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INTRODUCTION

1•D1•@Historical•@Backgrounds

•@•@•@•@•@As•@compared•@with•@silicon•@•iSi•j•C•@compound•@semiconductors

possess•@several•@attractive•@material•@ptoperties•@such•@as•@direct

band•@gaps•C•@high•@electron•@mobilities•@and•@large•@saturation

velocities•C•@availability•@of•@semi•|insulating•@•iSI•j•@property•C•@and

resistance•@against•@cosmic•@ray•@irradiation•D•@Another•@important•@and

unique•@features•@of•@compound•@semiconductors•@are•@the•@availability

of•@wide•@varieties•@of•@mixed•@alloys•@semiconductor•@and•@capability•@to

form•@heterojunction•@structures•D•@These•@attractive•@features•@have

given•@rise•@to•@large•@interests•@in•@both•@fundamental•@and•@applied

research•@in•@these•@materials•D•@Major•@devices•@based•@on•@compound

semiconductors•@include•@metal•@semiconductor•@field•@effect

transistors•@•iMESFET•j•C•@high•@electron•@mobility•@transistors•@•iHEbCT•j•C

heterojunction•@bipolar•@transitors•@•iHBT•j•C•@laser•@diodes•@•iLD•j•@and

other•@optical•@devices•D•@Encouraging•@progresses•@have•@recently•@been

made•@on•@their•@integration•@to•@form•@their•@integrated•@circuits
•ircs•j•D

In•@order•@to•@obtain•@devices•@with•@high•@performance•Cit•@is
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•u•Q•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•C•Ö•D

necessary•@to•@prepare•@high•@quality•@bulk•@and•@epitaxial

semiconductor•@materials•D•@For•@instance•C•@fabrication•@of•@GaAs

integrated•@circuits•@relies•@on•@the•@direct•@impƒ†antation•@into•@•@high•|

quality•@and•@highiy•@uniform•@semi•|isulating•@substrate•@to•@form

device•@active•@layers•D•@Thus•C•@recent•@strong•@demands•@for•@well

behaved•@integrated•@circuits•@have•@accelerated•@the•@study•@of•@sl•@GaAs

bulk•@materials•@for•@quality•@improvements•D•@On•@the•@other•@hands•C

novel•@devices•@using•@hetrostructures•@and•@superlattice•@structures

have•@become•@possible•@through•@the•@availability•@of•@high•|quality

epitaxial•@materials•@by•@the•@•@moƒ†ecular•@•@beam•@•@epitaxy•@•@•iMBE•j•C•@•@the

metalorganic•@vapor•@phase•@epitaxy•@•iMOVPE•j•@and•@the•@atomic•@layer

epitaxy•@•iALE•j•@growth•@techniques•D

•@•@•@•@•@The•@quality•@of•@the•@bulk•@substrates•@and•@epitaxial•@layers

is•@greatly•@affected•@by•@the•@nature•@of•@the•@native•@defects•@and•@the

chemical•@impurities•@which•@are•@formed•@or•@incorporated•@in•@the

crystal•C•@depending•@on•@the•@thermodynamic•@conditions•@for•@crystal

growth•@and•@the•@chemical•@composition•@of•@the•@starting•@materials•D

These•@defects•@and•@impurities•C•@or•@their•@complexes•C•@have•@a

tendency•@to•@introduce•@localized•@levels•@in•@the•@band•@gap•@of•@the

host•@material•D

•@•@•@•@Among•@these•C•@•fshailow•f•@impurities•C•@which•@normally•@substitute

the•@host•@atom•@in•@the•@crystal•C•@give•@rise•@to•@bound•@states•@in

the•@fundamental•@band•@gap•@very•@close•@to•@the•@band•@edges•@and

generally•@contribute•@to•@extra•@charged•@carriers•C•@electrons•@or

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@2
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holes•D•@Their•@role•C•@therefore•C•@is•@primarily•@to•@control•@the•@type

and•@magnitude•@of•@the•@conductivity•D•@The•@overall•@behavior•@of•@such

impurities•@can•@be•@understood•@quite•@adequately•@in•@terms•@of•@the

simplest•@hydrogenic•@model•D

•@•@•@•@There•@exist•@other•@types•@of•@impurities•@as•@well•@as•@a•@variety

of•@lattice•@defects•@•ivacancies•Cinterstitials•C•@antisite•@defects•C

etc•D•j•@that•@cause•@more•@severe•@local•@perturbations•D•@They•@give•@rise

to•@bound•@states•@that•@are•@considerably•@more•@localized•C•@and•@have

energies•@deeper•@in•@the•@band•@gap•D•@The•@energy•@levels•@by•@such

impurities•C•@lattice•@defects•@and•@impurity•|defect•@complexes•C•@which

cannot•@be•@described•@by•@the•@hydrogenic•@model•C•@are•@referred•@to•@as

•fdeep•@levels•f•D•@Unlike•@shallow•@levels•C•@deep•@levels•@act•@primarily

as•@carrier•@traps•@or•@recombination•@centers•D

•@•@•@•@Deep•@levels•@are•@therefore•@undesirable•@in•@devices•@where

carrier•@must•@have•@long•@lifetimes•D•@They•@are•@also•@responsible•@for

leng•|term•@instability•@of•@devices•D•@On•@the•@other•@hand•C•@they•@are

useful•@when•@the•@carrier•@concentration•@needs•@to•@be•@reduced•C•@to

obtain•@so•@called•@semi•|insulating•@materials•D•@rn•@addition•C•@in•@case

that•@the•@recombination•@energy•@is•@released•@as•@light•@of•@a•@suitable

wavelength•C•@deep•@levels•@can•@be•@used•@in•@making•@light•|emitting

diodes•@•iLED•j•D•@Thus•C•@by•@carefully•@controlling•@the•@various•@types•@of

defects•C•@one•@can•@manipulate•@the•@properties•@of•@semiconductors

which•@form•@the•@active•@part•@of•@most•@electronic•@devices•@today•D

3



•@•@•@•@progress•@in•@the•@field•@of•@deep•@levels•@has•@been•@driven

primarily•@by•@technological•@needs•D•@For•@example•C•@oxygen•|related

levels•@and•@recombination•@centers•@in•@GaP•@have•@been•@studied•@in

order•@to•@improve•@the•@efficiency•@of•@LEDs•D•h2•f•@The•@compound

semiconductor•@integrated•@circuit•@technology•@requires•@the

production•@of•@adequately•@controlled•@and•@uniform•@semi•|insulating

substrates•D

•@•@•@•@•Ht•@has•@been•@shown•@that•@the•@electrical•@•@resistivity•@•@of•@•@bulk•|

grown•@undoped•@GaAs•@is•@dominated•@by•@the•@presence•@of•@a•@native•@deep

level•@called•@EL2•@which•@compensates•@the•@shallow•@impurities•@present

in•@the•@material•D•@This•@level•@presents•@some•@strange•@properties•@such

as•@metastable•@behavior•D•@ln•@addition•C•@EL2•@exists•@in•@III•|V•@ternary

alloys•@and•@may•@act•@as•@a•@recombination•@center•D•@Thus•C•@considerable

effort•@has•@been•@devoted•@to•@the•@understanding•@of•@its•@properties

and•@microscopic•@structure•C3•f•@but•@its•@origin•@is•@not•@completely

understood•@yet•@except•@for•@a•@consensus•@that•@the•@EL2•@is•@associated

with•@excess•@arsenic•D•@The•@transition•@metal•@impurities•C•@namely•@Cr

and•@Fe•C•@in•@compound•@semiconductors•@are•@also•@of•@great•@scientific

and•@technological•@importance•@as•@they•@are•@main•@compensators•@in

semi•|insulating•@materials•D•e•g6•f

•@•@•@•@Deep•@donor•@levels•C•@which•@are•@often•@ca•f11ed•@DX•@centers•C•@have

been•@observed•@in•@many•@IrX•|V•@alloy•@semiconductors•D•@ln•@Al•DGaˆêˆêxAs•C

for•@example•C•@the•@DX•@center•@controls•@the•@conductivity•@of•@the

material•@when•@x•„O•D2•@and•@persistent•@photoconductivity•@•iPPC•j•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@4
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attributed•@to•@a•@large•@lattice•@relaxation•@of•@the•@DX•@center•C•@is

also•@observed•@•@in•@•@Žµhis•@•@composition•@•@range•D7•t•@These•@•@properties

produce•@detrimental•@effects•@on•@HEMT•@device•@characteristics•C•@e•Dg•D•C

the•@persistent•@threshold•@shifts•@at•@low•@temperature•C•@transient•@in

the•@source•|drain•@current•@with•@time•@constants•@of•@the•@order•@of•@10

•gs•@at•@room•@temperature•@and•@the•@collapse•@of•@the•@r•|v•@curves•D8•„

Thus•C•@the•@microscopic•@nature•@of•@the•@DX•@center•@and•@the•@mechanism

for•@capture•@and•@emission•@of•@electrons•@have•@been•@studied•@as•@well

as•@the•@EL2•@level•D7•fB•f•@On•@the•@other•@hand•C•@near•|midgap•@deep•@levels

behave•@as•@recombination•@centers•@and•@affect•@the•@operating

characteristics•@of•@minority•@carrier•@devices•@such•@as•@HBTs•C•@LDs•C

LEDs•C•@and•@solar•@cells•D9•„•@However•C•@properties•@of•@deep•@levels

except•@for•@the•@DX•@center•@are•@not•@clarified•@in•@III•|V•@alloy

semiconductors

•@•@•@•@A•@new•@class•@of•@defects•@that•@are•@attracting•@attention•@are

process•|induced•@defects•D•@The•@very•@large•@scale•@integration•@•iVLSI•j

technology•@requires•@for•@device•@sizes•@to•@be•@smaller•@and•@the•@number

of•@processing•@steps•@to•@be•@larger•D•@These•@trends•@and•@new•@processing

technologies•@can•@induce•@new•@defects•@or•@enhance•@the•@activity•@of

the•@kinds•@of•@impurities•@that•@have•@always•@been•@present•@but•@so•@far

largely•@electrically•@inactive•D•@One•@such•@examples•@are•@the•@so•|

called•@oxygen•@thermal•@donors•@in•@Si•C•@namely•@a•@number•@of•@closely

related•@oxygen•@centers•@that•@appear•@after•@a•@wafer•@has•@been

Processed•@at•@temperatures•@of•@300•|400•@c•D•fO•j
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•@•@•@•@Doping•@by•@ion•@implantation•@remains•@as•@the•@key•@processing•@step

in•@the•@fabrication•@of•@GaAs•@MESFETs•D•@After•@implantation•C•@the

damages•@introduced•@by•@implantation•@must•@be•@removed•@by•@annealing

process•D•@These•@elements•@form•@large•@families•@of•@defects•@due•@to•@the

implantation•@damage•C•@the•@redistribution•@of•@impurities•@and•@the

stress•@induced•@by•@post•|annealing•D•@For•@example•C•@the•@EL2•@properties

are•@severely•@affected•@by•@implantation•|i•f•@and•@the•@creation•@and•@the

annihilation•@•@of•@•@defects•@•@are•@•@observed•@•@by•@•@various•@•@anneaƒ†ing

processes•Dˆê2•fˆê•e•r•@However•C•@the•@behavior•@of•@the•@implantaionˆê•@or

irradiation•@related•@defects•@in•@bulk•@and•@epitaxial•@materials•@is

not•@completely•@clarified•C•@and•@annealing•@processing•@still•@suffers

from•@various•@problems•D•@Another•@key•@technology•@for•@the•@development

of•@VLSI•@and•@novel•@devices•@in•@compound•@semiconductors•@is•@the

epitaxial•@growth•@technology•D•@During•@epitaxy•C•@impurities•@trend•@to

segregate•@at•@the•@surface•@and•@have•@a•@significant•@effects•@on•@the

growth•@rate•@and•@the•@formation•@of•@the•@complex•|defects•D•@The

understanding•@of•@deep•@level•@properties•@at•@surface•@or•@interface•@of

epitaxial•@layers•@is•@important•@for•@high•@quality•@homoˆê•@or

heterostructures•D

1•D2•@Obj•@ective•@of•@The•@Thesis

•@•@•@•@In•@the•@present•@thesis•C•@deep•@levels•@in•@epitaxial•@GaAs•@and

AIGaAs•C•@as•@well•@as•@bulk•@GaAs•C•@are•@investigated•D•@As•@the•@epitaxial

layers•C•@MOVPE•@AIGaAs•@layers•@are•@studied•@since•@they•@allow•@us•@to

6
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make•@nearly•@ideal•@abrupt•@heterostructures•@owing•@to•@recent

advances•@in•@the•@epitaxial•@growth•@technology•D•@Because•@of•@their

unique•@matching•@properties•@to•@the•@GaAs•@lattice•@over•@the•@whole

composition•@range•C•@AIGaAs•@layers•@are•@the•@most•@useful•@ternary

alloy•@for•@many•@advanced•@devices•D•@As•@bulk•@material•C•@liquid

encapsulated•@Czochralski•@•iLEC•j•@GaAs•@is•@studied•@since•@it•@is•@a•@key

material•@for•@improving•@the•@performance•@of•@high•@speed•@and

optoelectronic•@integrated•@circuits•D•@The•@properties•@of•@irradiation

induced•@defects•@and•@the•@effect•@of•@an•@annealing•@process•@on•@the

deep•@levels•@are•@also•@studied•@in•@detail•C•@since•@they•@are•@closeiy

associated•@with•@the•@process•|induced•@defects•D

•@•@•@•@Thus•C•@the•@objective•@of•@this•@thesis•@can•@be•@summarized•@as

follows•D

•@•i1•j•@to•@investigate•@the•@role•@of•@the•@deep•@levels•@in•@compensation

mechanism•@in•@bulk•@grown•@GaAs•D

•@•i2•j•@to•@clarify•@the•@reƒ†ationship•@between•@•@deep•@levels•@and•@•@growth

conditions•@in•@the•@epitaxial•@GaAs•@layers•D

•@•i3•j•@to•@investigate•@the•@electrical•@and•@optical•@properties•@of

midgap•@levels•@in•@the•@epitaxial•@AIGaAs•@layers•D

•@•i4•j•@to•@investigate•@the•@effect•@of•@7•|irradiation•@and•@various

annealing•@processes•@on•@the•@deep•@levels•@in•@bulk•@GaAs•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@7



1•D2•@Synopsis•@of•@Chapters

•@•@•@•@chapter•@2•@describes•@electrical•@behavior•@of•@deep•@levels•@and

capacitance•@spectroscopy•@methods•@for•@characterization•@of•@deep

levels•D•@ln•@these•@methods•C•@the•@changes•@in•@the•@electron•@occupancies

of•@deep•@levels•@in•@the•@depletion•@region•@of•@junction•@barriers•@are

used•@to•@measure•@absolute•@vaiues•@of•@thermal•@and•@optical•@emission

rates•C•@capture•@cross•@sections•@and•@concentrations•D•@The•@occupation

function•@of•@deep•@levels•@can•@be•@given•@by•@the•@rate•@equation•@and•@is

controlled•@by•@temperature•C•@bias•@voltage•@and•@illumination•@of

monochromatic•@ƒ†ight•D•@Based•@on•@the•@bias•@•@and•@•@time•@•@dependence•@•@of

junction•@capacitance•C•@deep•@level•@transient•@spectroscopy•@•iDLTS•j•@is

summarized•D•@DLTS•@is•@a•@straightforward•@technique•@to•@analyze•C

thereby•@being•@widely•@used•@to•@investigate•@deep•@levels•D

Photocapacitance•@•iPHCAP•j•@methods•@is•@empioyed•@to•@investigate•@the

optical•@properties•@of•@deep•@levels•D•@Steady•|state•@and•@transient

PHCAP•@techniques•@are•@described•D

•@•@•@•@Chapter•@3•@investigates•@deep•@electron•@levels•@in•@undoped•@n•|type

GaAs•@grown•@by•@the•@liquid•@encapsulated•@Czochralski•@•iLEC•j•@method•D

Deep•@level•@properties•@are•@characterized•@by•@DLTS•@and•@temperature•|

dependent•@Hall•@measurements•D•@DLTS•@spectrum•@shows•@that•@six

electron•@traps•@exist•@in•@as•|grown•@materials•D•@Analysis•@of

temperature•|dependent•@carrier•@concentration•@indicates•@that

electron•@traps•@shallower•@than•@the•@EL2•@level•C•@e•Dg•D•C•@EL6•C•@can•@play

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@8



a•@significant•@role•@in•@the•@compensation•@mechanism•@in•@LEC•@GaAs

which•@has•@a•@low•@concentration•@of•@acceptor•@impurities•D•@The•@effect

of•@face•|to•|face•@annealing•@on•@the•@electron•@traps•@is•@investigated•D

EL2•@in•@bulk•@region•@remains•@stable•@at•@around•@800•@OC•D•@The•@drastic

reduction•@of•@EL6•@concentration•@by•@800•@OC•@treatment•@indicates•@that

EL6•@seems•@to•@cause•@large•@resistivity•@change•@of•@the•@LEC•@materials

in•@annealing•@process•D

•@•@•@•@In•@chapter•@4•C•@deep•@levels•@in•@epitaxiai•@GaAs•@grown•@by•@MOVPE

and•@MBE•@are•@investigated•D•@The•@effect•@of•@the•@purity•@of•@source

materials•@on•@deep•@levels•@in•@MOVPE•@GaAs•@is•@clarified•@using

differen•f ”•@trimethylgallium•@•iTMG•j•@sources•D•@DLTS•@study•@confirms

that•@the•@dominant•@electron•@trap•@in•@undoped•@MOVPE•@layers•@is•@the

EL2•@level•D•@It•@is•@shown•@that•@another•@traps•@are•@detected•@only•@in

the•@layers•@grown•@with•@particular•@TMG•@source•C•@indicating•@that

these•@traps•@are•@related•@to•@impurities•@introduced•@with•@the•@TMG

source•D•@Properties•@of•@the•@electron•@traps•@in•@undoped•@MBE•@layers

are•@investigated•@by•@changing•@growth•@conditions•C•@especially

focusing•@on•@the•@effect•@of•@coincident•@Pb•@flux•@on•@deep•@level

concentration•@in•@order•@to•@probe•@into•@the•@surface•@process•@of•@the

growing•@layer•D•@lt•@is•@shown•@that•@the•@application•@of•@Pb•@flux

modifies•@the•@growing•@surface•@process•@of•@GaAs•C•@thereby•@reducing

the•@concentration•@of•@the•@electron•@traps•D

•@•@•@•@Chapter•@5•@deais•@with•@near•|midgap•@levels•@in•@AlxGai•|xAs•@layers

grown•@by•@MOVPE•D•@The•@composition•@dependence•@of•@the•@energy•@level•@of

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@9
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the•@midgap•@levels•@shows•@that•@one•@of•@them•@is•@closely•@related•@to

the•@EL2•@in•@GaAs•D•@Optical•@properties•@of•@the•@midgap•@levels•@are

clarified•@by•@a•@new•@PHCAP•@measurement•@procedure•@by•@which•@the

effect•@of•@the•@photoionization•@of•@the•@DX•@center•@is•@separated•@from

the•@photoquenching•@of•@the•@midgap•@levels•D•@PHCAP•@measurement

confirms•@that•@one•@of•@the•@midgap•@levels•@exhibits•@an•@remarkable

photoquenching•@for•@x•qO•D3•@and•@that•@the•@optical•@cross•@sections•@of

the•@level•@almost•@the•@same•@with•@those•@of•@the•@EL2•@in•@GaAs•@and

GaAsxP•¡•Qx•D•@•Ht•@is•@shown•@that•@the•@excited•@state•@of•@the•@midgap•@level

seems•@to•@change•@its•@character•@as•@the•@alioy•@composition•@is•@varied•C

resulting•@in•@the•@disappearance•@of•@photoquenching•@for•@x•„O•D3•D

•@•@•@•@Chapter•@6•@describes•@the•@variation•@of•@deep•@levels•@in•@GaAs•@by

T•|irradiation•D•@The•@effect•@of•@the•@irradiation•@on•@deep•@levels•@in

LEC•@GaAs•@is•@compared•@to•@that•@in•@epitaxial•@GaAs•D•@Annealing

behavior•@and•@the•@concentration•@profile•@of•@the•@levels•@observed

indicate•@that•@the•@complex•@defects•@are•@created•D•@in•@LEC•@GaAs•@by•@an

interaction•@between•@the•@grown•|in•@defects•@and•@the•@irradiation•|

induced•@defects•D•@lt•@is•@shown•@that•@the•@defects•@introduced•@by•@7•|

irradiation•@in•@epitaxial•@GaAs•@are•@the•@same•@with•@those•@by•@electron

irradiation•@and•@that•@the•@electrical•@and•@optical•@properties•@of•@the

EL2•@level•@is•@not•@affected•@by•@irradiation•D

•@•@•@•@Chapter•@7•@investigates•@the•@effect•@of•@annealing•@process•@on

near•|surface•@deep•@levels•@in•@A1203•|capped•@GaAs•D•@A1203•@film•@as•@an

lmproved•@encapsulant•@for•@GaAs•@prepared•@by•@the•@dynamic•@mixing

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@10
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method•@are•@analyzed•@by•@Auger•@electron•@spectroscopy•@•iAES•j•@and•@X•|

ray•@photoeledtron•@spectroscopy•@•iXPS•j•D•@Results•@of•@AEs•@and•@xps

analysis•@indicate•@that•@there•@is•@no•@evidence•@of•@As•@or•@Ga

outdiffusion•@into•@A1203•@film•@during•@furnace•@annealing•@and•@rapid

thermal•@annealing•@•iRTA•j•D•@lt•@is•@shown•@that•@the•@different

structural•@change•@at•@the•@A1203•^GaAs•@interface•@are•@observed•@with

the•@different•@annealing•@processes•D•@ln•@addition•C•@the•@EL2

concentration•@is•@increased•@and•@non•|exponential•@photoquenching

behavior•D•@is•@observed•@near•@the•@surface•@only•@after•@RTA•D

•@•@•@•@Chapter•@8•@summarizes•@the•@present•@work•@and

conclusions•D

glves the
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ELECTRICAL•@BEHAVIOR•@OF•@DEEP•@LEVELS•@AND•@CAPACITANCE•@SPECTROSCOPY

2•D1•@lntroduction

•@•@•@•@A•@number•@of•@techniques•@of•@the•@experimental•@study•@of•@deep

levels•@in•@semiconductors•@are•@presented•D•@1n•@these•@techniques•C•@the

capacitance•@spectroscopy•@techniques•@have•@become•@a•@powerful•@tool

for•@the•@characterization•@of•@deep•@levels•@because•@they•@are

sensitive•C•@spectroscopic•@and•@convenient•@to•@analyze•D•@The•@junction

capacitance•@varies•@according•@to•@charging•@and•@discharging•@of•@deep

levels•@in•@the•@depletion•@region•D•@The•@charging•@and•@discharging•@can

be•@controlled•@by•@temperature•C•@illumination•@of•@monochromatic•@light

and•@bias•@voltage•D

•@•@•@•@Deep•@level•@transient•@spectroscopy•@•iDLTS•j•@developed•@by•@Lang•C•¡•t

that•@is•@a•@capacitance•@transient•@thermal•@scanning•@technique•C•@•@•@has

been•@•@widely•@•@used•@•@to•@•@detect•@•@deep•@•@levels•C•@since•@•@it•@•@•@is•@•@•@a

straightforward•@•@method•@•@•@to•@•@•@analyze•@•@•@and•@•@•@rapidly•@•@•@provides

•@

lnformation•@about•@the•@concentration•C•@•@energy•@•@level•@•@and•@•@thermal

capture•@cross•@section•@of•@deep•@levels•D•@In•@addition•C•@if•@•@one•@•@wants

to•@•@really•@•@understand•@•@the•@•@deep•@•@•@level•@•@•@properties•C•@•@•@several

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@14
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experimental•@apProaches•@must•@be•@used•D•@As•@is•@generaƒ†ly•@the•@case•@in

atomic•@structure•@of•@defects•C•@optical•@measurements•@such•@as

photocapacitance•@•iPHCAP•j•@are•@very•@useful•@tool•D•@They•@provide

information•@not•@only•@about•@the•@optical•@ionization•@energies•@of•@the

levels•@but•@also•@about•@the•@electron•|phonon•@interaction•@and

temperature•@dependence•@of•@the•@energy•@level•D•@Furthermore•C•@the

samples•@and•@measurement•@system•@used•@for•@PHCAP•@are•@the•@same•@as

those•@used•@for•@the•@thermal•@spectroscopy•@of•@deep•@levels•@such•@as

DLTS•D•@This•@will•@give•@the•@most•@reliable•@results•@and•@yield•@a•@clear

identification•@of•@the•@investigated•@levels•D

•@•@•@•@In•@this•@chapter•C•@the•@eiectrical•@behavior•@of•@deep•@levels•@and

the•@basic•@analysis•@of•@the•@capacitance•@spectroscopy•@are•@described•C

and•@the•@principles•@of•@DLTS•@and•@PHCAP•@are•@summarized•D

2•D2•@Occupation•@Function•@of•@The•@Deep•@Level

•@•@•@•@Figure•@1•@shows•@the•@interaction•@between•@the•@deep•@level•@lying

in•@the•@forbidden•@gap•@and•@the•@free•@electron•@and•@hole•D•@lt•@consists

of•@four•@processes2•j•Felectron•@capture•C•@electron•@emission•C•@hole

capture•@and•@hole•@emission•D•@The•@rate•@equation•@of•@the•@electron

occupancy•@function•@fT•@of•@the•@level•@is

•@•@df•D

•@•@•@•@•@•@•@•••@ˆê•ie•Dt•{e•DO•jfT•{•iept•{epO•j•i1•|fT•j•{nCn•i1•|fT•jˆêpCpfT•@•i2•D1•j
•@•@dt

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@15
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Before

After

e
•«Cn

•ªen
•œ•@•@•@•@•@•@•œ•@•@•@•@•@•@•œ •Eeˆêˆêˆê ˆê•c•c ?ˆêˆê?

