 1.2

Figure 1.2 Schematic diagram of a simplified electronic band structure demonstrating the presence
of a bandgap.

Infigure 1.2, the horizontalxisdenots thek vector angpoints of symmetry within
the Brillouin zoneThere is a gap separating tmaximumof the lowerenergy bandghe
valence band) and the valley of the uppeergy band@&he conduction bandJhisenergy
separations the bandgap,£The bandgap varies size depending on treemiconductor,
ranging from very narrow bandgapgmiconductorsuch as InAsSb alloy®.080.35 eV
@ 300 K and InSb(0.17 eV @ 30K) to largerbandyaps such as GaAgl.43 @ 302 K)

[1.20, 1.21]. InSb and InAsSb alloys having a narrow bandgap makes them a semiconductor
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material capable of acting in the infrared regimée bandgap isalso temperature

dependent with the dependency given by the Varshni equatRi), [

4 15
% 4 % T :—r (15)

where) and; are material parametells general, Edecreases with increasing T.

1.2.2The pn Junction

In an intrinsic semiconductor, a semiconductor with no external doping, the number

of occupied levels in the conduction basdjiven by,

(16)

%& % A %

—_—)

where E is the energy at the bottom of the conduction b@othciding with E), Emaxis
the energy at maximum of the conduction band, N(E) is the density of states, and F(E) is

the FermiDirac distribution The density of states N(E) is defined as,

o AT% (1.7)
Y7

and will yield information on the number of electrons per matedalme n(E) situated at

certain energranges dEThe FermiDirac distributionF(E) is given as,

&% (1.8)

P
0, 0,
p ABEEy
and gives us the probability of occuparafyan energy levelThe Fermi energy Hs the

energy at which the probability of occupancy is, @ad for an intrinsic semiconductor it
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falls nearhalf thevalue of the bandgap enerdtcan be found that the resulting expression

for the number of electrons in the conduction band in equitibconditions becomes,

. 1.9)
. cA’E4 % % % % (

| - AP — . Agb —

¢ TE 99 —3 99 —3

where m' is the electron effective mass, and the subscript on n indicates equilibrium

conditions.Similarly for holes in the valence bane find that,

o (1.10)
i7E4 % o % o
SR Et Rgp 2’ | Agp”

b ¢ — Ea Ea

where m" is the hole effective massThe intrinsic carrier concentration of the

semiconductor is found as,

A~

%
p 1D .. AgD— (1.11)

E4

—_—)

To form a pn junction and create a photodiode for detector applicatitres
semiconductors are doped with donor and acceptor atoms. Donor (@oimgants)are
atoms with more valence electrons riithose making up the semiconductor and will
contribute excess electrons to tmgstal latticemaking the semiconductostyipe. Acceptor
atoms(p-dopants)awve fewer valence electrons than those making up the semiconductor
and will remove electrons from the crystal latticeeating positively charged vacancies
called holes and make the semiconducttype. If we assume that ambietemperature is
enough to ionize most donor or acceptor atoms, and that the dopant concentration is much

higher than the intrinsic carrier concentration, we can say fordopad semiconductor
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that 1 . where N is the number of donor atoms. Similarlprfa pdoped

semiconductg® . where Nis the number of acceptor atonsm, we find that,
n-type material: 5 T (112)
p-type material: ; ] (113)

Considering some semiconductor material, the Fermi energy level depends on the
doping. In ann-type semiconductor, donor atoms will introduce excess electrons and
electrons will be the majority charge carribr a ptype semiconductor, acceptor atoms
will introduce excess holes and holes will be the majority charge carrier. Irtygre n
materia) the Fermi energy level will shift to be closer to the conduction band, and-in a p
type material the Fermi energy level will shift to be closer to the valence Wdreh an
abrupt pn junction is introduced in a semiconductor matettaé diffusion and drift of
charge carriersvill occur. The diffusion of charge carriers occdue to the introduced
concentration gradient causing majority charge carriers to diffuse across the junction and
become minority carrierd he drift of charge aaiers occurs due to a potential difference
created at the junction by the diffusing charge carricaied the builin potential The

current density oélectrons experiencing drift and diffusi@ngiven by,

~ s . Al (1.14)

* * o * o -

(%] h i N IR N $ Ao

with an analogous expression for holgss the fundamental charge of the electfois, the

carrier mobility,rRis the electric fieldand DOy is a constant of proportionality describing the

flux of electronsdiffusing due to a concentration gradient. For a pn junction in

10
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equilibrium, the drift and diffusion currents will cancel one anotAdre builtin potential

across the{m junction s given by,

6 WL% '|_ (1.15)
The built-in potential is dependent on the donor and acceptor concentrations on the n and
p sides of the junction, respectively. The increase of charge carriers will result in more
carriers capable of diffusing across the junction, leading to a higher potentiaffdience
between themThe diffusion of charge carriers across the junction into a side where

they are a minority carrier introduces the possibility of recombination. If a charge carrier
has some lifetime beforerecombination can occur, on averagéancertain distance can

be traveled into the region where it is a minority carrier before electron relaxation occurs

and theEHPsrecombine.

The width of thedepletionregion is given by,

~Y¥6 p o (1.16)

~

N

whereX is the permittivity of free space amd is the relative permittivity of the
semiconductarAs with the buikiin potentialM o, the depletion region widthais dependent
on acceptor and don concentrationsThese parameters are presented schematically in

figure 13.

11
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ptype ~ Wo  n-type

Figure 1.3 Schematic representation of an abrupt junction depicting the diffusion of charge
carriers, the buitin potential \4, the depletion region widthgythe bandgap energy,Eand the
Fermi level energy &

1.2.3PhotodetectoOperaton

In the previous sectionthe basic physics of an abruphgunction was discussed
The origination of some key parameters such as the bandgap epdlgydepletion region
width wo, and thebuilt-in potential \6 were mentioned-or some given semiconductor of
a bandgap energyHight incidenton the semiconductor will be absorbed if the energy of
the incident photon is greater than that of the bandgap energy. Electrons in the valence band
are excited to the conduction band, leaving behind a hole in the valence band, and an EHP
is optically generatedinAsSb alloys and InSb having a narrow bandgap energy
corresponds to long wavelength absorption in the infraredmeliAsSb alloys cahave
a tunable absorption wavelength from 3.5 ¢
composition InAs3sShy.e4 If EHPS are generated outside the depletion region, the minority

12
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carrier will have a high probability of recombination before it casgthe junctiomhere

it is a majority carrier. Due to this, EHP generation in the depletion region is favorable. If
an EHP is generated in the depletion region, it will have the shortest possible distance to
travel to reachts majority carrier side, and will be experiencing the strong buit
potential \6 that will sweep the carriers to their majority side of the juncfldris reduces

the probabilityfor recombination to occur and improves the efficiency of the devius.

operating principle is gsented schematically in figure 1.4.

E=let E; / // /
Top contact - \%‘a
p-type et -
Woil—v3i
n-type —
Back contact 4?@\__0: gV,

Figure 14 Schematic representation of the general operating principle of a photodiode detector.
Incident illumination of an energy sufficient to excite electrons across the bandgap generates EHPs
in thedepletion region.

Reducing the probability of unwanted recombination is of upmost importance for
device functionTo further assist in charge carrier collectithre pn junction can be biased
removing equilibrium conditions, and allowing a net currerftaw. If light is incident on

the photodiodghis current flow is dominated by optically generated current under reverse

13
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bias (negative applied voltageNhen an external voltage V is applied across the p

junction the depletion region width is altered as follows,

XX 6 O P P (2.17)
N
It can be seen that tleternal voltage acts to decrease the tmifiotential if it is positie,
i.e., the photodiode is forward biasetl.small forward bias is the regime that solar cells
operate under to generate powdris forward biagesults in a decreaseaépletion region
width and causes a net current flow through the photodlbtlee photodiode is reverse
biasedthe applied voltage acts tacrease the budin potential and increases the width of
the depletiorregion.Photodetectors operate under gerse biasUnder the reverse bias
condition,the optically generated current can be effectively collected and discerned from
the overall current flow as the increaseglavid w allow for photogenerated EHPs to be
more readily collectechowever, power isonsumed to do seather than being produced

with the solar cefs forward bias operatiomhe overall current flow through a biased

photodiode is given by the diode equation as fadlow

. $ . % N 6 (1.18)
) NI ,—I ’—E) AQ%—4 P
where the term,
. R 11
)y NI $—| —D (1.19)

is the reverse saturation current under reverse blais. reverse saturation current is

diffusion dominatedUnder illumination the photogenerated current dominabesr the

14
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reverse saturation currem the reverse biasand shifts the measured curreoitage
characteristicdlownwardsproportionally to the photogenerated curreasulting in a final

diode equation under illumination,
N 6 (2.20)
) ) Aok, o )
where L is the photocurrenfhesebiasingsituationsandtheir corresponding energy band

diagramsare shown in figure 5.

a ptype  w  ntype

Figure 15 Schematic representation of an abrupth function between -fype and rype
semiconductors with an appliefiforward bias, an) reverse bias.

15
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1.3Modern Infrared Photodetector Technology

1.3.1Hg1.xCckTe (MCT)

In the mid20" century Lawson et al.1.23] reported on thphysicalproperties of
the HgxCdkTe (MCT) materialsystem.This materialprovidedan incredible avenue for
the development of IRetector technologyand MCT detector technology still proves to
be the most popular to ddte24]. The initial selling point for MCT as a material suitable
for IR applications is the ability to tune the bandgap of the material over such a wide range.
The bandgap of the MCT material systesh room temperaturean be tuned frona
semimetal with E=-0.14 eV at HgTdx = 0), crossing E= 0 at x 0.15, and increasing
to 1.49 eV aiCdTe(x = 1). The bandgas a function of x and €an begiven bythe

following equation1.25],

% @ T NP IR} @ 1T ol (2.22)
V&LV pTT p &

This bandgap rangeorresponds to an absorption wavelength range that is caplable
spanningl e m t o 30 thermshortwawelength iIRN(§WIR) to veryong
wavelength IR (VLWIR) regions of the IR spectruiimne MCT material system also has a
high electron mobility . As mentioned irEq. (1.14), the carrier mobility is a measure of
either an electron or hole to effectively move through the crystal lattider the influence
of an electric field. Scattering mechanisms within the crystal latticetlmitmobility, and
the mobilitytends to dominate in the electrical conductivity of the matéeFtad. electron

mobility of MCT at 300 K with x = 0.18.25 which corresponds to an absorption

16



M.A.Sc. Thesig Curtis Goosnhey McMaster Universityi Engineering Physics

wavelengthrange of 5. 9 em t o -wavelength iR ragian (MWIRcami d

be described by the following equatidn26],

i PTIUYUX LT P81 1 (1.22)
in units of A 6 O . At the composition HgsodCth.10aTe, corresponding t@6
™ T A Gand] ydtl ,the electron mobilityig p® pmA 6 O .Hole
mobilities*  range from 40 to 80 ctw st at room temperature, with minimal temperature
dependance, multiple orders of magnitude lower thaMCT also hashe benefit of being
highly lattice matched tits usual CdZnTe substraéeross the entirety of its IR tunability
range [.7,1.9]. The difference in lattice parameter between CdTe angsEli .Te is
approximately 0.2%, allowing for MCT to successfully use the same substrate for varying
compositionsandallowing for stacking layers of different compositidos multispectral

applications

Although MCT has ideal parameters for IR photodetectaitempts have been
made to address some prominent shortcomMisak HgTe bonds lead to bulk, surface,
and interface instabilities, with bulk MCT uniformity and yield being an issue. Another
issue is the lattice matched CdZnTe substrate. Integrationsiitbn readout integrated
circuits (ROIC) is difficult due to a difference in thermal expansion coefficients between
CdznTe and Si. CdZnTe @ésolimited inits size, with a 7x7 cAsubstrate being the largest
commercially availablelimiting the size ofMCT based IR focal plane arrays (FPAS).
These 7x7 crhsubstrates cost upwards of $10,000, compared to the $ih@d Giameter

Si substrates available, making the cost of MCT device fabrication veryI&j).

17
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1.3.2Alternative IR Materialsto MCT

17 InxGaixAs

InGaAs photodetectors are well established with applications in the near IR (NIR)
wavelength ranggl.9]. InGaAs photodetectorfor usein the wavelength range of1.7
€ mare used for communication systems, low light night vision, remote senaigg r
finding, and process contrdl.R8]. The lower dark current and noise of InGadsnpared
to Ge makes it an effective material system for IdfplicationsHigh quality photodiodes
have been grown hyetalorganichemicalvapor depositiodMOCVD) with performance

comparable to MCT photodiodesthe NIR regior[1.29].

271 In AspxShk

InSb has the narrowest bandgaip0.17 eV at 300 Kof nonternary alloy IIFV
semiconductorgorresponding td x®1tl , and the highest electramobility of
80,000 criV1stof relevant IR materialsl[7]. These properties alone make it a promising
alternative to MCT for IR applicationkarge diameterhigh qualitybulk InSb substrates
are availablewith InSb detectors used fgroundbased IR astronomyCryogenically
cooled InSb and MCT detectors have comparable array size in the MWIR region, but the
wide range wavelength tunability of MCT still makes it more pop(ilaB0-1.33].
Wavelength tunability is achievalbg alloying hSb with InAs to form InAsxSh ternary
compoundsThe large bowing parameter of InAs and InSb alloys allows for the bandgap
to reach as low as 0.08 eV at 300d¢rresponding td p 4l inthe LWIR region
[1.20].

18
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3717 GaAs/AlGaAsQuantum Well IR Photodetectors (QWIP)

In terms of QWIP technology, the GaAs/AlGaAs multiple quanweil detector is the
most maturg1.7, 1.9]. Large FPAs in the LWIR imaging region, comparable to high
quality MCT detectors, are being fabricaidd34-1.36]. GaAs/AlGaAs QWIPs rely on
bandgap engineering and creating a repeating layered strotalternating materials with
different bandgap<lectron accumulation in the quantum wells created by the alternating
bandgap differences result in the formationsobbands and the possibility of electron
excitation to the subands from within the quantum wells formed by the repeated quantum
well structure For operation inthe-1 1 & m, Si doped @ 10 cm®) 40 A thick
GaAs is sandwiched between 50Qhick barrier layers comprised of Ba.«As in the x

= 0.2571 0.3 range. This quantum well structure is repeated 50 timpsoduce the sub
band structurewith the ability to push further into the LWIR by decreadimg aluminum
contentx to 0.15and ircreasing the GaAs thickness to 60GaAs/AlGaAs QWIPs have

the advantage of being basednll-knownGaAs growth and processing technology, with
the use of uniform and controlled molecular beam epitaxy (MBE) growths eén S8As
wafers with high yield and low cosiowever due to these benefits, the dodind transition
resulsin low excitation lifetmes and poor performance at temperatures > 50 K.-Bgen
QWIPs the optical absorption is proportional to the incident w&vpolarization
component normal to the QW, meaning that photons at a normal incidence will not be
absorbed. To ensure adequatsaaption to compensate for these mentioned isshes
QW layerscan be coupled with a diffraction grating or highly reflective surface to ensure

non-normal incidence, as well as etchi@WV structures into pyramidal light trapping

19
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structuresThe bandgapersus composition for various material systems is shofgunre

1.6[1.20.

