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SUMMARY

Avalanche photodiogs have been widely used in sevanatrumentation and aerospace
applications such as spatial light transmissions, laser range finders and object detection
Avalanche photodiodes operatader relatively higher electric fis to generate new pairs of
electron and hole fronmpact ionization whicltombines the detection part and amplification part
into asingle device, leading to amcreaseof theresponse speed and sensitivigveral materials
for avalanche photodiodesave been researchéor different wavelengths. Imfrared region,
mercury cadmium telluride hagenconsidered athe industry standaréiowever, it requires very
strict process in the growth due to the high vapor pressure of mengyimgy ait-off wavdength
sensitivity from cadmiunconcentration In this thesis, typél superlattice avalanche photodiodes
are studiedType-ll 11l -V superlattice avalanche photodiodesve shown several advantages
compared to conventional mercury cadmium telluride phottes. It carbe tuned to fit different
wavelength detections from sthevavelengtito wide wavelength infrared. Moreover, their band
structures can be dgsed by k.p band theory to discowbe better ionization coefficienfer
electrons and holes reting in a reduction irthe excess nois&lso, it enables uniform growth
on relative larger area with a near mature fabrication pro€aesefore, typdl Il -V superlattice
avalanche photodiodes have been considered as one of the alternate for detecgdn.The
excess noise is a keparacteristis of avalanche photodiodes because the avalgrokess is a
stochastic process without the knowledge of the exact location and time that impact ionization

happensThe ecess noise factor, F, issed todescribe this property. In the superlattretated

Xiii



SUMMARY (continued)

devices, its gaigan be caldated as thérst momentwhile the excess noise factor wikklvelated

to its second moment

In order to achievegreat characteristics fosuperlattice avalanche photodesd the
bandgap and its electron and hole ionization coefficients have tesigned carefully. @
minimize the excesnoise factor, a pure or dominactron or hole initiated multiplication can
be appliedMolecular leamepitaxy systemis used to grovthe superlatticen IlI-V wavfer. Then
the wafer is diced into several smaller pieagh different areas for comparaldbaracterization
Each sample is patterned with photo lithography and etched by etching solutions. Finally, metal

pads are depositdry dectronbeam evaporation.

Surface or interfaceebkage current has been a major issue for avalanche photodiode,
especially in infrared wavelength regienth a small bandgapPassivation of the superlattice
device withAmmonium sulfide and thioacetade was carriedout, and its surface quality was
studied byX-ray Photoelectron Spectroscopye study showed that both ammonium sulfide and
thiacetamidepassiation couldactively remove the native oxide at the surface. Thiacetamide
passivation combirtemore sulfur bonds with HV elements than that of ammonium sulfide.
Another X-ray photoelectron spectd thiacetamiddreated atomic layer depted zinc sulfide
was performed Different sulfides aregenerated at the surface of samplesy omith TAM

treatment.It shows thasulfur might have a preference to combine witiMlélementsSh'S and

Xiv



SUMMARY (continued)

Asi S bondgdisappear wite In-S bond gets enhanced, indicatihgt Indium Sulfide should be

the major components at the interfadter ZnS depositian

ATLAS simulation of zinc sulfide, silicon nitride and silicon dioxide passivated
superlatite devices waperformed to discovethe surface current mechanism to compare with
that with no passivation. ifst, supelattice property parameters wefiked into a bulkfor the
compliance of ATLAS software. Second, some minor structureroreling mass modification
was fulfilled to ensure the accuracgf numerical computation. Thirdsurface mechanism
parameters werkted to match the experimental results of the sdmace. Through the analysis
of fitted parameter<ZnS passivated avalahe photodiode showebe improvement in all these
three aspects (surface recombination, trap density and shunt resistant) which corresponds to
better electrical characteristics frahe experiment resulgiOz passivated devicesurface current
also impliednegligible surface recombination and traps assisted mechdatsnever,there was
no significant improvement irshunt leakage currenSixNy passivateddevicesexhibited a
relatively smaller surface recombitian velocity and shunt leakage, leavinterfae trap density

almost unchanged

Finally, adualcarrier avalanche photodiode wassigned and simulated. The structures
have &ernate carrier multiplicatioregions, placed ¢ to a wider etctron multiplication region,

creaing duaktcarrier feedback systems. Gain and excessenfaistor of these structures were

XV



SUMMARY (continued)

calculated based on the dead space multiplication theory under uniform electri€radhe
simulation,the appiled bias can be greatly lowered or the thickness can be stoackieve the

same gain from the conventional devitereates the possibility of integrating dual APDs directly

to silicon reaebut circuits without the need of high voltage supplies. Alath low electric field,

it can reduce dark currents in linear and dark count in single photon counting applications. The
width of the thin region was shown to be the most critical parameter determining the device
performance. With that width increasirgpth gain and excess noise incre&ece this APD
structure includes both electrons and holes to create feedback systems, there will be a reduction in

bandwidth, thus resulting in low gabandwidth products.

