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AlGaN/GaN HEMT on Si Substrate
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　　　　　　　In　1932Jo㎞so㎜et　al．［1］prepared　the五rst　galli㎜ni樋de（GaN）co聯o㎜ds

by　reacting　ammonia　gas　with　metallic　gaUi㎜at　high　tempera加res．　Almost衣）ur

decades　la撤in　1969／19700ptical　properties　of　GaN　were　characterized　by　Maruska　et

al．［2］and　Pahkove　et　al．［3］where　they　dete㎜垣ed　the　band　gap　to　3．39　eV　at　room

tempera加匿e．　In　eady　70’s，　Bloom［4］predicted　GaN　as　a　promising　mate亘al　fbr

1㎜inescencent　devices皿d　l鎚er　applications　due　to　lts輔de　direct　b皿d　energy

FoUowing　this　in　1973，11egems狙d　M皿tgomery［5］concluded　that　the　presence　of

native　defects　in　GaN　leads　to　it　n－type　Condwtivity　which　were　widely　debated．　In

1983，Ybshida　et　a1．　and　Akasaki　et　al．［6，7］groups　reported，　crystallme　quality　of　GaN

was　improved　by　inserting　AIN　nucleation　layer　to　acco㎜odate　lattice　consta斑

mismatch　of　sapphire　subst斑e．　The　first　p－n　j㎜ction　LED　GaN　fabrication　in　early

90’swas　reported　by　Akasaki　et　al．［8］．　Du面g　the　same　period　fb托he　first　time　Khan

et　a1．　observed　a　two　dimensi皿al　electron　gas（2DEG）就the　mte血ce　be伽een　AlGaN

and　GaN　layers［9］．　Si批e　tben，　research　on　AIGaN／GaN　based　high　electron　mobility

transistors（HEMTs）of　improved　perfbmlance　towards　novel　applications　like　high

丘eque簸cy，　high　p◎wer，　and垣gh　te搬perature◎per就ions　were　i斑ensively　pursued　by

n㎜ber　of　gro叩s［10づ8］．　hl　RF　pe㎡brmance◎f也e　GaN　HEMTs　a　rece雄◎verview

by　U．　K．　Mis㎞a　says　13．7　W㎜at　30　GHz，10．5　W／㎜就40　GHz，　and　2．4　W／mm　at

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　の
60GHz　and　the　fastest　GaN　devices　today　at　a　c就一〇fH㌔eq鵬恥y　of　220　GHz　and　a

maximum　osci11飢ion　frequency　of　400　GHz［19］．　Howeve貧，　GaN　based　devices　have

shown　a　sh◎寵te㎜a孤d　a　l◎ng　term　ms娘bi脆ies輌nchld並g　cu賞e齪collapse　of　DC

c皿e齪一voltage　（1二γ）　chara硫e麺st輌cs，　and　high　leakage　c膿e凱s．　Th輌s　urges　a

一1一

Chapter — I: Introduction

1.1 History of GaN

In 1932, Johnsonn et al. [1] prepared the first gallium nitride (GaN) compounds

by reacting ammonia gas with metallic gallium at high temperatures. Almost four

decades later in 1969/1970 optical properties of GaN were characterized by Maruska et
'

al. [2] and Pankove et al. [3] where they determined the band gap to 3.39 eV at room

temperature. In early 70’s, Bloom [4] predicted GaN as a promising material for

luminescencent devices and laser applications due to its wide direct hand energy.

Following this in 1973, Ilegems and Montgomery [5] concluded that the presence of

native defects in GaN leads to it n-type conductivity which were widely debated. In

1983, Yoshida et al. and Akasaki et al. [6, 7] groups reported, crystalline quality of GaN

was improved by inserting AlN nucleation layer to accommodate lattice constant

mismatch of sapphire substrate. The first p—n junction LED GaN fabrication in early

90’s was reported by Akasaki et al. [8]. During the same period for the first time Khan

et al. observed a two dimensional electron gas (2DEG) at the interface between AlGaN

and GaN layers [9]. Since then, research on AlGaN/GaN based high electron mobility

transistors (HEMTs) of improved performance towards novel applications like high

frequency, high power, and high temperature operations were intensively pursued by

number of groups [10 — 18]. In RF performance of the GaN HEMTS a recent overview

by U. K. Mishra says 13.7 W/mrn at 30 GHz, 105 W/mm at 40 GHz, and 2.4 W/mrn at

60 GHz and the fastest GaN devices today at a cut-off frequency of 220 CH2 and a

maximum oscillation frequency of 400 GHZ [19]. However, GaN based devices have

shown a short term and a long term instabilities including current collapse of DC

current-voltage (I-V) characteristics, and high leakage currents. This urges a



comprehensive　reliability　studies　and　it　is　one　of　the　main　purpose　of　this　thesis．　It　is

important　to　investigate　the　main　cause　of　GaN　HEMT　degrad就ion　i．e　electdcal　and

optical　characteristics　through　detailed　investigati皿s　f沁m　material　growth　to　device

fabrication　technology．

亙。2G蟹）髄獲3轟［夏趣N量重r童磁¢s

　　　　　　The　a▲uminum　nitride（AIN），　gallium㎡tride（GaN），　and　indium　nitride（hN）is

the　available　semiconductor　III－nitrides　that　has　a　big　potential　to　be　used　in　high

power／temperature　electronic　and　optoelectronic　devices．
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Fig．1．1Energy　band　gap　of　the　most　important　semiconductors　versus　the仕la甘ice　parameter

　　　　　　　The　energy　band　gap　varies　from　O．9　eV　fbr伍N　through　3．4　eV　fbr　GaN　to　6．2

eV　fbr　AIN　as　shown　in　Fig．1．1．　Group　III－ni垣des　can　crystallize　in　three　possible

巧s伍lstructures：wぱzite（WZ）s醜cture，　zinc。blende　and　rocksalt　s血ctures．　The　GaN

WZ　structure　has　a　hexag皿al　unit　cell　and　is　the㎜ody盤micaUy　more　s励1e　than　other

s加ctu指s　such　as　z輌nc－blende　or　rocksalt　s血c麺es［20］．　The　wurtzite　strucmre　has　lack

of　inversio岬㎜輌皿d　disp▲ays　piezoelec血c　e蹴．　Ga－N　bond　is　highly　pol翻zed
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comprehensive reliability studies and it is one of the main purpose of this thesis. It is

important to investigate the main cause of GaN HEMT degradation ile electrical and

optical characteristics through detailed investigations from material growth to device

fabrication technology.

1.2 Group III-Nitrides

The aluminum nitride (AlN), gallium nitride (GaN), and indium nitride (InN) is

the available semiconductor III-nitrides that has a big potential to be used in high

power/temperatme electronic and optoelectronic devices.
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Fig, 11 Energy band gap of the most important semiconductors versus their lattice parameter

The energy band gap varies from 0.9 eV for InN through 3.4 eV for GaN to 6.2

eV for AlN as shown in Fig. 1.1. Group III-nitrides can crystallize in three possible

crystal structures: wurzite (WZ) structure, zinc-blende and rocksalt structures. The GaN

WZ structure has a hexagonal unit cell and is thennodynamically more stable than other

structures such as zinc-blende or rocksalt structures [20]. The wurtzite structure has lack

of inversion symmetry and displays piezoelectric effect. Ga-N bond is highly polarized



with　the　electrons　located　mostly　near　the　nitrogen　atom［21］．　The　most　common

growth　direction　of　hexagonal　GaN　is　no㎜al　to（0001）basal　plane［22］，　where　the

atomsε江e　arranged　in　bi▲ayers　consisting　of　two　closely　spaced　hexagonal　layers，　one

with　the　c就ions　and　the　other　with　anions．　The　crystal　su㎡ace　of　GaN　Can　have　either

Ga－pola亘ty（Ga　atoms　at　the　top）or　N－pola亘ty（N　atoms　at　the　top），　depending　on　the

nucleation　or　substrate　on　which　is　the　GaN　crystal　grown［10］（See　Fig．　L2）．

　　　　　　　　　　⑧　　鰹醜鑓　　　　（b）　麟縦
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　　Fig．1．2．　Struc加ぼe　of（a）Ga－faced　and（b）N－faced　GaN　with　pola㎡ty　and　charges

The　choice　of　the　substrate，　nuc1㈱tio孤1ayer　and　the　growth　method　will　subsequently

change　the　pola亘ty　of　GaN．　Poladty　plays　an　impor垣nt　role　by　gτowth　of

heterostructure　in　the　fb㎜ation　of　defects　and　influencing　the　perfb㎜ance　of　final

devices［23｝GaN　has　created　much　interest　and　investigation　am皿g　the　all◎ther

III・・nitddes．　GaN　is　an　excellent　candidate　fbr　device　oper就ion　in　high　tempera加ばe　and

mord鋤t　enviro㎜ent　due　to　its　wide　energy　gap．　A　res㎜e　o紬ese　semic皿ductor

par㎝eteτs　is　given　in　Table　1・1　fbr　the　co㎜only　used　se㎡conductor　technologies。

From　the　data　rep磁ed　in　Table　1．1，輌t　is　evide斌th就GaN　has　the　highest　f五gure　of　mφt

負）rhigh　power　device　apphcations．

一3一

with the electrons located mostly near the nitrogen atom [21]. The most common

growth direction of hexagonal GaN is normal to (0001) basal plane [22], where the

atoms are arranged in bilayers consisting of two closely spaced hexagonal layers, one

with the cations and the other with anions. The crystal surface of GaN can have either

Ga-polarity (Ga atoms at the top) or N-polarity (N atoms at the top), depending on the.

nucleation or substrate on which is the GaN crystal grown [10] (See Fig. 1.2).

(b) N-faoc

[0001]

Substrate Substrate

Fig. 1.2. Structure of (a) Ga-faced and (b) N-faced GaN with polarity and charges

The choice of the substrate, nucleation layer and the growth method will subsequently

change the polarity of GaN. Polarity plays an important role by growth of

heterostructure in the formation of defects and influencing the performance of final

devices [23} GaN has created much interest and investigation among the all other

III-nitrides. GaN is an excellent candidate for device operation in high temperature and

mordant environment due to its wide energy gap. A resume of these semiconductor

parameters is given in Table 1.1 for the commonly used semiconductor technologies.

From the data reported in Table 1.1, it is evident that GaN has the highest figure ofmerit

for high power device applications.



Table　L　l　Semic皿ductors　ma搬ial　properties　figure　of　me蹴

踵砲r叢麗亙恥㊧酔斑y G禽N 墨H－s藍c G騒As s量

　Bandgap　energy　Eg（eV）

　Breakd◎wn　elec垣c　field　Eb，（106　V／cm）

’Saturated　elec垣c　field　Es誠（103　V／斑∋

Electron　Mobilityμ一 icm2／Vs）

Hole　mobilityμ＋（cm2八1s）

Sam頑・n　ele碓・n　ve1・ci呼v、、、（107　cm／s）

Maximum　dri負velocity　ud（107　cm／s）

The㎜al　conductivity　K（W／cmK）

Maximum　temperature　T（OC）

　Relative　dielectdc　cons㎞tεr

Baliga　figure　of　merit（BFOM＝ε＊μ＊Eb～）

3．49

　4

15

2000

300

2．5

　3

1．5

700

　9

24．6

3．25

3．5

25

700

120

2．1

　2

4。9

600

10

3．1

1．43

0．4

　3

8500

330

1．3

　2

0．56

300

12．5

9．6

1．11

0．25

　8

1350

450’

　1

　1

15

300

11．9

　1

且3s曲離欝魏鋸董硬G寵N

　　　　　　　The　best　ch・ice・f　a　subst㈱品r　a　G点epi捷xi副夢・碗h鋤d　device　is・㎡y

galli㎜垣t亘de　itself　G函substrate　elimi姉s㎡1　problems　associated　with

hetero－epitaxy　Homoepitaxy　of　GaN　t◎GaN　of琵rs　good　control　of　pola㎡ty，　dopam

conc斑tration，　stress，　zero　or　very　low　themal　exp鋤si◎n　coef五cient　mismatch　and

lattice　consta斑mismatch．　The　main　disadvantages　with　GaN　subst凱es　are也at　they　are

very　exp斑sive　and　not　available　in　large　size．　H¢nce　the　successfUI　g貧ow血of　GaN

epitaxial　layer　on　fbreign　substrates　is　inevitable．　In　choosing　a　fbreign　subs仕厩e　fbr　the

growth　of　GaN　epitaxial　layer　several　factors　t◎be　c皿sideτe～Uike；1attice　mismatch，

thermal　conductivity　a］nd　c◎st　The　physical　properties　of　va亘ous　availab▲e　substrates

are　shown　in　Table．1．2．　The　growth◎f　GaN　based　devices　on　sapphire　is　not　favorable

fbr　RF　and　high　p◎wer　device　appl輌cation　due　to　its　p◎◎r　the㎜al　conductivity．　The　most

塩vorable　GaN　substr厩e　fb書nicrowave　applications　is　S輌C，　good　in　terms◎f　thermal

conductivity，　low　lattice　mismatch　b斑very　expensive．　Si　promises　advantages◎ver

other　subs倣es　also　espec輌ally　i卯◎ssible　i㈱謬ati◎騨輌th　ma縦ed　Si　elect貧◎nics．

一4一

Table 1.1 Semiconductors material properties figure of merit
Material Property GaN 4H-SiC GaAs Si
Bandgap energy Eg (eV) 3.49 3.25 1.43 1.1 1
Breakdown electric field Eh, (106 V/cm) 4 3.5 0.4 0.25* Saturated electric field E“: (103 V/cm) 15 25 3 8
Electron Mobility u ' (cmz/Vs) 2000 700 8500 1350
Hole mobility [1 ‘ (cmZ/Vs) 300 120 330 450 '

Saturation electron velocity vs,“ (107 cm/s) 2.5 2.1 1.3 1
Maximum drift velocity 04 (107 cm/s) 3 2 2 1
Thermal conductivity x (W/c) 1.5 4.9 0.56 1.5
Maximum temperature T (C) 700 600 300 300
Relative dielectric constant e, 9 10 12.5 11.9
Baliga figure of merit (BFOM = 2* ,u *Ebr3) 24.6 3.1 9.6 1

1.3 Substrates for GaN

The best choice of a substrate for a GaN epitaxial growth and device is only

gallium nitride itself. GaN substrate eliminates all problems associated with

hetero-epitaxy. Homoepitaxy of GaN to GaN offers good control of polarity, dopant

concentration, stress, zero or very low thermal expansion coefficient mismatch and

lattice constant mismatch. The main disadvantages with GaN substrates are that they are

very expensive and not available in large size. Hence the successful growth of GaN

epitaxial layer on foreign substrates is inevitable. In choosing a foreign substrate for the

growth of GaN epitaxial layer several factors to be considered like; lattice mismatch,

thermal conductivity and cost. The physical properties of various available substrates

are shown in Table. 1.2. The growth of GaN based devices on sapphire is not favorable

for RF and high power device application due to its poor thermal conductivity. The most

favorable GaN substrate for microwave applications is SiC, good in terms of thermal

conductivity, low lattice mismatch but very expensive. Si promises advantages over

other substrates also especially in possible integration with matured Si electronics.



Table．1．2　Physical　prope貫ies　of　available　subst抱te　fbr　the　gr◎wth　of　GaN

S遷盈bs愈鐙麗重母郵〔》護rG麗N s量c s轡幽齢 s量

Lattice　mismatch　to　GaN［％］

The㎜al　expansion［10“6　K’1］

The㎜al　c◎nductivity［W／cm．K］

size［inch］

Cost

O即ぱpower
Overall　rating

　　　3．5

　　　5

　　　4．9

　　2～3

　　Very

Expensive

Very　g◎od

　　Good

　　14．1

　　a：7．5

　　c：8．5

0．2～0．5

　　2～4

Expens輌ve

Moder就e

Moderate

　　　17

　　4．08

　　　1．5

　2～12

Low　price

　　G◎◎d

Veτy　go◎d

　　　　　　This　is　due　to　its　availability　in　large　area　wafピs（12inches），　cheaper　than　S輌C／

sapphire　subst路te，　and　has　a　moderate　thermal　conductivity．　D輌sadvantage　is．the　higher

lattice　mismatch　and　high　the㎜al　coe伍cients㎡smatch　which　causes　s旋ong　t鋭sile

strain　leading　to　cracks　in　the　growth．　B就us垣g　a　system　of　inte㎜ediate　and　buf丘r

layers　nowadays　higher　quality　was　achieved組d　crack　fξee　structures　have　be斑

a▲ready　grown［24，25］．

　　　Semiconductor　I　　　　　Sem　lconductor　II　　　　　　Semiconductor　I　　Sem輌conductor　II
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Table. 1.2 Physical properties of available substrate for the growth of GaN
Substrate for GaN SiC Sapphire Si
Lattice mismatch to GaN [%] 3.5 14.1 17

: 75
Thermal expansion [10'6 K4] 5 a

8 5
403

e: .
Thermal conductivity [W/cm.K] 49 0.2 ~ 0.5 1.5
Size [inch] 2 ~ 3 2 ~ 4 2 ~ 12

V
Cost ery Expensive Low price

Expensrve
Output power Very good Moderate Good
Overall rating Good Moderate Very good

This is due to its availability in large area wafers (12 inches), cheaper than SiC/

sapphire substrate, and has a moderate thermal conductivity. Disadvantage is the higher

lattice mismatch and high thermal coefficients mismatch which causes strong tensile

strain leading to cracks in the growth. But using a system of intermediate and buffer

layers nowadays higher quality was achieved and crack free structures have been

already grown [24, 25],

Semiconductor I Semiconductor H Semiconductor I Semiconductor 11
~ _ :

2DEG *9”

Fig. 1.3. Energy band diagram for wide (I) and narrow (11) band gap semiconductor
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　　　　　　AIGaN／GaN　HEMTs　are　grown　by　metal　orga血c　chemical　vapor　deposition　in

c∫ystal　directi皿（0001）with　gallium　face　surface．　A　thin　AlGaN　layer　is　deposited皿

top　of　GaN　buf民r　laye£In　general，　a　heterostrucmre　or　heter（加nction　is　fbrmed

betwe斑two　semiconductors　with　dif允rent　energy　band－gaps、Eg，　pe㎜itivitiesεも，　work

flmctions　qφs，　and　electron　af趣ity糸．　The　energy　band　diagram　of　two　diffbr頭t

semiconductors　is　shown　in　Fig．1．3（a）．　Wh斑these　two　dif允rent　semiconducto貧s　are　in

contact　in　the　absence　of　extemal　bias　voltage，　the　equilibrium　is　reached　by亙ining　up

也eFe㎜i　level　and　a　discontinuity　in　conduction　band　and　valence　band　is　fb㎜ed．　The

discontinuity　in　the　conduction　band　creates　a　t亘angular　quantum　well，　and　near　to　the

bounda巧蝋he　b◎nom　side，　the　two　dim斑sional　electron　gas（2DEG）is飴㎜ed　as

shown　in　Fig．1．3（b）．

L
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緬扉願⑰㈱醐．鰯鞠…。職。。鯛．鮪牛鯛擁義閥諭。；ナ

G◎N
瑞

御

Subs奮α奮e　　「

Subs麺α†e

　　Fig．1．4．　Al㈱G・N　bお・d・t蛎・・e　With　Ga一画輌P・1・輌・・i・d・㏄d・h。，t。h訂9。と，。、i輌i坊th。

　direction　of　the　spontaneous　and　the　piezoelectric　pola亘zation（left）；electron　accumulation　and　fbmlati◎n　of

　　　　　　　　　　　　　　　　　　　　　　　　　2DEG　at　the　inter飽ce（right）．

When　the　wide　band　gap　semiconductor　is　highly　doped　then　the　electrons　are§ep斑ated

丘om也e　donor　atoms　and　collected　as　2DEG　cha㎜el　in　the　quanmm　wel1㎜der　the

一6一

1.4 AlGaN/GaN high electron mobility transistors

AlGaN/GaN HEMTs are grown by metal organic chemical vapor deposition in

crystal direction (0001) with gallium face surface. A thin AlGaN layer is deposited on

top of GaN buffer layer. In general, a heterostructure or heterojunction is formed

between two semiconductors with different energy band-gaps Eg, permitivities 55, work.

functions qs, and electron affinity Zs- The energy band diagram of two different

semiconductors is shown in Fig.1.3(a), When these two different semiconductors are in

contact in the absence of external bias voltage, the equilibrium is reached by lining up

the Fermi level and a discontinuity in conduction band and valence band is formed. The

discontinuity in the conduction band creates a triangular quantum well, and near to the

boundary at the bottom side, the two dimensional electron gas (2DEG) is formed as

shown in Fig. 1.30))

AlGGN
EL k}

GoN
l2,

I

Substrate ‘ Substrate

Fig, 1.4. AlGaN/GaN based structure with (Iva-polarity. Polarization induced sheet Charge density with the
direction of the spontaneous and the piezoelectric polarization (lefi); electron accumulation and formation of

213150 at the interface (right).

When the wide band gap semiconductor is highly doped then the electrons are separated

from the donor atoms and collected as 2DEG channel in the quantum well under the



heterointerface．　This　separation　of　electrons　drastically　reduces　the　coulom］b　sca就e亘ng

and　leads　to　a　high　mobility　and　a　high　saturatiOn　velocity　iMhe　cha㎜el［26］．

　　　　　　The　AlGaN／GaN　heterostnユcture　is　created　when　the　AlGaN　ba㎡er　is　grown

on　a　relatively　thick　GaN　layer．　Due　to　the　dif允rence　in　band－gap　energies，　band

bending　occurs　in　the　upPer　part　of　the　GaN　layer　near　to　bounda巧　and　a　鯛o

dimensi皿al　conductive　ch㎜el　is　cre就ed　by　elec仕ons．　The　lack　of　sy㎜et倒ong　the

c－diτection㎜d　the　ionicity　of　the　covalent　bond　in　wunzite　GaN　a　large　spontaneous

pola亘2ation　（1）sP）　oriented　along　the　hexagonal　c－axis　occur　（Fig．　1．4．）．　The

piezoelectdc　coe伍cients　of　III　nit亘des（PpE）are　almost　an◎rder　of　magnitude　larger

than　in　many　of　traditional　III－V　semiconductors．　H斑ce，　the　polaぬation　charge　a亘ses

丘om　two　sources：也e　dif民rence　in　spon皿1e皿s　pola亘zation　between　AIGaN　and　GaN

and　piezoelectric　ef琵ct　by　strained　AIGaN．　The　total　polarization　field　of　both

spontaneous　pola㎡zation　and　piezoelec垣c　polariz就ion　induces　charges　in　2DEG　at　the

AIGポ／G点inte血ce　with　the㎞gh　she卑ch征ge　densi巧・f－10’3　cm苦2［27］．　lt　w朗

sho轍hat　there　is　a　mi㎡m㎜AlG州thic㎞ess　necess助o　induce　charges　in　2DEG

and　that　the　Al　concentration　i由he　AIGaN　layer　dete㎜ines　the　charge　sheet　density　in

the　2DEG　cha皿el［28］．
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heterointerface. This separation of electrons drastically reduces the coulomb scattering

and leads to a high mobility and a high saturation velocity in the channel [26].

The AlGaN/GaN heterostructure is created when the AlGaN barrier is grown

on a relatively thick GaN layer. Due to the difference in band-gap energies, band

bending occurs in the upper part of the GaN layer near to boundary and a two.

dimensional conductive channel is created by electrons. The lack of symmetry along the

c-direction and the ionicity of the covalent bond in wurtzite GaN a large spontaneous

polarization (Psp) oriented along the hexagonal evaxis occur (Fig. 1.4.). The

piezoelectric eoeflicients of III nitrides (PpE) are almost an order of magnitude larger

than in many of traditional III-V semiconductors. Hence, the polarization charge arises

from two sources: the difference in spontaneous polarization between AlGaN and GaN

and piezoelectric effect by strained AlGaN. The total polarization field of both

‘spontaneous polarization and piezoelectric polarization induces charges in 2DEG at the

AlGaN/GaN interface with the high sheet charge density of ~10” cm’2 [27]. It was

shown that there is a minimum AlGaN thickness necessary to induce charges in 2DEG

and that the Al concentration in the AlGaN layer determines the charge sheet density in

the 2DEG channel [28].
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　　　　　　bthe鵜cent　decade，　GaN　is　a　semiconduαor鵬aterial　with　at繊ctive　phys輌cal

ch鍵acterist輌cs　fbr　applicati◎n　in　high倉equency　and　high　p◎wer　devices　as　shown　in　Fig。

1．5．This　shows　GaN　posit輌on輌ng輌tself　as　a　next　g鋤erati◎n　p◎wer　semic碓dwtor［29］．

欝元罐縫鍵霧f騨繍鶴語君 醗麟1麟蜘鱗獺騒麟雑鷲饒 謝嚢鐡馳贈鎌翻
露睡轟縫雛暮繍馨勲‖轡

錨懸難

　　　　　　　　　　』
　　　　　　　　　　欝縷講繍る賓

　　　　　　　　　　撫葬鱒
繋轍騨繧攣尊響き鑓登rc’難貝難

醐懸§麟懇
麟雀罐靹濠搬爵

膨謬頚

き

讃麟渠縫鱈婁†oぎ

藝麺辮脚1凝購縣

　　　　　　　　　　　　鞍嘉翼輸

　　　　　　　　　　　　轍織箕
　　／　　　ン　　プ　／ぐ　　　声　　△｝’　甲　　／v＞

　　　　　　　㍗　ぺ％

　　　翻編購

　　　雀篭綴　　織鍵難麟欝

　　　嚢難　　／

　　　灘錘

封鱗妾語綴ま蒲る鱒d

　　　　謬・　こ諮・　籔織灘舞魏目繕

鵜驚襲灘覇　　麟繍購扉魏雛貢
　　　　　　・　　　響葵驚購

　　　　…、勘㍗隠＿

　　　　ふ　塔㌣　　　々　　鯵　　芯　　　　　　　　　　　　　　　　　　　　　　　　　　＼

欝撚情蟻釧貰鍵1翁馨F騰雛馨鍵掌

　　　　　期鍵挺ξ短饒灘鰍線繍鞍

鍋勾L蕩鍋鯵訟綴麺劔

　黛雛霧鱒麟響惑醗髭雛
　麟雛雛蓑繍繍騰麹暮鱒雛嚢
《離綱滋謙拍磁詞語牙w竈纏祖騰sl

　　　　　　　　　　　　Fig．15．　Application嚴eas◎f　GaN　based　semic◎nductor
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　　　　　　In　the　rece磁ye鐙s，　GaN　HEMTs　have　been　s醐戯ed　to　vad◎us◎pt五漁i斑i◎n

伽cesses，　s倣i簸9丘◎m　the搬磁al　prop磁ies，　to　the　c◎惣◎1◎f　su㎡ace鍛d　buf驚r

properties　a輌搬ed　imPτ◎ving　device　pe㎡b㎜ance，　breakd◎wn　voltage，貧educing　transie亙茸

phenomen◎n，　the　c㎜ent　c◎Uapse　p貧◎blems　a灘d　electd《）a丑d¢gτad飢i（》猛Fig。1．6　depicts

crit輌cal　a鷲as　in　AIGaN／GaN　HEMTs　wh輌ch　are　related　to　epitax輌al　g貧◎槻h⑳ality　and

pr◎cess　as　well．　The璽e躍e　possib輌lities　th飢Scho麓ky　a駿d　Ohmic　con薇cts　degradeξ鵬d
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1.5 Applications of Gallium Nitride

In the recent decade, GaN is a semiconductor material with attractive physical

characteristics for application in high frequency and high power devices as shown in Fig.

1.5. This shows GaN positioning itself as a next generation power semiconductor [29].

am termmt
ammung BelayStations

I I I E u ""5”” . . Mobilecommunloullonand Hybrld Vehicles . Mo“Amultmnm _ 3’"
(new) rampant-"e _Wane-n

WMMWMIH _ V~ to

.

38‘

mm P S a a
m,” Fist-re (NF, where“ network
w mum med-u systemsmvwm was:

11-13:
Pmm‘nmr clrcntt
Downsizing, m?amen-st

paw Mad-cm ,3
Maximum Wife!" » Maximum oulmng Frequency«max! mnnx)
«mama-mo \ . mmeleammfivyHvtucarmaoaan 144;,

. (m, Lupin-ileum

lamb _
”7"!“ W taplclw smut:‘cumnnicmu mums(Altername to invenngwm tubes)

Fig. 1.5. Application areas of GaN based semiconductor

1.6 Reliability issues

In the recent years, GaN HEMTs have been subjected to various optimization

processes, starting from the material properties, to the control of surface and buffer

properties aimed improving device performance, breakdown voltage, reducing transient

phenomenon, the current collapse problems and electrical degradation. Fig. 1.6 depicts

critical areas in AlGaN/GaN HEMTs which are related to epitaxial growth quality and

process as well. There are possibilities that Schottky and Ohmic contacts degrade and



imperfe硫passivation　layer　are　responsible　fbr　parasitic　charging　ef允cts　which　cause

dispersi◎n　and　lagging　ef琵cts　as　shown　in　Fig．1．6．　see（a），（b），　and（c）．　．

In　designing　AIGaN／GaN　HEMT　device　one　should　pay　a伽nti◎n　conceming　the　high

elec垣c丘eld（～6MV／cm）㎜der　the　gate　at　the　d貧a輌n　side　which　can　cause　degτad就ion

due　to　inverse　p輌ezoelect］dc　e鑑》ct　and　generate　hot　elec故ons（see（d）and（e）in　F五9．1．6）．

Localized　n就ive　defects　due　to　material　growth　condition，　and　dislocation　mostly　d鵬to

lattice　misヱnatch　between　substrate　and　GaN　see（f），（g）in　the　above　fig　can　also　acts　as

apoint　fbr　degradation．　Du亘ng　cooling　down　a負er　mat□al　growth，　resu且ting　in　la∫ge

tensile　strain　due　to　the　wafer　bending．　In　worse　case，　thermal　mismatch　between　GaN

and　substr就e　is　large，　even　cracks　can　occur　as　described　in　Fig．1．6．（h）．

　　　　　　　　　　　　　　　　　　　　　　　　（b）Surface　trapping

　　　　　　　　　　　　　　　　　　　　　　　　　　　Dela翻nation　of　passivation茎ayer　　　　（a）Schottky　contact　changes

　　　（・）・hm輌c　c・n槍ct　d・g・ad・ti・n　　　　　　蒜蕊慧、㌃罐㌶、

（d）Hot　elec仕ons　degradation

Bu£飴r　layer

，鱒馨i欝

　　（e）High　electric飼d

ぴ）Quality　of　GaN／buf飴r　layer

　　　　D醜cωe簸s垣es，　lmp翻ties

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（g）Dislo㈱t輌on　induced　due
　　　　　　　（h）The㎜al　mismatch
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　to　la垣ce　mlsmatch

　Fig．1．6．　Schematic　repres斑瞬◎n　ofAIGaN／GaN珊MTs　showing　critlcal　areas　of　dev輌ce　de控a雄ion

Presently　there　a鵜繍o搬ain　streams　of　degτadati◎n　mecha㎡s醜explanati◎ns：盆verse

piez◎elec面c　e鏑ct［30］and　hot　ele硫ron［31，32］．

豆。緬。且亙簸v母饗麗麟馨駕⑪醜母¢琶酵量¢鋸翻㎏醜

　　　　　　　」◎hand　del　Alamo　l33］pr◎posed　a　mecha垣sm，　as　a　resu眞of　applied　high

electric　field，　add輌ti◎nal　t銀sile　strain　g雌e螂ed輌n　the　AIGaN　b皿er　d鵬施the　la纐ce
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imperfect passivation layer are responsible for parasitic charging effects which cause

dispersion and lagging effects as shown in Fig. 1.6. see (a), (b), and (c).

In designing AlGaN/GaN HEMT device one should pay attention concerning the high

electric field (N 6 MV/cm) under the gate at the drain side which can cause degradation

due to inverse piezoelectric effect and generate hot electrons (see (d) and (e) in Fig. 1.6)..

Localized native defects due to material growth condition, and dislocation mostly due to

lattice mismatch between substrate and GaN see (i), (g) in the above fig can also acts as

a point for degradation. During cooling down afier material growth, resulting in large

tensile strain due to the wafer bending, In worse case, then-nal mismatch between GaN

and substrate is large, even cracks can occur as described in Fig. 1.6. (h).

(b) Surface trapping
Delamillarlon ofpassrvation layer (a) Schottky contact changesi e 011: sinking, a trapped rm(0) Ohmlc contact degradation dry “mg, mm due m overhang

(d) Hot electrons degradation
(9) High electric field

(1) Quality of GaN/ hufi‘er layer
Defect densities, rmpmm. Buffer layer

Transition layers
i 111*

(g) Dislocation induced due
to lattice mismatch(h) Thermal mismatch

Fig, 1.6. Schematic representation of AlGaN/GaN HEMTs showing critical areas of device degradation

Presently there are two main streams of degradation mechanism explanations: inverse

piezoelectric effect [30] and hot electron [31, 32].

1.6.1 Inverse piezoelectric effect

Joh and del Alamo [33] proposed a mechanism, as a result of applied high

electric field, additional tensile strain generated in the AlGaN barrier due to the lattice



mismatch　between　the　AIGaN　ba㎡er　layer　and　GaN　buf琵r　which　cause　inverse

piez・elect亘c　e騰ct・The　t・垣1　strain　exceeds　bey・nd　c加al　e1鎚tici砂，鋤d　c・nsequently

crystallographic　defects　can　be　created・The　electromecha血cal　stress　under　the　gate

edge　a杜he　drain　side　during　simulation　revea▲s　that　the　maximum　electric　field　opens

the　possibility　fbr　electron　ir∂ection　and　inverse　piezoelectdc　ef花ct［34］．　Moreover

severaL　authors　have　reported　that　reduce　in　strain　in　the　AIGaN　ba㎡er　leads　to

improved　device　reliability［35－38］．

L6．2葺璽⑪重e畏母¢t蟹）鯵e飼艶¢重

　　　　　　　By　definition　hot　electrons　are　electrons　with　higher　energy　than　the　lattice

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　《

the㎜al　energy　They　can　get　kinetic　energy　ffom　the　high　dectric　field　when　the　device

is　tumed皿．　Hot　electr皿s　may　be　trapped　oMhe　device　sur£ace，　in　the　AIGaN　ba㎡er

or　in　the　buf飴r　giving　rise　to　the　reversible　degradation　and　they　can　also　generate　traps

thus　promoting　fUrther　charge　trapping［31］．　Some　of　the　results　discussed　by　va亘ous

authors　are　addressed　below

　　　　　　　KeMn　probe　experim頗ts　show　the　degradation　involves　su㎡ace　gf　AIGaN

ch皿ges　the　s嘘ce　potential　of　gate・・dτ頒肚egion，　wi也acc㎜ul誕ion　of　negative　ch叡ge

［39｝Jha　et　aL［40］have　studied　the　innuence　of　gate　recess　depth，　fb㎜ed　by　reactive

ion　etching，　on　h6t　electron　degradation　in　GaN　HEMTs．　They　concluded　that　a　drastic

increase　in　the　inte血ce　trap　d斑sity　at　the　AIGaN／GaN　heterointe血ce　resulted丘om

the　hot　electron　stress輌ng　measureme斑．　Another　mecha㎡sm　induces　an　eady

degradation　of・h）s；the　larger　the貧ecess，　the　faster　the　degradation．

　　　　　　ぬlizadeh　and　Pav1輌dis［41］have　studied　ad・pting　n・isr　meas田ements　t・s加dy

the　ef民ct　of　DC鋤d　RF　stress　on　AIGaN／GaN　HEMTs：they　concluded　that　hot　electron

trapping　is　resp皿sible　fbr　the（）bserved　degradation　ir輌both　DC　and　RF　tests．　Co茄．e　et
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mismatch between the AlGaN barrier layer and GaN buffer which cause inverse

piezoelectric effect. The total strain exceeds beyond crystal elasticity, and consequently

crystallographic defects can be created. The electromechanical stress under the gate

edge at the drain side during simulation reveals that the maximum electric field opens

the possibility for electron injection and inverse piezoelectric effect [34]. Moreover.

several authors have reported that reduce in strain in the AlGaN barrier leads to

improved device reliability [35—3 8].

1.6.2 Hot electron effect

By definition hot electrons are electrons with higher energy than the lattice

thermal energy. They can get kinetic energy from the high electric field when the device

is turned out Hot electrons may be trapped on the device surface, in the AlGaN barrier

or in the buffer giving rise to the reversible degradation and they can also generate traps

thus promoting further charge trapping [31]. Some of the results discussed by various

authors are addressed below

Kelvin probe experiments show the degradation involves surface of AlGaN

changes the surface potential of gate-drain region, with accumulation of negative charge

[39]. Jha et al, [40] have studied the influence of gate recess depth, formed by reactive

ion etching, on hot electron degradation in GaN HEMTsr They concluded that a drastic

increase in the interface trap density at the AlGaN/GaN heterointerface resulted from

the hot electron stressing measurement. Another mechanism induces an early

degradation of 195; the larger the recess, the faster the degradation.

Valizadeh and Pavlidis [41] have studied adopting noise measurements to study

the effect of DC and RF stress on AlGaN/GaN HEMTs: they concluded that hot electron

trapping is responsible for the observed degradation in both DC and RF tests. Coffie et

-10-



al．［42］observed　a　negative　activation　energy　fbr　the　degrad就ion，◎f　o斑p磁power　i簸

varying　the　j　uncti皿temperature丘om－55　to　205°C　and　concluded　that　hot　ca㎡er

induced　degradation　is　the　dominant　degrada尤ion　mechanism．　It　should　be　stressed，

however，　that　there　is　no　agreement　omhis　topic　iMhe　litera加re，　and也就many　authors

have　reported　thermally　activated　degradation　of　GaN　HEMTs　with　positive　activation

energies～1．05－2．O　eV

豆．7R麗¢繍驚bob蓄㊧醜量v¢翻蟹置重b鋸輌s《躍重豊㎞e

　　　　　　Although　much　tec㎞ological　advancement　has　been　achieved　in　AlGaN／GaN

HEMT　perfbrmance，　device　reliability　is　still　a　bo枕le　neck　to　its　wide　deploym斑t．　As　of

now　there　were　only　few’reliabili智studies　ca㎡ed　o斑皿AIGaN／GaN　HEMT皿Si

subst貧ate．　In　this　research　stud）5　we　have　ca㎡ed　out　systematic　reliability　studies皿

AlGaN／GaN　HEMT皿Si　with　v血ous　buf飴r　thic㎞esses　to㎜ders㎞d　the　device

血ilure　mechanisms．　This　thesis　will　be　organized　as　fbllowing：

　　　　　　In　Chapter　2，　the　details　of　MOCVD　growth，肥MTs　device励rication

process，　HEMT　device　characte鍼z就ion　and　stress　methodology　of　GaN　HEMTs　were

discussed．　h　Chapter　3　degradati皿experiments　and　their　results　were　discussed．　First，

compadson　smdies皿AlGaN／GaN　HEMT　grown　o斑hin　and　thick　buf愉thic㎞esses

were　ca㎡ed　out　Electrol㎜inescence　measurem頗ts　were　perfb㎜ed　to　detect　the　early

degradation．1孤Chapter　4，　DC　step－stress　experiments　were　ca㎡ed　out　at　dif民r銀t　bias

conditions拓r　AIGaN／GaN　HEMT　grown　on血ck　buf驚r　was　prese斑ed．　Electrical　and

surface　characterizations　together　wi也th民e　terminal　breakdown　voltages　were

per負）㎜ed　to　get　insight　into　respective　degradation　modes．　Chεiμer　5　presents也e

relationship　between　the　GaN　stress　and　the　threshold　vo眞age　shi丘．　F輌nally　Chaμer　6

s㎜adzes　the　conclusions　ofthis　disse］晦tion．
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al. [42] observed a negative activation energy for the degradation of output power in

varying the junction temperature from -55 to 205 °C and concluded that hot carrier

induced degradation is the dominant degradation mechanism. It should be stressed,

however, that there is no agreement on this topic in the literature, and that many authors

have reported thermally activated degradation of GaN HEMTs with positive activation
'

energies N 1.05 — 20 eV.

1.7 Research objective and thesis outline

Although much technological advancement has been achieved in AlGaN/GaN

HEMT performance, device reliability is still a bottle neck to its wide deployment. As of

now there were only few reliability studies carried out on AlGaN/GaN HEMT on Si

substrate. In this research study, we have carried out systematic reliability studies on

AlGaN/GaN HEMT on Si with various buffer thicknesses to understand the device

failure mechanisms. This thesis will be organized as following:

In Chapter 2, the details of MOCVD growth, HEMTs device fabrication

process, HEMT device characterization and stress methodology of GaN HEMTs were

discussed. In Chapter 3 degradation experiments and their results were discussed. First,

comparison studies on AlGaN/GaN HEMT grown on thin and thick buffer thicknesses

were carried out. Electroluminescence measurements were performed to detect the early

degradation. In Chapter 4, DC step-stress experiments were carried out at different bias

conditions for AlGaN/GaN HEMT grown on thick buffer was presented. Electrical and

surface characterizations together with three terminal breakdown voltages were

performed to get insight into respective degradation modes. Chapter 5 presents the

relationship between the GaN stress and the threshold voltage shift. Finally Chapter 6

summarizes the conclusions of this dissertation.

"11,



R¢艶躍¢簸¢㊧s

田W．C．　Jo㎞son，　J．　B．　P㏄s皿s，　and　M．　C．　Crew：The　j　oumal　of　Physical　Chemis噂，

36（1932）2651．

［2］旺PM㎜ska，　and　J．　J．　T輌e巾n：App1．　Phys．　Le杜．璽⑰（1969）327．

［3］J．1．Pahkove，　H．　P　M孤ska，　and　J．　E．　Berkeyheiser：App▲．　Phys．　Le杜．亙7（1970）

197．

［4］S．Bloom：J．　Phys．　Chem。　Solids，32（1971）2027．

｛5］M．Ilegems，　and　C．　Me斑gome巧：J．　Phys．　Chem．　Solids，34（1973）885．

［6］S．Yb　shida，　S．　Misaw隅and　S．　G皿da：AppL　Phys．　Le賃．42（1983）427．

［刀1．Akasaki，　H．　Alnano，　Y　Koide，　K．　Hiramatsu，　and　N．　Sawaki：」．αystal　Growth，

聖8（1989）209．

［8］1．Akasaki，　H．　Amano，　M．　Kito，　and　K．　Hiramatsu：」．　L㎜i肚scence，聡（1991）666．

［9］MA．　Khan，　J．　M．　Van　Hove，」．　N．　Kuzni隅and　D．　T　OIs皿：Appl．　Phys．　Le杜．5霧

（1991）2408．

［10］O・Ambacher，　J・Sman，　J・R・Shealy，　N．　G　W¢ima皿，　K．　Chu，　M．　Mutphy，　W．　J．

SchafE　L　F　Eastman，　R　D註nitrov，　L　Wi柱mer，　M．　Stutzma㎜，　W．　Rieger，　and　J．

Hilsenbeck：J．　App．　Phys．8§（1999）3222．

［田S．Amlk㎜征孤，　T　EgaW　H．　Is㎞kawa，　T　Jimbo，鋤d　M．　Umeno：Appl．　Phys．　Le廿。

73（1998）809．

［12r£Egawa，　K．　Nak劉tnura，　H．　Ishikawa，〔L　Jimbo，　and　M．　Umeno：Jp簸．　J．　App1．　Phys。

3謬（1999）2630．

［12］工Egawa，　N．　Nakada，　H．　Ishikawa，　a血d　M．　Umen◎：Elect貧onics　Le柱．3緬（2000）

1816．

［14］0．A亙nbacher，　J．　Sm賦J．　R．　Shealy，　N．　G　W¢lmann，　K．　Chu，　M。　M卿hy，　W．」．

一12一

References

[1] W. C. Johnson, J. B. Parsons, and M. C. Crew: The journal of Physical Chemistry,

36 (1932) 2651.

[2] H. P. Mamska, and J. J. Tietjen: Appl. Phys. Len. 10 (1969) 327.

[3] J. I. Pankove, H. P. Maruska, and J. E. Berkeyheiser: Appl. Phys. Lett. 17 (1970)
'

197,

[4] S. Bloom: J, Phys. Chem. Solids, 32 (1971) 2027.

[5] M. Ilegems, and C. Memgomery: J. Phys. Chem. Solids, 34 (1973) 885.

[6] S. Yoshida, S. Misawa, and S. Gouda: Appl. Phys. Lett. 42 (1983) 427.

[7] I. Akasaki, H. Amano, Y. Koide, K. Hiramatsu, and N. Sawaki: J. Crystal Growth,

98 (1989) 209.

[8] I. Akasaki, H. Ammo, M. Kim, and K. HiramaLsu: J. Luminescence, 48 (1991) 666.

[9] M. A. Khan, J. M. Van Hove, J. N. Kuznia, and D. T. Olson: Appl. Phys. Left. 58

(1991) 2408.

[10] O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, W. J.

Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J.

Hilsenbeck: J. App. Phys. 85 (1999) 3222.

[11] S. Arulkumaran, T. Egawa, H. Ishikawa, T. Jimbo, and M. Umeno: Appl. Phys. Lett.

73 (1998) 809.

[12] T. Egawa, K. Nakamura, H. Ishikawa, T. Jimbo, and M. Umeno: Jpn. J. Appl. Phys.

38 (1999) 2630.

[12] T. Egawa, N. Nakada, H. Ishjkawa, and M. Umeno: Electronics Len. 36 (2000)

1816.

[14] O. Ambacher, J. Smart, J. R. Shealy, N. G Weimann, K. Chu, M. Murphy, W J .

712,



Schaf£L．　R　Eastman，　R．　Dimitrov，　A．　Mitchel1，　and　M．　S加tzma㎜：J．　App．　Phys．霧5

（2000）334．

［15］工Palacios，　A．　Chahab岨y，　S．　Hei㎞皿，　S．　Keller，　S．　n　DelB蹴s，皿d　U。　K．

Mis祉a：IEEE　EIectr皿Device　Le貫．27（2006）13．

［16］R．Chu，　Z．　Chen，　Y　Pei，　S．　Newman，　S．　P　DenB縦s，　and　U。　K．　Mis㎞a：IEEE宇

Electr皿Device　Lett．3⑭（2008）910．

［17］R．Chu，　L　Shen，　N．　Fichtenbaum，　D．　Brown，　Z．　Chen，　S．　Keller，　S．　P　DenBaars，

and　U．　K．　Mishra：IEEE　E▲ectron　Device　Le廿．2墾（2009）974．

［18］S．LSe▲vaW，工Suzue，　and　T　Egawa：IEEE　Electron　Device　Lett．30（2009）587．

［19］Compo㎜d　Semiconductor，　P．21，2011．

［20］S．VNovikov，　C．　T　Foxo叫and　A．　J．　Kent：Phys．　S倣e　So1．　A　2⑪7（2010）1277．

［21］J．1．Pankove：Ma膓Sci．　and　Eng．脱且（1999）305．

［22］w．S．　Yan，　R．　zhang，　x．　Q．　xiu，　z．　L　xie，　R　Han，　R．　L．　Jiang，　s．　L．　Gu，　Y　Shi，　and

YD．　Zh銀g：App1．　Phys．　Lett．勢（2007）182113．

［23］S．C．　Jain，　M．　Willander，」．　Narayan，　and　R　Vim　Ove醜aeten：App1．　Phys．　Rev霧7

（2000）965．

［24田．Ishikawa，　K．　Yamamoto，工Egawa，　T　Soga，　T　Jimbo，　and　M．　Umeno：J．　C巧stal

grow血亙78（1998）189．

［25］M．H．　Kim，　Y　G　Do，　H．　C．　Kang，　D．　Y　Nohn，　and　S．　J．　Park：App1．　Phys．　Le枕．四

（2001）2713．

［26］C．Ki杜el：㎞troductio酷o　Solid　State　Physics，　Jo㎞Wiley　ans　Sons　Inc．，2005．

［2刀J．PIbbetson，　E　T　Fini，　K．　D．　Ness，　S．　P　DenBaars，　J．　S．　Speck，　and　U。　K．　Mishra：

App1．　Phys．　Lett．77（2000）250．

［28］MFieger，　M．　Eickelk卿，　L．　Ra姐mzadeh　Kos㎞oo，　Y　Di㎞e，　A．　Nocu憾，　H。

一13一

Schaff, L. F. Eastman1 R. Dimitrov, A. Mitchell, and M. Stutzmann: J. App. Phys. 85

(2000) 334.

[15] T. Palacios, A. Chakraborty, S. Heikman, S. Keller, S. P. DenBaaIs, and U. K.

Mishra: IEEE Electron Device Lett. 27 (2006) 13.

[16] R. Chu, Z. Chen, Y. Pei, S. Newman, S. P. DenBaars, and U. K. Mishra: IEEE.

Electron Device Lett. 30 (2008) 910.

[17] R. Chu, L. Shen, N. Fichtenbaum, D. Brown, Z. Chen, S. Keller, S. R DenBaars,

and U. K. Mishra: IEEE Electron Device Len. 29 (2009) 974.

[18] S. L. Selvaraj. T. Suzue, and T. Egawa: IEEE Electron Device Lett. 30 (2009) 587.

[19] Compound Semiconductor, p. 21, 2011.

[20] S. V. Novikov, C. T. Foxon, and A. J. Kent: Phys. State Sol. A207 (2010) 1277.

[21] J. I. Pankove: Mat. Sci. and Eng. B61 (1999) 305.

[22] W. S. Yan, R. Zhang, X. Q. Xiu, Z. L. Xie, P. Han, R. L. Jiang, S. L. Gu, Y. Shi, and

Y. D. Zheng: Appl. Phys. Lett. 90 (2007) 182113.

[23] S. C. Jain, M. Willander, J. Narayan, and R. Van Overstraeten: Appl. Phys. Rev. 87

(2000) 965.

[24] H. Ishikawa, K. Yamamoto, T. Egawa, T. ca, T. limbo, and M. Umeno: J . Crystal

growth 17s (1998) 189.

[25] M. H. Kim, Y. G Do, H. C. Kang, D. Y. Nohn, and S. J. Park: Appl. Phys. Lett. 79

(2001) 2713.

[26] C. Kittel: Introduction to Solid State Physics, John Wiley ans Sons Inc., 2005.

[27] J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaaIs, J. S. Speck, and U. K. Mishra:

Appl. Phys. Lett. 77 (2000) 250.

[28] M. Fieger, M. Eickelkamp, L. Rahimzadeh Koshmo, Y. Dikme, A. Noculak, H.

