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OB T, AlGaN/GaN SRR N T AL (FEDIZHE W T, SiOHGREZ B X 5 &m0
MR R B (Ver) D 2NN A VR PL(R) B FF DT A ANREB I N TN D, —F, XT—
TNRA AT, ZEMOMENSR2VEL EOREEEV)E >/, —~ U 4 7EENA TR &
NTWsb, LML, 8% DcEAlGaN/GaN FET T, iz L v BRICHE AT 52DEGD 7=
O, Ve 2VOEBUIREETH H, T LV, clmAlGaN/GaN FETTliX, 2DEG% 3 41X
E VNG SN T 2DEGE M A LA T HITIRRZ A TE s o FL— R4 7 NFEET
5o

AWFZETIE, @BV DO IERLE F> /) —~ U 4 7 AIGaN/GaN FETEH D 7= A
MEmi Al1GaN/GaNA§ i 2 FH W 72 FETO MGt 21T - 72, KX CTlL, / —~ U 7 RI3EMEm
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aNFEE TIE, SifMi F—r o 722k v 7 7 & A5 O2DEGE AL L. FEMIEmE AlGa
N/GaNE & 2 72 U & 2 1S &8 -H kB -4 8 R (MIS) R mifi AlGaN/GaN FETIZ X D | Wy,
=42V, Rx=0.33 Q-mm% £f2 / —~ U 4 7AIAIGaN/GaN FET %t S hviz,

FA4F TIX, mifi AlGaN/GaNFE&E O fEfn kR &, / —~ U 4 > B mifi AlGaN/GaN FET
DFEFEIZ SOV Tiw U7z, mifi AlGaN/GaN# & 1%, A4 B KAk E ik J:D[OOOl]jﬂ'?f\zf
TAIEEE OmEGaNAER E~TEEKRE I N, mEGaN ANy 7 7 E~DOE F—712 L &
BH ANy 7 7 BOMEREZ | mEAIGaNTF ~DSiD§ K — 1 7IC & DzDEGiﬁk%ﬁoto it
b K & 72 mif AIGaN/GaNHE & I 5\ T, BENE (1ppg)=782 ecm®/V-s, ¥ — & v U 7
FEn=3x10"" cm?D2DEGAR A MER L7-. Z OmiEiAlGaN/GaN#E&E % FH W T, F% /A=
v 7 V(N4 & SR FPHA T T870 °C, 30 s7 =— /L &4THHFE T, a7 MMEHI(R)=2.2
Q- mmdDA— = v 7 E MNP 572, Ni Schottky 7 — kN #EM A H W THER S U 7-mii AlGaN/
GaN FETTiX, 77— MNEIEVg)=+1 VEIIIRR,=16.6 Q-mm, Vy=-1.2 VMR KA =
VE DB A (Gmman)=17 mS/mm, Vy=-2.7 V. F ¥ FIBEE (up)=161 cm’/V-sD ) —=
U A CEMENEIES LT,
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In recent years, power electronics have been rapidly progressed owing to the improvement of Silicon
(Si)-based switching transistors. Low on-state resistances (R,,) and high break down voltages (¥gr) devices
contribute to increase power efficiencies in those applications, thereby R,, of Si transistors have been
reduced by the fabrication technology. However, nowadays, performances of Si transistors are approaching
to its theoretical limits derived from material properties. A gallium nitride (GaN) is remarkable as a new
generation material for electron devices because it has advanced material properties such as a wide band
gap (3.39 eV) and high electron mobility. Aluminum gallium nitride (AlGaN)/GaN field-effect transistors
(FETs) have already demonstrated high Vg and low R,, compared to values of Si theoretical limits owing
to a high electron mobility (~1500 cm?/V - s) of two-dimensional electron gases (2DEG) at the AlIGaN/GaN
heterointerface. Generally, a normally-off operation with over +2 V of threshold voltage (V3,) is required for
power switching transistors in order to ensure the safety of systems. Some techniques have been reported to
realize normally-off operation on AlGaN/GaN FETs such as employing a thin AlGaN layer, gate-recess
process, fluoride-based and oxygen plasma treatment, pn junction gate, annealed platinum (Pt)-based gate
metal, and a metal-insulator-semiconductor (MIS) gate structure. At most +1 V of Vy has been
demonstrated on those AlGaN/GaN-based structures because 2DEG are naturally induced at c-plane
AlGaN/GaN heterointerfaces by a polarization. While Vy>+3 V has been reported on GaN-based MIS
structures, low R, can not be expected on those structures due to its low channel mobility () of ~100
cm’/V-s. Therefore, there is a trade-off between high V', and low R,, on typical c-plane AlIGaN/GaN FETs.

In this thesis, non-polar m-plane AlGaN/GaN FETs are studied toward normally-off type
AlGaN/GaN FETs with high V', and low R,,. A device design, crystal growth, device fabrication and device
characteristics of m-plane AlIGaN/GaN FETs are described.

In Chapter 3, band structures and carrier profiles of AlGaN/GaN heterostructures were calculated by
a self-consistent Schrodinger-Poisson solver. m-plane AlGaN/GaN heterostructures showed dP/s V higher
Vi compared to the value of c-plane AlGaN/GaN heterostructures because m-plane GaN has no polarization.

Here, d, P, and ¢are an AlGaN thickness, polarization charge, and electric permittivity, respectively. 2DEG




at a m-plane AlGaN/GaN heterointerface was induced by an impurity doping to an AlGaN barrier layer.
Recessed-MIS structure normally-off type m-plane AlIGaN/GaN FETs with a Vy=+2 V and R,,=0.33 2 mm
were designed.

In Chapter 4, a crystal growth of m-plane AlGaN/GaN heterostructures, characteristics of 2DEG, and
normally-on type m-plane AlGaN/GaN FETs were discussed. m-plane AlGaN/GaN heterostructures were
grown by a metal organic chemical vapor deposition on m-plane GaN substrates which have a 1 © off-angle
toward [OOOT] direction. An iron-doped GaN layer was used as a semi-insulating layer that isolating a
2DEG channel from a conductive substrate. Si d-doping of an AlGaN barrier layer was carried out to
introduce 2DEG at the AlGaN/GaN heterointerface. A 2DEG mobility (zprg) of 782 cm?/V -s and a carrier

. 2 2
concentration of 3x10° cm

were obtained on m-plane AlGaN/GaN heterostructures. Some reasons of
lower t6peg are considered as an interface roughness of m-plane AlGaN/GaN, ionized impurity scattering
from d-doped and iron-doped layers. Specific ohmic contact resistances (R,,) of 2.2 - mm were obtained
by titanium/Al/nickel(Ni)/gold stacks following by an annealing at 8§70 °C for 30 s in a nitrogen ambient.
Normally-on type m-plane AlIGaN/GaN FETs with a Ni Schottky gate metal demonstrated a R,,=16.6 Q-
mm at a gate-source voltage (Vg)=*1 V, maximum transconductance (gmmax)=77 mS/mm at Vyg=-1.2 'V,
Ve=-2.7 V, and channel mobility (z,)=161 cm*/V -s.

In Chapter 5, normally-off type m-plane AlIGaN/GaN FETs were discussed. MIS structure m-plane
unintentionally-doped AlGaN/GaN FETs were demonstrated with a normally-off operation of a R,,=21.6 Q
‘mm at Ve=+5 V, gmmax=38 mS/mm at Vy=+2.5V, and Vy=+1.4 V. Higher Vi, compared to the value of
c-plane AlGaN/GaN devices were achieved by using m-plane AlGaN/GaN structures owing to having no
polarization. R,, were reduced to 0.25 Q- mm from 2.2 Q-mm by using selective regrown n-GaN contact
layers which have 10"’ cm™ of carrier concentrations.

In Chapter 6, recessed-MIS structure normally-off type m-plane AlGaN/GaN FETs were discussed.
Gate dielectrics of a silicon nitride (SiyNy) deposited by a plasma-enhanced chemical vapor deposition and
aluminum oxide (Al,0;) deposited by an atomic layer deposition were compared. Devices with the Al,Os
gate dielectric showed Vy,=+2.2 V and z;=61 cm?/V - s which are better values than one of devices with the
SiyNy gate dielectric. It is presumably attributed to lower interface state density (Dj) of Al,Os/m-plane
AlGaN interface. Devices with a Pt gate metal and Al,O; gate dielectric were demonstrated with a V=13V,
Rop=17 Q- mm, and z;=101 cm?/V-s. However, those values were degraded from designed values of
Va=+2V and R,;=0.33 Q-mm in the chapter 3. Differences of those values are owing to the hysteresis and
lower g, caused by Dy of an Al,Os/m-plane AlGaN MIS interface.

In conclusion, normally-off type AlGaN/GaN FETs with Vy>+2 V were demonstrated by using a
m-plane GaN. The result indicates m-plane GaN has the potential for normally-off type GaN-based power

switching transistors.
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1.1 R

g, TLE N=YFartva—2, EHEEFEOTL Y fn=/
2 OmEmhER, NRUERE LY, 2L br=7 AOFERIT, £ OE T
AT DRI O~ ThH D, A v TF T T PRI DEFELIC
LB EZANRRKEV, 1947 412 J. Bardeen, W. H. Brattain 512 K> TH /L~w=1
2 (Germanium : Ge) D15 BHGIEFEDIE AL S TUIRE, BIEICE S £ T, &K
N7 o2 EE, MNITEGBEEEZROAAL v F U T T AL 2L LT, R T
HEOTERWEFIHIER>TWD, BifE, ERMREEN, EEEOBLE D
5. EEETO N T P AXF v U 2 (Silicon : SBFEIN SR I TS,
Si hT7 U AZ ORI IX, Moore DIERINIHE S 72O LIZ K 0 #EfE LT
Xz, W L ERIC LomERbIc L 28 BB AL 7 fe=F 2l
m D ENRAIZ, A v F o TR X 28 EE RO & B A= L7
fa=7 28 O/PNRICERRL TWb, =L 7 hu=7 28{~Dfa 72 &
mEhER b, LD EREZTG 372012, Si T UV AZ OMERER EAMEAT
BV HR DM CEWREREOTZD, A2 HBMTHOATND, L L2ARMR
5. BIE, Si OBHIIN T L~UuiE, $010 nm A — & — & B M BRI i
THERLTEY ., Si N LoORR, >£0, Si b7 VXX MERER EORS
MITDIEDODOH D,

ZZ T SUTRDLEFT A A E LT LT U ¥ A (Gallium
arsenide : GaAs)., fRfLH:F(Silicon carbide : SiC). Z{b#4 U 7 A (Gallium nitride :
GaN)DMEHZ I TS, R 1.1 IZEE T A A O EEZRT, &
1.1 |2/~ & 415 Baliga MEREFE £ (Figure of merit : FOM)[1] 13 {EE0E 8 I MERE
Baliga & ¥ FOM[2] 1XMEA A v F o Z7HERMEREZRL, Six 1 & LEEHEED
HHE C/REN TV D, £ 1.1 £V GaAs, SiC, GaN, ZNLZNOMEHZ BT,
Si KVENT FOM 28 L TWADENSGND, GaAs R EHCIXE FBENE D B
NTWBHEEENL, b7 v =2 A4 Y 7 A(Aluminum gallium arsenide :
AlGaAs)/GaAs = B EE N7 > ¥ A Z (High electron mobility transistors :
HEMT) [3)\C & V@5 @O & ER A1 SHEtEds & LT, SiC TV A R K
X¥ v TN TR EROEWEEZEN L, =7 a U EORUFZENE, E



ERRU =TS 2 E LTEMALIZE-STWD, —F, W EERTH
% GaN, 2/t 7 /v I =7 A (Aluminum nitride : AIN){ i‘7/f RNV REY v 7 e
BEEZGDOEEEL, Si L0 LHERMICE Y FOM 2L TCNAHZ Enb, Si
A IREBREBER, BAAL v TF U 7HELZEIRTE OMEE L TRWICTHIFFS
NTW5, LnLaens, GaN BT 3 Ak, BUE, 85 @O &K AGE
T PR A *%kbf%ﬁkéﬂf%é@ﬁf%éoé%@éivibﬂ:?
AFEBDT= DT, MEMIEDOEN D GaN 2 AL v F U 7 H T v VA X Hig
ELTHIET HHEITHEETH D,

7% 1.1 A table of material properties on GaN, AIN, Si, GaAs, and 4H-SiC.