XVi



1. INTRODUCTION

1.1 Background

1.1.1 Wi end6s DitdaaM ac e men

In 1893, Wilhelm Wien first applied the lawf thermodynantds to electromagnetic
radiation, concluding thahe wavelengtlistributionfrom a thermal radiation cd black body at
any emperature has exactlye same shapeith thatat any other tengratureas shown irFigure
1. For instancehuman bodies whose temperature is around 300K, the electromagnetic radiation is

maximized at wavelengthof 9.8naccor di ng t o Wi e flpfeomMgurslp| ac e me
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Figure 1 Wien's Displacement Law

1.1.2 Infrared Wave

For electromagnetic spectry] shown inFigure2, the whole spectrum is sap#edinto
different wavelength or frequenciesNhat we are studying in this thesis is focused on infrared
region which is between visible and microwave spectrum. Hfagure 1, low and moderate
temperaturediave the radiation disbution with most of spectrunincluding peaklied in the

infrared region. Therefore the radiation of human beingsd animalswith the peak around0



mm belongs to infrared wave regiddnd for this reason, infrarecetection has arose huge interest

in military and civilian researcfacilities.

The Electromagnetic Spectrum

Wovelength (meters)
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1 || || 1 | L |
T T 1 1 T T T
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Figure 2 Electromagnetic Spectrum



To be more specific, IR wavelengths candessifiedinto threewindows as shown in
Figure3, shortwave (SW) 0.75 pm2.5 pm, midwave (MW) 3 um 5 um, and longvave (LW)
8 um- 14 pm infrared.There are numerous applications for infrared detedtiothe field of
bioscienceand thermal imaging as well as in militalg.real situations, some portion of infrared
signal @n be shrunk due to the environment and atmosphere noise, causing signal to noise ratio
(SNR)to be low.To increase SNR, it is better to increase the signal while keeping noise level.
Therefore, malanche photodiodes (APDspyan important role by comhingthedetectiorphase
and tre gain phasa a single device which can provide an internal gain, also reducing the overall

receiver complexity.
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Figure 3 Infrared transmission through atmosphere

1.2 Photodiodes andAvalanche Photododes

1.2.1 Photodiodes

A photodiode is ssemiconductodeviceusually formed with a N or PI-N structure,
which convers incident electromagnetic radiation into an e@lent electrical signaimostly
current Photonswith sufficient energgtrike the diod@nd can generate electrtiole pair carriers
Carriers generated in the depletion regiomone diffusion length away from it aseveptfrom the
junction by the builtin electric field. If they are collected at the electrical contacts without
recombinationan output current will be generated. Others charge carriers outside the depletion

region will move randomly. Some will finally enter the depletion region while others recombine



and disappear without touching the depletion region. By varying the semitondaping levels
and the external bias, the thickness of the depletion region can be increased. Also, an extended
depletion region can be realized using a PIN struatader a relative small bias, leading to the

increaseof the quantum efficiency

Howe\er, for conventional photodiodasjnce one photon can only generate one electron
hole pair and every carrier has its limited lifetime, it cannot be guaranteed that every carrier will
reach the electrical contacts. Thus, it can be only used fodeigsityphoton detection. For low

density photon detection, an internal gain will be required.

1.2.2 Avalanche Photodiodes

Avalanche photodiodd8] internally amplifies charger carriers with an avalanche process.
They have similar fN or PI-N structures, but are operated under a much higher reverse bias that
can cause impact ionization compared to conventional photodiodes. Under high electric field,
photo-carriers can achieve high kinetic energy and have probability to collide with timécato
lattice, knocking out additional carrier pairs. And these secondary carriers can also be accelerated
by electric field and get impact ionization, hence the avalanche multiplicai@nprocess of
avalanche multiplication in a semiconductor Viiest reported by McKay6]. The avalanching

mechanism is described FFigure4. The minimum energy required for a carrier to impact ionize



is called the ionization threshold energy. It mostly depends andkerial bandgap and its overall

band structure.

Conduction Band

Incident radiation

Valence Band

Figure 4 Avalanche mechanism in space domain

Avalanche process is a random process since time and position for carriers to impact inoze
are random variables with certain probapitlistributions. Therefore, thigrocess renders a high
frequency noise at the device outpamed as excessoise. Mcintyrg6] first proposed a model
to quantify the excess noise. According to this model, carriers cantiropie if the local electric
field exceeds a critical value. For an electron initiated avalanching process the excess noise factor

F, a measure of excess factisrgiven as,



”n e 7 p
O Qu p Q¢ 5 (1)

whereM=gain, k=b/U, U, b are electron and hoienization coefficientyespectively Also, for a

hole initiated casghe excessoise factor can be written as
(2

This model implieshat the excess noise factor can be minimized when the vakgoed
to either too low (close to zero) or too high (close to infinijich indicates onlyne of the
carriersshoulddominate the avalanching procedhough this model accurately prescribes the
recipe for low excess noise, it fails to accurately quantifyess noise factors in all conditions.
Mclintyre model assumes that only the local electric field is responsible for impact ionization,
completely ignoring the carrier history. However, a newly generated carrier with no or little energy
cannot immediatelympact ionize even when experiencing a steep electric field. It must accelerate
over a minimum distance, depending on the electric field and the ionization threshold energy,
before it is enabled to do so. This minimum distance is termed as the deadvbijghces first
experimentallydiscovered by Anselm et..§f], and theoretically modeled and developed/biyl.

Hayat[9] and J.S. Marslandi8].