,13L



Kalisch，　M．　HeUken，　R．　H．　Jans位，　and　A．　Vescan：J．　C巧．　Growth，2璽8（2007）843．

［29］工Egawa：ULVAC，63（2013）18．

［30］J．Joh，　L　Xia，　and　J．　A．　del　Alamo：IEDM　Tech．　Dig．，2007，　pp．385－388．

［31］GMeneghesso，　G　Verzellesi，　E　Danesin，ぶRampazzo，　F　Zan皿，　A．　Tazzoli，　M．

Meneghini，　and　E．　Zanoni：IEEE　Trans．　Dev　Mat．　Reliability，8（2008）332．

［32］D．K．　Sahoo，　R．　K．　La1，　H．　Kim，　V．　Tilak，　and　L．　R　Eastm鋤：IEEE　Trans．　Electron

Device，5⑪（2003）1163

［33］J．Joh　and　J．　A．　del　Alamo：IEDM　Tbch．　Dig．2006，　pp．415－418．

［34］M．GAncona，　S．　C．　Bina亘，　and　D．　Meyer：Phys．　Stat．　So▲．，α（2011）201001056．

［35］A．Saura，　H．　Ji，　M．　Kuball，　M．　J．　Ur斑，　T．　Martin，　K．　J．　Nash，　K．　P　Hilton，　and　R．　S．

Balmer：Appl．　Phys．　Lett．認（2006）103．

［36］C．Lee，　L　Witkows垣，　H．　W．　Teng，　n　Sa噸R．　Bir㎞血n，　D．01s皿，　G　M㎜s，　S．

Guo，　and　B．　Albert：Electr皿．　Lett．4亙（2005）155．

［37］D．WG磁hold，　S．　n　Guo，　R．　Bir㎞㎞，　Imd　B．　Alben：J．　ElectroE　Mat　33（2004）

408．

［38］PValizadeh　and　D．　Pavlidis：IEEE　Trans．　Electron　Devices，52（2005）1933．

［39］GKoley，　V　Tilak，　L　R　Eastman，　and　M．　G　Sp斑cer：IEEE　Trans．　Electron

Devices，5⑪（2003）886．

［40］S．K．　Jha，　B．旺Leung，　C．　Surya，　H．　S　chweizer，　and　H．　Pi1㎞uhn：in　Proc．

COMMAD，2004，　pp．33－36．

［41］PValizadeh　and　D．　Pavlidis：IEEE　Tr鋤s．　Device　Mater　Rel．5（2005）555．

［42］R．Cof五e，　Y　Chen，1．　P　Smorchkova，　B．　Heying，　V　Gambin，　W．　Sutton，　Y　C．　Chou，

W．B．　Luo，　M．　W瞭owicz，　and　A．　Oki：in　Pr皿IEEE　Int．　Re1．　Phys．　Symp．2007　pp．

568－569．

一14一

Kalisch, M. Heuken, R. H. Jansen, and A. Vescan: J. Cry. Growth, 298 (2007) 843.

[29] T. Egawa: ULVAC, 63 (2013) 18.

[30] J. Joh, L. X13, and J. A. del Alamo: IEDM Tech. Dig., 2007, pp. 385-388.

[31] G Meneghesso, G Verzellesi, F. Danesin, F. Rampazzo, F. Zauon, A. Tazzoli, M.

Meneghim', and E. Zanoni: IEEE Trans. Dev. Mat. Reliability, 8 (2008) 332.

[32] D. K. Sahoo, R. K. Lal, H. Kim, V. Tilak, and L. F. Eastman: IEEE Trans. Elemon

Device, 50 (2003) 1163

[33] J. Job and J. A. del Alamo: IEDM Tech. Dig. 2006, pp. 415-418.

[34] M. G. Ancona, S. C. Binari, and D. Meyer: Phys. Stat. Sol, C1 (2011) 201001056.

[35] A. Saura, H. Ji, M. Kuball, M. J. Uren, T. Manin, K. J. Nash, K. P. Hilton, and R. S.

Balmer: Appl. Phys. Len. 88 (2006) 103.

[36] C. Lee, L. Witkowski, H. Q. Teng, P. Saunier, R. Birkhahn, D. Olson, G. Munns, S.

Guo, and B. Albert: Electron. Lett. 41 (2005) 155.

[37] D. W. Gorthold, S. P. Guo, R. Birkhahn, and B. Albert: J. Electron. Mat. 33 (2004)

408.

[38] P. Valizadeh and D. Pavlidis: IEEE Trans. Electron Devices, 52 (2005) 1933.

[39] G Koley, V. Tilak, L. F. Eastman, and M. Cl Spencer: IEEE Trans. Electron

Devices, 50 (2003) 886.

[40] S. K. Jha, B. H. Leung, C. Surya, H. Schweizer, and H. Pilkhuhn: in Proc.

COMMAD, 2004, pp. 33-36.

[41] P. Valizadeh and D. Pavlidis: IEEE Trans. Device Mater. Rel. S (2005) 555.

[42] R. Coflie, Y. Chen, 1. P. Smorchkova, B. Heying, V. Gambin, W. Sutton, Y. C. Chou,

W. B. Luo, M. Wojtowicz, and A. Oki: in Proc. IEEE Int. Rel. Phys. Symp. 2007 pp.

568-569.

714,



（〕㎞習‖　重㊧翼㌔豆頁：G叢r⑪W電臨　磁㊧V量¢配董訟br亘㊧】露甑0醜［縫醜《豊¢恥】露膣麗¢電紀璽『蓋毘謎電量《》髄

2。且］M［OCVB響r⑪w韻竃麗¢重b⑫姻

　　　　　　　Recently　GaN　and　its　alloys　have　led　to　the　demonstrati皿of　very　i］mpressive

results　in　electronic　devices　fbr　high－power　and　high　fセequency　applications　due　to　their

direct　and　wide　band　gap斑ergy．　In　recent　years，　a　rema奮kable　progress　in　the

development　of　GaN　epitaxial　growth　tec㎞iques　has　beロdone．　The　most　popul齪

methods　used　fbr　GaN　epitaxial　growth　are　Hydride　vapor　phase　epitaxy（HVPE）［14］，

Molecular　beam　epitaxy（MBE）［5－11］，　and　Metal　organic　chemical　vapor　depositi皿

（MOCVD）［4－6，12］．　HVPE　is　a　simple　growth　tech庄ique　which　offbrs　high　growth　rate

and　quasi　bulk　GaN　layers：it　is　one　of　the　oldest　techniques　used　fbr　GaN　growth．　MBE

can　produce　high－quality　layers　with　good　control　of　thic㎞ess，　doping，　composition

and　abrupt　inte血ce．　Neve］【theless，血e　disadvantages　are　very　expensive，　applicable　fbr

low　temperat皿eぽo減h　o㎡y皿d　need　ultra一伍gh　vacu㎜．　The　most　widely　embraced

tec㎞ique　fbr　the　high　quality　growth　of　GaN　in　recent　years　is　the　MOCVD　method．

The　MOCVD　has　produced　the　highest　quality　of　GaN　based　devices　till　date．

　　　　　　Amano　et　aL，　is　the　first　one　to　report皿successfUl　MOCVD　growth　of　high

quality　III－N　films　by　employing　an　RF－heated　atmospheric　pressure　reactor［13］．　Later，

Nakamura　et　al．，　have　described　high　quality　GaN　films　produced　in　a　two－flow

就mosphe亘c　press田e　MOCVD（AP・・MOCVD）system［14］．　Recently，10w　pressure

MOCVD（LP－MOCVD）has　also　been　used　to　grow　high　quality　III－N　films［15］．

　　　　　　The　detailed　na細re　of　chemical　reactions　occu由ng　d面ng　the　MOCVD

growth　of　III－N　f五hns　has　begu蛙o　be　elucidated［16］．　The　specific　reacti◎n　kinetics　and

detailed　the㎜◎－dyn㎜ics碓e　strong　f㎞ctions　of　the　precursors　and　substrate　employed，

as　well　as也e　gr◎wth　pressure，　tempera加∫e，　ca㎡eτgas，　and　r田ct◎r　geometry。
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Chapter-II: Growth, device fabrication and characterization

2.1 MOCVD growth method

Recently GaN and its alloys have led to the demonstration of very impressive

results in electronic devices for high-power and high frequency applications due to their .

direct and wide band gap energy. In recent years, a remarkable progress in the

development of GaN epitaxial growth techniques has been done. The most popular

methods used for GaN epitaxial growth are Hydride vapor phase epitaxy (HVPE) [1-4],

Molecular beam epitaxy (MBE) [5-11], and Metal organic chemical vapor deposition

(MOCVD) [4-6, 12], HVPE is a simple growth technique which oflers high growth rate

and quasi bulk GaN layers: it is one of the oldest techniques used for GaN growth. MBE

can produce high-quality layers with good control of thickness, doping, composition

and abrupt interface Nevertheless, the disadvantages are very expensive, applicable for

low temperature growth only and need ultra-high vacuum, The most widely embraced

technique for the high quality growth of GaN in recent years is the MOCVD method.

The MOCVD has produced the highest quality of GaN based devices till date

Amano et al., is the first one to report on successful MOCVD growth of high

quality III-N films by employing an RF-heated atmospheric pressure reactor [13]. Later,

Nakarnura et al., have described high quality GaN films produced in a two-flow

atmospheric pressure MOCVD (AP-MOCVD) system [14]. Recently, low pressure

MOCVD (LP-MOCVD) has also been used to grow high quality III-N films [15].

The detailed nature of chemical reactions occurring during the MOCVD

growth of III-N films has begun to be elucidated [16]. The specific reaction kinetics and

detailed memo-dynamics are strong functions of the precursors and substrate employed,

as well as the growth pressure, temperature, carrier gas, and reactor geometry,

_15_



Hydτodyn徽ics　can　als◎Play　a　strong　role　in癒e　fi簸a1τesults　of　gτov曲expe］dments．

This　is　especiaUy伽e　fbr　the　ni面des　as　a　result◎f　the　high　growth　tempera轍es

geneτally　employed．　The　geneτaheacti領fbr　III－V　bina汀comp◎㎜ds　growth　described

by　the　fbUowing　equations［4，16］：

　　　　　　　　　　　　　R3M（g）＋EH3（g）→　ME（s）＋3Rh（g）↑　　　　　　　　（2．1）

Where　R　is　org翻c　radical，　typically　CH30r　C2H5，　M輌s　a　coh菰㎜III搬etal　at◎ms，　Ga，

Al　odn．　and　E　is　a　coh㎜n　V　ato鵬s，，in　this　case　N．

　　　　　　The　si鵬ple　co1斑㎜III膿e訟l　alkyls（methyl鋤d　ethyl　derivatives）are　most

o我emhe　prec讃sors　selected　fbr　the　growth◎f　III－N　compo聡d　semic皿ductors　si批e

they　have　reasonably　high　vapor　pτessures鋤d　can　readily　delivered　using　H2　carrier

gas　and　source　tempe戯ures　conveniently　nea杜◎◎m－tempe瓶田e。　The　most　c◎mmonly

used　so眠e　fbr　GaN　is　Tdmethyl　galli㎜【TMGa）and　A㎜o㎡a（NH3）。　An　extremely

impo姓ant　considerati◎n輌n　the　growth　of　high　quali智epitaxial　device　structure　is　the

P頭智・fthe　s・眠es・

　　　　　　　　　　　　　（CH3）3Ga（g）＋NH3（g）　→GaN（s）＋3（CH3）H↑　　　　　　（2．2）

Tbmary　alloys　swh　as　AIGaN　a孤d　bGaN　can　be◎btained　by　c◎鵬bi曲g　TMAI　or　TMIn

simuhane◎usly　with　TMGa卵descdbed沁eq滅i◎n（23）．　A（恥s癒g　the　gas－phase

compos瀬◎n◎針he　TMAl　and　TMGa◎r　the　TM血and　TMGa　c◎撫ols　the　s◎丑輌d

c◎mp◎slt1◎n．

κ（CH3）A1（g）＋五x（CH3）Ga（g）＋NH3（g）→A㍑Ga1－xN（s）＋W7一ヵCH4（g）↑　（2．3）

However，　the　exact　co齪r◎l　of　the　c◎mposition　of　the劔憩（x）obt＆ined　in　such　r餓ctions

str◎ngly　depends◎飢he　expe㎞e漁l　co繭ti◎簸s。　D◎pi麹g　of　GaN輌負MOCVDぬas　be鐙

done　by　using　S輌1輌c（m［16－18］，　Ge灘a樋㎜，　Sulph雛，　Sele函㎜，　and　Tin　fb貧n一尊pe　a丑d

Magnesiu搬［19－20］and　Z輌nc［ηIb貧p－type．

一16一

Hydrodynamics can also play a strong role in the final results of growth experiments.

This is especially true for the nitrides as a result of the high growth temperatures

generally employed. The general reaction for III-V binary compounds growth described

by the following equations [4,16]:

R3M(g) + EH3(g) —> ME(S) + 3Rh(g)T
{

(l 1)
Where R is organic radical, typically CH3 or Cs, M is a column 111 metal atoms, Ga,

A1 or In. and E is a column V atoms,.in this case N.

The simple column 111 metal alkyls (methyl and ethyl derivatives) are most

ofien the precursors selected for the growth of III-N compound semiconductors since

they have reasonably high vapor pressures and can readily delivered using H2 carrier

gas and source temperatures conveniently near room-temperatrue. The most commonly

used source for GaN is Trimethyl gallium (TMGa) and Ammonia (NH3). An extremely

important consideration in the growth of high quality epitaxial device structure is the

purity of the sources.

(CH3)3Ga(g) + NH3(g) —> GaN(s) + 3(CH3)HT (2.2)

Ternary alloys such as AlGaN and InGaN can be obtained by combining TMAl or TMIn

simultaneously with TMGa as described in equation (2.3), Adjusting the gas-phase

composition of the TMAl and TMGa or the TMIn and TMGa controls the solid

composition.

x(CH3)Al(g) + 1-x(CH3)Ga(g) + NH3(g) a AlaI-xN(s) + x(I-X)CH4(g)T (2.3)
However, the exact control of the composition of the film (x) obtained in such reactions

strongly depends on the experimental conditions. Doping of GaN in MOCVD has been

done by using Silicon [16-18], Germanium, Sulphur, Selenium, and Tin for n~type and

Magnesium [19—20] and Zinc [7] for p-type.
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　　　　　　　Dopants　can　be　transported　to　reactor　through　hydrides　or　organometallics．

Si輌Si2H6，　Cp2Mg斑e　the　most　co㎜on　n一巧pe鋤d　p－type　do抵s　of　G姻．　h　our

lab，　Taiyo　Nippon　Sanso　MOCVD　growth　machine　was　used　which　has　a　three－1ayer

且adow　tec㎞010gy　that　yielded　the　growth　v舳the　acceptable　quality．　Figure　2．1

shows　a　laminar　t㎞ee－flOw　MOCVD　reacto£The　now　liner　made　of　qua蛇z　glass　is’

installed　in　a　sk註nless　steel　chamb吐Athin　restricted　gas　flow　liner　is　adopted　in　order

to　suppress　the㎜al　c皿vection，　which　may　cause　the　reducti皿ofぽowth　rate，

皿ifb㎜ity，　and丘lm　quality・In　order　to　supPress皿desirable　gases　reactions，　the　shape

of　the　flow　linear　was　carefUlly　designed　to　achieve　high　velocity　gas　flow．　In　this

MOCVD　system，　NH3　and　its　ca㎡er　gas，　mix加re　of　group　III　element　organometallics

and　their　carrier　gas　and　top　flow　inert　gas　are　separately　i勾ected，　as　shown　in　Fig．2．1．

The　upstream　region　of　the　fbw　liner　has　a　three　stage　s加lcture　and　through　these

regions　the　gases　i勾ected　via　the　three　nozzles　that　fbrmed　into　laminar　flows．

Dif白sion　of　the　o貧gano］metallics　stans　at　the　edge　of　the　isolation　plate　and　growth

starts　at　a　downstream　region　of　the　reactor．　h　this　flow　liner，　the　concentration　of

organometallics　near　the　substrate　gradually　increases　along　the　stream．　The　tot品gas

flow　and　the　flow　balance　of　the　three　i吋ected　gases　are　very　cmcial　since　it　can　really

af壬bct　the　u㎡fb㎜ity，　growth　rεtte，　alloy　composition，　and　dopa斑concemration．　The

wafer　is　heated　by　a　carbon　resistance　heater　up　to　1200°C．　h　order　to　avoid

uncontrolled　or㎜wanted　dissociation　of　ammo㎡a（NH3）on　other　surfaces　than　the

solution　and　corrosion　oれhe　fhmace　interior，　electrically　insulating　ceramic　PBM

（Pyrolytic　Boron　Nitride）is　used　as　the　he就er．　The］more　stable　material　in　direct

c皿伍ct　to　the　melt　is　this　pyrol》情ic　boron　nitride　wheτeas　other　material　like　qu証z

glass，　graphite，　glassy　carbon，　silicon垣仕ide，　or　alumm㎜垣馳c鋤be　c碓oded　by

一18一

Dopants can be transported to reactor through hydrides or organometallics.

SiH4 or Si2H6, sMg are the most common n—type and p—type dopants of GaN. In our

lab, Taiyo Nippon Sanso MOCVD growth machine was used which has a three-layer

flat flow technology that yielded the growth with the acceptable quality. Figure 2.1

shows a laminar three-flow MOCVD reactor. The flow liner made of quartz glass is
I

installed in a stainless steel chamber. A thin restricted gas flow liner is adopted in order

to suppress thermal convection, which may cause the reduction of growth rate,

uniformity, and film quality. In order to suppress undesirable gases reactions, the shape

of the flow linear was carefully designed to achieve high velocity gas flow. In this

MOCVD system, NH; and its carrier gas, mixture of group III element organometallics

and their carrier gas and top flow inert gas are separately injected, as shown in Fig. 2.1.

The upstream region of the flow liner has a three stage stmcture and through these

regions the gases injected via the three nozzles that formed into laminar flows.

Diffusion of the organometallics starts at the edge of the isolation plate and growth

starts at a downstream region of the reactor. In this flow liner, the concentration of

organometallics near the substrate gradually increases along the stream. The total gas

flow and the flow balance of the three injected gases are very crucial since it can really

aflfect the uniformity, growth rate, alloy composition, and dopant concentration, The

wafer is heated by a carbon resistance heater up to 1200 °C, In order to avoid

uncontrolled or unwanted dissociation of ammonia (NH3) on other surfaces than the

solution and corrosion of the fumace interior, electrically insulating ceramic PBM

(Pyrolytic Boron Nitride) is used as the heater. The more stable material in direct

contact to the melt is this pyrolytic boron nitride whereas other material like quartz

glass, graphite, glassy carbon, silicon nitride, or aluminum nitride can be corroded by

*18‘



the　melt　and　thus　can　cause　polluti皿in　the　solution　with㎜wa磁ed　imp斑まties．

2。2s書脳醜髄r騒鼠題髄磁《塑重』¢翻¢蝕露r縫醜¢r肱魏叢o醜

　　　　　This　section　describes　the　main　methods　to　characterize　the　stmctural　and

optical　properties　of　the　sample．　Though　various　characterization　methods　available　we

ca㎡ed　out　X－Ray　dif登action（XRD），　Hall　measurement，　Raman　spectroscopy，　and

Atomic　Force　Microscope（AFM）．　Alhhese　techniques　present　the　advantage　of　being

non　destructive．

2。2。豊X－R羅y《髄臨我醜io遡

　　　　MODIFIED　FRO踊

　　　　　CULL…56）　　／　霊
　　　　　　　　　　　　　　　　　　DIFFRACTOMETER

　　　　　　　　　　　　　　　　　　　　　　　C耳RCLE

　　　　　　竜　　和WDER　　　　・　D互V題GENT
　　　　　　　　　　　　SPEC慧MEN　　　　　　　SL置TS

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　⑭

C◎皿TEK

　　　　　TARGET

販・AX互S

理CE璽V］脳G
　　　SL互TS

　　　　　　　SCHEM［AT亙C⑪亜X－RAY

　　　　　　　　　D置FFRACTOMETEI匿

Fig．2．2．　Basic　concept　of　a血X－Ray　d輌f登actometer

一19一

the melt and thus can cause pollution in the solution with unwanted impurities

2.2 Structural and optical characterization

This section describes the main methods to characterize the structural and

optical properties of the sample. Though various characterization methods available we

carried out X-Ray diffraction (XRD), Hall measurement, Raman spectroscopy, and
'

Atomic Force Microscope (AFM). All these techniques present the advantage of being

non destructive.

2.2.1 X-Ray diffraction

MODIFIED FROM
CULLITY (1956) X-RAY

_ / TUBE
DIFFRACTOMETER

CIRCLE
POWDER
SPECIMEN

"s
1"

29
X—RAYS /

X

, 1'
COUNTER .,

ISCHEMATIC OF X-RAY
DIFFRACTOMETER

Fig. 2.2 Basic concept of an X-Ray difl'ractometer
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The XRD has been widely used to probe the crystalline quality of the samples

to verify their crystalline orientation, to identify the epitaxial relationships and to

determine the lattice parameters. An X»ray beam impinges on the sample and is

diffracted by a selected plane family [21]. The X-ray diffraction method is employed for

measuring the threading dislocation density in GaN thin films. We use Philips X‘pert
I

X-ray diffractometer to study our MOCVD grown AlGaN/GaN epi-structure crystal

quality from high-resolution X-ray rocking curve (HR-XRC). The m-scan can directly

influence by the line defect densities which in turn affects the FWHM line width. Figure

2.2 shows the pictorial representation of X-Ray diffraction unit.

2.2.2 Hall measurement

The imponance of the Hall effect is supported by the need to determine

accurately carrier density (n), electrical resistivity (R), and the mobility (u) of the

carriers in semiconductors. The Hall effect provides a relatively simple method for

doing this, because of its simplicity, low cost, and fast turnaround time. It is an

indispensable characterization technique in the semiconductor industry and in research

laboratories.

The basic principle underlying the Hall Effect is the Lorentz force [22], which

is a combinatory of two separate forces: the electric force and the magnetic force. When

an electron moves along the electric field direction perpendicular to an applied magnetic

field, it experiences a magnetic force —qv x B acting normal to both directions. The

direction of its magnetic force can be determining by using the right hand rule

convention. With an open hand, the fingers are pointed along the direction of the carrier

velocity and curled into the direction of the magnetic field. The magretic force direction

on an electron is then determined by the opposite direction that the thumb is pointing.

_20,
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The resulting Lorentz force F is therefore,

F = q (E + VB) (2.4)

Where, q is the elementary charge which is l. 602 x 10‘19 C, E is the electric field, v is

the particle velocity, and B is the magnetic field.

f’nnrd'lnxlt-
Synem

[13 3 iii;

Fig. 2.3. Principle ofHall measurements

The Hall measurement consists of a series of voltage measurements with a

constant current I and a constant magnetic field B applied perpendicular to the plane of

the sample. The sample shown in Fig. 2.3 represents the Hall measurement method. To

measure the Hall voltage V11, 3 current I is forced through the opposing pair of contacts

1 and 3 and the Hall voltage VH(= V24) is measured across the remaining pair of

contacts 2 and 4. Once the Hall voltage VH is acquired, the sheet carrier density n5 can

be calculated from the known values. »

n. = ”3 (2.5)
q
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　　　　　　The　Scatterin．g　of　light　which　is　nσ血ing　b斑the　redirection　of　light　that　takes

place　when　an　incident　light　ray　e舵ounters　an　obstacle，　in　our　case　scattering　of

material（Solid，　liquid，　gas）．　As　this　incidenパight　ray・interacts　with　the　matter，　the

electron　orbits　with　the　constitu斑t　molecules　are　agitated　pe亘odically　with　the　same

丘equency（ω）as　the　elect亘c　field　of也e　incident　ray．　The　agitation　of　electron　cloud

results　in　a　periodic　separation　of　charge　within　the　molecules，　which　is　called　an

induced　dipole　moment．

E

一　　　一　　　一 一　　　晦　　直曽繭繭関D　　－■田D　　●繭田閥■ 一　　　一　　　一　　　一　　　一 一　　　一　　　一

V㎞al
levelS

一　　　一　　　一 一　　　一　　　一　　　一　　　一 一　　　一　　　一 一　　　一　　　一

ユ

Real
levels

　　　　　　　　　　　　　Strokes　Rayleigh　Anti－strokesω

　　　　　　　　　　　（ω。一ωV輌b）　　　ω。　　（ω。＋ωVib）

　　　　　Fig・2・4・Energy　level　diagram　showing　the　state　involved　in　Raman　signal

　　　　　　In　genera1，　there　are　two　types　of　scattering　available　i．e．　elastic　scattering　and

inelastic　sca杜e血g．　When　the　m司ority　of　light　sc就tered　is　emitted　at　the　ide斑ical

一22一

2.2.3 Raman Spectroscopy [23—25]

The scattering of light which is nothing but the redirection of light that takes

place when an incident light ray encounters an obstacle, in our case scattering of

material (Solid, liquid, gas). As this incident light ray interacts with the matter, the

electron orbits with the constituent molecules are agitated periodically with the same.

frequency (w) as the electric field of the incident rayt The agitation of electron cloud

results in a periodic separation of charge within the molecules, which is called an

induced dipole moment.

‘ — — — r‘—————————— " — — f
E Virtual

levels
___ ______ »T___ «___

Real
levels

4.

Strokes Rayleigh Anti-strokes w
(100- wVib) we (010+ wVib)

Fig. 2.4. Energy level diagram showing the state involved in Raman signal

In general, there are two types of scattering available i.e. elastic scattering and

inelastic scattering. When the majority of light scattered is emitted at the identical

722,



fセequency（ω。）of　the　incide耐1ight　ray　is　called　elastic　sca杜ering．　V臨ereε記s　additional

light　is　scattered　at　different丘equencies　called　inelastic　fセequency．　The　Fig．2．4．　shows

the　induced　dipole　moments　are　cre就ed　a杜hree　distinct丘equencies，　namely　ω。，

ω。一ω。，b，and　ω。＋ω，功，which　results　in　scattering　radiation　at　these　same　three

丘equencies．　The　first　scatte亘ng　f掩quency　co宜esponds　to也e　incident　f士equency，　hence

it　is　elastic　sca杜ering（Rayleigh），　while　the　other　two丘equencies　are　shifted　to　lower　or

higher　frequencies　and　are　therefbre　inelastic　scatte］ring　Process．

　　　　　　　　　Maximum　　　　　　　　　　　　Maximum
　　　　　　　　　expansi。n　Equi豊ib「五um　c・mpressi・n

　　　　　　←　　　→　　　　　　　　　→　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　←

　　　　　　A　　　　　　　　B　　A　　　　　B　　　　A　　　B

　　　　　　　　　Bond　leng血　　　　　　　Bond　length　　　　　　Bond　length

　　　　　　　　　　＝L＋Q・　　　　　　　　　＝L　　　　　・　　　＝L－Q・

　　　　　　Fig．2．5．　Vibrational　displacem斑t　of　A－B　about　the　equilib亘㎜position

The　scattering　ligh直n　these　cases　is　referred　to　as　Raman　scattering，　with　the　do㎜

shi負ed　f｝equency　referred　to　as　Strokes　sc劔tering，　and　up－shi丘ed丘equency　refe1Ted　to

as　anti－stroke　scattering．　C．　V　Raman　was　the　first　to　describe　this　type　of　inelastic

scatte亘ng，　fbr　which　he　was　awarded　the　noble　prize　in　physics　in　1930．　It　has　to　be

noted　that　the　vibrati皿al　displacement　of　atoms　corresp皿di孤g　to　a　particular

vibrational　mode　results　in　a　change　in　the　polari2abil輌ty　and　hence　the　necessary

c・nditi輌R－sca魎ngistha紬ete㎜∂塔ﾏmustben・n－zer・・

一23一

fi'equency ( (2)“) of the incident light ray is called elastic scattering. Whereas additional

light is scattered at different frequencies called inelastic frequency. The Fig. 2.4. shows

the induced dipole moments are created at three distinct frequencies, namely we,

a)a —a)w,, , and mo +a),,,,, , which results in scattering radiation at these same three

frequencies. The first scattering frequency corresponds to the incident frequency, hence
I

it is elastic scattering (Rayleigh), while the other two frequencies are shified to lower or

higher frequencies and are therefore inelastic scattering process.

Maximum E , 1. b . Maximum
expansion qui 1 Hum compresswn

A—B A—-B

Bond length Bond length Bond length
= L + Q0 = L = L . Q0

Fig. 2.5. Vibrational displacement ofAB about the equilibrium position

The scattering light‘in these cases is referred to as Raman scattering, with the down

shified frequency referred to as Strokes scattering, and up-shified frequency referred to

as anti-stroke scattering. C. V. Raman was the first to describe this type of inelastic

scattering, for which he was awarded the noble prize in physics in 1930. It has to be

noted that the vibrational displacement of atoms corresponding to a particular

vibrational mode results in a change in the polarizability and hence the necessary

condition for Raman scattering is that the term 60:
6Q

must be non-zero.

,23_



　　　　一Q。　　　　　　　　　　　　o　　　　　　　　　　　＋Q。

Fig．2．6．　Pol頗zabi胱y　of　A－B　as　a㎞ction　of　vibrati皿al　displacement　ab◎ut

equilibri㎜

　　　　　　　For　examp丑e，1et　us　consider　a　diatomic鵬olecule　A－B，　with　the　maximum

vib斑tional　displaceme斑Qo　as　shown　in　the　Fig．2．5．　when　A－B　is　at　maxi憩um

expansion，　the　electronsεぽe　m《）re　readily　displaced　by　an　e1¢c面c　field　due　to　the　greater

sep宙ation丘◎憩the◎ther　atom．　H鋤ce　the　poladzability輌s輌ncreased　fbr　maxim㎜b◎nd

length．　In　c皿trast，　when　A・B輌s就maxim㎜compressi◎n，　the　elec蜘ns　ftom　a　given

就◎頑もehhe　e餓≧cts◎fthe　othe琉om’s　nwleus蹴d鍵e癒ere釦re　n◎t　ag輌輪d　as　much．

Therefbre，也e　p◎1韻zabiU轄is　reduced　fbr　minimum　bond互ength．　h　is　apPa㈹磁tha杜he

ability　t◎ag輌tate　the　ele魔◎n　cloud　by　an　i顕ident　elec癒c　field　w輌U　depend◎n　the

rela撫p・s輌f癒e　at・憩s・his　apP－t倉the　F輌9・2・6　t楓he　value・f∂ 唐X

abo就the　equilib藪竃雌posit輌◎n（飢dQ＝0）is　non－zer◎，　he簸ce　the　fb撮a鵬e麓a1

一24一

< : i >
'QO 0 +Qo

Fig. 2.6. Polarizability of A-B as a function of vibrational displacement about
equilibrium

For example, let us consider a diatomic molecule A—B, with the maximum

vibrational displacement QD as shown in the Fig.2.5. When A-B is at maximum

expansion, the electrons are more readily displaced by an electric field due to the greater

separation from the other atom. Hence the polarizability is increased for maximum bond

length. In contrast, when A-B is at maximum compression, the electrons from a given

atom feel the effects of the other atom’s nucleus and are therefore not agitated as much.

Therefore, the polarizability is reduced for minimum bond length. It is apparent that the

ability to agitate the electron cloud by an incident electric field will depend on the

relative position of the atoms. It is apparent from the Fig.2.6 that the value of 60‘
6Q

about the equilibrium position (at dQ = 0) is non-zero, hence the fundamental

-24,
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vibrational mode of the diatomic molecule A-B would be Raman active and would

generate inelastically scattered light at the two frequencies a)” — to“, , and a)“ + (0",, .

2.2.4 Atomic Force Microscope [26]

The atomic force microscope (AFM) is a combination of the principles of the

seaming tunneling microscope (STM) and the stylus profilometer (SF). The SP has.

much in common with the STM. The tip in the STM and the stylus in the SP are both

used to scan the surface, sense the variations of the sample, and generate

three-dimensional images. The AFM consists of a cantilever with a sharp tip (probe) at

its end that is used to scan the specimen surface. The cantilever is typically silicon or

silicon nitride with a tip radius of curvature on the order of nanometers. When the tip is

brought into proximity of a sample surface, force between the tip and the sample surface

lead to a deflection of the cantilever according to Hooke’s law.

Detector

~ Laser

Tip

Sample

Piezo‘
scanner

Figs 27. Schematic representation of an AFM setup

Along with the force, additional quantities may simultaneously be measured through the
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use　of　specialized　types　of　probes．　Typically，　the　deflection　is　measured　using　a　laser

spot　reflected丘om　the　top　sur£ace　of　the　cantilever　into　an　a∬ay　of　photodiodes．　Figure

2．7shows　the⑳ical　se加p　of　AFM．　The　AFM　c皿be　operated　in　a　n㎜ber　of　modes，

dep斑ding　on　the　application．　In　g銀eral，　possible　imaging　modes　are　divided　into

contact　mode　and　non・・c皿tact　mode　where　the　cantilever　is　vibrated．　In　contact　mode，

the　static　tip　deflection　is　used　as　a　feedback　signal．　Because　the　measu貧ement　of　s　static

signal　is　pr皿e　to　noise　and　drift，10w　stiffness　cantilevers　are　used　to　boost　the

deflection　signal．　However，　close　to　the　surface　of　the　sample，　attractive　fbrce　can　be

quite　strong，　causing　the　tip　to‘‘snap－in”to　the　surface．　Thus　st就ic　mode　AFM　is　almost

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　㌢

always　done　in　contact　where也e　fbrce　is　repulsive．　In　non－contact　mode，　the　tip　of　the

cantilever　does　not　contact　the　sample　surface．　The　cantileYer　is　instead◎scillated　at

either　its　resonant丘equency　or　j　ust　above　where　the　amplitude　of　osciUation　is　typically

afew　nano血eters　down　to　a　fbw　picometers［26］．　The　van　der　waals　fbrces，　which　are

str皿gest廿om　1㎜to　10㎜above　the緬ace　or　any　o也er　long　r鋤ge飴rce　w垣ch

extends　above　the　surfiace　acts　to　decrease　the　resonance丘equency　of　the　cantilever

This　decrease　in　the　resonant　f｝equ皿cy　combined　with　the　feedback　loop　system

maintains　a　constant　oscillation　amplitude　or　fセequency　by　a（加sting　the　average

tip－to－sample　distance．　Measuring　the　tip－to－sample　dis㎞ce　at　each（x，y）data　point

allows　the　scanning　softwa駕to　construct　a　topographic　image　ofthe　sample　sur£ace．

2・2・5］眠鼠母醜r⑪且髄醗董簸母s㊧紀醜¢¢s酔e醜r⑪§¢《璽》y

　　　　　　　The　creation　of　excess　electron－hole　pairs　by　photon　abso彗）tion．　Eventually，

excess　electrons　and　holes　recombine，　and　in　direct　band　gap　materia▲s　the

recomb垣ati◎n　process　may　res磁垣the　emission　of　a　photon．　The　general　property　of

light　emission　is　refb］【Ted　to　as　luminescence．　Elec曾◎1uminescence　is　theμocess　of

一26一

use of specialized types of probes. Typically, the deflection is measured using a laser

spot reflected from the top surface of the cantilever into an array of photodiodes. Figure

2.7 shows the typical setup of AFM. The AFM can be operated in a number of modes,

depending on the application. In general. possible imaging modes are divided into

contact mode and non-contact mode where the cantilever is vibrated. In contact mode,
'

the static tip deflection is used as a feedback signal. Because the measurement of s static

signal is prone to noise and drifi, low stiffness cantilevers are used to boost the

deflection signal. However, close to the surface of the sample, attractive force can be

quite strong, causing the tip to “snap«in” to the surface. Thus static mode AFM is almost

always done in contact where the force is repulsive. In non-contact mode, the tip of the

cantilever does not contact the sample surface. The cantilever is instead oscillated at

either its resonant frequency or just above where the amplitude of oscillation is typically

a few nanometers down to a few picometers [26]. The van der waals forces, which are

strongest from 1 nm to 10 mn above the surface or any other long range force which

extends above the surface acts to decrease the resonance frequency of the cantilever.

This decrease in the resonant frequency combined with the feedback loop system

maintains a constant oscillation amplitude or frequency by adjusting the average

tip-to—sample distance. Measuring the tip-to-sample distance at each (x,y) data point

allows the seaming sofiware to construct a topographic image of the sample surface.

2.2.5 Electroluminescence spectroscopy

The creation of excess electron-hole pairs by photon absorption. Eventually,

excess electrons and holes recombine, and in direct band gap materials the

recombination process may result in the emission of a photon. The general property of

light emission is referred to as luminescence. Electroluminescence is the process of
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generating　photon　emission　when　the　excitation　of　excess　c斑㎡ers　is　a　result　of　an

electdc　c㎜ent　caused　by　an　applied　electric　filed［27－30］．　We　will　be　mainly　concemed

with　i吋ection　e▲ectrolt㎜inescence，　the　result◎f　i勾ecting　ca㎡ers　across　a　p－n　j　unction．

The　light　emi杜ing　diode　and　the　p－n　j㎜ction　laser　diode　are　example　of　this

phenomenon．　In　these　devices　electric　energy，　in　the　fb㎜of　a　current，　is　converted

directly　into　photon　energy．　Electron　and　holes　created　by　impact　io㎡zation　can

recombine　radiatively，　giving亘se　to　the　so　called　elec仕ol㎜inescence．　EL　spec仕oscopy

is　a　sound　diagnosis　of　impact　ionization　to　probe　both　the　localized　and　the　energy

distribution　of　carriers　versus　bias　conditions．

2．3A盈G窺NIG裂N　b』霧地e盈鱗：琶蟹）髄贈鞠b鰻』醇旬p謝彊s』醜《曜盤息置3r董¢譲嫡⑭駿pr《鴻e§s

　　　　　　　The　fabrication◎f　HEMT　is　classified　in　to　five　m司or　divisions　p舗cularly

structure　design，　mesa　etching，　device　passivati皿，　ohmic　contact，　and　g就e　metallization．

AlGaN／GaN　epis1㎞c旗e蟹own皿Si　subs仕ate　v舳v頒ous　buf民r　thic㎞esses　we；e

ねken　and　diced　into　small　piece　fbr　the　HEMT　process．　The　Fig．2．8．　shows　the

schematic　representati皿that　involves　vadous　stages　in　the　HEMT　process．

2。3④亙蚕？蝕《魔《）賊重恥⑪響r麗護〕1麺y

　　　Photolithography　is　the　process　oれransfを㎡ng　geomet亘c　shapes　on　a　mask　to　the

su㎡iace　of　a　silicon　wafbr．　The　steps　involved　in　the　photolithographic　process　are

⇔

⇔

Su㎡iaceμeparati皿（wafbr　cleaning）

C◎ating（Spin　casting）

Pre－bake（Soft　bake）

Alig㎜ent／Exposure

Development

Post－bake（Hard　bake）
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generating photon emission when the excitation of excess carriers is a result of an

electric current caused by an applied electric filed [27-30]. We will be mainly concerned

with injection electroluminescence, the result of injecting carriers across a p-n junction.

The light emitting diode and the p—n junction laser diode are example of this

phenomenon. In these devices electric energy, in the form of a current, is converted.

directly into photon energy. Electron and holes created by impact ionization can

recombine radiatively, giving rise to the so called electroluminescence. EL spectroscopy

is a sound diagnosis of impact ionization to probe both the localized and the energy

distribution of carriers versus bias conditions.

2.3 AlGaN/GaN high electron mobility transistor fabrication process

The fabrication of HEMT is classified in to five major divisions particularly

structure design, mesa etching, device passivation, ohmic contact, and gate metallization.

AlGaN/GaN epistructure grown on Si substrate with various buffer thicknesses were

taken and diced into small piece for the HEMT process. The Fig. 2.8. shows the

schematic representation that involves various stages in the HEMT process.

2.3.1 Photolithography

Photolithography is the process of transferring geometric shapes on a mask to the

surface ofa silicon wafer. The steps involved in the photolithographic process are

Surface preparation (wafer cleaning)

Coating (Spin casting)

Pre-bake (Scfl bake)

O

9

§

O Alignment/Exposure

0 Development

0 Post» bake (Hard bake)
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0 Post process cleaning

2.3.1.1 Surface preparation or Wafer Cleaning

The wafers are chemically cleaned to remove particulate matter on the surface

as well as any traces of organic, ionic, and metallic impurities. Initially organic cleaning

were done using ultrasonic bath and hot water bath. The sample was immersed in.

organic solvents acetone and propanal for 5 min on each. Then these samples were

rinsed with de-ionized water and dried by blowing N2. This cleaning will remove all the

dirt and unwanted particle that affects the quality of the process.

2.3.1.2 Photoresist coating

A thin, uniform coating of photoresist (PR) at a specific, well controlled

thickness is accomplished by the seemingly simple process of spin coating. The PR is

poured onto the wafer/sample, which is then spun on a turntable at a high speed

producing the desired film. Stringent requirement of thickness control, uniformity, and

low defect density has to be given much attention in this process, where a large number

of parameters can have significant impact on PR thickness uniformity and control.

There is a choice between static dispense or dynamic dispense, spin speeds and times,

and accelerations to each of the spin speeds. The volume of the resist dispensed,

properties of the resist, and the substrate play an important role in the resist thickness

uniformity. Further, practical aspects of the spin operation, such as exhaust, temperature,

humidity control, and Spinner cleanliness oflen have significant effects on the PR. In our

case, after organic cleaning, a photoresist was applied using a spin coater. The spin

coating was carefully done and the samples were baked in dry oven at 90 “C. There are

two types of PR: positive and negative. In positive resist, the PR is exposed with the UV

light wherever the underlying material is to be removed. In these resists, exposure to the
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゜UV light changes the chemical structure of the resist so that it becomes more soluble in

the developer. The exposed resist is then washed away by the developer solution,

leaving windows of the bare underlying material, In other words, “whatever exposed,

removed". The mask, therefore, contains an exact copy of the pattern which is to remain

on the wafer.

Negative resist behave in just the opposite manner. Exposure to the UV light

causes the negative resist to become polymerized and more difficult to dissolve.

Therefore, negative resist remains on the surface wherever it is exposed, and the

developer solution removes only the exposed portions. Masks used for negative

photoresist therefore, contains the inverse of the pattern to be transferred

2.3.1.3 Soft-bake or Pre-bake process

After PR coating, the resulting film will contain 20 7 40 % by weight solvent.

The soft-bake involves drying the photoresist afier spin coat by removing this excess

solvent. Reducing the solvent content is to stabilize the changing properties of the film

with time. By baking the PR, majority of the solvent is removed and the film becomes

stable at room temperature. The removing of solvent from a PR film give four major

effects

1. Film thickness is reduced

2. Post—exposure bake and development properties are changed

3. adhesion is improved, and

4. film becomes less tacky and thus less susceptible to particulate contamination

Typically pre-bake or soft-bake process leave between 3 to 8 percent residual solvent in

the PR film, sufficiently small to keep the film stable during subsequent lithographic

processing. There are several methods that can be used to bake PR. The most obvious

729,



method　is　an　oven　bake．

2・3・L瑠き纏麗k鍵盈量霧駿隙e臨重aし臨量ex｛P《）§麗豊・e

　　　　　　　One　of　the　most　impor旋1nt　steps　in　the　photolithography　process　is　mask

alignment．　A　mask　or　photomask　is　a　square　glass　plate　with　a　pattemed　emulsion　of

metal　film　on　one　side．　The　mask　is　aligned　with　the　waf己so　that　the　pattem　can　be・

transferred皿to　the　wafer　sur£ace．　Each　mask　after　the　first　one　must　be　aligned　to　the

previous　pattem．　Once　the　mask　has　been　accur就ely　aligned　with　the　pa洗m　on　the

wafもrs　sur£ace，　the　photoresist　is　exposed　through　the　pattem　on　the　mask　with　a　high

intensity　ultraviolet　light．

2・3・L5彊）evelo酔醗e簸重

　　　　　　　The　last　steps　in　the　photoli也ographic　process　are　development．　Once　exposed，

the　PR　must　be　developed．　No㎜ally　aqueous　bases　are　used　as　a　developer　to　remove

the　photoresist．　Development　is㎜doubtedly　one　of　the　most　c亘tical　steps　in　the　PR

process．　The　charactedstics　of　the　resist　developer　interactions　dete㎜ine　to　a　large

ext斑t　the　shape　ofthe　photoresist　profile　and　more　impo實amly　the　linewidth　control．

2．3。1．6Pos重一b繍髭e

　　　　　　The　post－bake　is　used　t◎harden　the　final　resist　image　so　that　it　will　withstand

the　h碇sh　enviro㎜ents　of　impl臨tion　or　etc垣ng．

一30一

method is an oven bake.

2.3.1.4 Mask alignment and exposure

One of the most important steps in the photolithography process is mask

alignment. A mask or photomask is a square glass plate with a patterned emulsion of

metal film on one side. The mask is aligned with the wafer, so that the pattern can be -

transferred onto the wafer surface. Each mask afier the first one must be aligned to the

previous pattern. Once the mask has been accurately aligned with the pattern on the

wafers surface, the photoresist is exposed through the pattern on the mask with a high

intensity ultraviolet light.

2.3.1.5 Development

The last steps in the photolithographic process are development. Once exposed,

the PR must be developed Normally aqueous bases are used as a developer to remove

the photoresist. Development is undoubtedly one of the most critical steps in the PR

process. The characteristics of the resist developer interactions determine to a large

extent the shape of the photoresist profile and more importantly the linewidth control.

2.3.1.6 Post-bake

The post-bake is used to harden the final resist image so that it will withstand

the harsh environments of implantation or etching.
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　　　　　　Initially　the　samples　are　cleaned　under　ultraso㎡c　vibration（45　cycles／min）by

soaking　in　orga㎡c　Solvents　namely　acetone　（CH3　COCH3）　and　2－proponal

（CH3）2CHOH，　consecutively　fbr　5　min　each．　This　is　fbUowed　by　rinsing　with　the

deio㎡zed　water　and　dried　using　N2．　The　cleaned　samples　were　then　unifbrmly　co就ed

with　the　photoresist　polymer　solution（S　1800）using　a　spin　coater　and　then　baked　at

90°Cin　a　dry　oven負）r　20　min．　the　baked　and　cooled　samples　are　then　one　by　one　set　up

apPropriately　under　the　isolation　area　aligned　using　mask　aligner　su句ecting　to　optimal

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ト　　　　　　　　　　　　　　　　　　　　　　　　　　を

UV▲ight　exposure．　This　is　fbllowed　by　developing　the　exposed　samples　using　the

suitable　developer　solution（MF319）．　The　post－bake　was　done　at　90°C　fbr　30　min．　Th斑

i㎜ediately　d巧㎏1鋸ma）etching　was　ca㎡ed◎ut　inside　a　ch㎜ber　by　BC13　b㏄ed

reactive　ion　etching（RIE）㎜der　the　fbllowing　conditions：pressme＝3P隅powerヲO

w磁s，reflection　of　the　sample　holder＝0，　and　BCI3　flow　rate＝10　sccm．　The　etching

duration　was　30　min，　which　approxim就ely　removes　200㎜unti▲the㎜derlying　GaN

buf董er　layer　is　reached．

2。4．2互》㊧v』¢¢酔認s§量v箆琶量《夢魍

　　　　　　After　the　mesa－is◎1ation，　organic　cleaning　was　done　again　and　additionally　HCl

cleaning　was　done　fbr　l　min．　The　sample　was　then　loaded　into　a　evaporation　chamber

set　up　lbr　depositing　SiO2　using　ele伽n　beam　evaporatio臨c㎞ique．　The　thic㎞ess　of

SiO2　deposited　was　100㎜at　a　c皿stant　substrate　tempera加re◎f　1500C．　The　SiO2

deposition　was　ca㎡ed　out　at　an　evaporation　r就e　of　O．4～0．6　A／sec，　with　the　chamber

vacuu宜1　in　the　order　of　6～9x1σ◎3　Paじscal　in　order　attain　a　unifb㎜passivation　film。

一31一

2.4 Fabrication process procedure

2.4.1 Mesa-isolation etching

Initially the samples are cleaned under ultrasonic vibration (45 cycles/min) by

soaking in organic solvents namely acetone (CH3COCH3) and 2-proponal

(CH3)2CHOH, consecutively for 5 min each. This is followed by rinsing with the
'

deionized water and dried using N2. The cleaned samples were then uniformly coated

with the photoresist polymer solution (S1800) using a spin coater and then baked at

90°C in a dry oven for 20 min. the baked and cooled samples are then one by one set up

appropriately under the isolation area aligned using mask aligner subjecting to optimal

UV light exposure. This is followed by developing the exposed samples using the

suitable developer solution (W319). The post-bake was done at 90 °C for 30 min Then

immediately dry (plasma) etching was carried out inside a chamber by BC13 based

reactive ion etching (RIE) under the following conditions: pressure = 3 Pa, power = 10

watts, reflection of the sample holder : 0, and BC]; flow rate = 10 sccm. The etching

duration was 30 min, which approximately removes 200 run until the underlying GaN

buffer layer is reached.

2.4.2 Device passivatiou

Afier the mesa-isolation, organic cleaning was done again and additionally HCl

cleaning was done for 1 min. The sample was then loaded into a evaporation chamber

set up for depositing SiOz using electron beam evaporation technique. The thickness of

SiO; deposited was 100 nm at a constant substrate temperature of 150 °C. The SiOz

deposition was carried out at an evaporation rate of 0.4 ~ 0.6 A/sec, with the chamber

vacuum in the order of 6 N 9 x 10'03 Pascal in order attain a uniform passivation filrnl
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Fig．2．8．　The　detailed　flowchan　ofAIGaN／GaN　HEMT　process

2・4・30髄麟¢鵬醜麗翌¢錨醗韓輪瞬隔盟⑪y麺霧

　　　　　　These　SiO2　passivated　samples　a駕　◎nce　again　prepared　fbr◎hmic　］mask

alig㎜ent　fbllowing　the　same　photolith◎graphy　procedure　as　me磁ioned　above．　A負er

蟄◎st　bake　has　done，　w硫etch並g　we貧e　ca宜ied　o厩us沁g加f驚τed　HF　s◎1城i◎n（HF－2血1

＋CH3　COOH－14鵬1＋NH4F－40　m1）㎜til　fbr　an　optim㎜ti搬e（15to　30　sec）in◎rder

to　etch　and　remove　S輌02　passiv飢i◎n　i簸the◎hm輌c　regio鍛a1◎ne．　Again　HCI　cleanmg

were　ca㎡ed　o厩befbre　1◎ading　the　sa磁ples　i煎o憩e捻ll輌zati◎n　chambeエThe　sample

then　haS　been▲◎aded　intO搬etaUiZati◎n　Cha鵬ber丘》貧dep◎Sit並g　Oh搬iC　me捻l　S訟Ck（Ti／

AI／N輌／Au－15／72／12／40　r㎜）c◎簸sec就ively㎜der◎μi醗al　press磁e．　Once癒e
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Afier photolithogmphy
012;???“using isolation mask Photclesisl

200

nm

Samples etched “QUE i
climber

200

nm

1 TI/ Al/ Nil Au
Ohms comm 20/ 71/ m 40 mn

I l I After lithogaphy using source-
Photoresisl mined before drain mask with left out PR
using Seance-drain mask,

Fig. 2.8. The detailed flowchart ofAlGaN/GaN HEMT process

2.4.3 Ohmic metal contact and alloying

These SiOz passivated samples are once again prepared for ohmic mask

alignment following the same photolithography procedure as mentioned above. After

post bake has done, wet etching were carried out using buffered HF solution (HF — 2 ml

+ CH3COOH — 14 ml + NH4F — 40 ml) until for an optimum time (15 to 30 sec) in order

to etch and remove SiOz passivation in the ohmic region alone. Again HCl cleaning

were carried out before loading the samples into metallization chamber. The sample

then has been loaded into metallization chamber for depositing Ohmic metal stack (Ti/

Al/ Ni/ Au — 15/ 72/ 12/ 40 nm) consecutively under optimal pressure. Once the

732,



　　evapor就ion　has　been　completed　lif仁ofif　is　done　to　remove　the　underlying　Pa1尤emed

　　ph◎to貧esist　thereby　defi㎡ng也e　source　and　drain　contact　pads　on血e　sample・

　　　　　　　　　Rapid也e㎜al　annealing（RTA）was　ca磁ed　out　on　these　samples　fbr　the

　　fb㎜ation　of　ohmic　contact　i．e　source　drain　contact　－　metal　a11◎ying，　radiation

　　hardening，　and　recove］dng也e　electrical　prope實ies　of　the　devices　damaged　by　the　earlier

　　plasma　assisted　e士ching　process．　The　a㎜ealing　temperature　fbr　GaN－on－silic皿

　　sub言trate　samples　is　8500C．　The　a㎜ealing　was　ca㎡ed　out　fbr　30　seconds　and　then

　　allowed　to　cool　graduaUy㎜til　the　room　tempera垣re　is　reached．

　　2．嬉．4s曲磯細騨¢醗ぬ豊且鹸重量樋

　　　　　　　　　Agai斑hese　samples　wen杜hrough　another　phot◎lithography　process　finally　fbr

　　gate　contacts．　A負er　gate　finger　fb㎜ation，　the　SiO2　was　etched　using　buf愉etchant

飴110wed　by　l　min　HCI　cle麺ng．　The　s巫ples　were　loaded　i㎜ediately　a負er　HCl

ci鋤ing　int・the　me伍lli田ti皿ch㎜ber拓r　dep・siting　gate　c・ぬct　metal　s伍ck．　The

’gate　meta』cks　used欲e　P訓／’ `u－40／20／60㎜．

　　2．5露認量¢面輔¢¢噛鯉麗書騨耽鶴輌樋

　　　　　　　　　The　main　parameters，　some　basic愉ms，　i憩p◎r髄t　fbr　evaluati◎n　of　HEMT

　　device　will　be　described　in　this　section．　The　basic　geometrical　parame麓rs　ofHEMTs　are

　　gate　width（Wg），　gate　length（Lg），　source　to　dra垣spac垣g（Lsd），　gate－source　dis伽ce

　　（Lsg），　and　g就e－drain　dis伽ce（Lgd）．　The　drain　c㎜e麗flowing也ζough　the　device　is

　　direc靭p宮op磁ional　t◎the　gate　width．　Dimension　Lg　is　cr泊cal　in　dete撒ining癒e

　　max加al　f≧equ斑cy　limits　o負he　device．　Therefbτe　fbr　low　curre滋，　low　n◎ise　applicati◎n

　　rela伽ely　s搬all　gate　w輌dth　devices　are　utilized躁d　fbr　power　applicati◎ns，1arge　gate

　　width　devices　aぎe　used．

　　　　　　　　　Ago◎d　p◎wer　device　is癒at　which　all◎ws　switch桓g　as　large　c皿ent　as　poss輌ble，

一33一

evaporation has been completed lifi-off is done to remove the underlying patterned

photoresist thereby defining the source and drain contact pads on the sample

Rapid thermal annealing (RTA) was carried out on these samples for the

formation of ohmic contact i.e source drain contact , metal alloying, radiation

hardening, and recovering the electrical properties of the devices damaged by the earlier
I

plasma assisted etching process The annealing temperature for GaN-on—silicon

substrate samples is 850 0C. The annealing was carried out for 30 seconds and then

allowed to cool gradually until the room temperature is reached.