15

InAs_Sh

Bandgap Energy (eV)

Figure 1.6 Bandgap tuimg of InGa.xAs, Hgi«CdTe, and InAs.Sh, by altering material
composition.
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471 1l -V Nanowire Arrays

Nanowire (NW) arrayhotodetectorsmade of I}V materials have been fabricated
and have demonstrated optical absorptmtine visibleto MWIR regions[1.37]. NWs are
thin cylindrical nanoscale structuregth lengths on the order of microns and widths
ranging fromensto hundred of nanometer&\Ws are typically grown by the vapbquid-
solid (VLS) growth methodtilizing molecular beam epitaxy (MBE) or metalorganic vapor
phase epitaxy (MOVPEA foreign species seed particle such as Au can be used to initiate
NW growth from a substrate, but growth without such a particle is possible through self
assisted NW growth. If growing on,Si SiG mask can be formed and patterned with
lithography techiques and etchinp layout arrays ofircular apertures in the oxide mask
with varying diameters angitches. Impingingyroup Il materialwill coalesce in the holes
of the mask, with the diameter and pitch of the open circles determining the diandeter an
the pitch of the growing NW arrajrhe oxide mask preverstthin film or NW growth in
unwanted regiong\n alternative method to nanowire fabrication is-tigwn etching from

a thin film or substrate, which was the method employed in this thesis.

The resulting NWs yield unique optical properties, and unlike other IR materials
that have a large lattice mismatch with Si, the small growth area of the NW allows for
lattice strain relaxation allowing for prominent IR-Mmaterials to be grown on cheaper
Si substrates with minimal defect6.38-1.41]. The growth process of the N&/dllows for
the formation of corahell structures, in which varying compounds or dopawglsare
manipulated radially as opposed to along the length of the NW itself, allowing for unique

p-n junction and carrier transport pats shown irfigure 1.7 Simulations of GaAs, InP,
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and InAs NW arraysl[42], and InSb NW array4 [43] demonstrated thamanipulation of

NW geometry can allow for tunability of peak absorption wavelerigtithe IR region,

InSb NW simulations demonstrated wavelength tunability frtdmout 11 6 . 5 e m by
altering NW diameteidnAsSb coreshell NWs in the diameter range of 44620 nm were
grown by catalysfree selectivearea growth with a SiOmask on Si (111) substrates via
MBE and demonstrated diameter dependent absorption wavelength tuning from-about 2
2. 5 X44). Ope of the first IIV NW array detectors grown was InAs on Si,
demonstrating absorption in the 45 ¢ m rl.45h ¢hAs NWs on Si has also been
demonstrated in the 23l. 3 & m1l.46JalnPgN&Vs pn InP in the 471240 nm range
[1.47], InN NWs on Sin the 6351550 nm rang§l.48], InAsSb NWs on InAs in the-@

e m r aexhigitemg NW diameter dependent photocurfdm9], and InAsSb NWs on Si
inthe1.54 ¢ m 1.830hSpeh NW array devices have demonstrated optical absorption
in the UV (with ZnO) visible, NIR, SWIR, and MWIR regionsyith the possibility of
extending absorption into the LWIR regitmeing evident due to the ability to tune the
bandgap of InNAsSb into the LWIR region, with NW diameter dependent absorption

allowing for absorption spdicity and multispectral capabilities.
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SiQ

Si Substrate

Figure 1.7 Schematic representation of two NW-p junction constructions, layered axially along
the NW length, and a cohell structure forming a radialipn structure.

1.3.30ptical Properties oNanowires(NWs)

It has been demonstratéldrough simulation and experimetttat tuning of the
absorption wavelength in NW arrays is possible dumdaipulation of NW diameteand

pitch. Absorption in NWds caused primarily byhreeoptical effects

- Radial mode resonancesarise due to the cylindrical symmetry of the NW,
allowing for light of specific wavelengths to couple into these resonant miuies
leadsto enhanced absorptia@t a specific wavelengthy the NW materialwhich
is a NW diametebased phenomen&his phenomenors the most prominent of
the effects and leads to enhanced absorption in a material beyond that of a thin film

of the same materifl.42-1.44, 1.51]
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- Evanescent mode couplingcaurs through nearby NWs in an ordered array and is
dependent on NW pitch. A portion of the confined radial modes propagating in the
NW is lost and energy decreases radially away from a given NW. This evanescent
wave propagation can overlap between adjadéMs leading to increasedi
absorption of the array overatlepending on NW pitcHf the array is too spread
out (large pitch)evanescent coupling is insignificant, lowering overall absorption.
If the array is too dense (small pitcihe NW array approaches a thin film of the
given NW material, eliminating enhanced absorption through diameter
dependances, and enhancing reflectdf the NWtop surfacesA diameter/pitch
ratio of between 1/8 2/3 was found to be optimal 2].

- Fabry-Perot mode resonancesoccur within the NW along its lengtihese
resonances have minimal effect on BV length greater than 500 nm, and are not

as significant on NW absorption as the two other mentioned phen¢iné?d .43].

The radial mode resonances arise thuthe behavior of the incident electric field
in the cylindrically symmetric NW structufé.51]. Incident light couples more effectively
with the hybrid HEkn family of modesdue to the electric field profile within the NW
overlapping with that of an incident plane wavd hr ou g h Maxwel | 6s
cylindrical coordinateghe solution for the transverse component of the electric field in a

cylindrical NW is given by,

%m ! * w0 (1.23)
where A, and By are constants that are determined through boundary conditions, T is a

constant relating to the wavenumber in the NWisJthe Bessel function, and-Ns the
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Neumann function. Since the Neumann function is not defin@d aitit must be the case
that By = 0. If we focus our attention to the radius 'Y (the radius of the NWwith no

field outside the NW,

%2 * 24 M (1.24)
If we approximate the Bessel functionasasinewavwe r equi r e EQ@E24) RT =

to hold true. This results in,

2A $ (1.25)
1

wherel is the complex index of refraction of the mode, and D is the diameter of the NW.
Thereis a clear NW diameter depeamte on the resonant absorption wavelength coupling
with the HEn mode of the NW. This resonant coupling produces a sharp absorption peak
at the coupling wavelength with absorption higher than that of a thin film made of the same
material. With increasing NW diametethere will be a reghift of the sharp resonant
absaption peakallowing for absorption wavelength tuning through manipulation of NW
geometry as opposed to bandgap enginedtigdher order HE, modes for n > 1 will cause
additional resonant absorption pedkswever, these peaks do mpoboduceas strong of an
absorptioreffectas the Hk: guided mode<Coupling of incident light into the HEmodes

allows for optical absorptioaveran area largr than the NW surface area

1.4ThesisGoal and Outline

The focus of this work is on narrow bandgapMlimaterials and their application

in the MWIR and LWIR regiondnSb and InAsSb alloy thin film&eregrown by MBE
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on Si and fabricated through@-down etching method into large diameter NWs (called
pillars) to demonstrate the ability for MWIR and LWIR multispectral absorptidh
diameter dependent absorptioBhapter 2 focuses on the primary experimental and
characterization techniques used flois work MBE and reactive ion etching (RIE) are
discussed as they are key to the fabrication of large diameter pillrghin film quality
characterization through SEM, EDS8all effect measurementsind XRD and pillar
characterization through SERhd FTIR.Chapter 3 discussessults pertaining to initial
InSb pillarsacting in the SWIR and MWIR regionand chapter 4 discusses InAsSb pillars
to allow for absorption into the LWIR region. Chapter 5 discusses work on kSb p
structure thin film devices for photoconductor and photovoltaic operation. Chapter 6
discusses etching of single pillar structyasd chapter ¢oncludessummarizing the key

findings of this work, and potentiptospectsnoving forwards beyond these results.
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Chapter 21 Experimental Methods and
Characterization Techniques

2.1 Characterization Methods

2.1.1 Scanning Electron Microscopy

Due to the diffraction of light for some given wavelengtventually a scale can be
reached where two small structures or featurése objectannot be resolvad the image

with avisiblel i ght mi croscope. Resolution can be d

@ p Gl 2.1)

AT

where_ is the wavelength of light being used for imaging, d is the distance between
features, and NA is the numerical aperture of the focusing 2efis For visible lightand

using an ideal NA of 1the minimum resolvable distance is rougt#$0-300 nm, about

half of the wavelengtbf light at the shorter end of the visible spectrdius, for taking

high resolution images of nan@and micrescale structuresan alternative method is
required. Scanning electron microsgdSEM) allows us to surpass this diffractibmited
resolution of visible light by utilizing a beam of electrons rather than a beam of light for
sample imaging. An electron beam is generatedd @Al enses o util i zi ng
fields focus the beam onto a region of the sample. A key parameter in SEM is the
accelerating voltage, determining the momenufrthe incident electrons on the sample.

A lower accelerating voltagd-5 kV) will prevent electronsrom penetratinghe sample

as deeply, resulting in imagirgg the samplesurface. A higher accelerating volta@el5
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kV) is used for energy dispersiveray spectroscopy (EDS) to generate characteristic x
rays for composition analysiBigure 2.1schematicallydepicts a volume of a samplath

an incident electron beam.

1° Electrons

Backscattered
Electrons

Characteristic 20 Electrons
Xrays g , /

Auger Electrons

v

Transmitted
Electrons

Figure 2.1 Schematic depicting the interaction volume that a beam of incident electrons creates
yvith a samle under investigation, and the relative positions of detectable emissions used for
imaging.

The incident electron beam consists of primary (1°) electiidmsincident electron
beam can remove core electrons of the atoms making up the sample near the surface. An
electron from a higher energy level can fill the newly made vacancy, engttergy inthe
process. This energy can remove an additional electrandrbigher energy level, called
an Auger electronAuger electrons are produced in the fitsD 6 sAngstfomsin the
electron interactiorvolume with the sampleTypically, SEM image are produced as a
result of secondary (2U) electrons. These

interaction volume, and are the result of low energy loosely bound electrons in the sample
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being ionized directly and collected by the detector. Since thesevaenergy electrons

2° electrons are easily collected by a detector with an applied bias across the detector.
Backscattered electrons occur deeper in the sample and are the result of the 1° electrons
scattering off atomic nuclei. Since this interactian dependent on the nuclei size,
backscattered electrons can depict strong contrast if two materials of largely differing
atomic number are present. The generation of characterisags<occurs when an inner

shell electron is removed by the 1° electroarhend theracancyis filled by an electron

from ahighetrlevel shell. Different to Auger electrons, however, the energy is emitted as
an X-ray emission characteristic to that atorapeciesas opposed to the energy going
towardsthe ejection ofin additonal electronThese Xrays can be collecteghd can yield
material composition informatigrand are the basis of using an SEM system to perform
EDS analysis2° electrons from sample surface imaging and characteristig ¥eneration

for EDS are the kegrocesses used in this thesis for sample analysis.

The JEOL 7000 and FEI Magellan 400 SEM systems wereaxsedsivelyfor this
thesis. The JEOL 7000 SEM was used for early InSb growths to observe thin film
uniformity, as well as to image finished InShHlgrs, and the intermediat®p-down
fabrication steps. The accelerating voltage used was typically Wikva working distance
of about 15 mmThe images were taken to confirm fabrication successtal thin film
growths under varying substrate temperature conditions, and the preserai@stale
structuresafter reactive ion etching (RIEand during the intermediate step of Ti mask
creation. The Magellan was usddter due toits higher resolution, with subanometer

resolution being availabl&his allowed for higher resolution imaging of surface textures
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on the completed samples providing insights on surface damage due to etchinghand hig
resolution images of single nanowitg@#iars. To allow for these higher resolution images

a comparable accelerating voltage of about 5waé typically used, but with a much
smaller working distance of-2 mm. Both the JEOL 7000 and the Magellaneh&DS
capabilities however, the Magellan was the primary microscope used for EDS
measurementd.his was done to determine the composition of grown InAsSb thin films to
determine the bandgap of the alloy growrbackground measurement using copper on the
sample holdewasdone to ensure adequate sigwals being collected. An accelerating
voltagewaschosen that is sufficient to excite inner shell atoms such that characteristic X
rays are emittedfor the case ©InAsSb this is around 15 kV to obtain the 10.53 keV
emi ssion fr om (Thiseaccidihating vottage msd suffidient to obtain
emi ssions from the LU I|Iines of Il n and Sb
Analysis of the characteristi-rays yields detailed compositional analysis of the imaged
region allowing for bandgap determination otttecomposition of INAsSb was obtained.

EDS was also performed on a focused ion beam (FIB) etched InAsSb sample to observe if

Ga ions used in the dtavere deposited into the surface of the sample.

2.1.2X-ray Diffraction

X-ray diffraction(XRD) was performed to better understand InSb and InAsSb thin
film growth quality prior toprocessingnto the desired nanostructuré&RD allows fa
obtaining crystal lattice information from the diffraction of incidenirays due to
interactions with the atomic planes of a compolhd|. X-ray wavelengths used in XRD

experiments are in the region of 1 A, comparable to the spacings between atenystial a

34



M.A.Sc. Thesig Curtis Goosnhey McMaster Universityi Engineering Physics

lattice, allowing for incident Xrays to be scatteredfff the atomic planesThe path of
scattered Xrays is dependent on the atomic species involved in the lattice, as well as the
atomic arrangement of the solid, allowing for a uniquely detemindiffraction pattern.

The simplest way tanderstand X ay di f fraction by a crystall

I ¢cAgl (2.2)
where d is the spacing between a farfily&Xif atomic planed, is the angle of incidence

of incoming Xrays, and is the Xray wavelength

J )
N d

AO H X} X

Figure 2.2Depiction of Bragg's law, outlining the condition for constructive interference between
incident Xrays reflecting off atomic planes.

(EEI

The crystal lattice of a given material will take on an arrangement with an
interatomic spacing d. Atomic plane families are denotedEbkpdnd incident Xrays,
having a wavelength on the order of #temic spacingnd atomic nuclei sizes, will diffract
providing unique information regarding crystal orientation and composiigre 2.2
showsan incident Xray of somewav el ength o scattering off

with a difference in pathength equivalent tog 2 H i(the orange segment). To ens
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constructive interference of the diffractingrXys this value must be equal to a multiple of

the incident wavelength, leading to the result of equation (2.2).