1.2.3 Characteristics of Avalanche Photodiodes

Photodiodes have marharacteristic$13] to consider, such as excess noise in the last
section.Selected characteristics should be examined based on the requirement of the photodiodes.

Some important characistics are listed below.

1.2.3.1 Operation Range

Based on the requirement of photodiodes, they can be operated and have different
sensitivity in different wavelength. The operation range is always around its bandgap. Therefore,

material of photodiodes can be sééecfrom its operation range.

1.2.3.2 |-V Characteristics

Among electrical characteristicsM Curve is the very important one. FrorVICurve,
breakdown voltage and leakage current can be approximated in the dark current curve. Also,

combined with lighton curve the gain of the photdiodes can be estimated.

1.2.3.3 Excess Noisand Signal to Noise Ratio (SNR)

Excess Nois@89] comes from the uncertainty of time and location about impact ionization
of the certain carriers. It can describ@agriation or second moment of the mean gain. The larger

excess noise is, the more unsteady for the photodiodes.

The SNR of an APD is given by
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where Pin=incident radiation power,Rs=responsivity, M=gain F=excess noise factor,
laarkni=dark current through the bulk whiglets multiplied similar to the photocurrehun=dark
current at the surface which is not multiplid&Boltzmann constantReas=load resistance,
Fn=noise figure of associated circuitrgpfbandwidth. For a regular photodiodd=F=1.
Maximizing the SNRinvolves suppressing the dominating noise source or increasing the signal

power.

1.2.3.4 Frequency response

The rise and fall time of a photodiode is defined adithe span for the signal to rise from

10% to 90% ofall from 90% t010%. It can be expressed asduency response.

5 T® L
o)

(4)
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1.3 _Materials for Avalanche Photodiode (APDS)

For the materials of photodies, their bandgap should matble incident phton energy.
With this criterig high quantum efficiency can be achieved. If the bandgap is much smatier th
the photon energy, no photon can be absorbed and no current will be generated; while if it is much
larger, photon will be absorbed at the surface and the charge carrierstvapped in the surface
states.Thus, for longer wave detection region whtre wavelength is in the range im-5um
and 8um-14um, the bandgap of the material should be around 0.24V¥eV and 0.088eV
0.155eV according to Plandkinstan EquationFigure5 gives armoverview of different materials

usedfor infrared absorption.

0 M —

(5)
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Figure 5 Bandgap of different semiconuctors as a function of lattice constant

1.3.1 Silicon (Si) APDs

Silicon APDs are often used in visible and near IR range with relative low multiptica
noise. Nowadays these APDs are very robust with high responsibilitgxaedlent sensitivity

[14]
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1.3.2 Germanium (Ge)and Indium gallium arsenide (InGaAs)APDs

Germaniuni21] and Indium gallium aenidg24] APDs can also detect visible to 1500nm
wavelength rangd-dowever, based on its material natural properties they can be extended for a

longer infrared wavelength.

1.3.3 Mercury cadmium telluride (HgCdTe) based APDs

In 199, Lawsor{29] first reported the unprecedentaehavior oHg1.xCdkTein the whole
of infrared absorption. Since then it has becomeittamimous choice for most of the commercial,
traditional and sophisticatddnger wavelenth infrared detection devicef30] dueto its higher
absorption coefficient§35], tunable energy bandgag36], and promising recombiration

mechanisnj37].

However,HgCdTeAPDs requiresvery strict proces§38] in the growthdue tothe high
vapor pressure of mercury (Hddigher ait-off wavelength sensitivity froncadmium (Cd)

concentratiorandhardseparation ofmercury telluride (HgTe) and cadmium telluride (CdTe)

1.3.4 Superlattice based APDs

To solve the difficultiestated above, several alternate technologies have come up. The
most significant technologies dead saltalloy [45] which is based on I\WI materials quantum
well infrared photodetectors (QWIRY)8] and typell strained layesuperlattice (SLS)62] which

are based on HV material This thesis mainly discgses SIS I1I-V materials for APD applications
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Superhtticematerials have a periodic structure wathleast twalternatethin layers with
each havingdifferentsemiconductomaterial Each layer ishin enough (most of them angthin
several nanometerthat the electronic wave functions can overlap with each sthérata unique
band structurean be created whose propertiesdifferentthatfrom individual bulks.Unlike a
bulk structure in which the band structure is fixed, a superlattice band strgetu be tailored
through its layer thickness and materials, making it possible for the band structure Degem
on the heterostructure type of materials in the superlattice, it can be classified as type I, type 1l and
type lll. For type Isuperlattte band structuréhe bottom of conduction bawd one materiaand
the top of the valence band of the other mateaigdsSormed in the same semiconductor laffer
type Il, there are no overlap between the conduction band of one material and the valehof
the other so that eletons and holes can be confineddifferent layers. For type lll, it contains

semimetal material.

Figure 6 shows Type Il band alignment of InAs/GaSb interface. The conduction band
minima of InAslies 0.15eV below the valence band maxima of GaSb at 3D electrons are
confined in the InAs quantum well, whereas the holes are confined in the GaSb quantum well. The

spatial separation of electrons and holes results inltypend alignment.
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Figure 6 Type Il band alignment at InAs/GaSb interface at 77K

For Type Il InAs/GaSb superlattices, thandgapgan be tuned to covearwide range of
IR wavelengthsby varying the width of the layer. Bandgap simulations with a 14 band k.p
method is shown irrigure 7. SLS layers can be adjusted not only to control the bandgap as
mentioned earlier, but also to engineer the overall bandstructure of the semiconduatat. mate
This can have a significant effect guantum mechanism bguppressing Auger recombination

process especially ingoped material by eliminating available high energy states fos.#abel,
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it can be designed to enhance impact ionization by one wejoer which can play an important

role in excess noise reduction.