2.4.4 Schottky gate metallization

Again these samples went through another photolithography process finally for

gate contacts. After gate finger formation, the SiOz was etched using buffer etchant

followed by 1 min HCl cleaning. The samples were loaded immediately after HCl

cleaning into the metallization chamber for depositing gate contact metal stack. The

gate metal stacks used are Pd/ Ti/ Au - 40/ 20/ 60 nm.

2.5 Basic device characterization

The main parameters, some basic terms, important for evaluation of HEMT

device will be described in this section. The basic geometrical parameters of HEMTs are

gate width (WE), gate length (Lg), source to drain spacing (Lsd), gate-source distance

(Lsg), and gate-drain distance (Lgd). The drain current flowing through the device is

directly proportional to the gate width, Dimension Lg is critical in determining the

maximal frequency limits of the device, Therefore for low current, low noise application

relatively small gate width devices are utilized and for power applications, large gate

width devices are used,

A good power device is that which allows switching as large current as possible,
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on　and　of臼ng　across　as　large　load　resis㎞ce　as　possible；to　obtain　the　maximum皿tput

power　across　this　load　resist孤ce．　Therefbre　to　sustain　maxim㎜c㎜ent　available　f｝om

the　device　and　the　voltage　swing　is　desired．　h　GaN　based　HEMTs　due　to　the　large

values　of　the　access　resistance，　the　max㎞㎜（hain　cu∬ent　is　not　velocity　limited　but

field　limited　hence　the　ns．μproduct　is　more　impor㎞t　than　the　ns．陥at　product．　The

2DEG　cha㎜el　provides　the　high　ca㎡er　density　and　high　ca㎡er　mobility　as　a

consequ斑ce　of　the　strong　polarization　field　present　in　the　GaN　system．

　　　　　　Atypical　DC　cu∬ent－voltage、（Fのoutput　characteristic　of　an　AIGaN／GaN

HEMT　on　Si　substrate　is　shown　in　Fig．2．8．　The（kain　current　is　plotted　against　the　drain

voltage　fbr　various　fixed　gate　voltages．　Vたcan　divide　the　output　characteristics　into

three　main　regions：linear　region　where　the　drain　voltage　is　small　and五）is　proportional

toγb；the　Non－▲inear　region　and　the　sa加rati皿region　where　the　c㎜ent　remains

essentially　constant　and　is　independent　of　VD．

oり

A
ム）m朕

　　　　　　　　　　　　Q

Bi＆s　poi醜

吃s

B

　oΩ
．§

　≧

岬

　　　　　　　　　　　　　　　　　㌦1÷1緬

Fig．2．9．　Ilhlstration　of　oper就ion　points　on五γcurves　of　microwave　power　amplifiers
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on and offing across as large load resistance as possible; to obtain the maximum output

power across this load resistance. Therefore to sustain maximum current available from

the device and the voltage swing is desired. In GaN based HEMTs due to the large

values of the access resistance, the maximum drain current is not velocity limited but

field limited hence the ns. p product is more important than the us. Vm product. The
'

ZDEG channel provides the high carrier density and high carrier mobility as a

consequence of the strong polarization field present in the GaN system.

A typical DC current- voltage (I-V) output characteristic of an AlGaN/GaN

HEMT on Si substrate is shown in Fig. 2.8. The drain current is plotted against the drain

voltage for various fixed gate voltages. We can divide the output characteristics into

three main regions: linear region Where the drain voltage is small and ID is proportional

to VD; the Nonvlinear region and the saturation region where the current remains

essentially constant and is independent ofV9.

Fig. 2.9. Illustration of operation points on I—crves of microwave power amplifiers
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　　　　　　　The　onset　drain　voltage　in　the　n皿一1inear　regi皿is　re允貫ed　to　as㎞ee　voぬge

（V㎞ee）and　the　coπesponding　drain　cu∬斑t　d藺sity　is　maximlum（玩㎞ax）．　The五）is

巧pically　depicted　propo蛇io輌ch㎜e揃d晒，　s6　it　is　giv藺in［曲㎜］．　As　the

gate　bias　becomes　more　negative，　both　the　saturation　cu宜ent　and　the　corresponding

saturation　vol1ぬge　decrease．　The　locus　of　lbs就一レbsat　is　shown　in　the　Fig．2．8．正n　such

devices　both　high　c㎜ent　densities　and　high　drain　vol伍ge　are　available　and　explain　the

large　power　capacity．　The」6）max，　V㎞ee，　and　the　breakdown　voltage　can　be　measured　to

estimate　the　m脳im㎜皿tput　power　in　c1品s－A　operati皿．

　　　　　　　　　　　　　　　　　　　　∫』（㌦ゴレ石．、）

　　　　　　　　　　　　　　葛泌＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．6）

　　　　　　　　　　　　　　　　　　　　　　　　　　　8　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∫

Threshold　vol1己ge（臨）is　the　gate　source　vol垣ge　necessary　t◎stop“血e　current　in　the

device　by　totally　depleting　the　2DEG　channel　f｝om　mobile　ca㎡ers．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2εぷ41Vメ（2ψβ）

　　　　　　　　　　　　　　η力＝互8＋2ψrβ＋　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．7）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C。ズ

The　ability　of　the　gate　to　modul就e　the　c㎜ent　flow　between　the　source　and　the　drain　is

expressed　by　the　transconductance　gm　defines　as

　　　　　　　　　　　　　　9・舞　　　　 （2・8）

2．硲伽ss一宣¢離蹴伽面置⑪霧y

　　　　　　　In　this　thesis，　we　have　fbcused　on　DC　re▲iabil輌ty　studies　on　AIGaN／GaN　HEMT

on　Si　substrate．　Figure　2．10　shows　some　typical　approaches　to　stressing　at　fixed

tempera加re，　wh輌ch　shows　the　so　called　stress　measuremem　approach，　in　which　the

parameter　of　interest　such　as　voltage，　c㎜ent　or　RF　power　is　stepped　in　some　mode，

either　monotonically　or　with　a　recovery　period　in　between．　St貧ess　recovery　cyclic　type

一35一

The onset drain voltage in the non-linear region is referred to as lcnee voltage

(Vkm) and the corresponding drain current density is maximum (1%“). The ID is

typically depicted proportional to channel width Wg, so it is given in [mA/mm]. As the

gate bias becomes more negative, both the saturation current and the corresponding

saturation voltage decrease. The locus of IDS” — VD“. is shown in the Fig. 2‘8. In such.

devices both high current densities and high drain voltage are available and explain the

large power capacity. The 19".“, Vkm, and the breakdown voltage can be measured to

estimate the maximum output power in class-A operation.

PM, _L8V_J (m
Threshold voltage (V9,) is the gate source voltage necessary to stop the current in the

device by totally depleting the 2DEG channel from mobile carriers.

V2€qA (2W3)
(2.7)Cm;

Vm =VFB+2WB+

The ability of the gate to modulate the current flow between the source and the drain is

expressed by the transconductance gm defines as

61L,=—W 2.3gm aV ( )
Drar

2.6 Stress test methodology

In this thesis, we have focused on DC reliability studies on AlGaN/GaN HEMT

on Si substrate. Figure 2.10 shows some typical approaches to stressing at fixed

temperature, which shows the so called stress measurement approach, in which the

parameter of interest such as voltage, current or RF power is stepped in some mode,

either monotonically or with a recovery period in between. Stress recovery cyclic type
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of experiments in which stress is followed by a recovery period is performed to study

the degradation of the device and how it recovers from the degradation. In this type of

experiment, a specific stress bias is applied in the stress phase, and this stress is

removed in the recovery phase while the device is characterized

Step-stress Step-stress recovery

,I,rfV,
I,rf

Stress time Stress time

Stress recovery
cyclic stress loading

,I,rf

Stress time
Fig, 2.10. Examples of typical time-dependence of stressing protocols for Hl-V
electronic devices. The parameter is varied with time with voltage, current, RF power
and others.

In step-stress experiment, the strength of the stress parameter either voltage or

current is stepped up with the regular interval of smaller value to larger value in a single

device. From this measurement, a great insight into physical degradation mechanism
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3can be addressed. Combining the above two method the step stress recovery

experiments can also be studied. In this thesis we mainly focus on step-stress

measurement Under this step-stress measurement there are various stress condition

available namely; Off-state bias stress, On-state bias stress, Vow”; = 0 state, and high

power state.

IDS

High power

OFF

VDS = 0

Fig, 2.11. Stress bias points: ON-state, high power state, OFF-state, and VDS = 0 state.

The high power state is used study on the RF power amplifying operation in a

more severe way. By investigating the both ends of the load line, ON state and OFF

state, we can study where the most stressful point occurs. Also, V135”, = 0 state,

wherein negative gate voltage is applied. In this condition, we can stress the both sides

of the device simultaneously with a low current but a high voltage. All these conditions

are shown in Fig. 2.11,
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2.7 Summary

In this chapter we have discussed in detail on the growth technology and its various

characterization technique. The device fabrication process and basic device

characten'zatiun technique were also discussed and finally stress test methodology was

introduced
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3。餌翻欝認鵬纐樋

　　　　　　　Material　quality　and　reliability　issues紅e　the　key　poi就s　fbr　the　industrial

application　of　GaN　HEMTs　that　have　demonstr就ed　high　power　and　RF　p◎wer

peτfb㎜ance［1－3］，　b堪are　su句ected　to　v頭ous　degradation　mecha㎡sms　on　operating劔

h輌gh　elect亘c　field　and／or　high　channeHempera加re［4－5］．　Recently，　the　sudden　in吐ease

of　the　gate　leakage　current　on　A▲GaN／GaN　HEMTs　d磁ng　electrical　stress　has　been

giv籠much　attention［6－14］．　Joh　and　del　Alamo［7］proposed　a　mechanism，　where　the

electric　field　in　the　gate－drain　region　would　increase　the　stτain　in　the　AlGaN／GaN

heter（∂㎜ction　resu壮ing輌n　strain　relaxation　and　crystallograph輌c　defbct　fb］㎜ation．　It　is

widely　accepted　tha抗he　critical　voltage　does　exist　beyond　which　the　g就e　co斑act　of　the

AIGaN／GaN　HEMT　begins　to　degrade，　showing　a　pe㎜an¢nt　increase　in　the　g就e

leakage　c㎜ent　which　is　irreversible．’Electroh磁inescence　miαoscopy　can　be　very

usefU亙　tool　in　detecting　localized　breakd《）wn　ef岳cts　and　evaluating　degradation

m¢chanisms　in　o鉾s雄e　bias　stress［8，14，15－16｝In　this　chapter，　reliabi1勘studies　were

c鐙ied　o斑on　AIGaN／GaN　HEMTs　on　Si　with　di飽ent　buf飴r　thic㎞ess皿d　their

results　w¢re　discussed．

3。2E聯鰯蹴鵬

　　　　　　The　AIGaN／GaN　he撤◎s伽c傭e　with　dif飴rent　b唖茸thic㎞ess（7もuδand　GaN

thic㎞essσG劇）we貧e　grown　◎n　a　4ううp－Si（111）subs搬桓　using　a　horiz◎斑al

metal－◎rganic　cbe麺cal　vap◎r　depositi◎n（MOCVD）sys総憩（SR　4000）．　The　substrate

was　the撫aUy　cleaned　at　11000C輌n　H2　flow．　T溢e　growth　st麟ed　wi癒the　nucle就i◎n

layer◎f　100㎜AIN，　fbU◎wed　by　40盤10f　AlGaN．　Tb㎜de貧s捻nd　the　dev輌ce

一41一

Chapter-III: Reliability Studies on AlGaN/GaN HEMTs on Si with

Different Buffer Thicknesses

3.1 Introduction

Material quality and reliability issues are the key points for the industrial

application of GaN HEMTs that have demonstrated high power and RF power
'

performance [1-3], but are subjected to various degradation mechanisms on operating at

high electric field and/or high channel temperature [4-5]. Recently, the sudden increase

of the gate leakage current on AlGaN/GaN HEMTs during electrical stress has been

given much attention [6-14]. Joh and del Alamo [7] proposed a mechanism, where the

electric field in the gate-drain region would increase the strain in the AlGaN/GaN

heterojunction resulting in strain relaxation and crystallographic defect formation. It is

widely accepted that the critical voltage does exist beyond which the gate contact of the

AlGaN/GaN HEMT begins to degrade, showing a permanent increase in the gate

leakage current which is irreversible. Electroluminescence microscopy can be very

useful tool in detecting localized breakdown effects and evaluating degradation

mechanisms in off-state bias stress [8, 14, 15-16} In this chapter, reliability studies were

carried out on AlGaN/GaN HEMTs on Si with different buffer thickness and their

results were discussed.

3.2 Experiment

The AlGaN/GaN heterostructure with different buffer thickness (TBuf) and GaN

thickness (TGm) were grown on a 4” p—Si (lll) substrate using a horizontal

metal-organic chemical vapor deposition (MOCVD) system (SR 4000). The substrate

was thermally cleaned at 1100 °C in H2 flow The growth started with the nucleation

layer of 100 nm AlN, followed by 40 nm of AlGaN. To understand the device

741,



degrad誕i皿，　wa飴r轍h　dif昆rent　buf民r　thic㎞esses（丘uf＝1．25，2．5，4．0，　and　5．0畑）

were　grown．　The　intentionally　doped　GaN　thic㎞ess　vaded丘om　O．5　to　1．5畑and丘nal

25㎜一t垣ck　Alo．26G句．7鋼top　layers　were負xed鉤r　all也e　samples．　All　these　layers　were

grown　at　a　high　temperature　of　11300C，　and　these　samples　were　fセee　f｝om　cracks．

Figure　3．1　shows　the　device　structure　of　AIGaN／GaN　HEMTs　on　Si　with　dif丘rent　buf民r

ξmd　GaN　thic㎞esses　that　were　used　in　o斑studies．

（翻）
，、乙Gr15／2．0μm

叢鎌灘

鐡欝難磯

難撚髭o灘

難斑轍翻・鞭s

舞愚

籔5鐵m

Fig．3．1．　Cross－sectional　view　of　the　SiO2　passivated　AIGaN／GaN　HEMTs　on　Si（a）

buf鰍layer　thic㎞ess　is　vaded　and　remaining　kept　cons雄and（b）v頑ng　the　GaN

thic㎞esses　keeping　the　rest　cons舷mt．

　　　　　　The　device　process　started　with　mesa　isolation　by　BCI3－based　plasma　reactive

ion　etching　and　passivated　with　SiO2　deposited　by　electron　beam　evaporation　with

substrate　temperature　at　1500C．　Ohmic　contacts　were　p甜emed　with　Ti／Al／Ni／Au

（20／72／12／40nm）metals　fbllowed　by　lamp　a㎜ealing　at　850◎C　fbr　30　s　in　N2　ambie蹴．

Gate　metals　Pd／TVAu（40／20／60㎜）were　fb㎜ed　using　conventional　ph碗olithograph》㌧

All　the　metals　except　Al　were　deposited　by　electron　beam　evaporation，　whereas　Al　was

evaporated　by　the　fil蹴ent　h㈱ting　technique。　The　AIGaN／GaN　HEMTs　with　device

一42一

degradation, wafer with different bufl‘er thicknesses (Taur = 1.25, 2.5, 4.0, and 50 um)

were grown. The intentionally doped GaN thickness varied from 0.5 to 1.5 pm and final

25 nm-thiek A10156am4N top layers were fixed for all the samples. All these layers were

grown at a high temperature of 1130 °C, and these samples were free from cracks.

Figure 3.1 shows the device structure of AlGaN/GaN I-{EMTs on Si with different buffer.

and GaN thicknesses that were used in our studies.

(a) ,LG 2,1.5/20 pm

Buffer layer
1.25 ~ 5.0 pm

Trans ion layers Transi n layers

Fig. 3.1. Cross-sectional View of the SiOz passivated AlGaN/GaN HEMTs on Si (a)
buffer layer thickness is varied and remaining kept constant and (b) varying the GaN
thicknesses keeping the rest constant,

The device process started with mesa isolation by BClg-based plasma reactive

ion etching and passivated with SiOz deposited by electron beam evaporation with

substrate temperature at 150 °C. Ohmic contacts were patterned with Ti/Al/Ni/Au

(20/72/12/40 nm) metals followed by lamp annealing at 850 °C for 30 s in N2 ambient.

Gate metals Pd/Ti/Au (40/20/60 nm) were formed using conventional photolithography.

All the metals except A1 were deposited by electron beam evaporation, whereas Al was

evaporated by the filament heating technique. The AlGaN/GaN HEMTs with device

742,



dimensions　of　gate　width（挺）＝200μm，　gate　length（、乙g）＝1．5μエn，　source－drain

spacing（、乙sd）＝9．5μm，　and　gate－drain　spacing（Lgd）＝4．0μm　were　used　fbr　this　study．

The　process　condition　and　device　parameters　were　kept　the　same　throughout　our　study

tmless　m斑tioned　particularly

　　　　　　Though　several　dif民rent　step－stress　measurements　available，　we　have

employed　an　OFF－state　bias　stress　testing，　where　the　gate－source　bias　voltage（吃s）was

kept　constant・at－10　Y　which　is　well　below　the　device　threshold　voltage．　The　drain

stress　voltageぽb－s甘ess）was　incfeased　f㌃om　5　to　45　V　with　l　V　step　fbr　a　time　interval　of

60seconds　was　ca㎡ed　out．1㎡tially　the　comparison　study皿AIGaN／GaN　HEMTs　on

Si皿dif民r斑t　buf民r　thic㎞ess（玲uf＝1．25，2．5，4．O　and　5．0μm）with　GaN　thic㎞ess

（76aN＝1．0μm）were　ca㎡ed　out．　The　dislocation　densities　weτe　calculated　using　fhll

width　at　half　maxim㎜（FWHM）values　fξom　X・・Ray　di缶action　and　Vian　der　pauw　Hall

measurements　were　carried　out　at　room　temperature　on　these　samples　and　reported　in

肱ble．3．1．　Initially　we　chose　two　dif民rent　buf民r　thic㎞ess　i．e．7Buf＝1．25　and　5．0μm，

fbr　our　study　and　ca宜ied　out　the　stress　measurement　with　the　above　mentioned　stress

conditions．

3．3賦鋸闘盈書s翻磁竈量s磯ss量⑪騒

　　　　　　The　figure　3．2　shows　there　is　a　continuous　decrease　in　the　lbmax　with　an

increase　in　drain　resistance（RD）．　The　sub－threshold　current　slope　shows　a　positive　shift．

Also，　gm．ped（shows　a　steady　decrease　with　the　shi丘in　t㎞eshold　voltage（臨）．　The五｝s

shows　no　significant　change　with　the　increase　in　step　stress　voltages。

一43一

dimensions of gate width (Wg) = 200 um, gate length (Lg) = 1.5 um, source-drain

spacing (L54) = 9.5 um, and gate—drain spacing (Lgd) : 4.0 mm were used for this study.

The process condition and device parameters were kept the same throughout our study

unless mentioned particularly.

Though several different step-stress measurements available, we have
I

employed an OFF-state bias stress testing, where the gate-source bias voltage (VGs) was

kept constant at -10 V, which is well below the device threshold voltage. The drain

stress voltage (VD—sum) was increased from 5 to 45 V with 1 V step for a time interval of

60 seconds was carried out. Initially the comparison study on AlGaN/GaN HEMTs on

Si on different buffer thickness (TBuf = 1.25, 2.5, 4.0 and 5.0 um) with GaN thiclmess

(Tam : 1.0 pm) were named out. The dislocation densities were calculated using full

width at half maximum (FWHM) values from X-Ray diffraction and Van der pauw Hall

measurements were carried out at room temperature on these samples and reported in

Table.3.1. Initially we chose two different buffer thickness i.e. TB“; = 1.25 and 5.0 pm,

for our study and carried out the stress measurement with the above mentioned stress

conditions.

3.3 Results and discussion

The figure 3.2 shows there is a continuous decrease in the [pm with an

increase in drain resistance (R9). The sub-threshold current slope shows a positive shift.

Also, gmeak shows a steady decrease with the shifi in threshold voltage (Va). The 105

shows no significant change with the increase in step stress voltages.
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Fig・3・2・Change　in　device　characteristics　就　each　step　in　the　o珪st就e　bias　str¢ss

condition　was　shown　a万｝．s甘ess＝－10V；巧）．s甘ess＝5to　45　V；step＝1Vand　time　period

of　l　m．in．　The（a）output　characte亘stics，（b）sub一癒reshdd　characte亘stics，（c）仕ansj毎r

chεぽacte亘stics　and（d）gate　curre亙並chεぼacteristics　fbr　7もuf＝1．25μm　devices．

一44一

(a) Vos = 1.0 V (1’) VM : Lo v

1m

(mA/mm)

43310 V05: 1.0V

10'“-6 —4 .2 0 2

Fig 3.2. Change in device characteristics at each step in the off-state bias stress
condition was shown at V0.5,ms = -10 V; VD—smss = 5 to 45 V; step : 1 V and time period
of 1 min. The (3) output characteristics, (b) sub-threshold characteristics, (c) transfer
characteristics and (d) gate current characteristics for Ta“; = 125 um devices
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characteristics躍d（d）g就e　c膿e蹴characte亘stics魚r　AIGaN／GaN　HEMTs　on　Si　with

thick　buf允r（7Buf＝5．0μm）devices．

The　figure　3・3　shows，　there　is　a　s鵬all血crease　i斑he　lbmax　wi癒negligible　change　in　RI）．

There　is　no　change　observed　in　gm－peak　and臨shi負，　sub一癒ζeshold　drain　cu牡ent　sl◎pe

and丑｝s　does〆t　show　any　sigl亘ficant　changes　e輌the主This　like丑y　show　on　inc貧easing　the

兀uf　thic㎞ess　the　device　shows臼egligible　deg鍛datio簸．
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Fig. 3.3. The (:1) output characteristics, (b) sub—threshold characteristics, (c) transfer
charactelistics and (d) gate current characteristics for AlGaN/GaN HEMTs on Si with
thick buffer (Tim: 5.0 pm) devices.

The figure 3.3 shows, there is a small increase in the [Dam with negligible change in RD.

There is no change observed in gum“ and V". shifi, sub—threshold drain cunent slope

and 105 doesn’t show any significant changes either. This likely show on increasing the

TB“; thickness the device shows a negligible degradation.
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Fig・3・4・Compadson　of』bm叙，　RD，　and　gm－pぱdegradati皿of　AIGaN／GaN　HEMTs　on　Si

with　dif民r斑t　buf民r　thic㎞ess．　　　　　　　　　　　　　　　、

　　　　　　Figure　3．4　shows　the　over　all　results　of　the　step－stress　test　on　AIGaN／GaN　　｝

HEMTs　with　7Buf＝1．25　and　5．0μm．　The　key　figure　of　me亘t　that　was　compared　is∬Dm蹴，

RD，　and　gm．pe司（．　The　Fig．3．4　shows　the　change㎞output　characteristics　and　transfもr

characteristics　befbre　and　after　each　stress　test．　As　it　can　be　seen，　drain　c㎜ent

significantly　decreases　and　RD　increases　befbre　and　after　stress　fbr　7垣uf＝1．25μm．　It　is

to　be　noted丘om　Fig・3・2　that　a　change　observed　in　sub－threshold　c田Tent　slope，　also

steady　decrease　in　gm－peak　observed．　Whereas　no　such　degradation　were　observed　fbr

7buf＝5・0μm　in五）max，　RD，9m－peak　and　sub－threshold　current　slope．　It　has　been　rep◎rted

by　S．　Demirtas　et副．，［12］that　fbr　AIGaN／GaN　HEMT　on　Si　there　will　be　a　steady

decrease　in　the　lbmax飴m　the　begiming　of　the　stress　test　and　the　lbmax　and　RD　will　show

ami］rror　image　behavio主They　have　proposed　that血is　behavior　is　due　to　the　presence　of

virgin　defect　that　present　in　the　GaN　HEMT　on　Si　substr就e．　From　ou面nding　we　fb皿d

th就，也ere　is　a　simi1征behavi・面device・peτati・n　t瓢鎚suggested　by［12］拓r

　　げAIGaN／GaN　HEMT　on　Si　with　thin　buf丘r（7Buf＝L25μm）．　Also　t◎be耐ed　that，　the

dislocation　dens勘was　high　fbr　7もuf＝1．25μm　as　show田n　Table　3．1　c皿firms癒a蹴is
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Fig. 3.4. Comparison of Inmax, RD, and gmflak degradation of AlGaN/GaN HEMTs on Si
with different buffer thickness.

Figure 3.4 shows the over all results of tlre‘step—stress test on AlGaN/GaN

HEMTs with TBuf= 1.25 and 5.0 pm. The key figure of merit that was compared is Ipmax,

RD, and gmmk. The Fig. 3.4 shows the change in output characteristics and transfer

characteristics before and afier each stress test. As it can be seen, drain current

significantly decreases and RD increases before and afier stress for T3"; = 1.25 pm. It is

to be noted from Fig. 3.2 that a change observed in sub-threshold current slope, also

steady decrease in gin-peak observed. Whereas no such degradation were observed for

TBuf = 5.0 pm in Inn-m, RD, gmwak and sub-threshold current slope. It has been reported

by S. Demirtas et al., [12] that for AlGaN/GaN HEMT on Si there will be a steady

decrease in the [Dam from the beginning of the stress test and the IDmax and RD will show

a mirror image behavior. They have proposed that this behavior is due to the presence of

virgin defect that present in the GaN HEMT on Si substrate. From our finding we found

that, there is a similar behavior in device operation trend as suggested by [12] for

AlGaN/GaN HEMT on Si with thin buffer (Tau; : 1.25 pm). Also to be noted thaL the

dislocation density was high for Ta“; = 1.25 pm as shown in Table 311 confirms that it is

n46,



the　de允cts　that　present　in　the　virgin　device　causes　this　continuous　decrease　in　lbmax，1～D，

and　gm．pe泳fbr　AIGaN／GaN　HEMT　on　Si　with　7Buf＝1．25μm　Whereas，　i飼he　case　of

AIGaN／GaN　HEMT　on　Si　with　thick　buf飴r　reduce　in　dislocati皿density　reveals　that　the

influence　of　virgin　defbcts　was　reduced　which　results　in　good　device　pe㎡b㎜ance．

Since　we　did　noωbserve　any　significant　changes　in　the　gate　leakage　c㎜ent　fbrτ巨uf＝

1．25and　5．0μm　up　toγb－s亡es、＝45　Y　we　have　c頗ied　out　at　higher巧）．s仕es、　fbr　two　other

buf毎thic㎞ess（7もuf＝2．5　and　4．0μm）devices．

Table．3．1．Hall　and　XRD　data　listed　fbr　AIGaN／GaN　HEMT　grown　on　dif琵rem　buf琵f

thic㎞ess
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　　　　　　The　phenom斑on　of　critical　voltage　is　very　impor旋mtly　considered　and　widely

discussed　especially　in　reliabilily　studies．　The　teml　c亘tical　vo1伍ge（η』rit）is　de丘ned　as，

at　a　specific　drain－source　vo▲tage（巧）s）where皿e◎r　both，　namely，（i）g就e　leakage

current（1と｝－of董）and（ii）sub－thresh◎ld　vo1栖ge　drain　curre董並（五）），　increase　significantly

and　irτeversible　d斑元ng　DC　stress　under　pinch－off　conditions．　Vadous　a斑hors　have

repo杜ed　on　this硫itical　voltage　phenomenon．　Critical　voltage　betwe頭20　to　30　V

reported　fbr　AIGaN／GaN　HEMT　on　SiC　substr就e［6，7，17］，70　to　80　V　reported　fbr

AIGaN／GaN　HEMT　on　sapphire　subs甑te［18，191，25　to　70　V　reported　fbr　AIGaN／GaN

HEMT　on　Si　substrate［12，13］．　In◎ne　case　they　have　rep頒ed　theれr髭delayed　beyond
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the defects that present in the virgin device causes this continuous decrease in 19mm, RD,

and gmwlk for AlGaN/GaN HEMT on Si with Tim : 1.25 um. Whereas, in the case of

AlGaN/GaN HEMT on Si with thick bulfer reduce in dislocation density reveals that the

influence of virgin defects was reduced which results in good device performance.

Since we did not observe any significant changes in the gate leakage current for T3“; = '

1.25 and 5.0 pm up to ms I 45 V, we have carried out at higher Vm‘ms for two other

buffer thickness (TBuf : 2.5 and 4.0 pm) devices.

Table. 3.]. Hall and XRD data listed for AlGaN/GaN HEMT grown on different buffer
thickness

GaN/AIN Hall characteristics at 300K D‘s'°°:::'fzfen,s"y
SLS TB“ l-GaN

sheet Sheet carrier . .
.

[um] [um] resistance concentration Motility screw
[pair]

[El/Cl] [cm'z]
[cm [VS]

50 1.25 1.0 776 8.72 x 1012 925 1.22 x 109 5.02 x 1010
100 2.50 1.0 737 8.79 x 10‘2 968 1.52 x109 4.05 x10"3
160 4.00 1.0 687 7.97 x10'2 1150 1.71 x 109 2.79 x1010
200 5.00 1.0 1058 6.57x1012 883 1.502(109 2.49x10m

3.3.1 Critical voltage

The phenomenon of critical voltage is very importantly considered and widely

discussed especially in reliability studies, The term critical voltage (c) is defined as,

at a specific drain-source voltage (VDS) where one or both, namely, (i) gate leakage

current (19.03) and (ii) sub-threshold voltage drain current (19), increase significantly

and irreversible during DC stress under pinch-off conditions. Various authors have

reported on this critical voltage phenomenon. Critical voltage between 20 to 30 V

reported for AlGaN/GaN HEMT on SiC substrate [6, 7,17], 70 to 80 V reported for

AlGaN/GaN HEMT on sapphire substrate [18, 19], 25 to 70 V reported for AlGaN/GaN

HEMT on Si substrate [12, 13]. In one case they have reported the c delayed beyond
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100V◎n　changing　the　g就e憩etal　stacks［20］．　Hence，　t◎◎bse貧ve　this　sudd磯inc貧ease　in

the　ga給leakage　c皿e凱du亘ng　elec面cal　stress，　we　have　selected　AIGaN／GaN　HEMT

with癬o　dif飴re斑buf財thic㎞ess（7もuf＝2．5　and　4．0岬）．
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　Fig．3．5．　Increase　i簸1と｝－s甘es◎bserved　d磁ng　cぱ並inuous　biasing◎f　600　s　fbr　increas輌ng

乃）．s加ss威段｝s＝－10VSudden量ncrease量n　the、醍｝．s甘es　is◎bserved　fbr（a）7もuf・＝2。5μ憩at

巧）－s甘ess＝140　V（b）7旙uf＝4．0解醗dev輌ce　b髄◎1麓◎cc璽s就乃）－sむes、＝230　V

　　　　　Theγb－stress　st麟ed　at　20　V組d　g聡d醸Uy並creased諭steps◎f　20　V鞭出the

（b）7もuf＝4．0μm

@　　　　　　　　　　γb喧ess＝220　V

騨’

聡s一孤V　　　　　聡・な・ss＝20　V
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100 V on changing the gate metal stacks [20]. Hence, to observe this sudden increase in

the gate leakage current during electrical stress, we have selected AlGaN/GaN HEMT

with two different buffer thickness (TBuf= 2.5 and 4.0 pm).

10° 7(a) Tw= 2.5 u m I’D-stress - 160 V
10.1W

A V = 140 vE _2 D-stress

g 10 -
<
$103 ~—.____—_'/— 4

3210‘4 - ~......
" Vnms : 20 V

-510 ' VGS = .10 V
10‘6 - -
10°

(b) TBuf= 4~0 [1 m
10—1 .

" j .

A V = 220 vE _2 D-stress

g 10
<1 .3 as: i" i g
310'3 -

f:
a; 4m

10'5 -
VGS = .10 V V9.5“... = 20 V

1045 . . .
0.1 1 10 100 1000

Time (sec)
Fig. 3.5. Increase in 15.5.res observed during continuous biasing of 600 s for increasing

ms at VGs = -10 V. Sudden increase in the 104m is observed for (a) TBuf= 2.5 gm at
V1)“,ass = 140 V, (b) TBuf= 4.0 pm device burn out occurs at VDsms = 230 V

The Vpfim started at 20 V and gradually increased in steps of 20 V until the



occurrence◎f磁t輌cal　vo1槍ge．　Each　step　v◎1tage　s騰ssed劔at輌me　span　of　600　s．　h

琵wer　cases，　this　step　vdtage　changed丘◎m　20　t◎10　V◎貧鵬uch　loweno◎bta垣m◎re

sampling　data　which　can　identifシaprecise互童．　For　every　buf烏r　thic㎞ess，　several

devices　f≧◎懲two　dif蝕ent　wa惣s　were　su鞠ected　t◎step－stτess　measurement．　The

substraおwas　grounded　and　the　measure］me簸ts　we貧e　ca㎡ed◎琉並d覆k　and　a柱oom

tempera鞭e　fbr　aU　these　measure磁e瓶s．　Fig斑e　3．5　shows　the　behavior　of　gate　stress

leakage　c皿ent（ノG．sぴess）dur輌ng　c◎簸t輌nu◎us　biausing　w覚h　inαeasingルb．s柚ss　fb∫both勾㎡

＝25躍d4．0μm　devices．1G－s甘ess　was　fb㎜d　to　increase　with輌n◎reasingγb－sむess．　It　was

reported　th厩　befbre　f樋1ure　occurs　the　g就e　st忙ss　▲¢akage　cu∬ent　should　become

㎜s桔ady　and　then　resu互ting　in　pe鞭anent　degradati◎n［14］．　This　pe㎜anent　increase　in

恥．．st，，ss　d磁ng　cont沁u◎us　biasing　re登ects　a互nt－like　phen◎m鋤n．　IMhe　case　of丘。f＝

2．5μmthere　fb聰d　a　sbw　increase　i簸1G－s仕ess　w輌th　the輌nc貧ease垣巧）．s紅ess　and　a　sudden

inαease　in拓．s官ess◎bserved　at巧）．s仕ess＝140　V　wi癒o磁any　noise　i撮ication　as　show孤in

F輌9．3．5（a）．

　　　　　　This　sudden　increase並五〕－s廿ess厩γb．s甘ess＝140　V　is　a蟄e難ane瓶inαease　that

was　observed　weU　be1◎w　the　c㎜ient　c◎mpliance◎f　t鼓e　g飢e　c㎜ent　which　is

溢eversible．　Moreover　the　device負）脇d貧ec◎verable　uμ◎the碑orち）。s仕ess　i．e．巧）．s仕ess＝

120VAs　d輌scussed　l厩e妥，　the　device畿this　vdtage　stiU　c◎蹴垣鵬s　to◎per斑e　as　a

縮nsist◎r．丁疑s　pe鋤an銀t　increase沁五〕－s甘ess　was◎bserved　fbr　aU　the　devices　with　a

b貧◎ad　d輌sthbut輌◎n◎f巧）－s甘ess　rang輌ng　fピ◎懲140　to　1呂O　V．晒ereas　fbr　7もuf＝・4。0μm，，　no

such陥rit　l輌ke　ph翻ome簸on　was◎bserved，麗sh◎wn　i簸Fig。35（b）．　Atγb－s紅es，＝230　V

the　device　b㎜　◎ut◎cc皿ed　c◎面㎜沁g　that　the　縫ev輌ce　had槻dergo簸e　breakd◎wn

ph¢n◎鵬en◎簸・lt量s　t◎be　noted　tha拙e永．、仕ess　bec◎mes醗steady　befbre艦δevice　bum

o就occ雛s．　The　su曲ce　v輌ew　using癒e麺cr◎scope　afte質his　c◎nfi描ed　the　device　b㎜
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occurrence of critical voltage. Each step voltage stressed for a time span of 600 s. In

fewer cases, this step voltage changed from 20 to 10 V or much lower to obtain more

sampling data which can identify a precise Vern. For every butter thickness, several

devices from two different wafers were subjected to step-stress measurement. The

substrate was grounded and the measurements were carried out in dark and at room
'

temperature for all these measurements. Figure 3.5 shows the behavior of gate stress

leakage current (154mg) during continuous biasing with increasing Vain“; for both Tm

= 2.5 and 4.0 pm devices. 15.5“SS was found to increase with increasing Vpasms. It was

reported that before failure occurs the gate stress leakage current should become

unsteady and then resulting in permanent degradation [14]. This permanent increase in

15.5":SS during continuous biasing reflects a Van-like phenomenon. In the case of Ta“; =

2.5 pm there found a slow increase in 10mm with the increase in Vast“; and a sudden

increase in 10.5.”,SS observed at VDmS = 140 V without any noise indication as shown in

Fig. 3.5(a).

This sudden increase in 156m; at ms : 140 V is a permanent increase that

was observed well below the current compliance of the gate current which is

irreversible. Moreover the device found recoverable up to the prior ms i.e. V135”; =

120 V As discussed later, the device at this voltage still continues to operate as a

transistor. This permanent increase in 16.5.,ass was observed for all the devices with a

broad distribution of Vusms ranging from 140 to 180 V, Whereas for TBuf= 4.0 pm, no

such c like phenomenon was observed, as shown in Fig. 3.5(b). At VIEWS : 230 V,

the device burn out occurred confirming that the device had undergone breakdown

phenomenon. It is to be noted that the 15.5.,655 becomes unsteady before this device burn

out occurs. The surface View using the microscope after this confirmed the device burn
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o就maτk，　as　shown　imhe　inset　of　Fig．35（b）．　For　devices　havmg　Zもuf＝4．0μrn，　we　did

not　observe　the　sudden　increase　in　1とトs柚s、　du亘ng　continu◎us　biasing　rather，　this　device

undergoes　breakdown　accompanied　by　a　b㎜領t　mark　with　a　vadation　of巧）－s仕，s、　ffom

230to　260V
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Fig．3．6．　The　t餓nsfer　characte亘stics　measured　a負er　every　step－s仕ess◎ff　stress　bias

voltage　fbr　7Buf＝2．5μm．

　　　　　　We　measured　the　transfer　characte亘stics　after　every　step－stress　measure憩ent．

陥sv頭ed丘・m　Ot・10V輌n　ste蟄s・f2Vinw垣ch路s　swep品m－6t・2VFig．3．6

shows　the　transfer　characterist輌cs　measuτed　a負er　each◎fFsta麓bias　stress　vo1伍ges　at

陥s＝4Vand陥s＝－6　t・2VThere　is　a　small　decre蹴輌n㎞畝鋤d　gm一ごwas

obseτved　and　fbund　a　negligible　change　in　the陥h　shi丘as　shown　in　Fig．3．6（a）and（b）

fbr　7もuf＝25μm．　The◎f£g就e　leakage　cu貫e齪（・『と｝メ）葺）醗easured　at巧）s＝4Va磁ルbs＝
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out mark, as shown in the inset of Fig. 3.5(b). For devices having Tfiuf= 4.0 pm, we did

not observe the sudden increase in 15.5““s during continuous biasing rather, this device

undergoes breakdown accompanied by a bum out mark with a variation of Vmum from

230t0260V.

300 100
V :4vV :4v Ds25° m % 80

A200 A
E E60

150 EE :40
@100 «a

2050 (a) (b)

0-6—5- 3-2-1012 0.5 .5 .4 .101
VGs(V)

10‘”
10%

Vm=4v

1045g A.
510*"...
510“5
Silo-()6

-0710 (c)
#8

10.6 .5 —4 —3 —2 -l o
. VGs(V)

Fig. 3.6. The transfer characteristics measured afier every step-stress off stress bias
voltage for Ta“; = 2.5 pm.

We measured the transfer characteristics after every step-stress measurement.

VDS varied from 0 to 10 V in steps of 2 V in which V65 swept from -6 to 2 V. Fig. 3.6

shows the transfer characteristics measured afier each off-state bias stress voltages at

VDS : 4 V and VGS = -6 to 2 V There is a small decrease in ID".ax and gm_,,=,k was

observed and found a negligible change in the Vm shift as shown in Fig. 3.6(a) and (b)

for Tim: 2.5 pm. The ofi-gate leakage current (16.05) measured at VDS = 4 V and V05 =

*50*



一5Vte㎜ed　as垢℃鉦is　s㎜頭zed丘om　Fig．3．6（c）鉤抽e　entire　step－s仕ess

measurement．　The五｝－o貰shows　a　sudden　increase　a”b．s甘ess＝140　V　as　shown　in　Fig．3．7．

This　sudden　increase　in　the　1G．o餐at陥．s甘銘s＝140　V　is　referred　to　a　critical　voltage　in　our

case．　For　7倉uf＝2．5μm，攻｝℃鉦measured　a負erルb－s仕ess＝140　V　was　observed　to　increase

drastically　compared　with、醍｝頑measured　less　than陥．s征ss　of　140　V　A丘er　this　sudd藺

increase　in五｝－o肪the　transistor　characteristics　measured　show　an　ideal　lbs・・γbs　curve

with　a　pinch　off　voltage．

10－3

　　　　　　〃ξ／Lgd／」Lg　200／4．0／1．5μm

10石4ちs4v行s。5v

官10’5

覇

＞10－6

盲

己10“7

　　　　　　　　　　　互耐

7buf＝25μm

　　　　　　　　　　　　　10揖8　　　　　鞠。f－4．0μm

　　　　　　　　　　　　　10聯9

　　　　　　　　　　　　　　　　　0　　　50　　100　　150　　200　　250　　300

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　妬）．s樋s、（V）

Fig．3．7．　change　in　1G心鉦observed　at　K｝s＝－5　V　andγbs＝4V．　Vc亘t　is　observed　fbr　7Buf

＝2．5μrn　at巧）．s仕ess＝140　V　and　no　abrupt　increase　were　observed　fbr　7もuf＝4．0μm

resulting　in　device　b㎜out就巧）－s鵬ss＝230　V

　　　　　　This　co㎡i㎜ed　tha杜he　no㎜al　FET　operation　of　the　device　was　not　affected

because　of　the　sudden　increase　in　1と｝℃鍾．　In　the　case　ofτBuf＝4．0μm，　there　is　no　sudden

incr㈱se　in也e　IG－o登observed　even　at　higher巧）．s鵬ss．　At　230　Y　the　device　reaches　the

breakdown　voltage　limit　and　a　bum　out　was　noticed．　Therefbre，聡dt　was　observed　only

fbr　HEMTs　grown　on　7Buf＝2．5畑and　not　fbr　HEMTs夢own　on　7らuf＝4．0μm．
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—5 V termed as [Gaff is summarized from Fig. 3.6(0) for the entire step—stress

measurement. The Igmshows a sudden increase at ms : 140 V as shown in Fig. 3.7.

This sudden increase in the 10.“; at VIEWS = 140 V is referred to a critical voltage in our

case. For TBur : 2.5 pm, 104m measured afier VDsness : 140 V was observed to increase

drastically compared with [04,“ measured less than V9.5.“s of 140 V. After this sudden
'

increase in 10.03, the transistor characteristics measured show an ideal IDS - VDs curve

with a pinch off voltage.

10'3 Wg/ Lgd/ Lg : 200/ 4.0/ 1.5 u m
10'4 * VD5:4V; VGs = -5v l

l@106-
5
310's-

a5 I
£210”- '

lo-s— We...
10'9

0 50 100 150 200 250 300
VD—stress (V)

Fig. 3.7. change in 1605 observed at VGs z -5 V and V135 : 4 V. Vcrit is observed for TBuf
= 2.5 pm at mS = 140 V and no abrupt increase were observed for T5“; = 4.0 pm
resulting in device burn out at Vows = 230 V

This confirmed that the normal FET operation of the device was not affected

because of the sudden increase in 10.03. In the case of TBuf : 4.0 m, there is no sudden

increase in the [Gogobserved even at higher Vnwcss. At 230 V, the device reaches the

breakdown voltage limit and a burn out was noticed. Therefore, Van». was observed only

for HEMTs grown on Tim: 2.5 pm and not for HEMTs grown on Tm = 4.0 pm.
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3。3。2醗麗瞭⑪旦麗翻鵬麗¢簸㈱

　　　　　　Ele伽h㎜inesc頗ce（EL）is皿imp・迦t　t・d　where　we　c皿m・nit頑he　p紬

of　gate　leakage　cment　or　str皿g　elec垣c　fie互d［8，14］．　EL　ln　AIGaN／GaN　HEMTs　has

been　attributed　to　the　intraband　tτa簸siti◎麹◎f　h◎t　ca㎡ers　in　the　high－field　region◎f　the

device，　i．e．，　related　to　the　1就e抱1　e▲ect亘c　丘eld　s仕ength　［8］．　The　rea1－time

electroh㎜inesc斑ce　was　observed　using　the　PHMOS　ins㎞斑t　by　Hamamatsu

Photonics　K．　K．，　in　which　a　silicon－intensified　CCD（SI－CCD）came聡has　been

installed［21／hthis　system，　the　high　sensitivity雄d　low　noise　characte亘stics　of　the

SI－CCD皿abled　us　to　observe　the　low－int斑sity　emission　with　high　positi皿accuracy．

For　example，　the　Si－CCD　slashes　the　detecti皿time　by　90％compa恰d　to　a　conventi◎nal

c・・led　CCD　c㎜era　The　detec励1e　wavele呼h・fthe　Si－CCD貧鋤ges倉・m　O・3　t・Ll

mm，　so　th就th¢electroh㎜inesc斑ce　due　to　the　hot　ca㎡er五mhe　AIGaN／GaN　HEMT

［14，22，23］is　observable　with　PHEMOS．

④塩r＝25㍉灘

　　　　　　　　　　　　　　〔b）為。1こ4．靱懲

Fig．3．8．　Electr◎1㎜inescence　sh◎ws　a　s夢磯y　and睡fb㎜em輌ssi皿fb宮丘uf＝2。5　and

4．0μm，respectively．
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3.3.2 Electroluminescence

Electrolmninescence (EL) is an important too] where we can monitor the path

of gate leakage current or strong electric field [8, 14]. EL in AlGaN/GaN HEMTs has

been attributed to the intraband transition of hot carriers in the high-field region of the

device, i.e., related to the lateral electric field strength [8]. The real—time.

electroluminescence was observed using the PHMOS instrument by Hamamatsu

Photonics K. K., in which a silicon-intensified CCD (SI-CCD) camera has been

installed [21]. In this system, the high sensitivity and low noise characteristics of the

SI-CCD enabled us to observe the low—intensity emission with high position accuracy.

For example, the Si»CCD slashes the detection time by 90% compared to a conventional

cooled CCD camera. The detectable wavelength of the Si-CCD ranges from 0.3 to 1.1

mm, so that the electroluminescence due to the hot canier in the AlGaN/GaN HEMT

[14, 22, 23] is observable with PHEMOS.

(b) Tauf 4.0 ttrn

Fig. 3.8. Electroluminescence shows a spotty and uniform emission for Taur : 2.5 and
4.0 pm, respectively.
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A蛎hedba櫨e　of　PHEMoS輌s臨厩輌t始s　a　probe溢ide，　s◎勲t　on－wa鋤dev輌ces薦

well　as　packaged㊨s　can　be㈱a躍ed鰹ily．

　　　　　　　D磁簸gmeas覆eme城s，　a醗◎vie◎負he　e▲戯r◎h欝inesc髄ce　wi癒the　60負a憩es／s

was　cap搬ed　while癒e　AIGaN／GaN　HEMT　was　biased厩◎岱甑te　cond輌ti◎簸負）r　b醜

the　b違う抽lc㎞ess．　The　EL　e麺ss継s盆HEMTs即糀◎蓑為uf＝25　and　4．0岬

were　spo髄y蹴d㎜輌fb㎜，　respectlvely　as曲◎禰i簸F輌g．3．霧．1紐he　case◎f　HEMTs

grow簸o簸7万uf＝25μ灘，　the　EL　e憩issi《）n　sp◎ts　beg鍛t◎appea置誠巧）．st貧ess＝100　V　as

shown並F輌9．3．8（a）侮me　1）．　The　e樋ssion　sp◎ts　obse御ed由his　vol胞ge　we貧e　weak

乏灘dnon－u㎡fb蹴．　As癒e　s総ss　voltage　increased，　the　EL　e麺ss輌o簸輌麗ens輌ty　als◎

increased躁d　new　spots　were　fb轍ed　a撮vis輌ble　a髭ogethe随離ew　region，　as　shown

in　Fig．3．呂（a）＠a搬e　2）．　A柱he磁ti㈱丑voltag¢of　BO　V　d磁ng　c◎nti簸u◎us　biasing，㎜t輌I

the　sudden撫c貧ease　in表｝－s甘es、，血¢r¢was　no甑ce　of欝w　sp醜s　obs破v¢d，　b就wi血the

sudden　increase桓」股｝．sロess，醗e翻rely　new　h◎t　sp◎t　in　a　new　regi◎麹was　observed　as

shown　in　Fig．3．8（a）＠ame　3）．　Whereas　imhe㈱e　of　HEMTs　gro犠◎nτもuf＝4．0μm，

aweak　and　u磁brm　emission　th貧ough◎就幽e　ga胎一d鍛in　regi◎n　w薦◎bserved　as　show簸

ln　Fig．3．8（b）侮ame　1）．　W輌th負麟hed蹴eased乃）－s抽ss，　the¢頚issl◎n　w薦observed　t◎be

weak　and　uni負）難，　as　sho職輌簸Fig．3．呂（b）（負　㎜es　2　a負d　3）。　T鵬HEMTs　gr◎職◎n　7Buf

＝2．5畑sh◎w　a　c面cal　v◎1餓ge，　i．e．，　a　n◎阻ec◎verable輌蹴e恥in　g厩deakage　c膿e瓶．

T薮egene鍛ti◎ns　of負磁h．er　leakage　pa叱hs　were　i齢戯雌ed　as　h灘ine距ent　d◎ts　i簸the

micr◎－EL　i憩ages．　The　sp磁y　e麺ss沁n　that　fbUowed　a負ew　h硫sp◎t　aUhe面tical

・vo晦ge　was　caused　by　large　disI◎α癒◎簸δe薮s輌ty（3．6　x　109　c醗“2）whi嘘increases　the

high　elect］dc　field　at　the　gate　edge◎f癒e　d貧鍾n　s輌de　res臆髭ing輌簸non磁fb懸e鵬輌ssi◎簸．

Whereas，　fb貧HEMTs　g貧◎職o簸7Bu戸4．0μm，　the　dls鱒b厩輌on◎f癒e　elec麺c飴亙d輌s

be1輌eved　to　be麟fb］㎜eve鍛畿h輌9鼓巧）－s泣ss，　and　this，　i簸㎞，　prevents　the　occu賀e瓢）e◎f
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Another feature of PHEMOS is that it has a probe inside, so that on-wafer devices as

well as packaged ones can be measured easily.