@•@•ªCp

ˆêˆê Zˆêˆê
@•@•«ep

•› O

O

ˆêˆê •E•›•cˆê •E•E @ƒÆ•cˆê

EIectron
ƒ‚•‚•‚”‚•‚’‚

Electron•@•@•¡•@•@•@•@•@•@•@•@•œemƒ†SSƒ†on Hole
ƒ‚•‚•‚”‚•‚’‚

•@•@•@O

@•@Hole•@•@•œ•@•@•@•@•@•@•@•œemlSSƒ†on

Ec

E•D

Ev

Ec

E•D

Ev

Figure•@1•D•@Schematic•@summary•@of•@the•@emission•@and•@eapture
•@•@process•@whieh•@describe•@a•@particular•@level•@in•@the•@bandgap•D
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‚è•@‘‹•vƒg•D•vˆê•@•D•u•v1•D1•@•@•D•f–m•`•f•DT 4•u1•h•A•O••L•| D

‚î

where•@ent•@and•@ept•@are•@the•@thermal•@emission•@rates•C•@e•DO•@and•@epO•@the

optical•@emission•@rates•C•@C•D•@and•@Cp•@the•@capture•@probabilities•@and•@n

and•@p•@the•@concentrations•@for•@electrons•@and•@holes•C•@respectively•D

•@•@•@•@•Hn•@thermal•@•@equilibrium•C•@•@fT•@•@is•@•@given•@•@by•@•@the•@•@Fermi•|Dirac

distribution•@function•C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@nT•@1
•@•@•@•@•@•@•@•@•@fT•@•••@•I•D•@•••@v•D•@•@ˆê•@•i2•D2•j•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@NT•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@l•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@E•DˆêE•Dˆê
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•@•{•@ˆê•@exp•i•@•fˆêˆê•etˆê•••D•eˆêˆêˆê•@•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@g•@ˆêˆê•@kT

where•@nT•@is•@the•@concentration•@of•@electron•|occupied•@level•C•@NT•@the

total•@concentration•@of•@the•@level•C•@g•@the•@degeneracy•@factor•C•@ET•@the

energy•@level•@and•@EF•@the•@Fermi•@level•D•@At•@steady•@state•C•@the

emission•@of•@electron•@must•@balance•@the•@capture•@of•@electron•D

•@•@•@•@•@•@•@•@•@fTen•@•••@nCn•i1•|fT•j•@•i2•D3•j

The•@electron•@concentration•@in•@thermal•@equilibrium•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Ec•|Er•f

•@•@•@•@•@•@•@•@•@n•••@Nc•@exp•iˆêˆêˆêˆêˆêˆêˆêˆêˆêˆê•@•j•@•i2•D4•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@kT

where•@Nc•@is•@the•@effective•@density•@of•@states•@in•@the•@conduction

band•@and•@Ec•@the•@energy•@level•@of•@the•@conduction•@band•D•@Equations

•i2•D2•j•C•@•i2•D3•j•@and•@•i2•D4•j•@reduce•@to
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•@•@t•f

•@•@•@•@•@•@CnNc

en•@•••@ˆê•@exp•iˆê
•@•@•@•@•@•@•@g

Ec•|ET
•@•@•@•@•@•@•@•j•E

kT
•i2•D5•j

similarly•C•@the•@relationship•@between•@the•@emission•@rate•@ep•@and•@the

capture•@probability•@Cp•@for•@holes•@is•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ET•|Ev

•@•@•@•@•@•@•@•@•@ep•@•••@gCpNv•@exp•iˆê•@ˆê•j•@•i2•D6•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@kT

where•@Nv•@is•@the•@effective•@density•@of•@states•@in•@the•@valence•@band

and•@Ev•@the•@energy•@level•@of•@the•@valence•@band•D

2•D3•@Bias•@and•@Time•@dependence•@of•@Junction•@Capacitance

•@•@•@•@A•@schottky•@barrier•@on•@n•|type•@semiconductor•@or•@p•fn•@junction

will•@be•@considered•D•@Figure•@2•@shows•@the•@change•@of•@band•@bending•@and

space•@charges•@during•@bias•@voltage•@switching•D•@ln•@steady•@state•@the

charge•@state•@of•@the•@deep•@level•@above•@the•@Fermi•@level•@is•@positive

as•@shown•@in•@Fig•D2•@•ia•j•D•@By•@a•@change•@of•@the•@bias•@applied•@to•@the

junction•@•iFig•D2•@•ib•j•j•C•@the•@depletion•@width•@w•it•j•@as•@well•@as•@the

crossover•@position•@•ixx•it•j•j•@of•@Fermi•@level•@and•@the•@deep•@level•@will

be•@shifted•D•@Then•C•@the•@electrons•@trapPed•@at•@xA•ƒx‚­xƒÉ•it•j•@are•@emitted

according•@to•@the•@change•@of•@the•@occupation•@function•D•@Thus•C•@both

effects•C•@variation•@of•@bias•@and•@ionization•@of•@the•@deep•@ievel•C

cause•@a•@change•@in•@junction•@capacitance•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@18
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where•@wA•@and•@w•ico•j•@are•@the•@steady•@depletion•@width•@under•@the•@bias

VA•@and•@VB•C•@respectively•C•@and•@are•@obtained•@from•@the•@corresponding

values•@of•@the•@capacitance•D•@ln•@the•@case•@that•@ND•„•„•@NT•@•iC•ico•j•„•„•@A•@C•j

and•@wA•C•@A•ƒ•ƒ•@w•ico•j•C•@Eq•D•i2•D27•j•@reduces•@to•@the•@well•|known•@expression

as•@follows•F

•oC•ico•jˆêA•@C•p2

2A•@C
NT•@•• ND •i2•D28•j

c•ico•j

•@•@•@•@When•@the•@concentration•@of•@the•@deep•@level•@approaches•@or

exceeds•@that•@of•@the•@shallow•@donor•C•@the•@DLTS•@signal•@has•@a•@tendency

to•@lower•@the•@peak•@height•@and•@to•@shift•@the•@peak•@temperature•D•@These

effects•@will•@be•@discussed•@in•@the•@Appendix•D

•@•@•@•@Figure•@4•@shows•@the•@block•@diagram•@of•@the•@DLTS•@measurement

system•D•@DLTS•@is•@mainly•@carried•@out•@by•@1•@MHz•@capacitance•@meter
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Figure•@4•D•@Block•@diagram•@of•@experimantal•@set•|up•@used•@for•@DLTS•D
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•á

with•@a•@responce•@time•@of•@20•@•gs•@and•@a•@digital•@boxcar

The•@detection•@limit•@of•@the•@concentration•@of•@the•@deep

present•@system•@is•@10•h•e•@of•@the•@background•@doping•D•@The

of•@the•@sample•@is•@controlled•@in•@a•@closed•@He•@cryostat

cooling•@the•@sample•@down•@to•@20•@K•D

•@integrator•D

level•@in•@the

•@temperature

•@capable•@of

2•D5•@Photocapacitance•@•iPHCAP•j

•@•@•@•@As•@well•@as•@the•@DLTS•@techniqe•@the•@PHCAP•@method•@uses•@the•@change

of•@the•@junction•@capacitance•D•@In•@PHCAP•C•@the•@occupation•@function•@at

the•@deep•@level•@can•@be•@controlled•@by•@applying•@the•@bias•@voltage•@and

illuminating•@the•@monochromatic•@light•D•@This•@is•@the•@basic•@idea•@of

either•@steady•|state•|or•@transient•@PHCAP•@measurements•D

2•D5•D1•@Steady•|State•@PHCAP•@Method

•@•@•@•@It•@is•@assumed•@that•@the•@sample•@is•@a•@Schottky•@barrier•@in•@an•@n•|

type•@semiconductor•@with•@a•@donor•|like•@deep•@level•@in•@the•@upper•@half

of•@the•@bandgap•@•iFig•D5•@•ia•j•j•D•@The•@sample•@is•@cooled•@from•@room

temperature•@to•@low•@temperatures•@under•@a•@forward•@bias•@in•@the•@dark•D

This•@makes•@the•@deep•@level•@filled•@with•@a•@majority•@carriers•C•@i•De•D•C

fT••1•@in•@almost•@whole•@depletion•@region•D•@Then•C•@the•@bias•@is•@changed

step•|wise•@to•@a•@reverse•@value•C•@and•@the•@monochromatic•@light•@with

photon•@energy•@hƒ\•@is•@illuminated•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@28
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eno•f
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•ia•j
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Ec•|E•D E•DˆêEv
hv

•ib•j

Figure•@5•D•@•ia•j•@Energy•@band•@diagram•@with•@a•@deep•@level•@in•@the•@upper

half•@of•@the•@bandgap•D•@•ib•j•@Steady•@state•@photocapacitance•@change•D
When•@the•@photon•@energy•@is•@chosen•@so•@that•@Ec•|ET•qhv•qET•|Ev•C•@the
optical•@emission•@of•@electrons•@from•@the•@deep•@level•@takes•@place
and•@the•@corresponding•@step•|wise•@capacitance•@change•@can•@be
observed•D
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•@•@•@•@In•@the•@case•@that•@hv•qEc•|ET•C•@the•@occupation•@function•@maintains

its•@initial•@state•C•@i•Ee•E•C•@•@fT••1•D•@When•@•@Ec•|ET•ƒhƒ\•ƒET•|Ev•C•@•@the•@•@rate

equation•@is•@given•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@df•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ˆêenOfT•@•i2•D29•j
•@•@•@•@•@•@•@•@•@•@•@•@•@•@dt

The•@solution•@of•@Eq•D•i2•D29•j•@with•@the•@initial•@condition•@fT•it••O•j••1

glves

•@•@•@•@•@•@•@•@•@•@•@•@fT•@•••@exp•iˆêenOt•j•@•i2•D30•j

In•@steady•@state•C•@i•De•D•C•@t••co•C•@fT•@approaches•@zero•D•@At•@hveEc•|ET•@the

junction•@capacitance•@increases•@step•|wise•@according•@to•@the•@change

of•@the•@occupation•@function•@at•@the•@deep•@level•@as•@shown•@in•@Fig•D5

•ib•j•D•@Therefore•C•@the•@energy•@level•@•ioptical•@ionization•@energy•j•@of

the•@deep•@state•@can•@be•@determined•@from•@the•@photon•@energy•@by•@which

the•@step•|wise•@capacitance•@change•@takes•@place•D

2•D5•D2•@Transient•@PHCAP•@Method

•@•@•@•@The•@optical•@emission•@rate•@is•@correlated•@to•@the•@optical

section•@by•@the•@relation

cross
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where•@•‘•@is•@the•@photon•@fiux•D•@Since•@the•@optical•@cross•@sections

provide•@information•@about•@their•@relation•@with•@the•@conduction•@and

valence•@band•C•@they•@contribute•@to•@physical•@syudies•@of•@the•@deep

level•D

•@•@•@•@Since•@the•@time•@constant•@of•@the•@PHCAP•@transient•@can•@be•@large•C

it•@is•@difficult•@to•@reach•@the•@steady•@state•@condition•D•@So•C•@the

steady•@state•@PHCAP•@spectrum•@is•@a•@•@complex•@•@function•@•@of•@•@the•@•@hƒ\•[

sweeping•@rate•D•@This•@makes•@it•@difficult•@to•@obtain•@absolute

photoionization•@cross•@sections•D•@Absolute•@values•@of•@optical•@cross

sections•@can•@generally•@be•@obtained•@from•@the•@time•@constant•@of•@the

capacitance•@transient•D

•@•@•@•@At•@low•@temperature•C•@the•@rate•@equation•@of•@the•@occupation

function•@at•@the•@deep•@leveƒ†•@in•@the•@depletion•@region•@is•@given•@as

•@•@•@•@•@•@•@dfT
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Choosing•@the•@initial•@condition
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•@Therefore•C

•@deep•@level•C
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•@where

•@•@•@•@•@•@•@•@•@•@•@•@•@•@T

•@•@•@•@•@From•@a•@double

•@be•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@c•it•j•@••

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@ƒm

•@In•@the•@case

•@•@•@•@•@•@•@•@•@•@•@c•it•j•@••

•@Equations•@•i2•D35•j

•@capacitance
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that•@ND•„•„
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optical•@cross•@sections•D•@If•@one•@can•@choose•@the•@photon•@energy•@range

where•@one•@of•@the•@two•@terms•@is•@negligible•C•@the•@remaining•@optical

cross•@section•@is•@simply•@determined•@by•@measuring•@the•@time

constant•D•@However•C•@this•@does•@not•@avoid•@the•@trouble•@rising•@from

the•@mixing•@between•@e•DO•@and•@upO•@for•@the•@deep•@level•@lying•@in•@the

vicinity•@of•@midgap•D

•@•@•@•@Chantre•@et•@al•D•e•f•@proposed•@new•@method•@to•@evaluate•@the•@optical

cross•@sections•@independently•D•@1f•C•@at•@t••O•C•@the•@deep•@level•@is

filled•@with•@electrons•C•@the•@concentration•@of•@electrons•@trapped•@at

the•@deep•@level•C•@nT•C•@can•@be•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@dnT

•@•@•@•@•@•@•@•@•@•iˆê•jt•Do•@•••@ˆêenONT•@•••@ˆêanO•‘NT•@•i2•D38•j
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This•@means•@that•@the•@initial•@time•@constant•@of•@photoionization•@of

the•@deep•@level•@can•@be•@governed•@by•@the•@optical•@cross•@section•@for

electron•@emission•D•@The•@initial•@derivative•@of•@the•@capacitance

transient•@is•@given•@by•@Eq•D•i2•D37•j•@as•@follows•F

A•@C•it•j

•@•@•@•@•@•@•@•@•@•@•@•@•@dt
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•@•@•@•@•@•C•@A•@C•ico•j••C•ico•jˆêˆêC•iO•j•@and•@Ti•Di•@is•@the•@value

•@•@state•D•@Thus•C•@the•@optical•@cross•@section•@of

•@electron•@emission•@is•@obtained•@by•@measuring•@the
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initial•@derivative•@of•@the•@capacitance•@transient•@just

biginning•@of•@the•@illumination•D•@On•@the•@other•@hand•C•@if•C

deep•@level•@is•@emptied•C•@then•@the•@same•@measurement•@will

value•@of•@the•@optical•@cross•@section•@for•@hole•@emission•D

•@after

at•@t••O•@•@•@•@•@•@•f
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•D•@itl•@•D•D•@•Df•gr•D1

•c–HŽç

F•u

CHARACTERIZATION•@OF•@DEEP•@ELECTRON•@LEVELS•@IN•@GaAs•@GROWN•@BY•@THE

LIQUID•@ENCAPSULATED•@CZOCHRALSK•F•@METHOD

3•D1•E•Fntroduction

•@•@•@Semi•|insulating•@•iSI•j•@GaAs•@substrate•@grown•@by•@the•@liquid

encapsulated•@Czochralsky•@•iLEC•j•@method•@has•@been•@considered•@to•@be•@a

key•@material•@to•@improve•@the•@performance•@of•@compound•@semiconductor

integrated•@circuits•@•iICs•j•@or•@optoelectronic•@ICs•@•iOEICs•j•D•@The

quality•@of•@the•@substrate•@is•@greatly•@influenced•@by•@the•@nature•@of

the•@native•@defects•@and•@chemical•@impurities•@in•@the•@material•C•@which

are•@associated•@with•@the•@thermodynamic•@growing•@conditions•@and•@the

chemical•@composition•@of•@the•@starting•@melt•D•@These•@defects•@and

impurities•C•@or•@their•@complex•@have•@a•@tendency•@to•@introduce•@the

deep•@energy•@states•@in•@•Dthe•@band•@gap•D•@1n•@LEC•@undoped•@GaAs•C•@it•@has

been•@shown•@that•@there•@are•@two•@dominant•@native•@defects•F•@one•@is•@a

weli•|known•@donor•@state•@called•@EL2•@and•@the•@other•@is•@a•@double

acceptor•@state•@with•@activation•@energies•@of•@78•@and•@200•@mev•@•D•@i•E2•j

•@•@•@•@The•@reason•@that•@undoped•@LEC•@GaAs•@grown•@from•@stoichiometric•@or

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@36
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As•|rich•@melt•@has•@a•@semi•|insulating•@property•@has•@been•@considered

to•@be•@that•@EL2•@mainly•@compensates•@the•@residual•@carbon•@acceptor•D

Thus•C•@much•@work•@has•@been•@reported•@on•@the•@EL2•@state•D3ˆêˆê3•„

Moreover•C•@the•@microscopic•@structure•@of•@the•@native•@defects•@and

their•@complex•@in•@GaAs•@has•@been•@theoretically•@investi•|
gated•Cˆê•Z•fˆê•g•fˆê5•„•@and•@some•@atomic•@models•@of•@EL2•@such•@as•@isolated

AsGa•@•iantisite•@aresenic•j•C7•j•@AsGa•|VA•D•@•iAs•@vacancy•j•@pair•Cˆê6ˆêˆê8•„•@As

cluster•C6•j•@AsGa•|divacancy•@pair•|9•j•@and•@AsG•DˆêAsr•@•iAs•@interstitial•j

pair20•j•@have•@been•@proposed•D

•@•@•@A•@double•@acceptor•@state•@has•@been•@considered•@to•@act•@as•@a•@main

defect•@level•@in•@the•@compensation•@mechanism•@in•@undoped•@LEC•@GaAs

grown•@only•@from•@Ga•|rich•@melt•Di•j•@However•C•@von•@Bardeleben•@et•@a12ˆê•j

recently•@suggested•@that•@the•@double•@acceptor•@exists•@in
concentrations•@of•@ƒ†0•¡5•|10•¡6•@cm•|3•@even•@•@in•@•@materials•@•@grown•@•@from

stoichiometric•@or•@As•|rich•@melts•@•iO•D45•••@As•^•iAs•{Ga•jS•@O•D52•j•D•@This

indicates•@that•C•@in•@LEC•@SI•@GaAs•C•@a•@new•@compensation•@system

including•@both•@EL2•@and•@the•@double•@acceptor•@state•@will•@be•@needed•D

•@•@•@•@By•@comparison•C•@relatively•@little•@has•@been•@reported•@on•@the

other•@electron•@traps•@in•@GaAs•C•@in•@spite•@of•@the•@fact•@that•@they

often•@have•@almost•@the•@same•@concentration•@as•@EL2•@in•@bulk

materials•D•@Recently•C•@Terashima•@et•@a122•f•@and•@Washizuka•@et•@a123•j

reported•@that•@the•@concentration•@of•@the•@residual•@carbon•@impurity

is•@able•@to•@be•@reduced•@in•@the•@range•@of•@10i6•@cm•|3•@in•@undoped•@GaAs

by•@means•@of•@a•@horizontal•@magnetic•@field•@applied•@technique•@and•@the
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ˆê

use•@of•@an•@AIN•@hot•@zone•@furnace•D•@They•@suggested•@that•@the

reduction•@of•@carbon•@impurity•@can•@improve•@the•@thermal•@stability

and•@the•@uniformity•@of•@resistivity•@distribution•@in•@the•@SI

substrate•D•@However•C•@the•@reduction•@of•@carbon•@impurity•@would

produce•@an•@effect•@on•@the•@compensation•@mechanism•@in•@LEC•@GaAs•@and

cause•@a•@decrease•@in•@the•@resistivity•@of•@undoped•@material•C•@i•De•D•@the

semi•|insulating•@properties•@of•@the•@materials•@cannot•@be•@maintained

due•@to•@the•@electron•@traps•@in•@the•@upper•@half•@of•@the•@band•@gap•D•@To

overcome•@this•@problem•C•@it•@is•@of•@importance•@to•@clarify•@the

properties•@of•@the•@electron•@traps•@in•@LEC•@GaAs•D

•@•@•@The•@purpose•@of•@this•@chapter•@is•C•@therefore•C•@to•@investigate•@the

electrical•@properties•@of•@electron•@traps•@in•@n•|type•@LEC

GaAs•C•@especially•@focusing•@on•@the•@traps•@other•@than•@EL2•D

Temperature•|dependent•@Hall•@measurement•@indicates•@that•@the

electron•@trap•@with•@an•@activation•@energy•@of•@about•@O•D2•@eV•@plays•@an

important•@role•@in•@the•@compensation•@mechanism•@in•@as•|grown

material•@which•@has•@a•@low•@content•@of•@carbon•@impurity•D•@The

effect•@of•@face•|to•|face•@annealing•@on•@the•@electron•@traps•@is•@also

discussed•D

3•D2

the

Samples

The•@GaAs•@crystal•@used•@in•@this•@investigation•@was•@grown•@in

•@•i100•j•@direction•@from•@As•|rich•@melt•@using•@a•@PBN•@crucible•D•@Dry
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ˆê

B203•@was•@used•@as•@an•@encapsulant•@and•@the•@pressure•@of•@the•@Ar

ambient•@was•@30•@atm•@during•@growth•D•@To•@achieve•@a•@low•@resistivity

crystal•C•@the•@undoped•@melt•@is•@intentionally•@synthesized•@with•@low

purity•@arsenic•@and•@gallium•D•@The•@crystal•@was•@n•|type•@along•@the

ingot•D•@The•@resistivity•@of•@the•@front•@section•@of•@the•@crystal

•ig•qO•D3•C•@where•@g•@is•@the•@fraction•@solidified•j•@was•@in•@the•@range

above•@106•@stcm•C•@whereas•@the•@resistivity•@of•@the•@tail•@section

of•@the•@crystal•@decreased•@in•@the•@range•@of•@lo•e•@n•@cm•@to•@loˆêˆê•@9

cm•@as•@g•@increased•@from•@O•D3•@to•@O•D9•D•@Since•@the•@concentration•@of

carbon•@was•@distributed•@uniformly•@along•@the•@ingot•C•@this

resistivity•@variation•@seems•@to•@be•@due•@to•@the•@segregation•@of

donor•@impurities•@contained•@in•@the•@starting•@melt•@and•^or•@due•@to

native•@donor•|defects•@in•@the•@upper•@half•@of•@the•@band•@gap•@that

increase•@with•@the•@stoichiometric•@change•@of•@the•@melt•D

•@•@•@The•@n•|type•@wafers•@used•@to•@characterize•@the•@properties•@of

deep•@states•@were•@taken•@from•@the•@tail•@section•@of•@the•@crystal

•ig••O•D89•j•D•@The•@carrier•@concentration•@and•@mobility•@of•@the

crystal•C•@estimated•@from•@Hall•@measurement•C•@are•@4•@x•@lo•|5•@cm•|3

and•@5000•@cm2•^Vsec•C•@respectively•D•@Wafers•@were•@cleaned•@with•@organic

solvents•@and•@then•@etched•@in•@H2SO4•FH202•FH20•@•••@5•F1•F1•@solution•@for•@1

minute•@to•@remove•@surface•@damage•D•@Ohmic•@contacts•@were

fabricated•@on•@the•@unpolished•@side•@of•@the•@wafer•@using•@indium

followed•@by•@annealing•@at•@400•@C•@for•@10•@min•@under•@Nz•@atmosphere•D

For•@capacitance•|voltage•@•iC•|V•j•@and•@DLTS•@measurements•C•@1000•@A•@AI

or•@Au•@dot•@Schottky•@diodes•@•idiameter•@approximately•@800•@•gm•j•@were
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formed•D