Compared to HgCdTe growth]-V SLS can be grown with much more uniforynin
relatively largeGaShb wafers. Also, the fluctuation of the-ofit wavelength is not as sensitive to
| a y thickeedses as it is with Cd content for HQCdTe. Matur¥ processing technologies also

provide the SLS system an edge over thélIsystem.
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Figure 7 Variation of cut-off wavelength with superlattice composition
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1.4 Material Structure Band and Device Software Engineering

1.4.1 Perturbation T heory

In quantum mechanics, electrons always have wave functions that can be described in the
following equation where p is its momentum operator, V is the potential, m is the mass and E is
its energyThis is Schrodinger Equation.

N

& efr o (6)

Bloch went further to prove that the solution for this equation can be written as the following for
a crystalline solid, wherk is the wave vector, n is the band indexs a periodic function with

band index and wave vector.

[ h® Q25 @ ©)

1.4.2 Modeling and Simulation of APD Strucutre

The dead space multiplication thedBSMT) can be used for avalanche photodiode gain
and excess noise structure simulations since it is more precise compared to cornlventiefsa

[9]. It assumeshat a minimum distance a nayenerated carrier has to trawtbng the electric



19

field before it can impaadbnized, and thatinimum distance it travels should have the carrier to

achieve threshold engy. It will be fully explaired and used for structure desigrChapter 5.

Semiconductor dege simulation can be done wiphofessional soft wares. Besides getting
results from real experiments, professional device software can help simulate the ezviramain
get results as long as we input the materials datasets, build the correct structurespsaleatp
mechanism. In chapter, 4ve will discuss do the inverse engineering to get the underlying

prominent mechanism behind the dewising the experient results.



2. FABRICATION OF SUPERPATTICE AVALANCHE PHOTODIOES

Fabrication techniques for IV superlattices APDs are described in this chapter.
Discussion includes an introduction to pure electron and hole APDs, the growth and fabrication of

superlatticesPassivation for superlattice photodiodes will be discussed in next Chapter.

2.1 Electron and Hole Avalanche photodiode

To achieve low excess noise fadigimpact ionization ratitk should be kepbw or high,
which mean®nly electron or holémpact ionizéon dominated97]. In general, it can be achieved
by superlattice band structure design which can maximize electron (hole) ionization rate while
keeping holdelectron) ionization rate extremdiyw. Smulation and fabricaties of electron and
hole avalanche photodiodesith type Il strained layer superlattice materialswadaysare

realized

2.2 Growth and Fabrication of Type Il InAs/GaSb Strained Layer Superlattice

2.2.1 MBE Growth

Type Il INAs/GaSb Superlatticesre grown on #iype (Te-doped10'’ cni®) GaSb (1 0 0)
substrates witlkan Oxford VG-80 solid source molecular beam epitaxy (MBE) syst®iBE
system is one of deposition methods which can allow films to grow epitaxiadigr ultra high

vacuum (40* torr) environmentHigh vacuum environment can prevent the contamination, thus

20
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reducing impurityVG-80 MBE systentonsists of a load lockystem which can load and unload
the substrates without venting the rest of systepreparation chamb#rat prepares the substrates
with vacuum and heating needand two identicalgrowth chambers where films are grown

epitaxially onsubstrates.

Group Il source materials (indium, gallium and aluminum) are confined in effusion cells
with inert crucibles and can be heated by radiation frastance heaters. They are also equipped
with dual filament which can separate heating of the tip and the base of the cells, thus improving
the uniformity of epitaxial growing.Group V source materials (antimony, arsenic) are kept in
cracker source whicproduces dimeric molecules from elemental sources. The crack source for
arsenic is valved in order to contrds: flux, stabilizing the cell temperature and lowing flux
transients Cell temperatures are monitored by thecouples to ensure the stabilityith the
substrate inside the growth chambhigh temperature can desosdorface oxides of GaSb
substratesBut, the heating at higher temperaturghould be done in &k flux environmensince
group V elements have low vapor pressuresultingin deorption of Sb Therefore, sbstrate
temperatureés gradually increased to 400°C undéra-highvacuum and then increased to 550°C
under Sb flux. Group-V are adjustedising an ion gauge while Groulp are regulatedy the

reflected higkenergy electronliffraction (RHEED) patterns
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During epitaxial growthshuttles for different sources are left open and close intermittently.
While the Ga (Inshutter is closedhe Sk» (AS?) flux is left open for a limited timdeading toan
insertion of additional soue of compressive (tensile) straaming from the mismatch of lattice
constantStrain compensation all@ethe growth of thick superlattice layers required for superior
guantum efficiency of photodiodeSoak time is carefulland preciselyletermined taontrol the

thickness of intedcial layers, thuthe strain in the growisuperlatticestructure.