During measurements, a movie of the electroluminescence with the 60 frames/s

was captured while the AlGaN/GaN HEMT was biased at off-state condition for both

the buffer thickness. The EL emissions for HEMTs grown on T5.“- : 2.5 and 4.0 um.

were sporty and uniform, respectively as shown in Fig. 3.8. In the case of HEMTs

grown on Tm 2 2.5 um, the EL emission spots began to appear at VIMregs : 100 V, as

shown in Fig. 3.8(a) (frame 1). The emission spots observed at this voltage were weak

and non-uniform. As the stress voltage increased, the EL emission intensity also

increased and new spots were formed and visible altogether at a new region, as shown

in Fig. 3.8(a) (frame 2). At the critical voltage of 180 V during continuous biasing, until

the sudden increase in 15.5%“, there was no trace of new spots observed, but with the

sudden increase in 15.5335, an entirely new hot spot in a new region was observed as

shown in Fig. 3.8(a) (frame 3). Whereas in the case of HEMTs grown on Taur: 4.0 tun,

a weak and uniform emission throughout the gate-drain region was observed as shown

in Fig. 3.8(b) (frame 1). With further increased ms, the emission was observed to be

weak and uniform, as shown in Fig. 3.8(b) (frames 2 and 3). The HEMTs grown on T5“;

: 2.5 pm show a critical voltage, i.e., a non-recoverable increase in gate leakage current.

The generations of further leakage paths were identified as luminescent dots in the

micro-EL images. The spotty emission that followed a new hot spot at the critical

voltage was caused by large dislocation density (3.6 x 109 cm'z) which increases the

high electric field at the gate edge of the drain side resulting in non uniform emission.

Whereas, for HEMTs grown on TBuf = 4.0 pm, the distribution of the electric field is

believed to be uniform even at high VD—smss, and this, in turn, prevents the occurrence of
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critical　voltage．

3．4s腿醗蹴鯉

　　　　　　In　s㎜町，　we　have　studied　the　step－s仕ess　me…ent皿der　the　o径s雄

condition　fbr　dif民rent　buf民r　thic㎞esses　and　fb㎜d　dif民r斑t制h孜e　modes．　The

AIGaN／GaN　HEMT　grown　on　7Buf＝輻25畑shows　a　reduction　in皿tput　and　transfbr

characteristics　which　is　believed　to　be　due　to　the　virgin　defects　present　in　the　device．

The　AIGaN／GaN　HEMT　gro㎜on　7旙uf＝2．5μm　shows　the脂t　was　observed　above

巧）－s錠ess＝100　V　fbr　all　its　devices．　Whereas　we　did　not　observe廿亘s吃dt　fbr　AIGaN／GaN

HEMT　grown　on　7もuf＝4・0μm　devices．　On　increasingγb－s甘ess，　we　did　not　observe　the

sudden　increase　in　IG．s甘ess；radler，　device　bum　out　occ㎜ed　at巧）－s甘ess＝230　V　The　EL

measured　during　continuous　biasing　shows　weak　and　unifb㎜emission　throughout　the

gate　edge　of　the　drai穎side．　It　is　believed　that　A▲GaN／GaN　HEMTs　grown　on　a　Si

substrate　with　increasing　buf民r　layer　thic㎞ess　dispels　the　existence　of　a　non一㎜ifb］㎜

electric　field　at　the　gate－drain　region　and　absence　of万亘t．
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critical voltage.

3.4 Summary

In summary, we have studied the step-stress measurement under the off-state

condition for different buffer thicknesses and found different failure modes The

AlGaN/GaN HEMT grown on Tauf : 125 pm shows a reduction in output and transfer.

characteristics which is believed to be due to the virgin defects present in the device

The AlGaN/GaN HEMT grown on Tm : 2.5 pm shows the c was observed above

VD.“ms : 100 V for all its devices. Whereas we did not observe this Vcrit for AlGaN/GaN

HEMT grown on T5“: = 4.0 nm devices. On increasing VIEWS, we did not observe the

sudden increase in 104mg; rather, device burn out occurred at ms : 230 V. The EL

measured during continuous biasing shows weak and unjfonn emission throughout the

gate edge of the drain side. It is believed that AlGaN/GaN HEMTs grown on a Si

substrate with increasing buffer layer thickness dispels the existence of a non—uniform

electric field at the gate-drain region and absence of Vam.
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C艶翻罫電琶酔夏V：⑪調霧量墾翻醜《温A幽瀞紀麗鍵認簸馨霞《》f］駐量誌盈醜韻聡G竃寵紀｛》劉裂量麺盈鱈霧童｛搬　　、

《》盤A璽G］鍮N／G縫N藍盈E］》紅TG影㊧騨醜《》璽塾丁翫量電k蓬郵魍董資奄置

嬉．翻齪購翻醜量鍵

　　　　　　Several　s伽伽ral　stud輌es　using轍ns麺ssi◎n　electr◎n　micmscopy（TEM），

sca撒輌ng　elec蜘n　m輌cr◎sc◎夢y（SEM），　and厩◎鋤c　fbrce鵬icrosc◎py（AFM）◎btained

physical　evidenc¢suggesting　tha雛he　de驚cts厳e　g錐e繍ed　be1◎w　the　gate　edge　loc畿ed

i猷he　AIGaN　ba㎡eday劔［1－5］．　M◎st　of　these　s加dies　revea1鰐s狼U◎graphic　defects

such　as　pits鋤d碇acks　at　the　d鋤n　side　of癒e　gate　edge沁spi麓of　their　low　de驚ct

d磁s靭．Apa貫倉◎憩these　defbcts　gener厩ed　i掘he　AIGaN　ba㎡er　layer，　defects　resuhing

in　excess　leakage血ough　i－GaN　due　to　impe愈ctio簸s　and　dislocat輌on　density　du鋤g

gr◎wth　req慮e　m◎τe輌nvest輌g就五〇n［6－10」．

　　　　　　互nthe　prev輌◎us　chap撤we　discussed　on　the　leakage　cu賞ent，磁tical　vohage

ξ磁dele傭du麺nescence　fbr　d輌餓≧re瓶わuf鞭翻c㎞ess　and　fb膿嶺he　c壷ical　vohage　was

蛎◎bse鐸ed　in　AIGaN／GaN　HEMT　on　Si　Wh　thick　b麗f敵捻yers．1鷹his　ch雛er，　we

have　ca鐙輌¢d　◎ut　s総p－stress　and　cyclic　st貧ess　m¢asu窪e搬ents　at　v磁◎us　c◎nditions

exd鷺sively　o簸AIGaN／GaN　HEMT　grown◎墾甑ck　buf財．　A　K¢y鋤ce　3D　laseτ

m輌cr◎scope　which　is　an　usef蝋◎d噛e頑t　co杣ines癒e卿ab輌翫ies◎f鋤◎画cal

micr◎sc◎蟄e，　pro負1◎鵬ter　and　an　SEM．　This　micr◎sc◎pe　uses　lasedig競躍d　white　light

s◎urce　whe貧e　b◎癒high　e磁r¢solut輌◎負and　cr輌sp◎舞cal　i搬age　is◎bserved、　A施騰輌c　fbrce

認cr◎sc◎pe（AFM）was　a丑so　used　t◎study◎rig輌n鋤d　the搬g癒趣δe◎f癒e　de輪ts。

　　　　　　鞭ch◎se　AIGaN／GaN　HEMT◎n　S輌w油『Buf＝5．0μ膿and　c血ed◎磁the

s船p－s錠ess搬eas灘e憩綴並in　3　d輌f艶re簸t　c◎nditi◎ns　n蹴e｛y：

（1）Off　s繍e（れ｝．s紅ess＝－10「級7i）．s甘ess＝5重045　V）．（D輌s磁ssed　i簸嘘ap胎貧一3，　F量g．3．2．）

（2）巧）．s鵬ss＝OV（酸｝．s彼ess＝－5胎一45　V），鐡d
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Chapter-IV: Origin and Appearance of Pits in the Gate-Drain Region

ofAlGaN/GaN HEMT Grown on Thick Buffer

4.1 Introduction

Several structural studies using transmission electron microscopy (TEM),

scanning electron microscopy (SEM), and atomic force microscopy (AFM) obtained
'

physical evidence suggesting that the defects are generated below the gate edge located

in the AlGaN barrier layer [1-5]. Most of these studies reveal crystallographic defects

such as pits and cracks at the drain side of the gate edge in spite of their low defect

density Apart from these defects generated in the AlGaN barrier layer, defects resulting

in excess leakage through i-GaN due to imperfections and dislocation density during

growth require more investigation [6-10].

In the previous chapter we discussed on the leakage current, critical voltage

and electroluminescence for different buffer thickness and found the critical voltage was

not observed in AlGaN/GaN HEMT on Si with thick buffer layers In this chapter, we

have carried out step-stress and cyclic stress measurements at various conditions

exclusively on AlGaN/GaN HEMT grown on thick buffer. A Keyence 3D laser

microscope which is an useful tool where it combines the capabilities of an optical

microscope, profilometer and an SEM. This microscope uses laser light and white light

source where both high end resolution and crisp optical image is observed. Atomic force

microscope (AFM) was also used to study origin and the magnitude of the defects.

We chose AlGaN/GaN HEMT on Si with TBu; = 50 um and carried out the

step-stress measurement in 3 different conditions namely:

(1) Off state (Vesms : -10 V, Vow“; : 5 to 45 V). (Discussed in chapter-3, Fig.3.2,)

(2) VD-stress = 0 V (VG-stress z -5 to -45 V), and
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（3）On－state（レ石．s廿ess＝OY、万）－s甘ess＝5to　45　V）with　l　V　step　and　time＝1min．

Device　dimensi皿s：研1／Lg＝200／2．0μm　and」乙gd＝3．0／4．0μm．

All　our　experiments　were　pe㎡b㎜ed　in　the　dark　and　a杜he　room　temperature．

The　dra垣c㎜斑t－vo』ge（乃）s一γbs）characteristics　and　transfer　chaまacte1istics　were

measured　after　every　step－stress　meas斑em斑t．　Some　of　the　parameters　extracted　are’

menti皿ed　below．

1bmax：measured就γと｝s＝1．5　V　and乃）s＝5『晃

RD　exmded　fセom　the　slope　of、6）vsγbs（fbr巧）s＜1V）i醒he　linear　region．

g碑e故and　IG℃音measured　atレbs＝1Vandれ｝s＝－6　V　were　plotted．
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(3) On-state (VGMfess : 0 Vl VusmS = 5 to 45 V) with 1 V step and time = 1 min.

Device dimensions: Wg/ Lg: 200/ 2.0 pm and Lgd : 3.0/40 pm.

All our experiments were performed in the dark and at the room temperature

The drain current-voltage (Ins-Vns) characteristics and transfer characteristics were

measured afier every step-stress measurement. Some of the parameters extracted are
'

mentioned below.

113nm; measured at VGs : 1.5 V and VDs : 5V,

RD extracted from the slope of ID vs VDS (for VDS < 1V) in the linear region.

gmmk and 10.01? measured at VDS = 1 V and V55 : -6 V were plotted
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認．2．丑恥）．st，es、＝⑪s繍e踊塞s　s舵器

In　theγb．s紘ess＝Ostate　bias　stress　measurement，　we　fb㎜d　that，　there　is　a　negligible

va亘ation　observed　in　RD　andル㎞ee．　hitiaUy　the　lbm蹴decreased　at　5　V　stress　voltage　and

therea丘er皿irLcreasing　the　stress　voltage　there　observed　an　increase　in　the』Dmx．　Also，　a

small　increase　in　the　gm．pe田（was　observed，　whereas　no　changes　observed　in

sub－threshold　slope，　threshold　voltage　shift（臨）and　fb㎜d　a　small　decrease　in　the　gate

leakage　c斑Tent（」醍｝S）．
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Fig．4．1．　Change　in　device　characteristics　at　each　step　in　the巧）

condition弓タ｝－s甘ess　was　stepped　f≧om－5　to－45　V　in　l　V　step（1　min　per　step）。

　　一2　　　　0　　　　2
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4.2 Step-stress measurement

4.2.1 mu = 0 state bias stress

In the Vumss = 0 state bias stress measurement, we found that, there is a negligible

variation observed in RD and Vim“. Initially the ID,“ax decreased at 5 V stress voltage and

thereafter on increasing the stress voltage there observed an increase in the 19",“. Also, a
'

small increase in the gmcak was observed, whereas no changes observed in

sub-threshold slope, threshold voltage shift (Va) and found a small decrease in the gate

leakage current (153).

160 10°
(3) V05: 1.0 v

10“
0’) VD; = 1.0 v

,\120
E :510"2
E 80 @104’3

V ,‘= 0 state x:
E VDD: = 0 V g 10'“N 40 VG.'m,=<5m-45V

10"”
-060

0 2 4 6 8 10 12 10
-6 -4 -2 0 2

VDs (V) VGs (V)50 10*”(c) (d)
40 Vns= 1.0V 104’3 V95: LOV

E30 E10“B 2E20 210*”
a?) s

10 10*”
-ll .0-6 -4 .2 o 2 10 -6 .4 .2 o 2

VGs (V) VGs (V)

Fig. 4.1. Change in device characteristics at each step in the ms : 0 V bias stress
condition. Vague“ was stepped from -5 to -45 V in l V step (1 min per step).
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　　面th¢ON－s繊e　bias　stress　measurem鐙t，　we　fb㎜d　that，　there　is孤o　significant　change

observed就RD　and巧mee．　There　fbund　a　deαease　in　lbmax　and　gm－peak．　Whe指as　the貧e　is

no　change　observed　in　sub－threshdd　sl◎pe，　Kh　and　IGs　are　shown　in　Fi94．2．
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Fig．4．2．　Ch鋤ge　in　device　characte〕dst輌cs飢each　step　垣the　ON－s敏e　biaLs　s富ess

condition．γb－sなess　was　stepped倉o鵬5t◎45　V　in　l　V　steps（1血輌n　per　step）．　From　the

upper4e負comer（clockwise）：（a）o就put　ch殿ac搬輌stics，（b）sub－thresh◎1d　characteristics，

（c）transfer　chεばacteristics，　and（d）gate　cu廿ent　ch厳acte〕d　stics．
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4.2.2 ON-state step-stress condition

In the ON—state bias stress measurement, we found that, there is no significant change

observed at RD and Vkm. There found a decrease in [max and gmmk. Whereas there is

no change observed in sub-threshold slope, Va. and 155 are shown in Fig. 4.2.

150 10°(3) (b) ,
104"

V35 » 1.0 v
A 120
g Q 104’2
E so ., @1003
\E / Orr-state bias stress ‘1' .045 V e 0 V 51°N 40 Gvslxcss “

Vim“; = 5 to 45 V 10-05

4'60
0 2 4 6 8 10 12 10 -6 -4 -2 0 2VDS (V) VGs (V)

50 10—01(c) (d)
40 Vm=1.ov 10'“3 Vns=l.0V

E ’5‘ 415
\E

30
E

10
"’ 2520 :10”7:5 >53

10 104»

10'“0-6 —4 -2 2 -6 —4 .2 o 2
Vos (V) VGs (V)

Fig. 4.2. Change in device characteristics at each step in the ON-state bias stress
condition. mss was stepped from 5 to 45 V in 1 V steps (1 min per step). From the
upper-left corner (clockwise): (a) output characteristics, (b) sub-threshold characteristics,
(c) transfer characteristics, and (d) gate current characteristics.
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Under　these　stress　c皿diti皿s（一吃．s紅ess　andγb．s加ss＝45　V）neither也e　fbrmation　of　pits

acr◎ss　the　source－dkain　region　nor　sig㎡ficant　degradati◎n　on　4）max，　Rd，　gm－peak　and』G．o貰

were　observed　as　shown　in　Fig．4．3．　This　res磁m◎tivated　us　to　do血e　Step－stress

measurement　fbr　higher　drain　stress　voltages．
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Fig. 4.3. Change in Influx, RD, gmmk and 1003 at Off-state, On—state and ms = 0 V
state.

Under these stress conditions (« Voms and ms = 45 V) neither the formation of pits

across the source-drain region nor significant degradation on 19“.“, Rd, gmwwk and 164,5

were observed as shown in Fig 43. This result motivated us to do the Step-stress

measurement for higher drain stress voltages.
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　d提in斑rre蹴than　that　of丘esh　device．　But

　　　　　　　　　　　　　　　　　　　　　也ere　is　no　fUrther　increase　in　the　drain　c皿ent　observed．

There　observed　a　smaU　increase　imhe　drai雛esis伽ce蹴d　shi丘in　the㎞ee　vohage．　The
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4.3 Step-stress measurement at high drain bias stress

Off-state stress (Vanna = -10 V; VIM“,s = 5 to 200 V; step = 5 V; time = 600 s)

Vnme'so. 100;150;190v GZ3844D1

Fresh dWlCC

G23 84—4D1

4 6 3 10 -6 -5 >4 -3 -2 -1 0 l
Vos(V) Vg(V)

GZ3 84-4Dl
10w! GZ384-4D1 10»! Va. = 4 v

@104“
Vfl=4v

E10”
VDM=130V

E \
<1

4% é

-07 v I10 —5 —5 —4 —3 —2 —1 0 1 2 -6 -5 -4 >3 —2 —1 o 1 2
VEJV) Vgs(v)

Fig. 4.4. shows the (a) output characteristics, (1)) transfer characteristics, (c)
sub-threshold characteristics, and (d) gate current characteristics at Vasm; = -10 V;
VD_mss = 5 to 200 V; step = 5 V; time = 600 s for AlGaN/GaN HEMT grown on TBuf =

5.0 urn.

The summary of output characteristics, transfer characteristics, sub-threshold

characteristics and gate current characteristics are shown in Fig. 4.4. The I-V

characteristics show an initial increase in the drain current than that of fresh device. But

with the increase in Vumss there is no further increase in the drain current observed.

There observed a small increase in the drain resistance and shift in the knee voltage. The
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transfer　characteristics　show　that　i㎡tially　the　gm－pe譲（increased　and　there　afler　it

remai浪d　the　same　gm．pe欲．　At巧）－s甘ess＝130　V　a　sudden　decrease　in　gm－peak　was　observed

which㎞he貧de但eased　with　the　increase　inγb．str，ss．　The　suわ一threshold　characte泊tics

reveals　there　fbund　a　negative　shifhMhe　sub－threshold　slopeεmd　Vth．　The　gate　c㎜ent

characteristics　show　there　is　a　sig㎡ficεmt　change　in　the　tum－ON　voltage　observed　at

γb－s甘ess＝130　V　bu杜here　is　no　much　significant　dif昆rence　observed　towards　negative

bias．
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Fig・4・5・Change　in　n◎］㎜alized』Dmax，　Rd，9m－peak　and　1と〕．o貰mstep－stress　measurement　at

OFF－state　bias　stress（巧）．s悟ss＝5－200　V；5Vstep，10minutes　per　step）．

　　　　　　F輌gure　4．5．　shows　the　behavi◎r　of』Dm叙，　Rd，　gm．pe故and　IG－o鉦af辻er　every　step　of

o鑑state　bias　stress．　The　device㎜dergoes　a　catastrophic塩ih江e　at巧）－s甘es、＝200　V

with◎堪any　signs　of　sudden　increase　in　the五沁ぜThe』Dmx　and、Rd　shows　a　mirror　image

behavior　and　g卿e田｛shows　no　significant　changes　up　to　130　V　and　beyond　which，

reduction　in　gm一鯉（was　noted．　Hence，　it　is　clearly◎bserved　that　fbr　all　our　devices　we

did　not　show　the　critical　v◎hage　ph頗omen◎n盆）r　AIGaN／GaN　HEMTs皿Si　with　thick

bu艶£T◎understand　the　o亘g桓of　deg鍛dati◎簸i．e．　reduction　in　gm－peak　ar（）㎜d　130　Y　the

　　　　　　　　、

measurement　was　hahed　after　130　V　and　ca㎡ed　out　the　SEM　iMhe　gate－drai館eg輌on．
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transfer characteristics Show that initially the gmpeak increased and there after it

remained the same gnwcak. At ms = 130 V a sudden decrease in gmmk was observed

which further decreased with the increase in VD-slress- The sub-threshold characteristics

reveals there found a negative shifi in the sub-threshold slope and Vth. The gate current

characteristics Show there is a significant change in the tum-ON voltage observed at
I

mss = 130 V but there is no much significant difference observed towards negative

bias.
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Fig. 4.5. Change in normalized 11),”, Rd, gmwak and 10.03 in step-stress measurement at
OFF-state bias stress (ms = 5-200 V; 5 V step, 10 minutes per step).

Figure 4.5. shows the behavior of 113mm, Rd, gmmk and 10.03 after every step of

off-state bias stress. The device undergoes a catastrophic failure at VDmss : 200 V

without any signs of sudden increase in the law. The ID".ax and Rd shows a mirror image

behavior and gmmk shows no significant changes up to 130 V and beyond which,

reduction in gmmk was noted. Hence, it is clearly observed that for all our devices we

did not show the critical voltage phenomenon for AlGaN/GaN HEMTs on Si with thick

buffer. To understand the origin of degradation i.e. reduction in gmpm around 130 V, the

measurement was halted afier 130 V and carried out the SEM in the gatevdrain region.
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We found cracks on the SiOz passivation layer in the gate-drain region. When the

measurement was continued with further increase in Vpgms, this crack developed into a

crater. In addition, new cracks were seen in the gate-drain region.

Figure 4.6 shows the laser microscopic image of the spots formed at different

location across the gate-drain region with the increased VIM,” for a time interval of 600
I

sec. These images were captured on the devices with SiOz passivation. The fresh device

shows absolutely no spots or crack in either gate-source or gate-drain region as shown

in Fig. 4.6.(frame1). From our measurement values it is evident that there is a

degradation at VDS‘ms = 130 V, hence afier this stress voltage the microscopic images

were recorded and found a spot observed at the gate—drain region as shown in Fig.

4.6.(frame 2). Similarly on increasing the stress voltages more spots were observed as

shown in Fig. 4.6.(frame 3 & 4). In fewer cases some new spots were formed and

already existing spots became enlarged on increasing the 1/56i. Several such spots

were generated before device breakdown occurred. The AFM images were carried out

on these spots as shown in Fig. 4.7. AFM carried out at the cracked area revealed a heap

of oxides among the SiOz passivation. No cracks or defects were spotted at the

gate-source spacing throughout these measurements. To further understand the origin of

spot, SiOz passivation was removed by wet etching to facilitate re—inspection by SEM

and AFM. Figure 4.8 shows the AFM images taken afler SiOz removal. It is apparent

that the pits initially formed at the edge of the drain and migrate towards gate. Also few

pits were generated in between gate-drain spacing and travels towards gate edge. It is

evident that no pits were generated or formed at the gate edge. The AFM carried out on

all these pits, showed a pit depth of 100 nm and in some cases a depth of 400 nm as

shown in the Fig. 4.9. Thus, when the devices were stressed at a constant time with
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祖creasing巧）．s仕ess，　it　led　to也e飴㎜就ion　of　degradation　iMhe畠㎜of　pits．

恥）．s齢ss＝OV 130V 150V 160V

Fig．4．6．　SEM　images　show　the　evo1就ion　of　sp◎t　under鋤ofFstate　bias　stress　wi血

increasing陥．s甘ess．　On倉esh　device也ere　is　not　spot　observed（first丘ame）．　At巧）．s絃ess＝

130V　sp◎t　observed（second　f｝ame）and　f血her　new　spots就dif民rent　location（third＆

負）urth丘a1孤e）in　the　gate－dra桓region　observed．
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increasing VDMS, it led to the formation of degradation in the form ofpits.

Vnm=ov
‘

130V

Fig 4.6. SEM images show the evolution of spot under an off-state bias stress with
increasing VD<stress~ 0n fresh device there is not spot observed (first frame). At Vm =
130V spot observed (second frame) and further new spots at different location (third &
fourth frame) in the gate-drain region observed.
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Fig．4．7．　AFM　images　taken　with　SiO2　passivation（吃一s甘es、＝－10Yアb．sロes、＝160　V）．

一66一

Fig. 4.7. AFM images taken with SiOz passivation (V6.5.ms = -10 V, ms = 160 V)‘
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Fig．4．8．　AFM　images　taken　after　the　removal　of　SiO2　passivation．　Pits　were　fb㎜ed就

gate－drain　spacing　and　at　drain　edge　were　moved　towards　gate　edge　on　increasing　bias

S仕eSS．
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Fig. 48. AFM images taken afier the removal of Si02 passivationi Pits were formed at
gate-drain spacing and at drain edge were moved towards gate edge on increasing bias
stress.
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periods（1，10，20，30　and　60　mins）．　In　this　measureme煎，　we　did　not　observe　any
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Fig. 4.9. AFM image depicts the (a) origin and traveling ofpit, and (b) depth of the pit.

4.4 Cyclic stress measurement

4.4.1 VG-slrcu = -10 V and Vuflm = 100 V

1.5
VD-sness =100 V

IDrnaxs Rds gm-peak

_—,_-.:::8 40-35._r O

.OU]

IDmax/IDmax(0)a

Rd/Rd(0)s

gm

peak/gm-peak(0)

l
00 10 20 .30 4Q 50 60 70

Tlme (mm)
Fig. 4.10. Changes in 113m“, Rd, gnwuk, and [54,3 at constant voltage as the function of
time reveals negligible degradation. The SEM images taken after 60 min reveal that
there were no spots formed under constant voltage with increasing stress time (inset)

The devices were also stressed at constant m5 = 100 V for different time

periods (1, 10, 20, 30 and 60 mins). In this measurement, we did not observe any
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significant change in 1m, Rd and 164,5 as shown in Fig. 4.10. Also no defective pits

appeared in the gate-drain region at this V9453“; = 100 V even afier 60 mins of

continuous stress as shown in Fig. 4.10 inset.

4.4.2 V9.9...“ = -10 V and V3.5”.s = 150 V

Framel: afier 1min stress time, shows one spot

Frame2: afier 10min stress time, shows the appearance of new spots

Frame3: afier 20min, apart from new spots some existing spots getting bigger

Frame4: after 30min, several spots observed found only at gate-drain region.

Fig. 4.11. The SEM images show spots generated from the beginning of the stress time
at VOW“; = 150 V. The number of spots was increased with increasing stress time.

For devices stressed at higher ms of 150 V, the spots were formed from the

beginning of stress time as shown in Fig. 4.11. The numbers of spots increased with the

increase of stress time.
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Fig. 4.12. AFM images taken with SiOz passivation reveals the heap of oxides at various
places in gate-drain region.
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　　　　　　　The　AFM　image　taken　with　the　SiO2　passivat輌on　revea且s癒e　heap　of◎x輌des癒at

present　at　va亘◎us　places　in　the　gate－drain　regi◎n　shown　in　Fig．4。12．　No　sp◎ts◎r　de驚cts

were　identified就gate－s◎碇ce　region　even就high¢r　stress　v◎ltages．　Fig囎e　4．13　reveals

the　AFM　images敏en　a丘er　the　removal　of　SiO2　passiv就輌◎n　and　reve司s血e　pits　were

負）rmed　a杜he　drain　edge　and　in　some　cases　middle　of　gate－drain宴egion。　Tぬese　pits

fbund繊veling　towards　gate　on　increasing　the　stress　time　period．

　　　　　　　Recently，　fbw　studies　reveal　the　co宜el就ion　betwe斑the　s伽c櫨al　def奄cts　a磁

electdcal　degradation｛2，3］．　The　V二shapedg　pit　defects　were頓ginated就巧）．、柚、、＝20　V

and　the　devices　were　h輌ghly　d¢graded　atγb．s甘e、、＝50　V　These　pits　were◎bserved就the

ga麓edge　and　rep◎rted　to　have　a　depth　of　8㎜and　width、of　13㎜which　res磁s　in

sharp　i批rease　in　the五｝－o荏It　was　believed　that　high　mechanical　stress　in　the’AlGaN

layer　due　to　the　high－voltage　stress　resu眞s　in　the　fb㎜扉ion◎f　these　defbcts／pits　which

acted　as　the　paths　fbr　the　g就e　leakage　c皿ent．㎞aU　these指ports，　fbr　AIGaN／GaN

devices夢゜wn°n　SiC・r　sapP臨n・・ne弊ρbs㈱d　apit　depth　bey・面2㎜iMhe

gate－drain　regi皿d面ng　reliabi胱y　stress　measureme猷．　H◎wever，　in◎ur　case　fbr

AIGaN／GaN　HEMTs　gr◎wn　on　Si　with　thick　buf驚r　the　pits　were　appe霞ed由he　drain

edge　fbr駈）．s徒ss＝130　V　Hence，　we　did　not　observe　a　sudden　increase　in癒e　gate

leakage　cu1丁鐙t　b磁adecrease　in　gm．pe故was　r¢c◎貧ded　at　this　stress　voltage．　Also　on

increas輌ng曲e　stress　vohage　we◎bserved　an　increase　in　n㎜ber◎f　pit　at　the　dra輌n　edge

whi中貧es磁s　in　f嘘her　decrease◎f　gm－pe欲．　The　pit　dep癒Was　fbu負d　to　be　100　nm　and　in

飴wer　cases　it　wen短μ0400㎜fbr　h輌gher巧）一、廿，、、＝130　V　and　above．　This搬¢鋤s，癒e

defective　pits　coま並］dbuting　to　re1輌ab量lity　degradation　is　cε鵬sed　not　only　by　the　top　25㎜

AIGaN　between　ga総and　d貧a並，　b嘘also　by　a　p餓of輌一GaN　buf驚主Als◎癒e　pas

◎亘gin飢ing頒the　dra輌n　edge　seem　to　be憩ig織ing沁wards　the　ga胎edge◎面ncreasing
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The AFM image taken with the SiOz passivation reveals the heap of oxides that

present at various places in the gate-drain region shown in Fig. 4.12‘ No spots or defects

were identified at gate—source region even at higher stress voltages. Figure 4.13 reveals

the AFM images taken afier the removal of SiOz passivation and reveals the pits were

formed at the drain edge and in some cases middle of gate-drain region. These pits.

found traveling towards gate on increasing the stress time period.

Recently, few studies reveal the correlation between the structural defects and

electrical degradation [2, 3]. The V-shaped pit defects were originated at V941,“, = 20 V

and the devices were highly degraded at ms = 50 V. These pits were observed at the

gate edge and reported to have a depth of 8 nm and width of 13 run which results in

sharp increase in the 16.05, It was believed that high mechanical stress in the AlGaN

layer due to the high-voltage stress results in the formation of these defects/pits which

acted as the paths for the gate leakage current. In all these reports, for AlGaN/GaN

devices grown on SiC or sapphire, no one has observed a pit depth beyond 12 nm in the

gate-drain region during reliability stress measurement. However, in our case for

AlGaN/GaN HEMTs grown on Si with thick buffer the pits were appeared at the drain

edge for VD4m5 = 130 V. Hence, we did not observe a sudden increase in the gate

leakage current but a decrease in gnneak was recorded at this stress voltage. Also on

increasing the stress voltage we observed an increase in number of pit at the drain edge

which results in further decrease ofgmwak. The pit depth was found to be 100 rim and in

fewer cases it went up to 400 nm for higher ms = 130 V and above. This means, the

defective pits contributing to reliability degradation is caused not only by the top 25 nm

AlGaN between gate and drain, but also by a part of i-GaN buffer. Also the pits

originating at the drain edge seem to be migrating towards the gate edge on increasing
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the ms. It is evident from our results that before gate degradation occur the pits were

generated at the drain side which believed to be originating from the i-GaN layers.

4.5 Three-terminal breakdown characterization

The three-terminal breakdown measurements have been carried out by biasing

the gate at a fixed voltage and increasing the drain voltage. The leakage currents were
i

measured with the increase in drain voltage. The possible leakage currents measured are

gate leakage current (Igale), source leakage current (Isource or 1mm) and substrate leakage

current (15»). The drain leakage current (14min) is the sum of 19“, 1mm, and IN. The

paths of this leakage current are shown in Fig. 4.14.

| V

74sVG

Buffer
ISubs

£—
4" Si substrate

Fig, 4.14. shows the various leakage current pathways in 3-TBV for AlGaN/GaN
HEMT on Si.

Three terminal off-breakdown voltage measurements were carried out by immersing

the sample in an inert liquid Fluorinert (FC-40) to avoid any atmospheric influence in
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the gate-drain region. Figure 4.15 shows the three terminal breakdown voltage (3TBV)

for Wg/Lgd = 200/4 um, where gate bias was maintained at a sub-threshold voltage of -5

V with Si substrate grounded. Our breakdown voltage is defined as the drain-source

voltage at which the drain current of 1 mA/min was observed. For all our devices an

average 3TBV of 273 V was observed for Lgd : 4.0 pm. During the three terminal.

breakdown voltage measurements, the gate leakage current initially increases and then

saturates till the breakdown occurs. Here it should be noted that the Isource and 1mm”

didn’t show any significant change up to 130 V and thereafier beyond 130V there is a

gradual increase in the 15mm and Isubsum leading to a final breakdown at 273 V. It is well

understood in the case of AlGaN/GaN HEMTs on Si with thick buffer that 15mm and

[swam influence the device breakdown in addition to (gm.

102

(mA/mm
H O

is

._r Oa

Drain

current

density

._. o. 00

0 50 LOO 150 200 250 300
Dram voltage (V)

Fig. 4.15. Three-terminal breakdown voltage observed for AlGaN/GaN HEMT on Si
with Wg/ Lgd = 200/ 4 pm. The inset shows the linear increase in the breakdown voltage
with increasing Lgd.

Recently, Meneghini et. al have reported a mechanism, where the breakdown is

initiated by the increase in drain-source leakage current [11]. This is another indication

_74,
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Moreover this sudden increase in 15mm and 15“.,ee at 130 V corresponds to the

beginning of defective pits at GaN region around ms : 130 V in microscope images.

As we increase the Lgd, breakdown voltage increased linearly resulting a BV of 1060 V

for Lg“ = 15 um (Fig. 6 inset). In all these devices, gate-drain spacing varies from 4 to
'

15 um shows that 1mm and 1mm” initiate for device breakdown.

4.6 Summary

We have studied the appearance of structural defect and its relation to electrical

degradation and 3TBV. In the case of AlGaN/GaN HEMT on Si substrate several

devices from the same wafer were step-stressed and showed no sudden increase in the

104,125. Defective pits were formed in the gate-drain region at Vuslmss = 130 V and these

defective pits increased in numbers with the increase in mi with the pit depth of 100

nm and above, The 3TBV reveals that [some and Isubmm influence the device breakdown

in addition to Igmr From these results, it is evident that the defective pits contributing to

reliability degradation is caused not only by the top 25 nm AlGaN between gate and

drain, but also from a part of i-GaN buffer,
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AlGaN/GaN HEMTs on Si

5.1 Introduction

Though different substrates are available for the GaN epitaxial growth, the Si

substrate is considered to be the most suitable because of its low cost and large-scale
'

availability. The fundamental and key elements that has to be given attention for the

growth of GaN on Si is understanding the strain involved epi-layers and forming a

buffer layer made of strained superlattice structures (SLSs) to prevent large bowing and

crack [1]. Large tensile stress in GaN grown on Si is undesirable because of the

deterioration it causes to the crystal quality of the epitaxial layer [2]. It is widely

understood that the built-in strain piezoelectric, together with the spontaneous

polarization arising in the device heterostructure after growth, is responsible for the

formation of two-dimensional electron gas (2DEG) at the AlGaN/GaN interface [3, 4].

Raman measurement is a useful method to evaluate the strain/stress in the GaN-on—Si

[2-8], Also, reliability becomes a bigger concern due to large lattice mismatch and

thermal coefficient difference between Si and GaN [9-12]. When a high electric field is

applied externally, the strain in the AlGaN layer would exceed the critical value and

relaxes through defect formation leading to the deterioration of the AlGaN/GaN HEMT

performance [13]. We have found that it is possible to grow crack-free epitaxial GaN

films by varying the strained layer superlat’tice buffer thicknesses (Tfiuf) [14]. This

chapter discusses how the change in GaN epitaxy influences the strain that involved in

it and influences over the device threshold voltage. We used Raman spectroscopy to

study the strain and carried out electrical characterization to study the V”. shift. We

found that there is a strong correlation between the GaN strain/stress and Vm shift.
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　　　　　　　Raman　experime就requires　a　monochrdmatic　light　source，　typically　a　laser，　a

spectrome』d　a　detector（nowadays　most　co㎜o㎡y　a　multich㎜el　ch㏄ge　coupled

device　CCD）．桓genera1，　the　Raman　signal　intensity　is　orders　of　magni加de　weaker　than

the　elastic　scattering　intensity，　hence　stray　light　can　be　a　considerable　issue．「蹴le

spectrometCrs　are　g皿erally　used　to　separate　the　elast輌c　scattering　and　Raman　scattering

signals，　the　large　mismatch　in　scattering　intensity　can　enable　the　elasticaUy　scattered

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　び
light　to　dominate　the　Raman　light　via　stray　light．　Altemative　concepts　have　been

d¢veloped　in　recent　years　to　be　able　to　retain　a　high　light　thぎoughput　while　achieving

high　stray　light　r（∂ection，　making　the　wider　use　of　Raman　systems　possible，　not　ohly　in

research　laboratories　but　al　so　fbr　growth　and　process　mo㎡to］ring　in　an　indust］dal

enviro㎜ent・Notch／edge　filters　are　being　used　in　Raman　systems　to　prevent　elぴstically

scattered　laser　light丘om　entering　the　spec加meter．0負en　an　optical　microscope　fbcuses

the　laser　light　on　the　mate亘al㎜der　the　Study　and　collects　the　sc繊red　laser　light

（micro－Raman　system），　allowing　Raman　experiments　with　1－2μm　spatial　reso1就ion．

The　high　mechanical　stability　of　such　systems　aUows　the　recording　of　spatial　maps　of

phonon　properties　over　exterlded　areas　of　a　sample　using　motorized　XYstage．

　　　　　　　The　use　of　different　laser　excitati皿wavelengths　in　Raman　experiments　allows

selective　probing　of　phonon　and　therefbre　material　pτoperties，　ei血er　averaged　over　a

sample　layer　thic㎞ess　or　in　a　sur飴ce　layer，　fbr　example，　fbr　optimizing　me皿con槍ct

fb㎜ati皿to　semic皿ductors．　For　GaN　with　a　bandgap　of　3．4eY】m就erial　properties

averaged　over　the　s㎜p▲e　layer也ic㎞ess　can　be　pmbed㎜der　visible　exci城◎n
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　⑨

wavele呼h（斑go輌er：488㎜，514㎜，皿d　532㎜），　where卵s嘘ce　propenies　c皿

be　stu．died　using　UV　excit就ion　wave1斑gths（HeCd　laser：325㎜）due　to　the　abs◎rμi◎n

一78一

5.2 Raman Analysis

Raman experiment requires a monochromatic light source, typically a laser, a

spectrometer and a detector (nowadays most commonly a multichannel charge coupled

device CCD). In general, the Raman signal intensity is orders of magnitude weaker than

the elastic scattering intensity, hence stray light can be a considerable issue. While
'

spectrometers are generally used to separate the elastic scattering and Raman scattering

signals, the large mismatch in scattering intensity can enable the elastically scattered

light to dominate the Raman light via stray light Alternative concepts have been

developed in recent years to be able to retain a high light throughput while achieving

high stray light rejection, making the wider use of Raman systems possible, not only in

research laboratories but also for growth and process monitoring in an industrial

environment. Notch/ edge filters are being used in Raman systems to prevent elastically

scattered laser light from entering the spectrometer Ofien an optical microscope focuses

the laser light on the material under the study and collects the scattered laser light

(micro-Raman system), allowing Raman experiments with 1-2 pm spatial resolution

The high mechanical stability of such systems allows the recording of spatial maps of

phonon properties over extended areas of a sample using motorized XY—stage.

The use of difierent laser excitation wavelengths in Raman experiments allows

selective probing of phonon and therefore material properties, either averaged over a

sample layer thickness or in a surface layer, for example, for optimizing metal contact

formation to semiconductors. For GaN with a bandgap of 3.4eV, material properties

averaged over the sample layer thickness can be probed under Visible excitation

wavelength (argon laser: 488 nm, 514 um, and 532 nm), whereas surface properties can

be studied using UV excitation wavelengths (HeCd laser: 325 nm) due to the absorption
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of　the　UV　laser　light　in　the　sample．　b　our　case，　fbr　the　micro－Raman　spect㎜

meas碇ement，　a　laser　of　532．08　nm　wavelength　was　used．　Mostly　Raman　spectroscopy

on（0001）surface　has　releya丑ce負）r　process　and　growth　monito亘ng．　The　selection　rules

on　the（0001）surface，　fbr　GaN　with　the　E2　and　A　1（LO）phonon　mode　at　567．5　cm’1　and

734・5cm苦1，　respectively，　were　cle征ly　visible．　The　i㎞㎜就i・n・n　stress孤d　c巧s伍llineも

quality　can　be　extracted　fξom　the　E2　phonon　f｝equency　and　line　width．

GaN～璽5μ鶏
鍛饗　霧灘ミニ　：一　、ド

G＆N＝◎．5　難
G醸／AIN（2◎／5皿箋

Bu盤寮靭鍵＝125興
塩㌍5。oμ撫

丁蝋s垣◎簸靭鱗

Fig．3．1．　Schematic　representation　A▲GaN／GaN　epi－structure　with　va亘◎us　buffer　and

GaN　thic㎞esses．

5●3R¢s髄墨重Si題麟睡量《置量§¢腿ss量㊧顯

　　　　　　Raman　spectra　measureme磁s　were　ca！㎡ed◎就fbr　AIGaN／GaN　epi－stmctu忙at

dif飴rent　buf民r㎝d　GaN　thic㎞esses　as　shown　in　Fig．3．1．　F◎r　the　micro－Raman

spect㎜measurement，　a　laser　of　532．08㎜wave1斑gth　was　used．　Figure　3．2　shows

the　room－tempe斑ure　Raman　spectra　of　the　E2（high）m◎de　and　A　1（LO）1ine　observed

fbr　a玲uf＝1．25，25，4．0，鋤d　5．0μm　with　v斑ous　7Gボthic㎞esses．　The　Si　pe慮

・bsewed　at　520．7　cm°1　which　is飴皿d蹴d　als・s・me・ther　smal▲pe慮s・f　Si　weτe

highlighted　using　star　sign　in　alhhe　sh◎wn　figures．　The　E2（high）mode　and　A1（LO）

p戯ks　we貧e　ide蹴伍¢d　and　sh◎wed（Fig．3．2．　right　side）with　higher醗agnific就ion．
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of the UV laser light in the sample. In our case, for the micro-Raman spectrum

measurement, a laser of 532.08 nm wavelength was used. Mostly Raman spectroscopy

on (0001) surface has relevance for process and growth monitoring. The selection rules

on the (0001) surface, for GaN with the E2 and AKLO) phonon mode at 567.5 cm" and

734.5 cm'l, respectively, were clearly visible. The information on stress and crystalline.

quality can be extracted from the E2 phonon frequency and line width.

GaN~1.5 um

aN/AlN (20/5 nm
Buffer layer = 1.25 pm

TEuf= 5-0 Pm
Transition layers

Si 111

Fig. 3.1. Schematic representation AlGaN/GaN epi-structure with various buffer and
GaN thicknesses.

5.3 Results and discussion

Raman spectra measurements were carried out for AlGaN/GaN epi-structure at

different buffer and GaN thicknesses as shown in Fig. 3.1. For the miero-Raman

spectrum measurement, a laser of 532.08 nm wavelength was used. Figure 3.2 shows

the room-temperature Raman spectra of the E1 (high) mode and A1(LO) line observed

for a TEuf = 1.25, 2.5, 4.0, and 5.0 um with various TGaN thicknesses. The Si peak

observed at 520.7 cm'1 which is found and also some other small peaks of Si were

highlighted using star sign in all the shown figures. The E2 (high) mode and A1(LO)

peaks were identified and showed (Fig. 3.2. right side) with higher magnification.
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Fig．3．2．　Raman　peak　fbτv韻◎us　bu鏑質hic㎞esses鍛d　v韻ous　GaN　thic㎞esses　we貧e

als◎sh◎wed（Le負side）．　The　peak　s駈ft　shown沁acle厳鵬amer（right　side）。
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Fig, 3.2. Raman peak for various buffer thicknesses and various GaN thicknesses were
also showed (Lefi side). The peak shifi shown in a clear manner (right side).
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　　　　　　From　Fig．3．2，　it　is　clear　that　a　s就eUite　peak　was　fb㎜d　along　with　the　E2（high）

mode，　which　in㈱ases　with　the　increase　in　7bポ肩面c㎞esses．亙t　is　also　to　be　noted　that

there　is　n◎much　change　i飼he　peak　int改sity（except　7旙uf＝4．0μm，五｝感＝0．5μm）

whereas　there　fbund　a　peak　shi負in　each　cases．　To　understand並f㎞ther，　we　plotted　the

Raman　spectra　fbr　1μm－th輌ck　GaN　epilayers　grown　on　Si（1U）substrate　with　Z旙uf＝

1．25，25，and　5．0μ］m　as　shovm　in　Fig．3．3．　For　GaN　with　a　band　gap　of　3．4　eV　material

propenies　averaged　over　也e　samp▲e　layer　thic㎞ess　can　be　probed　under　visible

excitation　wavelength［3，15］．　In　generaΩhe　E2（high）phon◎n　peak　is　used　to　study　the

strai蝸ress　prese崩n　the⑱layers・A敏pical囎s仕ained　G点sh・ws　E2（蝿h）

phonon　peak　at　567．5　cm．”1［4，6，16］．
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Fig．3．3．　Ram蹴spectra◎btained　to　find癒e　E2（h輌gh）phon◎n　peak　sh輌丘with　respect　to

buf財thic㎞ess．　The　i簸set曲◎ws癒e　ph◎non　pe慮shi負fbr　dif財e就buf臨thic㎞esses．

　　　　　　We　observed　the　ph◎non　peak　shi負in　GaN　wah　the　change旋加f驚r

thic㎞esses．　The　GaN　E2（賊gh）鵬odes　at　565．97，567．41，and　568．9　cm4　weτe　rec◎rded
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From Fig. 3.2, it is clear that a satellite peak was found along with the E2 (high)

mode, which increases with the increase in T5,” thicknesses. It is also to be noted that

there is no much change in the peak intensity (except Tmr : 4.0 pm, Ten: : 0.5 pm)

whereas there found a peak shifi in each cases. To understand it fmher, we plotted the

Raman spectra for 1 pm-thick GaN epilayers grown on Si (111) substrate with TBuf =
l

1.25, 2.5, and 5.0 pm as shown in Fig. 3.3. For GaN with a band gap of3.4 eV material

properties averaged over the sample layer thickness can be probed under visible

excitation wavelength [3, 15]. In general the E2 (high) phonon peak is used to study the

strain/stress present in the GaN layers. A typical unstrained GaN shows E2 (high)

phonon peak at 567.5 cm"1 [4, 6, 16].

553““ “7" GaN HEMTs on Si (111)
567.4 "

- ‘fm TG,N=1.0 um
I ., 3N *- -Sl eaks565.97 cm' $01311) P P

I
l \

. \two—mode
\(AIGaN)

I
I
l
\

Peak

intensity

(a.u)

200 300 400 500 660 700 800
Raman shift (cm!)

Fig. 3.3. Raman spectra obtained to find the E2 (high) phonon peak shifi with respect to
buffer thickness. The inset shows the phonon peak shifi for different bufier thicknesses.

We observed the phonon peak shift in GaN with the change in buffer

thicknesses. The GaN E2 (high) modes at 565.97, 567.41, and 568.9 cm'1 were recorded
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負）r7もuf＝1．25，2．5，　and　5．0μm，　respectively（Fig。3．3　inset）。　A　s飢eUite　peak　was

observed　along　wi也the　E2（high）ph◎non　peak　is　believed　to　be　due　to　the　presence　of

AIN（576．69　cm錫1）［17］．　The　sateUite　peak　intensity　increases　wi也the　increase　in　the

amolmt　ofAIN　that　is　present　i加he　buffbr　layers．

　　　5う5

　　　566

〔567
覇

畠
帽568
霧

§569
§

　　　570

　　　571

　　　　　　　　　　　　0　　　1　　　2　　　3　　　4　　　5　　　6
　　　　　　　　　　　　　　　　　　　　Buf驚r撫ic㎞ess，7Buf（脚m）

Fig．3．4．　The　residual　stress　was　calculated　fbr　the　GaN　E2（high）phon皿peak　shift

using　eq．（1）fbr　v蜘us　buf6er　and　7b惑thic㎞esses．

　　　　　　Tb　understand　the　strain／stress　that　is　prese斑in也e　GaN　epilayers，　we

calculated　the　am◎㎜t　of　resldua▲stress　i斑he　samples　by　using　the　measured　ph㈱n

peak　shifセs　of　the　E2（high）瓢ode　in　the　Raman　spectra　us垣g　the　equati皿［4，16，18］

below

　　　　　　　　　　　　　　　　　　　△ω＝κ，・σ類　　　　　（1）

where，△ωis　the　dif驚ence　i姻he　measured　peak　pos撤◎n◎f　the　Raman　peak　a宜d　the

the・蜘cal　pe眺P・s鵡・n・f鋤Wa垣ed　GaN（567・5幟“1）・The　str頒n　c・e鐙cie頑κ。）
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for T3“; = 1.25, 2.5, and 5.0 pm, respectively (Fig.3.3 inset). A satellite peak was

observed along with the E2 (high) phonon peak is believed to be due to the presence of

AlN (576.69 cm"l) [17]. The satellite peak intensity increases with the increase in the

amount ofAlN that is present in the buffer layers.

565 Tensile stress

566 '+o.35 65% \ +0” GPa Tom: 1.5 u m
A \ \ \ _ :009 GPa
Ta 567 Unstrained GaN i: _ :ijgog 91:3— _3568 E +002GPa \\ ‘ ‘SE '0 08 GM —0 11GPi'5» \ a \ -0 32 GPa
a 569 - \ O~§§.
E \ [.0 \
N

‘3‘ 570 -0.47 GPa \ \ ”I
-0.61 GPa T05505 [1m

Compressive stress. .571
0 61 2 . 3 4 5

Buffer thickness, TBuf (um)

Fig. 3.4. The residual stress was calculated for the GaN E2 (high) phonon peak shift
using eq. (1) for various buffer and TGm thicknesses,

To understand the strain/stress that is present in the GaN epilayers, we

calculated the amount of residual stress in the samples by using the measured phonon

peak shifis of the E2 (high) mode in the Raman spectra using the equation“, 16, 18]

below

Aw = Kya'xx (1)

where, A00 is the difference in the measured peak position of the Raman peak and the

theoretical peak position of an unstrajned GaN (567.5 cm'l). The strain coefficient (Ky)
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selected　here　is　4．3　cm’1GPa’1［4，18］．　The　GaN　stress　calculated　using　eq．（1）shows

＋0．35，＋0．02，and－0．32　GPa　fbr　HEMTs　with勾uf＝1．25，2．5，　and　5．0μm，　respectively

Tb　fbrther　understand　the　change　in　GaN　strain／stress，・va亘ous　epis廿uc血res　were　gr◎㎜

with　dif民r斑t　GaN　and　buf飴r　thic㎞esses　fbr　this　study　as　shown　in　Fig．3．4．　We　fb㎜d

that　GaN　straiIレstress　changes　f㌃om　t斑sile　to　compressive　with　the　change　in　7Buf　and

76劇．Thus，　changes　in　7Buf　and丑洲play　a　key　role　in　the　strain　modu1就ion　du血g　the

growth　and　the　cooling　down　process・
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Fig．35．　Tr砲sfごcharacte亘stics　of　AIGaN／GaN　HEMTs　on　Si　with　va亘ous　GaN

strε6r㎡stress　devices．

　　　　　　The　device　fabrication　process　and　its　parameter　were　kept　same　as　it　is

mentioned輌n　chapter－3．　The　step－stress　measurem斑t　was　ca㎡ied◎斑a◎岱state　bias

stress（レ石一s甘ess＝－10　V）㎜der　dark　conditi皿．　Theγb－s仕ess　ranging丘om　5　to　70　V　wi也5

Vstep　was　applied　to　HEMTs　fbr　d雄就i皿of　600　s．　b血s　measurement　several　devices

were　tested　until　a　set　of　similar　reliab輌1輌砂data　were　observed．　On　completi◎n◎f

of£state　bias　stress，　these　devices　were　res也d　fbr　30搬輌n　befbre　carrying　o就no㎜al　dc
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selected here is 4.3 cm“GPa" [4, 18]. The GaN stress calculated using eq. (1) shows

+0.35, +0.02, and -0.32 GPa for HEMTs with Tauf= 1.25, 2.5, and 5.0 pm, respectively.