XRD was performed with a Bruker D8 DISCOVER diffractometer. TheaxX
sources used wereGo sealed tube emitting at a wavelength of p& w 11 ¢ gperating
with a Vantec 500 area detector, and a Rigaku RU200 Cu anode source emitting at a
wavelength ol p® 1 11 V gperating with a SMART6000 detectéhase analysis and
texture analysis wengerformed on InSb and InAsSb thin films. Phase analydisre the
phase in question is a mate@&atomposition and crystal structure, is performed to identify
unknown materials and yields information on the crystal lattice of a crystalline material.
Texture analysis focuses on orientation distributions of polycrystalbaenples
Understanding the distributiasf crystallitesin a polycrystalline sample can allow for the
polycrystallinity to be controlledn future studiesby observing overall trends ofna

increasingcompositionof a desired orientation

2.1.3Fourier-transform Infrared Spectroscopy

Fouriertransform IR spectroscopy (FTIR) was an invaluable tooanalysis of IR
absorption FTIR was primarily used on InSnd InAsSkthin films and pillar arrays to
compare their absorptance and to observe the enhanced resonant absorption peaks caused
by the pillar geometry in the MWIR and LWIR regions. FTIR was also performed on
substrates to ensure IR transparer€VIR operation begs with the formation of an
interferogram from an IR sourcallowing for high resolution wavelength scanning without

the use of a diffraction gratif@.3 2.4]. The IR light is split into two beams each taking
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its own path, one path towards a stationary mirror and the other path towards a mirror that
is allowed to move, allowing for altering the total path distance d travelled by the IR light
in that pathThe phase differende introduced for light of some wavelgtinl entering the

interferometer will be given by,

o Cl_ /\A (2.3)
It can be seen that the phase difference clsasggending on the mirrors motiaffecting

the path difference d, and is dependent on the wavelength of light. When the path difference
is aninteger multiple off the beams meetinigack upat the beansplitting mirror will

overlap such that they constructively interfere. If d is a half integer multipletiody will
destructively interfere. Since this is dependent @self, this introduce the ability to
discern spectral information from the broad IR source without a diffraction grating. Each
wavelength of light in the broad source will undergo this constructive and destructive
interference process, and each wavelength will overlap omopletng the paths in the
interferometer arms yielding the interferogram. This modulated IR light is then free to
proceed towards the sample for reflectai®g and transmittanc€T) measurements.
Losses in the incident IR light will occur from the sample of interest, and this will affect
the interferogram. The interferogram, being a collection of overlapping wavelengths
interfering, can be decomposed into its individual components through arkamgform,
yielding information regarding the reflectance and transmittance of the indigleinin

terms of individual wavelengthsThe final data is typically displayedin terms of

wavenumber with units ¢ The absorptancg)) of the material can #n be found by
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o p Y Y (2.4)

The Bruker Vertex 70/80v FTIR system was used forttiesis The system has a
sample compartmerfior bulk sampleuse however, in order to focus on specific sample
regions of interest, the system was used in conjunction with the Hyperiom&f9068cope
The interferogram is produced in the Vertex unit from an IR source, and then is taken to
the microscope through a ssiof mirrorsThe microscope caoperate in reflectance or
transmittance modeandscandrom 8006600 cm?, corresponding to roughly 1.267 .&€ m
Once the IRlight enters the Hyperion itan be reflected through a series of mirrors
downwards owupwards for transmittance and reflectance measurements, respectively. If
reflected downwards for transmittance measuremdnis incident upon the rear of the
sample focused by a condenséf reflected upwards for reflectance measuremérits
incidert upon the top of the samplend is focused by a 15x objective lens. Reflected and
transmitted light is collected by the objective lens and is then reflected to a liquid nitrogen
cooled MCT detectorA knife edge hard aperture can be used to limit illiation to
specific regions on the sample surface. A visible light source is used in conjunction with a
live-feed camera to locate the point of interest on the sample, as well as to focus on a gold
film on the sample stage for reflectance reference measntgna@d through the opening
on the sample stage for transmittance measurements. A depiction of the FTI&sse€lisip

presented in figure 2.3.
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Hyperion Video feed
MCT Detector

N\
Vertex 70/80v f *

Interferometer, Objective
1
E Sample
i stage
ey :- -------- RT Condegnser

IR Source

N\

Sample Compartment

Figure 2.3 Schematic layout of the Vertex 70/80v and Hyperion 3000 microscope setup used for
FTIR measurements. Beam paths in the Hyperion are labeled with R and T for reflectance and
transmittance, respectively. The interferometer in the Vertex is highlighttedirror arrangement

is simplified.
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2.1.4The Hall Effect

Hall effect measurements were performedrofsSbthin films grown on insulating
Si (100) substratet® determine doping levels and the typenddjority charge carrieto
confirmdoped MBEgrowths During Hall effect measurementsprobes are placed on the
sample of interegR.5]. A voltage V is applied across the sample from 2 probes driving the
motion of charge carriers in the semiconductor. When a magnetic field is introduced
perpendiclar to the sample surfacthe moving charge carriers will experience a force
movingthem tooneside of the device. The separation of charge carriers by the magnetic
field then causes a voltage, called the Hall voltagei,Mfo be inducedn a direction
transverse to the initial applied voltaged charge carrier flowThis Hall voltage is
measured by 2 probeand can yield information regarding carrier concentration and
mobility. The insulating Si substrates are used to ensure current flow is throutjiinthe
film growth itself and that the Si substrate is not offering an alternative conduction pathway.

A schematic demonstrating a Hall effect measurement is shown in figure 2.4.

1]

VHaII

Figure 2.4.Schematic demonstrating probe arrangement for adffalit measurement.
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2.2 Top-down Pillar Fabrication Method

As mentionedn chapter 1NWs can be grown by the VLS method using an MBE
system. This method of NW growhdiffusiondrivenwith surface kinetics of adatoms of
relevant atomic species forming NWhgttures epitaxially from the substrate. Since this
growth is diffusiondriven, lengthwise axial NW growth is competing with radial NW
growth, resulting in difficulty inachiewng larger diameter NW structwselt can be seen
from equation (1.25) that ® $, and thus larger diameter NWs are required for
absorption in the IR regioDue to the difficulty of achieving the desired NW diameters by
VLS growth,a topdown etching methodasusedin this thesidor NW fabrication The
length of the NW¢ o r i gsidétdrmaineds by fhe thickness of an initial thin fgnown
on Si substratesnd the diameter of the pillars is determined by a mask formed by electron
beam lithography (EBL) and a Ti depositidteadive ion etching (RIEwasthen used to

etch away unwanted materi@his process is depicted in figurés2.

1. MBE growth 2. EBL
v

A,

INSb( ¢c® t )

Si substrate

3. Ti mask 4. RIE

Figure 2.5 Depiction of the toglown fabrication process used to obtain the large diameter pillars.
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2.2.1Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) was first demonstrated t h e arid has @idcs
become a core method of growing high quabkgmiconductor materials on a given
substrate wafer2[6, 2.7]. The main growth chamber of an MBE system will have multiple
solid sourcegeffusion cells)and/or gas sources and allow for the required atomic species
to impinge on the substrate. The rategadwth of the semiconductor is dictated by the
evaporation of the atomic species and can be accurately controlled for alloy growth and
doping. MBE is a powerful technique over other crystal growth techniques due to #s ultra
high vacuum (UHV) environmenp (< 10° torr) and the beam nature of the atomic species
flux. This UHV environment allows for the impinging atomic species to arrive on the
substrate surface as individual atomic species called adatortie sample surfac&he
adatoms are then driven surface kinetics and may bind to the substrate and begin
semiconductor growth, or may desorb back into the growth chamber. MBE is typically
done at low growth rates @boutl € m/ h ( 1 Ymto ensuredhateadatorms are
given time to migrate on theubstrate surface and crystallize to a high degree of quality,
with a smooth crystalline growth surface. The fluxes of atomic species are controlled
through mechanical shutters that can instantaneously start and end the deposition. The UHV
environment ofthe growth chamber also allows for the unique abilityno$itu growth
characterization. Techniques such as reflection-biggrgy electron diffraction (RHEED),
Auger electron spectroscopy (AES), ellipsometry, or optical reflection measurements, can
be peformed in real time during semiconductor growth and yield live feedback on growth

guality, and material thickness owene. These real time in situ techniques, in conjunction
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with the low general growth rates and highly controlled békenflux, allow for the
growth of complex layered semiconductor structures with abrupt boundadesaried

doping levels and types.

The beancollimationin MBE is preserved due to theng mean free path that the
incident atomic species travel the UHV conditions of the MBEONce the impinging
molecular species reach the substrate they can adsorb to the surface and begin diffusing as
individual adatoms allowing for epitaxial growth. While fdging, they can incorporate
with the substratebés crystal | attice throu
physisorption the attractive forces are van der &¢aand there is no electron transfer
between the adatoms and the atoms in the sbdattice. During chemisorptipelectron
transfer and chemical binding occurs. The energies required for physisorption are lower
than those required for chemisorptiodm general for MBE crystal growth adatom
condensation occurs through a tatage pocess in which physisorption leads into
chemisorption. Three growth modes may occur depending on the strength of the binding
forces between the adatoms, other adatoms, and the substrate. The Welneergrowth
mode (island growth mode) occurs when the@ua are more strongly bound to each other
rather than the substrate. Adatoms diffusing on the surface will bind to each other and begin
to coalesce into islands formed by the impinging atomic species. The islands act as
nucleation sites due to their lonaurface energiesand diffusing adatoms will continue to
bind to the growing islands that eventually meld together and tioe thin film growth.

The Frank van der Merwe growth mode (lapgrlayer) occurs when the impinging

adatoms have a stronger attiac to the substrate than to each other. Adatoms begin to
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bind to the substrate and form a thin film Igyewever, as the diffusing adatoms are more
strongly bound to the substrate, the substrate surface is covered with an initial layer before
the nextlayer begins to form. Since the adatoms are not as strongly attracted to one another
they tend to spread out forming thin film layers during growth as opposed to nucleating
into islands. The final growth mode, the Strarskastanov growth mode, is a comhtion

of the previous two. After initial monolayers of laygy-layer growth island nucleation
becomes preferential resulting in island formation on the underlying initial thin film layers.

These growth modes are depicted in figufe 2.

O

Desorb

\ / Nucleation

Adsorbey 5 7]
Substrate

O

c =2 ' |

Figure 2.6 Depiction of the various growth modes that diffusing adatoms may undergo to lead to
thin film formation.a) Frank van der Merwe (layerd)) Volmer-Weber (islandgs andc) Stranski
Krastanov (layer + islands).
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In this work MBE was used to grow InSb and InAs®iin films. These thin films
formed the basis for the tajpwn etching process used to arrive at large diameter InSb and
InAsSb pillars for MWIR and LWIR absorptidatep 1, figure 2.4)nitial thin film growths
conssted ofundopedl n Sb grown on wundoped (> 100 q c
undoped substrate was used in order to perform IR transmission measurements on the
completed pillar arrays by ensuring that the substrate would be highly transparent in the IR
regimewithout free carrier absorptionTransparency of the substrate was demonstrated
with FTIR measurements priorto MBEgrowghi ( 100) substrates wer
cleaved into 4 quarters. Prior to loading into the MBE load, ltheksilicon substrate was
etchedor 1 min in buffered HF to remove native oxidde substrate was then loaded and
degassed at 300 °C for 15 min in a preparation chamber before being transferred into the
main growth chambeiThe initial InSbgrowths were performed to optimize InSb thimf
guality by adjusting substrate temperatdrging growth(500°C, 550°C, 600°C) and by
introducing ahin AISb buffer layer~ 10 nmthick, 550 °Csubstrate temperatyrdt was
immediately made cleafrom SEM imagingthat the presence of the AlShuffer
substantially promoted uniform thin film growthDue to the large lattice mismatch
between InSb and Sa buffer is necessary to promote thin film growth and relieve
mismatchinduced lattice strain and reduce the pres of defects. Thapecific mechanism

by which the AISb buffer layer on Si promotes thin film growth was studietiapter3.

InAsSb thin films weralsogrownby MBE. These were grown on the same undoped
(> 100) 9 (100)nsubstrates faptical measurement®AsSb allows for bandgap

tuning through material composition and the intent was to grow a thin film with as low a
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bandgap energy as possilblg introducing As to an InSb growthnd then manipulating
absorption wavelengtha the LWIR regionby tuning pillar geometryThe composition
InAso.36Sks4 yields the lowest bandgap energy of 0.08 a¥ discussed ichapter 1 Si
substrates fdnAsSb growthsvere prepared for MBE the same way as for InSb growths.

An AISb buffer layerwas also used for InAsSPBreliminary growths were performed to
observe the effect of temperature on growth quality with SEM and XRD performed, as with

thelnSb growthsThis work is explained in chaptér

2.2.2Electron BeamLithography and Ti Mask

Electron beam lithograph¥eBL) was performedvith a Vistec EBPG 5000+ system
at the University of Toronfibs nanof abr i c a EBL@perateseon theesame( T NF C
principle as SEM; what SEM is to light microscopy, EBL is to phtttography.In EBL,
the electron beam interacts with a resist polymer spun onto the surface of a sample, altering
the chemicatomposition,and allowing for easy removal with a developing solvéhe
Vistec system is typically operated at 100, kMth higher accelerating voltages used for
EBL to minimize exposure of resist outside of the pattern awah standard
photolithography, either with a mask or using a direct write system, the resoddition
exposure of the resist is limited Iiye diffraction of light. EBL allows for much finer
features to be obtaineas with SEM. The Vistecsystem allows foisulr10 nanometer
resolutionallowing for accurate patterning of small diameter circles to faerib@ Ti mask
for pillar etching.The photoresist used was PMMA A5 and the sample was prepared for
EBL at theTNFC. The pattern used for mask fabrication consisted of arrays of circles of

varying diameter and pitch combinatio$e circle arrays were amged into a larger grid
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consistingof diameter variation when moving along a row, and pitch variation moving

down a columpas shown in figure 2.7

Pattern 1- InSb
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300em
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Figure 2.7 Layout of the EBL pattern used for mask fabrication on InSb and InAsSb thin films.
Pitches were varied moving down columns, and diameters were varied moving along rows.

The InSb thin film sample used diameters ranging from 300 nm to 800 nm in 100 nm
steps, and pitchgspacing between pillarsanging from 1000 nm to 3000 nm in 500 nm
steps. This pattern had an additional column consisting of diameter and pitch combinatio
(D, P) of (900 nm3000 nm), (1100 nm3000 nm), (1300 nm3500 nn), and (1500 nm,
4000nn). The InAsSb thin film sample used diameters ranging from 1700 nm to 2500 nm
in 200 nm steps, and then increasing to 4000 nm in 500 nm steps, and pitches ranging f
4000 nm to 6000 nm in 500 nm stepke size of each (D, P) combination array is 300x300
£ m The arrangement of the patterns is depicted in figuteAdter EBL, developnentof

the PMMA A5 resistvasconfirmedby SEM imaging After EBL patterning, E2ctron beam
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physical vapor depositiofEBPVD) was used to deposit 120 nm of Ti onto the developed
pattern at a rate of roughly 2 ABonication in acetone was used for liftoff to remove the
resist leaving behind tharrays of Ti discs to see as the mask for RIE.iftoff was

confirmed through SEM.