Several techniqguessuch asatomic force microscopy (AFM)transmission electron
microscopy (TEM) photoluminscence (PL) and-ray diffraction (HRXRD)can be used to

inspect the qualitand propertiesf the superlattice

2.2.2 Dicing

Thesuperlattice wafer idiced into 10 mm byl0 mm samples.&veral different diameter
(50umi 400um) photodiodearefabricatedon each sampleCircular cross sectionghotodiodes
are preferred since square crsesstiongliodes will have larger leakage currdae to sharp edges

leading topremature breakdown.

2.2.3 Patterning, Etching and Deposition

The general fabrication steps are showifrigure 8. Firstly, after the photo lithography,
the dching solution of 20:2:1 deionized (DI) water: hydrogen peroxid€®f}4 phosphoric acid

(HsPQs) were used to etch down the mesa to the bottom layer @8Bgym ultravioletUV
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photolithography. Then, metal contactisposited by electron beam evaporatB00 A titanium

(Ti)/ 200 A platinum (Pt)/ 1000 A gold (Au) achosen for contact metafSold is used to prevent
oxidation of the materials, very stable and conductive. Pt is used to prevent gold to diffuse into
other materials especially in high temperature environment. Ti is adhesive to semiconductor
surface andyood for the ohmic contact with both-pand ntype SLS.After that, adielectric
passivationdyer is deposited on top of the samideelectric layer ortop of metal contacts is
etched down by proper etchant. Finalipld is deposited to create the pads which are used for
probing during electrical measuremer@snple APDs are fabricated after above steps. However,
since surface leakage current in LWIRdaMWIR will be significantly high compared to its
relative operating current. Further techniques of passivation on superlatticeafdPdlscussed in

Chapter3.
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Zis

(a) As-grown (b) Mesa Etch (c) Metal Contact Deposition
(d) Passivation (e) Via Etching (f) Metal Pad Deposition

Figure 8 General Fabrication Processes



3. PASSIVATION OF SUPERLATTICE AVALANCHE PHOTODIOES

3.1 Purpose forPassivation

Existence of active states at the surface will bend the bati@ surface to maintain the
charge neutrality condition. If the surface stat of acceptofdonor) type, it will acceptdonate)
an electrorand will become negativelyp¢sitively) charged and as a result a few monolayers
underneath the surface will becoaheficit (rich) of electron and will be charged oppositely. The
nature ofthe surfacdand bending in equilibrium and nequilibrium conditions is discussed in
[53]. In avalanche photodiode applicat&it will initiate a surface plasma breakdown before the
junction breakdown. Thexistence of thessurface states will help recombine the pfg#oerated
andmultiplication-generated carriers. The stability of larger bandgaplators (e.g. Si€) SsNa,
ZnS) at higher electric fields gives them an edge @Méfs)2S aqueous solution for passivation
for these applications. Along with insulatiararriers experience less effect from the surface due
to larger conduction and valence bawftset at the passivat8LS interface. Any sulfubased
agueous solution might leave thgrface with less number of watsrated recombination centers,
but the stability anélectrical insulation of the surface passivant at higher electric field and higher
bandoffsets at the passivaBi_S interface are considered critical parameters of interestaitng
other parameterfor avalanche photodiode applicatig.number of passivation techniques has
been applied to LWIR and MWIR superlattices suclsikson-dioxide (SiQ) [54] , polyimide

[55] , SU8 [56] and ammonium sulfide [(NHES] [57]. Also, a new surface treatment of
25
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thioacetamide (TAMwith ZnS[61] passivatiorhas showrconsiderable decrease in diode dark

current.

3.2 TAM -treated and(NH4).S-treated Superlattice

Chalcogerbased treatment which is the modification of surface with sulfur abong-
V materialshas beerstudied bynumerous research groufil]. It was reportedhat (NH4)2S
sulfidization can effectivelyreduce the native oxides amdprovesuiface propertiegNHa)2S can
activelyremovenative oxidesand create covalerly bonded sulfur layerdeading to the surface
leakage currentedudion andthe impovemenbf dynamic resistace ara product at zero bias
However,(NH4)2S solutionscan also etchhe material surface which migdamage the device
structures. Therefore, during the surface etching, extra precision is requir@dler b maintain
good long term stabilitandprevent he degradation of device performafceSLS detectrs and
lII -V devices anencapsulating layer on top of the surfaes been usg@9]. Moreover a new
sulfidization solution withThioacetarnde (TAM) has recently been resehedas an effective
sulfidizing agent fo InAs/GaSb surfacedt show a great effectiveness since a better electric
characteristics has been achieved from F&®ated devices with lower surface leakage and higher

RoA.