GaN AIN Si GaAs 4H-SiC
Band gap (eV) 3.39 6.2 1.12 14 3.2
Eq
Dielectric Constant 9.5 8.5 1.7 12.9 10
Er
Breakdown Electric Field (MV/cm) 3.3 1.7 0.3 04 3
Egr
Electron Saturation Velocity (107 cm/s) 25 2.0 1.0 2.0 2.0
Vs
Electron Mobility (cm?/V - s) 1200 1100 1500 8500 1000
1}
Thermal Conductivity (W/cm - K) 21 25 13 0.5 4.7
K
Baliga Figure of Merit 857 31335 1 15 565
=guEg’
Baliga High Frequency Figure of Merit 97 1115 1 10 67
= uEgz

1.2 Z{bWH¥EL

GaN (X, N UV HMEEZFOEBEERN OB EERTH D, £
7o, OZELWN-EIRTH D AIN, 21 > 7 A(Indium nitride : InN) & O] T
ZbT7 NI =7 L5 Y 7 A(Aluminum gallium nitride : AlGaN), ZfbA 7 LT
U ¥ 2 (Indium gallium nitride : InGaN)FE DR ZFRITE | N F¥Fy v ST x
IVE—(E)% 0.9 eV~6.2 eV ETELESELHENARETH D, ZD E T, 1FFE
TOAENEROIEEZ I N— L TNDEENDL, BT A 2L L TOISHMN
IS4, 1980 R KL VBRI TON TE -, ZOREE, 1993 4£121F GaN %
3 # A A — R (Light emitting diodes : LEDs)3 i X v, [4] T D, R4t
(Ultra Violet : UV)~7 '/ N—FHIBFE N TO GaN % LED b#EIN TV 5D



[5106][7] FIAETIX. GaN RS ~fkta, A LED NEHEICED | KA
v 774 M HHEE LTHHWL5HE THH I TWD, LED 7217 T2 <
L—H#— & A 74— R(Laser diodes : LDs) & L CH BN 72 S 41, 1995 FT 1)
@ GaN % UV-LDs 235 S 41, [8] REUERLERT /N1 A Tdh 5 Blu-ray Disc H
LD & LTHIHESNTWD, 62, Hh, A LD & LTORBELESR, ~v
R~ b T 4 AT VA EA~OISHABHFEI N TS, [9][10] £/, KT 3 A
AT 4 A7V — MEERTIERLS, SiEK ETSI F 70 o2x s &eE{byHak
LED Z%F8 (b & & % LB HAER] & (Optoelectronic integrated circuits : OEICs) %
WESNTWD, [10] BT 3 A, T NAZAKBOE Y 2 —/VFEBLC
L0, BERoZRElb, RiEe/ N ER T 5,
AW EER, KEGE, [121UV T 47 7 Z[13] & Wo T2 T A
AL LTHMEN 2SN TS, RURX Yy v oo V=7 ) 7280, K
B AT M IZE DR TN FEEEZ AT 2 -8 KB NRKEETHY ., &
ﬁéﬁF@@@%ﬁ_ﬁffﬁ MMThbiTWb, [12] UV T4 77 X[13]L
LTIk, BRIZEREICEDY , BIA<FHIN TS, 2O, ZW-8ko
JGHE LT, /hmprr¥— %@%@@@ ST A A [14] PEER B DK
RT 4T 7 F [15] BREFEMAROKFFAEAMEI16]1E L THAZENR R ST
W5,
2O LT, EEERITEICHT S R LTEMAICED | BifE
TIE— B2 RICETCHOONTWAMEITH S, iz, ERMICE ST
WRNWH DD, FDEN MBI D 72 ORISR S TW AT
td b,

1.3 Z/WFEKERFFI U TVREF

GaN X, BT /34 AL L THRBEAICHIIE, BRI Thit T\ 5, 1993
TR AID GaN BN E b 7 > 2 A X (Field-effect transistors : FETs)D #5718 =
. [17] D%, %4 AlGaN/GaN HEMT 23 Rki5 ST b, [18][19][20][21]
AlGaN/GaN HEMT %, @ERESOHEEH 7 o2 2 & UTHgER Thi,
BEFEE AL, Wi-Fi, Wi-MAX % 0 JEli/5 F GHz #8815 B-HalEss & L <. BRI
ERIZE - TS,

GaN |%, EERHBIE T TIERLS, AL v F T 70V AFZ e L
TORFE, IR bIThiuTW5, [22][23][24] AA v F L 7HIEZRN T P AZD
FREIZ W Tie b BB R FFMEIL, SBERBRORIA & 722 5 F U HEHU(Rm) & Ak
HEEEVR) TH D, — AT, R WD S ELH T, FERITEHIM S LD HRK



TSR L Vor DME T 5728 Ron & VirlE b L— R4 7 OBURICH 5.,

HAERY 72 FET @D Ry 1%, R(1.3.)THIND,

1 1
Ropn=—=1w [25] (1.3.1)
9m  TuCox(Vg—Vin)

T, gnlIHAE X A WIET ¥ XVIE, LIZTF v xVE, gddF v
KNI, Cox 137 — MEREDORN &, Ve IXRENEL, Vi 1XBEEEEZ KT,
K(A3.DED ., R BRI B D 72DITIE, p. Coxa (Vo-Vi) & HEM S & 5 kN
BLMN, pEPEIMSELUNDFETIZ, 2T Lr— RFT7RFET 5, (1.3.2)
TRIND LI, Cox DEENMITY — MEREO IR 2 B L, 7 — Mk
DHEfFAE R, FEEOK T A<,

Cox = e% = e% (1.3.2)
T, "3 — MERIEOGFER, SI37 — NEMAEE, dox 37— MEZEE
ET, £, Ve-Va)D#EIMT, RA33)TEENDZ — MERHRE Py 2800
SHLFICENY | BIRAEEEZE LGS, HEROBEINZSRN 5,

Py = fQ4Vs (1.3.3)

T, fUIXEMERERE. Qg 137 — NERT, Vo IXBREIEIE AR T, Tk,
[T /NA A A R CHIRET > 26 T % RABEE LSO FFIET Ry, 2K
SELHECE, BTHFL—FRFT7RFEL, F v RABENEOHINIEIME—
L— RA T LI Ry BRI TE D HIETHD ENZ D,

Gate insulator

Passivation
EEIS
AlGaN
GaN ........................... 2DEG
n-Si Buffer layer
(a) (b)

1.1 A basic structure of (a) St MOS FETs, and (b) AlIGaN/GaN HEMTs.



1.1 2, — W72 Si THRINT&E-BALF- 8K
(Metal-oxide-semiconductor : MOS) FET ##i& & | (b) AlIGaN/GaN HEMT ##i&E 2 7~ 9,
L1@IZ&K I 5 SiMOS HiETIL p JBIC T ¥ RADBERIND T2, A 4
AW BELNRK & 720 | FEEOF v X ABEIEIL, £1.10HEL0F LK
4%, —JF. K 1.1 (bR E5H AlGaN/GaN HEMT ##1% Tid AlGaN/GaN it
D 2 RILFE T A (2-dimensional electron gas : 2DEG)ZFIH 2% FH T, 1500
em*/V-s LA EO@EBFBEIENEH SN D, [26][27] 2DEG ORI, Rl B
—7J& & 2DEG F ¥ RVENZEMBNISBES N D T2, A T AL AH LD
FHEINEL MTF Y RINBEELZFZHTEHHTHD, 2DEG DET ¥ R
B 2757 L7=, AlGaN/GaN HEMT (Z L~ T, Si OHGREAE L Y K Ron.
DO Var ZHFO M T U P A NEH I TV, [24][28][29]

PLEX Y. AlGaN/GaN HEMT @ 2DEG #H W5 HE T, Si & VK Ry 7
D, B VR BFFOAAL T VTR T U UAZDOERBD KNI LTV

14 /—~VA78GaN TV T RAH

AlGaN/GaN HEMT |£, A A v F o ZH F T P A& & L CIEFITENT
FREDHRE STV DED, FE BT D, AL v TF U TH T VA2 TiE
)=~ VA TEEREENTNDLEN, HEINTWVDHIFE A ED AlGaN/GaN
HEMT |3/ —~ VA BITh s, /—~UFT7EaMEL L, AJIEEOBWEGE
a F7//7\/}775>z“74j: ECHOLFEEERL, @E&ﬁﬁﬁﬂ#@fé & MR T %

DIZERSINTND, IHIE, BETD ) A XL 58EEEBLIET 5729
a:zi\ RVLUED i NEEN TN D, bebfmi‘%\ INFETHESNTND
AlGaN/GaN FETs |Z, 1ZEAER ) —< U AV BITHY , FefESNTND /
—< U FTHT N ZZEBNTH, Vth>+2 V OFERZ - L TWDHOIE, 1
EhERV, ZD7=, AlGaN/GaN FET ICB1T 5 / —~ U & 7{bHidtiid. BifE
THREAICHIE M TV T WD, 2% 12 12, _Mifi&%éMTu\é
AlGaN/GaN FET @ / —= 1) 47/ t&?ﬁf@?ﬁ“

KN12ITREINTND L O, BRINTWD Vp>2 VIR EHRI LT
LEAIIEFE D IRNER D, AlGaN”ﬁ;iﬂ%mpn%ﬁé.\%OD AlGaN/GaN HEMT
g a2 o Lz ) —~ U A 7bEI I, VW V1 VEETH D, Zh
1%, GaN OffeaiE IZ B kT 5 0 R D 72 | AlGaN/GaN i~ H 812 2DEG
MBEELTCLEIZDTHD, ZOHRICHAET S 2DEG BEIEE 2D
AlGaN/GaN HEMT TIEZEW Vg OEBRNKETH 5, DRIz L v B4AT 5



2DEG %, AlGaN LS LD D SH 5 FERFRETH 5725, AlGaN/GaN St
D 2DEG Z eI ZEZ LS5 FIIWNEHETH S, 2 LD, AlGaN/GaN Sia
® 2DEG ZFIH LoD, @ Vi 2 FEBLT 5 FIFIEF ICHE LW &5 2 5, Ref[34]
DV A7 — N - E- -8 K (Recessed gate metal-insulator-semiconductor :
MIS)#& & CTlE, Vp=t3 V NG SN TWA 00, Ve AT v F o 7 OFHME,
AN AT ISR DK Do AlGaN/GaN #IE TIEmotmzh R I L 0D . AlGaN EE NN X
HOKHET Vg NEENL, B—TLELT Vi OETUTEE LV, Ref[35]0 MOS
i, Ref[36]D VU & A MIS 7 — MM, Ref[37]D kL > F 47—k MOS #i& T
X, WINbEW Vp PEBSN TS SO0, 7 — MEBKIZ AlGaN/GaN St
PFERET, 2DEG #{EH TERWETH D, GaN kT v VA X lr KOFHH
Td % 2DEG ZFIH L TR, FXx RABEIEOR ERED T R KK
DIEE LU,

PLEX Y AlGaN/GaN St @ 2DEG ZFJH LoD, Vy>+2 V 2 EBITX
%)== UA7HMNE, LA EHESRL T RnE R 5,

7% 1.2 A table of reported enhancement-mode techniques for GaN FETs.