3•D3•@Results•@and•@Discussion

3•D3•D1•@Electron•@Traps•@in•@Undoped•@Materials

•@•@•@Figure•@1•@shows•@a•@typical•@DLTS•@signal•@observed•@in•@the•@tail

sections•@of•@the•@undoped•@n•|GaAs•D•@The•@shallow•@impurity

concentration•C•@ND•C•@obtained•@from•@C•|V•@measurement•@was•@7•@x•@lo•|5

cm•f3•D•@Six•@levels•C•@labelled•@El•@to•@E6•C•@are•@detected•D•@As•@seen•C•@the

maxima•@of•@E2•C•@E3•@and•@E4•@are•@very•@close•@together•D•@These

three•@levels•@were•@distinguished•@by•@means•@of•@theoretical•@curve

fitting•C•@since•@this•@configuration•@might•@cause•@problems•@in•@the

determination•@of•@the•@activation•@energy•@and•@concentration•D

•@•@•@Since•@the•@concentration•@of•Ddeep•@levels•@in•@melt•|grown•@GaAs

often•@exceeds•@the•@net•@concentration•@of•@shallow•@impurities•C•@DLTS

signai•@has•@a•@tendency•@to•@increase•@the•@half•@width•@of•@the•@peak•C•@to

lower•@the•@peak•@height•C•@and•@to•@shift•@the•@peak•@position•@toward

lower•@temperatures•D•@The•@reason•@why•@these•@effects•@occur•@is•@that

the•@time•@dependence•@of•@the•@capacitance•@transient•@corresponding•@to

trapped•@electron•@emission•@from•@deep•@states•@is•@no•@longer

exponential•D2•e•f•@Therefore•C•@DLTS•@signal•@is•@simulated•@in•@the•@case

NTII•@ND•D•@The•@simulation•@indicated•@that•@the•@activation•@energy

obtained•@from•@standard•@DLTS•@measurement•@is•@almost•@correct•C•@even
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Figure•@2•D•@Arrhenius•@plots•@ot•@six•@traps•@observed•@together•@with
cornparative•@data•@from•@Martin•@et•@al•D•i1979•j•D•@Numbers•@indicate
the•@activation•@energy•D
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when•@NT••10ND•E•@On•@the•@other•@hand•C•@the•@capture•@cross•@section•@and

the•@trap•@concentration•@are•@underestimated•@due•@to•@a•@fast•@decaying

component•@of•@the•@initial•@part•@of•@the•@capacitance•@transient•D•@For

example•C•@in•@the•@case•@NT••10ND•C•@the•@error•@of•@NT•@for•@EL2•@is

estimated•@to•@be•@about•@30•“•D•@1n•@addition•@to•@this•@simulation•C•@we

considered•@the•@effect•@of•@the•@unionized•@width•@of•@the•@deep•@state•@in

the•@depletion•@region•@in•@the•@estimation•@of•@NT•C•@that•@is•@the•@so•|

called•@A•@effect•D26•j•@This•@effect•@is•@more•@serious•@when•@the

injection•@pulse•@height•@is•@relatively•@smaller•@than•@the•@bias

voltage•D•@These•@analytical•@methods•@were•@applied•@to•@the•@calculation

of•@concentration•@of•@deep•@states•D

•@•@•@The•@Arrhenius•@plots•@of•@the•@temperature•|corrected•@time

constants•@of•@the•@six•@levels•@are•@shown•@in•@Fig•D•@2•@with

comparative•@data•@from•@Martin•@et•@al•D26•f•@Comparing•@our•@DLTs

signal•@with•@those•@reported•@by•@other•@workersZ7•h30•j•@and•@from•@the

Arrhenius•@plots•C•@it•@is•@found•@that•@E3•C•@E5•@and•@E6•@were•@most

probably•@identical•@to•@EL6•C•@EL3•@and•@EL2•C•@respectively•D•@The

remaining•@three•@traps•@E1•C•@E2•@and•@E4•@•@have•@•@Arrhenius•@pƒ†ots•@•@close

to•@those•@of•@ELII•C•@EL14•@and•@EL5•C•@respectively•D

•@•@•@Figure•@3•@shows•@concentration•@profiles•@of•@the•@traps•D•@To

obtain•@a•@deep•@level•@profile•C•@the•@bias•@voltage•@was•@varied•@while

the•@injection•@pulse•@height•@was•@kept•@constant•D•@The

concentrations•@of•@E4•C•@E5•@and•@E6•@levels•@were•@almost•@uniformly

distributed•@throughout•@the•@material•C•@whereas•@El•C•@E2•@and•@E3
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t•h•h•f
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Figure•@5•D•@Temperature•@dependence•@of•@carrier•@concentration•@for
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EL6•@and•@carbon•j•@model•D
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state•D•@There•@is•@growing•@evidence•@that•@the•@EL2•@state•@is•@a•@double

donor•@with•@levels•@at•@Ec•|O•D75•@eV•@•iO•^•{•j•@and•@Ev•{O•D5•@ev•i•{•^•{•{•j•D•@This

has•@been•@derived•@from•@photocapacitance•@studies•D33•f•@when•@the

Fermi•@level•@is•@in•@the•@vicinity•@of•@the•@middle•@of•@the•@band•@gap•C

where•@the•@occupancy•@factor•@of•@EL2•@should•@be•@considered•C•@the

second•@donor•@state•@of•@EL2•@•i•{•^•{•{•j•@is•@expected•@to•@have•@an

important•@effect•@on•@the•@calculation•@of•@the•@carrier•@concentration•D

However•C•@in•@n•|type•@conductive•@material•C•@EL2•@is•@in•@its•@neutral

state•D•@Therefore•C•@the•@first•@state•@of•f dL2•@is•@took•@into•@account

in•@the•@calcuƒ†ation•E•@Chantre•@et•@a13•¡•t•@•@reported•@that•@EL6•@•@has•@•@the

large•@Frank•|Condon•@shift•@value•@of•@about•@O•D6•@eV•C•@suggesting•@the

configuration•@coordinate•@diagram•@that•@is•@very•@similar•@to•@that•@of

the•@DX•@center•@in•@AIGaAs•D•@Hence•C•@it•@is•@assumed•@that•@there•@was•@a

difference•@between•@the•@thermal•@ionized•@energy•@•iobtained•@from•@Hall

measurements•j•@and•@the•@thermal•@emission•@energy•@•iobtained•@from

DLTS•j•@for•@EL6•C•@as•@shown•@for•@the•@DX•@center•D3•g•r•@It•@is•@also

assumed•@that•@shallow•@donor•@impurities•@exist•@in•@this
material•C•@since•@the•@melt•@used•@for•@this•@growth•@was•@intentionally

synthesized•@with•@low•@purity•|sources•@and•@only•@the•@tai1•@sections•@of

the•@crystal•@became•@n•|type•D•@The•@carbon•@concentration•C•@3•@x•@lois

cm•|3 C•@was•@determined•@by•@Fourier•@transform•@infrared•@spectroscopy

•iFTIR•j•@using•@the•@calibration•@constant•@of•@7•@x•@10i5•@cm•|3•@for•@the

local•@vibrational•@mode•@•iLVM•j•@absorption•C•@1•@cm•|2•C•@reported•@by

Kadota•@et•@al•D36•j

•@•@•@Both•@the•@experimentai•@results•@and•@the•@theoretical

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@47

“å“à“å—H—H•E•wi—Ø’Ô1“åŒ®“å“å
“ï

1•D‰S•D

i
ls•@1•D

Ci
—\

•fˆø•C

‚³•Dàn“b•ˆtƒQ“ÅŠ–•ˆ‹À•uŠ¥‚è”]‘Ô•D

‡_y“ñ•h‘Ô•FŒ}—Ã‹L‘U“••u•D
•A•D•D“²•v‘¡•D•e‡`“l•D•Þ•C’Z•“•^Ž¯‹Ù

••Œd



•Z•C
ƒG•@‚Ìƒ••@•@•@ƒ†

‹JŽ“•f1•@•@•@•@•@•@•C•@•@•D•u

Lt1ss

ƒf“§‹`˜RäF’s—’1•f’²‹T•E•e”k•¶šæ‚²–•“ÅŠÓ’w•u”¥

calculations•@of•@the•@temperature•|dependent•@carrier
concentration•@of•@LEC•@n•|GaAs•@are•@shown•@in•@Fig•D•@5•D•@Experimental

data•@are•@excellently•@fitted•@by•@the•@theoretical•@calculation•@based

on•@the•@model•@illustrated•@in•@Fig•D4•D•@This•@suggests•@that•@the

shallow•@donor•@impurities•@introduced•@by•@starting•@sources•@mainly

cause•@the•@decrease•@in•@the•@resistivity•@of•@the•@crystal•D

Furthermore•C•@E3•@•iEL6•j•@seems•@to•@act•@as•@the•@donor•@state•@and•@to

produce•@a•@strong•@effect•@on•@the•@carrier•@compensation•@mechanism•@in

LEC•@GaAs•@in•@the•@temperature•@range•@above•@250•@K•D•@The•@thermal

ionized•@energy•@of•@EL6•@is•@probably•@smaller•@than•@the•@thermal

emission•@energy•@obtained•@by•@DLTS•@measurement•C•@which•@is

associated•@with•@the•@large•@Frank•|Condon•@shift•@of•@this•@state•D3ˆê•f

Look•@and•@Walter36•f•@reported•@that•@native•@defects•@from•@O•D13•@to•@O•D20

eV•@below•@the•@conduction•@band•@can•@dominate•@the•@electrical

properties•@of•@several•@as•|grown•@HB•@and•@LEC•@GaAs•D•@From•@the•@results

obtained•@from•@Hall•@analysis•C•@EL6•@might•@be•@one•@of•@the•@candidates

for•@these•@levels•D

•@•@•@Here•C•@we•@will•@discuss•@in•@more•@detail•@the•@decrease•@in•@the

resistivity•@of•@undoped•@crystal•D•@Figure•@6•@illustrates•@the

variations•@of•@the•@densities•@of•@the•@total•@positive•@charge•@•iholes

and•@ionized•@donors•j•@and•@the•@total•@negative•@charge•@•ielectrons•@and

lonized•@acceptors•j•@as•@a•@function•@of•@the•@position•@of•@the•@Fermi

level•D•@For•@the•@samples•@used•@in•@the•@present•@work•C•@the•@positive•|

and•@negative•@charges•@are•@represented•@by•@the•@heavy•@solid•@curves•C

and•@their•@intersection•C•@EF•C•@gives•@the•@Fermi•@level•@needed•@to
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Figure•@6•D•@Graphie•@representation•@of•@the•@variations•@of•@the
positiveˆê•@and•@negative•@charges•@in•@LEC•@GaAs•@as•@a•@function•@of•@the

position•@of•@the•@Fermi•@level•D
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satisfy•@charge•@neutrality•@•mEq•D•i3•D2•j•n•D•@When•@the•@concentration•@of

the•@shallow•@donor•@•iSD•j•@is•@below•@that•@of•@the•@carbon•@acceptor•C•@the

variations•@of•@the•@total•@positive•@charge•@are•@represented•@by•@the

heavy•@solidˆê•@and•@broken•@curves•@and•@the•@Fermi•@level•@is•@at•@point

EF•f•D•@ln•@this•@case•C•@although•@an•@electron•@concentration•@has•@lower

value•@than•@that•@in•@the•@case•@the•@Fermi•@level•@is•@at•@point•@EF•C•@the

semi•|insulating•@property•@cannot•@appear•@because•@of•@the•@existence

of•@level•@E3•@•iEL6•j•E•@•@•@•Hf•@both•@the•@shallow•@donor•@impurity•@•iSD•j•@and

level•@E3•@are•@reduced•@to•@a•@concentration•@range•@below•@that•@of•@the

carbon•@acceptor•C•@the•@positive•@charges•@vary•@along•@with•@the•@heavy

solidˆê•@and•@dash•|dot•@curves•@shown•@in•@Fig•D•@6•D•@Since•@level

E6•@•iEL2•j•@compensates•@the•@shallow•@carbon•@acceptor•@and•@the•@Fermi

level•@EF•h•@will•@be•@in•@the•@vicinity•@of•@the•@middle•@of•@the•@band

gap•C•@the•@crystal•@becomes•@semi•|insulating•D

•@•@•@Von•@Bardeleben•@et•@alZˆê•f•@recently•@suggested•@that•@a•@double

acceptor•@state•@exists•@in•@10•|5•|10•|6•@cm•|3•@concentrations•@in•@LEc

GaAs•@grown•@from•@As•|rich•@melt•D•@They•@mentioned•@that•@low

concentration•@of•@the•@residual•@acceptor•@•iS•@5•@x•@10•|5•@cm•|3•j•@was

mconsistent•@with•@the•@concentration•@of•@ionized•@EL2•@studied•@by•@EPR

ln•@LEC•@SI•@GaAs•D•@Therefore•C•@further•@study•@on•@the•@characterization

of•@the•@double•@acceptor•@state•@seems•@to•@be•@needed•D•@For•@the

material•@used•@in•@the•@present•@work•C•@the•@effect•@of•@the•@double

acceptor•@state•@on•@the•@compensation•@mechanism•@is•@less•@likely

because•@of•@the•@annealing•@properties•@of•@the•@states•@•isee•@next

Section•j•G•@i•De•D•@the•@decrease•@of•@electron•@states•@other•@than•@EL2•@did

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@50

“å“ï•D’Ô“åˆé•§–|“ï“å“å“å”’–š1“å—Ù•D



•E—£•Ø•••Ý
•@•@•@•f

•fi•ft•f FS•D1•E•p•Di•E•Del•E•@kl•D•@•f •§•§”M‘¡ŒíŒíŒíŒíŒíŒ—Œ—•¡Œí•„‹r‹r”]Œƒ“¬“¬•ÞŒÚŽOŽO•ÞŽk

not•@cause•@the•@material•@to•@convert•@to•@one•@with•@semi•|insulating

property•D

•@•@•@Recent•@improvements•@in•@the•@LEC•@growth•@technique•@have•@made•@it

possible•@to•@reduce•@the•@carbon•@impurity•@to•@the•@concentration•@range

of•@lo•|5•@cm•|3•@in•@the•@undoped•@crystal•C22•f23•j•@as•@well•@as•@in•@the

samples•@used•@in•@the•@present•@work•D•@Thus•C•@as•@mentioned

above•C•@the•@increase•@of•@the•@carrier•@concentration•@in•@undoped

LEC•@crystal•@attributed•@to•@the•@deep•@donor•@states•@that•@are

positioned•@in•@the•@upper•@half•@•D•@of•@the•@band•@gap•@may•@cause

problems•@in•@the•@stability•@of•@the•@SI•@GaAs•@substrate•D

Therefore•C•@it•@is•@necessary•@to•@reveal•@the•@properties•@of•@these

states•@and•@to•@decrease•@their•@concentrations•@below•@that•@of•@the

shallow•@acceptor•D

3•D3•D3•@Annealing•@Properties•@of•@Electron•@Traps

•@•@•@It•@is•@very•@important•@to•@evaluate•@the•@annealing•@properties•@of

electron•@traps•@and•@clarify•@the•@relationship•@between•@their•@origins

and•@the•@growth•@process•@or•@technique•D•@Heat•@treatment•@was

performed•@using•@face•|to•|face•@proximity•@capping•@by•@GaAs•@wafers•@in

high•@purity•@H2•@gas•@for•@1•@hour•D•@After•@this•C•@a•@thermal•@damage

layer•@about•@10•@•gm•@thick•@is•@removed•@from•@the•@surface•@to•@examine

the•@annealing•@effect•@in•@the•@bulk•D

•@•@•@DLTS•@signals•@of•@LEC•@GaAs•@before•@and•@after•@annealing•@at•@800•@C

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@51
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are•@illustrated•@in•@Fig•D•@7•C•@while•@Fig•D•@8•@shows•@the•@concentration

variations•@of•@the•@five•@electron•@traps•@versus•@the•@annealing

temperature•D•@Note•@that•@400•@C•@is•@the•@annealing•@temperature•@during

ohmic•@contact•@fabrication•@and•@that•@the•@concentration•@shown•@in

Fig•D•@8•@is•@in•@the•@region•@about•@1•@•gm•@from•@the•@Schottky•@contact•D

The•@concentrations•@of•@the•@observed•@traps•@were•@almost•@unchanged•@by

600•@Cheat•@treatment•C•@whereas•@Auret•@et•@al•D28•f•@reported•@that

the•@concentration•@of•@EA8•@•iEl•j•C•@EA4•@•iE3•j•@and•@EA3•@•iE5•j•@increased•@by

a•@factor•@of•@2•@to•@5•@with•@600•@C•@annealing•D•@One•@possible

explanation•@of•@the•@difference•@may•@be•@that•@their•@results•@involve

the•@effects•@of•@surface•@damage•@layer•D•@Fang•@et•@a130•f•@indicated

that•@EL2•@becomes•@low•@in•@concentration•@in•@the•@surface•@region

•iabout•@1•D7•@•gm•@under•@their•@annealing•@conditions•j•D

•@•@•@After•@8000C•@annealing•C•@the•@concentration•@of•@El•C•@E3•@and•@E5•@were

reduced•@by•@more•@than•@an•@order•@of•@magnitude•@compared•@with•@that•@of

the•@as•|grown•@sample•C•@whereas•@E2•@and•@E4•@remained•@more•@or•@less

the•@same•C•@as•@shown•@in•@Figs•D•@7•@and•@8•D•@A•@similar•@result•@has

been•@reported•@in•@undoped•@LEC•@material•@by•@Kitagawara•@et•@a129•f•@and

ln•@HB•@material•@by•@Fang•@et•@al•D30•f•@rt•@has•@been•@reported•@that•@the

passivation•@of•@defect•@levels•@in•@GaAs•@is•@performed•@by•@both

hydrogen•@plasma•@at•@300•@C•f6•f37•f•@and•@H2•@ambient•@at•@850•@C•@with•@SiO2

cap•D3e•j•@However•C•@this•@effect•@appeared•@only•@in•@the•@surface

region•@within•@several•@microns•D•@Since•@the•@deep•@level•@probing

depth•@in•@the•@present•@work•@is•@more•@than•@10•@•gm•@from•@the•@surface
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•f

the•@decrease•@in•@the•@concentration•@of•@deep•@states•@is•@most•@likely

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@52
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Loo

Ftgure•@7•D•@DLTS•@sSgnals•@ot•@undoped•@n•|type•@LEC•@GaAs•D
signal•@is•@tor•@an•@as•|grown•@sasnple•C•@the•@lower•@signal
sample•@annealed•@by•@face•|to•|tace•@proximity•@capping•@for
C•@Sn•@Ht•@arnbient•D
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El

‚Ì

v

400•@600•@800Ameating•@Temperature•@•i•fC•j

Ftgure•@8•D•@Vartations•@of•@the•@concentrations•@ot•@the•@tive•@electron
traps•@versus•@annealing•@temperature•D•@The•@starting•@point•C•@400•@c•C
was•@the•@temperature•@during•@ohmic•@contact•@tabricatton•D•@Heat
treatment•@was•@carried•@out•@using•@tace•|to•|face•@proximity•@capping
by•@GaAs•@water•D
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due•@to•@a•@thermal•@process•D

•@•@•@Based•@on•@these•@observations•C•@it•@is•@suggested•@that•@the•@defect

bonds•@of•@El•C•@E3•@and•@E5•@are•@not•@rigid•@around•@800•@C•C•@i•De•D•@the

origin•@of•@these•@traps•@seems•@to•@be•@related•@to•@the•@cooling•@process

during•@growth•D•@As•@a•@possible•@candidate•@for•@E3•iEL6•j•C•@the•@defect

complex•@VGa•|VAs•@is•@recentiy•@proposed•@by•@Fang•@et•@al•D30•j

•@•@•@Contrary•@to•@the•@results•@mentioned•@above•C•@little•@change•@of•@the

concentration•@of•@E6•@•iEL2•j•@appeared•@as•@a•@result•@of•@face•|to•|face

annealing•@in•@the•@temperature•@range•@of•@600•|800•@C•C•@which•@is•@almost

consistent•@with•@the•@results•@reported•@by•@Kitagawara•@et•@al•D29•f•@ln

HB•@GaAs•C•@the•@EL2•@concentration•@increases•@by•@a•@factor•@of•@2•D5•@by

face•|to•|face•@annealing•@at•@800•@C•D30•„•@Hasegawa•@et•@a139•j•@showed

that•@the•@change•@of•@EL2•@concentration•@caused•@by•@heat•@treatment

strongly•@depends•@on•@the•@capping•@materials•@and•@the•@ambient•D

Again•C•@this•@effect•@distinctively•@appeared•@in•@the•@surface•@region•C

indicating•@that•@the•@variation•@of•@EL2•@concentration•@could•@be

related•@to•@the•@outdiffusion•@of•@As•@atoms•@in•@the•@surface•@region•D

Therefore•C•@the•@EL2•@state•@in•@the•@bulk•@region•@most•@likely•@remains

stable•@at•@around•@800•@C•D

3•D4•DConclusion
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•@•@ti

•@•@ll

•@•@i

•@•@Ii

•@•@r

•Fit•f•@•f•hˆê

•@•@•@The•@electrical•@properties•@of•@electron•@traps•@in•@LEC•@GaAs

were•@investigated•@by•@DLTS•@and•@temperature•|dependent•@Hall

measurements•D•@Six•@electron•@traps•@were•@detected•@in•@as•|grown

samples•@•D•@Level•@E3•@•iEL6•j•C•@with•@almost•@the•@same•@concentration•@as

that•@of•@EL2•C•@plays•@a•@significant•@role•@in•@the•@compensation

mechanism•@in•@LEC•@GaAs•@which•@has•@a•@low•@concentration•@of

carbon•@impurity•D•@By•@800•@C•@heat•@treatment•@in•@H2•@for•@1•@h•C

three•@levels•@•iEl•C•@E3•@and•@E5•j•@were•@reduced•@in
concentration•@by•@more•@than•@one•@order•@of•@magnitude•D•@The•@formation

of•@these•@levels•@seems•@to•@be•@related•@to•@the•@cooling•@process•@during

growth•D
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DEEP•@LEVELS•@IN•@UNDOPED•@EPITAXIAL•@GaAs

4•D1•@Introduction

•@•@•@The•@recent•@remarkable•@progress•@in•@the•@technology•@of•@molecular

beam•@epitaxy•@•iMBE•j•@and•@metaƒ†organic•@vapor•@phase•@•@epitaxy•@•@•iMOVPE•j

allows•@an•@achievement•@of•@high•@quality•@heterostructures•C•@which

have•@been•@applied•@to•@the•@development•@of•@new•@semiconductor•@devices

such•@as•@high•@electron•@mobility•@transistor•@•iHEMT•j•C•@heterojunction

bipolar•@transistor•@•iHBT•j•C•@semiconductor•@lasers•@•iLD•j•C•@optical

devices•@and•@quantum•@electron•@devices•D•@The•@main•@features•@of•@MBE

are•@slow•@growth•@rate•C•@precise•@control•@of•@layer•@thickness•@and•@low

growth•@temperature•D•@Hence•C•@MBE•@makes•@possible•@abrupt•@doping

profile•@and•@abrupt•@hetero•|interface•C•@resuiting•@in•@the•@high

electron•@mobility•@because•@of•@the•@nearly•@ideal•@spatial•@separation

between•@electrons•@and•@ionized•@donors•D•@MOVPE•@can•@also•@achieve•@the

abrupt•@hetero•|interface•@comparabƒ†e•@with•@that•@•@grown•@•@by•@•@MBE•D•@•@•Hn

addition•C•@MOVPE•@has•@an•@excellent•@uniformity•@of•@the•@grown•@layer

and•@a•@suitability•@for•@large•@scale•@production•C•@which•@are•@the•@most

attractive•@features•@for•@optoelectronic•@devices•D

The•@deep•@level•@characterization•@of•@the•@epitaxial•@layer•@is
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an•@important•@indicator•@of•@the•@layer•@quality•@as•@well•@as•@the

characterization•@of•@the•@carrier•@concentration•@and•@mobility•C•@since

deep•@levels•@provide•@direct•@effects•@on•@device•@performance•D

Additionally•C•@deep•@levels•@are•@also•@related•@to•@the•@growth

mechanism•C•@which•@is•@not•@fully•@understood•@at•@present•C•@and•@thus

they•@may•@be•@able•@to•@be•@used•@as•@a•@tool•@to•@reveal•@the•@growth

mechanism•D

•@•@•@This•@chapter•@describes•@the•@characterization•@of•@deep•@levels

in•@GaAs•@grown•@by•@MBE•@and•@MOVPE•D•@Deep•@ievel•@transient•@spectroscopy

•iDLTS•j•@was•@used•@to•@investigate•@deep•@levels•@in•@grown•@layers•D

•@•@•@Deep•@levels•@in•@MOVPE•@GaAs•@examined•@by•@several•@workersih6•f

showed•@some•@common•@features•C•@such•@as•@the•@dominant•@electron•@trap

with•@an•@activation•@energy•@of•@O•D80•@eV•@which•@is•@the•@so•|called•@EL2•D

Other•@levels•C•@however•C•@seem•@to•@depend•@on•@the•@growth•@system•C

substrate•@and•@starting•@material•D•@ln•@the•@present•@work•C•@deep

electron•@traps•@in•@undoped•@MOVPE•@GaAs•@grown•@with•@two•@different

trimethylgallium•@•iTMG•j•@sources•@are•@investigated•D

•@•@•@•@Lang•@et•@al•C7•f•@have•@first•@reported•@that•@nine•@electron•@traps

with•@activation•@energies•@ranging•@from•@O•D08•@to•@O•D85•@eV•@exist•@in

GaAs•@layers•@grown•@by•@MBE•D•@Then•C•@the•@effect•@of•@growth•@conditions

Such•@as•@growth•@temperature•C•@As•^Ga•@ratio•C•@source•@materials•C•@etc•D•C

On•@deep•@levels•@in•@MBE•@GaAs•@have•@been•@investigated•@by•@many

Workers•D•@rn•@this•@chapter•C•@the•@properties•@of•@deep•@levels•@in

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@60
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undoped•@MBE•@GaAs•@are•@characterized•D•@Moreover•C•@variation•@•@of•@•@deep

level•@concentration•@and•@change•@of•@reflection•@high•@energy•@electron

diffraction•@•@•iRHEED•j•@•@pattern•@•@with•@•@a•@•@coincident•@•@Pb•@•@flux•@•@are

investigated•@in•@order•@to•@probe•@into•@growth•@mechanism•D

4•E2•@•@Electron•@States•@in•@Metalorganic•@•@Vapor•@•@Phase•@•@Epitaxy•@•@Grown

GaAs

•@•@•@The•@epitaxiaƒ†•@layers•@were•@grown•@on•@undoped•@semi•|insulating•@•@or

Si•@doped•@n•{ˆêGaAs•@substrate•@oriented•@•i100•j•}0•D5•D•@•@TMG•@•@and•@•@arsine