A detailed XPS study oimAs/GaSb &S photodetectorsurface with different passivants

were carried out and compared in this chagteigure 9, the comparison ointerfacesulfur
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elemens are show. Peaksenteredat 161.3eV and 162.6efiatcorresponahg to 2pu2 and 2p/2
from orbital energies of sulfui2psi2 energies at G&-162.2eV, InSs-162.4eV, ShSs-161.8eV)
are detectedPeals at 164.8e\torresponding to ASs wasmerdy observedIt shows that TAM

treated sample exhibigsmuch stronger sulfidatiorather than(NH4).S-treated sample

| S 2p1l2
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i
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:..E~ 3000 - .-\ - @ — Ammonium Sulfide treated
’ |
|
g . ‘S 2p3/2
S , +R
2 2000 us
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. \
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Binding Energy (eV)

Figure 9 XPS gectra onsulfur elementsfrom TAM - and (NH4).S-treated samples
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The XPS spectra obtained from (M}AS and TAMtreated samples after 30 minuteish
air atmosphere exposesldisphyed inFigure 10. Figure 10 (a) showshe complete removabf
As-O bondson both two samplesurfaces. Peakscenteredat 40.8eVrepresentAs-In bonds
However, itdid not showany appreciable sulfur bosdvith As with a peak around3.4eV. A
possibleexplanatiomrmight be that the As atoms were not expaseetch solutions longnough
since the etching of the surfacenst uniform Another explanation might be that sulfur has
preference to create bondien dealing with In, Ga, As, Sb. For instance, it might be much more
preferred to create 18 bonds rather than AS bonds. Another XPS study in chapter 3.3 also

supplies this hypothesis.

Figurel0 (b) illustrates the Gapectrawith the pealof 2p centeredt 1117.2eV/1117.3eV
correspoding to GaSbbonds An obvious GaS bong can be observed 1117.7eV with no Ga
oxides left forTAM-treated sampleHowever,(NH4)2S-treated sample depggallium oxide

bondsat 1118.3eV and nGaS bonds present.

In Figure10(c), XPS for In indicates presence of sulfidgsti44.7e\Wvithout presence of
In-O bonds for(NHs).S-treated and TAMreated samplesMore importantly compared to
(NHa4)2S the relative strength dh-S bonds foilTAM -treated sample is higher. The peaktered

at 4443eV corresponds to In bonds with As and. Sb.
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In Figure 10 (d), a much stronger Sb sulfur boaids38.8eMn TAM-treatedsuperlattice
sample is observetbmpared to that frorfNHa4)2S-treated sampleSb-Ga bondd$ave he peak at
537.3eV.lt is highly possiblebesides SIS bonds)n-S and GaS also make contributions to the

peaks.

Compared to (NK)2S, TAM solutionis a highly polar molade which carget adsorbed
more robustly and promity on a surfaceresulting in a moreeffectiveness of the surface

sulfidication for InAs/GaSb superlattice devices.
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Figure 10 XPS spectra for(a) As (b) Ga (c) In and (d) Sb for (NH4)2S treated and

TAM -treated samples with 30minutes exposure
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3.3 _TAM -treated atomic layer deposition (ALD)0, 1 and 2nm ZnSCapped sample

3.3.1 Experimental Procedures

The studies were performed on InAs/GaSh {}p&LS structures consisted of 13
monolayers (ML) InAs/7 ML GaSh/1.3 ML InSb for 300 period#hwthe thickness of 1.86m.
A solid source moleculdream epitaxy (MBE, VG systénareused to grow the superlattioa
Te-doped n-type GaSb (100) substratAnd it wasunintentionallywith 43 10'® cm® n-typedoped
at room temperaturén order to compesate the strain in the growth direction, a tm8b layer
was incorporated in SLS repeated layeHRXRD was used to ensuiuality of the grown
superlattice structure. Three small samplgh a 5Smm3 5mm section each were éit from the
wafer that argrown from MBE system

First, he samples were degreased in acetone and methizlinsed in deionized (DI)
water,blown dry wth nitrogen gasSurfaces wer¢hen etchedisinga hydrogen peroxide @dz),
phosphoric acid (kPQs), and DI water solutionwith a ratio of 2:1:20 etchinfpr 30 seconds.
Then, the samples were soaked in TAM solution (0.2 mol/L) with adjusted pH of 2.0 by adding
acetic acid (10%) for 30 min at 7C. After that, one sample was left in vacuum for comparison
purpose while the ber two were transferred for ALD ZnS Passivation Process.

The ALD of ZnS made use of diethylzinc (DEZn) and H2S (@) .precursors in a tubular

hot wall ALD reactor maintained at 20C; during deposition, both DEZmd HS were kept at
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room temperature &°C). Pure Argon gas was used tag carrier gas for the delivery of each
precursor an@ds the purge gas faystemcleaningbetween the delivery of thprecursorsin this
experiment, 1nm and 2nm ZnS was deposited on the surface, respethedlyickresses of ZnS
thin films were measured using a spectral ellipsometer.

XPS measurements were operated wikratos Axis165 systenequipped withAl Ka x-
ray source opated atl0 mA and 15kV The XPS measurementsere done under ultrahigh
vacuum with bas@ressure aroun® 107 mtorr at room temperatur&ith 0.1 eV step size, 300
ms dwell time. Xray photoelectron spectemalyses were performed klement spectral peak
fitting. The binding energy are calibrated with the spectral line of C 1s at 284.6eXPIS peaks
were modified byShirley-type backgrounds and Gausslaorentzian peak shape functions with

software XPS PEAK

3.3.2 Results and Discusion

Figurell shows the XPS spectra of In 3d5/2, As 3d, and Sb 3d#®2lwand 2 nrrthick
and without ALD ZnS capped InAs/GaSb SLSs Wi treatment. Binding Energiesnd peak
intensity percentages for each element of the components were identified atiftequarFigure
11 Figurell(a) clearly illustrates presence of-fhat SLS surface after ALD ZnS, due to a great
increase in peak at 444.7 eV in middle and top graphs (TAM + 1,2 nm ALD ZnS) compared to
bottomgraph (TAM only). Peak ceared at 444.1 eV corresponds to In 3d5/2 bonded t8ASs/