Technique Vin Reference
Recessed-gate +0.35V [30]
Fluoride-based treatment +09V [31]
Oxygen plasma treatment +1V [32]
AIN thermal oxidation +0.8V [33]
Pn junction gate +1.0V [29]
Recessed gate MIS structure +3V [34]
MOS gate structure +2.7V [35]
Recessed MIS-gate +5.2V [36]
Trench gate MOS +3.7V [37]




1.5 AHFEOBEH

AlGaN/GaN FET 2B\ T, /—~ U A 7EENEHIREERBLE X, Va
ETF v FNUBEEORIC ML — RAET7RNFEL TNWDHT2DTHD, AlGaN/GaN
H @D 2DEG ZFHT1UE, @V Ve 235 54003, 2DEG ZFH L2 WiGa, &
¥ RVBENE DMK K Ron BDHIFFTE 720, 2D F b— R 7 O 72 R R 1,
RN LV AlGaN/GaN S~ H2RIZ 2DEG AL TLE 9 FHICR X 5,
OYRREEAT DAFAE L2 W FEMME AlGaN/GaN #i& &2 F 3L, & V. 7> 2DEG
ZRIA L7/ —~ VU 4 7% AlGaN/GaN FET O EH VAR T 5,

1.6 Afm L DORERL

ARECTIE, FEWRYE m i GaN &2 W 7=, 2DEG #FH L o5 vy, ZFF
2/ —~ U A 78 AlGaN/GaN FET OFEFHI DWW TR %, £ 7 BT LD S
. LA FICEZOBRS 2k~ 5,

B2 RBE L T
RBFFECI BB B AR, 73 AERTE, BRI 0
Tk 25,

%35 JEMWE m i AlIGaN/GaN AR b T v VA X DR

S —= U F T7EEFEBLO 7= OIERRME m i AlGaN/GaN FET D% EHI D
WTak 5, BlmatBEIc L0 W o 1w & IEMRME m i AlGaN/GaN #iE D/ R
WIS % 3R oD FEMRME m T AIGaN/GaN #iE 2 B 3~ 2 FOBAMEIC OV TER L 5,
F 72, MM m m AlGaN/GaN #E DR Z iGN Lic / —~ U A 78 ) & 2 MIS
f3E FET D7 /3 ARGHI DWW TR D,

Ham ) —~< V) A URIEMmME m [ AlIGaN/GaN ERE LT VA X

J —< U A 7% m i AlIGaN/GaN FET EEHROKIIDO AT v 7L LT, /
—< U A m [ AlGaN/GaN FET OBMEREFIZ SV TR 5, m i GaN Kb
D m 1 AlGaN/GaN #1E OFG bR . 2DEG BEAURHE, / —~ U A U8 m 1
AlGaN/GaN FET OfE# & BRFFEIZ OV TR S,




FS5E ) —~< U A 7RI m i AlGaN/GaN BRI F N T R K

J—=< U478 m i AlGaN/GaN FET OJFEMGEIZ DWW Tk 5b, J v
RK—7" m 1 AlGaN/GaN i % F\ 7= MIS #31% m i AIGaN/GaN FET D5 /XA &
axElt. fERL, BREFEIC OV TN S,

Hew Ut MISHE ) —~ U A4 7 RIEMmME m i AlGaN/GaN
BANR T VAL

# 3 ETRA SN A MIS #1E/ —~ U A7 m 1 AlGaN/GaN
FET I2oW Tl %, #'— M@y LT, U = % {L(Silicon Nitride :
SixNy) & {7 /L I =7 A(Aluminum Oxide : ALO3)& HW=T /S ZAD/ERLE |
TNENOELFED L 21T 5, AbO; 77— Mg 2 7z U & 2 MIS HixdE
J —=< U 478 m i AlGaN/GaN FET (2B W T, 3§ 3 B THEH LI/ FHEME & 25k
filf & DI HOW TR 5,

7 Gk
KIFJE DT 2~ 2,
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EERT ik & Rl Rk

2.1 Schrodinger-Poisson 523

Schrodinger-Poisson FFRERUZ KV | Y8 KFEEMEE DN NS, v
U 753 & K H Blmat W 2T o 72, [1][2] AlGaN/GaN ﬁﬁ@ 2DEG % A 4 —
— T LTWD I, EFRhRNEI, B0 OFEIZIL Schrodinger 7
BRAOBEHRINE L 25,
— )72 Schrodinger HFEAL, Poisson HFENL, £ (2.1.1),
@mm@%éhé

( ) Yy = = ih= PY: Y (2.1.1)
p

V? ¢(r) = —= 2.1.2)

&
ARFFETIE, R Z BB L WERIREETO—RILRICEB W T, BimitE 21T
o7, R ZBE L 720 —Woe R OFHE T, X2.1.1), XQ2.1.2)%, ZhEi,
K(2.1.3), KQ1AHD X HITETHNTE D,

h d?
( p——— %szw (2.1.3)
d? __P
ﬁ = . (2.1.4)

Z 2T, KX Planck B, m ITANEE, VIIRT v, w TIEIREK. E
TR —[EHAE, gIFFERT v v b, plXEM DA, aIBFEBELTH D,
BI21IREND LI REIRE7Te—F v — MLV, Schrod1nger-P01sson g
iEE . BHOCAJEDRWRZRDT,
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DPEHE RToovLy,, U7 REN,

|

Schrbdingerjif:%itlick Yy, EEROHDB,
Y. EJ:U‘\’—"("JT;EEnE*&')é

ROLNF-n5,

Poissonﬁﬁiﬁfiéﬂ')(b’&*&)éo

*&) an:(b &lvoittiil/s Ia_ﬂ-&u?o
Yes No

RTowIWHKRES,

2.1 A flow chart of Schrodinger-Poisson solver.

WISt L UTC B, fEF B A. iFERs, AEEm . N —RE
Nyo 7O BT HZREN, OMEHER DT A—=F 5525, 520NN T A—
Z X0 ARG OB AR L (E.). TE 1-HF O SRR L (E,). B IR (no).
= VIR EE (po) DI SRAED KD B4V D, Schrodinger FREXZ AR L THLILD
KQ2.15I2KV E, whELN D, GREHIX Ref[2]B ., )

H® = 1® (2.1.5)

fEon-E, wZ2HNT, XQ.1LOIZLY npyMEFbid,

* m* oo 1
Tl(X) = Z;clzl l»bk (X) l»bk (X) Th2 fEk 1+e(E-ER)/kBT dE (2.1.6)

Boni nz AT, RQINEV g3 GELND,
C'é6p =—¢& (2.1.7)

Bonizgr T, RIS LY MIMIGHED Vya R, 4E=0 L7225 £ T
.15 HRQ2.1.8)FE TOFHEZMY KT,

V(x) = —q¢(x) + AE (2.1.8)

DEIIT, ENENDOMENIRT 5 ETHEZRY XTHFICIY, ACFE
LT, SRSy FiEE, v U 7 oM OBG R 21T 9 FOREL 2 D,
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2.2 FRHMERLGIE
22.1 BEHEBRSMHEBREE

14 JE R % = 125 (Metal organic chemical vapor deposition : MOCVD) &
1%, KHAREE O AR RIFE 2 otk ~its U, R ECOBGMRKISIZ XD -
BRI A R S E DR T IETd 5, MOCVD TEDFRHEI
& SHMHETHLILD, m¥—., Kififd, ZHHEE D THE,
o ﬁﬂ%ﬂﬁﬁ ECHET D7, AL — MIFEMILG & CHII T X %,
® EALAHBI, AT DB L THIE T E 5,
® Tlgip~T T%/E:\“?D\ pn EE DR S B ETE 2,
LI EDFHE L Y . MOCVD {£1%, GaAs, GaN FDLEWHEAR LR AER S &
HHEE LT, b —IRIICHWL TV D,

MOCVD {£IZ X % GaN #ifi flh il D AR 7 b 503

Ga(CH3); + NH; — GaN + 3CH; 2.2.1)

TEIND, EBRICIZ, ¥ VT HA, EWRERCTCOREADOWRE. BEESE
@&i@\*nzn;@@%&ﬁm&ﬁéo%Nﬁmmﬁ%&i\m&ﬁﬂ@m
S, BB TO~A 7 L— a3y, VERTEORKIGHREE TE X5 EN
T& 5, s S RERHT, MBS 7= B E TR IR S,
FRFEICRAET S, FEREmICELE LZER 1L, BREmTo~A 7
—Ta lLy, REZRNVX—OLERMEE TRET 5, MERTFO~A
TV —vartk, VIRIRTEIOHPEZ DA RESND, RE~1 7 L—
Va YEDIRALIEIE, R IER O SIS, KRR 47 A, RimikiE
LETIRESINDT2H, MOCVD 1L, EROEREZ S 20 DR E SILD
TEXXR Ty VRS D, UL EOREREL Y, MOCVD IEICBW T, ME
WA, RS, V/ILEDS, Rmikig, fEfmtElcRE < e 2 HEHERKE S
TFA=R LWz D, EIZ, REEINRmEAE, DEEEE, RERENEE~
47V~Va/ﬁ%‘Wm%ﬁV%ﬁ%k@ﬁmﬁé%&mféglk@&
ARFFE Tl GaN OFEFREFEICK 2.2 TRENDHERD 2 1 > F FEHA
mL@%”MmWDm%%wtomEE%UMWWDmT%5t® X 2.3 D
\Z m 1 GaN FEARJEFICY 7 7 A 7R AECE L. m i@ GaN FE B~k
%ﬁﬁ%ﬁokoﬁﬁﬁﬁﬂmﬁ\m%ﬁﬂkbf\hU%%wﬁU?A
(Trimethylgallium : TMGa), kU X F /L7 /L I = A(Trimethylaluminum : TMAL),
ViEEEE LT »F =7 (Ammonia : NH3), Si ~ffif) N— X ML LTUv 7
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> (Disilane : Si;Hg), #(Iron: Fe) M) R— x> hE LTy r7aXo 2V =)b
7 A v »(Cyclopentadienyl iron : CpoFe), ¥ U 7 A & L TEFE(Nitrogen : N,),
7K 32 (Hydrogen : Hy) 25 W B 4072,

MO source, NH;, carrier gas (N,, H,)

‘\_//

|_— Susceptor

Exhaust

2.2 A schematic structure of the vertical-type MOCVD furnace.

A m-plane GaN Susceptor
Substrate f

2\
Cleaved sapphires
2.3 A substrate setting pattern on the MOCVD susceptor.