•i10•“•@AsŠŽ3•@in•@H2•j•@were•@used•@as•@the•@source•@for•@gallium•@and•@aresenic•C

respectively•D•@A•@standard•@MOVPE•@growth•@system•@used•@in•@thepresent

work•@is•@shown•@in•@Fig•D1•D•@Two•@different•@TMG•@sources•@•iTMG•|A•@and•@TMG•|

B•j•C•@which•@were•@obtained•@from•@different•@supPliers•C•@were•@•@used•@•@to

estimate•@the•@effect•@of•@TMG•@source•@on•@the•@•@deep•@•@levels•@•@of•@•@grown

layers•D•@TMG•|A•@is•@supPosed•@to•@be•@higher•@quality•@than•@TMG•|B•D•@Growth

was•@done•@under•@atmospheric•@pressure•@at•@temperatures•@ranging•@•@from

670to•@760•Ž•DMole•@fraction•@ratio•@of•@AsH3•@to•@TMG•@•iV•^III•@ratio•j

used•@in•@the•@present•@wQrk•@was•@in•@the•@range•@30•|60•C•@which•@•@resulted
‚Ì

ln•@n•|type•@layers•D•@Typical•@growth•@rate•@was•@•@about•@•@400•@•@A•^min•@•@and

typical•@thickness•@of•@the•@epitaxial•@layers•@was•@4•@ƒÊm•D•@Two•@different

series•@of•@GaAs•@layers•@from•@the•@two•@•@different•@•@source•@•@TMGs•@•@were

grown•@under•@these•@same•@conditions•D•@Typical•@samples•@•@measured•@•@are

listed•@in•@Table•@l•D
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•@•@r•C

Table•@1•@Samples•@and•@typical•@growth•@conditions•D

Sample
•mAsH•D•n

•mT•pCG•n

Temperature

•@•@•@•ioC•@•j

•@N•D

•iCM•fˆê3•j
TMG

2•DOxlo•|6

8•D5xlois

7•DIxloi6

1•D2xlo•|s

‘wL•ö•D•Aˆê•v•¡“½P—î

MOl

MOs

MO8

MO15

675

670

670

760

TrvlG•|A

TMG•|B

TMG•|A

TMG•|A

•@•@A•@typical•@DLTS•@signal•@in•@undoped•@n•|type•@GaAs•@is•@shown•@in

Fig•D2•D•@The•@peak•@in•@the•@DLTS•@spectrum•C•@labelled•@EHI•C•@was•@found

in•@all•@samples•D•@From•@the•@Arrhenius•@plots•@of•@T2T•@versus•@1000•^T•C

the•@activation•@energy•@of•@O•D80•}•@O•D02•@eV•@and•@the•@capture•@cross

section•@of•@2•D5xlOˆêˆê3•|1•DOxlO•|i2•@cm2•@were•@obtained•D•@Arrhenius•@plots

of•@EHI•@with•@comparative•@data•@are•@shown•@in•@Fig•D3•D•@Comparing•@our

results•@with•@the•@deep•@levels•@in•@the•@vicinity•@of•@midgap•@reported

by•@other•@workers•C•fˆê6•fB•f•@EHI•@is•@probably•@the•@same•@level•@as•@EL2•@in

conventional•@vapor•@phase•@epitaxy•@•iVPE•j•@and•@in•@MOVPE•@GaAs•@layer•D

The•@concentration•@of•@EHI•@ranged•@from•@2xlOi4•@to•@4xlo•|6•@cm•g3•C

depending•@on•@the•@growth•@conditions•D•@No•@difference•@was•@found

between•@the•@trap•@concentration•@in•@the•@layer•@grown•@with•@TMG•|A•@and

that•@with•@TMG•|B•D•@The•@concentration•@profile•@of•@this•@level•@was

9–L•D
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MOVPE•@GaAs

•@•@•@•@t•@••1•@ms

•@•@•@•@t•@••4•@ms

o

•D

EH1

•@•@•@•@•@•@•@•@•@•@•@•@•@•@100•@200•@300•@400
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@Temperature•@•i•@K•@•j

Fig•D2•@Typical•@TLTS•@speetrum•@in•@undoped•@n•|type•@GaAs•@layers•@grown

with•@TMG•|A•D
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ƒm

E‚µ2aE‚µ2b
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@6•j

Watanabe•@et•@al•D

•@A•@MOI•@•i•@O•D78•@eV•@•j

•@o•@MO5•@•iO•D79•@eV•j
•D

•@e•@MO8•@•iO•D79•@eV•@•j

•@A•@MO15•i•@O•D82•@eV•@•j

2•D0 2•D5

1000•^T

•@•@3•D0
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Fig•D3•@Arrhenius•@plots•@of•@the•@EHI•@1evel•@in•@various•@samples•D•@Also

shown•@is•@the•@comparative•@data•@of•@the•@dominant•@deep•@level•@in•@MOVPE

GaAs•D
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constant•@throughout•@the•@grown•@layer•@and•@nearly•@the•@same•@for•@all

samples•D•@To•@obtain•@a•@deep•@level•@profile•@the•@DLTS•@bias•@voltage

was•@varied•@while•@the•@injection•@pulse•@height•@was•@kept•@constant•@•i2V

in•@this•@case•j•D

•@•@•@1n•@some•@samples•@grown•@with•@the•@TMG•|B•@source•C•@four•@electron

traps•@•iEH2•|EH5•j•@were•@detected•@besides•@EHI•D•@Figure•f4•@shows•@the

DLTS•@signal•@of•@one•@of•@the•@samples•@grown•@using•@TMG•|B•@with•@a•@V•@•^III

ratio•@of•@39•@at•@a•@growth•@temperature•@of•@670•@OC•@•D•@As•@seen•C•@the•@peaks

of•@EH4•@and•@EH5•@are•@very•@close•@together•D•@Thus•C•@these•@two•@levels

were•@distinguished•@by•@means•@of•@theoretical•@curve•@fitting•C•@since

this•@configuration•@may•@cause•@problems•@in•@the•@determination•@of•@the

activation•@energy•@and•@concentration•D

•@•@•@The•@Arrhenius•@plots•@and•@the•@concentration•@profiles•@for•@the

traps•@are•@shown•@in•@Figs•@5•@and•@6•D•@Each•@activation•@energy•@is•@given

in•@parenthesis•@and•@reference•@data2•f6•f8•f9•j•@are•@also•@shown•@in

Fig•D3•D•@Both•@DLTS•@spectra•@and•@Arrhenius•@plots•@of•@EH4•@and•@EH5•C

which•@are•@given•@in•@Figs•D•@4•@and•@5•C•@are•@in•@agreement•@with•@those•@of

Wl•@and•@W2•@in•@the•@undoped•@MOVPE•@GaAs•@and•@AIGaAs•@layers•@reported•@by

Wagner•@et•@al•D2•j•@ln•@their•@results•C•@the•@sum•@of•@the•@concentration•@of

both•@levels•@increased•@in•@the•@range•@of•@10i2•@to•@io•|7•@cm•|3•@as

aluminum•@content•@increased•@O•@to•@O•D35•D•@Therefore•C•@they•@concluded

that•@Wl•@and•@W2•@were•@introduced•@to•@epitaxial•@layers•@by

timethylaƒ†uminum•@•iTMA•j•@or•@by•@the•@impurities•@carried•@by•@TMA•C•@which

remained•@even•@during•@growth•@of•@unintentionally•@doped•@GaAs•D•@Wl•@and

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@66
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layers•D•@The•@peak•@composed•@of•@A•@and•@B•C•@and•@the•@peak•@composed•@of•@D

and•@E•@were•@separated•@by•@the•@theoretical•@curve•@fitting•D•@As•@shown

in•@Fig•D9•D•C•@the•@concentration•@of•@A•CB•CC•@and•@E•@was•@increased•@by•@a

factor•@of•@3•|5•@by•@reducing•@the•@growth•@temperature•D•@Only•@D•@trap•@was

decreased•@with•@decreasing•@the•@growth•@temperature•D

•@•@•@Arrhenius•@plots•@of•@the•@six•@traps•@are•@shown•@in•@Fig•D10•@with

comparative•@data•D7•fB•fˆê3•„•@B•C•@C•@and•@E•@give•@the•@close•@Arrhenius

plots•@with•@Ml•C•@M3•@and•@M4•@reported•@by•@Blood•@and•@Harris•Cˆê3•f

respectively•D•@ln•@addition•C•@the•@dependence•@of•@the•@concentration•@on

the•@growth•@temperature•@for•@these•@three•@traps•C•@as•@mentioned•@above•C

is•@consistent•@with•@that•@for•@•j41•C•@M3•@and•@M4•Dˆê3•fi4•f•@These•@results

strongly•@indicate•@that•@B•C•@C•@and•@E•@are•@identified•@as•@Ml•C•@M3•@and

M4•C•@respectively•D•@•FLang•@et•@aƒ†•D7•t•@have•@proposed•@•@that•@•@these•@•@traps

were•@related•@to•@the•@chemical•@impurities•@because•@the•@trap

concentrations•@were•@directly•@correlated•@with•@spurious
contamination•@in•@the•@growth•@systems•D•@However•C•@the•@fact•@that•@the

trap•@concentrations•@were•@changed•@by•@the•@variation•@of•@As•^Ga

ratio•|3•Ei6•„•@or•@by•@the•@modification•@of•@surface•@process•@during

growth•|6•f•@seems•@to•@suggest•@that•@the•@origin•@of•@these•@traps•@are

associated•@with•@native•@defects•C•@possibly•@Ga•@vacancy•C•@and•^or

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@13•C14•„complexes•@created•@by•@As•@overpressure•D

•D‡dF•E

From•@the•@Arrhenius•@plots•C•@A•@trap•@seems•@to•@be•@identical•@with
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b•A“ñ•F•^t•@•@•E•Eitt

MO•D•@The•@D•@trap•@gives•@the•@close•@Arrhenius•@plot•@with•@EL5•@reported

by•@Martin•@et•@al•D8•f•@in•@VPE•@layer•D•@Since•@only•@this•@trap•@was

decreased•@in•@concentration•@by•@reducing•@the•@growth•@temperature•C•@as

shown•@in•@Fig•D9•C•@the•@origin•@of•@the•@trap•@seems•@to•@be•@different•@from

that•@of•@other•@traps•D

4•D3•D3•@Effect•@of•@A•@Coincident•@Pb•@Flux•@during•@Growth•@on•@The•@Deep

Levels•@of•@GaAs

•@•@Figure•@11•@shows•@schematic•@diagram•@of•@growth•@procedure•@and

samples•@used•@for•@DLTS•@measurements•D•@First•C•@undoped•@layer•@was

grown•@by•@normal•@procedure•C•@as•@described•@in•@4•D3•D1•D•@Then•C•@the

growth•@continued•@with•@a•@coincident•@Pb•@flux•D•@The•@growth•@conditions

other•@than•@Pb•@flux•C•@therefore•C•@were•@kept•@the•@same•@throughout•@the

growth•D

•@•@•@The•@Pb•@evaporation•@rate•@were•@measured•@to•@estimate•@the•@Pb•@flux

intensity•D•@Figure•@12•@shows•@the•@Pb•@evaporation•@rate•@as•@a•@function

of•@reciprocal•@temperature•@of•@the•@Pb•@cell•D•@The•@upper•@solid•@line•@in

Fig•D11•@reprensents•@the•@vapor•@pressure•@of•@Pb•@versus•@1•^Tpb•D•@lt

appeared•@that•@the•@line•@of•@the•@vapor•@pressure•@was•@parallel•@to•@the

experimental•@line•C•@i•De•D•C•@the•@Pb•@flux•@intensity•@was•@proportional

to•@the•@Pb•@vapor•@pressure•D•@The•@Pb•@flux•@intensity•C•@Jpb•C•@used•@in•@the

Present•@work•@was•@from•@lxloi•g•@to•@lxloi5•@cm•g2s•|i•D

•@•@•@The•@surface•@lifetime•@T•@of•@Pb•@is•@given•@by
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Fig•D12•@Pb•@evaporation•@rate•@as•@a•@function•@of•@reciprocal
temperture•@of•@Pb•@cell•D•@The•@upper•@solid•@line•@represents•@the•@vapor

pressure•@of•@Pb•D
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•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@kT

where•@To•@is•@a•@vibrational•@period•C•@ED•@the•@activation•@energy•@for

adsorption•@and•@T•@the•@substrate•@temperature•D•@Then•@the•@coverage•@is

equal•@to•@Jpb•D•@T•^4xlOi•e•D•@Whitehouse•@et•@al•Ci7•f•@reported•@that

ED••1•D4•}•@O•D2•@eV•C•@To••2xlOˆêˆêis•@for•@Pb•@atoms•D•@From•@these•@data•C•@the

flux•@of•@lxlO•|5•@Pb•@atoms•@cm•|2sˆêˆê•@corresponds•@to•@O•D05•@monolayers•@at

T••5600C•@•D

•@•@•@Figure•@13•@•ia•j•@and•@•ib•j•@shows•@RHEED•@pattern•@from•@a•@normal•@•iOOI•j

undoped•@GaAs•@surface•@grown•@at•@5050C•@•D•@This•@RHEED•@pattern•@gives

•i2x4•j•@As•@st•CabUized•@structure•D•@When•@the•@flux•@of•@1•D9xlOi5•@Pb•@atoms

cm•|2s•gˆê•@was•@incident•C•@the•@RHEED•@pattern•@changed•@to•@vague•@•i2x3•j•C

as•@shown•@in•@Fig•D13•@•ic•j•@and•@•id•j•D•@The•@coverage•@of•@Pb•@in•@this•@case

is•@estimated•@to•@be•@O•D11•@monolayers•D•@This•@change•@of•@RHEED•@pattern

indicates•@the•@surface•@process•@modification•@during•@MBE•@growth•D

•@•@•@To•@investigate•@the•@effect•@of•@a•@coincident•@Pb•@beam•@on•@the•@MBE

growth•@mechanism•@of•@GaAs•C•@deep•@levels•@in•@two•@layers•@with•@and

without•@the•@Pb•@flux•@were•@measured•D•@The•@growth•@procedure•@and

sample•@structure•@are•@given•@in•@Fig•D11•D

•@•@•@Figure•@14•@shows•@the•@DLTS•@signals•@from•@the•@undoped•@layers•@with

and•@without•@Pb•@flux•D•@The•@carrier•@concentration•@of•@both•@layers

estimated•@from•@C•|V•@measurement•@at•@room•@temperature•@was•@1•@x•@lo•|7
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•ia•j•@•mIIO•n•@azimuth•@and•@•ib•j•@•m110•n•@without•@Pb•@flux•C•@•ic•j•@•m110•n•@and

•id•j•@•m110•n•@with•@the•@flux•@of•@1•D9xlO•F5•@Pb•@atoms•@cm•f•@tr•@s•fi•D
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cm•|3•D•@ln•@addition•C•@XPS•@studies•|8•f•@have•@shown•@that•@there•@is•@little

chemical•@interacŽµion•@between•@the•@Pb•@overlayer•@and•@GaAs•@substrate•D

These•@observations•@may•@indicate•@that•@Pb•@atoms•@are•@not

incorporated•@in•@epitaxial•@GaAs•@layer•D•@Five•@traps•C•@as•@described•@in

4•D3•D2•C•@were•@detected•@in•@both•@layers•D•@The•@concentrations•@of•@the

traps•@in•@the•@layer•@without•@Pb•@flux•@ranged•@from•@4•Dox•@loˆê•e•@to

s•D5xlO•f•e•@cm•|3•D•@On•@the•@other•@hand•C•@with•@a•@Pb•@flux•@of•@lxlOiscm•|2s•g

•f•C•@all•@the•@traps•@observed•@were•@decreased•@in•@the•@concentration

range•@of•@10•|3cm•|3•D•@Blood•@et•@al•Di5•f•@reported•@that•@application•@of

a•@Pb•@flux•@reduced•@the•@concentration•@of•@Ml•iB•j•@and•@M4•iE•j•@but•@M3•iC•j

remained•@more•@or•@less•@the•@same•D

•@•@•@The•@effect•@of•@the•@Pb•@flux•@is•@qualitatively•@very•@similar•@to•@the

effect•@of•@the•@increase•@of•@the•@growth•@temperature•@shown•@in

previous•@section•@as•@far•@as•@the•@concentration•@of•@electron•@traps

goes•C•@since•@both•@processes•@reduce•@the•@density•@of•@almost•@all•@the

electron•@traps•D•@Although•@no•@attempt•@was•@made•@to•@quantitatively

relate•@the•@Pb•@flux•@intensity•@to•@the•@corresponding•@As•^Ga•@ratio•@in

terms•@of•@deep•@level•@concentration•C•@a•@coincident•@Pb•@flux•@seems•@to

change•@the•@effective•@As•^Ga•@ratio•@at•@the•@surface•D•@Because•@of•@the

change•@of•@the•@RHEED•@pattern•@as•@described•@in•@the•@previous•@section•C

the•@surface•@process•@modification•@of•@growing•@layer•@is•@probabiy

responsible•@for•@the•@reduction•@of•@deep•@level•@concentration•@in

GaAs•D
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4•D4•@Conclusion

•@•@•@Deep•@levels•@in•@undoped

investigated•D

MOVPE and rvlBE layers were

•@•@•@Five•@electron•@traps•@were•@detected•@by•@DLTS•@in•@n•|type•@undoped

MOVPE•@GaAs•D•@The•@dominant•@trap•@is•@EHI•@with•@an•@activation•@energy•@of

O•D80•}O•D02eV•C•@that•@•@is•@•@probably•@•@the•@•@same•@•@leveƒ†•@•@with•@•@EL2•@•@in

conventional•@VPE•@and•@MOVPE•@GaAs•@layers•D•@The•@four•@remaining•@traps

•iEH2•|EH5•j•@appeared•@only•@in•@the•@samples•@grown•@with•@a•@particular

TMG•@source•@•iTMG•|B•j•@obtained•@from•@a•@different•@supplier•D•@Several

speculations•@have•@been•@proposed•@on•@the•@origin•@of•@these•@traps•CZ•f8•j

however•C•@based•@on•@the•@present•@results•C•@it•@is•@concluded•@that•@they

are•@due•@to•@impurities•@introduced•@with•@the•@TMG•@source•D

•@•@•@•@Six•@electron•@traps•@•iA•|F•j•@were•@detected•@in•@undoped•@n•|type•@MBE

layers•D•@The•@concentration•@of•@the•@four•@traps•@was•@increased•@by•@a

factor•@of•@3•|5•@by•@reducing•@the•@growth•@temperature•@from•@580•@to•@560

eC•D•@To•@investigate•@the•@effect•@of•@a•@coincident•@Pb•@flux•@on•@the

growth•@mechanism•C•@deep•@levels•@in•@two•@layers•@with•@and•@without•@the

Pb•@flux•@were•@measured•D•@With•@a•@Pb•@flux•@of•@lxlOi5cm•|2sˆê•f•C•@all•@the

traps•@observed•@were•@decreased•@in•@the•@concentration•@range•@of

10i3cm•|3•D•@The•@change•@of•@RHEED•@pattern•@indicates•@that•@the•@Pb•@flux

can•@cause•@the•@surface•@process•@modification•C•@e•Dg•D•C•@the•@change•@in

surface•@stoichiometry•C•@resulting•@in•@the•@reduction•@of•@deep•@level
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MIDGAP•@STATES•@IN•@AIxGaˆêˆêxAs•@GROWN•@BY•@METALORGANIC•@VAPOR•@PHASE

EPITAXY

i•v•D•à•r•A•v’N‹å•@–n

5•D1•D•@Introduction

•@•@•@•@The•@AlxGaˆêˆêxAs•@alloys•@grown•@by•@the•@metalorganic•@vapor•@phase

epitaxy•@•iMOVPE•j•@are•@technologicaily•@important•@for•@device

applications•@such•@as•@heterostructure•@field•@effect•@transistors

•iFETs•j•C•@heterojunction•@bipolar•@transistors•@•iHBTs•j•C•@laser•@diodes

•iLDs•j•C•@light•@emitting•@diodes•@•iLEDs•j•@and•@high•@efficiency•@solar

cells•D•@However•C•@not•@much•@is•@known•@about•@the•@deep•@levels•@in•@these

materials•D

•@•@•@•@Previous•@deep•@level•@transient•@spectroscopy•@•iDLTS•j•@studiesˆêˆê3•„

of•@MOVPE•@AlxGaiˆê•DAs•@alloys•@detected•@deep•@levels•@lying•@near•@the

midgap•@in•@addition•@to•@the•@well•|known•@DX•@center•D•@The•@DX•@center

causes•@serious•@instability•@problems•@in•@modulation•|doped

heterostructure•@FETs•C•@whereas•@near•|midgap•@deep•@levels•@behave•@as

recombination•@centers•@and•@affect•@the•@operating•@characteristics•@of

minority•@carrier•@devices•@such•@as•@HBTs•C•@LDs•C•@LEDs•@and•@solar

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@88
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˜q•@s

cells•D•g•f•@However•C•@neither•@the•@energy•@positions•@of•@the•@midgap

levels•@nor•@their•@electrical•@and•@optical•@properties•@have•@not•@been

clarified•@so•@far•D

•@•@•@•@The•@purpose•@of•@this•@chapter•@is•@to•@study•@the•@electrical

properties•@of•@the•@midgap•@levels•@in•@the•@MOVPE•@AlxGaˆêˆêxAs•@alloys•@by

detailed•@DLTS•@and•@photocapacitance•@•iPHCAP•j•@measurements•D

•@•@•@•@•Hn•@the•@case•@of•@x••0•C•@i•De•D•C•@GaAs•C•@the•@dominant•@•@deep•@•@level•@•@is

the•@well•|known•@midgap•@state•@called•@EL2•D•@Owing•@to•@both•@basic•@and

scientific•@interests•C•@a•@great•@deal•@of•@experimenta15•f•@and

theoretica16•|8•f•@work•@has•@been•@reported•@on•@this•@deep•@state•D•@There

exist•fvarious•@models•@concerning•@the•@microscopic•@origin•@of•@EL2•C

including•@isolated•@antisite•@arsenic•@•iAsG•D•j9•f•C•@AsG•DˆêAs•@vacancy

pair•@•iAsG•DˆêVA•D•jˆê•Z•j•C•@As•@cluster•|i•j•C•@AsGa•|As•@interstitial•@pair

•iAsG•DˆêAsT•jˆê2•„•C•@AsG•Dˆêdivacancy•@pair•|S•„•@and•@AsG•Dˆêinterstitial

transition•D8•j•@However•C•@its•@origin•@is•@not•@completely•@understood

except•@for•@a•@consensus•@that•@the•@EL2•@is•@associated•@with•@excess•@As•D

•@•@•@•@An•@interesting•@question•@is•@whether•@EL2•|related•@states•@exist

in•@the•@GaAs•@related•@alloy•@system•@such•@as•@AlxGaiˆê•DAs•D•@1n•@fact•C

omling•@et•@al•Di•e•j•@and•@Samuelsoni6•j•@have•@investigated•@the

properties•@of•@deep•@levels•@in•@the•@GaAsˆêˆêxPx•@alloy•@system•C•@and•@have

identified•@the•@presence•@of•@an•@EL2•|related•@state•D•@ln•@so•@doing•C

they•@have•@paid•@a•@particular•@attention•@to•@the•@metastable

photoquenching•@behavior•@of•@the•@state•C•@since•@this•@is•@considered
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to•@be•@a•@characteristic•@property•@of•@the•@EL2•@in•@GaAs•D•@For•@the