Absence of shifted peak of In3d5/2 at 445 eV shows the removal of native dxideyoTAM
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treatment. IrFigurel1 (b), for only TAM-treated sample (botto graph), spectra peak at 42.9 eV
goes to AsS. However, after the ALD ZnS (middle and top graph), peaks #8 disappear from

the spectra, and this corroborates the tandem increase of the indium sulfide XPSDeatolets

of As 3d bonded tén at 407 eV can be observed in all three samples which illustrates tHat As

is present at the surface before and after ALD ZnS. FeD Adich has a higher binding energy
centered at 45.7 eV, no peaks are observed, showing the complete rematigkecoxidef As.

In Figurell(c), for TAM-treated sample (bottom graph), lower binding energy centered at 537.3
eV is assigned to #sb while higher binding energy at 538.8 eV is attributed t& 3bsulting

from TAM treatnent. However, after ALD ZnS, SB disappears at the surface with no peaks at
538.8 eV. Also, the lack of peaks at 5400 eV shows that native oxides of Sb are effectively
removed with TAM treatment. Binding energy changes of Ga 2p were also analyzed in these
samples, however, no peaks could be observed; this is due to low exposure of Ga to XPS system

where Ga is covered by other components and could not be detected.
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Therefore, different sulfides are generated at the surface of samples only with TAM
treatment. However, after ALD of ZnS, iSh and A$S peaksdisappear while k& peak gets
enhanced which means that Indium Sulfide should be the major components at the interface.
Binding Energies and peak intensity percentages for each elerhéhé components eve

identified and quantified
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Tablel

RESULTS OF XPS MEASUREMENTS FOR TAM TREATED ALD DEPOSITED
ZNS SUPERLATTICE SAMPLES

Intensity Percentage (%)

Binding Enerqy

Peak Component (eV) TAM 1nm ZnS/ITAM  2nm ZnS/TAM
In-As 4441 95 72 68
In 3cb/2 In-S 444.7 <5 28 32
In-O 445.0 0 0 0
As-In 40.7 85 100 100
As 3d As-S 42.9 15 0 0
As-O 45.7 0 0 0
Sbin 537.3 37 100 100
Sb 3dy Sbs 538.8 63 0 0

Sb-O 540.0 0 0 0




4. SIMULATION OF PASSIVATED AVALANCHE PHOTO DIOES

4.1 Simulation Platform

Silvaco ATLAS [74] is asemiconductor device simulation platfothat has beewidely
used for device engineers to simulate the electrical characteristics of semiconductor kewices.
solve procesyariation problems as well as the physics modeling inside the device. The major

materials it simulates include silicon,-M, II-VI, IV -IV and polymef76].

In this chapter, ATLAS is used 8Imulate currenvoltage charactestics of superlattice
with differentpassivants. Also, by comparing to the experimental cux@iage experiments, the

parameters for superlattice surface mechanisms are fitted.

4.2 Physical Modeling

ATLAS has a lot of buikin physical models accountingrf mobility, recombination,
generation, impacting ionization and tunneling. Basic mechanism that affects the current for low

bandgap photodiodes are included in this simulation.

4.2.1 Drift -diffusion Model

The driftdiffusion model is solvedsing equatioibelow,

37
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Br NEmM* s NOxnEMm (8)
whereq is electronic chargen, p electon and hole concentrationsmobility, E electric field,D

diffusion constant andndJ current densityvhile the subscripta and p arereferenced aslectron

and hole components.

4.2.2 Generation-recombination Model

Generatioarecombination models areseparated into three models: tadiative
recombination used fawptical orbandto-bandtransitions,2) Auger recombinatiofirom three

carrier recorhination and3) trap assiste&chokleyReedHall (SRH) mechanism

4.2.2.1 Bandto-band (Optical) Recombination

The baneto-bandare modeledby,

Y 0 €1 ¢ 9)
whereRopt is theoptical recombination rateCopt radiative recombination rate constartdni the

intrinsic carrier density

4.2.2.2 Auger Recombination

Auger recomination involvesthree carriersvheretwo carriersrecanbinein a bandto-

band transition and give otlte erergy tothe othercarrier The formulain equation(10) for the
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recombination rate iglmost the same withandto-band recombinatigrby just addinghe density

for the third carrigrwhich receivethereleased energy,

Y 0 ng &¢ 0 &n n¢ (10)
where'Y is the net Auger recombination ratey pAAuger recombination rate constant for

electrons and holes.

4.2.2.3 ShockleyReadHall (SRH)recombination

ShockleyReadHall recombination is also hamed as tagsisted recombinatiolVhen
there are impurity inside the lattice, a new energy state can be creatduk atebton will have
probability to pass throughe bands. &h energy states are called démyel traps. Tie localized
state can absorb differences in momentum between the cakndrthis energy can be exchanged

through lattice vibration.