222 I X<{LERMARE

7T X< A5 50k E (Plasma-enhanced chemical vapor deposition :
PECVD) & X, 7T A~ %4EH L7- CVD EDOFETH 5, PECVD EORHMIL,
7T A~ AL G REEI 2 ST I LD | IRWERIEE T RE e
AR TEZ 28 THD, £, JFEE 7T X< THfif LT\ 5 7= 8 plofisis
ZETAELRGICARET, Si T oA X BETR, GaN HIZElc B\ T —
XA W B AL TW D MR DR 715 TH 5,
AHFFETlX PECVD TR X AL7- SixNy % . AlGaN/GaN FET O 3 [fif
FERRL, S — MR S L CTH W2, AT PECVD #5i& 1%, Plasma-Therm 144
790 BV BT, X 2.4 12 PECVD 25 (& OIS X A 77§, SNy pEIE, Hk
TR 250 °C, AR A A & LT 7 »(Silane : SiHy). NHz, -~V 7 A(Helium : He)
ZRWTITh T, B S 7= SiyNy RO BT =R 13X 2 2 . =7 TdH - 72, PECVD
JRIED R T E LT, BIEY 2 ARE~D T T A T A—=UREFTOEND, R
GaN TIIX 7 I A HF A=V LY B2 7 7 AORELWME SN TS, [3]
AWFFE T, c ifi AlIGaN/GaN HEMT (28 CHEE 2 7 7 A DBIEL S hu7e VO Ak
D SixyNy % Tz,

SiH,, NH,, He

Plasma
|__— Wafer

/

[ |
Stage

Exhaust

N

2.4 A schematic structure of the PECVD chamber.
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223 JRTEHERR

Ji 1 JE HEFE (Atomic layer deposition : ALD) & 1%, Fb b ~JFEHE 22 B G
THHET, BIC R 2 Y —RE TR TE DT ETH D, K25
2 ALD it 2 ~d, K25 D A>B—>C>D>A—> + » « LD IRTHET
BEDHEA TP < A TIE, B IS S e BRI T, AEFRAEIC L DR
BrOHERED B Z 5, BIZBW T, @EILRDANEET A D/ S—=I2 X0 gEH S
%, C Tk, B bANC & 0 BEAERm W SRR IR L S5 F T, BbiE
MRS D, DIZBWT, RRFEEIBAHEE S5, EARMIZIZ, 1A 270
T1IRFBOAPEES D, ALD 1L, Si b7 VA ZITHIT 5 high-kifbizxis
DREREIC BRI TN D,

AWFFETIE, ALD 1T & 0 7 — Mg ALO; DA 1T - 72, ALD R
& & LT, Oxford Instruments £1-8 FlexAL 23 VN H 3072, FRIEIREE 300 °C, X
I A A TMAL, /K(H,0), 7 /L= (Argon : An) & W T, L — b 1.1A/s T
&=17.75 O ALO3; DA X 1u7=,

A B
precursor
‘ purge gas

N

Y TN T YYYY

C / oxidant

e« OO
SSo068 SIEEES

2.5 A reaction model of ALD cycle.

purge gas
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224 oA F v F T

stEA A > F > 7 (Reactive ion etching : RIE) & %, = v F 7 H &
7T A2 L, PFEEREHCRN T 5 H TR I A =y F U 7 &24T 5 kT
v F T HEO—FTHL, N4y Fr7@mgicii, ey F 7Lk
2y F 7D 2 FEENFET S, RIE TlRAbFE v F o 7 BN S <
TIRZTHE A= DI Ny T T TRENAREE D, RIBIX, Si b7
2 EETR, GaN A TH —BNICHW LN TSIy F U 7 HIETH 5.

AMFFETIX, AlGaN/GaN fi&E DR oBff— >~ F 7 AlGaN D Y & A
T v F 72, Plasma-Therm 8o RIE #EE WS 72, X 2.6 12 RIE F v
YOOMHE A R T, BB v F 7%, =M kA 7 3 (Boron chloride :
BCL) 7 A% VT 100 W, Imin ® 7Y = v F > 7t HiF(Chlorine : Cl) ' A %
fE L 100 W, 2min D= > F 7 %77z, Clh H# AIZ X% AlGaN/GaN Hi& D
TyF T L—ME, BLE 80 nm/min,b BCly 7'V v F o JHEANT HEFET,
AlGaN RO HRBCIEDSRE SN, BE LIy F o7 L— P BREBIND,
[4] VERAzZoF U 71E, BChAAZHWTISW, 1min40s D7 Y v F o
7%, BCly & CLIBATAZHNWTISWOART v F T a2iTo72, VAT
FUUEEDO AlGaN = F 7 L— &2, BELE1As & LT,

Plasma
| _— Wafer

/

[ |
Stage

Exhaust

N

2.6 A schematic structure of the RIE chamber.
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2.3 M FEE
2.3.1  JRFEBEMSE

Ji1-F8 77 PR 85 (Atomic force microscopy : AFM) & &, iklRmE & 7 m—
7 HNZAB) < Van der Waals JZ T 2FHICL V| JHFE V“\/V@i%ﬁﬂi &% Bl
HTEDMESETH D, 2.7 AFM JERFK 2779, AFM Tk, #UBH&R
e 7 —T7HMOBEAI2H < Lennard-Jones "7 ¥y M K- T, B F LA
— L THmOMEERHB LTS, B F L= B ER TAX v SR
W, ETFNEOYy B 7 A RAHHE T, BRI E nm A — & — THIET
LHENTED, AFM I, VYr—T LilBlza s 27 b g3 0427 M E—
Re, Tr—TbilBlear 27 haEhnwW/ a2 7 bE—RERDH D,

AMETIE, s raryE 7 hE—RO—FTHD, ¥y TE—RT
AEtOFRmMBE AT, ¥y B TE—RNEIEL, BEZAITLD D TF LN
—% FTICE#BSERD L, %ﬁﬂi‘%ﬁ@lﬁl&%*ﬁﬂjféﬁ&“(%%ﬁo AFM JI7E
FEEIZIX, Veeco t1:84 ™ Dimension 3100 23 FH W H 47z,

Cantilever

/

Z

V
N

Sample

2.7 A schematic of the AFM measurement.
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232 X EREHT

X HR[E 4T (X-ray diffraction : XRD) & 1%, #EHZ AR &7z X FRO[EIFTHL
LEWET HHETHY RO EH, fEmtERHiiZ217 9 F28 TX 5, XRD
DOFEEE, K(2.3.1)THE SN D Bragg DL THA SN D,

2d sin@ = nA (2.3.1)

T, AT, aXmI A, n 3. UIAR XBROBEETH D,
2.8 |2 Bragg DT & X%, BEHTSGENT SN 556 DA, HELHITIRD
EOTD, 0. ny ABPBEIMTHNX, K TRIRdZEHTE5, XRD V27 7 A
JVTCIE, BT RIR, mA LA, B — 2 ONERNE (Full width at half
maximum : FWHM)IE, #& 7 OEAIESME 2 BIHREIX, F-ofE, Wb
DNREE % k%

AWML CIE, XRD HIZEIZ PHILLIPS #E84 X Pert-MRD % HV 72, X I
& LT, A=1.54 A OFi(Cupper : Cu)® KofipZ i H L 7=,

2.8 A schematic of Bragg’s law.
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233 ZAE-BEFRME

==

7y &-75 7 (Capacitance—voltage : C-V)FFMEIZ L 0 | MIS #i&E ORI &
MEREBEEE N U TR S(dp)s b7 v THEEFELZ RO LFENTE D, FEAEIL,
EREEZFINT 25 Ty MEEZ 2L S ETREBIZEHB VT, 5~10mV O
LAY ERECTHNT 2 FICL v iThbiviz, C-VllEDFEARXIL, K(2.3.2)T
x3ns,

c=%

— (2.3.2)

d L TN = SH- L G S =
ZIT, ﬁ (FELZISH T 2 B OZLRE T H % MIS HEEHERIK DA &I,

C = e% (2.3.3)

TEIN, dIMFEOFER, SITEBEMEME, 4 ITHEEEFEE TH 5,

E

\4

2.9 A band diagram of Schottky metal on a n-type semiconductor.

geld, K29 DAY FETRINDWEIZBWTIEL, BV A VR T
VX (V) & BEA DT RN X —En(=E-Er) L V. KQ3.4)ZHNTROHHN D,

Vyi+E
b = ’”q 1o (2.3.4)
Vil 1/C-V 7 ay bd, R@Q3SHTEt kbbb,
1 2
2= gena (Vp; = V) (2.3.5)
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2T NGRERF O R —RETH D, EHINT Ny 2 LT, X(2.3.6)
LV Epikdoinnsg,

Ero = Ec — Eg = kTln (%) (2.3.6)

d

AHFFETIT, N=2.23x10"% cm™[5] 28 L Tg 233K D HAT=,

JekE C-ViEIX, U A RNV R¥ v v 7 %KD GaN O MIS St R %
M CE 28N TETH D, [6] GaN (ZBW T, MIS R EMENIXER 2 T 7 A
DR E 72572, [7] FHli L7220 N0IER2 572 W RBETHDIZH b b, —
I TIETH DB ENEARER L, [8] a2 &7 X v AE9%EO FETIEL, GaN
ORI EMELL DOFFM N EE LV, C-V AL —THEDO /A 7 ZHINTZ T T, MIS
REICAATET DRI EL SO X v U 7 HiE, KHRENE NIRRT
Thb, Nk C-VIETIX, UV ERFHIZ LY RN T v THEMLIZ N T v 7S
Ni=% ¥ U 7 ZMEICH ST HENTE, VA RV Ry v 72 HT5
GaN @ MIS FEFHmAS ATRE & 72 5, AFIETIE, BRIRRED C-V  — 7 & #ARK
RRONI—7 L L. UVBERED C-V 1—7 2 a2 a AT RO h—T7 L L
T, Terman {E[10]DR(2.3.7)IT L U Fifi (7 % £ (Interface state density : Di) D FEAfh
AT 77,

Di = % (ZLA;Z) (2.3.7)
Z Z T, AlZ Schottky MO EFE, AV IZEIIREED C-V b —7 & REUEN 2 5
NIZC-VII—TLDEEY T b, HIFERORT vy LV THD, EED
HE M & ERE R A X 2.10 1277

O ZEZ AT ZAREED B EFE AN T ZARRBICA A —T L, MIS HEENOEF k
VA A A T G e N

Q@ BHEDOZEZNLEENAA T ANDAL =725 0 #HRE C ViR~ E S5
%o (4210 A=B) EWAHEMENIZ T v 7SN TS E v U 7k, B
BHREWED, ZOAL =7 TIIHBENRNWEEZ D,

@ EBZNAT ARIEIZENT, UV REZRH T2 2 & T, BORmEIZ N7
T EINTWDHETHPEIND, (X210 A—C) ZORF, EZRE&ITH
M5, A4 AL LEEEMEBBRX Y U T OEMIZELDIEENEINT S
72O TH5H,

@ UV LI T#, E2REZRFFLIZ-EEHHRS YV 7R SN F
THFD, (X2.10 7 C—D) BEFx ¥ U 7 iHE S 2R EIT UV BEHET X
DHIMLCTWD, Ziuk, SfmEL, SAv79 7 v I K5 EEER DR
BOI-DThD,
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B C-VAA—THITV, FUBMEN IS DB L& T C-V I—T BN g5 5,