2.2.3Reactive lon Etching

With the Ti mask formed by EBL and EBPYBIE was used to etch away the thin
film leaving the desired pillar structures behiRIE is a dry etching techniqusased on
plasma generation of desired atomic species that will react with the sg@8pl€&sasses
are introduced into an etching chamber andekectric field is produced between two
electrodeqone being the sample stagg)pically with aradio frequencyRF) power of
13.56 MHz. The RF power will ionize atomsemoving and accelerating electrons into
other atomsleading tofurther ionization in a cascading avalanche fashidns process
resulsin the plasma formatigieonsisting of electrons, ions, and neutral radi¢gkctrons
generated in the plasma are attracted to and pushed away from the bottom eleb&rzle

the samplestageis located by a bias generatad conjunction with the RF power. When

the bias is negativeelectrons are repelled from the stage and in general electrons do not

exist in a region above the sample stage electrode. This region is called the ion sheath and

is mainly populated by ions theontinuously travel as they are tomssiveo beaffected

by the RF power. Etching in the RIE systenpisnarily done through interactions with

these ionsand radicalsWhen the reactive ions or radicals reach the sample, they react

creating an etch Iproduct, which then desorbs and is pumped out cétitftechamberRIE

was performed at the University of Water/|
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The system was an Oxford Instruments ICP380 inductively coupled plasma RIRIELP
system ICP-RIE differs from standard RIE by the introduction of an induction coil which
controls ion travel towards the substrate, offering an additional parameter to control the
etching procesdy decoupling plasma generation and ion acceleration, whereas with
standard RIE the ion acceleration is controlled by the bias formed on the sample stage
electrode coupled to the main RF power that generates the pkashapiction of an ICP

RIE etch chamber is presented in figur@ 2.

|CP power
o Plasma

000 d
o0 0.

$.? é '? Caoil

— RF power

|
Sample Stage

Figure 2.8 Schematic of m ICP-RIE etch chamber depicting the sample stage electrode for RF
power, the generated plasnpasitiveions in the ion sheath above the sample, and the induction
coils around the chamber to direct ion motion.

For both InSb and InAsSb etchasgas mixtue of CH/H2/Ar was used at gas flow
rates into the etch chamber of 15/50/5 s¢2r@]. When CH and H is introduced to the

etch chambemethyl and H radicals are expected to be formed in the plasma. The methyl
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radicals react with the Jrand the H ions react with Sb to merthe hydride Sbkl An
increase in etch rate is observed as the ratio aft€@H. increaseshowever, the effect of

the gasratio on sidewall morphology is not known, and the ratio is typically kept at less
than 1/3 to avoid the deposition of carbon on the material suacacts to promote a
smooth etch surface by incident Ar ions accelerating the desorption prdcessho
byproducts. At Ar partial pressures greater than 0.1 Pa, however, Ar ions may damage the

sample surface.

2.2.4Focused lon Beam Etching

In addition to using RIE for topgown fabrication of pillar array$ocused ion beam
(FIB) etching ofinAsSbthin films on undoped Si substrateasalsoperformed tacreate
pillar structuresDue to the unique optical properties of NWs outlilredection1.3.3,the
enhancement of optical absorption through coupling intanHjdided modes leads to
enhanced optal absorption over an area larger than the khdsssectionalarea.InP
singleNWs demonstrated an absorption cresstion that is 50 times greater than the NW
crosssectional area2[10]. Studies regarding GaAs single NW structures withaaneter
of 126 nm demonstrated optical absorption over an area with a diameter of nearly a
magnitude higher than that of the NW itself at the peak absorption wavel@ritjih At
wavelengths that coupled minimally into the N#vay from the H, resonane peaks)
the diameter of the absorption area was still lggatimes the diameter of the NVWhis
ability of NW structures to enhance absorption in a laagea around them, and not only

at the immediate NW surface, Hasl to thedemonstratiorof high efficiency single NW
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deviceq2.12]. In the present thesisptical absorptionvas measured by FTifRom single

pillars and 2x2 pillar arrag produced by FIB etching

FIB etching was performed with BEI Versa 3D Dual beam systeifhe system
allows for 57 nm resolution on ion beam etching at an accelerating voltage of Ja&V.
etch systems operate on similar principles to an SEM syistemwith an ion beam rather
than an electron beaf2.13-2.16]. Ga ions are generated fronliguid metal ion source
and atungsten needlésa has a low melting temperature allowing for generation of Ga ions
without affecting thetungsten needldons are generatlefrom field emission from the
needle tipanddirected to the sampl&heions can beeflected, secondary electrons can be
generated and collectedrays can be generated, and sample atoms can be removed from
the surface through sputteringecause of this, imaging of the sample can be performed
through secondary electron collection agtdhing of the sample can be performed by
sputtering material from the surfadée processypically resultsin ion implantation in the

sample surface.
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Chapter 317 InSb Nanowires for Multispectral
Infrared Detection

The results presented in this chapteraapart ofthe publication

C. Goosney, V. JarvisD. Wilson, N. Goktas,and R. LaPierreJnSb nanowires for
multispectral infrared detection, Semicond. Sci. Tect8%(2019 035023

This work discusses InSb pillar fabrication for MWIR detectbDiscussions includedin
chapter 3 not in the original publicatioproviding additional FTIR measurements and

SEM images of InSb pillars

3.1 Abstract

InSb nanowire arrays fabricated by a-tbpwvn etching process were investigated for
multispectral infrared photodetection. A 2.5 um thick filinm@Sb was grown on Si (100)
by molecular beam epitaxy using an AlSb buffer layer to alleviate defects associated with
lattice mismatch strain, as confirmed by scanning electron microscopyragdiifraction.
Using a Ti mask patterned by electron beatmography, InSb nanowire arrays with
diameters ranging from 300 nm to 1300 nm (100 nm steps) and pitches ranging from 1000
nm to 3500 (500 nm steps) were reactive ion etched from the thin film. For each 100 nm
increase in nanowire diameter, the peak giisoce wavelength, as measured by Fourier
transform infrared spectroscopy, increased by 0.53 + 0.2 um. The ability for InSb
nanowires to produce highly tunable absorptance from 1.61 um to 6.86 um was

demonstrated.
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3.2 Introduction

Currently, the mostvidely utilized material for infrared (IR) photodetection isiHg
xCdTe (MCT) due to the ability to tune the direct bandgap from short wavelength IR to
very long wavelength IR3[1-3.4]. MCT, however, suffers from material instabilities due
to weak HgTe bonds in the crystal structur8.1]. The substrate used for MCT devices,
CdzZnTe, while being lattice matched with MCT, is expensive and difficult to integrate with
silicon readout integrated circuit8.8]. Attempts to use much more ceadficient Si
substates as an alternative to CdZnTe resulted in poor MCT film qual#4y. [To address
these challenges, alternative photodetection technologies are being investigated, including

nanowire (NW) arrays of various semiconductor materiafy.|

A recent finie element analysis study of InSb NW arrays showed tunable optical
absorption from 1.5 um to 6.5 um by altering the NW diamé&éi.[NWs support an Hiz
guided mode resonance that allows incident light to couple strongly with the NWs. As a
result, opticahbsorptance in NWs can exceed that from a thin film of equivalent thickness
[3.6-3.9]. Furthermore, this coupling of incident light with the idguided mode produces
a sharp absorptance peak at a wavelength proportional to the NW diameter, enabling
multispectral photodetection in a single material system simply by tuning the NW diameter.
Robson et al.3.10] demonstrated multispectral absorption in large diameteri(&&D
nm) InAsSb NWs in the short wavelength IR region. The NWs were grown cédtalgst
on a Si substrate by selectimeea molecular beam epitaxy (MBE). The growth conditions

allowed control of the InAsSb NW diameter, leading to the ability to tune the peak
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absorptance wavelength of INAsSb without bandgap engineering. In the presentlagticle
first demonstration of multispectral optical absorptance in the-drmttmidIR regions in

top-down etched InSb NWs is shown.
3.3 Experimental Details and Results

3.3.1Thin Film Growth and Characterization

InSb thin films were grown by molecular beam epitaxy (MBE) on Si (100) substrates.
The Si Substrates had resistivity >100 qlLc«
transmission measurements. The Si substrate underwent a 1 min buffered HF etch to
remove any native oxide, followed by degassing at 3G0for 15 min in a preparation
chamber before transfer into the MBE. Antimony was supplied by a valved cracker cell,
while aluminum and indium were supplied by a standard effusion cell. An AlSb buffer
layerwas grown at a substrate temperature of 500 °C, 550 °C an€660three different
growths. A V/III flux ratio of 2, a growth rate of 0.1 um/h, and a growth duration of 6 min
resulted in an AISb buffer layer thickness of 10 nm. Following the AISb biafyer, an
InSb film was grown at a substrate temperature identical to that of the AISb buffer. The
InSb films were grown with a V/Ill flux ratio of 1.2 and a growth rate ofgrih for 5 h,
resulting in a film thickness of 2é&m. An additional InSb fih was grown at 550 °C with
no AISb buffer to observe the effect of the buffer on the InSb film quality.

A JEOL 7000F scanning electron microscope (SEM) was used to characterize the
thin film and NW morphology. The plan view SEM imagefigure 3.1(a) shows InSb

grown at 550 C on Si (100) with no AISb buffer layer. FiguBel(b)i (d) show plan view
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SEM imageof an InSb thin film grown on Si (100) with an AISb buffer layer. The AlSb
buffer growth temperature was 500 °C, 550 °C and 600figuire3.1(b)-(d), respectively,

with the InSb layer grown at the same temperature as AlSb in all cases. With no AISb buffer
layer, the surface morphology figure 3.1(a) indicates the formation of InSb islands on

the Si (100) substrate. Comparifigure 3.1(a) wthout the AISb buffer layer an8l1(c)

with the AISb buffer layer (both at the same growth temperature) indicated that the AlSb
buffer layer resuéid in smoother InSb films. Similar results were observed in a series of
studies performed by Hosseini Vajanget al[3.11-3.13] and Woo et a[3.14] for GaSb
epitaxial growth on Si (100). GaSb tends to form in the VolWeber growth mode on Si

due to a high surface energy and large lattice mismatch. Due to the long diffusion length of
Ga adatoms, Ga also tentb accumulate into droplets on the Si surface. We speculate that
a similar process occurs with In during the growth of InSb films. Without an AISb buffer
layer, InSb forms islands along with In droplets on the Si (100) substrate in the Volmer
Weber growh mode. Misfit dislocations, twinning, and aptiase domains are also
expected in the InSb film due to the large lattice mismatch and polgsblannature of

InSb on Si. Previous studies have shown that the AISb buffer layer also forms islands on
the Sisurface, but at an increased island density due to the low surface diffusion length of
Al on Si[3.12]. The AISb islands interrupt the long diffusion length of In adatoms, and act
as sites for nucleation of the InSb film heterogeneously at the facdte 8i$b islands

due to the decreased interfacial energies at these sites. The InSb islands spread laterally and
coalesce to form a smoother thin film of improved crystalline quality as compared to the

case without the AISb buffer layer. The AISb buffeaiso expected to effectively relax
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the mismatch strain by localizing misfit dislocations at the interface wif8.Hi]. The
crystal structure of the InSb film improved further with increasing InSb growth temperature,
as evident from the smoother surfagerphology infigure3.1(d) as compared ®1(b) or
(c). The diffusion length of In increases with temperature, further promoting the nucleation

at the AISb island edges.

Figure 3.1Plan view SEM images of InSb thin films grown (a) without an AlSb buffer layer at 550
°C, and with an AISb buffer layer at (b) 500 °C, (c) 550 °C, and (d) 600 °C. Insets show the
corresponding (220) Xay diffraction pole figures. The scale bar in (d)igades 5 um, applicable

to all images.

To further investigate the crystal quality of the thin fili{sray diffraction (XRD)
was performed with &ruker D8 DISCOVER diffractometer equipped with a Co sealed
t ube soLrB0R6A) gnaVantec 500 arestector, and a Rigaku RU200 Cu rotating

anode s=0l1540666}) witlha SMART6000 detectdrhe insets ifiigure 3.1 show
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the (220) XRD pole figures for the InSb thin films grown at 550 °C without an AlSb buffer
(figure 3.1(a)); and with an AlSkbuffer grown at 500 °Cfigure 3.1(b)), 550 °C figure
3.1(c)), and 600 °Cfigure 3.1(d)). All four films showed evidence of a randomly oriented
polycrystalline component. In each (220) pole figure depicted, the four outer spots (blue
outline) correspondio growth in the [100] direction normal to the substrate surface. The
four inner spots (orange outline) indicate a secondary set of growth directions consisting of
four equivalent [212] directions normal to the substrate surface. Analysis of the oriented
components of the films was performed by the integrated intensity of each pole minus the
integrated background, and evaluating the intensity contribution for each orientation
component. The (100) and (212) spots are sharper for the InSb film grown & &b °

an AlISb buffer ((100) fraction = 42%) as compared to the reflections for the InSb film
grown at 550 °C without AISb ((100) fractien30%), indicating that the films become
more highly oriented along the [100] direction with the addition of an AlEter layer.

The film grown at 500 °C with an AISb buffer did not show any preferential growth
directions and only random polycrystalline diffraction, as indicated by the lack of high
intensity spots. The increase in temperature to 600 °C caused aredlsergase in crystal
guality and increase in (100) orientation fraction to 74%. Phase analysis (not shown)
indicated a zincblende crystal structure for the InSb thin film in all cases. The film grown
with no AISb buffer exhibited a pure indium phase esponding to indium accumulation

on the Si surface. Thus, the polycrystalline structure improved with increasing InSb growth
temperature when the AISb buffer was present, as evident from the increasing

polycrystalline grain size in the surface morpholog$EM images, and the absence of a
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diffuse background and a narrowing in diffraction peaks in the pole figures. An increase in
growth temperature allows for In adatoms to diffuse further before nucleation. This allows
for the adatoms having a higher proitib of nucleation at the edges of AlSb islands,

inhibiting the growth of InSb islands and promoting smoother epitaxial film growth.

3.3.2Nanowire Fabrication and Characterization

PMMA A5 photoresist was spicoated onto the InSb thin film at 2000 rpm for 45 s
producing a layer approximately 400 nm in thickness. A Vistec EBPG 5000+ electron beam
lithography (EBL) system was used to pattern separate 300 pum x 300 um areas, each
containing holes of different diameter (ranging from 300 nm to 1300 nm) and prigin@a
from 1000 nm to 3500 nm) as confirmed by SEMure3.2(a)). The resist was developed
with a 1 min rinse in MIBK:IPAmixture at a 1:3 volume ratio, followed by an additional
1 min rinse in IPA. 120 nm of Ti was deposited by electron beam deposition at ~2 A/s. Lift
off was performed by sonication in acetone, leaving behind Ti discs as an etchiguask (

32(b)).

Figure 3.2(a) 30 tilted SEM image of PMMA A5 resist showing an EBL pattern of holes with a
pitch of 1000 nm and diameter of 400 nm. (b) Plan view SEM image of Ti mask remaining after
liftoff for a pitch of 1500 nm and diameter of 600 nm. The scale bar irediGaum for both images.
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Reactive ion etching (RIE) was performed with an Oxford Instruments model ICP380
inductively coupled plasma RIE (IGRIE) using a gas mixture of GHHo/Ar (15/50/5
sccm) B.15]. The etch was performed for 1 hr and 55 minrat@ of 22 nm/min, thereby
etching the entire InSb thin film and AISb buffer layer down to the Si substrate. After RIE
etching, a wet etch was performed in 10:DH9% HF for 45 s to remove the Ti remaining
on the top of the NWs3[16]. The Ti etch did nichave any observable effect on the NWs
as observed by SEM. Representative SEM images of the resulting NW arrays are presented

in figure3.3.

