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Abstract

The thesis investigates MgO-dielectric  GaN/AlGaN/GaN
metal-oxide-semiconductor ~ high  electron  mobility  transistors
(MOS-HEMTS) by using the ultrasonic spray pyrolysis deposition (USPD)
technique. Due to the enhanced gate insulation and surface passivation,
the gate leakage current has been effectively reduced by depositing the

high-k magnesium dioxide (MgO) as the gate dielectric layer.

Improved device performances of the studied MgO-dielectric
MOS-HEMT (a referenced Schottky-gate HEMT) have been achieved,
including maximum drain-source saturation current density (Ips, max) Of
681 (500) mA/mm, drain-source current density at Vgs = 0 V (Ipssg) Of
329 (289) mA/mm, maximum extrinsic transconductance (gm max) Of 112
(120) mS/mm, reduced gate leakage current (lg) at Vgs = -50 V of 3.73 x
10° (6.85 x 107 mA/mm, and two-terminal off-state gate-drain

breakdown voltage (BVgp) of -123 (-104) V, respectively, at 300 K.

Consequently, superior performance of the present MOS-HEMT has
been successfully achieved in this thesis. High-k MgO MOS-gate
structure has been obtained by using the cost-effective USPD technique.
The present MOS-HEMT device can be promisingly applied to
high-frequency RFIC technologies.

Keywords: Ultrasonic spray pyrolysis deposition, magnesium dioxide,
GaN/AlGaN/GaN
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Advantages Disadvantages

1. Excellent step coverage
MOCVD | 2. Deposition oxide layer just
after epitaxy

1. High cost
2. High vacuum

PECVD | High deposition rate Plasma may damage the thin

film.

1. Excellent step coverage 1. High cost

ALD | 2. The thickness can be|2. Low deposition
controlled 3. High vacuum

1. Good step coverage L Expen_5|_v ¢ largets : :

Sputter 2. Good uniformity 2. Deposition  material s
dependent on the target.

1. Non-vacuum 1. Required chemical
USPD | 2. High deposition rate precursor

3. Wide material choice 2. Precursor may etch surface
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Bk B AR R R R (BVep) ) F TR (Vo) fr T R & PR T I R
B e e BVop fr Von it & 5 Attt A& T 0 lop i 3 1 mA/mm h
TR BT VI AR EAET R 5 -50V - HEMT §= MOS HEMT

1 BVgp and Vo, e 4 %] 5 104V /123V 4¢ 0.8V /1.7V - HEMT 4r
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MOS-HEMT i § im % B A %] & 6.85x10° 4 3.73x10™ mA/mm % Vg
=-50V P& o 1t i HEMT 4 MOS-HEMT & % #Lp? @ * USPD v 1/ f&
g h1BVgpand Vgy o & >t i¢ * USPD # » MgO hF & & 1R
P& BT AT H o vt IRR RS T O F Y
B ARE IR PRAE S o

4-2-5 = M PR EFT R

%35 W 4-17 B 7 7 & ¥ (HHEMT 22 MOS-HEMT = = off ik i o e
# R R (BVor) © 3% #F &R (BVor)ak & B off % i PFxRIE T U
¥ W& T R &S pinch-off-10V)pF L B 7 ik ¢ + 2 1 ImA/mm o
BéTF ¢ g g f A HEMT 22 MOS-HEMT > & i el 7 &
FOUAFE B A& 9TV A 119V e Bk b 0 1538 USPD hR %
PTG ook PR T R E R P R ¢ nT i o et i
# % MOS-HEMT & % 7 B chgh it -

4o 4-5 475 0 Pt & S IR 2 HEMT &2 MOS-HEMT &% 8 ™ «HDC

Frpdob
% 4-5: & % e DC £
sample Conventional HEMT MOS-HEMT
Ommax (MS/Mm) 120 112
15 max (MA/Mmm) 500 (Vg=2V) 681 (Vg=4V)
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(3
Ipsso (MA/mm) 289 329
GVS (V) 1.6 2.2
Vin (V) -2.2 4.4
lon/ Lot 6.22 x 10° 1.22 x 10°
BVep (V) 104 123
I, (MA/mm) 6.85x10° 3.73x10°
Von (V) 0.8 1.7
BV, (V) 96.5 119
4-3 RFEingFlE

4-3-1 38 R 49 B 01 2

#-38 p en 2 (8 Sen HEMT 22 MOS-HEMT) 1238 B 300K~450K 12 &
50K %2 B EE > B &R B a2 A-R T in 2 B (Ipg) 2 %-R(S)T &
(Vps) 1 o x-h T Rin% it 52 0V~20V & & % HEMT R & 0T &
g1t 5 2V~4V(E 50K + 2 1V) > MOS-HEMT W t&hd & &% 1t %

AV~6V(F 50K + 2 1V) -

=

L

5

SEETNERR LA A RTABRESES SRS EFT B

L

i‘a

R
\z“\
x\"\

!