(X4 2.10 ' D—E—F)
® UV BEHIH% O C-V 1 —7 75 Terman ORI NNTED , DiERD 5,

« 10 ¥ 10
16T T T P _:T;—_—"L"___ 1B
Blias = -15v Dark P
ral Post-U , e 14
L { B
j .;.1' ..r'f ]
121 E r/{ 12
“ /
1t v .
i L
B P e A 8
oBF .. ) T b ; k\'\-\ 408 =
U ; - m g
| - }' Dark curve assumed 1o ]
06 " i bz the Tdeal’ curve il
.,-'—""FF-- 2
| s
04} & . 40.4
A Total Charges in System
oz} (Imerface State & Trapped) 402
|:|_ i L 'l ! L 1 L L 1 e D
0 75 15 705 3014 A2 -10 4 5 -4 -2 ] 2 4
Time {imin) Gate Bias (V)

2.10 C-V curves of photoassisted method. [6]

ARWFZETIE, C-VEIEIZ LY, MukgBEEIE, 5%, AlGaN/GaN #iE D
2DEG 2%, GaN H1D Ny, /N Y 7 @ & ggs MIS FURIHENT. Dy ORI %17 - 72,
HIEE R EIE4 T IMHz & L7,

234 EBR-EERME

it - £ (Current-Voltage : I-V)RiIZ X U | Schottky BB O ERAEK 7 n %
KD ENTE S, Schottky FBARD IV EEL Y . XQ23.8)ZHWT, n ZEH
qV

L7,
] = A*T?exp (L%) [exp ( ) — 1]
kgT nkgT
Z 2T, JILEWEE, A*1X Richardson . T IXMaxEE . ks lX Boltzman &
B VIZEINEIETH D log I-V 1—T7 DHE S n B3RO 55, AL T,
GaN O Richardson E¥ %, A*=26 A/em’K* & L7=, [11]

(2.3.8)
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235 fERE

f53% £ 15 (Transmission line method : TLM) & (%, EMHEREZ L E I 72
EROEPZPET HFICLY . ¥— ML Raiee)s =% 7 MEHU(R) % 7
THHETHD, K2.11()I2 TLM > FkiE s (b)) TLM #IER &2 R,
X 2.11(a)" " C, LIXEMER, WITEME, R AL %27 MEHL, Rapee (F2—
MEFLTH D, LV FEDN DR DN ABIUER)EZ LI LT ey 5 &
2110735615, K 2110)DEMRDEE Z a, UIFEZ b LT DL Rieen Re
ITLLTFORTEREIND,

a
Rsheet = 7 (2.3.9)

R. = g (2.3.10)

AR TIE. TIM 2 AV T, Ryeern Re DHEZIT- T2, fERL L7 TLM
PRE =%, W=150 um. L=5,10,15,2025um & L7, W>>L Th 5=, Hif
DEAEBN/NE L, EfERFHEREERN SN Lz b,

L
/4 y=ax+b i
| <)
= \ L]
= =
?. A AN ?. g L7 i
R, I;/W RC ~ = r 4
sheet /"
Space (um)
(a) (b)

2.11 (a) A sample structure and (b) a measurement result of TLM.
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2.3.6 Hall R HIE

Hall ZhFME &1L, v U 712 < Lorentz /712 X 0 A U % Hall #7E /)
o, By VT oM BEIE, IREZ RO LFNTE LM IETH D,
Hall Zh5HIE O BLIX ] 2.12 TR I 5, BIEHTEAL D P BRGNS 2 ENN
L72BE. 4 U 7@ < Lorentz 712 LV, EIL. WO GFIZEAT D HHIT
Hall £2%E/1725 8140, Hall £33 Ry 13 NQ23. 1) TER SN D,

Ry = ]EB (2.3.11)
Z :T EXEREFEICHM SN DER, JITEREE, BIIGTHH, £

JIFHQ23.12) TRITHNTE 5,

J = qnu (2.3.12)

ST niEE ey VTR, WIBBIETH S, UELY | Ryl 23.03) TR
S,

1
Ry = - (2.3.13)
Ry ZRDOINIEn ZRDODLFENTEZ D, 51T, REOEELEG)N D, 2. (2.3.14)
ZHAWTuR RO 55,
U= i (2.3.14)

AAFZETIE Hall S—FIR D /X% — > Z W T Hall 2V R EE 1T - 72,
WESMIT, F1pA, B=02T & L=,

2.12 A schematic of Hall effect measurement.
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H3E
FERRME m [ AlGaN/GaN
FERGME RN T DR EZDHRE

31 #E

ARFE T, FEMME m i AlIGaN/GaN #1&E % iz, /—~ U 478
AlGaN/GaN FET O%Et %17 - 72,

3.2 TlE, 1k ¢ i AlGaN/GaN ##i& & FEARME m 1 AlGaN/GaN #§1& Z tb
L. ORRERDS Vg ~5 2 Bz oW, 3.3 TlE. ¢ GaN & m 1 GaN O
Ny REEE, XX U T7TRBEE, RmAY T E S OYHEELRRIZOWTER T 5,
3.4 Tik, UEAMIS i / —~ Y 478 m i AlIGaN/GaN FET ##2 L. FEM
M m 1 AlGaN/GaN #3& DR A 1G> LT T 3 A ARKFHI DWW T, 3.5 TIIARRE
IZBT DiEm At )5,

3.2 FEMEME m T AlGaN/GaN S

GaN [ZAFH 7V i 2 FFoFE 0 b, fEs O A K> TR %
FFOMEITH 5, X 3. 1IN F 7V JikE OfG S & (OIS &2 77,
X 7 —HEE[0001] TR I N DM c #li 5W Cix, MED GaJif. VIED NJRT
MY — MRICZAICHEE SN TWD 20, BRIREA R—IR3RETD, [F
—HERNERD X A R —/VERIL, 2 TERMR SN D ZOINBICITEATT, B
F b & O O FHINHERL S VR WVEM DR D, T OX A R— I VRFIK L 720 %
A LT B N BER TH D, [1]

—Ji. 2 710101 TE SN D IEMIE m ®7ETIX, Ga, N JR T
EN TRANZES L TWA 7D [Fl—HmNIZE W T Ga iR 7 & N R OEILE
L, BAR=MIFAELZR, 2O, mE GaN Tl ¢ il GaN D K 9 7245
RREE M 1T AL L 720,
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Q Ga atom
Q N atom

C D

(2)

[0001]
c axis

[1120]

[1010]
m axis

(b)

3.1 (a) A crystal structure and (b) orientation of the hexagonal wurtzite GaN

structure.

c-plane

AlGaN c-plane GaN

+qNq +P (AIGaN)

-PaiGan)

(2)

29

m-plane
AlGaN

m-plane GaN

(b)
3.2 Schematic charge profiles, and band diagrams of (a) c-plane and (b) m-plane
AlGaN/GaN structures.



3.2(a) IZ c . (b)IZ m M AlGaN/GaN &2 81T 5, aEE Lz
BT A &N R &R, 32@)DBRSAMICREND LT, ¢ @
AlGaN/GaN #1&ETld, /e R KV AlGaN Wid 2 73 MR AT +Paigan). -P(alGaN)
MENENAEL D, [FERIC GaN MIsllIB VTS| +PGany-Paany? TAILENAE L
%o LML, AlGaN 2, GaN/EAR S A TIZE KBNS PR RTZN D, 2L,
AlGaN ZE [ TlE-Paigan | 25 LW +gNg 23, GaN/BER I CTlE+P a2 55 LU -Oxer
DIERTEM DAL DT8O TH D, AlGaN FKif D Nglx, AlGaN KD N 2271, F*
HRILFIC L > TRk S e RP—HEALICER L, [2] FEREO-Oy: 13 GaN/
ERAmDOLEORMIZ LI VEASNLEMTHDH, —JF. AlGaN/GaN iz
BWTIE, +Puican) & -PanyD 5 L < W28 B PG A2l 72 372 012,

__ tPalGaN)—P(GaN)

ng = 3.2.1
s q (3.2.1)

DEAFIRELZFFO— NEMPELD, ZDO— MEMIX, AlGaN/GaN Fti D
A DORIIDH LY VT ThAT-H, 2DEG LMEEIND, = 2T, n,OfE
DRBEL Y 2179, mEM PI3EB22)TREIND,

P = Psp + Ppy (3.2.2)

Psp [IMELBARDFF D3 MR EM T ) HIEIW, Ppz 1 IMEIOEICL VAT D5
MEMTHY B 3B TH D, —AXAIIZ, GaN ITEEHpum FRE & =2 M
ELBZDHNTE, Przcany=0 & 7T %, AlGaN D Pspaican) PrzaicanlF74(3.2.3),
(324)T, ThZhEKIND,

Psp(aigan) = PspainyX + Pspgan) (1 — X)[3] (3.2.3)

A(AlGaN)—~A0(AlGaN)

C
Ppz(a1Gan) = 2 (631 — e33 ﬁ) [4] (3.2.4)
ag(AlGaN) C33

Z 2T, PspaicanylE AIN O I3RS T A —HF Pspamny &« GaN D B3R/ 7
A =5 Pspigany?>H Vegard Bl & IV TRD HIVD, PrzacaniE. FEEED AlGaN D
a W& 7K amicany. TEE AlGaN @D a $lifg 1K aoaicany JTEREEI exs, FMETELL
CoNT, RB24)LVKROBINDH, F3.112GaN, AIN, Aly3Gag;N . LT
NDGRRT A—H Z:d, AlgsGagsN D43/ T A — %1%, GaN, AIN D451
RT A—=H LI Y Vegard Al ZHWTRDBTZ, K332, £3.106ROLNT
c 1 AlyGa;_xN/GaN #i& D ng %, X=0~1 & L7285 128V TR, AlGaN D&
12 & > T Pryaicany DN EALT 5 728 AlGaN P58 22 E A TV 5 A (Strained) & |

B EATVRNGE (Relaxed) DZENVENDEEIZONT ng ZXRT 5, FEEE
D X252 RO OMEZES Z L2720 | c il AlGaN/GaN #1& (280
THESINTWD MR ng DED ZHUTHES TV 5D, [5][6] 33 Lv.
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Aly3GagN DA ne~102 em? BESNAERSM S,

—F . K320 RS ATV D m 1 AlGaN/GaN i CTlx, 0 MREE M 23

FE LW =) . AlGaN/GaN FHEICE VT 2DEG X34 L7V,

7% 3.1 Polarization parameters of GaN, AIN, and Al 3Gag7N.[7] [8]

Parameter GaN AIN Aly3GaysN

P, (C/m?) -0.03 -0.08 -0.04
ay(A) 3.19 3.11 3.16

e3; (C/m?) -0.49 -0.60 -0.52

33 (C/m?) 0.73 1.46 0.95

C;; (GPa) 103 108 104

C33 (GPa) 405 373 393

1014

1013

n, (cm?)

1012

= Strained AlGaN

Relaxed AlGaN

3.3 Al content dependence of #g on strained and relaxed c-plane AIGaN/GaN

structures.