To further understand the change in GaN strain/stressivarious epistructures were grown

with different GaN and buffer thiclmesses for this study as shown in Fig. 3.4. We found

that GaN strain/stress changes from tensile to compressive with the change in TE“: and
'

TGaN. Thus, changes in TEuf and T6,“ play a key role in the strain modulation during the

growth and the cooling down process.

8:: (a) (b)
p024

V45: 10V Vds= 10V

T
0.20 Direction of Va,
0 1 6

on fresh device

3:, Oj 12 23:23.22:
2-?! 0.08

0.04 V‘
-l,62V , > ' ~l.28V

0 . .
-2.5 —1.5 -0.5 0—2.5 -l.5 -0.50

Gate source voltage, Vgs (V)
Fig. 3.5. Transfer characteristics of AlGaN/GaN HEMTs on Si with various GEN
strain/stress devices.

The device fabrication process and its parameter were kept same as it is

mentioned in chapter-3. The step-stress measurement was carried out at off-state bias

stress (Vague;s : -10 V) under dark condition. The VD-slress ranging fi'om 5 to 70 V with 5

V step was applied to HEMTs for duration of 600 s. In this measurement several devices

were tested until a set of similar reliability data were observed. On completion of

off-state bias stress, these devices were rested for 30 min before carrying out normal do

*83‘



1とs一陥sand　transfer　chara硫e亘stics　to　ob伍in　the（1evice　recovery　rate．　T並esh◎1d　v61伍ge

（酩h）is　the　g就e－source　voltage　at　which　the　2DEG　cha㎜el　is　completely　depleted　f壬om

mobile　ca㎡．ers．

　　　　　　The　transfer　charac撤istics　were　meas斑ed　on　these　dif艶re斑epilaye了s　as

shown　in　Fig．35．　The　change　in　the臨shi負was《）bserved　with　the　change　in　the

built－in　GaN　strai〆stress　present　in　the　as－grown　wa蹴．陥of　the　device　was

dete］㎜ined　f｝◎m　the　linear　region　by　apPlying　a　smaU　drain　bias（防）s＜＜γと｝s），　and　plぱ

of　the　square　root　of㌔s　versus　the晦as　shown　in　Fig．3．5．　Fig碇e　3．5（a）shows　the

negative臨shi負w油the　increase　in　compressive　GaN　strain／stress，　whereas　the

positive臨shif辻w輌th　the　redudion　m　the　t斑sile　GaN　strai］㎡s蜘ss　is　sh◎wn　in　Fig．．

35（b）．
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1

Fig．3．6．　AIGaN／GaN　HEMTs◎n　Si　s曲s紘厩e　withみf＝1．25μm　show＋0。35　GぬGaN

stress，　the力s一ル三s　chaτac搬istics　were　ca㎡ed◎磁on　f掩sh　devices，　and　a負er　every

γb甜ess，　show　th厩the万h　sh輌負s　p◎s輌tively．

　　　　　　It　is　believed　tha質he　buih－in　GaN　strai1〆s敬ess　that　prese蹴in　the　epilayers　is

i㎡垣encing　the　cha血ge　in　the臨shi負．　D面ng　o登Lst飢e　bias　stress，　there　occぱs　a　high
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Ids- Va: and transfer characteristics to obtain the device recovery rate, Threshold voltage

(Vlh) is the gate-source voltage at which the 2DEG channel is completely depleted from

mobile carriers.

The transfer characteristics were measured on these different epilayers as

shown in Fig. 3.5. The change in the V9. shifi was observed with the change in the.

built-in GaN strain/Stress present in the as-grown wafer. V11, of the device was

determined from the linear region by applying a small drain bias (Vns << Vos), and plot

of the square root of Ids versus the Vgs as shown in Fig. 3.5. Figure 3.5(a) shows the

negative Va. shifi with the increase in compressive GaN strain/stress, whereas the

positive Vm shifi with the reduction in the tensile GaN strain/stress is shown in Fig.

35(1)).

0.32
028 Vds :10 V +0.35GPa

TBuf— 1.25 pm
A0-24 TGaN = 1.0 pm
8 0.20
8' O 16
v.0 12

.,,0.08
0.04

0-4 '3 2 ‘1 1
Gate source voltage, Vgs0(V)

-l/2)

Fresh device

1/2

1/2

IdS

(A

Fig. 3.6 AlGaN/GaN HEMTs on Si substrate with TEuf= 1.25 pm show +0.35 GPa GaN
stress, the Ids-Vgs characteristics were carried out on fi'esh devices, and after every
VDsmSS, show that the Vm shifis positively.

It is believed that the built-in GaN strain/stress that present in the epilayers is

influencing the change in the V", shifi. During off-state bias stress, there occurs a high
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ve貫ical　electrostatic　field，　and　additiona▲sぬin／stress　was　gene斑ed　in　both　the　AIGaN

and　GaN　regi皿s．　Figure　3．6．　shows　the　transfer　curves　of　AIGaN／GaN　HEMT　with　7もuf

＝1．25μm．measured　befbre　and　after　ofFs憾e　bias　stress．　The塩s一レ三s斑rves　were

acquired　with　the　increase　inγb．s鵬ss　by　sweeping也e　gate　source　voltage　f沁m　negative

to　positive　bias．　The　t鎮nsfer　characteri　stics　show　a　reducti皿i扉he力、　and　change　in　the

臨shi我with　the　inc貧eas◎inγb．s泣、s．　Here，　it　should　be　noted　that橋shifhow鍵ds

positive　bias．臨fbr　HEMTs　on　7もuf＝1．25μm　is　fb㎜d　t◎beヨ．79　V　on　a　f｝esh　device，

and皿mcreasingγb．s甘ess，臨tends　t◎shi負positively　and　resuhed　in－1．66　V　at巧＞s廿es、

＝70VH皿ce，　a　p◎sitive陥shift　fbr　HEMTs　on　7buf＝1．25μm　devices　were　observed．

Whereas　fbr　HEMTs　on　7Bu戸5．0｝tm，臨shif｝s　negatively　fめm－L60　to－1．84　Y　and

fbr　HEMTs　on勾uf＝25μm，臨◎f－1．28　V　was　observed　w輌th　negligible臨shif辻．　It　is

evid斑t　th就GaN　strain　af6ects　the　electros励cs◎f　AIGaN／GaN　HEMTs　th蜘gh　a

combination　of　piezoelec垣c　ef壬ect［19］．

　　　　　　The　ch鋤ges　in陥shi負with　the　increas¢in巧）－s甘ess飴r　HEMTs　with　dif驚re斑

¢pilayers　are頭own　in　Fig．3．7．　The　fig斑e　shows　the　shi負in臨at乃）．s甘es、＝10，30，蹴d

70Vwith　respect　t◎afヒesh　dev輌ce．　It　is　evident　that　the　AIGaN／GaN　HEMT　epilayers

wi也tensile　strai孔／stress　show　a　pOsitive在shi負and　those　wi也c◎mpressive

strai㎡stress　show　a　negative臨s殖負a丘e持he　o建state　bi鎚stress．　This　suggests　that

there　is　a　strong　corre1厩i◎n　between也e巧pe◎f　strai］㎡sなess垣GaN　and　the　Kh　shift。

This　dif品rence　in　the　polad智◎f　the　shi負in　threshold　vol施ge　s仕ongly　suggests癒at癒e

na加ぼe◎f　traps　cτe厩ed　du亘ng　elec櫨cal　stress　is　dif驚rent　fbr　tensile　strain／stress　and

co即τessive　s繊銚樋ss也a已e　prese頑n　GaN　thic㎞esses。亙t　has　bee財ep碗d　th飢

the　device　degradatio簸◎ccurs　owing　t◎the　venical　e亙ec鞍◎st厩ic　field　that　in白℃duces

additiorlahensile　st貧ai斑hrough癒e　distorti◎n　of　the　crys搬11雄ice輌n　the　AIGaN　ba頴e婁，

一85一

vertical electrostatic field, and additional strain/stress was generated in both the AlGaN

and GaN regions. Figure 3.6. shows the transfer curves of AlGaN/GaN HEMT with TB“;

I 1.25 pm measured before and afier off—state bias stress, The Ids-Vgs curves were

acquired with the increase in V9.53“; by sweeping the gate source voltage from negative

to positive bias. The transfer characteristics show a reduction in the IdS and change in the
I

V". shift with the increase in Vnéms. Here, it should be noted that V”. shifi towards

positive bias. Vm for HEMTs on T3“; = 1.25 pm is found to be -L79 V on a fresh device,

and on increasing VIEWS, Va. tends to shift positively and resulted in -1.66 V at VD—stress

= 70 V. Hence, a positive Va. shift for HEMTS on T3“; = 125 um devices were observed.

Whereas for HEMTS on T3.” = 5.0 pm, V“. shifis negatively from -1.60 to ~l.84 V, and

for HEMTS on T3,“: 2.5 pm, Va, of -1.28 V was observed with negligible Va. shifi. It is

evident that GaN strain affects the electrostatics of AlGaN/GaN HEMTs through a

combination of piezoelectric effect [19].

The changes in Va. shift with the increase in V941,“; for HEMTs with difi‘erent

epilayers are shown in Fig. 3.7. The figure shows the shift in V... at VDSMS = 10, 30, and

70 V with respect to a fresh device. It is evident that the AlGaN/GaN HEMT epilayers

with tensile strain/stress show a positive V". shifi and those with compressive

strain/stress show a negative Vm shift afier the off-state bias stress. This suggests that

there is a strong correlation between the type of strain/stress in GaN and the V“. shift,

This difference in the polarity of the shifi in threshold voltage strongly suggests that the

nature of traps created during electrical stress is dilferent for tensile strain/stress and

compressive strain/stress that are present in GaN thicknesses. It has been reported that

the device degradation occurs owing to the vertical electrostatic field that introduces

additional tensile strain through the distortion of the crystal lattice in the AlGaN barrier,
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resulting　in　an　inverse　piezoelectric　effect［16］．

　　　　　　We　believe　that　a　change　in　the　GaN　strain　leads　to　a　change　in　the　2DEG

chalmel　width，　which　in　tum　changes　the　2DEG　ca㎡er　densities　with　the　increase　in

buf飴r　thic㎞ess．　h　the　past，　our　group　es伍blished　that　dislocation　densities　were

feduced　on　increasing　7もuf　fbr　the　growth　of　GaN　on　Si［14］．
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Fig．3．7．　GaN　stress　vぷthreshold　voltage　shift　on　o鑑state　bias　stress　measured　fbr

vadous　HEMT　structures　grown　with　dif花rent範uf　and　7bポthic㎞esses．

　　　　　　As　discussed　in［16］，　during　of進state　bias　stress，　an　additi皿al　tensile

straiまゾstress　is　cre就ed　with　the　increa田e　in　venical　elec佐ost就ic　field．　In　the　case　of

HEMTs　onτbuf＝1．25μm．devices，　the　GaN　with　a　t飽sile　strai㎡s仕ess　and　large

dislocation　density　produces　accepto品ike　trap　states，　which　become　negatively　charged

［20，211．This　i11creases　the　trappirlg　ce斑ers　fbr　electrons　i斑he　2DEG　channel　resu眞ing

in　the　decrease　of　the　electr◎n　concentration　in　the　cha㎜el▲eading　to　a　reduction　in　the

塩sand　positive陥shif辻．　These　trapped　e▲ectr皿s　were　recovered飢ly　by　keeping也e
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resulting in an inverse piezoelectric effect [16].

We believe that a change in the GaN strain leads to a change in the 2DEG

channel width, which in turn changes the 2DEG carrier densities with the increase in

buffer thickness. In the past, our group established that dislocation densities were

reduced on increasing Tim for the growth of GaN on Si [14].
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Fig. 3.7. GaN stress vs threshold voltage shifi on off-state bias stress measured for
various HEMT structures grown with different Tguf and TGaN thicknesses.

As discussed in [16], during off-state bias stress, an additional tensile

strain/stress is created with the increase in vertical electrostatic field. In the case of

HEMTs on T3"; : 1.25 pm devices, the GaN with a tensile strain/stress and large

dislocation density produces acceptor-like trap states, which become negatively charged

[20, 21]. This increases the trapping centers for electrons in the 2DEG channel resulting

in the decrease of the electron concentration in the channel leading to a reduction in the

Ids and positive V... shifl. These trapped electrons were recovered fully by keeping the
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device　a柱est　fbr　30　min．　hl　the　case　of　HEMTs　on　7もuf＝5．0岬devices，　the

dislocation　densities　were　low　and　GaN　show　a　compressive　stress．　For　GaN　with

comp∫essive　s廿ess　it　is駝lieved血a品ere　is　a　reduction　i吐e　n㎜ber　of　acceptor－1ike

traps，　causing　more　electr皿s　to　fm　the　2DEG　and　lead輌ng緬amore　negative在shift．

During　o］苦state　bias　stress，　we　observed　a　negative臨shift　with　reduction　i孤塩s　similar

to　results　reported　by　other　authors　in　which　they　argue　that　electrons　in　the　cha㎜el　can

achieve　suf五ciept藺ergy　to　be　i句ected　in　the　AlGaN，　a杜he　gate／AlGaN　inte㎡ace，　and

buffer［15｝After　30　mins　recovery　time，」伝showed　a　partiahecovery　with　the　kink

ef允ct　and在showed　no　recovery．　Furth¢r　studies　are　necessary　to　explain也e

mechanism　behind　the　compressive　GaN　stress／strain　and　negative乃h　shift．　Whereas，　in

the　case　of勾uf＝2．5μm，　GaN　s廿ai〆甜ess　fbtmd　relaxed　to　that　of　the㎜s廿ained　GaN，

which　operates　the　device　within　the　elastic　energy　of　the　AIGaN／GaN　HEMTs　on　high

γb－s杜ess，　results　in　a　negligible臨shift．　We　believe　th就the　relaxed　GaN　strain／stress　or

less　GaN　strain／stress　is　responsible　fbnhe　negligib▲e、勾s　degradation，ξmd　a　negligible

臨shi負resuhs垣ag・・d皿d　reliable　p諭㎜噸・

5．4s魍職醗繍解

　　　　　　We　have　evalu就ed　the　devic臼eliabi▲ity　of　AIGaN／GaN　HEMTs　on　Si　with

vad◎us　buf琵r　and　GaN　thic㎞esses　using◎f苦state　bias　stress．　The　resUhs　illustrate　the

impo貫ance　of　GaN　st鋤1Vstress　fbr　the　degradation紐d　reliabili智of　AlGaN／GaN

HEMTs．　Raman　spect詣reveahhe　change　in　the　GaN　strain／stress　with　the　change　in

buf艶rεロ1d　GaN　thic㎞esses．　Vゐfb囎d　th厩血ere　is　a　strong　c◎rrelation　between　the乃h

s蹴～md　G酬st蜘stress．　The㈱隔th　mi血1㎜s垣n　or　relaxed　s仕ain　results　in

less　1日s　deg鍛d厩i◎n　with　the　neglig輌ble酩h　shif辻d顧ng◎建state　biεLs　stress．
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device at rest for 30 min In the case of HEMTs on T3“; = 5.0 um devices, the

dislocation densities Were low and GaN show a compressive stress. For GaN with

compressive stress it is believed that there is a reduction in the number of acceptor-like

traps, causing more electrons to fill the 2DEG and leading to a more negative Va. shifi.

During off-state bias stress, we observed a negative Vm shifi with reduction in Ids similar
'

to restflts reported by other authors in which they argue that electrons in the channel can

achieve sufficient energy to be injected in the AlGaN, at the gate/AlGaN interface, and

buffer [15]. After 30 mins recovery time, Ids showed a partial recovery with the kink

effect and V“, showed no recovery. Further studies are necessary to explain the

mechanism behind the compressive GaN stress/strain and negative V“. shifi. Whereas, in

the case of T3“; = 2.5 pm, GaN strain/stress found relaxed to that of the unstrained GaN,

which operates the device within the elastic energy of the AlGaN/GaN HEMTS on high

VDSMS, results in a negligible Va. shifi. We believe that the relaxed GaN strain/stress or

less GaN strain/stress is responsible for the negligible Ids degradation, and a negligible

Vm shift results in a good and reliable performance.

5.4 Summary

We have evaluated the device reliability of AlGaN/GaN HEMTs on Si with

various buffer and GaN thiclmesses using off-state bias stress. The results illustrate the

importance of GaN strain/stress for the degradation and reliability of AlGaN/GaN

HEMTs. Raman spectra reveal the change in the GaN strain/stress with the change in

buffer and GaN thicknesses. We found that there is a strong correlation between the V3,

shift and GaN strain/stress. The GaN with minimum strain or relaxed strain results in

less Ids degradation with the negligible Va. shifi during off-state bias stress.
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c恥露聾重e酔w：c《〕髄d髄§』⑪駿

　　　　　　　In　this　thesis　a　systematic　study　of　elec耐caheliability　of　AIGaN／GaN　high

electr皿mobility　transistors（HEMT）grown　on　silicon　substrate　with　vadous　buffbr

thic㎞esses（7もu∂using　MOCVD　are　discussed．　An　expe亘me翻丘amew◎rk　fbr

studying　the　reliability　of　GaN　HEMTs　has　been　developed．　This　f旨amework　extracts

the　impor㎞t　device　para孤Cters　like五）max，　RD，　gm．p¢ak，1Gイ）ぼand万h　shi丘as　the　device

undergoes　degradation・In　our　expe］dments　di飴rent　stress　methodology　and　stress

conditions　were　ca1㎡ed　out　on　GaN　HEMTs　with　dif民rent　bu働and　GaN　thic㎞esses．

Also，　electrohlminescence，　atomic　fbrce　microscope，　Keyence　3　D　laser　microscope

images　a亘d　three　te㎜inal　breakdown　voltage　meas碇eme斑s　were　ca㎡ed　out　to

皿derstand　the　device　f亘lure　mechanisms．

　　　　　　　We　have　developed　DC　step－stress　test　at　pinch　off　condition　by　increasing　the

drain－source　voltage　at　room　tempera血ie．　We　define　the　critical　voltage　as　the　abrupt

inαease　in　the　g就e　leakage　current　or　the　3ub－threshold　drain　leakage　current　which　is

irreversible就that　pa就icula∫voltage・The　m．融n　conclus輌ons　drawn　f『om　this　study　a庄e

discussed　below．

　　　　　　For　an　AIGaN／GaN　HEMT　on　Si　grown　with　a　7巨uf＝1．25μm，　the　degradation

in　lbmax，　RD，　and　gm－peak　of　the　devices◎ccurs廿om　the　beginning　a血d　it　is　believed　to　be

d鵬to　the　n頒ive　defbcts　prese蹴in　the　virgin　device．1虚he　case　of　AIGaN／GaN　HEMT

grown　onτBuf＝2．5μm，　the　cr輌tical　vol槍ge　was　observed　at　higher　drain　bias　stress

above　100　V　These　dev輌ces　also　show　a　decrease　in」Lγand　transfピcharact磁st輌cs馳t

th書e　is　negligible　shi貴in　the廿甘eshold　v◎ltage　observed。　The　electτ◎1uminescence

reveals也e　b壷ght　spot　at　the　stldden輌］混rease　in癒e　g畿e　leakage　c臓Te就。　This　is

believed　t◎be　due　to血e　increase㎞high　electric　field　at　the　gate　edge◎f　the　d貧ain　s輌de

　　　　　　　　鵬
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Chapter-VI: Conclusion

In this thesis a systematic study of electrical reliability of AlGaN/GaN high

electron mobility transistors (HEMT) grown on silicon substrate with various buffer

thiclmesses (TEnf) using MOCVD are discussed. An experimental framework for

studying the reliability of GaN HEMTs has been developed. This framework extracts
I

the important device parameters like 10m“, RD, gmwak, [64,5 and V“, shift as the device

undergoes degradation. In our experiments different stress methodology and stress

conditions were carried out on GaN HEMTs with different buffer and GaN thicknesses.

Also, electroluminescence, atomic force microscope, Keyence 3D laser microscope

images and three terminal breakdown voltage measurements were carried out to

understand the device failure mechanisms.

We have developed DC step-stress test at pinch off condition by increasing the

drain-source voltage at room temperature. We define the critical voltage as the abrupt

increase in the gate leakage current or the sub-threshold drain leakage current which is

irreversible at that particular voltage. The main conclusions drawn from this study are

discussed below,

For an AlGaN/GaN HEMT on Si grown with a TBur = 1.25 pm, the degradation

in Inmax, RD, and gwmk of the devices occurs from the beginning and it is believed to be

due to the native defects present in the virgin device. In the case of AlGaN/GaN HEMT

grown on T3“; 2 2.5 pm, the critical voltage was observed at higher drain bias stress

above 100 V. These devices also show a decrease in I-Vand transfer characteristics but

there is negligible shifi in the threshold voltage observed. The electroluminescence

reveals the bright spot at the sudden increase in the gate leakage current. This is

believed to be due to the increase in high electric field at the gate edge of the drain side
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resulting　in　n◎n瓢fbrm　emission．　Whereas　in　the　case　of　the　AIGaN／GaN　HEMT

gro㎜　皿　丘uf＝　4．O　and　5．0　μm，　no　critical　voltage　was　observed．　Also

ele伽1㎜inescence　shows　a頑飴㎜emission血o卿out　the　g就e－dr爾n　regi皿．　There

　　　へwas　no　significant　change　in　the　lbmax，　RD，　and　gm－pe欲in　the　case　of　7もuf＝5．0μm　under

ofCstate，　ON－state　andγb．s仕ess＝Ost就e　condition　up　to巧）－s氏ss／一陥一sなess＝45　V

　　　　　　　The　ofiFstate　bias　stress　ca㎡ed　out　at　higher　drain　bias　reveals　that

AIGaN／GaN　HEMT　gro㎜皿τBuf＝5．0μm　results　in　pit　fbrmation　at　the　drain　edge

instead　of　gate　edge．　Hence，　no　abrupt／sudden　increase　in　the　gate　leakage斑rτe斑was

observed．　OMhe　contrary，　a　gm－pe瓜degradation　at　thisγb－s紘ess＝130　V　was　observed　fbr

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　g
HEMTs　grown　on　7もuf＝5．0μm．　On　f蝋her　increase　in　stress　voltage　the　number　of　pits

and　the　pit　depth　incr＝d．　The　pit　depth　of　100㎜incre鎚ed杣gh卵400㎜．　The

three－terminal　breakdown　characteristics　reveal　that　the　s◎urce　and　substrate　leakage

current　i㎡tiates　the　device　breakdown　along　with血e　gate　leakage　current．　Thi　s　depicts

that　a呼丘・mAIGaN　b皿er　the　GaN　bu願s　als・i姐uencing　the　device　degradati・n．

　　　　　　F1ぱher　it　was　fb㎜d　that　on　in㈱asing　the　buf民r　thic㎞ess　the　qu司i巧of　GaN

was　improved．　It　is　also　fbund　thaωn　v醐ng血e　buf民r　and　GaN　thic㎞esses　the　strain

in　the　GaN　changes．　The　GaN　strain　changed負om　t頗sile　to　compressive　with也e

change桓buf民r　and　GaN　thic㎞esses．　This　change　in　G姻strain　re負ects　on　the臨

shifl　of　the　device．　The臨shi負tends　to　m◎ves　positive　and　neg就ive　fbr　GaN　with

tensile　and　compressive　strain，　respectively．　On　applying　electrical　stress陥tend緬

shi負more　p◎sitive　and　neg就ive．　However，　GaN　with　mi磁mum　strain　shows鵬gligible

ル元hshifセon　f≧esh　device　and　als◎after　elec血cal　bias　stress．
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resulting in non uniform emission. Whereas in the case of the AlGaN/GaN HEMT

grown on TEuf = 4.0 and 5.0 um, no critical voltage was observed. Also

electroluminescence shows a uniform emission throughout the gate-drain region. There

was no significant change in the Influx, RD, and gm.“ in the case of TE“f= 50 um under

off—state, ON-state and Vumss = 0 state condition up to ms / -Vc,5ms = 45 V.

The off-state bias stress carried out at higher drain bias reveals that

AlGaN/GaN HEMT grown on Tim : 5.0 pm results in pit formation at the drain edge

instead of gate edge. Hence, no abrupt/sudden increase in the gate leakage current was

observed. On the contrary; a gmmk degradation at this acss = 130 V was observed for

HEMTs grown on Tim: 5.0 pm. On further increase in stress voltage the number ofpits

and the pit depth increased. The pit depth of 100 nm increased as high as 400 nm. The

three-terminal breakdown characteristics reveal that the source and substrate leakage

current initiates the device breakdown along with the gate leakage current. This depicts

that apart from AlGaN barrier the GaN buffer is also influencing the device degradation.

Further it was found that on increasing the buffer thickness the quality of GaN

was improved. It is also found that on varying the buffer and GaN thicknesses the strain

in the GaN changes. The GaN strain changed from tensile to compressive with the

change in buffer and GaN thicknesses. This change in GaN strain reflects on the V“,

shifi of the device. The V3, shifi tends to moves positive and negative for GaN with

tensile and compressive strain, respectively. On applying electrical stress Va. tend to

shift more positive and negative. However, GaN with minimum strain shows negligible