3

FRA 23 O S AT e B R T Ok

B A M 4 AT R enfER o
4-3-2 B R0 @ﬁja‘%h‘
® 4-20 - @) 4-21 &5 1 7 ¥ 2 HEMT 4= MOS-HEMT %_300K % 450 K
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i

St RS 2R TR ARR TV T > @G HEMT f+ MOS
HEMT W 1& T &5 & 2V 516V - A @i+ T ELEFEA
A AR d N ERRFBERETIARAETE

d 4 4-622 % 4-7 & W7 1 & ¥ HEMT &2 MOS-HEMT £ Ipsso lpmax
v Ommax £_300K~400K 15 - -

% 4-6: ¥ 300K % 450 K en@ 5¢ HEMT ;E R 48 B DC #}&

Conventional Ip max Ipsso Om,max
HEMT (mA/mm) (mA/mm) (mS/mm)
300 K 500 289 120
350 K 406 235 96
400 K 347 200 82
450 K 293 170 69

% 4-7: ¥ 300K 3 450 K 7 MOS-HEMT g & 46 B DC 4+

MOS- Io,max Ibsso Om,max
HEMT (mA/mm) (mA/mm) (mS/mm)
300 K 681 329 112
350 K 613 295 94.7
400 K 576 277 83.5
450 K 547 263 74.7

4-3-3 R RAPM R R F TR

30 F R HEMT f= MOS-HEMT j£_300K 1] 450k ] 4-22 {- B 4-23 7+

MR -AHFETR (BVep) BT IERA (lg) fo#d 2B (Vo)
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hirtt o B -A 3 F TR (BVep) o TR (Von) 44 T & Vop 75
lop s IMA/mm = o> 3 F 4-50V R -4 7R G LRI IR T I enfd e
% 4-84c# 4-9 71 917 A w|j€_300K 3] 450k & s HEMT 7 & 4 {4 4o
MOS-HEMT xR # % TR » BR i §A %2 Hd TR -

BE AP 3% MOS-HEMT 7 ik 24 & 7 £ 60§ 1 4 & fo i 4 enft

% 4-8: 300K~450K & st HEMT 8 B & i 1+
BVcp ° Ig’f‘? Von ¥ c
Conventional BVep Iy
HEMT (V) (mA/mm)
300 K 104 6.85%10°
350 K 84.9 1.22%10
400 K 72,5 3.95%10%
450 K 62.3 8.31x10%

% 4-9: 300K~450K MOS-HEMT g & i& #f |+

BVep Ig'ff' Von ¥ #&

MOS- BVep Iy

HEMT (V) (mA/mm)
300 K 123.3 3.73%10°
350 K 111.4 6.44%10°
400 K 106.1 1.71%10*
450 K 98.6 3.04%10™
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He
44T F-TREY

RE-RELSRIEAT KBTS £ B2 EH (MS) o
B A mlicd 148 (MgO) & s it L ER (M-O-S) - &
AT WM A4-24-C-VRIER AWM BT RFETZ-6VIIOV 3

IMHz > % 5 2+ 5 7 MOS = a8 cn /i 2 ¥ 8 (K)» T E 257 02

Frl T ol
= (1)
Crotal Cox  CHEMT
A
Cox = Koo (2)

e0FF 7% % 5=8854x10"F/m> A F_ #2421 6 #=8000
M? s dox 3 1 & B & =20nM > Cioe £ MOS 1= 1288 F % & 14.1pF >
Crewr M-S ¥ A= 8§ 2 F=43TpF @ - Cox LI Hf 2% - {9

Pyt ot "%k 0 MQO h Cox 2_20.8pF4r /i & ¥ #c 5 88 -
4-4-1 BFR %

W 4-25 {c W 4-26 g7 21 > £ B-L EH (M-S) chH A - Emairs
42 (MgO) h& BF 4 L 1 (M-O-S) - Ml Fm % -