AlxGaˆêˆêxAs•@alloy•@systems•C•@however•C•@there•@has•@been•@no•@report•@on

the•@metastable•@property•@of•@EL2•|related•@states•D

•@•@•@•@In•@the•@present•@study•C•@a•@particular•@attention•@is•@therefore

paid•@on•@the•@photoquenching•@behavior•@of•@the•@midgap•@states•@as•@well

as•@on•@the•@ehemical•@trend•@of•@their•@energy•@positions•@with•@the•@alloy

composition•D•@Two•@deep•@levels•@were•@detected•@in•@MOVPE•@AIxGai•|xAS

alloys•C•@and•@it•@is•@shown•@that•@one•@of•@them•@is•@closely•@related•@to

the•@EL2•@in•@GaAs•D

“¥

5•D2•D•@Experimental

•@•@•@•@The•@samples•@used•@in•@the•@present•@work•@were•@undoped•@n•|type

MOVPE•@AIxGaˆêˆêxAs•@with•@x••O•C•@O•D05•C•@O•D22•C•@O•D33•@and•@O•D47•D•@The•@MOVPE

growth•@were•@performed•@at•@atmospheric•@pressure•@in•@a•@vertical

reactor•@system•Di6•f•@Trimethylgallium•@•iTMG•j•C•@trimethylaluminum

•iTMA•j•@and•@10•“•@arsine•@•iAsH3•j•@in•@H2•@were•@used•@to•@grow•@undoped•@n•|

type•@Al•DGaˆêˆêxAs•@layers•@on•@n•f•@or•@semi•|insulating•@•i100•j•@GaAs

substrates•D•@The•@growth•@temperature•@was•@7200C•@and•@the•@III•@to•@V

mole•@ratio•@ranged•@from•@50•@to•@70•D•@The•@carrier•@concentration•@of

the•@epitaxial•@layer•@was•@1•|3•@x•@10i6•@cm•|3•@and•@the•@typical•@thickness

was•@in•@the•@range•@of•@2•@to•@3•@•gm•D

•@•@•@•@The•@AIAs•@mole•@fraction•C•@x•C•@of•@AlxGaiˆê•DAs•@was•@determined•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@90
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double•@crystal•@X•|ray•@diffraction•@measurements•@with•@CuKa•@radiation

as•@the•@X•|ray•@source•D•@The•@value•@of•@x•@was•@calculated•@from•@the

difference•@of•@the•@diffraction•@angle•@between•@the•@AlxGaˆêˆêxAs

epitaxial•@layer•@and•@the•@GaAs•@substrate•D

•@•@•@Deep•@states•@in•@the•@undoped•@AlxGaˆêˆêxAs•@layers•@were•@detected

by•@DLTS•@and•@PHCAP•@measurements•@on•@Al•@Schottky•@diodes•D•@The•@DLTS

system•@had•@a•@1•@MHz•@capacitance•@meter•@with•@a•@resPonse•@time•@of•@20

•gsec•@and•@a•@digital•@boxcar•@integrator•D•@The•@light•@source•@used•@in

the•@PHCAP•@measurement•@was•@a•@GaAs•@LED•@with•@the•@emission•@wavelength

of•@O•D94•@•gm•@and•@the•@FWHM•@o•@f•@40•@nm•D

•e2LŠJ•u•v

5•D3•D•@DLTS•@Study

•@•@•@•@Figure•@1•@shows•@an•@example•@of•@a•@DLTS•@spectrum•@observed•@in•@an

undoped•@n•|Aio•D22Gao•D7sAs•@sample•D•@The•@spectrum•@exhibits•@two

dominant•@peaks•@with•@activation•@energies•@of•@O•D30•@and•@O•D42•@eV•@in

the•@low•@temperature•@range•D•@Similar•@two•@low•@temperature•@peaks•@were

observed•@in•@all•@the•@AIGaAs•@samples•@but•@not•@in•@GaAs•@sample•@in

which•@only•@a•@high•@temperature•@EL2•@peak•@was•@present•Dˆê7•f•@Comparing

the•@Arrhenius•@plots•@of•@the•@emission•@time•@constants•@with•@the

published•@data•Cˆê8•f•@these•@two•@levels•@at•@O•D42•@eV•@and•@O•D30•@eV•@were

assigned•@to•@the•@DX•@center•@associated•@with•@Si•@and•@to•@that

associated•@with•@a•@column•@VI•@donor•C•@respectively•D
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•@•@•@•@•@tl•@lt2••4•^16msec
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Ecˆê•@O•D30•@eV

•@•D
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•D

x2

•D

Ec•@ˆê•@O•D88•@eV

•@•@•@•@•D

•@•@•@•@•@•@•@200•@300
•@Temperature•@•iK•j

DLTS•@spectrum•@for•@a•@MOVPE•@AIo•D22Gao•D7eAs•@sarnple•D
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Figure•@1
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•@•@On•@the•@other•@hand•C•@there•@are•@two•@peaks•@on•@the•@high•@temperature

side•@of•@the•@DLTS•@spectrum•D•@They•@are•@a•@lower•@lying•@midgap•@•iML•j

level•@with•@the•@activation•@energy•@of•@O•D88•}O•D02•@eV•@and•@the

concentration•@of•@7•@x•@10•f•e•@cm•|3•@and•@a•@higher•@lying•@midgap•@•iMH•j

level•@with•@the•@activation•@energy•@of•@O•D60•}O•D02•@eV•@and•@the

concentration•@of•@3•@x•@10ˆê•e•@cm•|3•C•@respectively•D

•@•@•@•@In•@this•@way•C•@near•|midgap•@states•@in•@undoped•@MOVPE•@AlxGaˆêˆêxAs
•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@x

were•@investigated•@for•@x••O•C•@O•D05•C•@O•D22•C•@O•D33•@qnd•@O•D47•D•@The•@result

is•@summarized•@in•@Fig•D2•D•@As•@mentioned•@above•C•@only•@EL2•@peak
appeared•@in•@the•@GaAs•@samples•D•@on•@the•@other•@hand•C•@two•@nearLmidgap

states•C•@indicated•@as•@ML•@and•@MH•@levels•@in•@Fig•D2•C•@were•@detected•@in

the•@AlxGaˆêˆê•DAs•@samples•@whose•@peaks•@of•@the•@states•@shifted

systematically•@towards•@higher•@temperatures•@as•@the•@AIAs•@mole

fraction•@was•@increased•D•@The•@•@ML•@•@leveƒ†•@•@had•@•@an•@•@almost•@•@constant

concentration•@of•@6•|8•@x•@10i4cmi3•@for•@different•@values•@of•@x•C

whereas•@that•@of•@the•@MH•@level•@increased•@with•@x•@from•@6•@x•@lo•|3cm•g3

for•@x••o•Dos•@to•@8•@xlOˆê•ecm•|3•@for•@x••O•D47•D•@Since•@two•@peaks•@were•@very

close•@to•@each•@other•@in•@the•@cases•@of•@x••O•D33•@and•@O•D47•C•@they•@were

separated•@by•@curve•@fitting•C•@assuming•@that•@the•@response•@is•@a

superposition•@of•@two•@discrete•@levels•D•@Figure•@3•@shows•@the

Arrhenius•@plots•@of•@two•@midgap•@states•@for•@Al•DGaiˆêˆêxAs•@as•@well•@as

those•@of•@the•@EL2•@level•@•ix••O•j•D•@The•@activation•@energies•@of•@the•@ML

and•@MH•@levels•@increased•@as•@the•@value•@of•@x•@was•@increased•@from•@O•D05

to•@O•D47•D•@The•@activation•@energy•@and•@the•@cross•@section•@of•@the•@ML
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•D•••Lˆê•@•C

the•@photoionization•@of•@the•@DX•@center•D

s•D4•D2•D•@Optical•@Cross•@Section

•@•@•@•@The•@values•@of•@the•@various•@optical•@cross•|sections•@of•@the

midgap•@state•@are•@also•@important•C•@since•@they•@provide•@information

on•@the•@electronic•@transition•@at•@the•@deep•@center•D•@The•@values•@of

optical•@cross•|sections•@u•DMG•C•@apMG•@and•@uSMG•@of•@the•@ML•@level•@can•@be

determined•@by•@fitting•@the•@observed•@whole•@photocapacitance

transient•@curve•@consisting•@of•@the•@initial•@rising•@phase•@and

subsequent•@quenching•@phase•@to•@the•@theoretical•@curve•@based•@on•@the

Eqs•D•@•i5•D1•j•@and•@•i5•D2•j•D•@Good•@curve•@fittings•@were•@obtained•@and•@the

resultant•@values•@of•@optical•@cross•|sections•@are•@summarized•@in

Table•@1•D

•@•@•@•@The•@values•@of•@o•DMG•@and•@upMG•@obtained•@here•@are•@in•@good

agreement•@with•@those•@recently•@reported•@by•@Siverberg•@et•@al•D22•„•@for

the•@EL2•D•@As•@seen•@from•@Table•@1•@•C•@the•@three•@optical•@cross•|sections

of•@the•@ML•@level•@are•@almost•@independent•@of•@x•C•@indicating•@that•@the

electron•@transfer•@mechanism•@from•@the•@ground•@state•@to•@the

metastable•@state•@of•@the•@ML•@midgap•@level•@in•@AlxGaiˆê•DAs•@is•@similar

to•@that•@of•@EL2•@in•@GaAs•D
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Table•@1•@Values•@of•@optical•@cross•|sections•@for•@EL2•@and•@the•@ML
level•@in•@the•@MOVPE•@AlxGai•gxAs•D•@These•@values•@were•@determined•@by
the•@fitting•@the•@observed•@capacitance•@transient•@to•@the•@theoretical
curve•@based•@on•@Eqs•D•@•i5•D1•j•@and•@•i5•D2•j•D
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composition
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optical•@cross•|section•@•ix•@lo•|i7cm2•j
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O•D05

0•D22
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1•D5
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5•D4•D3•D•@Thermal•@Recovery

•@•@•@The•@present•@experimental•@procedure•@can•@be•@extended•@further•@to

determine•@thermal•@recovery•@parameters•@of•@the•@metastable•@state•D

Figure•@9•@shows•@a•@configuration•@coordinate•@model•@of•@an•@EL2•|like

state•@with•@a•@metastable•@property•D•@According•@to•@such•@a•@model•C•@the

thermal•@recovery•@rate•C•@r•C•@of•@the•@state•@is•@temperature•|dependent

in•@the•@following•@way•Ci9•j

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@r•@•••@ro•@exp•@•iˆêA•@EB•^kT•j•@•i•D5•D4•j

where•@A•@EB•@is•@the•@barrier•@between•@the•@ground•@state•@•iMGG•j•@and•@the

metastable•@state•@•iMG•g•j•@as•@shown•@in•@Fig•D9•D

106

“å•—•D“å”e“ñ“ñ”’”’•cŒœ•cˆñiŽOŽO“å•E“å“ï“åŽOŽOèi“å‰TŠÀ“ë

•£—Ê•Tˆê’D•‹•Z“¥”£—É“±‹š’®f•è

‡e•”ƒÌŽy–Ë‘á—ú•’‰T•˜šg•D



–|•@•@‘@•ò ˆêŒ‚–]•uŒr•@•f‘ó•h‡_

ƒ} e•D•C•E

r

MGg

•D‡e•e•D

r

•^•Dˆêˆêsˆê

hEB

•D•u•|ˆê•I•v•v•D•u•D–ž•g’ú•»•v—•ƒR•D“Å•f

ACO

ƒ•

1•@1

ltrt

•ƒ•ƒ•gll•D•F•D•h•hLl•Dlll•@Ac•C

•Eg

‰Ø

hv
ˆê•@•@ˆê•@•@•œ•@•@•@ˆê•@•@•@ˆê

on

Figure•@9•@Configuration•@coordinate•@model•@of•@of•@the•@midgap•@level

having•@a•@ground•@state•@•iICGG•j•@and•@a•@metastable•@state•@•i•pdG•f•j•C•@and

the•@experimental•@procedure•@to•@measure•@the•@rate•C•@r•C•@of•@the•@thermal

recovery•@process•@from•@the•@matastable•@state•@to•@the•@ground•@state•D
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v

•@•@•@The•@experimental•@procedure•@to•@determine•@the•@thermal•@recovery

parameters•@is•@also•@shown•@in•@Fig•D9•D•@After•@a•@complete

photoquenching•@has•@taken•@place•C•@the•@light•@is•@momentarily•@turned

off•@for•@a•@period•@of•@tr•D•@Then•@the•@light•@is•@turned•@oh•@again•C

causing•@a•@partial•@quenching•@of•@capacitance•@with•@a•@magnitude•@of

ACR•D•@A•@CR•@corresponds•@to•@the•@number•@of•@the•@midgap•@state

thermally•@recovered•@from•@the•@metastable•@state•@down•@to•@the•@ground

state•@during•@the•@time•@t•D•D

•@•@•@•@Figure•@10•@shows•@the•@observed•@thermal•@recovery•@transients•@in

terms•@of•@the•@difference•C•@A•@CQ•|A•@CR•C•@for•@a•@sample•@with•@x••O•D05•D

The•@recovery•@behavior•@was•@exponential•@at•@the•@initial•@phase•@and

the•@recovery•@rate•@r•@was•@determined•@from•@this•@portion•D•@The

recovery•@rate•@thus•@obtained•@are•@plotted•@versus•@reciprocal

temperature•@in•@Fig•D11•@for•@the•@samples•@with•@x••O•C•@O•D05•@and•@O•D22•D

The•@activation•@energy•@A•@EB•@for•@GaAs•@was•@found•@to•@be•@O•D38•@eV•C

which•@agrees•@well•@with•@the•@previous•@work•Dˆê9•@The•@value•@of•@A•@EB

for•@the•@sample•@with•@x••O•D05•@agrees•@with•@that•@for•@GaAs•@above•@120

K•D•@However•C•@the•@recovery•@rate•@became•@anomalously•@constant•@in•@the

temperature•@range•@below•@120•@K•D•@Furthermore•C•@the•@recovery•@rate

for•@the•@sample•@with•@x••O•D22•@was•@about•@two•@orders•@of•@magnitude

iarger•@than•@that•@for•@GaAs•@and•@A•@EB•@was•@estimated•@to•@be•@o•Dos

•}o•D03•@ev•D
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r•C•@for•@MOVPE•@AI•DGa•Cˆê•DAs•@with•@x••O•C•@O•D05•@and•@O•D22•D•@r•@is•@evaluated
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5•D5•D•@Discussion

•@•@•@•@In•@the•@present•@study•C•@two•@kinds•@of•@midgap•@states•C•@MH•@and•@ML

states•C•@were•@found•@in•@undoped•@MOVPE•@AlxGaiˆê•DxAs•@samples•@with

x••O•D05•C•@O•D22•C•@O•D33•@and•@O•D47•D•@The•@concentration•@of•@the•@ML•@state•@is

more•@or•@less•@independent•@of•@x•@and•@similar•@to•@that•@of•@EL2•C•@whereas

that•@of•@the•@MH•@state•@increased•@with•@x•@from•@zero•@at•@x••O•@to•@8•@x

loi•ecm•|3•@at•@x••O•D47•D•@The•@ML•@state•@shows•@a•@EL2•|like•@remarkable

photoquenching•@behavior•@of•@capacitance•@for•@x••O•D05•@and•@O•D22•C•@but

the•@quenching•@disappears•@for•@x•••@O•D33•@and•@O•D47•D•@On•@the•@other•@hand•C

the•@MH•@state•@does•@not•@show•@any•@appreciable•@quenching•@for•@all•@the

values•@of•@x•@investigated•D

•@•@•@•@In•@order•@further•@to•@investigate•@the•@correlation•@between•@the

present•@midgap•@states•@with•@those•@in•@GaAs•@and•@GaAsxPˆêˆêx•C•@the

observed•@energy•@positions•@are•@plotted•@in•@Fig•D12•@with•@respect•@to

the•@hybrid•@orbital•@energy•@level•C•@EHo•D•@EHo•@was•@proposed•@by

Hasegawa•@and•@Ohno•@to•@serve•@as•@the•@energy•@reference•@for•@the•@DX

center•C•@EL2•@and•@transition•@metal•@levels23•f2•e•f•@in•@major•@III•|

V•@compound•@semiconductors•D•@lt•@plays•@important•@roles•@also•@in•@the

heterojunction•@band•@line•|up25•f•@and•@in•@the•@interface•@states

distributions•@at•@insulator•|semiconductor•@and•@metal•|semiconductor

interfaces•D26•j•@EHo•@appears•@to•@be•@equivalent•@or•@closely•@related

to•@the•@charge•@nuetraiity•@leve127•f•@or•@midgap•@energies28•E29•„

proposed•@by•@other•@authors•D
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present•@work
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@•@ƒ•MH•@Ievel
@•@•œM‚µ•yevel

@AlxGQ1•|xAs

GaP GaAs AIAs

Figure•@12•@Alignment•@of•@the•@level•@positions•@of•@the•@midgap•@levels

in•@Al•DGai•D•DAs•@and•@GaAsiˆê•DP•D•@alloy•@systems•@including•@present•@ML

and•@ma•@levels•D•@EHo•@is•@the•@hybrid•@orbital•@energy•@in•@refs•D23•Ev•@26

and•@serves•@as•@a•@reference•@energy•@for•@these•@levels•D•@Data•@shown•@by

closed•@triangles•@are•@taken•@from•@ref•D30•C•@open•@triang1es•C•@from

ref•D2•@and•@closed•@squares•C•@from•@ref•D3•C•@respectively•D•@The•@location

of•@the•@excited•@state•@of•@the•@EL2•|related•@states•@is•@indicated•@by

the•@dash•|dot•@line•@•iGaAs•Cˆê•DP•D•j•@and•@the•@dashed•@line•@•iAl•DGa•Cˆê•DAs•j•D

The•@photoquenching•@takes•@place•@only•@when•@the•@excited•@state•@is

resonant•@with•@the•@conduction•@band•D•f
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•@•@•@Y

•@•@•@•@As•@seen•@in•@Fig•D12•C•@the•@energy•@positions•@of•@the•@MH•@and•@ML

states•@show•@remarkable•@horizontal•@alignments•@with•@respect•@to•@EHo•D

The•@level•@positions•@of•@the•@EL2•|like•@states•@in•@AlxGaipxAs2•f3•f•@and

GaAsi•|xPx30•j•@alloy•@reported•@by•@other•@authors•@are•@also•@shown•@in

Fig•D12•D•@The•@present•@data•@on•@the•@ML•@level•@agrees•@with•@those•@in

ref•D2•@but•@not•@with•@those•@in•@ref•D3•D•@1t•@is•@clearly•@seen•@that•@the

ML•@level•@aligns•@at•@the•@same•@position•@with•@that•@of•@the•@EL2•@in•@GaAs

and•@with•@those•@of•@the•@EL2•|like•@state•@in•@the•@GaAsi•|xPx•@alloy•D

These•@results•@indicate•@that•@the•@ML•@state•@observed•@in•@AlxGai•|xAs

system•@is•@strongly•@reƒ†ated•@to•@E•FL2•D

•@•@•@Such•@correlation•@is•@consistent•@with•@the•@observation•@of

photoquenching•@effect•@in•@samples•@with•@x••O•D05•@and•@O•D22•D•@However•C

the•@photoquenching•@effect•@disappeared•@in•@the•@AlxGai•|xAs•@samples

with•@x•@•••@O•D33•@and•@O•D47•C•@although•@the•@ML•@state•@clearly•@existed•D

Such•@disappearance•@of•@the•@metastability•@of•@the•@EL2•|like•@level•@was

previously•@observed•@in•@GaAsiˆê•DP•D•@alloy•@by•@Samuelsoni5•j•@who

correlated•@the•@phenomenon•@with•@the•@presence•@of•@an•@excited•@state

of•@the•@EL2•|like•@level•D•@According•@to•@Samuelson•C•@the•@photoquenching

effect•@takes•@place•@by•@a•@successive•@transfer•@of•@electrons•@from•@the

ground•@to•@the•@metastable•@state•@through•@an•@excited•@state•@lying•@at

a•@higher•@energy•D•@This•@transfer•@can•@only•@take•@place•@under•@the

condition•@that•@the•@excited•@state•@remains•@resonant•@with•@the

conduction•@band•C•@resulting•@in•@considerable•@de•|localization•D•@As

the•@alloy•@composition•@is•@varied•C•@this•@excited•@state•@changes•C

however•C•@its•@character•@and•@becomes•@a•@discrete•@and•@localized•@state
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lying•@in•@the•@forbidden•@band•@for•@x•„O•D3•@in•@the•@GaAsxPˆêˆêx•@alloy•D

Then•C•@the•@quenching•@transition•@no•@longer•@takes•@place•D

•@•@The•@present•@study•@shows•@that•@a•@similar•@phenomenon•@takes•@place

in•@the•@MOVPE•@AlxGai•|xAs•@alloy•D•@The•@dash•|dot•@line•@in•@Fig•D12•@shows

the•@energy•@position•@of•@the•@excited•@state•@of•@EL29•f3•h32•f•@and•@that

of•@the•@EL2•|like•@level•@in•@GaAsˆêˆêxPx•@alloy•Dˆê5•@The•@fact•@that•@the

observed•@optical•@cross•@sections•@of•@the•@AlxGaˆêˆêxAs•@alloy•@are

independent•@of•@x•@indicates•@that•@the•@excited•@state•@of•@the•@midgap

level•@in•@AlxGaˆêˆê•DAs•@also•@lies•@on•@the•@dashed•@line•@in•@Fig•D12•@which

is•@an•@extrapolation•@of•@the•@dash•|dot•@line•@in•@parallel•@to•@EHo•D

Thus•C•@as•@seen•@in•@Fig•D12•C•@the•@excited•@state•@of•@the•@midgap•@level•@is

expected•@to•@appear•@in•@the•@forbidden•@band•@at•@or•@above•@x••O•D3•@in

AlxGaiˆê•DAs•D•@This•@is•@consistent•@with•@the•@observed•@disappearance•@of

the•@photoquenching•@effect•@in•@the•@samples•@with•@x••O•D33•@and•@O•D47•D

Therefore•C•@the•@result•@obtained•@in•@the•@present•@MOVPE•@AlxGaˆê•DxAs

alloy•@is•@consistent•@with•@Samuelson•fs•@suggestion•C•@although•@there

exists•@an•@additional•@hitherto•@undiscussed•@complication•@that•@the

energy•@position•@of•@the•@DX•@center•@itself•@is•@almost•@the•@same•@as

that•@of•@the•@excited•@state•@of•@the•@midgap•@level•DZ3•„

•@•@•@From•@the•@above•@discussion•C•@it•@can•@be•@concluded•@that•@the•@ML

level•@in•@the•@present•@study•@is•@closely•@related•@to•@the•@EL2•@in•@GaAs

and•@originates•@from•@a•@certain•@As•|related•@defect•D•@lt•@is•@also•@noted

that•@the•@EL2•|related•@state•@in•@both•@AlxGai•|xAs•@and•@GaAsi•|xPx

alloys•@possess•@remarkably•@the•@same•@basic•@metastable•@behavior

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@114
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with•@the•@EL2•@in•@GaAs•C•@not•@so•@much•@being•@affected•@by•@the•@way•@of

partial•@substitution•@of•@whether•@column•@lll•@atoms•@or•@column•@V

atoms•@are•@incorporated•@into•@the•@host•@binary•@lattice•D•@This•@seems

to•@indicate•@that•@these•@defects•@originate•@from•@a•@complex•@defect

rather•@than•@a•@simple•@pair•@of•@defects•D33•f•@On•@the•@other•@hand•C•@the

origin•@of•@the•@MH•@level•C•@whose•@concentration•@increased•@with•@x•C•@is

most•@probably•@related•@to•@Al•D

•@•@•@•@Finally•C•@a•@comment•@is•@made•@on•@the•@observed•@anomalous•@behavior

of•@the•@thermal•@recovery•@rate•@of•@the•@ML•@level•D•@Parker•@and•@Bray34•f

has•@shown•@very•@recently•@that•@the•@thermal•@recovery•@rate•@of•@EL2•@in

oxygen•@doped•@GaAs•@has•@a•@very•@much•@reduced•@thermal•@activation

energy•@of•@about•@O•D08eV•D•@They•@have•@suggested•@that•@the•@presence•@of

oxygen•@could•@modify•@the•@thermal•@recovery•@process•@without

influencing•@the•@basic•@photoquenching•@behavior•D•@lt•@has•@also•@been

shown•@that•@the•@thermal•@activation•@energy•@of•@the•@recovery•@process

is•@sample•@dependent•@in•@liquid•@encapsulated•@Czochralski•@•iLEC•j

GaAs•D35•„•@Furthermore•C•@formation•@of•@a•@metastable•@defect•@which

behaves•@like•@EL2•@has•@been•@reported•@in•@a•@plastically•@deformed

GaAs•D36•„•@Thus•C•@the•@observed•@high•@thermal•@recovery•@rate•@in•@the

AlxGai•|xAs•@samples•@seems•@to•@be•@caused•@most•@probably•@by•@delicate

modification•@of•@the•@metastable•@state•@due•@to•@the•@different•@atomic

surroundings•D

5•D6•D•@Conclusion
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•@•@•@•@The•@electrical•@properties•@of•@the•@midgap•@levels•@in•@the•@MOVPE