Figure 3.330° tilted SEM images of InSb NW arrays with diameter (D) and pitch (P) of (a) D =
300 nm, P = 2000 nm; (b) D = 500 nm, P = 2000 nm; (¢) D = 700 nm, P = 2000 nm; (d) D = 900
nm, P = 3000 nm(e) D = 1100 nm, P = 3000 nm, and (f) D = 1300 nm, P = 3500Tima.scale

bar in (f) indicates 3 um, applicable to all images.
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The length of the NWs was measured by SEM to be 2.3 um, equal to the total thin
film thickness (InSb and AISb buffer). The NWs were observed to have tapered sidewalls
with a taper angle betwe@* to 6.2°. The values for the top and bottom diameters of the

etched NWs are shown figure3.4. The top diameter is determined by the diameter of the

Ti mask present during etching. The resul

shelteringek ct 06 during the RIE process, whi ch

pressure3.15].
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Figure 3.4The top and base diameter of NWs obtained by SEM as compared to the Ti disc diameter
(dashed line) for the indicated pitches (P: 1000 nm, 2000 nm, 3000 nm). The colored lines are a
guide to the eye.

Scanning transmission electron microscopy (TEM), using a JEOL 2010F, was used
to characterize the NW structure. The NW arrays were prepared for TEM by cutting a

lamella through the center of a row of NWs of diameter 300 nm and pitch 1000 nm using
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a FEI VERSA 3D focused ion beam (FIB) system. A layer of Pt was deposited on the
selected NWs in preparation for FIB to protect them from damage during the milling
process. Figure8.5(a) shows a brigHield TEM image for two NWs including the
underlying Si substta prepared by FIB. Selected area electron diffraction (SAD) of a
single NW was performedi@ure 3.5(b)) on the circled region indicated figure 3.5(a).

The SAD pattern is indicative of a zincblende structure with twinning. An energy dispersive
x-ray spectroscopy (EDXine scar(figure3.5(c)), performed in the TEM along the length

of a single NW, confirmed that the films were etched completely dowime Si substrate.

Figure 3.5(a) TEM image of NWs with top diameter of 300 nm and pitch of 1000 nm. The space

between NWs is filled with Pt for the FIB process. The scale bar depicts 0.5 pm. (b) Electron
diffraction pattern from the selected areaidated by a circle in (a). The scale bar depicts 5.nm

(c) EDX line scan along the length of a NW, showing the NW composition. Green, red, and blue
represent In, Sb and Si, respectively. The scale bar depicts 1 um.

Optical measurements were performed by Fourier transform infrared spectroscopy
(FTIR) using a BRUKER Hyperion 3000 system with a halogen source and MCT detector.
Refl ectance (R(®&)) and transmittance (T(®@&)

lensand the absorptance spectR@F) A) o )edgekvreir fee «
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aperture was used to selectively illuminate only a single NW array. The same aperture was
used to obtain a background measurement for the reflectance and transmittetnae Ape
measurement performed on a golwhted glass slide was used as a background
measurement for the reflectance spectrum, while a measurement performed through
unobstructed air was performed as a background measurement for the transmittance
spectrum. ie same technique was used to measure the absorptance from the thin film,
prior to etching the film for the NW fabrication. Figug@(a) shows the optical absorptance
measured by FTIR for various diameters and pitches. Due to the high resistivity (>100
g em) of the Si substrate, negligible absorptance was obtained from the Si substrate as

confirmed by FTIR measurements.

3.4 Discussion

The measured absorptance of the NWs spanned 1.61 pym to 6.86 um, with a peak
absorptance which exceeded that due to the In8lHilim (dashed line). Figure 6(b) shows
the expected absorptance simulated by COMSOL Multiphysics using the finite element
method, as reported previou§B6]. For ease of simulation and since absorption occurs
mostly near the top of the NWs, each NW array was approximated by NWs of a constant
diameter corresponding to the top diameter of the NWs. Comparidayucé 3.6(a) and
(b) indicate reasonable agmeent between the experimental and simulated spectra,
confirming that the absorptance spectra were due to the nd&nant mode. The peak
wavelength of the absorptance spectra shifted linearly with NW diameter, increasing by

0.53 £ 0.2 pym for each 100 nmarease in NW diameter. The measured FTIR spectra
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appeared broader than the theoretical data which can be attributed to the tapering of the

NW sidewalls allowing for coupling of a wider range of wavelengths into the NWs.
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Figure 3.6 (a) FTIR absorptancgpectra of NW arrays with the indicated diameter (D) and pitch

(P). (b) Simulated absorptance spectra

The peak absorptance measured in the NW arrays were approximately 10 to 20%
greater than the theoretical peak absorptance obtained from the simulations. The reason for

this discrepancy is not presently clear, but is likely due to differences between the
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experimental illumination conditions and that used in the simulations. The infrared beam
was confocal in the FTIR measurements with reflection measurements performed by
illumination of the top of the samples (the NW side), and transmission measurements
perfamed by illumination of the rear of the sample (the substrate side). On the other hand,
for simplicity, the simulations were performed by plane wave illumination only on the top

of the NWs. Conversely, the measured thin film absorptance showed a graatethain

the predicted absorptance. This discrepancy may be due to scattered light, caused by the
film roughness and defects (polycrystalline nature of the film), that is not collected by the

FTIR objective. The simulations do not include this light scatgeeffect.

gates
gate oxid

polymer

contact 1 1

Figure 3.7 Schematic (not to scale) of possible NW IR sensor.

A potential device architecture is depictedigure 3.7, consisting of NW arrays as
IR absorbers monolithically integrated with a bdbkninated chargeoupled device
(CCD). Gates and a gate oxide are added to a Si substrate (fulbbweattegrated circuit

is not shown for simplicity). NWs are grown on the Si substrate, with a single pixel
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comprised of two or more NW arrays (orlyo pixelsare depicted irigure 3.7). Each

NW array has a wavelength selective diameter. The NWs are planarized by a polymer
[3.17] to facilitate contacting by a thin, #Ransparent metal filn8[18]. When illuminated,
excess photoelectrons are collected from the NWs into the potentisbekdw each gate

by a voltage bias. These electrons are then read out in a shift registry to form the IR image.

As mentionedfollowing ICP-RIE of the thin films an etch inl0:1 HO:49% HF
for 45 swas performed t@ompletely removehe Ti maskfrom theNW tipsto prevent
unwanted light reflectionFTIR results demonstrating the optical absorption before and
after the HF etch are presented in figuref8r@hreeNW diametersFigure 3.8(a) presents
FTIR data for NW arrays of 500 nr@00 nm, and 700 nm diameter and a 2000 nm pitch.
After the HF etcha roughly 1% decrease in absorptance is observed, with stiftief
the HEair esonant peak by roughl ysimdarFTIR datarfor Fi g u
NW arrays with the samidW diameter as figure 3.8(ahut with pitch increased to 3000
nm. The small blueshift of the resonance peaks may be due to a diameter reduction of the
pillars by the wet etchingl'he results ofigure 3.8 show that the resonance peaks are due

to a HE1resonance, rather than a plasmonic resonance associated with the Ti metal.
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Figure 3.8FTIR results demonstrating the absorptance before (dashed) and after (solid) an HF etch
performed on InSb NWSs. Arrays presented hdigeneterD: 500 nm, 600 nm, 700m, andpitch
P: a) 2000 nm and b) 3000 nm.

SEM performedwith the JEOL 700(before and after Ti etching of a 1500 nm
diameter and 4000 nm pitch arraye presented in figure 3.@fter the etch, the
polycrystalline grain boundaries of the InSb are observed, verifying removal of the Ti mask,

although some NWs are observed with the Ti mask remaining. Higher resolution SEM
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images taken with the FEI Magellan 400 are presented in figli@¢a) for 300 nm diameter
and 1000 nm pitch arrays, and figure 3.10(b) for 800 nm diameter and 2000 nm pitch.

Partial a full removal of Tiwasobserved.

Figure 3.930° tilt SEM images of a 1500 ndiameter and000 nmpitch NW array(a) before and
b after Ti mask removal. The scale bar in (a)

Figure 3.10SEM images taken with the FEI Magellan 400 of two NW arraysldbsttch
to remove the Ti mask. (a) P: 2000 nm D: 300 nm, and (b) P: 2000 nm D: 800 nm. The
scale bar in (b) corresponds to 1 em and i
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3.5 Conclusion

InSb thin films were grown successfully on (100) Si by molecular beam epitaxy
utilizing an AISb buffer layer to alleviaigland growthdue to the large lattice mismatch
between InSb and Si as confirmed by SEM and XRD. Adimpn etching process provided
a reliable methodf fabricating InSb NW arrays with tunable diameter and pitch. The NWs
were observed to have peak absorptance wavelength that was dependent on NW diameter
and spanned the nel® and midIR spectrum from 1.61 pm to 6.86 pum. Thus,
multispectral absorptaneeas demonstrated with high wavelength tunability. The resulting
InSb NWs may be used as IR filters, or as active photodetector pixel elements integrated

with Si.
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Chapter 41 InAsSb Pillars for Multispectral
Long-wavelength Infrared Absorption

The results presented in this chapter are a part of the publication

C. Goosney, V. Jarvis, J. Britten, and R. LaPierre, InAsSb pillars for multispectral long
wavelength infrared absorption, Infrared Phiyschnol. 111 (2020303566

This work discusses AsSb pillar fabrication foL WIR detection. Hall effect resultsiot

included in the original publicatiomere added tthe end okection 4.4

4.1 Abstract

InAsSb pillars were investigated for multispectral photodetection in the long
wavelength infrared (LWIR) region. AnAso.16Sky s1thin film was successfully grown on
Si (100) substrate, utilizing an AISb buffer layer to alleviate the large lattice mtsi{atc
ray diffraction studies showed a majority [100] orientation of thgras/n films, with
minor orientations arising as a result of twinning. Arrays of Sty 79 pillars with
diameters ranging from 1700 nm to 4000 nm were fabricated by-dotep reactive ion
etching process. The arrays showed resonant optical absorption peaks in the LWIR region
from 8 to 16em wavelength, dependent on the pillar diamelére peak absorptance
wavelength increased b9.46 em for each 100 nm increase in pillar diaeret

demonstrating the multispectral tunability of such arrays.
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4.2 Introduction

The majority of available infrared (IR) detectors are based on the principle of
semiconductor materials that absorb photons with energy exceeding the material bandgap
[4.1]. Currently, the HVI material mercury cadmium telluride (MCT), HgCdcTe, is most
widely used for IR photodetection. The prominence of this material arises due to its direct
bandgap that can be widely tuned throughout the stevelength IR (SWIR), mid
wavelength IR (MWIR) and lonwavelength IR (LWIR) regions by altering the
composition §.2-4.6]. Also, the high charge carrier mobility and low room temperature
recombination rate of MCT are desirable for IR photodetecddd$ [Alternative materials
for IR applications have been investigated due to various issues with MCT. CdZnTe
substrates, although latticeatched with MCT, are expensive and difficult to integrate with
silicon readout integrated circui.4, 4.5]. There are also issues with stabiliipjformity,

and toxicity of MCT detectors due to the use of mercury (Hg).

To address the aforementioned issuesyIdemiconductors may be used as an
alternative to MCT 4.6, 4.7]. Among the I}V materials, the InAsShc compound
semiconductor alloysiof particular interest for IR photodetection due to its small bandgap.
Specifically, due to the large bandgap bowing parameter of the.|BBAsmaterial system
[4.8], a bandgap minimum of 0.082 eV can be obtained (at the compositiaysiBhss).

This corresponds to a bandgap wavelength of 411enabling both MWIR and LWIR
ranges. Various WV photodetector technologies are available such as bulk substrates,

guantum dots, and superlattices. These technologies are well described #5R&56][
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Infrared sensors must be integrated with Si electronics for imageowtaahd
processing. Like MCT, iV materials are not easily integrated with Si due to lattice
mismatch. To circumvent this issue-WImaterials are generally grown on expeedbut
latticematched I}V substrates. Alternatively, HV materials may be grown directly on
Si using buffer layers4[9, 4.10], or transferred to Si using epitaxial Hiftf and wafer

bonding methods4[11,4.12].

It is also of great interest to develop multispectral or wavelength discriminating
infrared detectors and cameras. Current multispectral cameras are fabricated using a multi
junction approach comprised of different material bandgaps grown on top of dherano
to absorb different regions of the infrared spectrum. These bandgaps are generally restricted

to latticematched materials, which imposes a restriction on the possible absorption bands.

Previous studies have shown that semiconductor nanowiresass gilipport an Hi
guided mode optical resonance, allowing for incident light to strongly couple with the
allowed optical modes within the structurd.13-4.16]. As a result, an array of
semiconductor pillars can demonstrate higher optical absorptiothiaof a thin film of
the same material and equivalent thickness. In addition, theritile coupling results in
a resonant absorption peak at a wavelength proportional to the pillar diameter, allowing for
multispectral absorption by tuning pillar geomyetUsing this principle, Wu et al4[17]
demonstrated reshifting of absorption peaks in the SWIR region with increasing diameter
(40 nm to 110 nm) of InAs nanowires grown by chemical beam epitaxy. Robson et al.
[4.18] demonstrated multispectral absarptin the MWIR region with large diameter (440

T 520 nm) InAsSb nanowires grown by seleciarea molecular beam epitaxy (MBE).
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Svensson et al4[19] demonstrated diametdependent photocurrent in the MWIR region

from InAsSb nanowires grown by mefaiganic vapor phase epitaxy. Our recent work
[4.20] demonstrated large diameter (3001ni®00 nm) InSb nanowires (pillars) fabricated

by a topdown method on a Si (100) substrate using Ti discs as an etch mask. We
demonstrated resonant absorptance peaksrang f rom 1. 61 em to 6.
and MWIR regions. To our knowledge, the principle of geometric tuning for multispectral

absorption has not been demonstrated in the LWIR region.

In the present study, InAsSb thin films were grown directly on Siguam AlSb
buffer layer. Large diameter InAsSb pillars were then fabricated by-dawap etching
approach, similar to Ref4[20]. Multispectral absorption with wavelength tunability was
achieved by adjusting the pillar diameter as opposed to the mat@malosition. Hence,
multispectral absorption is demonstrated in the LWIR range from a single material system
without the need for bandgap tuning. This principle can be used as a new concept for

multispectral imaging with improved wavelength selection caeghéo existing detectors.

4.3 Material and Methods

Molecular beam epitaxy (MBE) was used to grow InAsSb thin films on high
resi sti vi-¢cmy Si(180) suldshatesy The high resistivity of the Si substrate
minimized free carrier absorption, allowing optical transmission measurements of the films.
The Si substrates were rinsed in a buffered HF bath for 1 min to remove native oxide prior
to loadng in the MBE preparation chamber. The substrates were degassed at 300 °C for 15

min in a preparation chamber before transfer into the MBE deposition chamber. Antimony
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flux was supplied by a-8tage valved cracker effusion cell, arsenicjAlsix was suplied

by a hydride (Ash) gas cracker, and aluminum and indium were supplied by a standard
solid-source effusion cell. For all samples, a 10 nm thick AlSb buffer layer was first grown
on the Si substrate at a V/ | Iht andhk grewthr at i o
duration of 6 min. Following the initial AISb buffer layer, INnAsSb was grown at the same
temperature as that of the AISb buffer. The InAsSb films were grown with an arsenic V/IlI
flux ratio of approximately 2, and an antimony VAllix ratio of 1. The growth rate was

0. 5 “gfam5 hyyielding an InAsSb thin film of 2&m thickness. The AISb buffer layer

and the InAsSb film were grown at 530 °C based on our previous stdd@p Sample A

was grown without dopants, while sampl@nd C were dopedype with Be (p ~ 5x18

cm®) and ntype with Te (n ~ 5x1% cni®), respectively. This doping level is typical of that

used for device structures to be considered in later studies. Be was supplied by a standard
effusion cell, and Térom a GaTe effusion cell. The dopant flux was calibrated based on

Hall effect measurements on thin films.