T BEFRG 0 ROV -6Vl iEnBREF S IMHZ - £ 5
- LR (MS) A - aEF 5 02V MgO £ fF it &

g (M-O-S) - &M 95 04V e S5 4&p > d USPD it < MgO
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=2

FRPRT I MR R X5 3 BT ko

i

4-4-2 % 5 K s % AR (Dip)

RE-TER(C-V) & (MJO) chg 3 i+ 2 - Rl chg MO FF

MW A27 PR AR KRERE (D)o S8 Ef

CLr CHF
_ Cox . Cox Cox
D; = ?(1—£ -, _CHF (3)
Cox Cox

qEA*T I CoxEF MR 7 Crit 10KHz chi#g 7 % > Cye
£ 1IMHzZ hF 4R 5 £ o MOS = 18 cnT 394 6 4k 5 % B ARFE T
rvb 386x1011 cm eVl "L“;t&%":r F} USPS ;}i,{-]:r Mgo § fL#—;,é]";—»ﬁ

e Mg it p ke GaN 2 B ek g Rl B R o
4-5 fei F it
4-5-1 f+ i frnax B 12

g * HP-8510B & & P BEfr4- 2 & ¥4 0.2 GHz 3] 50
GHz » &k & sk #F ¢ 7 HEMT 4+ MOSHEMT “"3 o du {1 2P o
A e 4 5 Ix100um® s RERF|AROFESE S Spum e

* s E HP Eesof Touchstone 4 45 S %"Lg( oS %l}‘\ﬁ{if"‘i? e L H

o
i

et o H S

o

BB P ha e ¥ (Hy) b < 7 %

# X H E (MAG)s Jaak 4 71 5
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|H,, | = (4)

(1-531 01 +535045, 555,

MAG = (k VEZ—1) ()
Tt
k= 1-18y4 12 ~1S;55 12418 4 535 —S51 254 | (6)

2 '|512'521|

HE R Sger A 4 - en kfactor o At R T > MAG A& 23 ;

BT e % RS S E (MSG) o B % g7 T

MSG = 224 7)
B R ER DT ACERT A E A0S R EE MR b
R ST X 56 0dB O E P RRES W58

e LA feh AT 47

. Hm
fT - ZH{CGS +CGD:] (8)
‘fr’
T
fmax ~ 2./Rrga (9)

Cosfr Cop AR -tRfr@-Am % > NP ¥ 07 fER{ B g v 0 (8

LB R AT frd < RS o B 428 7 densio TR E B
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1+ 4 % 4o HEMT o MOS-HEMT 1% + 48 i #5 & - HEMT 4= MOS
HEMT ity R £ 2 5 Vps =7 V> Vgs=-1.5V > 4r Vps =7 V » Vgs=-2 V ©
HEMT 4= MOS-HEMT &1 f7 2 fo chiE A 5] 5 7.83GHz / 8.77 GHz v
8.91 GHz /10.12 GHz » /& % ’g 7 *+ % 4-10 -

% 4-10: f1 & fa sdF |

sample Conventional HEMT MOS-HEMT
fr (GH2) 7.83 8.91
fnax (GHZ) 8.77 10.12

d > MOS-HEMT # * USPD i j& > % & @ i {odp i 5 0 &2 1
gy ‘f‘—" fax ©
4-5-2 7 &

Pout fotit4e #4 F 22 F (PAE)H = 258 ¥ 4 7 5.

Paut = g{:fmax] (Bl{gd — anes) (10)
Pout—Pin
P.A.E = Pour=Pin o 10004 (11)
Ppc

B Pou 972 423 BVep & W RIIAEAHF TR Vinwe 2 B80T
& wPAE =507 Poutf‘:“ﬁg‘}]ﬂzﬁi: ' Pin & RF%”I4 5 Ppe

LEmH oo Fupberk a2 R g (th # F B HRF

N

B DCR B RIEY - B EH DS FREFEDNET o TR T

LT et B B ER O EE T BN o do- B EA B Sk
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2

B EE (R gk AR K e FE et O3 e B 2 217 & 0 ® fhclass
AB s Farx B o

B 4-29 - B 4-30 > B 4-31 > {0 4-32 &R 4T R S fer SO
e (% 5 HEMT fo MOS-HEMT i » 3 5 ¢ e Vgs=-1.5V > Vps=7 V
fo Vs =2V » Vps=T V 1o dod 4-114v 4k 4-12 ¢ #77 » 975 K § &
2.4GHz 4r 5.8GHz i i* -