This two-stepSRH mechanisrns modeleds,

£ &

[ 11
R & ADDa (1D

. . (@)
T ¢ eAQD?QT v

Y

wherek is the Boltzmann constanRsruis theShockleyReadHall recombination rategndEtrap

is theenergy difference betwedhe trap andntrinsic Fermi level
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The trap lifetime can be modified bgeTrap assisted tunnelingith someenrancement
factorswhich is describeth equation(11). Thesdactorsareincludingphonon assisted tunneling

with a trapin equation(12),

YOr . . 4 .,
[ == AQBEO VH67T Q6 (12)

wherep kpis the energy scope whereneling can happeandKnpis defined as,

o" ch YO
YR e T oD

(13)

where mnp is the tunneling masdor electrons and holevhi s Pl ankOsEisthest ant

magnitude of the electric field.

4.2.3 Surface RecombinationMechanism

Surface and interfacecombinatiorhasa significant impact on theurrent characteristics
for low bandgap superlattice photodiodegh the sudden endf the semiconductor crystal
leaving a large quantity adctive statgshence trapsAlso, the surfaces or ietfaces are more
possibly contaminatedoecause of the exposudaring the semiconductor device fabrication

procedure Surfa@ recombinatiotis also included as a part of carrier lifetimeequation(14),
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where subscript i is the surface simulation nodeyij is the device surface recombination

velocity, T  is the bik lifetime, T j is the effective lifetimedi is the lengthof the interface and

0 is area of the interfaceThis modification of lifetimeequation isonly effective at the

semicomluctorinsulator interface

Bandto-band tunneling is another importanirrentmechanismn alow bandgapdiode
underrelatively large reverse biaBand to band tunneling generation is described in equation

below,

"0 |OQ®% (15)

wher ebUaamrd c on s ttleebandgap ardghe efféctiva tgnndlirmy mas8esidesthe

surfaceshunteffect is also included by addingesistancavhich isin parallel to the device.

.3 Device Structure andMaterials

The device structe is shown inFigure 12. The device dimensions and dopings were

originally kept exactly the same with theevice we fabricated and characterizied the



experiments.However, during
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computation of 4N heterojunctions inside the wee, the

simulationfailed to convergeSince the device operation mainly focus en Reterojuction not-n

N heterojunctionwereplacedt with an n-N homojunction tesolve this computation problem

passivation

anode

P’ region (210" em'?)

8 ML InAs/ SNL GaSb (230 nm)

passivation

N* region (410" ¢cm %)

13 ML InAs/ 7ML GaSb/ 1.3 ML
InSh (350 nm)

cathode

Figure 12 SLS Device Stricture



43

In this thesis, we are investigating superlattice mateisatee superlattice is a relatively
novel materigl ATLAS does not include any superlattiogaterial parametemodule into its
simulation. Therefore, we have to manually definestiigerldtice as a bulk and put the superlattice
properties into this bulkAccurate parameter values for superlattice can ensumthectness of
implementaton for specified physical modelsbove Different designs of superlattice structure
can lead to diffenet material properties. Therefore, it is extremely diffictdt generate all
parameter valuetr overall superlatticeinless it includes some theory model in it which can

simulate the band structures in the superlattice.

The parameteused fo the LWIR region are showim Tablell. For the structure in this
simulation, he bandgapvas kept the same with experimental resuth cut-off wavelength of
~10 um Electronpermittivity and affinitieswere compute@sa mean frombulk GaSband InAs
values The electron and hole effective mass were determineidtyand k.p simulationSRH
lifetimes Hole and electron mobility, radiativend Augerecombinatiorrates were calculated or
citedfrom existing literaturg82]. The effectivaraptunneling massvas calculated as an average
from effective electron andole massesA near gap blk trap density with2x10'® cm® was

included.
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Surface mechanismparameters vary with different passivants. Thereforgface
properties such asurface recombination velocitiesjrfacenterface tapsand shunt resistanese

fitted to match the experiment results
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Table
LWIR SLS PROPERTIES

Parameter Values
Bandgap 0.124 eV

Permittivity 14.985

Electron affinity 4.29 eV

Electron effective mass 0.023 m

Hole effective mass 0.104 m
Electron mobility 1000 cni/V-s
Hole mobility 270 cni/V-s

SRH lifetime 90 ns
Radiative recombination rate 4x101%cmd/s
Electron Auger reambination rate 4x102¢ cnfls
Hole Auger recombination rate 4x10%8 cnf/s

Effective tunneling mass 0.0232 o
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4.4 Simulation Results

4.4.1 Carrier concentration and electric field under equilibrium

By constructing the device structure and filling appropriate rpatars into physical
models, the major carrier concentrations under equilibriur@xté'® cnm3 for P*, 4x108 cm3 for
n* and 4x16° cm® for m displayed inFigure 13. All of these valuesire identical to the values
during theexperiment, which indicates the correctness of the simuldtigare13 clearly depicts

the Rn heterojunction and-n* homojunction.
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Figure 13 Simulated carrier concentrations under equilibrium

Electric field across the device under equilibridasitionare presenin Figure14. The
electric fieldrevealstriangular shapeat the heterojunction and homojunctiaith peak values
around3x10* V/cm and 4x16V/cm respectivelyThe electric field at théd-n homojunction is
slightly higher than that in the heterojunction while the depletion width is relatively thinner. Also,

with the increase of reverse bias, the depletion width is expected to be wider.










































































































