WIZ, ZDIIRERD Vi ~5- 2 DFBIZOWTEHREZIT S, ¥ 3.2(a)
IZ#£ STV D AlGaN/GaN #iE DN RREEN S, V1T NB.2.5TEEIN S,
d ﬂ_l_@_qust_qNb
q q € Cp
[9] (3.2.5)
ZIT, liFEEANY TES, g XETOEME., dIX AlGaN BE, P I3/ RE
fif. & AlGaN OFEER, Nyx)iE AlGaN H1 > RF—ifEE AE, 1% AlGaN/GaN
Rmoa Xy va NN RE78y haE, EnldGaN Ny 7 7 @D E, & Ep &
DITRNVF—F Ny lIEKE b T v TEE, Npld GaN Ny 7 7 @HD N7 > 7%
. GlINy 7 7BE-T ¥ rVERIOFRETH D,
X(3.2.5)2 VT c i & m M AlGaN/GaN #1EIZB 1T 5 Vy Dl 217 -
72 T Z T, gs=1.6eV, [2]AlGaN D Al #f% X=0.3, JEJE d=20 nm. AlGaN D[t
FHEL =9, DL Nyaican=10"" cm™, GaN D RFMHESE NyGany=10" cm™,
AE=0.54 eV, Ny=N,=0 OHERRIREL L CEHHEZIT-o7-, HE/BRIY. ¢
[l AlIGaN/GaN 3 Tl Vy=-5.5V 25, m [l AlGaN/GaN #§1& Tl Vy=+1.2 V 35

%ﬂko:hﬁ\dﬁM&M&NTﬁ\ﬁﬁl@@ﬁ@%Z@ﬁ%?%]V&

KHREWEISZED TS EITK LT, m i AIGaN/GaN 1% Cld P=0 & 430
F2HEMETXH1-0OTHD,

PLE XY m i AlGaN/GaN #3852 -V AL, JREIC ¢ i AIGaN/GaN 4
BEXYEW Vy 2R CE 2 F0NHE S, 2V, o i AlGaN/GaN f§3iE1235
W, Vi DRI RTET D R B DFAE L2 N2 Th 5,

3.3  FEMRME m | GaN Ot

NIT OV iR A RO GaN, AIN O3 R T, 85— BRI KL
DG SN TWD, [10] B—FEERE TIE, B OB L REDA TNV FX
ZFHRE LTV D0, MR OEGALIC L > TRy FREEDEWIIRNT, cHiE

m I GaN O FREEIZIRI U CTH D, AN FEERREE, A0EEm . ¥
¥ U 7T BEEmMIAG3.1)., XGB32)TESND,

hZ
m* = — (3.3.1)
aZ_E . .
ok?2
qt
= 3.2
p=— (33.2)
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ZZ T, E kIXENTI, E-kZERTOZ XX —LEIE L, dXE DR
Rl ChH 5, X3.3.1). XB3.2)EV e & mm GaN Tlid, N> M%:%ﬁi‘% LW
om, uhELL, RUBHEEZES W 5,

WIZ, m T GaN D g & EERIVIZR D72, g lTAEmORIIREIZL VK
BT B2, [10] Ham 2 TRIAR#ETH D, £ 2T, mii GaN D gg &
C-VRIEIZ L VKD, cH GaN D g & DILEE#1T > 72, X 3.4 12 m i GaN D C-V
J—7 L RBHEE 2R, IEREHE. N=4x10" em™ @O m i GaN bE~, =
7 7V (Nickel : Ni)/4(Gold : Au) Schottky B4 f&fE ¥ 5 F CIrER 7z, X134 D
C-VI—TITBNT, V=-5~0V & L TWHEHIL, n’ GaN L~ Schottky & f#:
EERLL TV D72, B 7 AHUMERZ NS M ER A AL, REE R
W= T D, C-VIIERE R 5 X(2.3.4). (2.3.5). K(2.3.6) 2 IV Tg=0.73 eV,
Ng=3.9x10" ecm™ 3G S iz, C-VIIE L VKD S 7= s DA, Ni/e i GaN 1
BIZBWTHE SN TV D s & T 5, Ni/c i GaN ETliE, ¢=0.50~1.13 eV
[12][13] O#PHTHE SN TEY . Ni/m il GaN THONTZ@4=0.73eV &, T
EHRODBENMETHD LWV R D,

LLEXD | mifi GaN O/ RREE, u, gs DWMHIEIL. ¢ 1 GaN O
EERIZETHDLEN TN,

[X107]
3.0

ohmic metal Schottky metal

N
(3))
T

Si-doped m-GaN 0.5um
Si:4%10"7cm

N
o
T

Si-doped m-GaN 1.1um

Si:4%10'Scm?
m-GaN lum

m-GaN substrate /

Capacitance (F/cm?)
(3)

1.0 //
0.5
0
-5 4 -3 -2 1 0
Voltage (V)

3.4 A C-V curve of Ni Schottky metal on a m-plane GaN.
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3.4 FEMRME m @ AlGaN/GaN FET D&t

INFETOEY v 3 Tt mif AlGaN/GaN #i&E %2 FHN 2 FH T, &V
Vie 30, AEOuz M TEDENRINT, FEBEO FET 21T 57291
X, 77 R, 7 — MERORFDBLETHDL, AV a TR, mA
AlGaN/GaN FET O 7 7 & AfE D& & . VB A MIS #i& / —~ U 4 78 m 1
AlGaN/GaN FET O FHI DWW TR %,

m T AlGaN/GaN FET O 7 7 & 2 #8813, AlGaAs/GaAs HEMT TEH &
NTWDBENRNY T RBAORMY F— o 7 k> Tt aiT 72, FEmMIEMEC
H 5 GaAs ([ZEWT, AlGaAs N TEH A~ N—8 7 %479 H T, 2DEG
DAERDIE SN TWD, [14]Al1GaAs Tix, FEKRMAIC K Y £ 7 = /L 3 WL
DEE SN TND T2, AlGaAs RIENZEZ @R LL TFIZ724uX, AlGaAs DA
A AERMID DIBEFRTR & 72 U AlGaAs/GaAs FHE (2 2DEG N34T 5, T,
FERBIERT B C o 5 AlGaAs/GaAs i Z351F 5 2DEG D A =X L TH D,
FERNE m 1F AlGaN/GaN HEIEIZ B W T H [AEFEIZ, AlGaN N U T~ Al K —
B 7LD, 2DEG OAEMRNARE L 225, X 3.5 12 AlGaN 3% v U 7R Ny
TY— F—=7" 372 m i AlGaN/GaN #1EIZ BT 53 RiEE & v U 7 0fi &
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3.5 Band diagrams and carrier profiles of m-plane A1GaN/GaN structures
with Ng= (a) 510" cm™, and (b) 1x10" cm™.
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3.7 Band diagrams and carrier profiles of (a) modulation-doped and (b) 6-doped
m-plane AlGaN/GaN structures.
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3.9 Proposed recessed-gate MIS structure of enhancement-mode m-plane
AlGaN/GaN FETs.
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4.1 A schematic of m-plane AlIGaN/GaN heterostructures.
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4.2 A optical micrograph of m-plane AIGaN/GaN heterostructures.
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4.3 An AFM image of m-plane A1GaN/GaN heterostructures.
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4.4 An XRD w26 profile of m-plane AlGaN/GaN heterostructures with a (10 1 0)
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4.5 An I-V characteristic of m-plane GaN buffer layer.
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4.6 An I-V characteristic of m-plane AIGaN/GaN heterostructures.

47



[X107]

N 0hmic: S:chottky !
: ||

25 /’
B AlGaN

3.0

% 20 [ N /

E : m-plane Ga

E; 1 .5 N spulbstra?teN /
1.0

5 4 3 2 -1 0
V(v)

4.7 A C-V curve of m-plane AlGaN/GaN heterostructures.
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4.8 TLM results of m-plane AIGaN/GaN heterostructures with [11 2 0] and [0001]
directions.

7% 4.1 Hall bar measurement results of m-plane AIGaN/GaN heterostructures
with [11 2 0] and [0001] directions.

Direction Rgpeet Hall coefficient ng Y7}
(Q/0) (cm?/C) (cm™) (cm2|V - s)

[1120] 2630 2.06 x 108 3.03 x 1012 782

[0001] 2710 2.03 x 106 3.07 x 102 747

49



WIZ, SR—E v T BOEILIZ LD ng OHEZFINZ, SF—¥ 7 @D
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4.9 ny dependence of Si 6 -doping concentrations of m-plane AIGaN/GaN

heterostructures.
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4.10 A band diagram and carrier profile of m-plane AIGaN/GaN structures.
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4.11 Process flow of depletion-mode m-plane AlGaN/GaN FETs.

4.12 A top view of fabricated m-plane AlGaN/GaN FETs.

52



F— v 7 EMIL, GaN ZMEFCTC—KICHW LN TWD F X
(Titanium : Ti)/Al/Ni/Au Bz H 2, [15][16] FEMRACE A & L CHi bk
% (Hydrochloric acid : HCD)PE{¥ 1min, 7K¥E Imin 247V, Ti/AUNI/Au %, EZ27K
FEVEIZ LD ZE 1 20/120/30/50 nm DOJEJE CHERE S 7=, AlGaN/GaN i Tl
AlGaN DNEIFINY Tl 7e b2, A—I v VEMR U —NHLETH D,
v —REORELEITV, BEREXK 413 17T, K413 TE, v —iR
& % 700,800,870,900,950 °C., Kffi] 30 s, Ny FRPHKH CEMS V¥ —%1T->728;
AD, Ky oA —REICHT SR ET v b Lz, X413 LV, 800~900 °C D
VU —IRET, &b ROMETF L. R=2~5 Q-mm N3 5172, AlGaN/GaN H#
EA~DOF— I v VERERO A =X AE, 750 °C LLEDY v 2 —RET
AlGaN 1D N & Ti 230t L TIN 8BRS 4L, AlGaN @ N KITIZ KD R —i
FEDOHIMZ LY A= v 7RG LN D EE ST 5, [15][16] A ElD
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BLEAGOMETH D, ZORKOFEKRIL, ngMENWFELEEZIBND, R AT
X@4.3.1), X@32)TEREND,

¢
R ~exp( fo) [17] 4.3.1)
h [N
Eoo = q; mfg (4.32)

GBIFNT T ES, Ep TR FX— T 2A—=FThbs, X4.3.1), X4.32)L0,

m [ & cﬁAlGaN/GaN HETIE, doe m . dIBTRAHETHHDT, R DED
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F—3 v 7 EBMEERL L TWAHT2D Nylding L&l & % 25 & m i AlGaN/GaN
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REED R IE. ¢ 1 AlGaN/GaN #5i&E D R, D 1.6 5 & e DR EERENE NS, &
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4.13 R, dependence of annealing temperatures on Ti/Al/Ni/Au stacks deposited on
m-plane AlGaN/GaN heterostructures.
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4.14 The comparison of Ni/Au Schottky /-V characteristics on m-plane AlGaN/GaN

heterostructures with and without HCI pretreatment.
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4.15 A schematic structure of Si 8-doped depletion-mode m-plane AIGaN/GaN FETs.
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4.16 (a) 14s-V4s and (b) transfer characteristics of Si 6-doped m-plane AlGaN/GaN

FETs.