Pillars with controlled diameter were fabricated from sample A by etching the InAsSb
film in a topdown approach. A PMMA A5 resist film was sginatd onto the InAsSb
film at 2000 rpm for 45 s, resulting in a layer approximately 400 nm thick. A Vistec EBPG
5000+ electron beam lithography (EBL) system was used to pattern an array of holes in the
resist film. The PMMA A5 resist was developed with mih rinse in MIBK:IPA mixture
at a 1:3 vol ratio, followed by a 1 min rinse in IPA, revealing 40 different squares of 300

em | 300 em area, each with di ftiweenrha@as)t hol e

Each square array consisted of holes of fixedhéigr ranging from 1700 nm to 2500 nm
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in 200 nm increments, and from 2500 nm to 4000 nm in 500 nm increments. The pitch
(spacing between holes) ranged from 4000 nm to 6000 nm in 500 nm increments. The hole
pattern in the resist was filled with approximgt&20 nm of Ti deposited by electron beam
deposition at a rate of ~2 A/s. Metal {iff was performed by sonication in acetone to
remove the PMMA A5 resist, leaving behind an array of Ti discs. Pillars were fabricated
by reactive ion etching (RIE), usintpe Ti discs as an etch mask. The etching was
performed with an Oxford Instruments model ICP380 inductizelypled plasma RIE
(ICP-RIE) using a gas mixture of GHH2/Ar (15/50/5 sccm)4.21]. A study was performed

to observe the effects of the RIE champeessure (7.5, 10, or 12.5 mTorr) on pillar
sidewall tapering and surface damage by etching InSb thin films with an identical gas
mixture Based on the results of this study, the InAsSb film was etched for 1 h10 min at an

etch pressure of 12.5 mTorr.

After etching, the pillar morphology was characterized by scanning electron
microscopy (SEM) using a FEI Magellan 400 instrument. Energy dispersiagy X
spectroscopy (EDS) was performed in the SEM to determine the InAsSb composition. 3D

X-ray diffraction (XRD®) texture analysis was performed with a Bruker D8 DISCOVER

di ffractometer wutilizing a Cu sealed tube

detector. GADDS (Bruker) v4.1.6 software was used faay) data collection and pole

figure analysis. Mercyr4.0 software was used for twin visualizatidr2P].

Fourier transform infrared spectroscopy (FTIR) was performed using a BRUKER
Hyperion 3000 system with a halogen source and MCT detector. Absorptance spectra

(A(®)) wer e caR¢E) ahear east hfe( ar)efll ect ance
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transmittance spectra (T(e)) were measured
was used to ensure only a single pillar array was illuminated. The same measurement
parameters were used to collect backgub reference spectra using a gotaited glass

slide for reflectance measurements and unobstructed air for transmittance measurements.
The identical setup was used to measure absorptance from the Si substrate and the InAsSb

thin film prior to pillar etchig.

4.4 Results and Discussion

The SEM images in figuré.1(a) to (c) show the surface morphology of sample A,
B, and C, respectively, after thin film deposition, indicating a polycrystalline film structure.
To quantify the nature of th@lycrystalline growth, XRD texture analysis was performed.
Phase analysis (not shown) indicated a zincblende crystal structure of theSbABms.
The film growth was dominated by a single orientation with the 3D XRD texture data
indicating that themain film orientation for each sample was [100] normal to the Si

substrate. The 220 pole figures for each sample are shown in4igure

Figure 4.1Plan view SEM images of InAsSb thin films for (a) sample A (undoped), (b) sample B
(Bedoped),and (cegsmp |l e C (Te doped). The scale bar in (
to all images.
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Figure 4.2220 Pole figures of InAsSb thin films from (a) sample A (undoped), (b) sample B (Be
doped) and (c) sample C (Te doped). The insets are single 2D frames from each 3D texture scan,
taken from a similar region of reciprocal space, showing 200, 220 andf84attain features for

the corresponding sampléhe spots labeled-@ in (b) are discussed in the text.

The insets in figurd.2 are single 2D frames from each 3D texture scan, taken from
a similar region of reciprocal space, showing 200, 220 and 3ftaatiion spotsfor the
corresponding samples. The inset for sample A shows that it contains a significant amount
of randomly oriented graindhowever the other two samples are highly oriented. The
intermediate intensity spots in the pole figures can be accounted for by [111] twinning in
the film (Twinl), as depicted in figuré.3. This occurs in multiple symmetrglated
directions, giving rise to symatry-related Twinl spots. The Twinl grains have their [122]
direction normal to the substrate surface. The remaining minor spots on the pole figures
can be predicted by a secondary [111] twinning on the Twinl grains (Twin2). Twin2 grains
have an approximat[184] direction normal to the substrate surface. The unique set of 220
pole figure spots are labeled 1 through 6 in figu2€b). The intensity of spot 1 is from the
main [100] orientation with contributions from two symmetejated Twinl orientations

and two Twin2 orientations. Spot 2 arises from a Twinl orientation and two Twin2
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orientations. Spots 3, 4, 5 and 6 each have a single contribution from a Twin2 orientation.

Approximate orientation fractions aseammarized inable4.1

Table 4.1 XRD textue analysis.

Sample [100 Twinl Twin2
(%) (%) (%)
A 70.3 28.3 1.4
B 94.4 5.3 0.3
C 97.7 2.0 0.3

Continuous diffraction rings and higheole figure diffusivityare evident in sample
A. The addition of Be or Te dopants in samBlandC, respectively, increased the0(
film orientation. Diffuse lines of scattering that connect spots from different twin
components were observed in the 3D diffraction patterns of sample B and C. Thminsets
figure4.2 show diffuse scattering between 220 and 113 reflections frorréleted grains.

Figure4.3 shows a random [111] layering model for the origin of the diffuse scattering.

Multiple short range
twinning gives rise
to diffuse scattering

InAs., Sk [122]
\ 1 Twin 1

InAs_Sh (111)
twinning plane

|nA§__be([100]I Y OO

SiSubstrate[10D §

Figure 4.3 Twinning by 180° (or £60°) rotation about the [111] face of In&. Regions of
multiple layer twinning account for the diffuse scattering observed in the 3D diffraction pattern.
Twin planes are indicated by yellow lines.
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EDS analysis indicated an InAsSh film composition of x = 0.840.03, 0.720.03
and 0.720.03, averaged from 6 measurements across each sample, corresponding to a

bandgap wavel engt h 048] fot shmpbe A, Bladd C4respectidelyl 2 . 4

The effect of the AISb buffer l&y on InSb film growth was previously studied by
the author in Ref4.20], andin a series of studies performed by Vajargah edé3{4.25]
and Woo et al.4.26]. InAsSb tends to form via the Volm@reber growth mode on the Si
surface due to the large lattice mismatch. AlSb forms in a similar way, but at a much higher
island density due to the lower diffusion length of Al on Si, as compared 4241.[ The
AlSb islands interrupt the long diffusion length of In adatoms at the island facets during
the initial stage of INnAsSb deposition, promoting smoother epitaxial film growth and [100]

film orientation rather than island nucleation.

Based on the texture analysthe introduction of Be and Te dopant atoms during
MBE growth of the InAsSb films appeared to promote (100) epitaxial growth. Although
the Be and Te dopant fluxes are a fraction (~0.1%) of the film atomic density, the dopant
atoms may accumulate (segregand form a monolayer on the sample surface rather than
incorporate into the thin film. Te is well known to segregate and act as a surfactant during
growth by promoting adatom incorporation, similar to the effect of an AISb buffer layer
[4.27-4.36]. Be has also been shown to exhibit surface segregadi@7][ Hence, the
addition of a Te or Be dopant flux substantially improved the crystalline quality of the thin
films and promoted [100] orientation as shown in table Further studies are needed to

understand the effect of dopants on the InAsSb film morphology.
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The SEM images of figuré4 show the morphology of the INAsSb pillar arrays after
RIE etching of sample A. The Ti mask is still observable on the top of the pillars, although
some etching othe Ti is observable in figur4(d). The RIE etch resulted in pillars with
near vertical sidewalls. The height of the

InAsSb film thickness (2.8m), indicating that the RIE etch nearly reached the ISitsate.
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Figure 4.430° tilted SEM images of INAsSb pillars, corresponding to arrays with (a) 4000 nm pitch

and 1900 nm diameter, (b) 4000 nm pitch and 2300 nm diameter, (c) 5000 nm pitch and 3500 nm
diameter, and (d) 6000 nm pitch and 4000 nm diameter. The scale bacin(d)r e sponds t o
and is applicable to all images.

The absorptance of the Si substrate used in the present study is shown as the dashed
line in figure4.5a. This measurement confirms that the absorptance from the Si substrate

was negligible, except fan absorption peak near hén, which is also observed in all
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other spectra. This peak is caused b$Siibrational modes in the Si substrate contributing
to IR absorptance at approximately 615'd#.38]. Hence, the dominant spectral features
observedrom the pillar arrays in figurd.5a must be attributed to absorption in the pillars

and not the Si substrate.

1 20
a) l b) @ Pillar FTIR
09 | | 18 + — Pillar Simulation
0.8 1 .
0.7 +
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c 0.6 +
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205+
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Figure 4.5(a) FTIR absorptance spectra of InAsSb pillar arrays with different diameter (D) and
pitch (P), absorptance from the-g®wn thin film (black line), and absorptance from the Si
substrate (dashed line). Arrows indicate the peak absorptance wavelengBeaklabsorptance
wavelength versus diameter for thesrdBode.Solid circles are InSb pillarchapter 3) and InAsSb
pillars (chapter 4)Solidline shows the theoretical fit to the MWIR results obtained from R&f3],
dashed line is the linear fit }xperimental data

As discussed in the introduction, the absorption peaks in the pillars of #idgae
(spanning from 8.-yim to 16.2mm, indicated by an arrow) are due to the:Héptical
resonance mode in the pill@ue to the electromagnetic boundary conditions of thet HE
mode,the peak absorptance wavelength roughly corresponds to the conditidnZb ~

wherel is the incident wavelength and n is the refractive index of tiher;pie., a hal
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wavelength of l i ght Afitso within the pi
wavelength is proportional to the pillar diameter, andgfeifts with increasing diameter.

It is noteworthy that theptical absorption from thpillar arrays exceeded that from the

thin film (black line in figure4.5) due to the strong couplirgf incident lightinto theHE11

mode As the pillar diameter increases, new absorption peaks appear at shorter wavelengths
due to the HE and higher ordeHEi» modes; i.e., the pillarbecomemulti-mode
waveguides. In addition, the HEresonance peaks broaden with increasing diameter due

to increasing nedield coupling between adjacent pilldrs13].

The average composition of samplea&,measured by XRDx € 0.81), corresponds
to a bandgap wavelength of ~1 18 [4.8]. Hence, a cubff is expected in the absorptance
spectrum of the thin film above the bandgap wavelength ofriih.8nstead, the measured
absorptance of the thin film in figuke5a saturated at a finite absorptance of ~0.3 above
the expected ctaff wavelength. This finite absorptance is possibly due to tail states arising
from the material doping and baedge defet states at the pillar surface or inside the bulk

(polycrystalline grain boundaries).

Figure 45b depicts the relation between pillar diameter and peak absorptance
wavelength for previous results in the MWIR rand(] and the present results in the
LWIR range. In the present studsgch 100 nm increase in pillar diamgissduced ®.46
mm increase in peak absorptance waveler(gi#s), similar to that observed previously
[4.20]. As discussed above, the peak absorpivavelength is expected to be proportional

to the pillar diameter as confirmed in figut&b. Prior optical simulations in the MWIR
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range also confirmed this resthift of the peak wavelength with pillar diametérl3], as
shown by the dashed line iig@ire4.5b. The present results in the LWIR range are a simple

extension of that theory to larger pillar diameters.

Hall effect measurements were performed on the descridobed p-type doped
(Be, 5x13% cm®), and ntype doped (Te, 5x#8cm®) InAsSb thin filmsgrown onsemi
insulating & 100q ¢ %M (100) substratgsample A, B, and C, respectiveljhe results
arepresented in table 4.} the table, negative doping values indicatdgpe behavior

and positive doping values indicatéype behavior.

Table 4.2Hall effect measurement results

Dopant Measured Mobility| Measured Doping Intended Doping
(cm?Vis?h (cmi®) (cmi®)
Undoped 1.9 1¢° -3.5 10Y /
Be (ptype) 6.2 107 -6.9 10Y +5 10'8
Te (ntype) 4.11 10° -1.5 10 -5 10

The Hall effect resultghdicatedthat although the Be doped layer waspected to
exhibit p-type doping the measured dopingas n-type with a doping concentration of
6.9 10 cm®. The undopedinAsSb film also demonstratedtype doping It has been
obseved that InAs and InAsSb thin films may reportype results through Hall effect
characterization4.39-4.41]. This occurs due to the presence of an electron accumulation
layer at the thin film surface as this accumulation layer acts as a parallel omauc
channel 4.41]. This effect is observed more strongly irtype layers 4.39]. For ptype
layers the significantly lower hole mobilities compared to electron mobilities will cause p

type layers to presenttgpe behaviorwith an overall lower measured electron mobility.
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The surfactant behavior of the dopants may also lead to lower than unexpedted dop

values. Further studies are required to understand the doping behavior.

4.5 Conclusion

The ability to grow InAsSb thin films by MBE on Si (100) substrates, utilizing AlSb
as a buffer layer, was demonstrated. The films were analyzed extensively via XRD and
were shown to have grown epitaxially on the Si (100) surface with a dominant orientation
along [100] normal to that of the substraa@d minor orientations caused by twinning.
Large diameter InNAsSb pillars were fabricated by adown RIE etching procede,
demonstrating the ability to produce consistent diameter and pitch over a wide range of
values. Multispectral absorption from 8.1 to 168 was demonstrated due to thedE
resonance with a peak absorptance controlled by the pillar diameter. Threbpegitance

wavelength increased by 0.46 for each 100 nm increase in pillar diameter.
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Chapter 517 Current-Voltage Characterization of
INSbh Photoconductor andPhotovoltaic Devices

Following the work presented in chapter 3 and 4 regarding InSb and InAsSb thin
film growths and pillar etching, doped-ipn thin film deviceswere fabricated tdurther

characterize the Bb thin films.