Vm shift on fresh device and also afier electrical bias stress.
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〔》’ビζう戸豊昆生葺◎　Q鐙1Qり旨蓉詳○§ぎ『き＼（〕艶麗　　宣��璽�D・一・亙3頁醜重『�J1戯魍藍鷺量《）顯L丑蓬髄離《夢瑚ヲ�J蓬G麗N　　　　　　　In　1932Jo�qso�oet　al．［1］prepared　the五rst　galli�oni樋de（GaN）co聯o�odsby　reacting　ammonia　gas　with　metallic　gaUi�oat　high　tempera加res．　Almost衣）urdecades　la撤in　1969／19700ptical　properties　of　GaN　were　characterized　by　Maruska　etal．［2］and　Pahkove　et　al．［3］where　they　dete�o垣ed　the　band　gap　to　3．39　eV　at　roomtempera加匿e．　In　eady　70’s，　Bloom［4］predicted　GaN　as　a　promising　mate亘al　fbr1�oinescencent　devices皿d　l鎚er　applications　due　to　lts輔de　direct　b皿d　energyFoUowing　this　in　1973，11egems狙d　M皿tgomery［5］concluded　that　the　presence　ofnative　defects　in　GaN　leads　to　it　n−type　Condwtivity　which　were　widely　debated．　In1983，Ybshida　et　a1．　and　Akasaki　et　al．［6，7］groups　reported，　crystallme　quality　of　GaNwas　improved　by　inserting　AIN　nucleation　layer　to　acco�oodate　lattice　consta斑mismatch　of　sapphire　subst斑e．　The　first　p−n　j�oction　LED　GaN　fabrication　in　early90’swas　reported　by　Akasaki　et　al．［8］．　Du面g　the　same　period　fb托he　first　time　Khanet　a1．　observed　a　two　dimensi皿al　electron　gas（2DEG）就the　mte血ce　be伽een　AlGaNand　GaN　layers［9］．　Si批e　tben，　research　on　AIGaN／GaN　based　high　electron　mobilitytransistors（HEMTs）of　improved　perfbmlance　towards　novel　applications　like　high丘eque簸cy，　high　p◎wer，　and垣gh　te搬perature◎per就ions　were　i斑ensively　pursued　byn�ober　of　gro叩s［10づ8］．　hl　RF　pe�ubrmance◎f也e　GaN　HEMTs　a　rece雄◎verviewby　U．　K．　Mis�qa　says　13．7　W�oat　30　GHz，10．5　W／�o就40　GHz，　and　2．4　W／mm　at　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　の60GHz　and　the　fastest　GaN　devices　today　at　a　c就一〇fH�`eq鵬恥y　of　220　GHz　and　amaximum　osci11飢ion　frequency　of　400　GHz［19］．　Howeve貧，　GaN　based　devices　haveshown　a　sh◎寵te�oa孤d　a　l◎ng　term　ms娘bi脆ies輌nchld並g　cu賞e齪collapse　of　DCc皿e齪一voltage　（1二γ）　chara硫e麺st輌cs，　and　high　leakage　c膿e凱s．　Th輌s　urges　a一1一comprehensive　reliability　studies　and　it　is　one　of　the　main　purpose　of　this　thesis．　It　isimportant　to　investigate　the　main　cause　of　GaN　HEMT　degrad就ion　i．e　electdcal　andoptical　characteristics　through　detailed　investigati皿s　f沁m　material　growth　to　devicefabrication　technology．亙。2G蟹）髄獲3轟［夏趣N量重r童磁¢s　　　　　　The　a▲uminum　nitride（AIN），　gallium�utride（GaN），　and　indium　nitride（hN）isthe　available　semiconductor　III−nitrides　that　has　a　big　potential　to　be　used　in　highpower／temperature　electronic　and　optoelectronic　devices．巴×◎◎的描△勤℃⊂拍654321�kIN．。＿、　。灘晶　　　　　Ψ　　　　　　ゾ　　　　ペ　　　　　ノ　　　　ンヘヤZrきS／／　　　　　＞9　M§iSξき　　幽　　　　　　　　ゾ　　　　　　　　　　ロゾ　　　　　　　　　／　　　　　MT　　　　　　　　　へ　　　　・⇒2◎◎0．30　　　　　　　　　　　　　　　　　　　ロ◎．35　　　　　　　0．55　　　　　　　◎．6◎　　　　Lattice　con堪anΦ問　　　ロ3◎oε　　　£　　　£4◎◎9　　　坐5◎◎聖　　　≧栢o◎2◎0◎0β5Fig．1．1Energy　band　gap　of　the　most　important　semiconductors　versus　the仕la甘ice　parameter　　　　　　　The　energy　band　gap　varies　from　O．9　eV　fbr伍N　through　3．4　eV　fbr　GaN　to　6．2eV　fbr　AIN　as　shown　in　Fig．1．1．　Group　III−ni垣des　can　crystallize　in　three　possible巧s伍lstructures：wぱzite（WZ）s醜cture，　zinc。blende　and　rocksalt　s血ctures．　The　GaNWZ　structure　has　a　hexag皿al　unit　cell　and　is　the�oody盤micaUy　more　s励1e　than　others加ctu指s　such　as　z輌nc−blende　or　rocksalt　s血c麺es［20］．　The　wurtzite　strucmre　has　lackof　inversio岬�o輌皿d　disp▲ays　piezoelec血c　e蹴．　Ga−N　bond　is　highly　pol翻zed一2一with　the　electrons　located　mostly　near　the　nitrogen　atom［21］．　The　most　commongrowth　direction　of　hexagonal　GaN　is　no�oal　to（0001）basal　plane［22］，　where　theatomsε江e　arranged　in　bi▲ayers　consisting　of　two　closely　spaced　hexagonal　layers，　onewith　the　c就ions　and　the　other　with　anions．　The　crystal　su�uace　of　GaN　Can　have　eitherGa−pola亘ty（Ga　atoms　at　the　top）or　N−pola亘ty（N　atoms　at　the　top），　depending　on　thenucleation　or　substrate　on　which　is　the　GaN　crystal　grown［10］（See　Fig．　L2）．　　　　　　　　　　�G　　鰹醜鑓　　　　（b）　麟縦　　　　　　　　　　　　　　　　　　　　　　　　　　　　　§鍾腎量1言量　　　　　　　　　　　　　　　　s闘鵬聰臆　　　　　　　　s晦舘幽　　Fig．1．2．　Struc加ぼe　of（a）Ga−faced　and（b）N−faced　GaN　with　pola�uty　and　chargesThe　choice　of　the　substrate，　nuc1�閣io孤1ayer　and　the　growth　method　will　subsequentlychange　the　pola亘ty　of　GaN．　Poladty　plays　an　impor垣nt　role　by　gτowth　ofheterostructure　in　the　fb�oation　of　defects　and　influencing　the　perfb�oance　of　finaldevices［23｝GaN　has　created　much　interest　and　investigation　am皿g　the　all◎therIII・・nitddes．　GaN　is　an　excellent　candidate　fbr　device　oper就ion　in　high　tempera加ばe　andmord鋤t　enviro�oent　due　to　its　wide　energy　gap．　A　res�oe　o紬ese　semic皿ductorpar�peteτs　is　given　in　Table　1・1　fbr　the　co�oonly　used　se�uconductor　technologies。From　the　data　rep磁ed　in　Table　1．1，輌t　is　evide斌th就GaN　has　the　highest　f五gure　of　mφt負）rhigh　power　device　apphcations．一3一Table　L　l　Semic皿ductors　ma搬ial　properties　figure　of　me蹴踵砲r叢麗亙恥��酔斑yG禽N墨H−s藍cG騒Ass量　Bandgap　energy　Eg（eV）　Breakd◎wn　elec垣c　field　Eb，（106　V／cm）’Saturated　elec垣c　field　Es誠（103　V／斑∋Electron　Mobilityμ一icm2／Vs）Hole　mobilityμ＋（cm2八1s）Sam頑・n　ele碓・n　ve1・ci呼v、、、（107　cm／s）Maximum　dri負velocity　ud（107　cm／s）The�oal　conductivity　K（W／cmK）Maximum　temperature　T（OC）　Relative　dielectdc　cons�qtεrBaliga　figure　of　merit（BFOM＝ε＊μ＊Eb〜）3．49　41520003002．5　31．5700　924．63．253．5257001202．1　24。9600103．11．430．4　385003301．3　20．5630012．59．61．110．25　81350450’　1　11530011．9　1且3s曲離欝魏鋸董硬G寵N　　　　　　　The　best　ch・ice・f　a　subst�兜ir　a　G点epi捷xi副夢・碗h鋤d　device　is・�uygalli�o垣t亘de　itself　G函substrate　elimi姉s�u1　problems　associated　withhetero−epitaxy　Homoepitaxy　of　GaN　t◎GaN　of琵rs　good　control　of　pola�uty，　dopamconc斑tration，　stress，　zero　or　very　low　themal　exp鋤si◎n　coef五cient　mismatch　andlattice　consta斑mismatch．　The　main　disadvantages　with　GaN　subst凱es　are也at　they　arevery　exp斑sive　and　not　available　in　large　size．　H¢nce　the　successfUI　g貧ow血of　GaNepitaxial　layer　on　fbreign　substrates　is　inevitable．　In　choosing　a　fbreign　subs仕厩e　fbr　thegrowth　of　GaN　epitaxial　layer　several　factors　t◎be　c皿sideτe〜Uike；1attice　mismatch，thermal　conductivity　a］nd　c◎st　The　physical　properties　of　va亘ous　availab▲e　substratesare　shown　in　Table．1．2．　The　growth◎f　GaN　based　devices　on　sapphire　is　not　favorablefbr　RF　and　high　p◎wer　device　appl輌cation　due　to　its　p◎◎r　the�oal　conductivity．　The　most塩vorable　GaN　substr厩e　fb書nicrowave　applications　is　S輌C，　good　in　terms◎f　thermalconductivity，　low　lattice　mismatch　b斑very　expensive．　Si　promises　advantages◎verother　subs倣es　also　espec輌ally　i卯◎ssible　i�兜Tati◎騨輌th　ma縦ed　Si　elect貧◎nics．一4一Table．1．2　Physical　prope貫ies　of　available　subst抱te　fbr　the　gr◎wth　of　GaNS遷盈bs愈鐙麗重母郵〔》護rG麗Ns量cs轡幽齢s量Lattice　mismatch　to　GaN［％］The�oal　expansion［10“6　K’1］The�oal　c◎nductivity［W／cm．K］size［inch］CostO即ぱpowerOverall　rating　　　3．5　　　5　　　4．9　　2〜3　　VeryExpensiveVery　g◎od　　Good　　14．1　　a：7．5　　c：8．50．2〜0．5　　2〜4Expens輌veModer就eModerate　　　17　　4．08　　　1．5　2〜12Low　price　　G◎◎dVeτy　go◎d　　　　　　This　is　due　to　its　availability　in　large　area　wafピs（12inches），　cheaper　than　S輌C／sapphire　subst路te，　and　has　a　moderate　thermal　conductivity．　D輌sadvantage　is．the　higherlattice　mismatch　and　high　the�oal　coe伍cients�usmatch　which　causes　s旋ong　t鋭silestrain　leading　to　cracks　in　the　growth．　B就us垣g　a　system　of　inte�oediate　and　buf丘rlayers　nowadays　higher　quality　was　achieved組d　crack　fξee　structures　have　be斑a▲ready　grown［24，25］．　　　Semiconductor　I　　　　　Sem　lconductor　II　　　　　　Semiconductor　I　　Sem輌conductor　II　　　　　　　　　　　　　V◎Cし脚川酬　　　　　　　　　　　　　　　　　　　　　　　∨�t榔m≡一→否A◆已一一A�f一一一一一弁@　　　　；5“一一一一〜一一−一一一〔戸一≠一｝@　　　　5：Ec一一⇔一倍鍾一一鰺“’■■“一“睦E∴…’…“一　　　垣　　　一　　　，　　　一　　　備E．広ElピEEチEi，2DEG　　q橘傭葦…………’°曝E季ElFig．　L3．　Energy　b頽d　diagram　fbr　wide（1）and　naπow（II）band　gap　semiconduct◎r一5一箪。4A亘G繍N／G纒Nb量霧蝕e墨e¢琶r�J醜灘《》む量旦量せy重r露韻s量s電《）聡　　　　　　AIGaN／GaN　HEMTs　are　grown　by　metal　orga血c　chemical　vapor　deposition　inc∫ystal　directi皿（0001）with　gallium　face　surface．　A　thin　AlGaN　layer　is　deposited皿top　of　GaN　buf民r　laye£In　general，　a　heterostrucmre　or　heter（加nction　is　fbrmedbetwe斑two　semiconductors　with　dif允rent　energy　band−gaps、Eg，　pe�oitivitiesεも，　workflmctions　qφs，　and　electron　af趣ity糸．　The　energy　band　diagram　of　two　diffbr頭tsemiconductors　is　shown　in　Fig．1．3（a）．　Wh斑these　two　dif允rent　semiconducto貧s　are　incontact　in　the　absence　of　extemal　bias　voltage，　the　equilibrium　is　reached　by亙ining　up也eFe�oi　level　and　a　discontinuity　in　conduction　band　and　valence　band　is　fb�oed．　Thediscontinuity　in　the　conduction　band　creates　a　t亘angular　quantum　well，　and　near　to　thebounda巧蝋he　b◎nom　side，　the　two　dim斑sional　electron　gas（2DEG）is飴�oed　asshown　in　Fig．1．3（b）．LAl《華酬驚、雇轟、緬扉願�P�褐�．鰯鞠…。職。。鯛．鮪牛鯛擁義閥諭。；ナG◎N瑞御Subs奮α奮e　　「Subs麺α†e　　Fig．1．4．　Al�絵・N　bお・d・t蛎・・e　With　Ga一画輌P・1・輌・・i・d・�td・h。，t。h訂9。と，。、i輌i坊th。　direction　of　the　spontaneous　and　the　piezoelectric　pola亘zation（left）；electron　accumulation　and　fbmlati◎n　of　　　　　　　　　　　　　　　　　　　　　　　　　2DEG　at　the　inter飽ce（right）．When　the　wide　band　gap　semiconductor　is　highly　doped　then　the　electrons　are§ep斑ated丘om也e　donor　atoms　and　collected　as　2DEG　cha�oel　in　the　quanmm　wel1�oder　the一6一heterointerface．　This　separation　of　electrons　drastically　reduces　the　coulom］b　sca就e亘ngand　leads　to　a　high　mobility　and　a　high　saturatiOn　velocity　iMhe　cha�oel［26］．　　　　　　The　AlGaN／GaN　heterostnユcture　is　created　when　the　AlGaN　ba�uer　is　grownon　a　relatively　thick　GaN　layer．　Due　to　the　dif允rence　in　band−gap　energies，　bandbending　occurs　in　the　upPer　part　of　the　GaN　layer　near　to　bounda巧　and　a　鯛odimensi皿al　conductive　ch�oel　is　cre就ed　by　elec仕ons．　The　lack　of　sy�oet倒ong　thec−diτection�od　the　ionicity　of　the　covalent　bond　in　wunzite　GaN　a　large　spontaneouspola亘2ation　（1）sP）　oriented　along　the　hexagonal　c−axis　occur　（Fig．　1．4．）．　Thepiezoelectdc　coe伍cients　of　III　nit亘des（PpE）are　almost　an◎rder　of　magnitude　largerthan　in　many　of　traditional　III−V　semiconductors．　H斑ce，　the　polaぬation　charge　a亘ses丘om　two　sources：也e　dif民rence　in　spon皿1e皿s　pola亘zation　between　AIGaN　and　GaNand　piezoelectric　ef琵ct　by　strained　AIGaN．　The　total　polarization　field　of　bothspontaneous　pola�uzation　and　piezoelec垣c　polariz就ion　induces　charges　in　2DEG　at　theAIGポ／G点inte血ce　with　the�qgh　she卑ch征ge　densi巧・f−10’3　cm苦2［27］．　lt　w朗sho轍hat　there　is　a　mi�um�oAlG州thic�qess　necess助o　induce　charges　in　2DEGand　that　the　Al　concentration　i由he　AIGaN　layer　dete�oines　the　charge　sheet　density　inthe　2DEG　cha皿el［28］．一7一且。5A脚懸¢鏡董脇§嫉G箆盟鼓魍醗醤量麟幽　　　　　　bthe鵜cent　decade，　GaN　is　a　semiconduαor鵬aterial　with　at繊ctive　phys輌calch鍵acterist輌cs　fbr　applicati◎n　in　high倉equency　and　high　p◎wer　devices　as　shown　in　Fig。1．5．This　shows　GaN　posit輌on輌ng輌tself　as　a　next　g鋤erati◎n　p◎wer　semic碓dwtor［29］．欝元罐縫鍵霧f騨繍鶴語君醗麟1麟蜘鱗獺騒麟雑鷲饒謝嚢鐡馳贈鎌翻露睡轟縫雛暮繍馨勲‖轡錨懸難　　　　　　　　　　』　　　　　　　　　　欝縷講繍る賓　　　　　　　　　　撫葬鱒繋轍騨繧攣尊響き鑓登rc’難貝難醐懸§麟懇麟雀罐靹濠搬爵膨謬頚き讃麟渠縫鱈婁†oぎ藝麺辮脚1凝購縣　　　　　　　　　　　　鞍嘉翼輸　　　　　　　　　　　　轍織箕　　／　　　ン　　プ　／ぐ　　　声　　△｝’　甲　　／v＞　　　　　　　�h　ぺ％　　　翻編購　　　雀篭綴　　織鍵難麟欝　　　嚢難　　／　　　灘錘封鱗妾語綴ま蒲る鱒d　　　　謬・　こ諮・　籔織灘舞魏目繕鵜驚襲灘覇　　麟繍購扉魏雛貢　　　　　　・　　　響葵驚購　　　　…、勘�h隠＿　　　　ふ　塔�k　　　々　　鯵　　芯　　　　　　　　　　　　　　　　　　　　　　　　　　＼欝撚情蟻釧貰鍵1翁馨F騰雛馨鍵掌　　　　　期鍵挺ξ短饒灘鰍線繍鞍鍋勾L蕩鍋鯵訟綴麺劔　黛雛霧鱒麟響惑醗髭雛　麟雛雛蓑繍繍騰麹暮鱒雛嚢《離綱滋謙拍磁詞語牙w竈纏祖騰sl　　　　　　　　　　　　Fig．15．　Application嚴eas◎f　GaN　based　semic◎nductor且緬R母韻露翻晦醜鵬§　　　　　　In　the　rece磁ye鐙s，　GaN　HEMTs　have　been　s醐戯ed　to　vad◎us◎pt五漁i斑i◎n伽cesses，　s倣i簸9丘◎m　the搬磁al　prop磁ies，　to　the　c◎惣◎1◎f　su�uace鍛d　buf驚rproperties　a輌搬ed　imPτ◎ving　device　pe�ub�oance，　breakd◎wn　voltage，貧educing　transie亙茸phenomen◎n，　the　c�oent　c◎Uapse　p貧◎blems　a灘d　electd《）a丑d¢gτad飢i（》猛Fig。1．6　depictscrit輌cal　a鷲as　in　AIGaN／GaN　HEMTs　wh輌ch　are　related　to　epitax輌al　g貧◎槻h�Sality　andpr◎cess　as　well．　The璽e躍e　possib輌lities　th飢Scho麓ky　a駿d　Ohmic　con薇cts　degradeξ鵬d一8一imperfe硫passivation　layer　are　responsible　fbr　parasitic　charging　ef允cts　which　causedispersi◎n　and　lagging　ef琵cts　as　shown　in　Fig．1．6．　see（a），（b），　and（c）．　．In　designing　AIGaN／GaN　HEMT　device　one　should　pay　a伽nti◎n　conceming　the　highelec垣c丘eld（〜6MV／cm）�oder　the　gate　at　the　d貧a輌n　side　which　can　cause　degτad就iondue　to　inverse　p輌ezoelect］dc　e鑑》ct　and　generate　hot　elec故ons（see（d）and（e）in　F五9．1．6）．Localized　n就ive　defects　due　to　material　growth　condition，　and　dislocation　mostly　d鵬tolattice　misヱnatch　between　substrate　and　GaN　see（f），（g）in　the　above　fig　can　also　acts　asapoint　fbr　degradation．　Du亘ng　cooling　down　a負er　mat□al　growth，　resu且ting　in　la∫getensile　strain　due　to　the　wafer　bending．　In　worse　case，　thermal　mismatch　between　GaNand　substr就e　is　large，　even　cracks　can　occur　as　described　in　Fig．1．6．（h）．　　　　　　　　　　　　　　　　　　　　　　　　（b）Surface　trapping　　　　　　　　　　　　　　　　　　　　　　　　　　　Dela翻nation　of　passivation茎ayer　　　　（a）Schottky　contact　changes　　　（・）・hm輌c　c・n槍ct　d・g・ad・ti・n　　　　　　蒜蕊慧、�e罐�f、（d）Hot　elec仕ons　degradationBu£飴r　layer，鱒馨i欝　　（e）High　electric飼dぴ）Quality　of　GaN／buf飴r　layer　　　　D醜cωe簸s垣es，　lmp翻ties　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（g）Dislo�閣輌on　induced　due　　　　　　　（h）The�oal　mismatch　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　to　la垣ce　mlsmatch　Fig．1．6．　Schematic　repres斑瞬◎n　ofAIGaN／GaN珊MTs　showing　critlcal　areas　of　dev輌ce　de控a雄ionPresently　there　a鵜繍o搬ain　streams　of　degτadati◎n　mecha�us醜explanati◎ns：盆versepiez◎elec面c　e鏑ct［30］and　hot　ele硫ron［31，32］．豆。緬。且亙簸v母饗麗麟馨駕�J醜母¢琶酵量¢鋸翻�s醜　　　　　　　」◎hand　del　Alamo　l33］pr◎posed　a　mecha垣sm，　as　a　resu眞of　applied　highelectric　field，　add輌ti◎nal　t銀sile　strain　g雌e螂ed輌n　the　AIGaN　b皿er　d鵬施the　la纐ce一9一mismatch　between　the　AIGaN　ba�uer　layer　and　GaN　buf琵r　which　cause　inversepiez・elect亘c　e騰ct・The　t・垣1　strain　exceeds　bey・nd　c加al　e1鎚tici砂，鋤d　c・nsequentlycrystallographic　defects　can　be　created・The　electromecha血cal　stress　under　the　gateedge　a杜he　drain　side　during　simulation　revea▲s　that　the　maximum　electric　field　opensthe　possibility　fbr　electron　ir∂ection　and　inverse　piezoelectdc　ef花ct［34］．　MoreoverseveraL　authors　have　reported　that　reduce　in　strain　in　the　AIGaN　ba�uer　leads　toimproved　device　reliability［35−38］．L6．2葺璽�J重e畏母¢t蟹）鯵e飼艶¢重　　　　　　　By　definition　hot　electrons　are　electrons　with　higher　energy　than　the　lattice　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　《the�oal　energy　They　can　get　kinetic　energy　ffom　the　high　dectric　field　when　the　deviceis　tumed皿．　Hot　electr皿s　may　be　trapped　oMhe　device　sur£ace，　in　the　AIGaN　ba�ueror　in　the　buf飴r　giving　rise　to　the　reversible　degradation　and　they　can　also　generate　trapsthus　promoting　fUrther　charge　trapping［31］．　Some　of　the　results　discussed　by　va亘ousauthors　are　addressed　below　　　　　　　KeMn　probe　experim頗ts　show　the　degradation　involves　su�uace　gf　AIGaNch皿ges　the　s嘘ce　potential　of　gate・・dτ頒肚egion，　wi也acc�oul誕ion　of　negative　ch叡ge［39｝Jha　et　aL［40］have　studied　the　innuence　of　gate　recess　depth，　fb�oed　by　reactiveion　etching，　on　h6t　electron　degradation　in　GaN　HEMTs．　They　concluded　that　a　drasticincrease　in　the　inte血ce　trap　d斑sity　at　the　AIGaN／GaN　heterointe血ce　resulted丘omthe　hot　electron　stress輌ng　measureme斑．　Another　mecha�usm　induces　an　eadydegradation　of・h）s；the　larger　the貧ecess，　the　faster　the　degradation．　　　　　　ぬlizadeh　and　Pav1輌dis［41］have　studied　ad・pting　n・isr　meas田ements　t・s加dythe　ef民ct　of　DC鋤d　RF　stress　on　AIGaN／GaN　HEMTs：they　concluded　that　hot　electrontrapping　is　resp皿sible　fbr　the（）bserved　degradation　ir輌both　DC　and　RF　tests．　Co茄．e　et一10一al．［42］observed　a　negative　activation　energy　fbr　the　degrad就ion，◎f　o斑p磁power　i簸varying　the　j　uncti皿temperature丘om−55　to　205°C　and　concluded　that　hot　ca�uerinduced　degradation　is　the　dominant　degrada尤ion　mechanism．　It　should　be　stressed，however，　that　there　is　no　agreement　omhis　topic　iMhe　litera加re，　and也就many　authorshave　reported　thermally　activated　degradation　of　GaN　HEMTs　with　positive　activationenergies〜1．05−2．O　eV豆．7R麗¢繍驚bob蓄��醜量v¢翻蟹置重b鋸輌s《躍重豊�qe　　　　　　Although　much　tec�qological　advancement　has　been　achieved　in　AlGaN／GaNHEMT　perfbrmance，　device　reliability　is　still　a　bo枕le　neck　to　its　wide　deploym斑t．　As　ofnow　there　were　only　few’reliabili智studies　ca�ued　o斑皿AIGaN／GaN　HEMT皿Sisubst貧ate．　In　this　research　stud）5　we　have　ca�ued　out　systematic　reliability　studies皿AlGaN／GaN　HEMT皿Si　with　v血ous　buf飴r　thic�qesses　to�oders�qd　the　device血ilure　mechanisms．　This　thesis　will　be　organized　as　fbllowing：　　　　　　In　Chapter　2，　the　details　of　MOCVD　growth，肥MTs　device励ricationprocess，　HEMT　device　characte鍼z就ion　and　stress　methodology　of　GaN　HEMTs　werediscussed．　h　Chapter　3　degradati皿experiments　and　their　results　were　discussed．　First，compadson　smdies皿AlGaN／GaN　HEMT　grown　o斑hin　and　thick　buf愉thic�qesseswere　ca�ued　out　Electrol�oinescence　measurem頗ts　were　perfb�oed　to　detect　the　earlydegradation．1孤Chapter　4，　DC　step−stress　experiments　were　ca�ued　out　at　dif民r銀t　biasconditions拓r　AIGaN／GaN　HEMT　grown　on血ck　buf驚r　was　prese斑ed．　Electrical　andsurface　characterizations　together　wi也th民e　terminal　breakdown　voltages　wereper負）�oed　to　get　insight　into　respective　degradation　modes．　Chεiμer　5　presents也erelationship　between　the　GaN　stress　and　the　threshold　vo眞age　shi丘．　F輌nally　Chaμer　6s�oadzes　the　conclusions　ofthis　disse］晦tion．一11一R¢艶躍¢簸¢��s田W．C．　Jo�qson，　J．　B．　P�ts皿s，　and　M．　C．　Crew：The　j　oumal　of　Physical　Chemis噂，36（1932）2651．［2］旺PM�oska，　and　J．　J．　T輌e巾n：App1．　Phys．　Le杜．璽�P（1969）327．［3］J．1．Pahkove，　H．　P　M孤ska，　and　J．　E．　Berkeyheiser：App▲．　Phys．　Le杜．亙7（1970）197．［4］S．Bloom：J．　Phys．　Chem。　Solids，32（1971）2027．｛5］M．Ilegems，　and　C．　Me斑gome巧：J．　Phys．　Chem．　Solids，34（1973）885．［6］S．Yb　shida，　S．　Misaw隅and　S．　G皿da：AppL　Phys．　Le賃．42（1983）427．［刀1．Akasaki，　H．　Alnano，　Y　Koide，　K．　Hiramatsu，　and　N．　Sawaki：」．αystal　Growth，聖8（1989）209．［8］1．Akasaki，　H．　Amano，　M．　Kito，　and　K．　Hiramatsu：」．　L�oi肚scence，聡（1991）666．［9］MA．　Khan，　J．　M．　Van　Hove，」．　N．　Kuzni隅and　D．　T　OIs皿：Appl．　Phys．　Le杜．5霧（1991）2408．［10］O・Ambacher，　J・Sman，　J・R・Shealy，　N．　G　W¢ima皿，　K．　Chu，　M．　Mutphy，　W．　J．SchafE　L　F　Eastman，　R　D註nitrov，　L　Wi柱mer，　M．　Stutzma�o，　W．　Rieger，　and　J．Hilsenbeck：J．　App．　Phys．8§（1999）3222．［田S．Amlk�o征孤，　T　EgaW　H．　Is�qkawa，　T　Jimbo，鋤d　M．　Umeno：Appl．　Phys．　Le廿。73（1998）809．［12r£Egawa，　K．　Nak劉tnura，　H．　Ishikawa，〔L　Jimbo，　and　M．　Umeno：Jp簸．　J．　App1．　Phys。3謬（1999）2630．［12］工Egawa，　N．　Nakada，　H．　Ishikawa，　a血d　M．　Umen◎：Elect貧onics　Le柱．3緬（2000）1816．［14］0．A亙nbacher，　J．　Sm賦J．　R．　Shealy，　N．　G　W¢lmann，　K．　Chu，　M。　M卿hy，　W．」．一12一Schaf£L．　R　Eastman，　R．　Dimitrov，　A．　Mitchel1，　and　M．　S加tzma�o：J．　App．　Phys．霧5（2000）334．［15］工Palacios，　A．　Chahab岨y，　S．　Hei�q皿，　S．　Keller，　S．　n　DelB蹴s，皿d　U。　K．Mis祉a：IEEE　EIectr皿Device　Le貫．27（2006）13．［16］R．Chu，　Z．　Chen，　Y　Pei，　S．　Newman，　S．　P　DenB縦s，　and　U。　K．　Mis�qa：IEEE宇Electr皿Device　Lett．3�M（2008）910．［17］R．Chu，　L　Shen，　N．　Fichtenbaum，　D．　Brown，　Z．　Chen，　S．　Keller，　S．　P　DenBaars，and　U．　K．　Mishra：IEEE　E▲ectron　Device　Le廿．2墾（2009）974．［18］S．LSe▲vaW，工Suzue，　and　T　Egawa：IEEE　Electron　Device　Lett．30（2009）587．［19］Compo�od　Semiconductor，　P．21，2011．［20］S．VNovikov，　C．　T　Foxo叫and　A．　J．　Kent：Phys．　S倣e　So1．　A　2�J7（2010）1277．［21］J．1．Pankove：Ma膓Sci．　and　Eng．脱且（1999）305．［22］w．S．　Yan，　R．　zhang，　x．　Q．　xiu，　z．　L　xie，　R　Han，　R．　L．　Jiang，　s．　L．　Gu，　Y　Shi，　andYD．　Zh銀g：App1．　Phys．　Lett．勢（2007）182113．［23］S．C．　Jain，　M．　Willander，」．　Narayan，　and　R　Vim　Ove醜aeten：App1．　Phys．　Rev霧7（2000）965．［24田．Ishikawa，　K．　Yamamoto，工Egawa，　T　Soga，　T　Jimbo，　and　M．　Umeno：J．　C巧stalgrow血亙78（1998）189．［25］M．H．　Kim，　Y　G　Do，　H．　C．　Kang，　D．　Y　Nohn，　and　S．　J．　Park：App1．　Phys．　Le枕．四（2001）2713．［26］C．Ki杜el：�qtroductio酷o　Solid　State　Physics，　Jo�qWiley　ans　Sons　Inc．，2005．［2刀J．PIbbetson，　E　T　Fini，　K．　D．　Ness，　S．　P　DenBaars，　J．　S．　Speck，　and　U。　K．　Mishra：App1．　Phys．　Lett．77（2000）250．［28］MFieger，　M．　Eickelk卿，　L．　Ra姐mzadeh　Kos�qoo，　Y　Di�qe，　A．　Nocu憾，　H。一13一Kalisch，　M．　HeUken，　R．　H．　Jans位，　and　A．　Vescan：J．　C巧．　Growth，2璽8（2007）843．［29］工Egawa：ULVAC，63（2013）18．［30］J．Joh，　L　Xia，　and　J．　A．　del　Alamo：IEDM　Tech．　Dig．，2007，　pp．385−388．［31］GMeneghesso，　G　Verzellesi，　E　Danesin，ぶRampazzo，　F　Zan皿，　A．　Tazzoli，　M．Meneghini，　and　E．　Zanoni：IEEE　Trans．　Dev　Mat．　Reliability，8（2008）332．［32］D．K．　Sahoo，　R．　K．　La1，　H．　Kim，　V．　Tilak，　and　L．　R　Eastm鋤：IEEE　Trans．　ElectronDevice，5�J（2003）1163［33］J．Joh　and　J．　A．　del　Alamo：IEDM　Tbch．　Dig．2006，　pp．415−418．［34］M．GAncona，　S．　C．　Bina亘，　and　D．　Meyer：Phys．　Stat．　So▲．，α（2011）201001056．［35］A．Saura，　H．　Ji，　M．　Kuball，　M．　J．　Ur斑，　T．　Martin，　K．　J．　Nash，　K．　P　Hilton，　and　R．　S．Balmer：Appl．　Phys．　Lett．認（2006）103．［36］C．Lee，　L　Witkows垣，　H．　W．　Teng，　n　Sa噸R．　Bir�q血n，　D．01s皿，　G　M�os，　S．Guo，　and　B．　Albert：Electr皿．　Lett．4亙（2005）155．［37］D．WG磁hold，　S．　n　Guo，　R．　Bir�q�q，　Imd　B．　Alben：J．　ElectroE　Mat　33（2004）408．［38］PValizadeh　and　D．　Pavlidis：IEEE　Trans．　Electron　Devices，52（2005）1933．［39］GKoley，　V　Tilak，　L　R　Eastman，　and　M．　G　Sp斑cer：IEEE　Trans．　ElectronDevices，5�J（2003）886．［40］S．K．　Jha，　B．旺Leung，　C．　Surya，　H．　S　chweizer，　and　H．　Pi1�quhn：in　Proc．COMMAD，2004，　pp．33−36．［41］PValizadeh　and　D．　Pavlidis：IEEE　Tr鋤s．　Device　Mater　Rel．5（2005）555．［42］R．Cof五e，　Y　Chen，1．　P　Smorchkova，　B．　Heying，　V　Gambin，　W．　Sutton，　Y　C．　Chou，W．B．　Luo，　M．　W瞭owicz，　and　A．　Oki：in　Pr皿IEEE　Int．　Re1．　Phys．　Symp．2007　pp．568−569．一14一（〕�q習‖　重��翼�`豆頁：G叢r�JW電臨　磁��V量¢配董訟br亘��】露甑0醜［縫醜《豊¢恥】露膣麗¢電紀璽『蓋毘謎電量《》髄2。且］M［OCVB響r�Jw韻竃麗¢重b�K姻　　　　　　　Recently　GaN　and　its　alloys　have　led　to　the　demonstrati皿of　very　i］mpressiveresults　in　electronic　devices　fbr　high−power　and　high　fセequency　applications　due　to　theirdirect　and　wide　band　gap斑ergy．　In　recent　years，　a　rema奮kable　progress　in　thedevelopment　of　GaN　epitaxial　growth　tec�qiques　has　beロdone．　The　most　popul齪methods　used　fbr　GaN　epitaxial　growth　are　Hydride　vapor　phase　epitaxy（HVPE）［14］，Molecular　beam　epitaxy（MBE）［5−11］，　and　Metal　organic　chemical　vapor　depositi皿（MOCVD）［4−6，12］．　HVPE　is　a　simple　growth　tech庄ique　which　offbrs　high　growth　rateand　quasi　bulk　GaN　layers：it　is　one　of　the　oldest　techniques　used　fbr　GaN　growth．　MBEcan　produce　high−quality　layers　with　good　control　of　thic�qess，　doping，　compositionand　abrupt　inte血ce．　Neve］【theless，血e　disadvantages　are　very　expensive，　applicable　fbrlow　temperat皿eぽo減h　o�uy皿d　need　ultra一伍gh　vacu�o．　The　most　widely　embracedtec�qique　fbr　the　high　quality　growth　of　GaN　in　recent　years　is　the　MOCVD　method．The　MOCVD　has　produced　the　highest　quality　of　GaN　based　devices　till　date．　　　　　　Amano　et　aL，　is　the　first　one　to　report皿successfUl　MOCVD　growth　of　highquality　III−N　films　by　employing　an　RF−heated　atmospheric　pressure　reactor［13］．　Later，Nakamura　et　al．，　have　described　high　quality　GaN　films　produced　in　a　two−flow就mosphe亘c　press田e　MOCVD（AP・・MOCVD）system［14］．　Recently，10w　pressureMOCVD（LP−MOCVD）has　also　been　used　to　grow　high　quality　III−N　films［15］．　　　　　　The　detailed　na細re　of　chemical　reactions　occu由ng　d面ng　the　MOCVDgrowth　of　III−N　f五hns　has　begu蛙o　be　elucidated［16］．　The　specific　reacti◎n　kinetics　anddetailed　the�o◎−dyn�oics碓e　strong　f�qctions　of　the　precursors　and　substrate　employed，as　well　as也e　gr◎wth　pressure，　tempera加∫e，　ca�ueτgas，　and　r田ct◎r　geometry。一15一Hydτodyn徽ics　can　als◎Play　a　strong　role　in癒e　fi簸a1τesults　of　gτov曲expe］dments．This　is　especiaUy伽e　fbr　the　ni面des　as　a　result◎f　the　high　growth　tempera轍esgeneτally　employed．　The　geneτaheacti領fbr　III−V　bina汀comp◎�ods　growth　describedby　the　fbUowing　equations［4，16］：　　　　　　　　　　　　　R3M（g）＋EH3（g）→　ME（s）＋3Rh（g）↑　　　　　　　　（2．1）Where　R　is　org翻c　radical，　typically　CH30r　C2H5，　M輌s　a　coh菰�oIII搬etal　at◎ms，　Ga，Al　odn．　and　E　is　a　coh�on　V　ato鵬s，，in　this　case　N．　　　　　　The　si鵬ple　co1斑�oIII膿e訟l　alkyls（methyl鋤d　ethyl　derivatives）are　mosto我emhe　prec讃sors　selected　fbr　the　growth◎f　III−N　compo聡d　semic皿ductors　si批ethey　have　reasonably　high　vapor　pτessures鋤d　can　readily　delivered　using　H2　carriergas　and　source　tempe戯ures　conveniently　nea杜◎◎m−tempe瓶田e。　The　most　c◎mmonlyused　so眠e　fbr　GaN　is　Tdmethyl　galli�o【TMGa）and　A�oo�ua（NH3）。　An　extremelyimpo姓ant　considerati◎n輌n　the　growth　of　high　quali智epitaxial　device　structure　is　theP頭智・fthe　s・眠es・　　　　　　　　　　　　　（CH3）3Ga（g）＋NH3（g）　→GaN（s）＋3（CH3）H↑　　　　　　（2．2）Tbmary　alloys　swh　as　AIGaN　a孤d　bGaN　can　be◎btained　by　c◎鵬bi曲g　TMAI　or　TMInsimuhane◎usly　with　TMGa卵descdbed沁eq滅i◎n（23）．　A（恥s癒g　the　gas−phasecompos瀬◎n◎針he　TMAl　and　TMGa◎r　the　TM血and　TMGa　c◎撫ols　the　s◎丑輌dc◎mp◎slt1◎n．κ（CH3）A1（g）＋五x（CH3）Ga（g）＋NH3（g）→A�gGa1−xN（s）＋W7一ヵCH4（g）↑　（2．3）However，　the　exact　co齪r◎l　of　the　c◎mposition　of　the劔憩（x）obt＆ined　in　such　r餓ctionsstr◎ngly　depends◎飢he　expe�qe漁l　co繭ti◎簸s。　D◎pi麹g　of　GaN輌負MOCVDぬas　be鐙done　by　using　S輌1輌c（m［16−18］，　Ge灘a樋�o，　Sulph雛，　Sele函�o，　and　Tin　fb貧n一尊pe　a丑dMagnesiu搬［19−20］and　Z輌nc［ηIb貧p−type．一16一1声ベ1Fused　quartz　flOw　channelSubstr飢eUppe団owMiddle　flowLower　flo　　Sub　flowfroup　III＋cfroup　V＋ca●雄gas撃?秩@asFlow　channel　　　　　　　　　　　　　　　　　　　　　　　−一一一一笹Exhautt　　　l1　　　　　；　　　1　　　　　　●　　　　　　　　　●l　　　l戟@　　；P　　　；P　　　　】●　　　　　　　　　●　　　　　　i　　　；　　；@　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Resist輌ve　　Suscept・r　　　　　　→　　　ILami斑負ow　L→1regionDiffUsion「eglonh�閣erFig．2．LSchematic　drawing　of　the　laminar　now　chamel　of　h磁zontal　MOCVD　reactor　　　　　　　Dopants　can　be　transported　to　reactor　through　hydrides　or　organometallics．Si輌Si2H6，　Cp2Mg斑e　the　most　co�oon　n一巧pe鋤d　p−type　do抵s　of　G姻．　h　ourlab，　Taiyo　Nippon　Sanso　MOCVD　growth　machine　was　used　which　has　a　three−1ayer且adow　tec�q010gy　that　yielded　the　growth　v舳the　acceptable　quality．　Figure　2．1shows　a　laminar　t�qee−flOw　MOCVD　reacto£The　now　liner　made　of　qua蛇z　glass　is’installed　in　a　sk註nless　steel　chamb吐Athin　restricted　gas　flow　liner　is　adopted　in　orderto　suppress　the�oal　c皿vection，　which　may　cause　the　reducti皿ofぽowth　rate，皿ifb�oity，　and丘lm　quality・In　order　to　supPress皿desirable　gases　reactions，　the　shapeof　the　flow　linear　was　carefUlly　designed　to　achieve　high　velocity　gas　flow．　In　thisMOCVD　system，　NH3　and　its　ca�uer　gas，　mix加re　of　group　III　element　organometallicsand　their　carrier　gas　and　top　flow　inert　gas　are　separately　i勾ected，　as　shown　in　Fig．2．1．The　upstream　region　of　the　fbw　liner　has　a　three　stage　s加lcture　and　through　theseregions　the　gases　i勾ected　via　the　three　nozzles　that　fbrmed　into　laminar　flows．Dif白sion　of　the　o貧gano］metallics　stans　at　the　edge　of　the　isolation　plate　and　growthstarts　at　a　downstream　region　of　the　reactor．　h　this　flow　liner，　the　concentration　oforganometallics　near　the　substrate　gradually　increases　along　the　stream．　The　tot品gasflow　and　the　flow　balance　of　the　three　i吋ected　gases　are　very　cmcial　since　it　can　reallyaf壬bct　the　u�ufb�oity，　growth　rεtte，　alloy　composition，　and　dopa斑concemration．　Thewafer　is　heated　by　a　carbon　resistance　heater　up　to　1200°C．　h　order　to　avoiduncontrolled　or�owanted　dissociation　of　ammo�ua（NH3）on　other　surfaces　than　thesolution　and　corrosion　oれhe　fhmace　interior，　electrically　insulating　ceramic　PBM（Pyrolytic　Boron　Nitride）is　used　as　the　he就er．　The］more　stable　material　in　directc皿伍ct　to　the　melt　is　this　pyrol》情ic　boron　nitride　wheτeas　other　material　like　qu証zglass，　graphite，　glassy　carbon，　silicon垣仕ide，　or　alumm�o垣馳c鋤be　c碓oded　by一18一the　melt　and　thus　can　cause　polluti皿in　the　solution　with�owa磁ed　imp斑まties．2。2s書脳醜髄r騒鼠題髄磁《塑重』¢翻¢蝕露r縫醜¢r肱魏叢o醜　　　　　This　section　describes　the　main　methods　to　characterize　the　stmctural　andoptical　properties　of　the　sample．　Though　various　characterization　methods　available　weca�ued　out　X−Ray　dif登action（XRD），　Hall　measurement，　Raman　spectroscopy，　andAtomic　Force　Microscope（AFM）．　Alhhese　techniques　present　the　advantage　of　beingnon　destructive．2。2。豊X−R羅y《髄臨我醜io遡　　　　MODIFIED　FRO踊　　　　　CULL…56）　　／　霊　　　　　　　　　　　　　　　　　　DIFFRACTOMETER　　　　　　　　　　　　　　　　　　　　　　　C耳RCLE　　　　　　竜　　和WDER　　　　・　D互V題GENT　　　　　　　　　　　　SPEC慧MEN　　　　　　　SL置TS　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�MC◎皿TEK　　　　　TARGET販・AX互S理CE璽V］脳G　　　SL互TS　　　　　　　SCHEM［AT亙C�J亜X−RAY　　　　　　　　　D置FFRACTOMETEI匿Fig．2．2．　Basic　concept　of　a血X−Ray　d輌f登actometer一19一lNOl員爵誉萱：邑’9目宕合器惚日）認lN一1，曇2三§筈富1霊　　　　　・・馨N碧7＜・法・艮靭cρ　　（◆　OQ　　　　　　　べの冨8声日日8夢『欝邑馨§旨さ∈902。口霞町目8霊　　冨　婁頃’§旨．客口已豪孝§舞　　　◎戸◎グo窃’＜　紳o　げざ�S◎　oレ　ゆ　らロ目声■吋廿6吋�Sψ力＃声■oo門◎器馨苫　　ヴo竺合ll巴滞躇ぬ三露6／品書品腸’）“o　声り　　臼◎＼　◎　N　×　り　o　�j　口　ゆ　閲　窃’　日一　ゆ　巳口　窪き　9・　匿　∩　＜　窃’2。23R認醗謎麺Spe£t』ros¢《）酔y　P3−251　　　　　　The　Scatterin．g　of　light　which　is　nσ血ing　b斑the　redirection　of　light　that　takesplace　when　an　incident　light　ray　e舵ounters　an　obstacle，　in　our　case　scattering　ofmaterial（Solid，　liquid，　gas）．　As　this　incidenパight　ray・interacts　with　the　matter，　theelectron　orbits　with　the　constitu斑t　molecules　are　agitated　pe亘odically　with　the　same丘equency（ω）as　the　elect亘c　field　of也e　incident　ray．　The　agitation　of　electron　cloudresults　in　a　periodic　separation　of　charge　within　the　molecules，　which　is　called　aninduced　dipole　moment．E一　　　一　　　一一　　　晦　　直曽繭繭関D　　−■田D　　●繭田閥■一　　　一　　　一　　　一　　　一一　　　一　　　一V�qallevelS一　　　一　　　一一　　　一　　　一　　　一　　　一一　　　一　　　一一　　　一　　　一ユReallevels　　　　　　　　　　　　　Strokes　Rayleigh　Anti−strokesω　　　　　　　　　　　（ω。一ωV輌b）　　　ω。　　（ω。＋ωVib）　　　　　Fig・2・4・Energy　level　diagram　showing　the　state　involved　in　Raman　signal　　　　　　In　genera1，　there　are　two　types　of　scattering　available　i．e．　elastic　scattering　andinelastic　sca杜e血g．　When　the　m司ority　of　light　sc就tered　is　emitted　at　the　ide斑ical一22一fセequency（ω。）of　the　incide耐1ight　ray　is　called　elastic　sca杜ering．　V臨ereε記s　additionallight　is　scattered　at　different丘equencies　called　inelastic　fセequency．　The　Fig．2．4．　showsthe　induced　dipole　moments　are　cre就ed　a杜hree　distinct丘equencies，　namely　ω。，ω。一ω。，b，and　ω。＋ω，功，which　results　in　scattering　radiation　at　these　same　three丘equencies．　The　first　scatte亘ng　f掩quency　co宜esponds　to也e　incident　f士equency，　henceit　is　elastic　sca杜ering（Rayleigh），　while　the　other　two丘equencies　are　shifted　to　lower　orhigher　frequencies　and　are　therefbre　inelastic　scatte］ring　Process．　　　　　　　　　Maximum　　　　　　　　　　　　Maximum　　　　　　　　　expansi。n　Equi豊ib「五um　c・mpressi・n　　　　　　←　　　→　　　　　　　　　→　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　←　　　　　　A　　　　　　　　B　　A　　　　　B　　　　A　　　B　　　　　　　　　Bond　leng血　　　　　　　Bond　length　　　　　　Bond　length　　　　　　　　　　＝L＋Q・　　　　　　　　　＝L　　　　　・　　　＝L−Q・　　　　　　Fig．2．5．　Vibrational　displacem斑t　of　A−B　about　the　equilib亘�opositionThe　scattering　ligh直n　these　cases　is　referred　to　as　Raman　scattering，　with　the　do�oshi負ed　f｝equency　referred　to　as　Strokes　sc劔tering，　and　up−shi丘ed丘equency　refe1Ted　toas　anti−stroke　scattering．　C．　V　Raman　was　the　first　to　describe　this　type　of　inelasticscatte亘ng，　fbr　which　he　was　awarded　the　noble　prize　in　physics　in　1930．　It　has　to　benoted　that　the　vibrati皿al　displacement　of　atoms　corresp皿di孤g　to　a　particularvibrational　mode　results　in　a　change　in　the　polari2abil輌ty　and　hence　the　necessaryc・nditi輌R−sca魎ngistha紬ete�o∂塔ﾏmustben・n−zer・・一23一　　　　一Q。　　　　　　　　　　　　o　　　　　　　　　　　＋Q。Fig．2．6．　Pol頗zabi胱y　of　A−B　as　a�qction　of　vibrati皿al　displacement　ab◎utequilibri�o　　　　　　　For　examp丑e，1et　us　consider　a　diatomic鵬olecule　A−B，　with　the　maximumvib斑tional　displaceme斑Qo　as　shown　in　the　Fig．2．5．　when　A−B　is　at　maxi憩umexpansion，　the　electronsεぽe　m《）re　readily　displaced　by　an　e1¢c面c　field　due　to　the　greatersep宙ation丘◎憩the◎ther　atom．　H鋤ce　the　poladzability輌s輌ncreased　fbr　maxim�ob◎ndlength．　In　c皿trast，　when　A・B輌s就maxim�ocompressi◎n，　the　elec蜘ns　ftom　a　given就◎頑もehhe　e餓≧cts◎fthe　othe琉om’s　nwleus蹴d鍵e癒ere釦re　n◎t　ag輌輪d　as　much．Therefbre，也e　p◎1韻zabiU轄is　reduced　fbr　minimum　bond互ength．　h　is　apPa�月･tha杜heability　t◎ag輌tate　the　ele魔◎n　cloud　by　an　i顕ident　elec癒c　field　w輌U　depend◎n　therela撫p・s輌f癒e　at・憩s・his　apP−t倉the　F輌9・2・6　t楓he　value・f∂唐Xabo就the　equilib藪竃雌posit輌◎n（飢dQ＝0）is　non−zer◎，　he簸ce　the　fb撮a鵬e麓a1一24一lN�p1ざお鼓讐滞鍵◎　樹ぞP　声・w　oq旬　’臼卜）舞＼ピロ◎o力巨馨ぬ露§§邑：目�P喝ゆ　ひ　ロ　メ　嚢8ロ》巴団善竃o器語日oや冑篶9貯窪讐蓉縣《1灘灘、彩ぶ　ζ◇総・ジ×◇ぷ1ξ髭�_�_�j＄　讃懸く聯鱒　響露錦黛　�d轟　お、　シ※難　w鐵ぴバぷ　が灘×繋，　　く　シ　響畷、　継嚇馨9≦口o◎cロ　　メ　6Q己o力　ol§601菊⇔§モ目昌§　自’ξ竃ξ綱．　o　ぽ　鮎use　of　specialized　types　of　probes．　Typically，　the　deflection　is　measured　using　a　laserspot　reflected丘om　the　top　sur£ace　of　the　cantilever　into　an　a∬ay　of　photodiodes．　Figure2．7shows　the�Sical　se加p　of　AFM．　The　AFM　c皿be　operated　in　a　n�ober　of　modes，dep斑ding　on　the　application．　In　g銀eral，　possible　imaging　modes　are　divided　intocontact　mode　and　non・・c皿tact　mode　where　the　cantilever　is　vibrated．　In　contact　mode，the　static　tip　deflection　is　used　as　a　feedback　signal．　Because　the　measu貧ement　of　s　staticsignal　is　pr皿e　to　noise　and　drift，10w　stiffness　cantilevers　are　used　to　boost　thedeflection　signal．　However，　close　to　the　surface　of　the　sample，　attractive　fbrce　can　bequite　strong，　causing　the　tip　to‘‘snap−in”to　the　surface．　Thus　st就ic　mode　AFM　is　almost　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�aalways　done　in　contact　where也e　fbrce　is　repulsive．　In　non−contact　mode，　the　tip　of　thecantilever　does　not　contact　the　sample　surface．　The　cantileYer　is　instead◎scillated　ateither　its　resonant丘equency　or　j　ust　above　where　the　amplitude　of　osciUation　is　typicallyafew　nano血eters　down　to　a　fbw　picometers［26］．　The　van　der　waals　fbrces，　which　arestr皿gest廿om　1�oto　10�oabove　the緬ace　or　any　o也er　long　r鋤ge飴rce　w垣chextends　above　the　surfiace　acts　to　decrease　the　resonance丘equency　of　the　cantileverThis　decrease　in　the　resonant　f｝equ皿cy　combined　with　the　feedback　loop　systemmaintains　a　constant　oscillation　amplitude　or　fセequency　by　a（加sting　the　averagetip−to−sample　distance．　Measuring　the　tip−to−sample　dis�qce　at　each（x，y）data　pointallows　the　scanning　softwa駕to　construct　a　topographic　image　ofthe　sample　sur£ace．2・2・5］眠鼠母醜r�J且髄醗董簸母s��紀醜¢¢s酔e醜r�J§¢《璽》y　　　　　　　The　creation　of　excess　electron−hole　pairs　by　photon　abso彗）tion．　Eventually，excess　electrons　and　holes　recombine，　and　in　direct　band　gap　materia▲s　therecomb垣ati◎n　process　may　res磁垣the　emission　of　a　photon．　The　general　property　oflight　emission　is　refb］【Ted　to　as　luminescence．　Elec曾◎1uminescence　is　theμocess　of一26一generating　photon　emission　when　the　excitation　of　excess　c斑�uers　is　a　result　of　anelectdc　c�oent　caused　by　an　applied　electric　filed［27−30］．　We　will　be　mainly　concemedwith　i吋ection　e▲ectrolt�oinescence，　the　result◎f　i勾ecting　ca�uers　across　a　p−n　j　unction．The　light　emi杜ing　diode　and　the　p−n　j�oction　laser　diode　are　example　of　thisphenomenon．　In　these　devices　electric　energy，　in　the　fb�oof　a　current，　is　converteddirectly　into　photon　energy．　Electron　and　holes　created　by　impact　io�uzation　canrecombine　radiatively，　giving亘se　to　the　so　called　elec仕ol�oinescence．　EL　spec仕oscopyis　a　sound　diagnosis　of　impact　ionization　to　probe　both　the　localized　and　the　energydistribution　of　carriers　versus　bias　conditions．2．3A盈G窺NIG裂N　b』霧地e盈鱗：琶蟹）髄贈鞠b鰻』醇旬p謝彊s』醜《曜盤息置3r董¢譲嫡�M駿pr《鴻e§s　　　　　　　The　fabrication◎f　HEMT　is　classified　in　to　five　m司or　divisions　p舗cularlystructure　design，　mesa　etching，　device　passivati皿，　ohmic　contact，　and　g就e　metallization．AlGaN／GaN　epis1�qc旗e蟹own皿Si　subs仕ate　v舳v頒ous　buf民r　thic�qesses　we；eねken　and　diced　into　small　piece　fbr　the　HEMT　process．　The　Fig．2．8．　shows　theschematic　representati皿that　involves　vadous　stages　in　the　HEMT　process．2。3�C亙蚕？蝕《魔《）賊重恥�J響r麗護〕1麺y　　　Photolithography　is　the　process　oれransfを�ung　geomet亘c　shapes　on　a　mask　to　thesu�uiace　of　a　silicon　wafbr．　The　steps　involved　in　the　photolithographic　process　are⇔⇔Su�uiaceμeparati皿（wafbr　cleaning）C◎ating（Spin　casting）Pre−bake（Soft　bake）Alig�oent／ExposureDevelopmentPost−bake（Hard　bake）一27一lNOOl　　　　　wlNΦ1甕葺鶴『日§§§喝毯窪5’器合§唱全。