AIxGai•|xAs•@alloys•@were•@studied•@by•@the•@DLTS•@and•@PHCAP•@technique•D•@A

new•@PHCAP•@measurement•@procedure•@was•@used•@to•@separate•@the•@effect

of•@the•@photoionization•@of•@the•@DX•@center•@from•@the•@photoquenching

of•@the•@midgap•@states•D

•@•@•@Two•@levels•C•@i•De•D•C•@the•@ML•@and•@MH•@levels•C•@were•@found•@to•@exist•D

Their•@energy•@positions•@stay•@constant•@with•@respect•@to•@the•@hybrid

orbital•@energy•@level•@EHo•@when•@the•@alloy•@composition•@is•@varied•D

The•@higher•@lying•@MH•@level•@lies•@at•@about•@O•D58eV•@from•@EHo•C•@and•@the

lower•@lying•@ML•@level•@lies•@at•@about•@O•D24eV•@from•@EHo•D•@The

concentration•@of•@the•@ML•@level•@was•@almost•@independent•@of•@x•C

whereas•@that•@of•@the•@MH•@level•@was•@zero•@in•@GaAs•@and•@increased•@with

x•D

•@•@•@•@The•@ML•@level•@exhibits•@an•@remarkable•@photoquenching•@for•@x•qO•D3•C

which•@disappears•@above•@x••O•D3•D•@The•@similarity•@of•@the

photoquenching•@behavior•@to•@that•@in•@GaAsxPiˆê•~•@alloy•@as•@well•@as•@the

energy•@position•@and•@the•@optical•@cross•@sections•@have•@led•@to•@the

conclusion•@that•@the•@ML•@level•@is•@closely•@related•@to•@the•@EL2•@in

GaAs•@and•@originates•@from•@a•@certain•@complex•@defect•@related•@to•@As•D

’˜•I“ÅŽ›“¶’~’ù•vi•‚

–H‹¿•f“Ò“Ç•vƒh•D•A•D–•’uŒ^

•@•@•@On•@the•@other•@hand•C•@the•@MH•@level•@does•@not•@show•@photoquenching

for•@all•@x•C•@and•@is•@most•@probably•@related•@to•@Al•D
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VARIATION•@OF•@DEEP•@LEVELS•@IN•@BULK•@GaAs•@CAUSED•@BY•@7•|IRRADIATION

6•D•@1•D Introduction

•@•@•@One•@powerful•@method•@of•@studying•@the•@nature•@of•@defects•@is•@to

try•@to•@artificially•@modify•@the•@atomic•@configuration•@of•@the

defects•@and•@to•@introduce•@other•@defects•@by•@irradiation•D•@One•@can

obtain•@information•@on•@their•@electrical•@and•@optical•@properties•@or

their•@interactions•@with•@impurities•@and•^or•@grown•|in•@defects•@by•@a

combinaPion•@of•@complementary•@techniques•D•@The•@midgap•@state•C•@EL2•@in

GaAs•C•@which•@plaYs•@a•@dominant•@role•@in•@growing•@the•@semi•|insulating

•iSI•j•@substrate•C•@has•@been•@investigated•@in•@this•@procedure•C•@and•@very

important•@results•@on•@the•@identification•@of•@EL2•@have•@been

reported•D•h•@ln•@addition•C•@as•@to•@the•@defects•@in•@GaAs•@introduced

by•@electron•|irradiation•C•@which•@are•@the•@so•|called•@E•@and•@H•@traps•C

considerable•@effort•@has•@been•@devoted•@to•@clarifing•@their

origin•DZ•j•@By•@comparison•C•@relatively•@little•@work•@has•@been•@done•@on

the•@effect•@of•@irradiation•@on•@the•@properties•@of•@other•@grown•|in

states•D•@such•@as•@EL6•C•@which•@is•@recently•@considered•@to•@play•@a•@•@•@•@•@•@•f

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@120
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significant•@role•@in•@the•@compensation•@mechanism•@for

encapsuƒ†ated•@Czochralski•@•i1•DEC•j•@GaAs•D3•E4•t

1iquid

•@•@•@From•@the•@technological•@viewpoint•C•@it•@is•@of•@importance•@to

investigate•@the•@influence•@of•@irradiation•@on•@such•@characteristics

of•@semiconductor•@devices•@as•@the•@decrease•@in•@transconductance•@and

saturation•@current•@or•@the•@fluctuation•@of•@threshold•@voltage•@in•@the

field•@effect•@transistor•@•iFET•j•C•@and•@the•@decrease•@in•@luminescence

efficiency•@in•@the•@light•@emitted•@diode•@•iLED•j•@and•@the•@laser•@diode

•iLD•j•D•@Furthermore•C•@the•@study•@of•@defects•@by•@irradiation•@can

provide•@practical•@data•@for•@optimizing•@the•@recovery•@conditions•@of

defects•@in•@ion•|implantation•@techniques•D

•@•@•@The•@purpose•@of•@this•@chapter•@is•C•@therefore•C•@to•@present•@a

variation•@of•@electron•@traps•@in•@LEC•@GaAs•@by•@irradiation•D•@As•@an

irradiation•|source•C•@we•@used•@7•|rays•@since•@they•@are•@expected•@to

cause•@various•@kinds•@of•@damage•@to•@electronic•@devices•@exposed•@to

radiation•D•@LEC•@GaAs•@has•@been•@considered•@to•@be•@a•@key•@material•@for

achieving•@high•@quality•@in•@compound•@semiconductor•@integraVed

circuits•@•iICs•j•@or•@optoelectronic•@TCs•D•@lt•@has•@been•@reported•@that

the•@degradation•@of•@GaAs•@FET•@by•@irradiation•@is•@greater•@for•@ion•|

implanted•@devices•@than•@for•@epitaxial•@devices•D6•|7•f•@This•@is•C•@in

part•C•@explained•@by•@the•@non•|uniform•@doping•@profiles•@in•@the•@FET

channel•D8•j•@However•C•@there•@remains•@a•@question•@as•@to•@whether•@the

degradation•@of•@the•@devices•@is•@governed•@by•@the•@different

characteristics•@of•@defect•@states•@created•@by•@irradiation•@in

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@121
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different•@materials•D•@Thus•C•@a•@particular•@attention•@is•@paid•@on

the•@relationship•@between•@the•@behavior•@of•@grown•|in•@traps•@and•@the

creation•@of•@new•@traps•@by•@7•|irradiation•@in•@LEC•@GaAs•C•@compared•@with

those•@in•@epitaxial•@layers•D

6•D2•D•@Experimental

•@•@•@•@The•@samples•@used•@in•@the•@present•@work•@were•@undoped•@n•|type•@LEC

GaAs•@grown•@from•@SiO2•@crucible•@with•@carrier•@concentration•@of•@about

l•@x•@10•|6•@cm•|3•D•@Undoped•@n•|type•@GaAs•@on•@n•fˆêsubstrate•@grown•@by

metalorganic•@vapor•@phase•@epitaxy•@•iMOVPE•j•@and•@Si•|doped•@n•|GaAs

grown•@by•@molecular•@beam•@epitaxy•@•iMBE•j•C•@with•@almost•@the•@same

carrier•@concentration•@as•@the•@LEC•@sample•C•@were•@used•@as•@control

samples•D•@In•@control•@samples•C•@no•@trap•@other•@than•@EL2•@was•@detected

before•@irradiation•D•@Ohmic•@contact•@was•@fabricated•@by•@In•|Sn•@alloy

on•@the•@back•@sides•@of•@the•@samples•@followed•@by•@7•|irradiation•D

•Frradiation•@was•@performed•@at•@room•@temperature•@with•@60•@Co•@7•@rays

at•@a•@rate•@of•@2•@x•@105•@Rhˆê•f•D•@A•@500•@A•@thick•@Al•@dot•@Schottky•@diode

•idiameter•@approximately•@800•@•gm•j•@was•@formed•@after•@irradiation•@in

order•@to•@prevent•@possible•@diffusion•@during•@this•@irradiation•D

6•D3•D•@Results•@and•@Discussion

6•D3•D1•D•@DLTS•@Study
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•@•@Figure•@1•@shows•@typical•@DLTS•@signals•@in•@as•|grown•@and•@7•|

irradiated•@LEC•@GaAs•D•@Also•@indicated•@is•@a•@signal•@for•@a•@MOVPE

control•@sample•@in•@which•@no•@trap•@other•@than•@EL2•@was•@detected

before•@irradiation•D•@Arrhenius•@plots•@of•@these•@levels•@are•@shown•@in

Fig•D2•C•@with•@comparative•@data•@from•@Martin•@et•@a19•j•C•@and•@Pons•@and

Bourgoin•D2•f•@ln•@both•@samples•C•@little•@change•@in•@the•@carrier

concentration•@estimated•@from•@capacitance•|voltage•@•iC•|V•j

characteristics•@at•@room•@temperature•@appeared•@before•@and•@after

irradiation•D•@In•@the•@MOVPE•@control•@sample•C•@as•@well•@as•@the•@MBE

sample•C•@the•@DLTS•@signal•@and•@the•@Arrhenius•@plots•@of•@the•@levels

obtained•@were•@very•@similar•@to•@those•@of•@the•@so•|called•@E•@traps•C

which•@were•@previously•@found•@in•@electron•|irradiated•@GaAs•D2•hO•j•@El

and•@E2•@were•@also•@detected•@in•@the•@LEC•@sample•@after•@7•|

irradiation•C•@while•@E3•C•@E4•@and•@E5•@seems•@to•@be•@masked•@by•@the•@high

peaks•@of•@EL6•C•@EL3•@and•@EL2•C•@respectively•D•@ln•@addition•C•@two

distinctive•@features•@of•@DLTS•@signal•@were•@obtained•@in•@7•|

irradiated•@LEC•@samples•D•@First•C•@the•@peak•@heights•@of•@two•@grown•|in

traps•C•@EL6•@and•@EL3•C•@changed•@in•@spite•@of•@the•@fact•@that•@the•@DLTs

spectrum•@of•@the•@EL2•@state•@did•@not•@change•D•@With•@2•@x•@108•@R•@7•|rays•C

EL6•@was•@reduced•@in•@concentration•@by•@a•@factor•@of•@3•@to•@5•C•@whereas

EL3•@increased•@about•@by•@one•@order•@of•@magnitude•D•@Second•C•@two•@new

traps•C•@labelled•@EGI•@and•@EG2•C•@appeared•@in•@addition•@to•@the•@E•@traps•D

An•@increase•@in•@concentration•@of•@EL3•@also•@appeared•@in•@the•@sample

with•@irradiation•@of•@5•@x•@10•f•@R•D
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Figure•@1•D•@Typical•@DLTS•@signals•@of•@the•@LEC•@and•@control•@samples•D

•ia•j•@as•|grown•@LEC•@sample•C•@•ib•j•@irradiated•@LEC•@sample•@with•@7•@rays•@of

2•@x•@10e•@R•@and•@•ic•j•@irradiated•@control•@sarnple•@with•@2•@x•@10e•@R•D•@The

control•@sample•@•ic•j•@was•@undoped•@MOVPE•@nˆêˆêGaAs•@in•@which•@no•@trap•@was

detected•@before•@irradiation•@exeept•@for•@EL2•D
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Figure•@2•D•@Arrhenius•@plots•@of•@the•@levels•@in•@•jt•|irradiated•@LEc

control•@samples•D•@Numbers•@indicate•@the•@activation•@energy•@of

level•@in•@eV•D•@Comparative•@data•@are•@taken•@from•@ref•D2•@•iPons

Bourgoin•j•@and•@ref•D11•@•iMartin•@et•@al•j•D

and

eaeh

and
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•@•@•@To•@clarify•@the•@relationship•@between•@the•@creation•@of•@newtraps

and•@the•@variation•@of•@the•@grown•|in•@EL•|levels•Cthe•@concentration

profiles•@and•@thermaƒ†•@•@annealing•@•@behavior•@•@of•@•@these•@•@traps•@were

investigated•D•@Figure•@3•@shows•@the•@concentration•@profiles•@of•@the

traps•@for•@as•|grown•@and•@7•|irradiated•@•i2•@x•@10B•@R•j•@LEC•@GaAs•D•@The

profiles•@within•@about•@1•@•gm•@were•@obtained•@from•@the•@as•|received•@or

as•|irradiated•@surface•@by•@varying•@the•@bias•@voltage•@in•@the•@DLTS

method•C•@while•@the•@points•@at•@about•@2•@•gm•@were•@obtained•@at•@an•@etched

surface•D•@Note•@that•@the•@deep•@level•@concentration•@was•@calculated

taking•@into•@account•@both•@the•@effect•@of•@the•@un•|ionized•@width•@of

the•@deep•@level•@in•@the•@depletion•@region•C•@that•@is•@the•@so•|calied•@A

effect•Cˆê•f•r•@and•@the•@effect•@of•@nonexponential•@capacitance

transients•@due•@to•@high•@trap•@density•Dˆê2•f•@The•@isochronal

annealing•@characteristics•@of•@each•@trap•@for•@a•@7•|irradiated•@LEC

sample•@in•@N2•@ambient•@are•@shown•@in•@Fig•D4•D•@The•@concentration

plotted•@in•@Fig•D4•@was•@in•@the•@region•@about•@O•D4•@•gm•@from•@the

surface•D

•@•@•@The•@E2•@level•@had•@a•@constant•@profile•@similar•@to•@that•@for

control•@sampies•D•@This•@indicates•@the•@uniformity•@of•@defect

distribution•@as•@expected•@by•@the•@transmitting•@ability•@and•@the

displacement•@cross•@section•@of•@the•@7•@ray•D•@Furthermore•C•@the•@thermal

behavior•@of•@E2•@corresponds•@to•@that•@of•@the•@E•@traps•@introduced•@by

electron•|irradiation•f3•f•C•@i•De•D•C•@it•@annealed•@at•@low•@temperature•@of

about•@300•@C•D•@These•@E•@traps•@are•@thought•@to•@be•@simple•@vacancy•|

or•@interstitial•|type•@defects•@from•@the•@following•@characteristics•F
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Figure•@3•D•@Concentration•@profiles•@of•@the•@traps•@for•@as•|grown•@and•@7•|

irradiated•@LEC•@GaAs•D•@The•@points•@at•@about•@2•@•gm•@were•@obtained•@at•@an

etched•@surface•D•@The•@others•@were•@determined•@at•@an•@irradiated

surface•@by•@varying•@the•@DLTS•@bias•@voltage•D
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LEC•@GQAs
@•@•@•@2x108•@R•@•@lr•|irrQdiQted

@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@EL2

@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@EL6

@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@EL3

@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@EG2

Osˆê•Eirrodioted•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@E2

@•@30mininN2

•@•@•@200•@300•@400
Annealing•@temperature•@•iOC•j

Figure•@4•D•@Isochronal•@annealing•@characteristics•@of•@the•@traps•@for

7•|irradiated•@LEC•@Ga•DAs•D•@The•@concentration•@obtained•@was•@in•@the

region•@about•@O•D4•@•gm•@from•@the•@irradiated•@surface•D
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N

the•@independence•@of•@their•@introduction•@rate•@from•@the•@temperature

between•@4•@and•@300•@K2•f•C•@the•@same•@threshold•@energy•@•itv•@10•@eV•j•@of

their•@creationˆê•g•f•@and•@the•@agreement•@of•@their•@annealing•@kinetics

with•@that•@of•@the•@recombination•@of•@the•@vacancy•|interstitial

pair•Dˆê3•f•@Based•@on•@these•@observations•C•@it•@can•@be•@concluded•@that

the•@origin•@of•@the•@E2•@trap•@detected•@in•@both•@LEC•@and•@control

samples•@is•@related•@to•@simple•@defects•D

•@•@•@The•@EG2•@trap•@appeared•@only•@in•@the•@vicinity•@of•@the•@surface•C

within•@about•@1•@•gm•C•@and•@its•@concentration•@profile•@was•@not•@only

very•@similar•@to•@that•@of•@EL3•@but•@complementary•@to•@that•@of•@EL6•C•@as

shown•@in•@Fig•@3•D•@Moreover•C•@EG2•@did•@not•@anneal•@at•@low•@temperature•C

which•@is•@different•@from•@the•@typical•@thermal•@annealing•@behavior•@of

the•@E•@traps•C•@as•@mentioned•@above•D•@These•@results•@strongly•@indicate

that•@new•@trap•C•@EG2•C•@is•@not•@a•@simple•@defect•@such•@as

interstitials•C•@vacancies•@or•@a•@Frenkel•@pair•@but•@a•@complex•@defect•C

being•@considered•@to•@be•@associated•@with•@grown•|in•@defects•@or

impurities•@in•@LEC•@GaAs•@because•@EG2•@was•@not•@created•@in•@control

samples•@by•@7•|irradiation•D

•@•@•@•@stievanard•@and•@Bourgoini5•f•@reported•@that•@new•@defects•@other

than•@E•@traps•@were•@created•@in•@VPE•@and•@LEC•@GaAs•@by•@electron•|

irradiation•@at•@300•@eC•D•@They•@suggested•@that•@these•@traps•@were

complex•@defects•@created•@by•@mobile•@As•@interstitial•@•iAsr•j•@at•@high•|

enough•@temperature•D•@Further•@evidence•@on•@the•@creation•@of•@new

defects•@has•@been•@found•@in•@SI•@LEC•@material•@by•@7•|irradiationi6•„

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@129
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‡b11•D•E•E

•C•v‡q
•c•E

c
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and•@in•@n•|type•@VPE•@material•@by•@electron•@irradiation•D•f7•f•@Based•@on

analysis•@of•@the•@temperature•|dependent•@Hall•@measurement•C•@Look•@and

sizelove•|7•fpointed•@out•@that•@the•@acceptor•@level•@lying•@below•@Ec•|O•D3

eV•C•@which•@cannot•@be•@detected•@by•@DLTS•C•@is•@produced•@in•@n•|type•@VPE

GaAs•@with•@a•@higher•@introduction•@rate•@than•@that•@of•@the•@E•@traps•@by

electron•@irradiation•D•@They•@also•@claimed•@that•@this•@acceptor•@level

is•@mainly•@connected•@with•@Ga•|sublattice•@damage•D•@Furthermore•C

positron•@lifetime•@measurements•@showed•@that•@Ga•@vacancies•@induced

by•@electron•@irradiation•@exist•@at•@temperature•@up•@to•@about•@300

K•D•f8•f•@similarly•C•@there•@may•@be•@a•@possibility•@that•@the•@simple

irradiation•|induced•@defects•C•@E•@traps•@or•@undetected•@levels•@that

escaped•@from•@recombination•C•@are•@mobile•@during•@7•|irradiation•D•@This

situation•@could•@create•@new•@defects•@such•@as•@EG2•@state•D

•@•@•@•@Apparently•C•@the•@grown•|in•@defects•@exist•@over•@more•@orders

of•@magnitude•@in•@LEC•@materials•@than•@in•@epitaxial•@layers•D•@Since•@the

LEC•@material•@used•@in•@the•@present•@study•@was•@an•@n•|type•@grown•@under

As•|rich•@conditions•C•@Ga•@vacancy•@•iVGa•j•@seems•@to•@be•@one•@of•@the•@most

likely•@simple•@defects•D•f9•f•@These•@grown•|in•@defects•@may•@assist•@some

of•@the•@primary•@simple•@defects•@induced•@by•@7•|irradiation•@at•@the

surface•@to•@move•@toward•@the•@bulk•@region•C•@which•@may•@result•@in•@the

interaction•@between•@them•@near•@the•@surface•@in•@LEC•@GaAs•D

•@•@•@It•@is•@interesting•@that•@the•@EG2•@profile•@is•@very•@similar•@to•@that

of•@the•@EL3•@level•@in•@7•|irradiated•@LEC•@material•C•@as•@shown•@in•@Fig•D3•D

EL3•@is•@very•@often•@detected•@in•@bulk•@n•|type•@GaAs•@crystals•@and•@has•@a

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@130
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•A

tendency•@for•@the•@concentration•@of•@the•@level•@to•@decrease•@with•@the

increase•@of•@carrier•@concentration•C•@as•@shown•@in•@Fig•D5•@together

with•@the•@data•@of•@other•@workers•D20•|26•f•@Since•@the•@materials•@in

Fig•D5•@are•@doped•@with•@Si•@or•@grown•@from•@SiOz•@crucible•C•@the•@decrease

of•@EL3•@concentration•@is•@considered•@to•@be•@related•@to•@the

interaction•@of•@Si•@atoms•@with•@the•@grown•|in•@defects•D•@Vanasupa•@et

a127•f•@suggested•@an•@activation•@mechanism•@in•@which•@the•@implanted•@Si

atoms•@locally•@redistribute•@to•@vacant•@sites•@rather•@than•@exchanging

positions•@with•@lattice•@atoms•D•@Thus•C•@the•@similar•@concentration

profiles•@of•@EG2•@and•@EL3•@indicate•@that•@the•@origin•@of•@the•@EG2•@level

seems•@to•@be•@related•@to•@VG•D•@or•@As•@vacancy•@•iVA•D•j•D

•@•@The•@remaining•@grown•|in•@level•C•@EL6•C•@was•@decreased•@by

irradiation•@only•@neqr•@surface•@region•D•@This•@seemed•@to•@be•@caused•@by

the•@interaction•@of•@the•@component•@of•@EL6•@with•@the•@irradiation•|

induced•@defects•@as•@mentioned•@above•D•@This•@drastic•@change•@of•@EL6•@is

consistent•@with•@that•@caused•@by•@ion•|implantation•C28•f•@neutron

irradiation•C29•j•@plastic•@deformation25•f30•f3•f•r•@and•@annealing•@at

soo•|soo•@OC•@•C32•j•@indicating•@that•@the•@origin•@of•@EL6•@is•@related•@to

defects•@which•@may•@be•@easily•@created•@or•@decomposed•@by•@various

surrounding•@conditions•D•@This•@tendency•@could•@be•@responsible•@for

the•@significant•@effect•@of•@EL6•@on•@the•@compensation•@mechanism•@in

LEC•@GaAs•C•@as•@well•@as•@EL2•C•@especially•@in•@annealing•@processes•D33•j

6•D3•D2•D•@Metastable•@Behavior•@of•@EL2

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@131
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Figure•@5•D•@EL3•@concentration•@as•@a•@funetion•@of•@earrier
concentration•@in•@LEC•@GaAs•@doped•@with•@Si•@or•@grown•@from•@SiO2

crueible•D•@Data•@shown•@in•@open•@triangles•@are•@taken•@from•@ref•D20•C

the•@open•@square•@from•@ref•D21•C•@the•@open•@circle•@from•@ref•D22•C•@the

elosed•@circle•@from•@ref•D23•C•@the•@closed•@square•@from•@ref•D24•C•@the

closed•@triangles•@from•@ref•D25•@and•@the•@open•@rhombus•@from•@ref•D26•D
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•@•@•@Contrary•@to•@the•@variations•@of•@the•@EL3•@and•@EL6•@states•C•@the•@DLTS

signal•@of•@the•@most•@dominant•@state•C•@EL2•C•@was•@not•@influenced•@by•@7•|

irradiation•D•@The•@metastable•@behavior•@of•@EL2•@was•@investigated•@by

measuring•@PHCAP•C•@which•@is•@the•@most•@specific•@property•@of•@EL2•@and

can•@provide•@meaningful•@information•@on•@the•@physical•@and

microscopic•@configuration•@of•@the•@state•D

•@•@•@Figure•@6•@represents•@normalized•@PHCAP•@transients•@at•@60•@K•@for

LEC•@sample•@and•@MOVPE•@control•@sample•@before•@and•@after•@irradiation•D

•Hn•@both•@samples•C•@•@the•@value•@of•@quenching•@capacitance•@•iCQ•j•C•@•@which