5.1 Introduction

InSb is a material of interest for infrared (IR) photodetection. The bandgap of InSb
is 0.17 eV at 300 K, correspondi-wagelehgth a wayv
infrared (MWIR) regime %.1]. Of the relevant IRmaterials for operation in the IR
wavelengths, InSb has the highest electron mobility at room temperature of 802000 cm
1 g1, compared to a HgCdTe (MCT) electron mobility of 10,006 ¥m s, making it a
desirable alternatives[2]. As with MCT, howeer, InSb has proven difficult to integrate
with silicon electronics due to the large lattice mismatch of 19.3% between them. InSb
detectors have been grown on InSb substr&é&k ¢r substrates of other W6 s such as
GaAs with a lower lattice mismatcli D4.5% in conjunction with a buffer layes.f]. InSb
has also been grown on Si utilizing a buffer layer consisting of 450 nm of Ge, 200 nm of
GaAs, and 100 nm of unintentionally doped InSb to alleviate defects caused by lattice
mismatch 5.5). A photodeector device, containing an InNAsSb barrier layer, demonstrated
a responsivity of 0.7 A/W and a quantum efficiency of 16.3% at 8®.8.[A more

complicated buffer system on Si, consisting of AlISb, GaSb and the formation of InSb
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guantum dots, was used foSb growth on (100) SB[€q. If the buffer layer was formed

in a way to ensure a top layer of AISb before the primary InSb growth, the InSb film
demonstrated a higher mobility and responsivity than if it was on GaSb. Previous studies
demonstrated the gy for a thin 10 nm AISb buffer layer on a Si (100) surface to greatly
promote epitaxial growth of InSb through the formation of AlSb islaBdg.[To obtain
bandgap tunability, a ternary alloy bfAs;xShc can be madeallowing for a minimum
bandgapof 0.082 eV at the composition Iné&Shy.e4 corresponding to a wavelength of

1 5. 15.8. inth[s chapter, $-n InSb thin films grown on Si (100) are processed into

InSb photoconductor and photovoltaic devices
5.2 Experimental Details

5.2.1Thin Film Growth

Molecular beam epitaxy (MBE) was used to growiangunctionthin film structure
of InSb on an siype (Asd o p e d , O 0.005 q |, wtiing aShin ASH 0 0)
buffer layer to assist in mitigating defects caused by a large lattice misraatceported
in the earlier chapters. A schematic of the intended device structure is shiogurer®.1.
Prior to loading into the MBE, the substrates were rinsed in buffered HF for 1 min to
remove native oxide. The substrates were degassed at 300 2& rin in a preparation
chamber beforéransferinto the main deposition chamber. Antimony flux was supplied
through a 3stage valved cracker effusion cell, aluminum and indium were supplied through

a standard solidource effusion celbind arsenic wasupplied as Asby a gas cracker from

anAsHsource To start the growth, a V/ I'ot6 rati o
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min yielded an AISb buffer layer of 10 nm thickness. The InSb layers were grown with a
V/lllratioof 1.2anda r owt h r a tleTheuhdop@dnSb region was grown for

4 h resul ting i n-typereionewas doped wittknoreirsalyy 2X46mh e p
SofBefromasoliisource effusion cell, and was gro
thickness. Theubstrate was held at 600 °C for all portions of the growth, since prior 3D

X-ray diffraction (XRD¥) studies demonstrated higher quality epitaxial growth on the

lattice mismatched Si substrate at this temperdtui@. In Figure 5.1, 4InSb indicates

intrinsic InSb, although unintentional dopingeans the film will not be intrinsiout likely

n-doped as described by Hall measurements in chapter 4

a IR [llumination |
Tiwindow‘ ‘ ‘ ‘ I

Au
p-InSh
I-InSb
n-Si
Al |
Coppe

Figure 5.1 a) Crosssectional view of thin film growth and photovoltaic device structine.
Schematic of the photoconductive device.
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5.2.2Photolithography and Pattern Description

MicroChem LOR 5A liftoff resist was spun onto the InSb thin film sample at 4000
RPM for 30 s and scftaked at 185 °C for 3 min. This initial layer of LOR 5A is intended
to aid with lift-off after metal deposition, specifically with the smaller 5 um a@dut
features of the interdigitated photoconductor contact pattern. MICROPOSIT S1818 was

then spun onto the sample at 4000 RPM for 30 s andbakétd at 110 °C for 2 min.

The Heidelberg uPG 101 direct write system was used to transfer two custom
designedatterns corresponding to a photoconductive and photovoltaic desisieown
in figure 5.2. The interdigitated photoconductor pattern consisted of a 4x4 grid of two
0.5x1.0 mm rectangular contact pads separated by 1 mm long interdigitated fingers of
varying width (W) and separation (S) combinations of 5 um, 10 pm, 30 um and 100 pm.
The convention used to identify a pad is
separation. The square top congdot photovoltaic devices consisted of three initial square
patterns 0¥ 350x’358nd& ml & &eatdnPrised of ahin (12.5
nm) Ti layer, allowing for illumination of the thin film through the semainsparent Ti
wi ndow. Contact pads overl appe’d 2a@x’ g0 svin

and 6 03exp0Osedcfanillumination.
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Figure 5.2 Schematic depictinAu the patterns for contacting the InSb thin filnfle) The
photoconductor interdigitated finger pattern with various finger width (W) and separation (S)
combinations in a 4x4 array, along with a magnified example of a single width and separation
combination(b) The photovoltaic tojgontact pattern demonstiray the square pattern for the thin

Ti windows(grey)and theAu overlay(yellow) used to border the Ti windows for electrical probing.

Following photoresisexposure, the samples were given a toluene bath for 6 min to
prevent development of unexposedjioms. The samples were then developed in
MICROPOSIT MF319 for 75 s checking with a light microscope periodically to ensure
adequate development of the exposed regions. Following development, the metal top
contacts for both the photovoltaic and photocotistadevices were deposited by electron

beam physical vapor deposition (EBPVD). The thin Ti window for the photovoltaic device
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was deposited at a rate of 1 A/s until a Ti layer of approximately 12.5 nm thickness was
attained.After Ti deposition, an overnping contact pad was deposited for electrical
probing, which consisted a5 nm of Tidepositedat a rate of 0.5 A/s followed by 150 nm

of Au depositedat a rate of 2 A/SThe latter Ti/Au deposition was also used for the square

photovoltaic contact pads.

Following EBPVD, liftoff was performed to obtain the final contacts. 4aft was
performed with a Remover PG bath overnight, followed by a brief sonication and gentle
agitation in acetone, followed by observation with a light microscope to cheakflift
success prior to scanning electron microscopy (SEM). Posfflifan Al back contact was
depositedn the Si substratega a Torr International sputtering system. Al was sputtered
at a rate of ~1 A/s until a thickness of 4000 A was achieved. To eBsuméic contad,
rapid thermal annealing was performed at 315 °C for 30% Jor probing purposes, the
finished samplewerebound to copperSi side downwith EPOGTEK H20E silver epoxy
and cured on a hotplate at 120 °C for 15 r8iBM images of thefished photoconductive

devices are shown in figure 5.3.
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Figure 5.3 SEM images of the completed interdigitated finger-¢optact for photoconductive
studies. The finger separations preaslepBked in a
andc) 100em. Imaged) depicts W10 S5 at a highaagnification, showing the end of an individual

finger.

FTIRwas performed on a separately grown |Ir
InSb thin film was grown on an undoped Si (100) substrate to avoiddreier absorption,
allowing transmittance mearements by FTIR. This undoped InSb thin film growth was
previously reported in detail chapter 3FTIR was performed using a BRUKER Hyperion
3000 with a halogen source and MCT detecldre hin film absorptance spectra was
measured with a 15x objectiviens and was calculated as ARIT where A is the
absorptance,R was the measured reflectance spectrum and T was the measured
transmittance spectrum. ldentical measurement conditions were used to obtain background

spectra prior to each measurement. Rédlece background measurements were taken on
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a goldcoated glass slidand transmittance background measurements were taken through

unobstructed air through an opening in the sample stage.

JV characteristic measurements were performed with a ctstdlinmeasurement
setup A Keithley 2400 sourcemeter was used to apply a voltage ranging®@n to 0.2
V between the interdigitated finger contacts for the photoconductor arrangement, and
through the g-n structure for the photovoltaic arrangement asotieg in figure5.1.
Measured current values were normalized to the area between the interdigitated contacts

for the photoconductor devices the Ti window area for the photovoltaic devices.

Photocurrent measurements were performed using both IR andlsaiaation.IR
illumination was provided by a Thorlabs SLS2Q8ith a silicon carbidglobar light source
The globar sourcerovides emissionn the wavelength range dd007 9000 nmand a
spectrunthat is comparable to a blackbody source at 1500 K. The output of the IR source
wasfocused with a CaHens to a spot 5 mm in diameter centered on the Ti window for the
photovoltaic devicg and on the interdigitated fingers for the photoconductive devite
Thorlabs IR source specifiegpawer of 1.5 Wat the output portWhen focused to a spot
diameterof 5 mm in our ¥ measurement setup, this corresponds to a power density of
7500 mWecen?. Assuming each photon generates one EHP, a maxipiatocurrert of
1.2x10" mA/cn? is expectedrom devicesunder the IRllumination. For solar illumination
of the samplesaNewport 150 W xenon arc lamp was usedimulate the AM1.5G solar
spectrum Assuming each photon generates one EHP, a maximum photocurrent of 70

mA/cn? is expected from devicemder the solar illumination
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5.3 Results and Discussion

5.3.1SEM and FTIR of InSb Thin Films

The SEM image in figur&.4(a) depicts a planar view of theiqm InSb thin film
surface, indicating a polycrystalline film structure. Clear grain boundaries are seen with
Ssize between Measured andc ekpedied ETHR. data are presented and
compared in figur®.4(b). The &pected absorptance data@culated from InSb complex
refractive index dateb[ 1, with measured data performed on the undoped InSb thin films
grown on transparent undoped (>100.Thdec m) S
p-i-n structure InShhin film on an ntype (Asdoped < 0. 0 8i 5100y dulzstnaje
usedfor the devicess also presentedshowingcomplete absorption in the IR region
Measurements performed on theéype Si substrates themselves demonstrated the same
completeabsorptance indicating significartissorptance of the doped Si substrate in the IR
regiondue to free carrier absorptiohhe bandgap energy of InSb at 300 K is about 0.17
eV [5.] , correspondi ng t oThaabserptanecldatanrgetsareddoy 7 . 2
FTIR for the InSb demonstrated a good comparison to theoretical data with a downwards
trend toroughly 7 . 4 e m bef or eond thisy mgeneragthe sméakured e y
absorptance is higher than the theoretical absorpt&htecanpotentiallybe attibuted to
reflectancescattering from thepolycrystalline surfaceleading to a perceived higher

absorptance.
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Figure 5.4Analysis of InSb thin films.&) Plan view SEM image of theipn InSb thin film growth.
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5.3.2Dark J-V Characteristics of InSbrhin Film

Photoconductor Devices

Dark currentvoltage (3V) measurements performed at room temperature on the
InSb thin film photoconductor devices are presented in figuse The measured dark
current wasymmetric under positive and negative bagjlinearnear 0 V biags seen in
the inset of figure 5.5This behavior is expected for a photocondudevice that behaves
essentially as a resistofhe nonlinear behavior with increasing bias may be due to
Schottky barriers associated with the mse&iiconductor contacts, or barriers formed at
the polycrystalline grain boundaries of the In8lmn. Figure 5.6(a) shows the -¥
characteristics for fied finger separation (S=10@n) and varying finger width (W=10, 30,
100 nm). Figure5.6(b) shows the-¥ characteristics for fixed finger width (W=21@m)
and varying finger separation (S=5, 10, 30, b®0). It is seen that for a fixed finger
separationdisance of S = 100 em, increasing the f
em acted to i ncr eatgeare36(@e Thimmay beexprided byuvar r e n t
decrease ifinger resistance as finger width increases. It is also seen that for a fixed finger
width of W = 10 &m, decreasing the finger
em acted to i ncr eas e 56).erhismaypbsenplai@eat byewer r e n t
polycrystalline grainboundariesalong the conduction path as the contact separation
decreases, since the polycrystalline grain size is on the ordecrains Ourobservations
have similarly been observed on GaAs interdigitated contact de®wdas. [Iit should be
noted that the nSb and 4InSb layersof the photoconductor deviceay actuallybe

doped, similar to the InAsSb Hall data (chapter 4). TthesentirelnSb structureas well
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as the Si substrateay contribute to an-type conduction pattyielding the high current

densities observed in figure 5.5.
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Figure 5.5Dark JV characteristics for select finger width and separation combinations presented
on a semiog plot. The inset depicts the same data in a linear plot.
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Figure 5.6 Dark JV characteristics demonstrating the trends(&ma fixed finger separationnd
(b) a fixed finger width.
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5.3.3Dark J-V Characteristics of InSbrhin Film Photovoltaic
Devices
Dark currentvoltage (3V) measurements performed at room temperature on the
InSb photovoltaic devices are presented in figuve The measured dark currerdbthe
photovoltaic deviceshowednegligible rectificatiorand were similar irmagnitude to the
photoconductor results in figure 5This suggests that them structure was not providing
an effective diode. Indeeds mentioned abovtie Hall measurements described in chapter
4 indicatad that theintendedp-type doping mawctudly be ntype.Thus, the g-n structure

is acting essentially as a resis{photoconductor devicd)etween the top and bottom

contacts.
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Figure 5.7 Dark 3V characteristics for select square contact areas on al@gpiot. The inset
depicts thesame data in a linear plot.
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5.3.4Thin Film Photocurrent Results

JV measurements were performed on the photoconductor device and photovoltaic
device under IR and solar illumination as presented in fi§il8eFigure5.8 shows the
difference between the current measured under illumination and dark conditions (i.e., the
photogenerated current). An increase in measured current consistently occurred for both
the photoconductor and photovoltaitevices under both IR illumitian and solar

illumination, indicating electrotmole pair (EHP) generation.

Under IR illuminationthe main contributor to EHPs is expected to be the InSb thin
film. However, the doped-type Si substrate was observed to be opaque in the IR region
by FTIR, indicating absorption from the Si substrate as.\iiéle W10 S5 interdigitated
contact photoconductor devicéigure 5.8(a)) showed a much highdR photocurrent
compared to the other devigegth a valueof about 3500 mA/ciat +0.2 V. This increase
in photocurrentwith decreasing contact separatioauld be attributed tdewer InSb
crystallites between the contagtsas discussed earliein general, the remaining
interdigitated contacts yieldewohore tightly groupedR photocurrentvaluesup to 500

mA/cn? at £0.2 V.

Under solar illuminationf{gure 5.8(b)), the photocurrentrom the photoconductor
devicegended to be higher than under IR illumination. The photocurrentddrage 500
mA/cn? to 1500 mA/cri at a reverse bias e0.2 V, and 1000 mA/cAto 3000 mA/cm at
a forward bias of 0.2 V[hese photocurrents exceeded the maximalmeexpected under

solar illumination (70 mAcn?) by several orders of magnitude, suggesting that the device
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structure was behaving as a photoconductor with internallgaither studies are required
to determine the origin of this gain mechanism, but it may be due to the Si substrate acting

as the phtmconductor.
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Figure 5.8 Measured photocurrent obtained from the InSb photoconductor and photovoltaic
devices. The photoconductor device un@@riR illumination and(b) solar illumination and the
photovoltaic device undéc) IR illumination andd) solar illumination. The inset afandd present

the photocurrent on a smaller current range.