塚合器興歯日8・。恨門吋昌唱げ　齪’毫’夷脚・艮曽゜°芝’目き吋9§量§蓼．壱甘鮎留吟　　　　◎力◎　o　◎力　o邑’●見日゜method　is　an　oven　bake．2・3・L瑠き纏麗k鍵盈量霧駿隙e臨重aし臨量ex｛P《）§麗豊・e　　　　　　　One　of　the　most　impor旋1nt　steps　in　the　photolithography　process　is　maskalignment．　A　mask　or　photomask　is　a　square　glass　plate　with　a　pattemed　emulsion　ofmetal　film　on　one　side．　The　mask　is　aligned　with　the　waf己so　that　the　pattem　can　be・transferred皿to　the　wafer　sur£ace．　Each　mask　after　the　first　one　must　be　aligned　to　theprevious　pattem．　Once　the　mask　has　been　accur就ely　aligned　with　the　pa洗m　on　thewafもrs　sur£ace，　the　photoresist　is　exposed　through　the　pattem　on　the　mask　with　a　highintensity　ultraviolet　light．2・3・L5彊）evelo酔醗e簸重　　　　　　　The　last　steps　in　the　photoli也ographic　process　are　development．　Once　exposed，the　PR　must　be　developed．　No�oally　aqueous　bases　are　used　as　a　developer　to　removethe　photoresist．　Development　is�odoubtedly　one　of　the　most　c亘tical　steps　in　the　PRprocess．　The　charactedstics　of　the　resist　developer　interactions　dete�oine　to　a　largeext斑t　the　shape　ofthe　photoresist　profile　and　more　impo實amly　the　linewidth　control．2．3。1．6Pos重一b繍髭e　　　　　　The　post−bake　is　used　t◎harden　the　final　resist　image　so　that　it　will　withstandthe　h碇sh　enviro�oents　of　impl臨tion　or　etc垣ng．一30一2．4F曲r輌翻§�J叩蹴麗s騨眠伽聡2．嬉．旦臨§箆一醜盈箆伽鵬重¢ぬ畑　　　　　　Initially　the　samples　are　cleaned　under　ultraso�uc　vibration（45　cycles／min）bysoaking　in　orga�uc　Solvents　namely　acetone　（CH3　COCH3）　and　2−proponal（CH3）2CHOH，　consecutively　fbr　5　min　each．　This　is　fbUowed　by　rinsing　with　thedeio�uzed　water　and　dried　using　N2．　The　cleaned　samples　were　then　unifbrmly　co就edwith　the　photoresist　polymer　solution（S　1800）using　a　spin　coater　and　then　baked　at90°Cin　a　dry　oven負）r　20　min．　the　baked　and　cooled　samples　are　then　one　by　one　set　upapPropriately　under　the　isolation　area　aligned　using　mask　aligner　su句ecting　to　optimal　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ト　　　　　　　　　　　　　　　　　　　　　　　　　　をUV▲ight　exposure．　This　is　fbllowed　by　developing　the　exposed　samples　using　thesuitable　developer　solution（MF319）．　The　post−bake　was　done　at　90°C　fbr　30　min．　Th斑i�oediately　d巧�s1鋸ma）etching　was　ca�ued◎ut　inside　a　ch�ober　by　BC13　b�tedreactive　ion　etching（RIE）�oder　the　fbllowing　conditions：pressme＝3P隅powerヲOw磁s，reflection　of　the　sample　holder＝0，　and　BCI3　flow　rate＝10　sccm．　The　etchingduration　was　30　min，　which　approxim就ely　removes　200�ounti▲the�oderlying　GaNbuf董er　layer　is　reached．2。4．2互》��v』¢¢酔認s§量v箆琶量《夢魍　　　　　　After　the　mesa−is◎1ation，　organic　cleaning　was　done　again　and　additionally　HClcleaning　was　done　fbr　l　min．　The　sample　was　then　loaded　into　a　evaporation　chamberset　up　lbr　depositing　SiO2　using　ele伽n　beam　evaporatio臨c�qique．　The　thic�qess　ofSiO2　deposited　was　100�oat　a　c皿stant　substrate　tempera加re◎f　1500C．　The　SiO2deposition　was　ca�ued　out　at　an　evaporation　r就e　of　O．4〜0．6　A／sec，　with　the　chambervacuu宜1　in　the　order　of　6〜9x1σ◎3　Paじscal　in　order　attain　a　unifb�opassivation　film。一31一Afler　phoめlith◎graphyusing　iso娩om簸askPh◎toresistぶ治　”　　　　　　　　　　　　　　〆鑛灘騨雛灘∨＿＿wぶ＿＿卿∨x＿嫉∨客難難鑛　　・N＿ぶ＿べ＿＿＼診※灘難灘一ﾗぶぶこ　杉　N蛹ｮ聾纏葦ぶ?ｶぶ．s鱗）　ぐ　　／＼　　　　　　　　　　　〉　　　　　　＼§§s輌＿IE↓chanber↓＿＿d・　　　G鐵¢me翻11za丈ion　　　　（P（UTi／Au）騨灘羅轟＼違鱗　　　　難　　　　　　　　鞭講§§　　　　　　　　　　　　　　↓Photoresist　aPPlied　befbreusmg　source一由磁mask↓　　　　　会灘��綴　　　薬鯵　　灘灘鷲叢　　鞭欝難馨難、�活鼕]灘i羅難馨霧蕪灘《馨離懲譲・Ohmlc　c◎磁1ct↑A搬li、h。卿典9＿k　　　灘聾難　　　　　　臨1。＿輌　20／72／12／40nm汐び　　　　　　　　　　　　　　×嚢雀髪灘玄滋s懇難多ぺ凝　　滋遥灘湯　。疹ｿ　　　　　　　　　　ぺ刀@　　　　シ　　　　　　　　　　　　　　　〃�A＝蒙蕪?E鍵購猟　　　　〃　　　　／＼　×　　　＼　＼へ　　　＼＿◎∨　〉ｦぎ　べ蜊ﾊw◇＼　惣F◇涜診曇／席ぺ　　　　　　で蝸ﾘ繊薮灘　鱒　蔀　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　くf難鱗鞍灘雛．雛綴〉灘懸灘濠鱗※灘騰※渓ぶ灘ぶ　N　　　　ミ…ぶ畿ぶ・麟　・欄?ﾆ議こ※灸　◇　N　猟　＼　＼ミ　　　　　　　　　x　姦　　〉難嚢、ク講畿滋意・窪ξ　　　　↑　　　　　　A茸er　l柱h◎graphy　using　s◎urce−　　　　　　d頂nmask　wi也le食◎ut　PR．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　羅欝灘灘鵜　　礫，灘，　　　　　　　　　　　　　　　　　難Fig．2．8．　The　detailed　flowchan　ofAIGaN／GaN　HEMT　process2・4・30髄麟¢鵬醜麗翌¢錨醗韓輪瞬隔盟�Jy麺霧　　　　　　These　SiO2　passivated　samples　a駕　◎nce　again　prepared　fbr◎hmic　］maskalig�oent　fbllowing　the　same　photolith◎graphy　procedure　as　me磁ioned　above．　A負er蟄◎st　bake　has　done，　w硫etch並g　we貧e　ca宜ied　o厩us沁g加f驚τed　HF　s◎1城i◎n（HF−2血1＋CH3　COOH−14鵬1＋NH4F−40　m1）�otil　fbr　an　optim�oti搬e（15to　30　sec）in◎rderto　etch　and　remove　S輌02　passiv飢i◎n　i簸the◎hm輌c　regio鍛a1◎ne．　Again　HCI　cleanmgwere　ca�ued　o厩befbre　1◎ading　the　sa磁ples　i煎o憩e捻ll輌zati◎n　chambeエThe　samplethen　haS　been▲◎aded　intO搬etaUiZati◎n　Cha鵬ber丘》貧dep◎Sit並g　Oh搬iC　me捻l　S訟Ck（Ti／AI／N輌／Au−15／72／12／40　r�o）c◎簸sec就ively�oder◎μi醗al　press磁e．　Once癒e一32一　　evapor就ion　has　been　completed　lif仁ofif　is　done　to　remove　the　underlying　Pa1尤emed　　ph◎to貧esist　thereby　defi�ung也e　source　and　drain　contact　pads　on血e　sample・　　　　　　　　　Rapid也e�oal　annealing（RTA）was　ca磁ed　out　on　these　samples　fbr　the　　fb�oation　of　ohmic　contact　i．e　source　drain　contact　−　metal　a11◎ying，　radiation　　hardening，　and　recove］dng也e　electrical　prope實ies　of　the　devices　damaged　by　the　earlier　　plasma　assisted　e士ching　process．　The　a�oealing　temperature　fbr　GaN−on−silic皿　　sub言trate　samples　is　8500C．　The　a�oealing　was　ca�ued　out　fbr　30　seconds　and　then　　allowed　to　cool　graduaUy�otil　the　room　tempera垣re　is　reached．　　2．嬉．4s曲磯細騨¢醗ぬ豊且鹸重量樋　　　　　　　　　Agai斑hese　samples　wen杜hrough　another　phot◎lithography　process　finally　fbr　　gate　contacts．　A負er　gate　finger　fb�oation，　the　SiO2　was　etched　using　buf愉etchant飴110wed　by　l　min　HCI　cle麺ng．　The　s巫ples　were　loaded　i�oediately　a負er　HClci鋤ing　int・the　me伍lli田ti皿ch�ober拓r　dep・siting　gate　c・ぬct　metal　s伍ck．　The’gate　meta』cks　used欲e　P訓／’`u−40／20／60�o．　　2．5露認量¢面輔¢¢噛鯉麗書騨耽鶴輌樋　　　　　　　　　The　main　parameters，　some　basic愉ms，　i憩p◎r髄t　fbr　evaluati◎n　of　HEMT　　device　will　be　described　in　this　section．　The　basic　geometrical　parame麓rs　ofHEMTs　are　　gate　width（Wg），　gate　length（Lg），　source　to　dra垣spac垣g（Lsd），　gate−source　dis伽ce　　（Lsg），　and　g就e−drain　dis伽ce（Lgd）．　The　drain　c�oe麗flowing也ζough　the　device　is　　direc靭p宮op磁ional　t◎the　gate　width．　Dimension　Lg　is　cr泊cal　in　dete撒ining癒e　　max加al　f≧equ斑cy　limits　o負he　device．　Therefbτe　fbr　low　curre滋，　low　n◎ise　applicati◎n　　rela伽ely　s搬all　gate　w輌dth　devices　are　utilized躁d　fbr　power　applicati◎ns，1arge　gate　　width　devices　aぎe　used．　　　　　　　　　Ago◎d　p◎wer　device　is癒at　which　all◎ws　switch桓g　as　large　c皿ent　as　poss輌ble，一33一on　and　of臼ng　across　as　large　load　resis�qce　as　possible；to　obtain　the　maximum皿tputpower　across　this　load　resist孤ce．　Therefbre　to　sustain　maxim�oc�oent　available　f｝omthe　device　and　the　voltage　swing　is　desired．　h　GaN　based　HEMTs　due　to　the　largevalues　of　the　access　resistance，　the　max�q�o（hain　cu∬ent　is　not　velocity　limited　butfield　limited　hence　the　ns．μproduct　is　more　impor�qt　than　the　ns．陥at　product．　The2DEG　cha�oel　provides　the　high　ca�uer　density　and　high　ca�uer　mobility　as　aconsequ斑ce　of　the　strong　polarization　field　present　in　the　GaN　system．　　　　　　Atypical　DC　cu∬ent−voltage、（Fのoutput　characteristic　of　an　AIGaN／GaNHEMT　on　Si　substrate　is　shown　in　Fig．2．8．　The（kain　current　is　plotted　against　the　drainvoltage　fbr　various　fixed　gate　voltages．　Vたcan　divide　the　output　characteristics　intothree　main　regions：linear　region　where　the　drain　voltage　is　small　and五）is　proportionaltoγb；the　Non−▲inear　region　and　the　sa加rati皿region　where　the　c�oent　remainsessentially　constant　and　is　independent　of　VD．oりAム）m朕　　　　　　　　　　　　QBi＆s　poi醜吃sB　oΩ．§　≧岬　　　　　　　　　　　　　　　　　�j1÷1緬Fig．2．9．　Ilhlstration　of　oper就ion　points　on五γcurves　of　microwave　power　amplifiers一34一　　　　　　　The　onset　drain　voltage　in　the　n皿一1inear　regi皿is　re允貫ed　to　as�qee　voぬge（V�qee）and　the　coπesponding　drain　cu∬斑t　d藺sity　is　maximlum（玩�qax）．　The五）is巧pically　depicted　propo蛇io輌ch�oe揃d晒，　s6　it　is　giv藺in［曲�o］．　As　thegate　bias　becomes　more　negative，　both　the　saturation　cu宜ent　and　the　correspondingsaturation　vol1ぬge　decrease．　The　locus　of　lbs就一レbsat　is　shown　in　the　Fig．2．8．正n　suchdevices　both　high　c�oent　densities　and　high　drain　vol伍ge　are　available　and　explain　thelarge　power　capacity．　The」6）max，　V�qee，　and　the　breakdown　voltage　can　be　measured　toestimate　the　m脳im�o皿tput　power　in　c1品s−A　operati皿．　　　　　　　　　　　　　　　　　　　　∫』（�jゴレ石．、）　　　　　　　　　　　　　　葛泌＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．6）　　　　　　　　　　　　　　　　　　　　　　　　　　　8　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∫Threshold　vol1己ge（臨）is　the　gate　source　vol垣ge　necessary　t◎stop“血e　current　in　thedevice　by　totally　depleting　the　2DEG　channel　f｝om　mobile　ca�uers．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2εぷ41Vメ（2ψβ）　　　　　　　　　　　　　　η力＝互8＋2ψrβ＋　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．7）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　C。ズThe　ability　of　the　gate　to　modul就e　the　c�oent　flow　between　the　source　and　the　drain　isexpressed　by　the　transconductance　gm　defines　as　　　　　　　　　　　　　　9・舞　　　　（2・8）2．硲伽ss一宣¢離蹴伽面置�J霧y　　　　　　　In　this　thesis，　we　have　fbcused　on　DC　re▲iabil輌ty　studies　on　AIGaN／GaN　HEMTon　Si　substrate．　Figure　2．10　shows　some　typical　approaches　to　stressing　at　fixedtempera加re，　wh輌ch　shows　the　so　called　stress　measuremem　approach，　in　which　theparameter　of　interest　such　as　voltage，　c�oent　or　RF　power　is　stepped　in　some　mode，either　monotonically　or　with　a　recovery　period　in　between．　St貧ess　recovery　cyclic　type一35一ω�@1霧薫．6烏爵巷o　吟　o§『§三豊鼻日◆目窪望．巴q茸　碗吟8留ロ伜創’�S　　◎力　　　げ◎力§監蓉爵8魯§冒§§騒甘2費く�S喝亀1薯露お’霞巴ロ　ヰヒぬト　ザ＜§§・竃合唱o　　　Qりv・1・rf馨　　　�I　◎　◎カ　へぐ　爵。　o力o力　再o◎　畠器　◎力◎　，◎　◎＜　髄�S　経還9り鵠匿§°V，1，rfV，1，rf脇り⇔唱◎力陥り僻やo力§§冒『自自．合巷§曽亀日’声．一．o　旬oカロ窃吟◎　　　　o　§曇9　§8§　口力鞠力轡　§§…　窃・亀身1ωぺ1§§il昌5。。巴冒；9睾讐登◎　§°菖§9ξ’Pδ　臣2．§1：昆馨llム）s’ooz・臨α⇔ぽ鷲o§3目昌且’慧　冒む力脅量日§20昔巴ρ≠器膓’冨昆r§誤’§§9馨ち§ぽ書�k9昆自曇2葺馨1摘ぎ§OQ力◎力o◎量§自§o　◎力　　o◎び　　　ゆ§§奮§廿嵩’胃く響§°目31ωOol　§甘菖　o¢◎。　苔Pぎ　：冒竃　o　　声・　△合昌　曽§領　�@口o　　勺げ　ω　吟　§§§　6留ぎ　旨§蔓　昌。目　巳お’誌　oき璽冒　霧8巨Re魚ere簸c��s［1］H．M．　Manasevit：J．　C巧st．　Growth，且3鵬，（1972）306．［2▲RJ．　Molnar，　W．　Gotz，　L　T　Romano，　and　N．　M．　Jo�qson：J．　Crys伍l　Growth，亘78（1997）147．［3］R．Fomari，　M．　Bosi，　N．　A�oani，　G　Attolini，　C．　Ferrad，　C．　Pelosi，　and　Salviati：・Material　Sci斑ce　and　Enginee血g欝多（2001）159．［4］R．J．　Malik：“III−V　Semiconductor　Mate亘als　and　DevicesううNorth−Holand，1989．［5］S．C．　Jian，　M．　Willander，　J．　Narayan，孤d　R．　Vim　Overs仕aeten：J．　Appl．　Phys．87（2000）965．［6］S．Nakam暇，　Y　Harada，　and　M．　Seno：Appl．　Phys．　Le廿．58（1991）2021．　　　　　○［7］S．St亘te　and　H．　Morkoc：」．　Vac．　Sci．“c�q01．勝�M（1992）1237．［8］A．Rinta−Moykky，　n　Laukkan頭，　S．　Lehkon斑，　S．　Laaks皿斑．　J．　Dekker，　A．T祉dainen，　n　Uusimaa，　and　M．　Pessa：Phys．　Stat．　Sol．�A亘％（1999）465．［9▲M．Kamp．　M．　Mayer，　A．　Pelzmam，　and　K．　J．　Ebeling：MRS�qtemet　J　Nit�udeSemic皿d．　Res．2art．26（1997）．［10］H．M．　Ng，　D．　Doppalapudi，　D．　Koτaka』ds，　R．　Singh，　T　D．　Moustakas：J．　CrystalGrowth，璽瀞／亙璽�J（1998）349．［11］A．K蹴hil，　H．　Witte，　M．　Lisker，　J．　Chdst斑，　A．　Kmst，　U．　B亘kle，　S．　Einfも1dt，　D．Homme1，　A．　W斑zel，　and　B．　Rauschenbach：Phys．　S撚．　S◎1．�S）2豊緬（1999）587．［12］H．Amano，1．　Akasa憂d，　K．　Hiramatsu，　N．　Koide，　and　N．　Sawaki：Thin　S　olid　Films，璽��3（1988）415．［13］H．Amano，　N．　Sawaki，1．　Akasaki，鋤d　Y　Tbyoda：App1．　Phys．　L磯．聡（1986）3531［14▲S．Nakamura．：Jpn．」．　Appl．碧hys．3�J（1991）1620．［15］H．Liu，　A．　G　Thomps領，　C．　S．　Chem，　n　A．　Zwad盛d，　W．　J．　Kroll，　R．　A．　Stall，　C．　Y一39一Hwang，　and　W　E．　May◎：FaU　Meet輌ng　gf　the　Elec偽c簸e瓢ical　Society，　Miami，　F1，0ct．9−14，1995．［16］R．D．　Dupuis：J．　Crystal　Growth，璽78（1997）56．［17］A．WWickenden，　L．　B．　R◎wl鍛d，　K．　Doverspike．　D．　K。　Gaskill，　and　J．　A．　Freitas：」．Electron．　Mat毘2瑠（1995）1547．口8］S．Nakamura∵L　Mukai，　and　M．　S　en◎h：JpnJ．　Appl．　Phys．3且（1992）87．［19］K．S．　Ki懲，　G　M．　Yiang，躁d　H．　J．　L¢e：So丑d　S轍e　Ele斑rorDcs，43（1999）1807．［20］S．Nakamura，　M．　Senoh，鋤d　T　M櫨ai：Jpn．　J．　Appl．　Phys．3駅1991）1708．［2ηW．H．　B鰻gg　and　W　L　Bragg：hProc．　R．　Soc．　A麗（1913）428．［22］E．旺HaU：A憩e亘can　Joumal　of　Mathematics，2（1879）．［23］N．B．　Colthup，　L　H．　Daly，　and　S．　E．　Wlberley：1滋rodwti◎n　to　Ih丘ared　and　RamanSpectroscopy，　Third　Edition　Acade頭c　Press，1990。［24］Derek　A．　Long：The　R�o囎Ef』，　Jo�qWiley＆Sons，　New　Yb貧k，2002．［25］A．Weber（Ed輌t◎r）：Raman　Spectr◎scopy　of　Gases　and　Liquids，　Tbpics　in　Curre斑Physics，　Jo�qSp亘nge貧一V¢rlag，　Bedin，1979．［26］EJ．　Giessibl：Rev　of　M◎dem　Phys．75（2003）949．［2ηA．Sylvestre，　E　A�ue丑，　P　Bouc認d，　E　H．　J顧錨，　Pα◎zat，　AセDe　Lustrac，　R．　Adde，YJin，　and　J・PPraseぱh：J．◎fApPL職ys．飾（1996）464．［28］H・N繊YOhn・・S・照s盛m・t・，　T　M伽励H．　Y鋤既磁，鋤dロ叫聖chi：」pn．J．App1．臨ys．37（1998）1343．［29］H．PZappe鐡d　D．　J．　As：App1．　Phys。　Le麓．勢（1991）2257．［30］GMeneghess◎，　G　V己rzdlesi，　F　Danesin，　E　Ramp認z◎，主Zan◎n，　A。　Tazzoli，　M。Meneghi�u，躁d　E．　Z蹴頑：IEEE　Tra鵬．　on　Dev蹴d　M就。　Rel輌ab．謬（2008）332．一40一C艶隷璽寛��酔最璽亙2R��且餓b重置麗y　S醜麗髄��s　《〕醜　A豊G麗Ni／G翻N　鯉E］魍恥　《〕賂　S量騙7量調豊亘踊餓鷲麗蓬舳餓ぼ丁睡��q��麗霞§3。餌翻欝認鵬纐樋　　　　　　　Material　quality　and　reliability　issues紅e　the　key　poi就s　fbr　the　industrialapplication　of　GaN　HEMTs　that　have　demonstr就ed　high　power　and　RF　p◎werpeτfb�oance［1−3］，　b堪are　su句ected　to　v頭ous　degradation　mecha�usms　on　operating劔h輌gh　elect亘c　field　and／or　high　channeHempera加re［4−5］．　Recently，　the　sudden　in吐easeof　the　gate　leakage　current　on　A▲GaN／GaN　HEMTs　d磁ng　electrical　stress　has　beengiv籠much　attention［6−14］．　Joh　and　del　Alamo［7］proposed　a　mechanism，　where　theelectric　field　in　the　gate−drain　region　would　increase　the　stτain　in　the　AlGaN／GaNheter（∂�oction　resu壮ing輌n　strain　relaxation　and　crystallograph輌c　defbct　fb］�oation．　It　iswidely　accepted　tha抗he　critical　voltage　does　exist　beyond　which　the　g就e　co斑act　of　theAIGaN／GaN　HEMT　begins　to　degrade，　showing　a　pe�oan¢nt　increase　in　the　g就eleakage　c�oent　which　is　irreversible．’Electroh磁inescence　miαoscopy　can　be　veryusefU亙　tool　in　detecting　localized　breakd《）wn　ef岳cts　and　evaluating　degradationm¢chanisms　in　o鉾s雄e　bias　stress［8，14，15−16｝In　this　chapter，　reliabi1勘studies　werec鐙ied　o斑on　AIGaN／GaN　HEMTs　on　Si　with　di飽ent　buf飴r　thic�qess皿d　theirresults　w¢re　discussed．3。2E聯鰯蹴鵬　　　　　　The　AIGaN／GaN　he撤◎s伽c傭e　with　dif飴rent　b唖茸thic�qess（7もuδand　GaNthic�qessσG劇）we貧e　grown　◎n　a　4ううp−Si（111）subs搬桓　using　a　horiz◎斑almetal−◎rganic　cbe麺cal　vap◎r　depositi◎n（MOCVD）sys総憩（SR　4000）．　The　substratewas　the撫aUy　cleaned　at　11000C輌n　H2　flow．　T溢e　growth　st麟ed　wi癒the　nucle就i◎nlayer◎f　100�oAIN，　fbU◎wed　by　40盤10f　AlGaN．　Tb�ode貧s捻nd　the　dev輌ce一41一degrad誕i皿，　wa飴r轍h　dif昆rent　buf民r　thic�qesses（丘uf＝1．25，2．5，4．0，　and　5．0畑）were　grown．　The　intentionally　doped　GaN　thic�qess　vaded丘om　O．5　to　1．5畑and丘nal25�o一t垣ck　Alo．26G句．7鋼top　layers　were負xed鉤r　all也e　samples．　All　these　layers　weregrown　at　a　high　temperature　of　11300C，　and　these　samples　were　fセee　f｝om　cracks．Figure　3．1　shows　the　device　structure　of　AIGaN／GaN　HEMTs　on　Si　with　dif丘rent　buf民rξmd　GaN　thic�qesses　that　were　used　in　o斑studies．（翻），、乙Gr15／2．0μm叢鎌灘鐡欝難磯難撚髭o灘難斑轍翻・鞭s舞愚籔5鐵mFig．3．1．　Cross−sectional　view　of　the　SiO2　passivated　AIGaN／GaN　HEMTs　on　Si（a）buf鰍layer　thic�qess　is　vaded　and　remaining　kept　cons雄and（b）v頑ng　the　GaNthic�qesses　keeping　the　rest　cons舷mt．　　　　　　The　device　process　started　with　mesa　isolation　by　BCI3−based　plasma　reactiveion　etching　and　passivated　with　SiO2　deposited　by　electron　beam　evaporation　withsubstrate　temperature　at　1500C．　Ohmic　contacts　were　p甜emed　with　Ti／Al／Ni／Au（20／72／12／40nm）metals　fbllowed　by　lamp　a�oealing　at　850◎C　fbr　30　s　in　N2　ambie蹴．Gate　metals　Pd／TVAu（40／20／60�o）were　fb�oed　using　conventional　ph碗olithograph》�dAll　the　metals　except　Al　were　deposited　by　electron　beam　evaporation，　whereas　Al　wasevaporated　by　the　fil蹴ent　h�閣ing　technique。　The　AIGaN／GaN　HEMTs　with　device一42一dimensions　of　gate　width（挺）＝200μm，　gate　length（、乙g）＝1．5μエn，　source−drainspacing（、乙sd）＝9．5μm，　and　gate−drain　spacing（Lgd）＝4．0μm　were　used　fbr　this　study．The　process　condition　and　device　parameters　were　kept　the　same　throughout　our　studytmless　m斑tioned　particularly　　　　　　Though　several　dif民rent　step−stress　measurements　available，　we　haveemployed　an　OFF−state　bias　stress　testing，　where　the　gate−source　bias　voltage（吃s）waskept　constant・at−10　Y　which　is　well　below　the　device　threshold　voltage．　The　drainstress　voltageぽb−s甘ess）was　incfeased　f�eom　5　to　45　V　with　l　V　step　fbr　a　time　interval　of60seconds　was　ca�ued　out．1�utially　the　comparison　study皿AIGaN／GaN　HEMTs　onSi皿dif民r斑t　buf民r　thic�qess（玲uf＝1．25，2．5，4．O　and　5．0μm）with　GaN　thic�qess（76aN＝1．0μm）were　ca�ued　out．　The　dislocation　densities　weτe　calculated　using　fhllwidth　at　half　maxim�o（FWHM）values　fξom　X・・Ray　di缶action　and　Vian　der　pauw　Hallmeasurements　were　carried　out　at　room　temperature　on　these　samples　and　reported　in肱ble．3．1．　Initially　we　chose　two　dif民rent　buf民r　thic�qess　i．e．7Buf＝1．25　and　5．0μm，fbr　our　study　and　ca宜ied　out　the　stress　measurement　with　the　above　mentioned　stressconditions．3．3賦鋸闘盈書s翻磁竈量s磯ss量�J騒　　　　　　The　figure　3．2　shows　there　is　a　continuous　decrease　in　the　lbmax　with　anincrease　in　drain　resistance（RD）．　The　sub−threshold　current　slope　shows　a　positive　shift．Also，　gm．ped（shows　a　steady　decrease　with　the　shi丘in　t�qeshold　voltage（臨）．　The五｝sshows　no　significant　change　with　the　increase　in　step　stress　voltages。一43一100　　80官き60＜旦話40已　　20020　　15菖亘1°謁500−624　　　6　　8　　η）s（V）1012一4　一2暇｝s（V）021001σo玉俗1σ゜2＝卍10’03盲冨10−0410’051σ06　　−610’011σ03官10・・5きく�e10’07　10ぬ0910’11，1S　．2吃s（V）02一6一4　一2吃s（V）02Fig・3・2・Change　in　device　characteristics　就　each　step　in　the　o珪st就e　bias　str¢sscondition　was　shown　a万｝．s甘ess＝−10V；巧）．s甘ess＝5to　45　V；step＝1Vand　time　periodof　l　m．in．　The（a）output　characte亘stics，（b）sub一癒reshdd　characte亘stics，（c）仕ansj毎rchεぽacte亘stics　and（d）gate　curre亙並chεぼacteristics　fbr　7もuf＝1．25μm　devices．一44一　　160　　　　　　　　　　　　　　　　　　　　　　　10◎　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1001（120鳥。　昆：：こ＝v　冨1σ恨　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10’◎5　　　°。24681。121σ竺6　．4　．2　。　2　　　　　　　　　　　　　　汚・（v）　　　　　　　　　陥、（V）　　　50　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10戸oズ　（40　　　　　　　　　　　　　　　　　　　10奉03　　　10　　　　　　　　　　　　　　　　　　　　　　1σ◎9　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10’H　　　O　　　　−6　　　　　　−4　　　　　　−2　　　　　　0　　　　　　2　　　　　　　　−6　　　　　　−4　　　　　　−2　　　　　　0　　　　　　　2　　　　　　　　　　　　　　吃s（V）　　　　　　　　　　　吃s（V）Fig．3．3．　The（∋o琉p斑ch鍵ade亘stics，（b）sub一血eshold　cha聡cte亘stics，（c）tra丑sfercharacteristics躍d（d）g就e　c膿e蹴characte亘stics魚r　AIGaN／GaN　HEMTs　on　Si　withthick　buf允r（7Buf＝5．0μm）devices．The　figure　3・3　shows，　there　is　a　s鵬all血crease　i斑he　lbmax　wi癒negligible　change　in　RI）．There　is　no　change　observed　in　gm−peak　and臨shi負，　sub一癒ζeshold　drain　cu牡ent　sl◎peand丑｝s　does〆t　show　any　sigl亘ficant　changes　e輌the主This　like丑y　show　on　inc貧easing　the兀uf　thic�qess　the　device　shows臼egligible　deg鍛datio簸．一45一　2．0　　　　　吃命弱＝40V　　　　　汚〉《＝10V〜45V§1．5盟二1�j血ξ箋L・ξ遣o・502．0§’5¶：0　　　　0　　　　10　　　　20　　　　30　　　　40　　　　50　　　　　0　　　　10　　　　20　　　　30　　　　40　　　　50　　　　　　　　　　　　　　　　巧）．、仕，蕊　　　　　　　　　　　　巧主S浪SSFig・3・4・Compadson　of』bm叙，　RD，　and　gm−pぱdegradati皿of　AIGaN／GaN　HEMTs　on　Siwith　dif民r斑t　buf民r　thic�qess．　　　　　　　　　　　　　　　、　　　　　　Figure　3．4　shows　the　over　all　results　of　the　step−stress　test　on　AIGaN／GaN　　｝HEMTs　with　7Buf＝1．25　and　5．0μm．　The　key　figure　of　me亘t　that　was　compared　is∬Dm蹴，RD，　and　gm．pe司（．　The　Fig．3．4　shows　the　change�qoutput　characteristics　and　transfもrcharacteristics　befbre　and　after　each　stress　test．　As　it　can　be　seen，　drain　c�oentsignificantly　decreases　and　RD　increases　befbre　and　after　stress　fbr　7垣uf＝1．25μm．　It　isto　be　noted丘om　Fig・3・2　that　a　change　observed　in　sub−threshold　c田Tent　slope，　alsosteady　decrease　in　gm−peak　observed．　Whereas　no　such　degradation　were　observed　fbr7buf＝5・0μm　in五）max，　RD，9m−peak　and　sub−threshold　current　slope．　It　has　been　rep◎rtedby　S．　Demirtas　et副．，［12］that　fbr　AIGaN／GaN　HEMT　on　Si　there　will　be　a　steadydecrease　in　the　lbmax飴m　the　begiming　of　the　stress　test　and　the　lbmax　and　RD　will　showami］rror　image　behavio主They　have　proposed　that血is　behavior　is　due　to　the　presence　ofvirgin　defect　that　present　in　the　GaN　HEMT　on　Si　substr就e．　From　ou面nding　we　fb皿dth就，也ere　is　a　simi1征behavi・面device・peτati・n　t瓢鎚suggested　by［12］拓r　　げAIGaN／GaN　HEMT　on　Si　with　thin　buf丘r（7Buf＝L25μm）．　Also　t◎be耐ed　that，　thedislocation　dens勘was　high　fbr　7もuf＝1．25μm　as　show田n　Table　3．1　c皿firms癒a蹴is一46一the　de允cts　that　present　in　the　virgin　device　causes　this　continuous　decrease　in　lbmax，1〜D，and　gm．pe泳fbr　AIGaN／GaN　HEMT　on　Si　with　7Buf＝1．25μm　Whereas，　i飼he　case　ofAIGaN／GaN　HEMT　on　Si　with　thick　buf飴r　reduce　in　dislocati皿density　reveals　that　theinfluence　of　virgin　defbcts　was　reduced　which　results　in　good　device　pe�ub�oance．Since　we　did　noωbserve　any　significant　changes　in　the　gate　leakage　c�oent　fbrτ巨uf＝1．25and　5．0μm　up　toγb−s亡es、＝45　Y　we　have　c頗ied　out　at　higher巧）．s仕es、　fbr　two　otherbuf毎thic�qess（7もuf＝2．5　and　4．0μm）devices．Table．3．1．Hall　and　XRD　data　listed　fbr　AIGaN／GaN　HEMT　grown　on　dif琵rem　buf琵fthic�qessG繍N／A脳@　s毬s叢丑識韻¢蝕繍罫羅¢重er量1醜i¢s繍t　3�J�JK璽踊s量�J¢雛重童o醜竈¢醜§藍尊@　　　　｛証21�_馬uf激ﾊ醐董一G甕N喧ｦ11酔罐1　　曲e醜盾刀f醜聰¢¢PΩ／q馳�鰹d�較鹸破争驥企ｰr鶴』�P鹸@　　1囎’21�o磯韻晦P鯉21VsIs¢『εwE《黒霧e501001602001．252．504．005．001．01．01．01．077673768710588．72xlol28．79x10127．97x1012657x101292596811508831．22x1091．52x1091．71x1091．50x1095．02x10104．05xlOlo2．79x10102．49x10103．3．且c逝�滑L岨電曙¢　　　　　　The　phenom斑on　of　critical　voltage　is　very　impor旋mtly　considered　and　widelydiscussed　especially　in　reliabilily　studies．　The　teml　c亘tical　vo1伍ge（η』rit）is　de丘ned　as，at　a　specific　drain−source　vo▲tage（巧）s）where皿e◎r　both，　namely，（i）g就e　leakagecurrent（1と｝−of董）and（ii）sub−thresh◎ld　vo1栖ge　drain　curre董並（五）），　increase　significantlyand　irτeversible　d斑元ng　DC　stress　under　pinch−off　conditions．　Vadous　a斑hors　haverepo杜ed　on　this硫itical　voltage　phenomenon．　Critical　voltage　betwe頭20　to　30　Vreported　fbr　AIGaN／GaN　HEMT　on　SiC　substr就e［6，7，17］，70　to　80　V　reported　fbrAIGaN／GaN　HEMT　on　sapphire　subs甑te［18，191，25　to　70　V　reported　fbr　AIGaN／GaNHEMT　on　Si　substrate［12，13］．　In◎ne　case　they　have　rep頒ed　theれr髭delayed　beyond一47一100V◎n　changing　the　g就e憩etal　stacks［20］．　Hence，　t◎◎bse貧ve　this　sudd磯inc貧ease　inthe　ga給leakage　c皿e凱du亘ng　elec面cal　stress，　we　have　selected　AIGaN／GaN　HEMTwith癬o　dif飴re斑buf財thic�qess（7もuf＝2．5　and　4．0岬）．Ioo10“1　§1σ2ミ菖10否3　§』1σ4　　10恒51σ6100　　10圏’1　ξ1σ2≧旦10’3　目』1・4　　10“5（の7らf＝25μm　巧）−S髄SS＝160　VT）−s甘ess＝140　V6｝…傷綾謬嚇鞠冶衿・ひら．＿楡職疾万｝s＝−10V》　　’『・食�a　文鷲慧＝＿I）櫨ess＝20　V　　　　　　　　　1σ6　　　　　　　　　　　　0．｛　　1　　10　　100　　1000　　　　　　　　　　　　　　　　　　　　　　　　　　　T量me（sec）　Fig．3．5．　Increase　i簸1と｝−s甘es◎bserved　d磁ng　cぱ並inuous　biasing◎f　600　s　fbr　increas輌ng乃）．s加ss威段｝s＝−10VSudden量ncrease量n　the、醍｝．s甘es　is◎bserved　fbr（a）7もuf・＝2。5μ憩at巧）−s甘ess＝140　V（b）7旙uf＝4．0解醗dev輌ce　b髄◎1麓◎cc璽s就乃）−sむes、＝230　V　　　　　Theγb−stress　st麟ed　at　20　V組d　g聡d醸Uy並creased諭steps◎f　20　V鞭出the（b）7もuf＝4．0μm@　　　　　　　　　　γb喧ess＝220　V騨’聡s一孤V　　　　　聡・な・ss＝20　V一48一occurrence◎f磁t輌cal　vo1槍ge．　Each　step　v◎1tage　s騰ssed劔at輌me　span　of　600　s．　h琵wer　cases，　this　step　vdtage　changed丘◎m　20　t◎10　V◎貧鵬uch　loweno◎bta垣m◎resampling　data　which　can　identifシaprecise互童．　For　every　buf烏r　thic�qess，　severaldevices　f≧◎懲two　dif蝕ent　wa惣s　were　su鞠ected　t◎step−stτess　measurement．　Thesubstraおwas　grounded　and　the　measure］me簸ts　we貧e　ca�ued◎琉並d覆k　and　a柱oomtempera鞭e　fbr　aU　these　measure磁e瓶s．　Fig斑e　3．5　shows　the　behavior　of　gate　stressleakage　c皿ent（ノG．sぴess）dur輌ng　c◎簸t輌nu◎us　biausing　w覚h　inαeasingルb．s柚ss　fb∫both勾�u＝25躍d4．0μm　devices．1G−s甘ess　was　fb�od　to　increase　with輌n◎reasingγb−sむess．　It　wasreported　th厩　befbre　f樋1ure　occurs　the　g就e　st忙ss　▲¢akage　cu∬ent　should　become�os桔ady　and　then　resu互ting　in　pe鞭anent　degradati◎n［14］．　This　pe�oanent　increase　in恥．．st，，ss　d磁ng　cont沁u◎us　biasing　re登ects　a互nt−like　phen◎m鋤n．　IMhe　case　of丘。f＝2．5μmthere　fb聰d　a　sbw　increase　i簸1G−s仕ess　w輌th　the輌nc貧ease垣巧）．s紅ess　and　a　suddeninαease　in拓．s官ess◎bserved　at巧）．s仕ess＝140　V　wi癒o磁any　noise　i撮ication　as　show孤inF輌9．3．5（a）．　　　　　　This　sudden　increase並五〕−s廿ess厩γb．s甘ess＝140　V　is　a蟄e難ane瓶inαease　thatwas　observed　weU　be1◎w　the　c�oient　c◎mpliance◎f　t鼓e　g飢e　c�oent　which　is溢eversible．　Moreover　the　device負）脇d貧ec◎verable　uμ◎the碑orち）。s仕ess　i．e．巧）．s仕ess＝120VAs　d輌scussed　l厩e妥，　the　device畿this　vdtage　stiU　c◎蹴垣鵬s　to◎per斑e　as　a縮nsist◎r．丁疑s　pe鋤an銀t　increase沁五〕−s甘ess　was◎bserved　fbr　aU　the　devices　with　ab貧◎ad　d輌sthbut輌◎n◎f巧）−s甘ess　rang輌ng　fピ◎懲140　to　1呂O　V．晒ereas　fbr　7もuf＝・4。0μm，，　nosuch陥rit　l輌ke　ph翻ome簸on　was◎bserved，麗sh◎wn　i簸Fig。35（b）．　Atγb−s紅es，＝230　Vthe　device　b�o　◎ut◎cc皿ed　c◎面�o沁g　that　the　縫ev輌ce　had槻dergo簸e　breakd◎wnph¢n◎鵬en◎簸・lt量s　t◎be　noted　tha拙e永．、仕ess　bec◎mes醗steady　befbre艦δevice　bumo就occ雛s．　The　su曲ce　v輌ew　using癒e麺cr◎scope　afte質his　c◎nfi描ed　the　device　b�o一49一o就maτk，　as　shown　imhe　inset　of　Fig．35（b）．　For　devices　havmg　Zもuf＝4．0μrn，　we　didnot　observe　the　sudden　increase　in　1とトs柚s、　du亘ng　continu◎us　biasing　rather，　this　deviceundergoes　breakdown　accompanied　by　a　b�o領t　mark　with　a　vadation　of巧）−s仕，s、　ffom230to　260V　300　250菖2°°§150ヨ1・・　　50　　　0　　　−6　・・5　　−4一3　−2　−1　吃s（V）　　　　　　10“01　　　　　　10”02　　　　官1σ゜3　　　　昌1ぴ゜4　　　　皇1σ゜5　　　　巴10−06　　　　　　10mO7　　　　　　10’080　　1　　2　100（80肩6・覧4・　　20　　0　　　　−6巧）ザ4V一5　　　−4　　　−3　　　−2　　　古1　　　　　　　　陥s（V）01　　　　　　　　　　　　　　　　　　　　　　　一6　　　−5　　　−4　　　−3　　　−2　　−1　　　0、　　1　　　2　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　吃s（V）Fig．3．6．　The　t餓nsfer　characte亘stics　measured　a負er　every　step−s仕ess◎ff　stress　biasvoltage　fbr　7Buf＝2．5μm．　　　　　　We　measured　the　transfer　characte亘stics　after　every　step−stress　measure憩ent．陥sv頭ed丘・m　Ot・10V輌n　ste蟄s・f2Vinw垣ch路s　swep品m−6t・2VFig．3．6shows　the　transfer　characterist輌cs　measuτed　a負er　each◎fFsta麓bias　stress　vo1伍ges　at陥s＝4Vand陥s＝−6　t・2VThere　is　a　small　decre蹴輌n�q畝鋤d　gm一ごwasobseτved　and　fbund　a　negligible　change　in　the陥h　shi丘as　shown　in　Fig．3．6（a）and（b）fbr　7もuf＝25μm．　The◎f£g就e　leakage　cu貫e齪（・『と｝メ）葺）醗easured　at巧）s＝4Va磁ルbs＝一50一一5Vte�oed　as垢℃鉦is　s�o頭zed丘om　Fig．3．6（c）鉤抽e　entire　step−s仕essmeasurement．　The五｝−o貰shows　a　sudden　increase　a”b．s甘ess＝140　V　as　shown　in　Fig．3．7．This　sudden　increase　in　the　1G．o餐at陥．s甘銘s＝140　V　is　referred　to　a　critical　voltage　in　ourcase．　For　7倉uf＝2．5μm，攻｝℃鉦measured　a負erルb−s仕ess＝140　V　was　observed　to　increasedrastically　compared　with、醍｝頑measured　less　than陥．s征ss　of　140　V　A丘er　this　sudd藺increase　in五｝−o肪the　transistor　characteristics　measured　show　an　ideal　lbs・・γbs　curvewith　a　pinch　off　voltage．10−3　　　　　　〃ξ／Lgd／」Lg　200／4．0／1．5μm10石4ちs4v行s。5v官10’5覇＞10−6盲己10“7　　　　　　　　　　　互耐7buf＝25μm　　　　　　　　　　　　　10揖8　　　　　鞠。f−4．0μm　　　　　　　　　　　　　10聯9　　　　　　　　　　　　　　　　　0　　　50　　100　　150　　200　　250　　300　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　妬）．s樋s、（V）Fig．3．7．　change　in　1G心鉦observed　at　K｝s＝−5　V　andγbs＝4V．　Vc亘t　is　observed　fbr　7Buf＝2．5μrn　at巧）．s仕ess＝140　V　and　no　abrupt　increase　were　observed　fbr　7もuf＝4．0μmresulting　in　device　b�oout就巧）−s鵬ss＝230　V　　　　　　This　co�ui�oed　tha杜he　no�oal　FET　operation　of　the　device　was　not　affectedbecause　of　the　sudden　increase　in　1と｝℃鍾．　In　the　case　ofτBuf＝4．0μm，　there　is　no　suddenincr�郭e　in也e　IG−o登observed　even　at　higher巧）．s鵬ss．　At　230　Y　the　device　reaches　thebreakdown　voltage　limit　and　a　bum　out　was　noticed．　Therefbre，聡dt　was　observed　onlyfbr　HEMTs　grown　on　7Buf＝2．5畑and　not　fbr　HEMTs夢own　on　7らuf＝4．0μm．一51一3。3。2醗麗瞭�J旦麗翻鵬麗¢簸�梶@　　　　　Ele伽h�oinesc頗ce（EL）is皿imp・迦t　t・d　where　we　c皿m・nit頑he　p紬of　gate　leakage　cment　or　str皿g　elec垣c　fie互d［8，14］．　EL　ln　AIGaN／GaN　HEMTs　hasbeen　attributed　to　the　intraband　tτa簸siti◎麹◎f　h◎t　ca�uers　in　the　high−field　region◎f　thedevice，　i．e．，　related　to　the　1就e抱1　e▲ect亘c　丘eld　s仕ength　［8］．　The　rea1−timeelectroh�oinesc斑ce　was　observed　using　the　PHMOS　ins�q斑t　by　HamamatsuPhotonics　K．　K．，　in　which　a　silicon−intensified　CCD（SI−CCD）came聡has　beeninstalled［21／hthis　system，　the　high　sensitivity雄d　low　noise　characte亘stics　of　theSI−CCD皿abled　us　to　observe　the　low−int斑sity　emission　with　high　positi皿accuracy．For　example，　the　Si−CCD　slashes　the　detecti皿time　by　90％compa恰d　to　a　conventi◎nalc・・led　CCD　c�oera　The　detec励1e　wavele呼h・fthe　Si−CCD貧鋤ges倉・m　O・3　t・Llmm，　so　th就th¢electroh�oinesc斑ce　due　to　the　hot　ca�uer五mhe　AIGaN／GaN　HEMT［14，22，23］is　observable　with　PHEMOS．�C塩r＝25�_灘　　　　　　　　　　　　　　〔b）為。1こ4．靱懲Fig．3．8．　Electr◎1�oinescence　sh◎ws　a　s夢磯y　and睡fb�oem輌ssi皿fb宮丘uf＝2。5　and4．0μm，respectively．一52一A蛎hedba櫨e　of　PHEMoS輌s臨厩輌t始s　a　probe溢ide，　s◎勲t　on−wa鋤dev輌ces薦well　as　packaged�鋭　can　be�蛎躍ed鰹ily．　　　　　　　D磁簸gmeas覆eme城s，　a醗◎vie◎負he　e▲戯r◎h欝inesc髄ce　wi癒the　60負a憩es／swas　cap搬ed　while癒e　AIGaN／GaN　HEMT　was　biased厩◎岱甑te　cond輌ti◎簸負）r　b醜the　b違う抽lc�qess．　The　EL　e麺ss継s盆HEMTs即糀◎蓑為uf＝25　and　4．0岬were　spo髄y蹴d�o輌fb�o，　respectlvely　as曲◎禰i簸F輌g．3．霧．1紐he　case◎f　HEMTsgrow簸o簸7万uf＝25μ灘，　the　EL　e憩issi《）n　sp◎ts　beg鍛t◎appea置誠巧）．st貧ess＝100　V　asshown並F輌9．3．8（a）侮me　1）．　The　e樋ssion　sp◎ts　obse御ed由his　vol胞ge　we貧e　weak乏灘dnon−u�ufb蹴．　As癒e　s総ss　voltage　increased，　the　EL　e麺ss輌o簸輌麗ens輌ty　als◎increased躁d　new　spots　were　fb轍ed　a撮vis輌ble　a髭ogethe随離ew　region，　as　shownin　Fig．3．呂（a）＠a搬e　2）．　A柱he磁ti�渇Nvoltag¢of　BO　V　d磁ng　c◎nti簸u◎us　biasing，�ot輌Ithe　sudden撫c貧ease　in表｝−s甘es、，血¢r¢was　no甑ce　of欝w　sp醜s　obs破v¢d，　b就wi血thesudden　increase桓」股｝．sロess，醗e翻rely　new　h◎t　sp◎t　in　a　new　regi◎麹was　observed　asshown　in　Fig．3．8（a）＠ame　3）．　Whereas　imhe�各　of　HEMTs　gro犠◎nτもuf＝4．0μm，aweak　and　u磁brm　emission　th貧ough◎就幽e　ga胎一d鍛in　regi◎n　w薦◎bserved　as　show簸ln　Fig．3．8（b）侮ame　1）．　W輌th負麟hed蹴eased乃）−s抽ss，　the¢頚issl◎n　w薦observed　t◎beweak　and　uni負）難，　as　sho職輌簸Fig．3．呂（b）（負　�oes　2　a負d　3）。　T鵬HEMTs　gr◎職◎n　7Buf＝2．5畑sh◎w　a　c面cal　v◎1餓ge，　i．e．，　a　n◎阻ec◎verable輌蹴e恥in　g厩deakage　c膿e瓶．T薮egene鍛ti◎ns　of負磁h．er　leakage　pa叱hs　were　i齢戯雌ed　as　h灘ine距ent　d◎ts　i簸themicr◎−EL　i憩ages．　The　sp磁y　e麺ss沁n　that　fbUowed　a負ew　h硫sp◎t　aUhe面tical・vo晦ge　was　caused　by　large　disI◎α癒◎簸δe薮s輌ty（3．6　x　109　c醗“2）whi嘘increases　thehigh　elect］dc　field　at　the　gate　edge◎f癒e　d貧鍾n　s輌de　res臆髭ing輌簸non磁fb懸e鵬輌ssi◎簸．Whereas，　fb貧HEMTs　g貧◎職o簸7Bu戸4．0μm，　the　dls鱒b厩輌on◎f癒e　elec麺c飴亙d輌sbe1輌eved　to　be麟fb］�oeve鍛畿h輌9鼓巧）−s泣ss，　and　this，　i簸�q，　prevents　the　occu賀e瓢）e◎f一53一critical　voltage．3．4s腿醗蹴鯉　　　　　　In　s�o町，　we　have　studied　the　step−s仕ess　me…ent皿der　the　o径s雄condition　fbr　dif民rent　buf民r　thic�qesses　and　fb�od　dif民r斑t制h孜e　modes．　TheAIGaN／GaN　HEMT　grown　on　7Buf＝輻25畑shows　a　reduction　in皿tput　and　transfbrcharacteristics　which　is　believed　to　be　due　to　the　virgin　defects　present　in　the　device．The　AIGaN／GaN　HEMT　gro�oon　7旙uf＝2．5μm　shows　the脂t　was　observed　above巧）−s錠ess＝100　V　fbr　all　its　devices．　Whereas　we　did　not　observe廿亘s吃dt　fbr　AIGaN／GaNHEMT　grown　on　7もuf＝4・0μm　devices．　On　increasingγb−s甘ess，　we　did　not　observe　thesudden　increase　in　IG．s甘ess；radler，　device　bum　out　occ�oed　at巧）−s甘ess＝230　V　The　ELmeasured　during　continuous　biasing　shows　weak　and　unifb�oemission　throughout　thegate　edge　of　the　drai穎side．　It　is　believed　that　A▲GaN／GaN　HEMTs　grown　on　a　Sisubstrate　with　increasing　buf民r　layer　thic�qess　dispels　the　existence　of　a　non一�oifb］�oelectric　field　at　the　gate−drain　region　and　absence　of万亘t．一54一Ref紀r¢灘1¢es［1］YEWu，　S．　M．　Wbod，　R．　P　Smith，　S．　Sheppard，　S．　T．　Allen，　E　Pad�q，　and　J．Milligan：in　Int．　Electron　Devices　Meeting，2006，　pp．1−3．｛2］S．Nak司ima　et　al．，　Proc．　WOC　SDICE　2007［3］E．L．　Piner：Proc．　WODSDICE　2007［4］GMeneghesso，　E　Rampazzo，　P　Kordos，　G　Verzellesi，　and　E．　Zanoni：IEEE　Trans．Electron　Device，53（2006）2932．［5］R．Coffie　et　al．，　IEEE　Proc．　Int　Rel．　Phys．　Symp．2007，　pp．568．［6］J．Joh，　L　Xia　and　J．　A．　del　Alamo：IEDM　Tech．　Dig．，2007，　p．385．［7］J．Joh　and　J．　A．　del　Alamo：IEEE　EIectron　Device　Lett．2多（2008）287．［8▲GMeneghesso，　G　Versellesi，　F．　Danesin，　E　Rampazzo，　E　Zanon，　A．　Ta左oli，　M．Meneghini，　and　E．　Zanoni：IEEE　Trans．　Device　Mate£Reliab．8（2008）332．［9］E．Zano�u，　F．　Danesin，　M．　Meneghini，　A．　Cetronio，　C．　Lanzieri，　M．　Peroni，　and　GMeneghesso：IEEE　EIectron　Device　Lett．30（2009）427．［10］J．A．　del　Alamo　and　J．　Joh：Microelectron．　Reliab．4聖（2009）1200．［11］J．Joh，　R　Gao，　T．　Palacios，　and　J．　A．　del　Alamo：Microe▲ectron．　Reliab．蔦（2010）767．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’［12］S．Demirtas，　J．　Joh，　and　J．　A．　del　Alamo：Microelectron．　Reliab．鍵（2010）758．［13］D．Marcon，　T．　Kauerau£FMe（U　doub，　J．　Das，　M．　Vian　Hove，　P　Srivastava，　K．Cheng，　M．　Leys，　R．　Mertens，　D．　Decoutere，　G　Meneghesso，　E．　Zan皿i，　and　G　Borghs：IEDM　Tbch．　Dig．，2010，　p．472。［141M．　Me雄ghini，　A．　St◎cco，　M．　Bertin，　D．　Marcon，　A．　Chini，　G　Me限ghesso，　a孤d　E．Zan皿i：AppL　Phys．　Lett．豊�P�P（2012）033505．［15］Rl　Gaddi，　G　Meneghesso，　M．　Pavesi，　M．　Peroni，　C．　Canali，　and　E．　Zanoni：IEEE一55一Electr皿Device　Lett．2�J（1999）372．［16］R．Lossy，　A．　Glowacki，　C．　Boit，　and　J．　W�u1：賄ys．　St繊s　So1輌di　C囁（2009）1382．［1刀PMaka臓m，」．　J◎h，　J．　A．　del　Alam◎，　T　Palacios，　and　C．　V　Th◎mpson：Appl．　Phys．Lett．璽緬（2010）233509．［18］M・x・Hua，　M・J・Gang，　Y　L　YI　，H．　Qiang，」．　Ying，　M．　Ping，　and　H。　Yue：chin。Phys．］霧2�J（20U）067304．［19］M．X．　H聡J．　Y垣g，　M．　P輌ng，　H．　Qiang，　M．　J．　Gang，　Z．　Kai，　Z．　H．　Long，　Z。　J．　Cheng，and旺YUe：Chin．　Phys．亙奮2�P（20U）127305．［20］C．FLo，　L．　Lu，　T　S．　Kang，　R．　Davies，　B．　P　Gila，　S．　J．　Peaエt皿，1．1．　Kravchehko，（》．Laboutin，　Y　Cao，　W．　J．　Jo�qson，蹴d　E　Ren：ECS　T伽s．翻（2011）63．［2月J．S銀zaki，　A．　S�q◎zato，　Y　T　Kazushigae　Kos鰻kaw隅and　K．　FUkuda：Ma尤e£Sci．F◎�o，緬7％欝（2011）378．［22］M．Meneghi抵M．　Scamperle，　M．　Pavesi，　M．　Ma諭edi，　T　Ueda，　H．　Ishida，　TTanaka，　D．　Ueda，　G　Meneghess◎，　and　E．　Zanoni：App1．賄ys．　Le廿．墾7（2010）033506．｛23］E．Zan◎盛，　M．Meneghi�u，　and　G　Meneghesso：in　Proc．9血Int　Conf　MIKON，2（2012）pp．593−598．一56一C艶翻罫電琶酔夏V：�J調霧量墾翻醜《温A幽瀞紀麗鍵認簸馨霞《》f］駐量誌盈醜韻聡G竃寵紀｛》劉裂量麺盈鱈霧童｛搬　　、《》盤A璽G］鍮N／G縫N藍盈E］》紅TG影��騨醜《》璽塾丁翫量電k蓬郵魍董資奄置嬉．翻齪購翻醜量鍵　　　　　　Several　s伽伽ral　stud輌es　using轍ns麺ssi◎n　electr◎n　micmscopy（TEM），sca撒輌ng　elec蜘n　m輌cr◎sc◎夢y（SEM），　and厩◎鋤c　fbrce鵬icrosc◎py（AFM）◎btainedphysical　evidenc¢suggesting　tha雛he　de驚cts厳e　g錐e繍ed　be1◎w　the　gate　edge　loc畿edi猷he　AIGaN　ba�ueday劔［1−5］．　M◎st　of　these　s加dies　revea1鰐s狼U◎graphic　defectssuch　as　pits鋤d碇acks　at　the　d鋤n　side　of癒e　gate　edge沁spi麓of　their　low　de驚ctd磁s靭．Apa貫倉◎憩these　defbcts　gener厩ed　i掘he　AIGaN　ba�uer　layer，　defects　resuhingin　excess　leakage血ough　i−GaN　due　to　impe愈ctio簸s　and　dislocat輌on　density　du鋤ggr◎wth　req慮e　m◎τe輌nvest輌g就五〇n［6−10」．　　　　　　互nthe　prev輌◎us　chap撤we　discussed　on　the　leakage　cu賞ent，磁tical　vohageξ磁dele傭du麺nescence　fbr　d輌餓≧re瓶わuf鞭翻c�qess　and　fb膿嶺he　c壷ical　vohage　was蛎◎bse鐸ed　in　AIGaN／GaN　HEMT　on　Si　Wh　thick　b麗f敵捻yers．1鷹his　ch雛er，　wehave　ca鐙輌¢d　◎ut　s総p−stress　and　cyclic　st貧ess　m¢asu窪e搬ents　at　v磁◎us　c◎nditionsexd鷺sively　o簸AIGaN／GaN　HEMT　grown◎墾甑ck　buf財．　A　K¢y鋤ce　3D　laseτm輌cr◎scope　which　is　an　usef蝋◎d噛e頑t　co杣ines癒e卿ab輌翫ies◎f鋤◎画calmicr◎sc◎蟄e，　pro負1◎鵬ter　and　an　SEM．　This　micr◎sc◎pe　uses　lasedig競躍d　white　lights◎urce　whe貧e　b◎癒high　e磁r¢solut輌◎負and　cr輌sp◎舞cal　i搬age　is◎bserved、　A施騰輌c　fbrce認cr◎sc◎pe（AFM）was　a丑so　used　t◎study◎rig輌n鋤d　the搬g癒趣δe◎f癒e　de輪ts。　　　　　　鞭ch◎se　AIGaN／GaN　HEMT◎n　S輌w油『Buf＝5．0μ膿and　c血ed◎磁thes船p−s錠ess搬eas灘e憩綴並in　3　d輌f艶re簸t　c◎nditi◎ns　n蹴e｛y：（1）Off　s繍e（れ｝．s紅ess＝−10「級7i）．s甘ess＝5重045　V）．（D輌s磁ssed　i簸嘘ap胎貧一3，　F量g．3．2．）（2）巧）．s鵬ss＝OV（酸｝．s彼ess＝−5胎一45　V），鐡d一57二（3）On−state（レ石．s廿ess＝OY、万）−s甘ess＝5to　45　V）with　l　V　step　and　time＝1min．Device　dimensi皿s：研1／Lg＝200／2．0μm　and」乙gd＝3．0／4．0μm．All　our　experiments　were　pe�ub�oed　in　the　dark　and　a杜he　room　temperature．The　dra垣c�o斑t−vo』ge（乃）s一γbs）characteristics　and　transfer　chaまacte1istics　weremeasured　after　every　step−stress　meas斑em斑t．　Some　of　the　parameters　extracted　are’menti皿ed　below．1bmax：measured就γと｝s＝1．5　V　and乃）s＝5『晃RD　exmded　fセom　the　slope　of、6）vsγbs（fbr巧）s＜1V）i醒he　linear　region．g碑e故and　IG℃音measured　atレbs＝1Vandれ｝s＝−6　V　were　plotted．一58一4．2s坤一s加s§醗�郭麗e醗翻認．2．丑恥）．st，es、＝�Js繍e踊塞s　s舵器In　theγb．