may•@be•@considered•@to•@be•@the•@concentration•@of•@quenchable•@EL2

center•C•@remained•@constant•@with•@an•@accuracy•@of•@5•“•C•@independent•@of

the•@irradiation•@dose•D•@Moreover•C•@exponential•@time•@dependence•@was

observed•@and•@the•@time•@constant•@of•@the•@quenching•@transient•@was

the•@same•@before•@and•@after•@irradiation•C•@suggesting•@that•@the

electron•@transfer•@mechanism•@from•@the•@ground•@state•@to•@the

metastable•@state•@of•@the•@EL2•@level•@dose•@not•@seem•@to•@be•@affected

by•@7•|irradiation•D•@ln•@fact•C•@it•@has•@been•@reported•@that•@the

photoquenching•@effect•@should•@take•@place•@by•@a•@successive

transition•@of•@electrons•@with•@the•@interaction•@between•@the•@excited

State•@and•@the•@metastable•@state•D3•g•D35•j

•@•@•@•@In•@addition•C•@the•@recovery•@process•@of•@EL2•@from•@the•@metastable

state•@to•@the•@ground•@state•C•@which•@was•@examined•@according•@to•@an

earlier•@procedure•C36•f•@did•@not•@change•@with•@irradiation•C•@as•@shown

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@133
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Figure•@6•D•@Photocapacitance•@transient•@normalized•@by•@the•@quenching

capacitance•@in•@LEC•@and•@control•@samples•@before•@and•@after

irradiation•D
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N

in•@Fig•D7•D•@Figure•@7•@shows•@the•@recovery•@rate•@at•@various

temperatures•D•@The•@estimated•@recovery•@barrier•@of•@O•D35•@eV•C•@which•@is

similar•@to•@those•@reported•@earlier•C36•f37•j•@remained•@more•@or•@less

the•@same•@before•@and•@after•@irradiation•@for•@both•@LEC•@and•@control

samples•D

•@•@•@The•@results•@obtained•@here•@provide•@clear•@evidence•@that•@the

microscopic•@configuration•@of•@EL2•@could•@not•@be•@influenced•@by•@7•|

irradiation•D•@lt•@has•@been•@reported•@that•@the•@antisite•@defect•C•@AsG•D•C

is•@introduced•@by•@electron•@irradiation•@with•@a•@high•@dose•C38•f39•j•@and

the•@following•@models•@of•@formation•@of•@AsG•D•@have•@been•@proposed•F•@the

capture•@of•@Ga•@interstitial•@by•@some•@grown•|in•@defects•@such•@as•@AsG•Dˆê

VG•D•C38•f•@the•@interaction•@of•@Asr•@with•@the•@substitutional•@impurity

on•@a•@Ga•@site2•j•@and•@the•@capture•@of•@the•@nearest•@As•@atom•@by•@unstable

VG•D•@followed•@by•@the•@interaction•@of•@mobile•@Asi•@with•@AsG•DˆêVA•D•D39•j

However•C•@AsG•D•@induced•@during•@electron•@irradiation•@shows•@no•@photo•|

induced•fquenching•@behavior•C•@which•@was•@confirmed•@by•@electron

paramagnetic•@resonance•@•iEPR•j•@measurements•C•@i•De•D•C•@the•@AsG•D•@defect

induced•@by•@electron•@irradiation•@is•@not•@EL2•@but•@an•@isolated

one•D3•h•f•@similarly•C•@although•@isolated•@AsGa•@can•@be•@induced•C•@the

AsG•D•@complex•@and•^or•@aggregate•@that•@constitutes•@the•@EL2•@state

seems•@not•@to•@be•@created•@and•@not•@to•@be•@decomposed•@during•@7•|

irradiation•D

•@•@•@•@As•@shown•@by•@the•@results•@obtained•@here•@as•@well•@as•@in•@other

reports•C•@the•@basic•@properties•@of•@EL2•@cannot•@be•@easily•@modified•@by

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@135



Œ®•§•§—Ø“å–•“åre•@•t•@•u•¥•@•|•@•Œ‰à

•@•@•@•@•@nx•g

ˆêˆêˆê•Cle

•D

•i’š‚¢•jƒ³‚¿•v•r•vƒ³•„8ƒ³‚É

161

•@r210

•@ˆê3
10

LEC•@GaAs

o

e

QSç[grown
•gˆêirradiated
•@•@•@•@•i2•@xlo8•@R•j

dE•••@O•D35•@eV

E•DL2g
•@•@•@•@•@EL2•fX•f

r
l•I1•Dz•D•@eC•q•D•D•DtbE

•@•@•@•D•D•hT

7•D5 •@•@•@•@•@8•D0

1000•^•@T •iK•@•j

8•D5

Figure•@7•D•@Thermal•@recovery•@rate•@of•@EL2•@from•@the•@metastable•@state

to•@the•@ground•@state•@as•@a•@function•@of•@reciprocal•@temperature•D
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ˆêˆêˆê•C•C1

the•@alloying•@effect•eO•j•@and•@plastic•@deformation•C25•f30•f3ˆê•j

except•@for•@high•@temperature•@annealing4•h•@and•@heavy•@particle

implantation•Dˆê•f•@Therefore•C•@although•@simple•@AsG•Dˆêrelated•@pair

models•@of•@EL2•@have•@been•@proposed•C•eZ•f43•j•@the•@origin•@of•@EL2•@seems

to•@be•@associated•@with•@a•@more•@compiex•@aggregate•@rather•@than•@simple

pair•@defects•D44•j

6•D4•D•@Conclusion

•@•@Variation•@of•@electron•@traps•@caused•@by•@7•|irradiation•@in•@LEC•@GaAs

was•@studied•@by•@DLTS•@and•@PHCAP•@measurements•@and•@compared•@with•@that

in•@epitaxial•@layers•D•@Besides•@E•@traps•C•@which•@have•@been•@found•@in

electron•|irradiated•@GaAs•C•@new•@traps•@were•@created•@near•@the•@surface

region•@only•@in•@LEC•@material•D•@ln•@addition•C•@grown•|in•@defects•C•@EL6

and•@EL3•C•@were•@changed•@in•@concentration•@by•@a•@factor•@of•@3•@to•@10

near•@the•@surface•@by•@7•|irradiation•@of•@2•@x•@108•@R•D•@New•@traps•@did•@not

anneal•@at•@around•@300•@C•@and•@their•@concentration•@profiles•@obtained

from•@DLTS•@correlated•@with•@the•@profiles•@of•@the•@grown•|in•@EL

defects•D•@These•@results•@strongly•@indicate•@that•@new•@traps•@in•@LEc

GaAs•@are•@not•@simple•@defects•@but•@complex•@ones•C•@possibly•@created•@by

the•@interaction•@between•@the•@grown•|in•@defects•@and•@the•@irradiation•|

induced•@defects•D•@In•@the•@contrast•C•@neither•@the•@DLTS•@spectrum•@nor

the•@metastable•@behavior•@of•@EL2•@changed•@after•@irradiation•C•@i•De•D•C

the•@microscopic•@configuration•@of•@EL2•@was•@not•@directly•@affected•@by

irradiation•D
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ˆê•Dˆêi•C1

VARIA•f1tlON•@OF•@NEAR•|SURFACE•@DEEP•@LEVELS•@IN•@CAPPED•@GaAs•@CAUSED•@BY

ANNEALING

7•D1•@Introduction

•@•@Much•@effort•@has•@been•@devoted•@to•@investigate•@the•@various

insulating•@films•@as•@an•@annealing•@encapsulant•@for•@ion•|implanted

GaAs•C•@because•@of•@their•@practical•@importance•@for•@field•@effect

transistor•@fabrication•D•@However•C•@none•@of•@the•@films•@is•@entirely

satisfactory•D•@For•@example•C•@the•@case•@of•@SiO2•@suffers•@from•@Ga

outdiffusion•@into•@SiO2•@film•C•@and•@the•@annealing•@using•@SiN•@has•@a

serious•@problem•@of•@the•@stress•@between•@SiN•@film•@and•@GaAs•Di•E2•„

Recently•C•@an•@attention•@has•@been•@paid•@to•@the•@application•@of•@rapid

thermal•@annealing•@•iRTA•j3•f•@to•@the•@post•|implantation•@annealing•D•@In

this•@method•C•@it•@is•@expected•@that•@the•@required•@encapsulant

thickness•@may•@be•@reduced•@compared•@to•@that•@of•@conventional•@furnace

annealing•@•iFA•j•@because•@of•@its•@short•@annealing•@time•C•@thereby

reducing•@the•@stress•@at•@the•@surface•@of•@GaAs•@substrate•D•@However•C

problems•@concerning•@the•@newly•@induced•@defects4•f5•j•@or•@As

evaporation•@even•@in•@encapsulated•@GaAs6•f•@are•@still•@remained•D

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@141
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•@•@•u–¤“Êr•A•A

N

•@•@•@In•@this•@chapter•C•@taking•@these•@situations•@into•@account•C•@A1203

capped•@anneaiing•@is•@investigated•D•@The•@A1203•@film•@as•@an•@improved

encapsulant•@for•@GaAs•@is•@prepared•@by•@the•@dynamic•@mixing•@method•D

This•@method•@allows•@film•@formation•@at•@room•@temperature•D•@The•@low•|

temperature•@deposition•@methods•@should•@be•@desirable•@as•@to

suppressing•@the•@degradation•@of•@GaAs•@substrate•@due•@to•@the•@As

evaporatiop•@during•@deposition•D•@A•@particular•@attention•@is•@paid•@on

the•@change•@of•@the•@interface•@configuration•@and•@the•@variation•@of

near•|surface•@deep•@levels•@of•@GaAs•@substrate•@which•@is•@one•@of•@the

most•@important•@terms•@for•@the•@degradation•@of•@the•@substrate•D

7•D2•@Experimental

•@•@•@The•@substrates•@used•@in•@the•@present•@work•@were•@Si•|doped•@n•|type

LEC•@•i100•j•@GaAs•@with•@the•@carrier•@concentration•@of•@4•@x•@loi6•@cm•|3•D

A1203•@films•@of•@1100•@A•@thickness•@were•@prepared•@at•@room•@temperature

by•@the•@dynamic•@mixing•@method7•„•@using•@ion•@beam•@and•@simultaneous

vapor•@deposition•D•@Schematic•@diagram•@of•@the•@growth•@system•@is•@shown

in•@Fig•D1•D•@lon•@beam•@energy•@is•@5keV•D•@Typical•@growth•@rate•@is•@1•@A•^sec

and•@ion•@current•@density•@is•@100•@•gAcm•fˆê2•D•@Annealing•@of•@A1203•^GaAs

was•@carried•@out•@by•@FA•@and•@RTA•@in•@flowing•@H2•@or•@Ar•@gas•D•@FA•@was

performed•@at•@700•|800•@OC•@for•@15•@min•@with•@heating•@rate•@of•@20C•@•^sec•C

whereas•@RTA•@at•@800•@eC•@for•@10•@sec•@with•@30•|50•@OC•@•^sec•D

•@•@•@A1203•^GaAs•@systems•@were•@analyzed•@by•@Auger•@electron

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@142
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Figure•@1•D•@Schematic•@diagram•@of•@the•@growth•@system•@used

present•@work•D
ln•@the
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N

spectroscopy•@•iAES•j•@and•@X•|ray•@photoelectron•@spectroscopy•@•iXPS•j

with•@ULVAC•|PHr•@255•D•@The•@electron•@energy•@analyser•@was•@a

cylindrical•@mirror•@analyser•@and•@the•@background•@pressure•@of•@the

analysis•@chamber•@was•@about•@2•@x•@10•|8•@Pa•D•@The•@eiectron•@beam

voltage•@of•@AES•@was•@3•@kV•@and•@Al•@Ka•@excitation•@•ihv••1486•D6•@eV•j•@was

used•@for•@XPS•D•@The•@spectrometer•@was•@calibrated•@using•@the•@Au4f7•^2

and•@Cu2p3•I2•@positions•D•@To•@cope•@with•@the•@charging•@up•@to•@the

samples•C•@reference•@was•@made•@to•@the•@position•@of•@the•@hydrocarbon

Cls•D

•@•@•@Electrical•@properties•@of•@GaAs•@near•@the•@surface•@were

investigated•@by•@capacitance•|voltage•@•iC•|V•j•C•@deep•@level•@transient

spectroscopy•@•iDLTS•j•@and•@photocapacitance•@•iPHCAP•j•@measurements•D

Al•@Schottky•@diode•@•idiameter•F800•gm•j•@was•@fabricated•@by•@vacuum

evaporation•@after•@removal•@of•@A1203•@film•@by•@hot•@hydrophosphic

acid•D

•uˆê›½•d•|•o•d•‘—Û

7•D3•@Results

7•D3•D1•D•@Analysis•@of•@A1203•@Film•@and•@A1203•^GaAs•@lnterface

•@•@•@Figure•@2•@shows•@AES•@line•@shape•@for•@as•|deposited•@A1203•^GaAs

system•D•@The•@thickness•@and•@refractive•@index•@of•@A1203•@film

estimated•@from•@ellipsometry•@were•@1100•@A•@and•@1•D8•C•@respectively•D

There•@was•@no•@peak•@other•@than•@Al•C•@O•@and•@C•@at•@A1203•@surface•D•@xps

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@144
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Figure•@2•D•@AES•@line•@shape•@for•@as•|deposited•@A1203•@surface•D•@The

film•@thickness•@is•@1100•@A•@and•@the•@electron•@bearn•@voltage•@used•@for

AES•@analysis•@is•@3•@kV•D
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•@•@ˆê•Dˆêˆêlt

spectra•@of•@as•|deposited•@A1203•@surface•@are•@shown•@in•@Fig•D2•D•@A12p

and•@Ols•@lines•@can•@be•@fitted•@to•@single•@Gaussian•@distribution

function•D•@A12p•@spectrum•@has•@the•@peak•@binding•@energy•@of•@74•D9•@eV

and•@the•@full•@width•@at•@half•@maximum•@•iFWHM•j•@of•@2•D0•@eV•C•@and•@Ols•@has

531•D7•@eV•@and•@2•E2•@eV•C•@respectively•D•@•Hn•@addition•C•@the•@peak•@ratio•@of

Ols•@to•@A12p•@was•@6•D6•D•@These•@values•@are•@in•@good•@agreement•@with

those•@obtained•@in•@standard•@A1203•@powder•C•@indicating•@that•@A1203

film•@on•@GaAs•@grown•@at•@room•@temperature•@by•@the•@dynamic•@mixing

method•@has•@a•@stoichiometric•@structure•D

•@•@•@AES•@sputtering•@profiles•@of•@the•@A1203•^GaAs•@system•@for•@as•|

deposited•C•@FA•@and•@RTA•@samples•@are•@shown•@in•@Fig•D4•D•@Annealing

conditions•@for•@FA•@and•@RTA•@samples•@are•@given•@in•@the•@figure•D•@The

composition•@of•@the•@A1203•@film•@was•@almost•@constant•@and

comparatively•@abrupt•@interface•@was•@found•@for•@all•@samples•D•@The

significant•@point•@of•@the•@result•@in•@Fig•D4•@is•@that•@there•@is•@no

identification•@of•@As•@or•@Ga•@outdiffusion•@into•@A1203•@film•@during

annealing•@process•C•@which•@is•@also•@confirmed•@by•@XPS•@measurement•D

The•@outdiffusion•@of•@Ga•@atom•@is•@serious•@problem•@of•@SiO2

passivation•@•@film•@•@on•@•@GaAs•E•@Near•@•@the•@•@Aƒ†203•^GaAs•@•@•@interface•C

different•@profiles•@with•@different•@samples•@were•@obtained•D•@For•@as•|

deposited•@sample•C•@the•@oxygen•@signal•@slightly•@extended•@into•@GaAs

substrate•@compared•@to•@Al•@one•E•@After•@FA•@processing•C•@As•@signal

exceeded•@Ga•@one•C•@whereas•@Ga•@composition•@at•@the•@interface•@exceeded

stoichometric•@value•@after•@RTA•E•@This•@indicates•@that•@the

A1203•^GaAs•@interface•@strUctUre•@Was•@changed•@by•@the•@annealing

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@146
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Figure•@3•D•@•ia•j•@XPS•@spectrum•@of•@asˆêˆêdeposited•@A1203•@surfaee•D•@•ib•j

XPS•@spectra•@of•@A12p•@and•@Ols•D•@The•@peak•@binding•@energy•C•@FWHM•@and

peak•@ratio•@of•@both•@lines•@were•@comparable•@with•@those•@for•@standard

powder•@sarnple•D
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ˆê•D•C•CIE

process•D

•@•@•@Figure•@5•@shows•@the•@XPS•@spectra•@of•@As2p•@and•@Ga2p•@near

the•@A1203•^GaAs•@interface•@•isputtering•@time•F85•@min•j•@of•@three

samples•D•@For•@as•|deposited•@sample•C•@As2p•@iine•@was•@fitted•@by•@Qne

Gassian•@distribution•@function•@and•@its•@peak•@binding•@energy•@and

FWHM•@were•@1322•D3•@eV•@and•@1•D80•@eV•C•@respectively•C•@indicating•@As•|Ga

bonding•D•@Whereas•C•@Ga2p•@spectrum•@includes•@two•@distributions•F•@one

is•@the•@main•@peak•@of•@Ga•|As•@bonding•@•ipeak•@binding•@energy•F1117•D2•@eV•C

FWHM•F1•D70•@eV•j•@and•@the•@other•@is•@the•@weak•@peak•@of•@Ga•@oxide•@•i1118•D5

eV•C•@2•D5•@eV•j•D•@The•@peak•@ratio•@of•@As2p•@to•@Ga2p•@•i1117•D2•@eV•j•@was•@1•D3

which•@is•@the•@same•@value•@in•@bulk•@region•D

•@•@•@For•@FA•@sample•@•iFig•D5•@•ib•j•j•C•@it•@was•@notable•@that•@As2p•@line

slightly•@shifted•@to•@the•@higher•@energy•@and•@the•@peak•@ratio•@of•@As•@to

Ga•@was•@greater•@than•@that•@in•@bulk•D•@As2p•@line•@seems•@to•@be•@composed

of•@two•@Gaussian•@distributions•D•@One•@is•@As•|Ga•@bonding•@peak•@•i1322•D3

eV•j•@and•@the•@other•@has•@a•@binding•@energy•@of•@1323•D3•@eV•@and•@FWHM•@of

2•D20•@eV•D•@Since•@it•@has•@been•@examined•@that•@As•@oxide•@had•@the•@higher

binding•@energy•@•i1326•D0•@eV•j•@at•@chemically•@etched•@GaAs•@surface•Ce•E9•„

the•@latter•@peak•@seems•@to•@correspond•@to•@elemental•@As•D•@On•@the

contrary•C•@Ga2p•@line•@is•@almost•@the•@same•@as•@that•@of•@as•|deposited

sample•D•@Therefore•C•@it•@may•@be•@considered•@that•@elemental•@As

accumulates•@near•@the•@interface•@during•@FA•@proeessing•D•@XPS•@spectra

of•@As2p•@and•@Ga2p•@at•@the•@interface•@after•@RTA•@were•@shown•@in•@Fig•Ds

•ic•j•D•@Distinctively•C•@Ga2p•@spectrum•@after•@RTA•@included•@a•@lot•@of•@Ga

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@149
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Figure•@5•D•@XPS•@spectra•@of•@As2p•@and•@Ga2p•@near•@A1203•^GaAs•@interface

for•@three•@sarnples•D•@The•@sputtering•@time•@was•@80•@min•@which•@is

corresponding•@to•@AES•@profiles•D•@Both•@spectra•@were•@fitted•@using

values•@obtained•@in•@bulk•@GaAs•D
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•gˆê•C•Clt

oxide•@distribution•@comparable•@with•@the•@peak•@of•@Ga•|As•@bonding•C

which•@reflected•@the•@corresponding•@change•@of•@the•@AES•@profile•@at

the•@interface•@shown•@in•@Fig•D4•D•@On•@the•@other•@hand•C•@As2p•@line•@was

fitted•@by•@single•@Gaussian•@distribution•@as•@similar•@to•@that•@of•@as•|

deposited•@sample•C•@indicating•@that•@there•@was•@little•@amount•@of

elemental•@As•@at•@the•@interface•D•@Note•@that•@the•@peak•@ratio•@of•@As2p

•i1322•D3eV•j•@to•@Ga2p•@•i1117•D2eV•j•@was•@1•D3•@for•@both•@annealed•@samples•C

which•@is•@the•@same•@value•@in•@bulk•@region•D

7•D3•D2•D•@Deep•@Levels•@near•@The•@Surface•@of•@GaAs

•@•@•@It•@is•@well•@known•@that•@the•@carrier•@concentration•@and•@the•@deep

level•@distribution•@in•@LEC•@GaAs•@changed•@near•@the•@surface•@after•@cap

annealing•@process•DiOˆêˆê3•j•@Hence•C•@we•@examined•@the•@electrical

properties•@of•@GaAs•@substrate•@near•@the•@surface•@aft•fer•@annealing

process•@by•@C•|V•C•@DLTS•@and•@PHCAP•@measurements•D

•@•@•@Figure•@6•@shows•@carrier•@concentration•@profiles•@obtained•@by•@c•|V

curves•@of•@the•@annealed•@sampies•D•@The•@carrier•@concentration•@of•@the

as•|grown•@GaAs•@is•@indicated•@by•@the•@arrow•@in•@Fig•@6•D•@The•@sample

after•@FA•@processing•@represented•@little•@deviation•@from•@the•@ideal

schottky•@C•|V•@behavior•@and•@the•@carrier•@concentration•@profile•@was

almost•@constant•D•@On•@the•@other•@hand•C•@the•@profile•@showing

the•@carrier•@accumulation•@near•@the•@surface•@can•@be•@seen•@after•@RTA

processing•D•@There•@are•@two•@possible•@terms•@to•@understand•@the•@change

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@151
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•@sooOc•@1•@s•@min
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R’šA
•@•@•@•@•@•@•@•@800C•@10s

•@O•C1•@O•D2•@O•D3•@O•D4•@O•C5

DiStance•@from•@surface•f•@•ipm•j

Figure•@6•D•@Carrier•@concentratio•fn•@profiles•@obtained•@by•@C•|V•@curves

of•@the•@annealed•@samples•D•@The•@arrow•@indieates•@the•@carrier

cencentration•@of•@as•|grown•@GaAs•D
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of•@profile•F•@one•@is•@impurity•@incorporation•@and•^or•@redistribution•C

and•@the•@other•@is•@the•@variation•@of•@deep•@levels•@in•@LEC•@material•D

•@•@•@To•@check•@the•@variation•@of•@deep•@levels•C•@DLTS•@and•@PHCAP

measurements•@were•@carried•@out•D•@Figure•@7•@shows•@the•@iow•|temperature

and•@high•|temperature•@DLTS•@signals•@from•@the•@same•@Schottky•@diodes

used•@in•@C•|V•@analysis•D•@After•@annealing•C•@all•@electron•@traps•@other

than•@EL2•@were•@decreased•@more•@than•@one•@order•@of•@magnitude•C•@which

is•@consistent•@with•@the•@results•@obtained•@in•@furnace•@annealing•@with

face•|to•|face•@proximity•@capping•D

•@•@•@As•@can•@be•@seen•@in•@Fig•D7•@•ib•j•C•@the•@DLTS•@signal•@of•@EL2•@for•@FA

sample•@is•@the•@same•@with•@that•@for•@as•|grown•@sample•C•@whereas•@EL2

concentration•@increased•@by•@a•@factor•@of•@2•@with•@decreasing•@bias

voltage•@after•@RTA•@processing•D•@The•@range•@of•@DLTS•@probing•@depth

where•@the•@peak•@height•@of•@EL2•@increased•@almost•@coincides•@with•@the

region•@where•@the•@change•@of•@carrier•@profile•@was•@observed•D

Additionally•C•@change•@of•@the•@photoquenching•@behavior•@appeared

after•@RTA•D•@Figure•@8•@shows•@PHCAP•@response•@of•@the•@Schottky•@diodes

after•@FA•@and•@RTA•@processing•D•@By•@RTA•C•@non•|exponentiai•@quenching

spectrum•@was•@apparently•@observed•D•@This•@means•@that•@electron

transfer•@mechanism•@from•@the•@ground•@state•@to•@the•@metastable•@state

through•@the•@excited•@statei•e•h5•f•@might•@be•@modified•@by•@RTA•@or•@other

members•@of•@EL2•@induced•@by•@RTA•@might•@disturb•@the•@photoquenching

behavior•@of•@grown•|in•@EL2•D
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Figure•@8•D•@PHCAP•@response•@of•@the•@diodes•@after•@FA•@and•@RTA

processing•D•@Exponential•@photoquenching•@effeet•@appeared•@for•@FA
sample•@as•@well•@as•@as•|grown•@GaAs•C•@whereas•@non•|exponential•@behavior

was•@apparently•@observed•@after•@RTA•D
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7•D4•@Discussion