For the photovoltaic devisaunder both IR illuminationfigure 5.8(c)) and solar
ilumination figure5.8(d)), the photocurrents measuredrebetween one and two orders
of magnitude lower than for the photoconductlevices. Under IR illumination, the

measured photocurrent from the photovoltaic deviemged from 50 mA/cihunder
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reverse bias to 85 mA/dunderforward bias. Under solar illumination, the photocurrent

ranged from 350 mA/chunder reverse bias to 730 mA/fmnder forward bias. The
photocurrents col | e%xatreeda fwionm otwh ea n®aréaxh3e5 01 8¢
window werec ompar abl e, with the curr &windowmeasur
containing more noise. As with the photocondudaevice, the photovoltaic deviie
photocurrent was higher under solar illuminateomd exceeded the maximum expected
photocurrent of 70 mAnm?. Again, this suggests that the photovoltaic devices were
behaving aphotoconductorwith internal gain, probably from the Si substrategligible

opencircuit voltage was obtained from the photovoltaic devices, again indicating issues

with creation otthe pi-n junction.
5.4 Preliminary InSb Pillar Device

5.4.1InSb Pillar Device Fabrication

Completed pillar arrays outlined in chapter 3 were fabricated into a device for
preliminary testingDuring device processing, benzocyclobutene (BCB) was deposited by
spincoaing onto the pillars to planarize the surface for contact depositrespun EB
is thicker than the length of the pillars, but is batéhed by RIE to expose the tops of the
pillars for contacting. An SENmageof the exposed pillar tipsf InAsSb pillars outlined
in chapter 4s shown in figure 5.9(ap demonstrate the procSEM images of the baek
etched BCB of the preliminary InSb pillar device were not obtainBaljassess the effect
of the BCB on the optical absorptanE&IR was performed otie pillarspostBCB back

etch, and on BCB spun on a transparent undoped (8i) substrateThe pillar array
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presented has D: 1700 nm and P: 4000 fine FTIR spectrum, shown in figure 5.9(b),
shows absorptance peassociated with BCBredominantly in the LWIRwith a narrow

peak aa ®Bargne br oad p e aakpairaotovertappmgpeaksIronb € m,
11.51 3 .dhmase are seen clearly in the measurement performed on BCB itself (black),
and are seen interfering with the HEesonant absorption peak of the batghed BCB

coated pillar array (blue), when compared togifiar array with no BCB (red)he overall
absorptance of the resonant peak is reduced, with obfuscation due to the peaks attributed to

the BCB. Although the BCB interferes to a degree, the;ld&ak is still visible.

1
(b) ——D: 1700 nm P: 4000 nm
1 ——D: 1700 nm P: 4000 nm + Backetched BCB
—. /. [l @SN HDPC >Y, WNKAOI]

0.2 +

o 2 4 & 8 10 12 14
Wavelength (em)
Figure 5.9(a) SEM images dbacketched BCBcoakdInAsSb pillar structures. (b) FTIR results

demonstrating the effect blicketchedBCB on pillar absorption foa select arrayf D: 1700 nm
and P: 4000 nm. FTIR performed on a ~2.6 &m

sulstrate is included for comparison
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With the BCB backetchedand FTIR performedAl was sputteredn the rear oéin
InSb sample(on the Si substratedt a rate of ~1 A/s until a thickness of 4000 A was
achievedas a bacicontact Thin (~10 nn) semitransparenNi windows were deposited
by EBPVDonfourindividual pillar arrays with (DP) combinations of (900 nm, 3000 nm),
(21200 nm, 3000 nm), (1300 nm, 3500 nm), and (1500 nm, 4000 nm). Following the Ni
window, a topcontact washen deposited bigBPVD slightly overlaping the Ni window
consisting of Ni/Ge/Au at thicknesses of 25/50/225 fine area of theNi window
covering the InSb pillaarrayis approximately@ 0 x 4 0?Ccorresponding to 0.0016 ém

The measured current wa®rmalized to this area.

5.4.2InSb Pillar Dark Current Results

Dark JV measurements performed at room temperature on thepit&bdevices
are presented in figureI®. The measured dark current veegmmetric under positive and
negative biaganging from-2 to 2 V. The inset presenting the data on a linear scale
demonstrates the asymmeitmyore clearlywith current rectification characteristic of a
photodiode A steady reverse saturation currepisl observed for each pillar array under
dark conditions with the D: 900 nm P: 3000 nm array yielding a loyafrd.04 mA/cn3,
and the other three arrays being more tightly grouped in the range ¢9.22L&nA/cng.
Under forward biasan exponential inease in current occuralthough diode rectification
is observegthe origin of it within the sample is not clear as the sample consisted of a single
undoped I nSb thin film growth on dahe undop
rectification may be dueotthe band offsets at the InSb/Si heterointerface, or a Schottky

contact on the InSb and/or Si substrate.

107



M.A.Sc. Thesig Curtis Goosnhey McMaster Universityi Engineering Physics

10t
100 +
€ 101+
°
g
: 102+ 4
C L
o 3 T
53 103+ 21
1 1 —D: 900 nm P: 3000 nm
oL — —D: 1100 nm P: 3000 nm
10+ "/ —D: 1300 nm P: 3500 nm
-1 . 0 ‘ , D: 1500 nm P: 4000 nm
10° : : : I : I :
2 -1 0 1 2
Voltage (V)

Figure 5.10Dark 3V characteristics fdiour InSb pillar diameter and pitcdombinations presented
on a semiog plot. The inset depicts the sanea in a linear plot.

5.4.3InSb Pillar Photocurrent Results

JV characterization was performed on the pillar devices under IR illumination, with
representative data presented in figurd. 5ot the D: 1100 nm and P: 3000 nm arrakie
inset shows the data on a linear plot. Although photocurrent is generated, an unusual kink
is observed near zero bidhe photocurrent generated from each pillar array, taken to be
the absolute value of thefidirence between IR illuminated and dark current, is presented
in figure 5.12(a)To confirm that photocurrent generation was occurring in the InSb pillars

and not the Si substrate itsdandpass filters were used to isolate wavelength regions
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centeredea 4. 75 & m, 5. 75 e machfiléer had asfuthwidthaatrhdlf- 7 . 5 ¢
maximumo f a b o u tJV 6haracterization performed with the filters in place is
presented in figure 5.18), demonstrating the photocurrent measured with each filter for
thepillar array with D: 900 nm and P: 3000 nithe photocurrent measured under full IR
illumination for each array ranges from roughly 1.12 to 4.24 mA&in® V. For the D:

900 nm P: 3000 nm arraghe value is 1.93 mA/cfrat-2 V. With the filters in placethe
photocurrent measured for this array-2itV is in the range of 0.008.0075 mA/cr, 2

orders of magnitude lower than during full IR illuminatidout still discernable from the

dark currentWith the array of inte¥st having a peak absorption wavelengthmoaighly

4 . 8 5 it veasrexpected that illumination while using the bandpass filter centered at 4.75

em would yield the hi lgutthissvas nohtheacase.ingehergl,ll ot o c |
V characterization usg the filters was not consistent with what would be expected,
although photocurrent generation was still observed with the filters in pdassibly

indicating contribution from the InSb pillarfhe small values of photocurrent measured

with the filtersi n  pl ac e, o n/cmt, may required o®aling offthe defice or

processing with a lockh amplifier to study further.
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Figure 5.11J-V characterization under IR illumination compared to dark current for the pillar array
with D: 1100 nm and P: 300@m on a semiog plot The inset depicts a linear plot.
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Figure 5.12 (a) Photocurrent measured for each pillar array under full IR illumination. (b)
Photocurrent measured for the D: 900 nm P: 3000 nm pillar array taken under filtered IR
illumination.
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5.5 Conclusion

p-i-n structure InSb thin films were grown orSin (100) substates via MBE and
processed into thin film IR devices; photoconductor devices with varying interdigitated
finger contact geometry, and photovoltaic devices with varyingctopact collection
window areas. Dark current values measured for both the photocton and photovoltaic
devices were high and ohmic, indicating that thengdiode was ineffective at rectification
due to doping issues. Photocurrent measurements were obtained for both the
photoconductor and photovoltaic devices under IR and solamiiiation, indicating the
presence of photogenerated EHPs for both devices. The highest measured photocurrent of
about 3500 mA/cirwas obtained from the W10 S5 interdigitated contact, with all the other
combinations showing lower photocurrents of about B@Jcn? at +0.2 V. The higher
photocurrent of the W10 S5 contact geometr

being much closer to the grain size of crystallites in the thin film.

Preliminary InSb pillar devices were fabricated from undojpeb pillars on a
highly resistive Si (100) substrate. Although no intentioral jpnction was introduced
the pillar devices demonstrated current rectification. Photocurrent generation was observed
under full IR illumination for each of tHeur pillar devices. The use of bandpass filters in

the LWIR region demonstrated contribution of the InSb pillars in photocurrent generation.
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Chapter 61 Focused lonBeam Etching of Single
Pillar Structures

FIB etches were performed on an undoped InAsSb thin film growth on unfteped
100 q3i@oa)substratgoutlined in chapter 4fpr optical characterizatioon single
pillar structures Etching was performed with a FEI Versa 3D Dual Beam sysfesn.
mentioned insection2.2.4, the optical properties of NW structures allow for not only
enhanced absorption at a wavelengéipendent NW diameter, batso for enhaced
absorption over an area exceeding that of the NW @essonal arealhis allows for
single NWs to demonstrate enhanced optical absorption seen in NW dinaysitial
pattern for FIB etchingonsisted of a singlgillar, a 2x2 array, and a 3xa@ray, all with
pillarasof 1. 7 ¢ (andd i a me {pfar the arays)The second pattern used for
FIB etching consisted of a dametmingld pilamet er s
2x2 array consistingdf . 7 e m di amet e rpitclp, and & 2xZagay vonsistng a 4
ofal. 1 & m, 1.5 &m, 1.9 &m, and 2.3owem dia
magnification SEM images of the FIB etches depicting the patterns are shown in figure 6.1.
It can be seen with the initial etches in figurksbthatexcessive etching was done creating
a wellinto the Si substrataround each pillar. The second etch was performed in order to
reduce this effect, and to introduce a 2x2 array of pillars with varying diameters. Higher
magnification images are presented in figure 6.2. Figures §@(@yesent the first etch
and the oveetching is more clearly seehigures 6.2(d)f) are of the second etch, showing

the multidiameter array.
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Figure 6.1Plan view SEM images taken with the FEI Magellan of (a) the initial etch consisting of

a single pillar, a 2x2 array, and a 3x3 ar@y] (b) the second etch consisting of 2 single pillars of
different diameters, and two 2x2 arrays with one containing pillars of the same diameter, and the
next containing pillars of varying diametef$e scale ban (b) applies to both images.

Figure 6.230° tited SEM imagestako f t he i nitial FIB etch depict]
pillar, (b) a 2x2 arandtlyesacdnd AIB efch depictifuy & 2x3eeraye r pi |
of 1.7 em diameter piéd apisl,| §dd,) @e)siag2x2 larma
(f) a 2x2 array of a 1.1 &gm, 1.5 &m, 1.9 &em,

applicablefor all images.
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FTIR measurements were performedh a Bruker Vertex 7@Gndthe Hyperion
3000 microscopen both the first and second etch satgpresented in figure 6.Figure
6.3(a) presents FTIR measurements performed on the first FIB etch in which a single pillar
(orange), a 2x2 array (blue), and a 3x3 array (yellow) wezated, all pillars having a
di ameter of 1.7 ¢&m. F o r 2 acray prqdaced by BBL froma f ul |
chapteravi t h pil |l ar di amet er odlsoshawi (black)Figuned pi t ¢
6.3(b) presents the measurements performed onthesed FI B et ch for a
diametemillar (orange) and t he 2x2 ar r ayblue)inbathcaseg m di a
no obvious sharp resonant peak was observed where it would be expbidteday be due

to Ga deposition occurrg during the FIBetch procesthat obscures the pillar absorptance

1
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—
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Figure 6.3 FTIR results obtained for (a) the initial etch pattern, and (b) the etch pattern done to
reduce undercutting into the substrate.
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To confirm the presence of Ga, EDS was performed on the 4x4drartieter array
using the FEI Magellan SEM. EDS results presented in figure 6.4.hE EDS mappings
revealeda high Sisignal fromthe circular etched region around the pillars corresipgnd
to the Si substrat A significant Ga presends also observed in the FIB etched region
confirming that Ga was depositddring the milling proces#\ttempts to selectively etch

the Gashouldbe attempted in the future.

Figure 6.4 (a) SEM imageof the 2x2 array consisting of pillars of varying diameters and a 5000
nm pitch.(b) EDS mapping oSi presented in blu€c) EDS mapping oGa presented in purple.
Signal from In, As, and Sb was present representingittae and surroundinghin film andis
omitted
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Chapter 71 Conclusion and Future Prospects

7.1 Thesis Summary

The InSb andInAsSb material system was investigated for MWIR and LWIR
multispectral absorption. Absorption wavelength tunability was achieved through the
manipulation of pillar diameter and pitch, as opposed to altering the material composition
of the systemby utilizing the unique optical properties that NW structures offer2 . 5 & m
thick I nSb and I nAsSb thin films were succ
(100) substrates by MBE with a thin 10 nm thick AlSb buffer laxged to alleviate defects
due to thelarge lattice mismatch between InSb, InAsSb, and Si, and promote epitaxial
growth.SEM and XRD were used to demonstrate improvements in thin film growth quality.

A top-down fabrication method utilizing EBL and IE®IE was used successfully to
achieve300x30 em pil l ar arrays with-1p00hm(aSby r ang
and 17004000 nm (InAsSb), and pitches ranging from 13000 nm (InSb) and 4000

6000 nm (InAsSb). Etches were successful and consistently demonstrated large scale pillar
arrays.FTIR measurements of the InSb pillars demonstrated wavelength tunability from
16lymto6.86umvi th a 100 nm increase in pillar d
increase in peak absorption wavelengiiheasurements of the InAsSb pillar arrays
demonstrated wavelength tunability fr@rl to 16.22m with a 100 nm increase in pillar

di ameter corresponding to a 0. 406veahkFTIRNCcTr e a s
measurement data is presented inrgiil demonstrating the ability for MWIR and LWIR

tunability withthe InAsSbmaterial system
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Figure 7.1Complete FTIR results for InSb (dashed) and InAsSb (solid) pillars.

Single pillar structures were etched from the InAsSb thin film by Ga iontEHsng
to observe enhanced optical absorption from a single p#&M confirmed successful
pillar etches. EDS confirmed Ga deposition arotimeletched structures which may be

interfering with local FTIR measuremerasthe immediate etctite.

Be-doped pInSb thin films were grown on-type Si (100) substrat@s an attempt
to form a pi-n junction.Interdigitatedohotoconductor devices with vamg finger contact
geometry, and photovoltaic devices with varying-¢optact collection window areas were
processed. Dark current values measured for both devices were high and ohmic, indicating
that the pi-n diode was ineffective at rectification. Haffect measurements performed on
doped and undoped InAsSb thin films indicated a strotygpe behavior even with an
intended ptype doping, demonstrating potential issues with the doping process.
Photocurrent measurements were obtainech theInSb thinfilm devices under IR and
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