s紘ess＝Ostate　bias　stress　measurement，　we　fb�od　that，　there　is　a　negligibleva亘ation　observed　in　RD　andル�qee．　hitiaUy　the　lbm蹴decreased　at　5　V　stress　voltage　andtherea丘er皿irLcreasing　the　stress　voltage　there　observed　an　increase　in　the』Dmx．　Also，　asmall　increase　in　the　gm．pe田（was　observed，　whereas　no　changes　observed　insub−threshold　slope，　threshold　voltage　shift（臨）and　fb�od　a　small　decrease　in　the　gateleakage　c斑Tent（」醍｝S）．160（120§ξ8°遣40　　00　50（40』3・量2・　10　　0　　　−62レb・《＝Ostate7b．《＝OVレモ｝．轍＝−5to−45　V4　　6　　8　　η）s（V）1012．4　一2吃s（V）02　　loo　10取1二〜1σ゜2蚕1。取・身1。綱　1005　10’06　　　　−6　10取1　10��3官10−・5日〉�e1007　10��9　10’］1　　　　−6一4　一2残｝s（V）02一4Fig．4．1．　Change　in　device　characteristics　at　each　step　in　the巧）condition弓タ｝−s甘ess　was　stepped　f≧om−5　to−45　V　in　l　V　step（1　min　per　step）。　　一2　　　　0　　　　2吃s（V）。s廿ess＝OVbias　stress一59一尋。2。2《）N一醜総琶母離母肇一s重蟹濾s¢《罎幽董重量《珍髄　　面th¢ON−s繊e　bias　stress　measurem鐙t，　we　fb�od　that，　there　is孤o　significant　changeobserved就RD　and巧mee．　There　fbund　a　deαease　in　lbmax　and　gm−peak．　Whe指as　the貧e　isno　change　observed　in　sub−threshdd　sl◎pe，　Kh　and　IGs　are　shown　in　Fi94．2．160（120ξ皇8・　奏毒400050（40肩3・ξ2・　　102On・・state　bi鎚stress残｝緬部＝OVγb．s仕，ss＝5to　45　V4　　　6　　8　　γbs（V）1012　　100　　10��1二〜10°2X喝loo3盲冨lo唱　　10取5　　10緬　　　　一6　10sOl　1σ03曾10心5きく�e10取7　10取9　10414　　一2K｝s（V）02　　　　0　　　　・・6　　　　　　−4　　　　　　−2　　　　　　0　　　　　　2　　　　　　　　　　　　　　　−4　　　　　　−2　　　　　　0　　　　　　2　　　　　　　　　　　　　　　殴｝s（V）　　　　　　　　　　　　　　　　　　　　　　　残｝s（V）Fig．4．2．　Ch鋤ge　in　device　characte〕dst輌cs飢each　step　垣the　ON−s敏e　biaLs　s富esscondition．γb−sなess　was　stepped倉o鵬5t◎45　V　in　l　V　steps（1血輌n　per　step）．　From　theupper4e負comer（clockwise）：（a）o就put　ch殿ac搬輌stics，（b）sub−thresh◎1d　characteristics，（c）transfer　chεばacteristics，　and（d）gate　cu廿ent　ch厳acte〕d　stics．一60一　L4合1・2三膓1．oヨ　0．6　1．4合1・2と昔式薗輻0言阜轟0．8　0．6遣α8：3蕊罐　　　　←巧）．s仕，ss＝Ostate　　　O　　　　　lO　　　　20　　　　30　　　　40　　　　　　　　　カb．、甘，銘〃b．燃（V）50●O鑑state一魯（）n鞘state母レb．館。ss＝Osta紀　　1．4　　　　　（b）合12巨ω磯噺�l＃＃＃霧s　　　　　　善OfCstate　　O・8噸一〇n．s雄　　　　　　舎聡s1ぼess：＝Os「協te　　O．6　　　　0　　　　　10　　　　2σ　　　　30　　　　40　　　　50　　　　　　　　　　　聡s紅ess／残｝−s祇ss（V）　　10口5　　　　　　　　　　　　　　　尋Off：state　　10題　　　　　　一慶On一魂e合　　　　　尋陥斑・ボ0・�鰍ｬ10取7　■1。取9岬「ww揮　　　　　　　吃s＝1．OV　　10’10　　　　　0　　　　　10　　　　20　　　　30　　　　40　　　　50　　　　　　　0　　　　　10　　　　20　　　　30　　　　40　　　　50　　　　　　　　　　　陥⌒／吃一S・・ss（V）　　　　　　　在、。，路／陥．s。ess（V）Fig．4・3・Change　in　1ぴnax，』〜D，9m一ρe欲and　1G．o貰就OfFstate，　On−state　andγb−s甘ess＝OVS伍te．Under　these　stress　c皿diti皿s（一吃．s紅ess　andγb．s加ss＝45　V）neither也e　fbrmation　of　pitsacr◎ss　the　source−dkain　region　nor　sig�uficant　degradati◎n　on　4）max，　Rd，　gm−peak　and』G．o貰were　observed　as　shown　in　Fig．4．3．　This　res磁m◎tivated　us　to　do血e　Step−stressmeasurement　fbr　higher　drain　stress　voltages．一61一43Ste酔一§重亙゜ess搬e鋸服re懸研麗鍾踊悪蝕《旦r総蚤簸b董薦st騰s§Q懸s脇総s畿ess（ル七一stress＝−1�QV；即b．s仕ess＝5重02�JO　V；§艶p＝5V翼』醗e＝6�M�Ls）200　　150　・§　日＞100旦磯　　　500　　　　0　　　2　　　4　　　6　　　8　　　10　　　　　　　　　　　　　　　　陥、（V）　　　10＋03’　　　10＋01　冒1σ゜’〉旦10−°3　　　10鞘05　　　10’◎7　　　　　−6　　−5　　−4　　−3　　−2　　−1　　0　　　1　　2　　　　　　　　　　　　　　　　　稔、（V）Fig．4．4．　shows　the　（a）outputsub−threshold　characteristics，　anレb．S鵬SS5．0μm．The　s�oパo卿characteristics　and　gate　current　　　　　ccharacteristics　show　an　initial　increase　i斑hewith　the　increase　in巧）．s倍ss　100　　80曾き60鴇盲40b幻　　20　　　0　　　−6G2384−4D1聡＝4V　　10÷Ol　　10−01　§1σ・3　皇1σ・5ぷ　　1σ07　　10−09　　　　　−6一5一4陥蜘、s−130V一3　　−2　−1稔、（V）01　　　　　　　　　　　　　　　　　　　　　　characteristics，　（b）　transfer　　　　　　　　　　　　　　　　　　　d（d）gate　current　characte〕dstics　at　万3＝5to　200　V；step＝5V；time＝600　s　fbr　AIGaN／GaN　HEMT　gro�o皿7もuf＝一5　　−4　　−3　　−2　　・・1　　0　　　1　　2　　　　　　　　聡，（V）　　　　　　　　characte］ristics，　（c）　　　　　　　　　　　　−s紅ess＝−10　V；　　　　　　　　　　　　　　　　　　　　　　　characteristics，　transfer　chεばacte］ristics，　sub−threshold　　　　　　　　　　　　　　　　　　　　　　　　　　chara　tedstics　are　shown　祖　Fig．4．4．　The　1二γ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　d提in斑rre蹴than　that　of丘esh　device．　But　　　　　　　　　　　　　　　　　　　　　也ere　is　no　fUrther　increase　in　the　drain　c皿ent　observed．There　observed　a　smaU　increase　imhe　drai雛esis伽ce蹴d　shi丘in　the�qee　vohage．　The一62一transfer　characteristics　show　that　i�utially　the　gm−pe譲（increased　and　there　afler　itremai浪d　the　same　gm．pe欲．　At巧）−s甘ess＝130　V　a　sudden　decrease　in　gm−peak　was　observedwhich�qhe貧de但eased　with　the　increase　inγb．str，ss．　The　suわ一threshold　characte泊ticsreveals　there　fbund　a　negative　shifhMhe　sub−threshold　slopeεmd　Vth．　The　gate　c�oentcharacteristics　show　there　is　a　sig�uficεmt　change　in　the　tum−ON　voltage　observed　atγb−s甘ess＝130　V　bu杜here　is　no　much　significant　dif昆rence　observed　towards　negativebias．　　　　　　　　　　　　　　　　15　　　　　　　　　　　　　　　　　104　　　　　　　　　　　　パ　T輌me＝6°°sec　　　10−2　　　　　　　　　　　　亀（　　　　　　　　　　　　遺　　　　　　　　　　　　　1σ6　　　　　　　　　　　　　　　　　　0　　　　　　　　　　　　　　　　10“7　　　　　　　　　　　　　　　　　　　�J　　　　50　　　　丑00　　　150　　200　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　乃）．s洗ss（V）Fig・4・5・Change　in　n◎］�oalized』Dmax，　Rd，9m−peak　and　1と〕．o貰mstep−stress　measurement　atOFF−state　bias　stress（巧）．s悟ss＝5−200　V；5Vstep，10minutes　per　step）．　　　　　　F輌gure　4．5．　shows　the　behavi◎r　of』Dm叙，　Rd，　gm．pe故and　IG−o鉦af辻er　every　step　ofo鑑state　bias　stress．　The　device�odergoes　a　catastrophic塩ih江e　at巧）−s甘es、＝200　Vwith◎堪any　signs　of　sudden　increase　in　the五沁ぜThe』Dmx　and、Rd　shows　a　mirror　imagebehavior　and　g卿e田｛shows　no　significant　changes　up　to　130　V　and　beyond　which，reduction　in　gm一鯉（was　noted．　Hence，　it　is　clearly◎bserved　that　fbr　all　our　devices　wedid　not　show　the　critical　v◎hage　ph頗omen◎n盆）r　AIGaN／GaN　HEMTs皿Si　with　thickbu艶£T◎understand　the　o亘g桓of　deg鍛dati◎簸i．e．　reduction　in　gm−peak　ar（）�od　130　Y　the　　　　　　　　、measurement　was　hahed　after　130　V　and　ca�ued　out　the　SEM　iMhe　gate−drai館eg輌on．一63一1Φ《1祖creasing巧）．s仕ess，　it　led　to也e飴�o就ion　of　degradation　iMhe畠�oof　pits．恥）．s齢ss＝OV130V150V160VFig．4．6．　SEM　images　show　the　evo1就ion　of　sp◎t　under鋤ofFstate　bias　stress　wi血increasing陥．s甘ess．　On倉esh　device也ere　is　not　spot　observed（first丘ame）．　At巧）．s絃ess＝130V　sp◎t　observed（second　f｝ame）and　f血her　new　spots就dif民rent　location（third＆負）urth丘a1孤e）in　the　gate−dra桓region　observed．一65一Fig．4．7．　AFM　images　taken　with　SiO2　passivation（吃一s甘es、＝−10Yアb．sロes、＝160　V）．一66一Fig．4．8．　AFM　images　taken　after　the　removal　of　SiO2　passivation．　Pits　were　fb�oed就gate−drain　spacing　and　at　drain　edge　were　moved　towards　gate　edge　on　increasing　biasS仕eSS．一67一置o鯨みぴ灘灘騰／灘　　　　　　　　　　臨羅　　　　　　　　　　縷　　　　　　　　　　　　　　　　　導゜灘　　　　難　　　　　　　　　　　　　　　　　　0　　　　2　　　　4　　　　6　　　　侭　　　　　　　　　　　　　　　　　　　　　　　　　　　　［勘］Fig．4．9．　AFM　image　depicts也e（a）origin　and　traveling　of　pit，　and（b）depth　of　the　pit．4。瑠Cyd量¢醜置゜母ss亙臨��隷S腿驚¢醗e簸琶4�D瑠。且夢偏．磯ress＝・・且�JV麗顯《量夢］》−s仕e§s＝亙��MV　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　10“2　　　　　　　　　巳　　　　　　　　　　　　　　　　　0　　10　20　30　40　50　6（》　7�J　　　　　　　　　　　　　　　　　　　　　　　　　　　T曼me（m量n）Fig・4・10・Changes　in五）max，　Rd，9m−peak，　and　1と｝べ）貰就consta証vo眞age　as　the　f�qcti◎n　oftime　reveals　negligible　degrad飢輌on．　The　SEM　images憾en　a丘er　60撫n　reveal　th飢there　weτe　no　sp◎ts　fb�o．ed　under　constant　voltage　with　increasing　stress　time（inseり難灘繊　　　　　　The　devices　were　als◎s鞠ssed厩c皿stant巧）．s官ess＝100　V　fbr　dif財鑓杜面eperiods（1，10，20，30　and　60　mins）．　In　this　measureme煎，　we　did　not　observe　any一68一1Φ�I1陽’冨　恕閤◎oo　簡゜°・　圏・（静稽稽　国鶏書露　鱒δく≦o。　傘自器窪　声窪声・⇔　二駕§§琶メ芝罵窺響諄蕾゜力ﾘ邑゜o◎唱◎�S§’§誤曇ピ‖　　メロ露馨麓即昌男98自．見器♂邑冒ぎ冒§象§§《き§寄目9罫自8目．炉巷§ぎ日器綱巷◎雷8日一⇔o窃’已．o⇔◎力唱○扮OQ�B培◆　・OQぴト　　σqOQo吟零馨爵9さ窪．5§�l舞邑闘冒§目§§§§ぎ舗§§：審義；邑◆。ξ’X§覧…・　　　§毒　　　oカ　　　　メの　　　‖ロ　　　　『　　　グ　なロ　　　o（唄　　　o心　　　く巨　　　　⇔　　　誘傷　　　ロ言　　　　◎　　　§9　　　吟◎崎　　　＄絡　　　　◎　　　昌．§　　　0　6　　　◎力喝　　　『◎は’　　　吟o力ぺ○噂噺一戸■�@o⇔◎・8ふ戸・ト垣⇒昌N）　　鮭ムiζ吋一．馨・目門oo6（DOQωメ　自昆’rD　≦．　夢　盟　O　N　廿　9　12．　＜　ト　　　o　吟　�S　＜　6　−　◎力　6　書　巷　亀　自　誉　ω　＜　曽　δ’　o力ぺ戸目顛竃（唄色や�S二◎ω吟◆oq匿鞍岡¶i竃霞鯵（富切o唱o力豊欝oo　6曽≦合諄磐象江陥力�S蜴・鳥o再N｝晶静巨’�P。蝕　◎�S昌9§鵯＄　富　超　蔚　馨　昆　蓉　　　　　　　The　AFM　image　taken　with　the　SiO2　passivat輌on　revea且s癒e　heap　of◎x輌des癒atpresent　at　va亘◎us　places　in　the　gate−drain　regi◎n　shown　in　Fig．4。12．　No　sp◎ts◎r　de驚ctswere　identified就gate−s◎碇ce　region　even就high¢r　stress　v◎ltages．　Fig囎e　4．13　revealsthe　AFM　images敏en　a丘er　the　removal　of　SiO2　passiv就輌◎n　and　reve司s血e　pits　were負）rmed　a杜he　drain　edge　and　in　some　cases　middle　of　gate−drain宴egion。　Tぬese　pitsfbund繊veling　towards　gate　on　increasing　the　stress　time　period．　　　　　　　Recently，　fbw　studies　reveal　the　co宜el就ion　betwe斑the　s伽c櫨al　def奄cts　a磁electdcal　degradation｛2，3］．　The　V二shapedg　pit　defects　were頓ginated就巧）．、柚、、＝20　Vand　the　devices　were　h輌ghly　d¢graded　atγb．s甘e、、＝50　V　These　pits　were◎bserved就thega麓edge　and　rep◎rted　to　have　a　depth　of　8�oand　width、of　13�owhich　res磁s　insharp　i批rease　in　the五｝−o荏It　was　believed　that　high　mechanical　stress　in　the’AlGaNlayer　due　to　the　high−voltage　stress　resu眞s　in　the　fb�o扉ion◎f　these　defbcts／pits　whichacted　as　the　paths　fbr　the　g就e　leakage　c皿ent．�qaU　these指ports，　fbr　AIGaN／GaNdevices夢゜wn°n　SiC・r　sapP臨n・・ne弊ρbs�嚇　apit　depth　bey・面2�oiMhegate−drain　regi皿d面ng　reliabi胱y　stress　measureme猷．　H◎wever，　in◎ur　case　fbrAIGaN／GaN　HEMTs　gr◎wn　on　Si　with　thick　buf驚r　the　pits　were　appe霞ed由he　drainedge　fbr駈）．s徒ss＝130　V　Hence，　we　did　not　observe　a　sudden　increase　in癒e　gateleakage　cu1丁鐙t　b磁adecrease　in　gm．pe故was　r¢c◎貧ded　at　this　stress　voltage．　Also　onincreas輌ng曲e　stress　vohage　we◎bserved　an　increase　in　n�ober◎f　pit　at　the　dra輌n　edgewhi中貧es磁s　in　f嘘her　decrease◎f　gm−pe欲．　The　pit　dep癒Was　fbu負d　to　be　100　nm　and　in飴wer　cases　it　wen短μ0400�ofbr　h輌gher巧）一、廿，、、＝130　V　and　above．　This搬¢鋤s，癒edefective　pits　coま並］dbuting　to　re1輌ab量lity　degradation　is　cε鵬sed　not　only　by　the　top　25�oAIGaN　between　ga総and　d貧a並，　b嘘also　by　a　p餓of輌一GaN　buf驚主Als◎癒e　pas◎亘gin飢ing頒the　dra輌n　edge　seem　to　be憩ig織ing沁wards　the　ga胎edge◎面ncreasing一72一1べω1需馨法±§暮2．富濁’穆鮎＠冒◎δ爵　霞巴庁8ロ』蟹・欝韓ぎ目§◆壽紹艮窪§・き受§§窪鯵�S否　吟�Pi巴．一．口鯵OQ黙黙�n§Qの「　　．野置お受》●■》oぶ罵睡o1き重1§§§曇竃　　　　　　　　o邑罠ξ2竃き竃昌目メ　　　昌滞窪廿o力昌゜’°　ζρ　壽　器1べ十a§’鵡目◆sξ8奮§§°力宮器むり門　　　6吟一む力b．δ　　　毒験　　ぎぎo◎　　≦欝轟一　　詩欝�G8露窃・�S＜加‖ぴく’川愈　酋⊥　8鯵て　3TBV（V）　瞬　全　◎◎N）　む　くつくう1謬o§トい竺ぷメ日A）　o　o声導しぬ目N∨ω＜　　　　日馨冒9菅争冒一9乙一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’」覗nq　N口0｝一耳JO即d穆田α90SIロ1nq‘UF綱PP皿o把宕ugo蝿gq　NロOI∀�ogz　d◎13q1ノ《qノ（luo　lou　pgsn惣O　SI　UOPロpe虚OPノ（11uq�P119エ・1宕叩nq靱・。　sゆAI1。苛gP。璽卿卿IA。　sPI‘s11nsg」es。輌・咀’r・1　u・ロIP申1�oop）�i瓠q　golAoP　gq3　eou3nU興゜糊sqnlτP膨゜°』no『P惣Ψsl曽9A領A9工εoq．『9Aoq営P囎�o001Jo　qld∈》P耳d　gql　q1↓《＆ss餌s’（�d鍾ul　gs昭9Joul　gql　q耳」込s30q�ou　u誓pos�P9」oul　s11d　gA耳o∈導ξ）Pes3ql　puロAOε1＝ss餌s’（U辮uo耳宕oユu坦工P−9担宕oqlUI　P9�oq鍵9」9《A　S1耳d　eA耳1◎等3（1’丑o−£79ql　u喜3sロoJouI　ugppns　ou　po爪oqs　pu鷲pgsso耳s−d領s　g」o爪」等ロ∧A　9�os　oql　u夏oモ｝s301AopI田OAos　3祖耳sqnS　Is　uo工興ヨH　NgO／NロOIV　Jo　gs肪gql　UI　A9工εP皿UOI担P穆損9PI甘oP1ζ）gIg　ol　uo喜聾loJ　s鱒P囎10等ξ》P　I葛哀Uon」1s　Jo∈》◎囎元3dde　gq3　PglP叫s　gA嘗〕1｛胞　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　磁諏礪館§鈴　　　　　　　　　　　　　　　　　’皿op乖OJq　oζ）耳AgP　J（導笥曽P口I　o12耳sqn『1　pu�Poomo『τ担ql　s爪oqs　u1�u9101噺田o導SOp噌A宕Upロdsロ［喜曽工p一ξ》拍8‘s301Aep　gs3ql　n曽UI’＠∈）SUI　g°宕IJ）UIH　g　I＝P宕7」（導AO901Jo　A9η宕興11ns領ぷロロ舗耳I　Pgs曽瓠o頂98碑loA　u祇oP）彰9エq‘P宕79q⇔sロユouP∧A　s∀・s§8卿gd・。s鍋卿耳AOεドs餌・一（U　P皿・泥u・1宕9」膿O踏ld卿等。P」・8ul皿1宕。q9叩01spuods9氾oo　A　O£1檀。卿s叩『τP皿。。ユnol『u喜9sηoエo項ugPPns　s『q1迫Ao瓠〇四’u∧AOP）poユq　gOIAgp　o1田s灘OJo　3s甘◎3ql　UI　P91曽Ulu11P　gq　louuロ◎o宕ロ）碑91」覗nq　oq11ロq1一9∠一　　　　　’1一乙INf80（ε10∂聡’話qd◆Iddv◆f’磁f：◎ss9帽3uo四・D　P聰‘騨o醗2Z・冨‘ぷ皿宕o《1’G‘興qlこ‖D‘tl喜纂く》9’興‘◎oo◎1S’V℃zz曽d脱1〔1遭噌舗P囎囎Z・V‘預珂宕3t夏9四・N［II］　　　’SO　I　Z9乙α亙OZ）瓢’期Ts鵡《1’Iddv：ロ埜認趨゜工pu鷲‘3q宮磁‡馳・V‘1甑2AI3S・7・S［O　I］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’9L£1（田0∂££’算oコ301A3（1麗劔100田［理貰91：臨＆曽宕窪’工P漉‘曽砥匡1舞》爬魅゜V‘oq曽碑馳・V‘！セ彫AIgS・コ・S［6］　　　　°900111（600Z）驚ss3Jdx冨’s∠《q《1’Iddv：曽蕊ロ宕9°JL　P職2‘∈》nzns・工‘舞田2AIOS・三1・S［8］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’1ε9Z（900乙）§鋤’Sz《qd’Iddv’f’udf：「ロPlqSQ入゜S　P囎‘1魏《AI’黙［℃ΨS入‘営pns罪琴腕・工‘o拍）憂・S・P解s�PS・H［乙］　’乙窓9（600乙）�P£’算37go誓A3（l　uo耳031趨9ヨヨ1：官魅ロ宕ヨ・工puロ‘訊�pS・工‘口麗AIgS・ヨ・S［9］　　　　　’�nOZZ90（ZIOZ）�Mεa’Io甑｛o｛亘L’喜oS’◎堅’『：q11u夏S’f・（I　P膿2‘tlosuq◎fン〜A・f‘8uef’S‘ぴo算29《1◆f’S‘8皿t｛C参フ〜。’O‘u9遍ヨ‘宕t1ロ：＞1’S◆J／nrl’つ〔‘uglln（）・V・G‘u◎St真｛Of・逓・�aS［［S］　　　　　’9ZI（£正OZ）£ザq曽n9琶議3祖脚9◎喜AgG’s皿」エヨヨ田：興夏o囎Z・冨Pt贈‘osseq宕ou3四D寧醐麺咽゜興‘�P・1s’∀‘・。蹴パ・9舘s舘d・v‘q卿s・f・G‘uguり・v・G［ヵ］　　　　　　　　　　　　　　’8L勧（600乙）轟轡’q2喜19琶’ロo耳031魯O」O耳p璽：斑1）1’f◆脚p漉‘μo耳S∬ロg’」／ユ9迦宮S遷‘u囎99’ヨ‘∈｝07つ‘z3u∈）亙肛菩rユ’f‘�qqp離oqO戸n¢ロos瓠O田｛・O‘》1鴻d五・S［£］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’609εε乙（OIOZ）墾囁゜羽｝o『〔°sλ：t｛d°Iddv：uosdu1α｛工A’o　P囎‘s◎P司曽d’工‘o脱IV　IOP・∀・f‘qOf・f‘�o」℃）≡狂rN遍［［d’6Z噺’d‘800Z‘今ooぷd’d脳《S°sノ《qδ’q亘Ig1霞つUIヨ9Σ孤：�q璽）爪oqO・n　p聰鷲zgUOu耳f・7・f［1］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　s�轄剽�鋸霧樋一z乙一　　　　　　　’碁きqs　qシ建pu2　ss口舞sパ琴ロ、聡S　N口｛）∈＞q1硬o自鵬oq　uo喜膨13u◎o宕UO謁sロSI　3皐X馨膨ql　P�p（導　　q笠・9縣s｛亘〜4　3q1ノ（P難s碑uOI鱒zμo筆o宮，囎tP　I営o口109191n◎POP製20　Pロ鯵U欝耳s　gq1∠《pms　　o1ノ（dooso萌◎gds　u�P鵬遍p3s罰［亀《＆’3宕稔110A　PIOt｛SO」q3∈》OIA3p訊碁」∈》Ao　s∈》oロ3n猛UI　puロ11　　嘩P3AI◎岬卿U靱s　e甲s9鋤n四握綱d。　N00ロl　g宕u泊q。。q拠◎q　s3ssn。SIP職呵。　　s耳1工　’［ψ1］　（snε拡）sgssgu耳o叩」a聾nq　301算宮I」gdns　姶ノ《穆I　P3項ロ耳s　gq筆宕頂愈ロAノ《q　su夏1耳　　N翠91官lx�Sldg　9ε妻導づ1（蛇」◎《AO3宕◎131qlssod　s1聾拍q享P�p9蔓9A曽qεWS’［ε1］gom孤灘q昇gd　　、工興運HNgO／」Ψ｛）1∀3qlJo　uOI翼」◎耳領∂p　gql　o1宕UIP曽OI　uo1鱒囎（〜110鱗9P　t｛宕nOJql　s3x213J　　pu鷲gnl宮A　IηOIIF匡09耳1　P300XO　P胆◎航．　Je1（ロI　N℃O哩v　gql　t耳u菩ロ耳s　eq1‘／《II2ロほ瓠XO　P9｝ldd営　　SI　PIg耳◎口1001g　q宕耳1宮腰》眺’［ZI−6］N箪o　P囎Is　u99鵬∈》q　o◎UOJ覗IP　IUOI（）目Joo◎1懇�ooql　　pu泡q◎祖uls耳u夏ξ）OI算ロI　g8灘｛01£搬P　U鴻ouooユ38宕耳（｝eseuloogq晦HlqellO」‘◎SI∀’［8−d　　IS−U◎−Nロg　gq理SS9工柳獅1S　9璽璃雛1ロAO　OI　P◎q�L町簸夢gsn　2　S甲e鵬msη9U1囎�o逓　　’［歩‘ε］30甲領ul　N口｛）／N曽91Vξ）q1簿（D宜GZ）s官宕u◎耳oξ＞IO　Ie狐Olsueu11P−o規Jo　uo耳ロu∬（導　　o印ユ（導91qlsuods瓠S耳‘Ψ◎慮鱒U曽3灘o纏1SOJ的3q　go↓AgP　3璽翼8UlsロロUOP鷲zp囎lod　　sno9碑u◎ds　gql　q1拠　Jgq扮宕◎↓　‘（）PP31｛》oz31d　UI宮鴎S　UI・・111nq　gq1　拍ql　po◎1S」OP皿　　印pw　sPI’［Z］」3舶I　Iロ喜x叫⇔Ψ」0・卿油1鱗s血。　gql　ol　s3sn籠1獄O騨◎碑��Pξ　　oql　Jo　osn鴛c泊q　glq曽耳s≦》P�o　SI　IS　ぴo　u爪◎」霊　jw｛）　UI　SSO耳s　glIsα》1　9宕鴻7　◆［1］　署oη」◎　　puロ宕U口Aoq　9鼠賠11u3A∂Jd　o1（SS7S）s∈｝職く》麟s　9（）1耳ロ1ユgdns　pgu耳η抑S　Jo　gpeUIユo∠《ロI　J鋸nq　　稔宕UI囎ql　P囎S聰ノ（鷲1−ldg　POAIOAUI頂曽鳴s　gq1宕理Pt襲葺S」9P�oSI　Is　u◎NロO　Jo　q騨AO胡　　Ot｛1」（〜I　UO口uξ》算ロugAI8　gq　ol　sロq担ql　slu9礪919ノ（3耳p囎1質u3u�rp�rgqJ、°／《1111q穏11曽Aロ　　31宮os−9宕，彫I　P囎1soO　A、OI　s1耳Jo　gs廿203q∈》lq籔▲耳1s　ls◎t遜3亙刀3q　ol　P｛領3PlsuOO　SI　o拍鳴sqns　　Is　eq事‘qηAOJ宕1ηlx官耳《19　N口O　gql　J（導91q曽IIロA鴛3運ロs3鱒耳sqns　lu9ユ鰯lp　q宕n斑｛、工　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　欝璽鱒脚翻騨H°§　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　馨§髄�P題醐置翻樋馨｛》囚鯵芒》亙v　　麗藝　鋸璽昭S　霧釜鱈囎《脆　匪珊《》璽§霧譲1曙工　駿《》　§§霧譲算§1長｛鯵｛ミ》』藝�J　霧簿襲｜霧醜聾甑藍　8A−』賂翼漁鐵瑠〔》5・2R繍懸翻A麗亙y§量s　　　　　　　Raman　experime就requires　a　monochrdmatic　light　source，　typically　a　laser，　aspectrome』d　a　detector（nowadays　most　co�oo�uy　a　multich�oel　ch�tge　coupleddevice　CCD）．桓genera1，　the　Raman　signal　intensity　is　orders　of　magni加de　weaker　thanthe　elastic　scattering　intensity，　hence　stray　light　can　be　a　considerable　issue．「蹴lespectrometCrs　are　g皿erally　used　to　separate　the　elast輌c　scattering　and　Raman　scatteringsignals，　the　large　mismatch　in　scattering　intensity　can　enable　the　elasticaUy　scattered　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　びlight　to　dominate　the　Raman　light　via　stray　light．　Altemative　concepts　have　beend¢veloped　in　recent　years　to　be　able　to　retain　a　high　light　thぎoughput　while　achievinghigh　stray　light　r（∂ection，　making　the　wider　use　of　Raman　systems　possible，　not　ohly　inresearch　laboratories　but　al　so　fbr　growth　and　process　mo�uto］ring　in　an　indust］dalenviro�oent・Notch／edge　filters　are　being　used　in　Raman　systems　to　prevent　elぴsticallyscattered　laser　light丘om　entering　the　spec加meter．0負en　an　optical　microscope　fbcusesthe　laser　light　on　the　mate亘al�oder　the　Study　and　collects　the　sc繊red　laser　light（micro−Raman　system），　allowing　Raman　experiments　with　1−2μm　spatial　reso1就ion．The　high　mechanical　stability　of　such　systems　aUows　the　recording　of　spatial　maps　ofphonon　properties　over　exterlded　areas　of　a　sample　using　motorized　XYstage．　　　　　　　The　use　of　different　laser　excitati皿wavelengths　in　Raman　experiments　allowsselective　probing　of　phonon　and　therefbre　material　pτoperties，　ei血er　averaged　over　asample　layer　thic�qess　or　in　a　sur飴ce　layer，　fbr　example，　fbr　optimizing　me皿con槍ctfb�oati皿to　semic皿ductors．　For　GaN　with　a　bandgap　of　3．4eY】m就erial　propertiesaveraged　over　the　s�op▲e　layer也ic�qess　can　be　pmbed�oder　visible　exci城◎n　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�Hwavele呼h（斑go輌er：488�o，514�o，皿d　532�o），　where卵s嘘ce　propenies　c皿be　stu．died　using　UV　excit就ion　wave1斑gths（HeCd　laser：325�o）due　to　the　abs◎rμi◎n一78一of　the　UV　laser　light　in　the　sample．　b　our　case，　fbr　the　micro−Raman　spect�omeas碇ement，　a　laser　of　532．08　nm　wavelength　was　used．　Mostly　Raman　spectroscopyon（0001）surface　has　releya丑ce負）r　process　and　growth　monito亘ng．　The　selection　ruleson　the（0001）surface，　fbr　GaN　with　the　E2　and　A　1（LO）phonon　mode　at　567．5　cm’1　and734・5cm苦1，　respectively，　were　cle征ly　visible．　The　i�q�o就i・n・n　stress孤d　c巧s伍llineもquality　can　be　extracted　fξom　the　E2　phonon　f｝equency　and　line　width．GaN〜璽5μ鶏鍛饗　霧灘ミニ　：一　、ドG＆N＝◎．5　難G醸／AIN（2◎／5皿箋Bu盤寮靭鍵＝125興塩�i5。oμ撫丁蝋s垣◎簸靭鱗Fig．3．1．　Schematic　representation　A▲GaN／GaN　epi−structure　with　va亘◎us　buffer　andGaN　thic�qesses．5●3R¢s髄墨重Si題麟睡量《置量§¢腿ss量�郁�　　　　　　Raman　spectra　measureme磁s　were　ca！�ued◎就fbr　AIGaN／GaN　epi−stmctu忙atdif飴rent　buf民r�pd　GaN　thic�qesses　as　shown　in　Fig．3．1．　F◎r　the　micro−Ramanspect�omeasurement，　a　laser　of　532．08�owave1斑gth　was　used．　Figure　3．2　showsthe　room−tempe斑ure　Raman　spectra　of　the　E2（high）m◎de　and　A　1（LO）1ine　observedfbr　a玲uf＝1．25，25，4．0，鋤d　5．0μm　with　v斑ous　7Gボthic�qesses．　The　Si　pe慮・bsewed　at　520．7　cm°1　which　is飴皿d蹴d　als・s・me・ther　smal▲pe慮s・f　Si　weτehighlighted　using　star　sign　in　alhhe　sh◎wn　figures．　The　E2（high）mode　and　A1（LO）p戯ks　we貧e　ide蹴伍¢d　and　sh◎wed（Fig．3．2．　right　side）with　higher醗agnific就ion．一79一♪　　倉　　零　　£　　お　　）　　’誘　　器　　絹　　蓄’　晶倉筒£総）’誘器鰻層霞7Buf＝L25μm＊Si　peaksGaN：E2（high）（a）　　　　GaNAIN　A1（LO）E27もuf＝2．5μm＊Si　peaksGaN：E2（high）（a）GaNA1（LO）G乏掴：E2（hi酔）SLs　50　pa緬s　一一一GaN＝1．0μm　−GaN＝05μmAIN、E2　G姻：A1（LO）（b）GaN：E2（high）SLs　100　pairs一GaN＝05μm−GaN＝LOμm−GaN＝1．5μmAIN：E2GaN：A1（LO）（b）倉’弓萄お）’あ器駕遍　　　　　＊霧　＊蜘7もuf＝4．0μm＊Si　peaks＊＊GaN：E2（high）（a）　　　GaNA豆NA1（LO）E2石�u＝5．0μm　＊魔ri　peaks@　　＊　　　　　・　　　　　　　　　　3@　　　　　　　＊　　　　　　　（a）GaN：E2（high）@　　　　　GaN@　AIN　A1（LO）@　E2倉越毫ε゜窃＄．繧蓄哉　200　300　400　500　600　700　800550　　　　　　　R暴］m蹴sh面（c面1）GaN：E2（high）SLs　160　pairs　　一一GaN＝05μm　−GaN＝1．0μm　−GaN＝1．6μmA掴，E2　G頭：A1（LO）（b）GaN：E2（h輌gh）SLs　200　pa辻s　一一G姻＝1．◎μ］m　−GaN＝1．5μmAIN：E2　　　　GaN：A1（LO）（b）6°ﾘ謡sぬ輌1？9誘5°8°°Fig．3．2．　Raman　peak　fbτv韻◎us　bu鏑質hic�qesses鍛d　v韻ous　GaN　thic�qesses　we貧eals◎sh◎wed（Le負side）．　The　peak　s駈ft　shown沁acle厳鵬amer（right　side）。一80一　　　　　　From　Fig．3．2，　it　is　clear　that　a　s就eUite　peak　was　fb�od　along　with　the　E2（high）mode，　which　in�蛎ses　with　the　increase　in　7bポ肩面c�qesses．亙t　is　also　to　be　noted　thatthere　is　n◎much　change　i飼he　peak　int改sity（except　7旙uf＝4．0μm，五｝感＝0．5μm）whereas　there　fbund　a　peak　shi負in　each　cases．　To　understand並f�qther，　we　plotted　theRaman　spectra　fbr　1μm−th輌ck　GaN　epilayers　grown　on　Si（1U）substrate　with　Z旙uf＝1．25，25，and　5．0μ］m　as　shovm　in　Fig．3．3．　For　GaN　with　a　band　gap　of　3．4　eV　materialpropenies　averaged　over　也e　samp▲e　layer　thic�qess　can　be　probed　under　visibleexcitation　wavelength［3，15］．　In　generaΩhe　E2（high）phon◎n　peak　is　used　to　study　thestrai蝸ress　prese崩n　the�Qlayers・A敏pical囎s仕ained　G点sh・ws　E2（蝿h）phonon　peak　at　567．5　cm．”1［4，6，16］．（∪。拾§自鷲£20�J　568．9c認1　　　隊567416�u1576恒£＼3�J�J　乃3。f＝5．0↓m　アBuf二25μmアBI｛f・こ二L25μmGaN　HEMTs　on　S（111）　　　　　　7G。N−1．0μmGaN島（蜘）／400　　　500　　　600Raman曲蓋負（cmエ1）　GaNA1（LO）700800Fig．3．3．　Ram蹴spectra◎btained　to　find癒e　E2（h輌gh）phon◎n　peak　sh輌丘with　respect　tobuf財thic�qess．　The　i簸set曲◎ws癒e　ph◎non　pe慮shi負fbr　dif財e就buf臨thic�qesses．　　　　　　We　observed　the　ph◎non　peak　shi負in　GaN　wah　the　change旋加f驚rthic�qesses．　The　GaN　E2（賊gh）鵬odes　at　565．97，567．41，and　568．9　cm4　weτe　rec◎rded一81一ノ負）r7もuf＝1．25，2．5，　and　5．0μm，　respectively（Fig。3．3　inset）。　A　s飢eUite　peak　wasobserved　along　wi也the　E2（high）ph◎non　peak　is　believed　to　be　due　to　the　presence　ofAIN（576．69　cm錫1）［17］．　The　sateUite　peak　intensity　increases　wi也the　increase　in　theamolmt　ofAIN　that　is　present　i加he　buffbr　layers．　　　5う5　　　566〔567覇畠帽568霧§569§　　　570　　　571　　　　　　　　　　　　0　　　1　　　2　　　3　　　4　　　5　　　6　　　　　　　　　　　　　　　　　　　　Buf驚r撫ic�qess，7Buf（脚m）Fig．3．4．　The　residual　stress　was　calculated　fbr　the　GaN　E2（high）phon皿peak　shiftusing　eq．（1）fbr　v蜘us　buf6er　and　7b惑thic�qesses．　　　　　　Tb　understand　the　strain／stress　that　is　prese斑in也e　GaN　epilayers，　wecalculated　the　am◎�ot　of　resldua▲stress　i斑he　samples　by　using　the　measured　ph�穫peak　shifセs　of　the　E2（high）瓢ode　in　the　Raman　spectra　us垣g　the　equati皿［4，16，18］below　　　　　　　　　　　　　　　　　　　△ω＝κ，・σ類　　　　　（1）where，△ωis　the　dif驚ence　i姻he　measured　peak　pos撤◎n◎f　the　Raman　peak　a宜d　thethe・蜘cal　pe眺P・s鵡・n・f鋤Wa垣ed　GaN（567・5幟“1）・The　str頒n　c・e鐙cie頑κ。）一82一selected　here　is　4．3　cm’1GPa’1［4，18］．　The　GaN　stress　calculated　using　eq．（1）shows＋0．35，＋0．02，and−0．32　GPa　fbr　HEMTs　with勾uf＝1．25，2．5，　and　5．0μm，　respectivelyTb　fbrther　understand　the　change　in　GaN　strain／stress，・va亘ous　epis廿uc血res　were　gr◎�owith　dif民r斑t　GaN　and　buf飴r　thic�qesses　fbr　this　study　as　shown　in　Fig．3．4．　We　fb�odthat　GaN　straiIレstress　changes　f�eom　t斑sile　to　compressive　with　the　change　in　7Buf　and76劇．Thus，　changes　in　7Buf　and丑洲play　a　key　role　in　the　strain　modu1就ion　du血g　thegrowth　and　the　cooling　down　process・　　　0。32　　　028cO。24≒繧0．20覇べ゜O。16ひ�ko．12このぐ0。08　　　0．04　　　　　（》（a）陥、Direction　of陥on　fヒesh　device一1．62V（b）陥、Dセection　of陥ρnffesh　device一L79　V　　　　　　　　　　　　＿2。5　　　　＿15　　　　−0。5　0−25　　’」15　　−0。5　0　　　　　　　　　　　　　　　、　　　　Ga愈e　source　vo亙tage，％s（V）Fig．35．　Tr砲sfごcharacte亘stics　of　AIGaN／GaN　HEMTs　on　Si　with　va亘ous　GaNstrε6r�ustress　devices．　　　　　　The　device　fabrication　process　and　its　parameter　were　kept　same　as　it　ismentioned輌n　chapter−3．　The　step−stress　measurem斑t　was　ca�uied◎斑a◎岱state　biasstress（レ石一s甘ess＝−10　V）�oder　dark　conditi皿．　Theγb−s仕ess　ranging丘om　5　to　70　V　wi也5Vstep　was　applied　to　HEMTs　fbr　d雄就i皿of　600　s．　b血s　measurement　several　deviceswere　tested　until　a　set　of　similar　reliab輌1輌砂data　were　observed．　On　completi◎n◎fof£state　bias　stress，　these　devices　were　res也d　fbr　30搬輌n　befbre　carrying　o就no�oal　dc一83一1とs一陥sand　transfer　chara硫e亘stics　to　ob伍in　the（1evice　recovery　rate．　T並esh◎1d　v61伍ge（酩h）is　the　g就e−source　voltage　at　which　the　2DEG　cha�oel　is　completely　depleted　f壬ommobile　ca�u．ers．　　　　　　The　transfer　charac撤istics　were　meas斑ed　on　these　dif艶re斑epilaye了s　asshown　in　Fig．35．　The　change　in　the臨shi負was《）bserved　with　the　change　in　thebuilt−in　GaN　strai〆stress　present　in　the　as−grown　wa蹴．陥of　the　device　wasdete］�oined　f｝◎m　the　linear　region　by　apPlying　a　smaU　drain　bias（防）s＜＜γと｝s），　and　plぱof　the　square　root　of�`s　versus　the晦as　shown　in　Fig．3．5．　Fig碇e　3．5（a）shows　thenegative臨shi負w油the　increase　in　compressive　GaN　strain／stress，　whereas　thepositive臨shif辻w輌th　the　redudion　m　the　t斑sile　GaN　strai］�us蜘ss　is　sh◎wn　in　Fig．．35（b）．　　　0．32　　　0．28〔0．24寸繧0．20繧9°o・16ざo．129。，0．08　　　0．04　　　　　　旦4陥、＝10V箆uf＝1．25μm％娼　1・0μ鱒耽h−1．79V　　　一3　　−2　　−1　　0Ga重e　s（》urce　vo塁tageヲ�e、（V）1Fig．3．6．　AIGaN／GaN　HEMTs◎n　Si　s曲s紘厩e　withみf＝1．25μm　show＋0。35　GぬGaNstress，　the力s一ル三s　chaτac搬istics　were　ca�ued◎磁on　f掩sh　devices，　and　a負er　everyγb甜ess，　show　th厩the万h　sh輌負s　p◎s輌tively．　　　　　　It　is　believed　tha質he　buih−in　GaN　strai1〆s敬ess　that　prese蹴in　the　epilayers　isi�u垣encing　the　cha血ge　in　the臨shi負．　D面ng　o登Lst飢e　bias　stress，　there　occぱs　a　high一84一ve貫ical　electrostatic　field，　and　additiona▲sぬin／stress　was　gene斑ed　in　both　the　AIGaNand　GaN　regi皿s．　Figure　3．6．　shows　the　transfer　curves　of　AIGaN／GaN　HEMT　with　7もuf＝1．25μm．measured　befbre　and　after　ofFs憾e　bias　stress．　The塩s一レ三s斑rves　wereacquired　with　the　increase　inγb．s鵬ss　by　sweeping也e　gate　source　voltage　f沁m　negativeto　positive　bias．　The　t鎮nsfer　characteri　stics　show　a　reducti皿i扉he力、　and　change　in　the臨shi我with　the　inc貧eas◎inγb．s泣、s．　Here，　it　should　be　noted　that橋shifhow鍵dspositive　bias．臨fbr　HEMTs　on　7もuf＝1．25μm　is　fb�od　t◎beヨ．79　V　on　a　f｝esh　device，and皿mcreasingγb．s甘ess，臨tends　t◎shi負positively　and　resuhed　in−1．66　V　at巧＞s廿es、＝70VH皿ce，　a　p◎sitive陥shift　fbr　HEMTs　on　7buf＝1．25μm　devices　were　observed．Whereas　fbr　HEMTs　on　7Bu戸5．0｝tm，臨shif｝s　negatively　fめm−L60　to−1．84　Y　andfbr　HEMTs　on勾uf＝25μm，臨◎f−1．28　V　was　observed　w輌th　negligible臨shif辻．　It　isevid斑t　th就GaN　strain　af6ects　the　electros励cs◎f　AIGaN／GaN　HEMTs　th蜘gh　acombination　of　piezoelec垣c　ef壬ect［19］．　　　　　　The　ch鋤ges　in陥shi負with　the　increas¢in巧）−s甘ess飴r　HEMTs　with　dif驚re斑¢pilayers　are頭own　in　Fig．3．7．　The　fig斑e　shows　the　shi負in臨at乃）．s甘es、＝10，30，蹴d70Vwith　respect　t◎afヒesh　dev輌ce．　It　is　evident　that　the　AIGaN／GaN　HEMT　epilayerswi也tensile　strai孔／stress　show　a　pOsitive在shi負and　those　wi也c◎mpressivestrai�ustress　show　a　negative臨s殖負a丘e持he　o建state　bi鎚stress．　This　suggests　thatthere　is　a　strong　corre1厩i◎n　between也e巧pe◎f　strai］�usなess垣GaN　and　the　Kh　shift。This　dif品rence　in　the　polad智◎f　the　shi負in　threshold　vol施ge　s仕ongly　suggests癒at癒ena加ぼe◎f　traps　cτe厩ed　du亘ng　elec櫨cal　stress　is　dif驚rent　fbr　tensile　strain／stress　andco即τessive　s繊銚樋ss也a已e　prese頑n　GaN　thic�qesses。亙t　has　bee財ep碗d　th飢the　device　degradatio簸◎ccurs　owing　t◎the　venical　e亙ec鞍◎st厩ic　field　that　in白℃ducesadditiorlahensile　st貧ai斑hrough癒e　distorti◎n　of　the　crys搬11雄ice輌n　the　AIGaN　ba頴e婁，一85一resulting　in　an　inverse　piezoelectric　effect［16］．　　　　　　We　believe　that　a　change　in　the　GaN　strain　leads　to　a　change　in　the　2DEGchalmel　width，　which　in　tum　changes　the　2DEG　ca�uer　densities　with　the　increase　inbuf飴r　thic�qess．　h　the　past，　our　group　es伍blished　that　dislocation　densities　werefeduced　on　increasing　7もuf　fbr　the　growth　of　GaN　on　Si［14］．　　一1．0　ヒー1．2迂げ4．4bO僅駕一1．6＞喝駕一1．8蕩�J詣一2。0　　−2．2團��△Fresh　Device醗翻幽聡、能ss＝10V國働《　在s廿ess＝30　V圃��《陥＞s能ss＝70　V團翻圏國　　��　　　　藝屯��¶や8麓垂圏万逮一〇5μm��』＝1．0阻幽』＝＝1．51】Lm『↑陥、＝・10V　　　　　　　　　　　　一〇。8　−0．6　−0．4　−0．2　　0　　0．2　0．4　　0．6　　　　　　　　　　　　　　　　　　　　　　　　GaN　stress（GPa）Fig．3．7．　GaN　stress　vぷthreshold　voltage　shift　on　o鑑state　bias　stress　measured　fbrvadous　HEMT　structures　grown　with　dif花rent範uf　and　7bポthic�qesses．　　　　　　As　discussed　in［16］，　during　of進state　bias　stress，　an　additi皿al　tensilestraiまゾstress　is　cre就ed　with　the　increa田e　in　venical　elec佐ost就ic　field．　In　the　case　ofHEMTs　onτbuf＝1．25μm．devices，　the　GaN　with　a　t飽sile　strai�us仕ess　and　largedislocation　density　produces　accepto品ike　trap　states，　which　become　negatively　charged［20，211．This　i11creases　the　trappirlg　ce斑ers　fbr　electrons　i斑he　2DEG　channel　resu眞ingin　the　decrease　of　the　electr◎n　concentration　in　the　cha�oel▲eading　to　a　reduction　in　the塩sand　positive陥shif辻．　These　trapped　e▲ectr皿s　were　recovered飢ly　by　keeping也e一86一device　a柱est　fbr　30　min．　hl　the　case　of　HEMTs　on　7もuf＝5．0岬devices，　thedislocation　densities　were　low　and　GaN　show　a　compressive　stress．　For　GaN　withcomp∫essive　s廿ess　it　is駝lieved血a品ere　is　a　reduction　i吐e　n�ober　of　acceptor−1iketraps，　causing　more　electr皿s　to　fm　the　2DEG　and　lead輌ng緬amore　negative在shift．During　o］苦state　bias　stress，　we　observed　a　negative臨shift　with　reduction　i孤塩s　similarto　results　reported　by　other　authors　in　which　they　argue　that　electrons　in　the　cha�oel　canachieve　suf五ciept藺ergy　to　be　i句ected　in　the　AlGaN，　a杜he　gate／AlGaN　inte�uace，　andbuffer［15｝After　30　mins　recovery　time，」伝showed　a　partiahecovery　with　the　kinkef允ct　and在showed　no　recovery．　Furth¢r　studies　are　necessary　to　explain也emechanism　behind　the　compressive　GaN　stress／strain　and　negative乃h　shift．　Whereas，　inthe　case　of勾uf＝2．5μm，　GaN　s廿ai〆甜ess　fbtmd　relaxed　to　that　of　the�os廿ained　GaN，which　operates　the　device　within　the　elastic　energy　of　the　AIGaN／GaN　HEMTs　on　highγb−s杜ess，　results　in　a　negligible臨shift．　We　believe　th就the　relaxed　GaN　strain／stress　orless　GaN　strain／stress　is　responsible　fbnhe　negligib▲e、勾s　degradation，ξmd　a　negligible臨shi負resuhs垣ag・・d皿d　reliable　p諭�o噸・5．4s魍職醗繍解　　　　　　We　have　evalu就ed　the　devic臼eliabi▲ity　of　AIGaN／GaN　HEMTs　on　Si　withvad◎us　buf琵r　and　GaN　thic�qesses　using◎f苦state　bias　stress．　The　resUhs　illustrate　theimpo貫ance　of　GaN　st鋤1Vstress　fbr　the　degradation紐d　reliabili智of　AlGaN／GaNHEMTs．　Raman　spect詣reveahhe　change　in　the　GaN　strain／stress　with　the　change　inbuf艶rεロ1d　GaN　thic�qesses．　Vゐfb囎d　th厩血ere　is　a　strong　c◎rrelation　between　the乃hs蹴〜md　G酬st蜘stress．　The�滑uth　mi血1�os垣n　or　relaxed　s仕ain　results　inless　1日s　deg鍛d厩i◎n　with　the　neglig輌ble酩h　shif辻d顧ng◎建state　biεLs　stress．一87一R母艶欝電簸¢母§1［1］TEgawa：ULVAC竈3（2013）18．［2］K．WKim，　D．　S．　Kim，　K．　S．1憩，　J．　K．　Lee，　B。　J．　Kwon，　H．　S．　Kwack，　S．　Beck，鋤d　Y旺Cho：Appl．　Phys．　LetL囎（2011）141917．［3］A．Saura，　H．　Ji，　M．　Kubal1，　M　J．　Uren，　Tl　M麟輌n，　K．　J．　Nash，　K．　P　H輌1ton，　and　R．S．Balmer：AppL　Phys．　LetL盤（2006）103502．｛4］E．TYU，輌n砿γ∧砿か鰯e　8¢珈coη磁αoγぷご4ρρ1記α吾oη磁4　D■v匡ce5，　eds．　E．　T　YU，and　O．　Ma縦esh（Gordon　and　Breach，　London，2000）．［5］M．Kuball：Su�u血搬face　Ana1．3璽（2001）987。［句S．THpathy，　S．　J．　Ch聡PCh鐙，躁d　Z．　L．　Miao：J．　App▲。　Phys。墾2（2002）3503。［7］X．Q．　Shen，　T　Takahashi，　H．　Kawashi鵬a，　T　Ide，　and　M．　S�qmizu：App1．　Phys．　Le廿．璽�J亘（2012）031912．［8］S．T亘path）らK．　Vivian，　X．　Lin，　S．　B．　Dolmanan，　Joyce　P　Y　Tan，瓦S．翠司en，　L　KBera，　S．　L　Teo，　M．　K亘s�qa　Ku醗雛，　S．　Arul�qm鉦孤，　G　I．　Ng，　S．　Vic�qesh，　S．工bdd，　W．Z．Wang，　G　Q．　L◎，　H．　Li，　D．　Lee，　and　S．　Han：App1．　Phys．　Lett璽麗（2012）082110。［9］S．Demi1電as，　J．　Joh，　and　J．　A．　del　Alamo：Microelectro孤．　Re亙iab．5�M（2010）758．［10］A．EWilson，　A．　Wak句�q隅and工Egawa：Appl．　Phys．　Exμess囁（2013）056501．［11］D．Marcon，工Kaue捌£EMe（萄doub．　J．　Das，　M。　Van　Hove，　P　S癬卵tava，　K．Cheng，　M．　Leys，　R．　Me實ens，　S．　Deco就ere，　G　Meneghesso，　E．　Zan幅，　and　G　B但ghs：IEDM　Tech．　Dig．，2010，　p．472．［12］M．R．　J◎�qson，　D．　A．　Cullen，　L　Liu，　T　S．　Kang，　F　Ren，　C、　Y　Chang，　S．　J．　Pe麟◎n，S．Jang，　J．　W　Jo�qson，　and　D．　J．　S面th：J．　Vac．　Sci．　Techn◎1．，騰�P，（2012）062204−1．｛13］J．A．　de▲Alam◎and　J．　Joh：M輌croelectr◎n．　Reliab。尋墾（2009）1200．［14］S．LSelva向，工S迦e，　and工Egawa：IEEE　Ele魔on　Dev輌ce　Le麓。32（2009）587．一88一［15］M．M磯eghi�u，　A．　Stocco，　M．　Benin，　D．　Marcon，　A．　chi�u，　G　Meneghesso，　and　E．Zanoni：Appl．　Phys．　Letし且�J�M（2012）033505．［161S．　D�o，　Y　Ji鋤g，　J．　Li，　Y　Fang，　J．　Yin，　B．　Liu，　J．　Wang，　H．　Chen，　Z．　Feng，　and　S．Cai：Phys．　Sta加s　Solidi，　A　2�梶i2012）1174．［17］X．Pan，　X．　W雄g，　H．　Xiao，　C．　Wang，　C．　Feng，　L　Jia簸g，　H．　Yin，　and　H．　Ch斑：J．Cryst．　Growth　33豊（2011）29．［18］W．Z．　Wang，　S．　Todd，　S．　B．　Dolmanan，　K．　B．　Lee，　L　YUan，　H．　E　S�o，　S．　L　SelvaW，M．Kdshnakumar，　G　Q．　L◎，　and　S．　T畑athy：World　Acad．　Sci．　Eng．　Tec�qoL翻（2012）1108．［19］L．Xia　and　J．　A．　del　Alamo：Appl．　Phys．　L斑．％（2009）243504．［20］S．LSelvar司．A．　Watanabe，　and　T　Egawa：Appl．　Phys．　Le甘．墾8（2011）252105．［2ηRJ．　Hansen，　Y　E　Strausser，　A．　N．　Erickson，　E．　J．　Tarsa，　P　Kozod◎）らE．　G　Braze1，　J．EIbberton，　U．　Mis�qa，　V　Narayanam磁hi，　S．　n　DenBa鍍s，　and　J．　S．　Speck：Appl．　Phys．Lett．72（1998）2247．一89一c恥露聾重e酔w：c《〕髄d髄§』�J駿　　　　　　　In　this　thesis　a　systematic　study　of　elec耐caheliability　of　AIGaN／GaN　highelectr皿mobility　transistors（HEMT）grown　on　silicon　substrate　with　vadous　buffbrthic�qesses（7もu∂using　MOCVD　are　discussed．　An　expe亘me翻丘amew◎rk　fbrstudying　the　reliability　of　GaN　HEMTs　has　been　developed．　This　f旨amework　extractsthe　impor�qt　device　para孤Cters　like五）max，　RD，　gm．p¢ak，1Gイ）ぼand万h　shi丘as　the　deviceundergoes　degradation・In　our　expe］dments　di飴rent　stress　methodology　and　stressconditions　were　ca1�ued　out　on　GaN　HEMTs　with　dif民rent　bu働and　GaN　thic�qesses．Also，　electrohlminescence，　atomic　fbrce　microscope，　Keyence　3　D　laser　microscopeimages　a亘d　three　te�oinal　breakdown　voltage　meas碇eme斑s　were　ca�ued　out　to皿derstand　the　device　f亘lure　mechanisms．　　　　　　　We　have　developed　DC　step−stress　test　at　pinch　off　condition　by　increasing　thedrain−source　voltage　at　room　tempera血ie．　We　define　the　critical　voltage　as　the　abruptinαease　in　the　g就e　leakage　current　or　the　3ub−threshold　drain　leakage　current　which　isirreversible就that　pa就icula∫voltage・The　m．融n　conclus輌ons　drawn　f『om　this　study　a庄ediscussed　below．　　　　　　For　an　AIGaN／GaN　HEMT　on　Si　grown　with　a　7巨uf＝1．25μm，　the　degradationin　lbmax，　RD，　and　gm−peak　of　the　devices◎ccurs廿om　the　beginning　a血d　it　is　believed　to　bed鵬to　the　n頒ive　defbcts　prese蹴in　the　virgin　device．1虚he　case　of　AIGaN／GaN　HEMTgrown　onτBuf＝2．5μm，　the　cr輌tical　vol槍ge　was　observed　at　higher　drain　bias　stressabove　100　V　These　dev輌ces　also　show　a　decrease　in」Lγand　transfピcharact磁st輌cs馳tth書e　is　negligible　shi貴in　the廿甘eshold　v◎ltage　observed。　The　electτ◎1uminescencereveals也e　b壷ght　spot　at　the　stldden輌］混rease　in癒e　g畿e　leakage　c臓Te就。　This　isbelieved　t◎be　due　to血e　increase�qhigh　electric　field　at　the　gate　edge◎f　the　d貧ain　s輌de　　　　　　　　鵬一90一resulting　in　n◎n瓢fbrm　emission．　Whereas　in　the　case　of　the　AIGaN／GaN　HEMTgro�o　皿　丘uf＝　4．O　and　5．0　μm，　no　critical　voltage　was　observed．　Alsoele伽1�oinescence　shows　a頑飴�oemission血o卿out　the　g就e−dr爾n　regi皿．　There　　　へwas　no　significant　change　in　the　lbmax，　RD，　and　gm−pe欲in　the　case　of　7もuf＝5．0μm　underofCstate，　ON−state　andγb．s仕ess＝Ost就e　condition　up　to巧）−s氏ss／一陥一sなess＝45　V　　　　　　　The　ofiFstate　bias　stress　ca�ued　out　at　higher　drain　bias　reveals　thatAIGaN／GaN　HEMT　gro�o皿τBuf＝5．0μm　results　in　pit　fbrmation　at　the　drain　edgeinstead　of　gate　edge．　Hence，　no　abrupt／sudden　increase　in　the　gate　leakage斑rτe斑wasobserved．　OMhe　contrary，　a　gm−pe瓜degradation　at　thisγb−s紘ess＝130　V　was　observed　fbr　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　gHEMTs　grown　on　7もuf＝5．0μm．　On　f蝋her　increase　in　stress　voltage　the　number　of　pitsand　the　pit　depth　incr＝d．　The　pit　depth　of　100�oincre鎚ed杣gh卵400�o．　Thethree−terminal　breakdown　characteristics　reveal　that　the　s◎urce　and　substrate　leakagecurrent　i�utiates　the　device　breakdown　along　with血e　gate　leakage　current．　Thi　s　depictsthat　a呼丘・mAIGaN　b皿er　the　GaN　bu願s　als・i姐uencing　the　device　degradati・n．　　　　　　F1ぱher　it　was　fb�od　that　on　in�蛎sing　the　buf民r　thic�qess　the　qu司i巧of　GaNwas　improved．　It　is　also　fbund　thaωn　v醐ng血e　buf民r　and　GaN　thic�qesses　the　strainin　the　GaN　changes．　The　GaN　strain　changed負om　t頗sile　to　compressive　with也echange桓buf民r　and　GaN　thic�qesses．　This　change　in　G姻strain　re負ects　on　the臨shifl　of　the　device．　The臨shi負tends　to　m◎ves　positive　and　neg就ive　fbr　GaN　withtensile　and　compressive　strain，　respectively．　On　applying　electrical　stress陥tend緬shi負more　p◎sitive　and　neg就ive．　However，　GaN　with　mi磁mum　strain　shows鵬gligibleル元hshifセon　f≧esh　device　and　als◎after　elec血cal　bias　stress．一91一　　　　　　　　　　　　　　　　　　　　　　　　　A霞k醜�P騨墨��《強霧母鵬総顯直　　　　　　　Ithahk　Profbssor　Takashi　Egawa，　the　director　of　Research　Ce斑er　fbrNano−Device　and　System　fbr　accept垣g　me　as　his　student　He　constantly　enc◎uraged鋤dguided　me　t�qoughout　my　doctora▲pedod．　Apan丘◎m　technica1�q◎wledge　suppo貫，　hefinancia11y　supported　me　t�qoughout　my　first　year．　I　thank　him　fbr　his　goodness，』dndness　and　generosity　that　he　sh◎wed　towards　me．　I　thank　God　fbr　i斑roducingProfessor　Takashi　Egawa　in　my　life　and　sh◎wed　me　favor　in　his　eyes．　　　　　　　Ithank　Associate　Pro驚ssor　Akio　Wak司im隅who　initia豆1y　guided　me　andshown　my　research　path　towards　reliability　studies．　　　　　　　1也ank　Dr．　S．　Lawre批e　Selva司witho就h�qIwouldn、ラt　end　up　in　thislaboratory．　He　is　a　real　blessing　in　my　lifb．　He　constantly　guided　me　thτ◎ugh◎ut　thejo�oey　of　my　doctoral　degree、proぽ砲More　th皿a鯉ide　he　took　personal　i磁erest　inmy▲ifb，　encouraged　and　supported　me　in　various　aspects　of　life．　　　　　　　Ithahk　NGK　Insulators　Ltd（Nihgn　Gaishi）fbr　provid垣g　me　the　sch◎larshipfbr　two　years　and　reduced　my負nancial　pressure　which　helped　to　concent螂e　more　onmy　research．一92一