% 4-11: %24 GHz en# F B

2.4 GHz Conventional HEMT MOS-HEMT
P.A.E (%) 18.5 23.28
Pout (dBmM) 12.69 17.57

G, (dB) 11.05 12.91

% 4-12: £ 58GCGHz eh# FERIE

5.8 GHz Conventional HEMT MOS-HEMT
P.A.E (%) 6.2 8.8
Pout (dBm) 10.24 11.05

G, (dB) 5.43 10.71

USPS 7 ff 58 Poy 180 7 12§ F13 A BVop e los o i % M o
- Ppnt 4 {44 PAE.
453 BAFRAFRE

i¢ * HP8I70B &3t % ¥ 7 % £ 8] HEMT - MOS-HEMT =+ g 42
RS EE & 1 GHz 3] 6 GHz » 3] feit 4y Be(NFin) ¥ 44 £ 77 3
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i

fukui equation:

NF, = 10 log [1 + (L) ke fgm{ggms}] @B)  (12)
kp =3.38 ILH (13)

ke & fukui # > lps 5 A &IRET g £R AR gy 5 B E

Ly

i

Wit R o

B 4-33 &% 7 HEMT 4o MOS-HEMT 4p B 3 ¥ (G,) #icfrd ] 3¢

g e (NFrin) © #7F 3% & chf 48 < < 5 1.2x100 1 m? feif g 3]s 4&
5 5.4m e HEMT 4= MOS-HEMT ehify /B i i & %] 5 Vps =T V >

Ves =-15V ; Vps=7V »Vgs =2V

% 4-13 87 1 HEMT 4= MOS-HEMT ¢1d | 323035 #ic (NFpmin) > 4

M3 5 ehi ¥ & 5 24 GHz 40 5.8GHz » % % & 7% » MOS-HEMT 7 4

Pk R G e ST KEo ] fedp dic (NFn) fr L 3

ip WA 5

% 4-13; A PF T oG

Sample Conventional HEMT MOS-HEMT
NE .. | 24GHz 2.21 1.32
(dB) 5.8 GHz 4.98 4.6
2.4 GHz 8.76 9.79
G, (dB)
5.8 GHz 2.36 3.23
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=2

4-5-4 AT FEI i

i

AR R M A e ~ E iR LB m%LFj Hoo AT HOIE SR e g R
aeiE- e PP RFIEE 2 92 Fenff G BRI 28T E

=K
S

Wendo g 2o SO o xfBse TR S (Agilent 35670A) %k~ > 1 iy !

HEFDEF 5 1HZ~10KHz - (BTA9812B) itz ~ 47 1% -

¥ 7 HEMT & MOS-HEMTIDS # /& i # & Vps=3V(# %) lps &

100mA/mm -

B 4-34 257 0 973 K # chiHE S0 £ B 8o 1587 MOS-HEMT +t d
il iE @ % USPD 49 > R b £ 5 B % HEMT £ § fidse

oo

WoF #r A s fh#c(Hooge’s coefficient) oy % 77 27 b ehdk E R HRL

frid 4 due s o #24g0 5T

ay =2L.f-N (14)
’fr’
LZ
N=un (15)
:3,3"‘\’S|mﬁ,mm‘}£P?‘§ }§,|’__\“J:L—;bim ‘f,f‘?;t?__r,

NiAiEd pd §3ehiidice -5 L 33 EIAEDOTIE>R
Wi T 4 5845 o @ % HEMT 4 MOS-HEMT < Hooge’s
coefficient 4 %] 5 8.29x10* 4 2.49x10”
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i

4-5-5 % @i f i

B 4-35 - ®) 4-36 5 & 3L HEMT 4= MOS-HEMT 7 CW 7% firfis;0 o

N e

RN

WER R & 10us 2 20%:hL (FAEHp o AP F 0 F T O N2

4,}

ACC = 2E=pube o 1009% (15)
Inc

% 4-14 4 7 99 @ % HEMT 2 MOS-HEMT = % 8 § i eh L B -

d %% H o7 >0 MOS-HEMT sc 49 "% i< D-S 2 BF i & i &8 & o f2 o

4 4-14ACC crisjs g

Sample Conventional HEMT MOS-HEMT
ACC (%) @Vgs =0V 27 14
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i