57



ERLX 7= F A ADBESEFEICHOW T, BRIC TR S A HE & i
LTHELEZIT ), Vi 1. KB A2 OLHWE 2 EANER I, @4 1) TRIND,
Efop  qdNst  qNp

q € q q € Cp
BNT A=K e EBRIZEVELINTE, ¢5=1.47 eV, Ny=5x10"cm?, d=22 nm,
AE=0.56 eV, Ep=0.14eV & L72, Ny=Ny=0 & LT Ve DFFHEEZITH & V=12V
NESLNTZ, ZOfEIE, ERELY 1.5 VEWVETH D0, EBEO m i AlGaN
FENTIE Ny DTFAEL TWD 2D, ThEBEL N=3x10"% em™ S{RET 5 &\
Va=-2.7 V & EBRIE L IMWVENE DN D, WIS, Ne=3x10"% em™ D4 MO0
THFT 5, m i GaN @ Schottky I-V 5FAM I & 0 15 5 4172 Ng=8.5x10" cm™ 233
1 nm ORZHHALTWND LTS L mifl GaN OFEf K —E N=8.5x10"
em? Th 5, @i, GaN LV b AlGaN O S s ELPENNS 572, m T AlGaN 3
Tl Ng=10"? em™® A — 4 —Th % & PRSI, Ne=3x10" cm? 13524 72 Tl
N EBZ NS,

RIZ. gmmay T HNTTF ¥ RABENE gy, ORFEH D 21T 5720 pen 1330
(442)TEIND,

4.4.1)

_ 9m@max)L
Hen = COX(Vgs_Vth)
(4.4.2) T\ gmman=77 mS/mm, L=1 pm, Cox I AlGaN 25nm @7 — h & 3.2x107
Flem®, Vg=-12V, Vy=2.7V & LTHE L, ga= 161 cm*/V-s BFSENT20 e O
13 sopec DIE £ VAR, Z DFREIE, SMEIRHICH D Ry Ruce DEBEE 1T
EEEOME & VBN SN TN 272D TH D, HBoONTun &0 (4.43)2 Hn
T Lismay @ RFE S 5 & |

#cnCox(Vgs—Vin)®
Igs(max) = — zfs [24] (4.4.3)
Lis(ma=298 mA/mm 2355 H v, FERIE & FEOEDBE LTV ENTND,
VI EX Y., mifi AlGaN/GaN FET @ / —~ U AV EI{ERHER S, 55

NIERHHE b B LR CTH D TR D1,

[23] (4.4.2)

58



45 =

AREETIZ, MOCVD {£IC X% m i AlGaN/GaN & DREEALR ., m T
AlGaN/GaN FET OfER & BRFHEIZ OV TIR AT,

OMOCVD B2 X v FtA 7 A0001 1 5H~ 1 °0 m [f GaN H b~ m @
AlGaN/GaN #1& OfE d R 3T T, Ny 7 7 & GaN ~D Fe R—712 X0 |
Reeer=10° QD FARH LN » 7 7 B OMERA | AlGaN 1~ Si Rffi#s K—r' 7
2LV m H AlGaN/GaN S I8N Topeg=782cm*/V s, ne=3.03x10"? cm? @
2DEG TR D MRS S A7z,

@®Si 38 R— 7 &7~ m i AlGaN/GaN TlX. Ti/AUNi/Au &J&% . 870 °C. N, 5%
FHAH 30 s DFEMY X —%1THFH T, R=22 Q-mm DA — = v 7 EMWMNED
i,

@ FEL X7 m Ifi AlGaN/GaN FET TIE, Ve=+1 V HUINKF Iismay=266 mA/mm,
Ron=16.6 Q-mm, V=12V FUINFF gumax=77 mS/mm, Vyp=-2.7 V. pe=161 cm*/V
s D =~ U A VENENHERR S, RO V (FEERIIIC THIS L DE L Y
{K< . Ni/AlGaN FLfilZ 107 em™ A — & — DR I KFEOMFE L T 5 Al REMEA &
WG T,

LEXDY ., m 1 AlGaN/GaN #&Ex2H W72, /—~ U A% m @
AlGaN/GaN FET 2N FEiIE S 7z,

59



2% 3k

[1]

[4]

R. M. Farrell, D. A. Haeger, X. Chen, M. Iza, A. Hirai, K. M. Kelchner, K. Fujito, A.
Chakraborty, S. Keller, S. P. DenBaars, J. S. Speck, and S. Nakamura, “Effect of
carrier gas and substrate misorientation on the structural and optical properties of
m-plane InGaN/GaN light-emitting diodes” Journal of Crystal Growth, Vol. 313, pp.
1,2010.

S. Heikman, S. Keller, S. P. DenBaars, and U. K. Mishra, “Growth of Fe doped

semi-insulating GaN by metalorganic chemical vapor deposition” Applied Physics

Letters, Vol. 81, pp. 439, 2002.

X. Q. Shen, M Shimizu, and H. Okumura, “Impact of vicinal sapphire (0001)

substrates on the high-quality AIN films by plasma-assisted molecular beam epitaxy”
Japanese Journal of Applied Physics, Vol. 42, pp. L1293, 2003.

A. Y. Polyakov, N. B. Smirnov, A. V. Govorkov, and S. J. Pearton, “Properties of

Fe-doped semi-insulating GaN structure” Journal of Vacuum Science & Technology

B, Vol. 22, pp. 120, 2004.

D. Qiao, L. S. Yu, S. S. Lau, J. M. Redwing, J. Y. Lin, and H. X. Jiang,

“Dependence of Ni/AlGaN Schottky barrier height on Al mole fraction” Journal of
Applied Physics, Vol. 87, pp. 801, 2000.

J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P . DenBaars, J. S. Speck, and U. K. Mishra,

“Polarization effects, surface states, and the source of electrons in AlGaN/GaN

heterostructure field effect transistors” Applied Physics Letters, Vol. 77, pp. 250,

2000.

N. Onojima, M. Higashiwaki, J. Suda, T. Kimoto, T. Mimura, and T. Matsui,

“Reduction in potential barrier height of AlGaN/GaN heterostructures by SiN

passivation” Journal of Applied Physics, Vol. 101, pp. 043703, 2007.

V. W. L. Chin, T. L. Tansley, and T. Osotchan, “Electron mobilities in gallium,

indium, and aluminum nitrides” Journal of Applied Physics, Vol. 75, pp. 7365,

1994.

M. S. Shur, B. Gelmont, and M. A. Khan, “Electron mobility in two-dimensional

electron gas in A1GaN/GaN heterostructures and in bulk GaN” Journal of Electron

Materials, Vol. 25, pp. 777, 1996.

[10]G. Y. Zhao, H. Ishikawa, T. Egawa, T. Jimbo, and M. Umeno, “Electron mobility on

AlGaN/GaN heterostructure interface” Physica E, Vol. 7, pp. 963, 2000.

[11]S. Keller, G. Parish, P. T. Fini, S. Heikman, C. -H. Chen, N. Zhang, S. P. DenBaars,

U. K. Mishra, and Y. -F. Wu, “Metalorganic chemical vapor deposition of high

60



mobility AlGaN/GaN heterostructures” Journal of Applied Physics, Vol. 86, pp.
5850, 1999.

[12]S. Heikman, S. Keller, T. Mates, S. P. DenBaars, and U. K. Mishra, “Growth and
characteristics of Fe-doped GaN” Journal of Crystal Growth, Vol. 248, pp. 513,
2003.

[13]X. Q. Shen, H. Okumura, K. Furuta, and N. Nakamura, “Electrical properties of
AlGaN/GaN heterostructures grown on vicinal sapphire (0001) substrates by
molecular beam epitaxy” Applied Physics Letters, Vol. 89, pp. 171906, 2006.

[14]S. Keller, C. S. Suh, N. A. Fichtenbaum, M. Furukawa, R. Chu, Z. Chen, K.
Vijayraghavan, S. Rajan, S. P. DenBaars, J. S. Speck, and U. K. Mishra, “Influence
of the substrate misorientation on the properties of N-polar InGaN/GaN and
AlGaN/GaN heterostructures” Journal of Applied Physics, Vol. 104, pp. 093510,
2008.

[15]A. N. Bright, P. J. Thomas, M. Weyland, D. M. Tricker, C. J. Humphreys, and R.
Davies, “Correlation of contact resistance with microstructure for
Au/Ni/Al/Ti/AlGaN/GaN ohmic contacts using transmission electron microscopy”
Journal of Applied Physics, Vol. 89, pp. 3143, 2001.

[16]M. W. Fay, G. Moldovan, P. D. Brown, 1. Harrison, J. C. Birbeck, B. T. Hughes, M.
J. Uren, and T. Martin, “Structural and electrical characterization of Au Ti Al
Ti/AlGaN/GaN ohmic contacts” Journal of Applied Physics, Vol. 92, pp. 94, 2002.

[17]C. Y. Chang, Y. K. Fang, and S. M. Sze, “Specific contact resistance of
metal-semiconductor barriers” Solid State Electronics, Vol. 14, pp. 541, 1971.

[18]F. A. Padovani, and R. Stratton, “Field and thermonic-field emission in Schottky
barriers” Solid-State Electronics, Vol. 9, pp. 695, 1966.

[19]1. Shalish, Y. Shapira, L. Burstein, and J. Salzman, “Surface states and surface
oxide in GaN layer” Journal of Applied Physics, Vol. 89, pp. 390, 2001.

[20]H. Hasegawa, and S. Oyama, “Mechanism of anomalous current transport in n-type
GaN Schottky contacts” Journal of Vacuum Science & Technology B, Vol. 20, pp.
1647, 2002.

[21]A. Hirai, Z. Jia, M. C. Schmidt, R. M. Farrell, S. P. DenBaars, S. Nakamura, J. S.
Speck, and K. Fujito, “Formation and reduction of pyramidal hillock on m-plane
{1100} GaN” Applied Physics Letters, Vol. 91, pp. 191906, 2007.

[22]N. A. Fichtenbaum, T. E. Mates, S. Keller, S. P. DenBaars, and U. K. Mishra
“Impurity incorporation in heteroepitaxial N-face and Ga-face GaN films grown by
metalorganic chemical vapor deposition” Journal of Crystal Growth, Vol. 310, pp.
1124, 2008.

61



[23]U. K. Mishra, and J. Singh, “Semiconductor device physics and design” Springer,
Equ. (9.5.16), 2008.

[24]U. K. Mishra, and J. Singh, “Semiconductor device physics and design” Springer,
Equ. (9.5.10), 2008.