•@•@•@The•@A1203•@film•@deposited•@on•@GaAs•@substrate•@at•@room•@temperature

by•@the•@dynamic•@mixing•@method•@has•@a•@stoichiometric•@structure•D•@On

the•@other•@hand•C•@the•@A1203•^GaAs•@interface•@for•@as•|deposited•@sample

seems•@to•@be•@somewhat•@disordered•D•@lt•@is•@expected•@that•@effects•@of

the•@ion•@beam•@include•@competing•@Processes•|the•@enhanced•@reactivity

and•@mobility•@of•@the•@forming•@species•C•@sputtering•@and•@implantation•D

Although•@the•@former•@effect•@can•@bring•@to•@form•@the•@insulator•@film

at•@room•@temperature•C•@the•@latter•@two•@effects•@may•@be•@responsible

for•@the•@formation•@of•@thin•@disordered•@layer•@at•@the•@surface•@of•@GaAs

substrate•@in•@the•@primary•@stage•@of•@the•@growth•D•@Since•@these•@effects

are•@able•@to•@be•@minimized•@by•@reducing•@the•@ion•@beam•@energy•C•@it•@is

possible•@to•@restrain•@the•@formation•@of•@damaged•@layer•@during•@film

deposition•D•@There•@was•@no•@evidence•@of•@As•@and•@Ga•@signals•@into

A1203•@film•@after•@the•@annealing•@processing•C•@indicating•@that•@the

film•@can•@be•@effective•@diffusion•@barrier•@to•@As•@and•@Ga

outdiffusion•D

•@•@•@It•@is•@apparent•@that•@there•@is•@a•@difference•@between•@FA•@sample

and•@RTA•@sample•@in•@the•@structural•@change•@of•@the•@A1203•^GaAs

interface•D•@As•@given•@in•@XPS•@spectra•@•iFig•D5•j•C•@elemental•@As•@was

mainly•@created•@for•@FA•@sample•C•@while•@a•@lot•@of•@Ga•@oxide•@was

generated•@for•@RTA•@sample•@at•@the•@interface•D•@In•@addition•C•@the

properties•@of•@EL2•@state•@varied•@only•@after•@RTA•@processing•@•iFigs•D7

and•@8•j•D•@Both•@changes•@of•@the•@interface•@structure•@after•@FA•@and•@RTA

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@156
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seem•@to•@be•@attributed•@to•@the•@same•@source•C•@i•De•D•C•@the•@disordered

layer•@at•@the•@interface•@probably•@formed•@during•@the•@primary•@stage

of•@the•@deposition•@as•@mentioned•@above•D•@The•@stress•@due•@to•@the

difference•@of•@the•@thermal•@expansion•@coefficient•@between•@A1203•@and

GaAs•@can•@produce•@the•@same•@effect•@on•@FA•@and•@RTA•@processing•@at•@the

same•@temperature•D•@Therefore•C•@it•@seems•@difficult•@to•@explain•@what

we•@have•@observed•@by•@only•@the•@stress•@caused•@by•@the•@difference•@of

the•@thermal•@expansion•D

•@•@•@The•@most•@significant•@term•@giving•@rise•@to•@the•@different

annealing•@behavior•@at•@the•@interface•@is•@considered•@to•@be•@the

heating•@rate•Di6•f•@In•@the•@initial•@heating•@state•@for•@RTA•C•@GaAs

substrate•@mainly•@absorbed•@the•@infrared•@power•D•@The•@enhanced

heating•@rate•@can•@extremely•@produce•@the•@large•@temperature

difference•@between•@GaAs•@and•@the•@insulator•C•@thereby•@resulting•@in

the•@large•@stress•@at•@the•@interface•@for•@RTA•@processing•D•@Tt•@is

thought•@that•@this•@large•@momentary•@stress•@causes•@to•@cut•@the•@Ga•|As

bonding•@near•@the•@surface•C•@and•@then•@the•@reaction•@of•@Ga•@with•@excess

oxygen•@occurred•D

•@•@•@•@Furthermore•C•@the•@large•@temperature•@gradient•@also•@likely

accounts•@for•@the•@change•@of•@the•@properties•@of•@EL2•@after•@RTA

processing•D•@The•@facts•@that•@the•@EL2•@concentration•@increased•@near

the•@surface•@and•@the•@non•|exponential•@photoquenching•@behavior

appeared•@after•@RTA•@are•@similar•@to•@those•@reported•@in•@the

plastically•@deformed•@GaAs•Dˆê7ˆêˆê9•f•@Newly•@appeared•@defects•@in

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@157
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deformed•@GaAs•@have•@been•@considered•@to•@be•@the•@EL2•|related•@leve1i9•f

or•@dislocation•|related•|8•f•@one•D•@lt•@is•@possible•@that•@the•@stress•@due

to•@the•@large•@temperature•@difference•@at•@the•@interface•@for•@RTA•@may

produce•@the•@same•@effects•@as•@plastic•@deformation•@on•@the•@surface•@of

GaAs•@substrate•D•@The•@r•Deason•@why•@no•@change•@of•@EL2•@properties

appeared•@after•@FA•@processing•@seems•@to•@be•@that•@the•@stress•@at•@the

interface•@is•@comparatively•@small•@with•@that•@for•@SiOz•^GaAs•@or

SiN•^GaAs•@systems•C•@since•@the•@thermal•@expansion•@coefficient•@of

A1203•@film•@is•@rather•@close•@to•@that•@of•@GaAs•D

7•D5•@Conclusion

•@•@•@The•@effect•@of•@annealing•@process•@on•@the•@A1203•^GaAs•@system

prepared•@at•@room•@temperature•@by•@the•@dynamic•@mixing•@method•@using

ion•@beam•@and•@simultaneous•@vapor•@evaporation•@have•@been

investigated•D•@XPS•@and•@AES•@studies•@showed•@that•@there•@was•@no

evidence•@of•@As•@or•@Ga•@outdiffusion•@into•@A120g•@film•@during

conventional•@furnace•@annealing•@•iFA•j•@and•@rapid•@thermal•@annealing

•iRTA•j•D•@This•@means•@that•@it•@is•@possible•@to•@use•@the•@A1203•@film•@as•@a

passivation•@film•@for•@the•@post•|implantation•@annealing•@of•@GaAs•D

•@•@•@The•@different•@structural•@change•@of•@the•@interface•@properties

appeared•@with•@the•@different•@annealing•@processes•C•@i•De•D•C•@FA•@and

RTA•D•@For•@FA•C•@elemental•@As•@accumulated•@at•@the•@interface•@and•@no

change•@of•@EL2•@properties•C•@which•@are•@examined•@by•@DLTS•@and•@PHCAP
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measurements•C•@occurred•@near•@the•@surface•@of•@GaAs•@substrate•D•@On•@the

other•@hand•C•@a•@lot•@of•@Ga•@oxide•@was•@created•@at•@the•@interface•@and

the•@increase•@of•@the•@EL2•@concentration•@and•@the•@non•|exponential

photoquenching•@behavior•@were•@observed•@only•@for•@RTA•@sample•D•@The

different•@phenomena•@may•@be•@governed•@by•@the•@different•@heating

rate•@which•@seems•@to•@produce•@a•@iarge•@temperature•@gradient•@at•@the

interface•@for•@RTA•D
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CONCLUSION

•@•@•@•@•@Deep•@levels•@in•@epitaxial•@GaAs•@and•@AIGaAs•@as•@well•@as•@bulk

GaAs•@are•@investigated•D•@Epitaxial•@layers•@are•@grown•@by•@MBE•@and

MOVPE•C•@and•@bulk•@GaAs•@is•@grown•@by•@the•@LEC•@method•D•@The•@properties

of•@irradiation•@induced•@defects•@and•@the•@effect•@of•@an•@annealing

processing•@on•@the•@deep•@levels•@are•@studied•@in•@detail•D

•@•@•@•@•@Summary•@and•@conclusion•@of•@the•@present•@work•@are•@the

following•F

•@•@CHAPTER•@3

•@•@•@•@•@Properties•@of•@deep•@electron•@traps•@and•@their•@roles•@in•@the

compensation•@mechanism•@in•@undoped•@GaAs•@grown•@by•@the•@LEC•@method

have•@been•@clarified•D•@The•@obtained•@results•@are•@following•F

•@•@•@•@•@•i1•j•@Six•@electron•@traps•@with•@activation•@energies•@ranging•@from

O•D14•@to•@O•D82eV•@were•@detected•@by•@DLTS•@in•@as•|grown•@GaAs•D•@The

dominant•@levels•@were•@EL6•@and•@EL2•@of•@which•@concentration•@was•@in

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@162
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the•@range•@of•@lo•|5•|loi6•@cm•f3•D

•@•@•@•@•@•i2•j•@Electron•@traps•@shallower•@than•@EL2•C•@namely•@EL6•C•@can•@cause

a•@decrease•@in•@the•@resistivity•@of•@undoped•@material•@which•@has•@a•@low

concentration•@of•@acceptor•@impurities•D

•@•@•@•@•@•i3•j•@The•@concentration•@of•@EL6•@was•@decreased•@by•@more•@than•@one

order•@of•@magnitude•@by•@an•@800eC•@treatment•D•@Whereas•C•@the•@EL2•@level

in•@bulk•@region•@remained•@stable•@at•@around•@8000C•D

CHAPTER•@4

•@•@•@•@•@Deep•@levels•@in•@epitaxial•@GaAs•@grown•@by•@MOVPE•@and•@MBE•@have

been•@investigated•@by•@DLTS•D•@The•@effect•@of•@the•@purity•@of•@source

materials•@on•@deep•@level•@in•@MOVPE•@GaAs•@and•@the•@effect•@of

coincident•@Pb•@flux•@on•@deep•@levels•@in•@MBE•@GaAs•@have•@been

clarified•D•@The•@summary•@and•@conclusion•@are•@the•@following•F

•@•@•@•@•@•i1•j•@The•@dominant•@electron•@traps•@in•@MOVPE•@GaAs•@was•@the•@EL2

with•@the•@concentration•@of•@lxlOi•eˆê4xlO•|5•@cm•|3•D•@other•@traps

observed•@were•@closely•@related

source•@materials•D

to•@impurities•@introduced•@with

•@•@•@•@•@•i2•j•@six•@electron•@traps•@with•@activation•@energies•@ranging•@from

o•Dos•@to•@O•D55eV•@were•@detected•@in•@undoped•@MBE•@GaAs•D•@The
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•@•@•@•g

concentration•@of•@four•@traps•@was•@reduced•@by•@a•@factor•@of•@3•|5•@by

increasing•@the•@growth•@temperature•@from•@560•@to•@5800C•@•D

•@•@•@•@•@•i3•j•@With•@a•@Pb•@flux•@of•@lxiO•|5cm•|Zsˆê•f•C•@which•@corresponds•@to

O•D05•@monolayer•@coverage•@at•@5600C•C•@the•@concentration•@of•@all•@the

observed•@ievels•@in•@undoped•@layers•@was•@reduced•@in•@the•@range•@of

lo•|3cm•|3•D•@The•@RHEED•@pattern•@was•@changed•@from•@•i2x4•j•@to•@diffuse

•i2x3•j•@with•@application•@of•@the•@Pb•@flux•D•@The•@reduction•@of•@deep

level•@concentration•@is•@closely•@associated•@with•@the•@surface

process•@modification•@such•@as•@the•@change•@in•@surface•@stoichiometry•D

CHAPTER•@5

•@•@•@•@•@Properties•@of•@midgap•@levels•@in•@undoped•@AlxGaiˆêˆêxAs•@grown•@by

MOVPE•@have•@been•@investigated•@with•@AIAs•@eomposition•@x•@as

parameter•D•@The•@optical•@properties•@of•@the•@levels•@were•@clarified•@in

detail•@by•@a•@new•@PHCAP•@measurement•@procedure•@by•@which•@the•@effect

of•@the•@photoionization•@of•@the•@DX•@center•@is•@separated•@from•@the

photoquenching•@of•@the•@midgap•@levels•D•@The•@important•@results•@are

following•F

•@•@•@•@•@•i1•j•@Two•@levels•C•@i•De•D•C•@the•@ML•@and•@MH•@levels•C•@were•@found•@to

exist•@in•@AlxGaiˆê•DAs•@with•@x••O•@to•@O•D47•D•@Their•@energy•@positions•@stay

constant•@with•@respect•@to•@the•@hybrid•@orbital•@energy•@level•@EHo•@when

the•@alloy•@composition•@is•@varied•D•@The•@higher•@lying•@MH•@level•@lies
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•@•@•@•@•@•@ˆê

at•@about•@O•D58eV•@from•@EHo•C•@and•@the•@lower•@lying•@ML•@level•@lies•@at

about•@O•D24ev•@from•@EHo•@which•@corresponds•@to•@that•@of•@EL2•@in•@GaAs

and•@GaAsxPiˆê•D•D

•@•@•@•@•@•i2•j•@The•@concentration•@of•@the•@ML•@level•@was•@almost•@independent

of•@x•C•@whereas•@that•@of•@the•@MH•@level•@was•@zero•@in•@GaAs•@and•@increased

with•@x•D

•@•@•@•@•@•i3•j•@The•@ML•@level•@exhibits•@an•@remarkable•@photoquenching•@for

x•qO•D3•C•@which•@disappears•@above•@x••O•D3•D•@The•@optical•@cross•@sections

of•@the•@ML•@level•@are•@almost•@the•@same•@with•@those•@of•@the•@EL2•@in

GaAs•D•@These•@observations•@as•@well•@as•@the•@constant•@energy•@position

have•@led•@to•@the•@conclusion•@that•@the•@•j4L•@level•@is•@closely•@related

to•@the•@EL2•@in•@GaAs•@and•@originates•@from•@a•@certain•@complex•@defect

related•@to•@As•D•@On•@the•@other•@hand•C•@the•@MH•@level•@did•@not•@show

photoqenching•@for•@all•@x•D

CHAPTER•@6

•@•@•@•@•@The•@effect•@of•@7•|irradiation•@on•@deep•@levels•@in•@LEC•@GaAs•@has

been•@investigated•@by•@DLTS•@and•@PHCAP•C•@and•@compared•@with•@that•@in

epitaxial•@layers•D•@The•@obtained•@results•@are•@followings•F

•@•@•@•@•@•i1•j•@Besides

irradiated•@GaAs•C

E•@traps•C•@which•@have•@been

new•@traps•@were•@created•@near
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•@•@•@•@•@ˆêˆê

•iabout•@2•@•gm•j•@by•@7•|irradiation•@of•@2xlO8•@R•@only•@in•@LEC•@GaAs•D

additi•En•C•@gr•Ewn•|in”§6•@and•@EL3•@1evelS•@were•@changed

concentration•@by•@a•@factor•@of•@3•@to•@10•@near•@the•@surface•D

I•E•¡

•@•@•@•@•@•i2•j•@The•@concentration•@profiles•@of•@new•@traps•@correlated•@with

those•@of•@the•@grown•|in•@levels•@and•@new•@traps•@were•@not•@annealed•@at

around•@3000C•@at•@which•@the•@recovery•@of•@simple•@defects•@induced•@by

electron•@irradiation•@is•@observed•D•@These•@results•@provide•@clear

evidence•@that•@new•@traps•@in•@LEC•@GaAs•@are•@complex•@defects•@created

by•@the•@interaction•@between•@the•@grown•|in•@defects•@and•@the

irradiation•|induced•@defects•D

•@•@•@•@•@•i3•j•@The•@electrical•@and•@optical•@prop•ferties•@of•@the•@EL2•@level

were•@not•@changed•@by•@7•|irradiation•D

CHAPTER•@7

•@•@•@•@•@The•@effect•@of•@annealing•@process•@on•@A1203•^GaAs•@system•@and•@on

deep•@levels•@near•@the•@interface•@have•@been•@investigated•D•@A1203•^GaAs

system•@was•@analyzed•@by•@AES•@and•@XPS•D•@Annealing•@of•@A1203•^GaAs•@was

carried•@out•@by•@furnace•@annealing•@•iFA•j•@and•@rapid•@thermal•@annealing

•iRTA•j•@techniques•D•@Results•@are•@summarized•@as•@the•@following•F

•@•@•@•@•@•i1•j•@There•@was•@no•@evidence•@of•@As•@or•@Ga•@outdiffusion•@into

A1203•@film•@after•@FA•@and•@RTA•D
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•@•@•@•@•@•i2•j•@After•@FA•C•@a•@slight•@amount•@of•@elemental•@As•@accumulated•@at

the•@interface•@and•@no•@change•@of•@EL2•@properties•@occurred•@near•@the

interface•D•@Whereas•C•@a•@lot•@of•@Ga•@oxide•@was•@created•@at•@the

interface•@and•@the•@increase•@of•@EL2•@concentration•@was•@observed•@near

the•@interface•@after•@RTA•D•@Large•@temperature•@gradient•@during•@RTA

can•@cause•@to•@produce•@the•@large•@stress•@at•@the•@A1203•^GaAs

interface•C•@thereby•@changing•@the•@EL2•@properties•D
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•@•@•@•@when•@the•@concentration•@of•@the•@deep•@level•@•iNT•j•@approaches•@or

exceeds•@that•@of•@the•@shallow•@impurities•@•iND•j•C•@nonexponential

capacitance•@transient•@may•@occur•@and•@fitting•@of•@the•@transient

curve•@to•@an•@exponential•@gives•@erroneous•@emission•@rates•D•@Thus•C•@the

DLTS•@signal•@has•@a•@tendency•@to•@lower•@the•@peak•@height•@and•@to•@shift

the•@peak•@temperature•D•@ln•@the•@appendix•C•@the•@capacitance•@transient

and”§TS•@spectrum•@are•@calculated•@f•Er•@vari•Bus•@values•Ef•@NT•^ND•C•@and

the•@validity•@of•@usual•@method•@to•@estimate•@the•@characteristic

values•@of•@the•@deep•@level•@is•@discussed•D

•@•@•@•@The•@junction•@capacitance•C•@C•it•j•C•@can•@be•@generaliy•@expressed•@as

c•it•j••

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@E•oN•D•{NT•f•it•j•p

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@2E•iVD•{VB
XNT•g•it•j•{•C•I•oXNT•f•it•j•p2ˆêˆê•oN•D•{N•D•{•it•j•p•oN•Dx•D2•{N•D•{•it•j•iX2•|x•D2•jˆê ’•f•@•E•p

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•iAl•j

where•@NT•g•it•j•@is•@the•@charge•@density•@due•@to•@thermal•@ionization•@of

the•@deep•@level•C•@A•@the•@distance•@from•@the•@depletion•@layer•@edge•@to•D
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the•@crossover•@position•@of•@Fermi•@level•@and•@the•@deep•@level•C•@VD•@the

diffusion•@potential•C•@VB•@the•@bias•@voltage•@and•@xA•@the•@crossover

position•@of•@Fermi•@level•@and•@the•@deep•@level•@when•@V••vA•C

respectively•C•@as•@shown•@in•@Fig•DAl•D•@A•@and•@NT•f•it•j•@ar‡•@given•@by•@next

equations

•@•@•@•@•@•@•@•@•@x•@•••@•CRiEˆê•iEF•••hE•@i•Gˆê57ˆê•i•i•n•nifi57•@•iA2•j

and

•@•@•@•@•@•@•@•@•@NT•f•it•j•••@NT•|fTNT•@•••@NT•o•@1•|exp•iˆêt•^T•j•p•D•@•iA3•j

where•@T•@is•@the•@transient•@time•@constant•D•@From•@the•@principle•@of

detailed•@balance•C•@T•@can•@be•@given•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@1•@1•@Ec•|ET
•@•@•@•@•@•@•@•@T•@•••@ˆê•@•••@ˆê•@exp•iˆêˆêˆêˆêˆêˆêˆêˆêˆêˆêˆê•j•@•iA4•j

•@•@•@•@•@•@•@•@•@•@•@•@•@ent•@UVthoNcoT2•@kT

where•@e•Dt•@is•@the•@thermal•@emission•@rate•@for•@electrons•C•@a•@the

thermal•@capture•@cross•@section•C•@vtho•@the•@coefficient•@of•@thermal

velocity•@of•@the•@electron•@equal•@to•@Œ¤•C•@Nco•@the•@coefficient•@•@of

effective•@density•@of•@state•@in•@conduction•@band•@equal•@to

2•i2nm•gk•^h2•j3•^2•@and•@Ec•@the•@energy•@at•@the•@bottom•@of•@the•@conduction

band•D

•@•@•@•@Figure•@A2•@shows•@calculated•@capacitance•@transient•@for•@three

•@values•@of•@NT•^ND•C•@assuming•@the•@existence•@of•@the•@EL2•@level•@with

•@the•@concentration•@of•@NT•D•@1n•@the•@case•@of•@low•@relative
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Figure•@Al•D•@The•@change•@of•@•Eband•@bending•@and

distribution•@during•@voltage•@switching•D

space charge
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concentration•@of•@the•@EL2•@•iNT•^ND••O•D1•j•C•@the•@time•@dependence•@of•@the

capacitance•@transient•@becomes•@s•@simple•@exponential•@form•D•@However•C

when•@NT•^NDI•G•@1•C•@the•@capacitance•@transient•@is•@no•@longer

exponential•D•@The•@initial•@part•@of•@the•@transient•@•itS•@T•j•@exhibits•@a

fast•@decaying•@component•D•@This•@effect•@is•@due•@to•@large•@changes•@in

the•@depletion•@layer•@width•@during•@electron•@emission•@from•@the•@deep

level•D•@As•@shown•@in•@Fig•DA2•C•@for•@longer•@times•@the•@capacitance•@decay

rate•@decreases•@and•@approaches•@the•@single•@exponential•@transient•C

even•@when•@NT•^ND••10•D

•@•@•@•@Figure•@A3•@shows•@calculated•@DLTS•@spectra•@for•@three•@values•@of

NT•^ND•D•@The•@broken•@line•@in•@Fig•DA3•@indicates•@the•@expected•@value•@of

the•@DLTS•@peak•@height•@for•@the•@present•@window•@setting•@•itˆê••lms•C

t2••4ms•j•D•@The•@initial•@fast•@component•@of•@the•@capacitance•@transient•C

as•@mentioned•@above•C•@causes•@to•@shift•@the•@DLTS•@peak•@position•@toward

lower•@temperatures•@and•@to•@increase•@the•@half•@width•@of•@the•@peak

with•@•@increasing•@•@NT•^ND•@•@ratio•D•@•Hn•@•@addition•C•@this•@•@effect•@•@•@is

responsible•@for•@a•@decrease•@of•@the•@DLTS•@peak•@height•D•@For•@example•C

in•@the•@case•@NT••10ND•C•@the•@concentration•@of•@EL2•@obtained•@from•@the

DLTS•@peak•@height•@is•@underestimated•@to•@be•@about•@30•“•D

•@•@•@•@The•@activation•@energy•@and•@capture•@cross•@section•@of•@the•@deep

levels•@can•@be•@obtained•@by•@DLTS•@measurement•@using•@next•@equations•D
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present•@window•@setting•D
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where•@Tm•D•D•@is•@the•@peak•@temperature

the•@value•@of•@T•@at•@the•@maximum•@of

NT•@•ƒ•ƒ•@ND•C•@Tmax•@can•@be•@expressed•@as

•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@•@t2•|ti
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of•@the•@DLTS•@spectrum•@and•@Trn•D•D

the•@DLTS•@spectrum•D•@Assuming

•iA6•j

•@•@•@•@Since•@Eq•D•iA6•j•@is•@correct•@if•@NT•@•ƒ•ƒ•@ND•C•@it•@is•@meaningful•@to•@check

whether•@the•@activation•@energy•@and•@capture•@cross•@section•@are

correctly•@obtained•@when•@the•@deep•@level•@concentration•@approaches

or•@exceeds•@the•@shallow•@donor•@concentration•D•@Figure•@A4•@shows•@the

Arrhenius•@plots•@of•@the•@time•@constant•@for•@the•@EL2•@level•@as•@a

function•@of•@NTIND•@ratio•D•@The•@Arrhenius•@plot•@drown•@by•@Eq•D•iA5•j

using•@the•@same•@parameters•@is•@also•@given•@in•@Fig•DA4•@as•@a•@broken

line•D•@The•@calculated•@lines•@are•@parallel•@to•@the•@broken•@line•@and

move•@toward•@lower•@side•@of•@that•@line•@with•@increasing•@NT•^ND•@ratio•D

Figure•@A4•@demonstrates•@very•@well•@that•@the•@activation•@energy•@is

correctly•@obtained•@by•@usual•@calculated•@method•@due•@to•@the•@same

slope•@with•@a•@wide•@range•@of•@NT•^ND•@ratio•@and•@the•@capture•@cross

section•@is•@overestimated•@when•@NT•„ˆêˆêˆê•@ND•E
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