# 2 35¢ > GaN/ AlGaN/ GaN HEMT & = # cnf] (¥ 4ef= 5 71 1B 1
USPD ;w4 % /1 @ ¥ #: MgO - MOS-HEMT 2 § = i1t 1 3 ih
HEMT v 12 % ¥ ¢4 DC 4c RF # % « 2 j %18 MOS-HEMT i i f¢
* USPD Hpsit g Mg R infrd e kLR AL 3 FhF
rEOTEfCAR G TR

& % MOS-HEMT i i ¢ * 42 B 54 fR 00 HATE F i ~ i o
F o BET R (lbsma) * BT H AR (lpsso) B 7h ik
# (gnmax) fr@ 52 HEMT eh =35 off 4k i G-D # % % /& (BVGD)
f- MOS-HEMT £_500/ /681 mA/mm > 289/329 mA/mm » 120/112
mA/mm > 104/123V T in3 Z £ 455 () B2 R TS (Foax)
fo il 5 HEMT et 5 s 4e e % (PAE) 4o MOS-HEMT % 7.83/8.91
GHZ » 8.77/10.12 GHZ » 4 18.5/23.28% % 2.4GHz - * § 5 1 GaN/
AIGaN/ GaN 7 MOS-HEMT i i & * USPD high-K #1# e7 MgO #_if

W HF MMIC g 42 5 o
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Figure 2-1 (a) The polarizations in GaN HEMT structure. (b) How
these polarizations affect the concentration of 2DEG in AlGaN/GaN
HEMT.
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Figure 3-1 The cross-sectional GaN/ AlGaN/GaN structure of

conventional HEMT.
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Figure 3-2 The cross-sectional GaN/ AlGaN/GaN structure of MgO
MOS-HEMT.
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€ Mesa Photolithography
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€ S/D Ohmic contact

Step 4
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€ Gate Schottky Contact
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Figure 3-3 A Conventional HEMT device of fabrication process.
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Figure 3-4 AMOS-HEMT device of fabrication process.
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Figure 4-2 X-ray Photoelectron Spectrometer spectra of Mg.
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Figure 4-3 X-ray Photoelectron Spectrometer spectra of O.
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Figure 4-6 Structure of atomic force microscopy measurement system.
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Figure 4-8 AFM analysis of three dimension MgO film.
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10° 180
= Conventional HEMT =
- 3 - .
= 10°F| @V, =7V 1602
5 10° 103
=) i =
= 10 Sl T 120§
= U 41100 5
g 10 -
= 180 2
- -1 - =
£, W ] =
5 10 ™ {40 2
= -3 [ 'i. 7 =
= 10 "420 =
s [ 1, &

10 A - 1 N 1 N 1 N 1 N 0

4 -3 -2 -1 0 1 2

Gate-Source Voltage (V)

Figure 4-12 Extrinsic transconductance (g.,) and the drain leakage

current (Ips) of the conventional HEMT at room temperature.
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Figure 4-13 Extrinsic transconductance (g.,) and the drain leakage

current (Ips) of the MOS-HEMT at room temperature.
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Figure 4-14 The threshold voltage (Vi) characteristics of all devices.
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characteristics of all devices.
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Figure 4-18 Temperature-dependent DC characteristics of the

conventional HEMT from 300 K to 450 K.
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Figure 4-20 Extrinsic transconductance and saturation drain current

density of the conventional HEMT from 300 K to 450 K.
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Figure 4-22 Temperature-dependent two-terminal breakdown

characteristics of the conventional HEMT from 300 K to 450 K.
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characteristics of the MOS-HEMT from 300 K to 450 K.
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Figure 4-24 Capacitance voltage characteristics of all devices.
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Figure 4-30 The power-added-efficiency (P. A. E.), output power (Pou),
associated gain (G,) characteristics at 2.4 GHz for MOS-HEMT.
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associated gain (G,) characteristics at 5.8 GHz for conventional

HEMT.
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Figure 4-32 The power-added-efficiency (P. A. E.), output power (Pqu),
associated gain (G,) characteristics at 5.8 GHz for MOS-HEMT.
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Figuer 4-33 The minimum noise figure (NF,i,) and associated gain (G,)

characteristics versus frequencies of all devices.
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Figure 4-34 Low frequency noise characteristics versus frequency of

all devices.
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Figure 4-35 The CW and pulse characteristics of conventional
HEMT.
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Figure 4-36 The CW and pulse characteristics of MOS-HEMT.
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