62



SR
J —= V) F 7 BIJERGHE m [ A1GaN/GaN
BRAIRENT U ORHZ

51 &S

ARFETIE/ > F—7" m i AlIGaN/GaN #1E%# iz, /—~< U478 m
[f] AlIGaN/GaN FET O EFEIC DWW TR %, 5 3 B TakEl vz U B X MIS ##i&
FEHOEOIZE, /—~ VU A8 m i AIGaN/GaNFET &, /—~ U 478 m
i AlIGaN/GaN FET & O DEFENVETH D, AiED /) —~ IV A B m ik
AlGaN/GaN FET O FEFEIZ DWW T, R Tl bilz, RETIE, B&HD /) —
~ U 4 7 m i AlGaN/GaN FET D FEFEIZOW k%, EiEHEE LT, 7F—
NEIEZ 2 > R—7" m [ AlGaN & H\W\ 7=, MIS ##i ) —~ U A 78 m i
AlGaN/GaN FET Z{E# L, ZOBEMER 21T 72,

52 TIEIMIS i ) ——~ VU 4 7 % m [ AlGaN/GaN FET D%t & 1l % |
53 TIHMER S NT=T A AOEZHMEE 5.4 TIIARREICBIT DiEma b5,

52 TN AgRER LR

5112, B ENT- MIS #1E m i AlIGaN/GaN FET #1522 ~3, Z O
S TIE. 77— MEIIC uid-AlGaN ZHW\W WA 728, B/ —~< U 4 7H)
TEMBIFFCE %, LML, /> R—7 mif AlGaN TlX, 20 Migh R 8,
2T I AEOBERMLEN G SN2V E S ENRE LD, Z ORBEO R
D6, TV AFERD m ifi AlGaN ZFRrZE L, BINEKE n'-GaN @& 7
72 Al E LCTHWE, [1]n'-GaN [ %2 AWV D H T, Ryen Re DI WIFF T
XK R ZHD /—~ VA7 FET OEHNWIHFTE 5, MIS #ED 7 — b
fafxiE L LC, PECVD THE S 7z SilNy 2 L7z, SixNy 7 — bk,
BIRERE n'-GaN Jg & 7 — FEMm L oA+ 20 7L LT, £/,
Ni/m M AlGaN St O St AL 2 0 S8/ Vi IR T 2B T2 D 7 — Mk
ELTHWLNT,

Ng=1x10"% cm™ @ m [ GaN _E~PECVD % I\ T 20 nm I S 7= SiyNy

63



WO %, C-VIIEIZ L 0 iTo 72, X 52002 C-V H—7 L HIER#EZ, (b)
W2 1CRY Fay haerd, M52@)0 C-VI—7 L0, BEAE Cwu=3.08x107
Flem® M5 51, R(2.3.3)E 0., SiNyDIFEREZRD D L g=7 BNEBNIZ,
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5.1 A proposed enhancement-mode m-plane uid-AlGaN/GaN FETs with selective

regrown n -GaN layers.
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5.2 (a) A C-V curve and (b) 1/C* plot of SiyNy/m-plane GaN MIS structures.
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5.3 A band diagram and carrier profile of proposed SiyNy/ m-plane uid-AlGaN/GaN

gate structure.

HARFRER n'-GaN B OfE bR & fHli 247 - 7=, n'-GaN Jgi%, EZER
I LV R S 7= R EE#E (Silicon oxide : SiOy) &~ A7 & & L. MOCVD i
E 0 BINERE SN, n'-GaN OBRE R ESMFX, REIRE 1050 °C, E
J£7/7 500 Torr, Si K—v& > 7 10" cm'3\ BREL—F 013 nm/s & L., BEE
80 nm @ n'-GaN 23 fEdb kR S iz, X 5.4 ISR S 7z n'-GaN = B
1] D £ E 1 PEIKSE (Scanning electron microscopy : SEM) HFH. %279, n'-GaN
DOEREIZMMABZEZ SN TNDA, 21 107 em® L/LL@%?@%@ Si Al 23
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Q'mm LY —H{E< . ¢ AlGaN/GaN #id & [R5 OfE R~0.5 Q-mm[3][4] 72345
ENTWAHENSND, mE GaN [ZBWTH, R—E U VT BEZENSELHE
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5.4 A SEM picture of selective regrown n'-GaN layer.
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5.5 A TLM result of selective regrown n'-GaN layer.
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Epiwafer SiOy deposition AlGaN and GaN etching
AlGaN S0
e | > oy
substrate
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e e

5.6 A process flow of proposed enhancement-mode m-plane uid-AlGaN/GaN FETs

with selective regrown n'-GaN layers.

Gate
Regrown layer

Regrown layer

5.7 A SEM picture of fabricated m-plane uid-AlGaN/GaN FETs with selective
regrown 1 -GaN layers.
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5.8 (a) 14s-V4s and (b) transfer characteristics of MIS structure m-plane
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uid-AlGaN/GaN FETs with selective regrowth n'-GaN layers.
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6.2 Band diagrams and carrier profiles of (a) an access and (b) gate region on
recessed-MIS gate structure m-plane AlGaN/GaN FETs with a SiyNy gate dielectric.
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6.3 A process flow of recessed-MIS structure m-plane AlGaN/GaN FETs.
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6.4 (a) 145-V4s and (b) transfer characteristics of recessed-MIS structure m-plane
AlGaN/GaN FETs with a SiyNy gate dielectric.
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6.5 A subthreshold characteristic of recessed-MIS structure m-plane AlGaN/GaN
FETs with a SixyNy gate dielectric.
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6.6 A recessed-MIS gate structure m-plane AlIGaN/GaN FETs
with an Al,O3 gate dielectric.
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6.7 Band diagrams and carrier profiles of (a) an access and (b) gate region on
recessed-MIS gate structure m-plane AIGaN/GaN FETs with an Al,O; gate dielectric.
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7% 6.1 A table of deposition conditions on Al,O; deposited by ALD.

Pressure (mTorr) Ambient
Condition 1 20 Ar
Condition 2 200 Ar
Condition 3 200 Ar95%/ H, 5%
100 :
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10-1 E ----- E e
_ 102 ¢ ,,7
g 103 /./
= [ y,
< 104 /
< 105 - =
E [ === Conditionl _
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6.8 (a) Subthreshold and (b) transfer characteristics at V4=5 V of recessed-MIS gate
structure m-plane AlIGaN/GaN FETs with Al,O; gate dielectrics deposited by various

conditions shown in Table 6.1.
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_ kgT Cs+Cit

SS = e In(10) (1 + o )[12] (6.2.1)
_Gie (455

Dj = . < (kB“n(lo) 1) Cox[12] (6.2.2)

Z T CERDOR R, Cyl ALOy/AIGaN FEYENIZ L A, Coy 1d ALO;
DERETH D, R(6.2.1), (6.22)X V. m i AlGaN/GaN Hia D Dy % A H 5 & |
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emZeV! 23, §5=800 mV/dec.lFF D;<2.6x10° emZeV! M ENEFNE LN S, T L
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W25, FMFEE T 20 mTorr @ Conditionl @ ALOs X, 7 AL v ¥ gL REHE
WICBWCAT v RO —T N ELNTWD, ZiuE, ALOs/m H AlGaN fih
2, BHEEOZ RN X —ENEZFEFO N T v TP EL TWDHHEEREL TS,
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TR X Tz,

EREAFIC LY ALD R S 72 ALO; & m 1 GaN & @ Dy &, St
C-VIEIZ X Vil 21T o 72, [3] #EHMEIEZ X 6.9 12, X 6.10(2)lC UV JLRRSTAL
BTO C-VI—7 (DI Dy DT RILX =250 %  FNENRT, X 6.10@) & D .
UV BRI 23 V OT7 Ty bRV RV T RREIER SN, 2 ALO; i &
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DNy FEEENSHER &5 X 912, ALO3/AIGaN D AE, X 1ETH D728,
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6.9 A schematic sample structure for C-J measurements.
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6.10 (a) C-V curves and (b) Dj; of Al,O3/m-plane GaN obtained by photo-assisted

C-V measurement.
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5o

84



Ves
60 T :

+6(V)

+5(V)

+4(V)

..:....l....|....1....i....i....i....i....i....|+3(v)
0 = +2(V)
012345678910
Vds(V)
(a)

E ,=10(V)

(U]
-

2, (MS/mm)

[\
-

01234567
Ves (V)
(b)

6.11 (a) I4s-V4s and (b) transfer characteristics of recessed-MIS structure m-plane
AlGaN/GaN FETs with an Al,O; gate dielectric.
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6.12 A subthreshold characteristic of recessed-MIS structure m-plane A1GaN/GaN
FETs with an Al,O3 gate dielectric.
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623 £

U & 2 MIS #5185 m i AlGaN/GaN FET [Z38 VT . PECVD FiE S 7= SiyNy
& ALD R S 7z ALO; 77— MR A 2T 3o 2D Vi, e D LEE 21T
VN, F 62107,

7% 6.2 A comparison of Vi, and i, of recess-MIS structure m-plane AlIGaN/GaN FETs
with a SixyNy and Al,O3 gate dielectric.

: : Vin (V) Vin (V) 21\.
exliz elleleEie Experiments | Calculation | Heh S
Si,Ny 2.0 0.42 7.7
Al,O, 2.2 1.18 62
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th = ¢ q q q
_ qNgd?® n Efo  qdNgt qNp (62.3)
€ q € Cp o
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Sm(max=22 mS/mm, L=1 pm, Cox /% AlGaN 2 nm & AL,O3; 20 nm DA FHA £ 3.16x107
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ALOs 7 — MERRIEDIT 3, Vi DEBAE & GHRAEDEZD /NS < o D350
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DFEALRIME SN TWDH A, [18] PECVD kEFFIZH, H 7 VLD &
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Hy IINZ L% Dy DWW EFJE LTV D, ZOJFIAIL, ALD BERFICHAT 5 H
JERAIE, BIBIREE2Y 300°C &KW 2, m 1l AlGaN 2K & O G HRER) T &
HEHEMIEND, ZHE V., mif AlGaN [~ DRI 1%, o 72 Rl
WE., HINNENFET B2 b5,

PLEX Y ALD i &7z ALO; 7 — Mo 5753 PECVD B S 4
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1 TIE. AIGaN N U THEIZ 21 nm THHN, VERAZ v F U 7RI N 19.8
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Ref[6[ITRENTWNWAH L DT, T F U ZIRSITH L TEMRIIZR Vy OB
B3N %, ¢ AlGaN/GaN #3& CTld, AlGaN BE1 7 < 72 212606 > T ng 13
T 508, AlGaN MFEL TWAHBRY | AlGaN RIEIZ)E U7z 2DEG A RAET 5 7=
D THDH, —J7. m il AlGaN/GaN #1E TlX, 2DEG ¥+ U 73 EJR TH D Si R
—7" AlGaN B2 2Ty F U /7 TENE, Ty F U TIRSICKH L T—ED Vy
EHEONAENFERICEL VRSN, LL, AlGaN 22Ty F 7 LTz
A, Va2.8V & Va3 0.6 VHEIIL TWAENRDND, Vpld(6.23)TEIN
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AV = st (6.3.1)
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Ny=13x10%em? 33t &5, 2k V| ALOs/m i AlGaN i Tl, AlLOs/m
M GaN R LY 102 em? 20 Ny DIFEEL TV & FISN D,
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6.13 Vi, depencence of AlGaN recess etching depth on recessed-MIS gate structure
m-plane AlGaN/GaN FET.
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6.14 (a) I4s-V4s and (b) transfer characteristics of recessed-MIS structure m-plane
AlGaN/GaN FETs with a Pt gate metal.
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6.15 A subthreshold characteristic of recessed-MIS structure m-plane AlGaN/GaN
FETs with a Pt gate metal.
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6.16 A comparison of TLM measurements for the conventional m-plane AlGaN/GaN

structure and the structure with the selective regrown n -GaN contact layer.
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6.17 A recessed-MIS gate structure m-plane AIGaN/GaN FETs with selective
regrown n'-GaN contact layers.
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6.18 (a) Igs-V4s and (b) transfer characteristics of recessed-MIS structure m-plane
AlGaN/GaN FETs with selective regrown n -GaN contact layers.
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