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Abstract

Abstract

High frequency, high efficiency and high power are the development trend of GaN
HEMT devices. Millimeter wave GaN high frequency microwave devices and circuits have
become the focus of current research. In this dissertation, the design of GaN HEMT
epitaxial structure of millimeter wave, the optimization of device structure, the
improvement of key technology and the development of high performance devices have
been carried out, and the following achievéments have been obtained, which support the
implementation of the National Science and Technology Major Project.

The main research results are as follows:

1. In order to reduce the short channel effect of GaN based millimeter wave device, the
structure of epitaxial material and device structure are studied. The solution of short
channel effect from GaN based millimeter wave device from epitaxial material to device
structure is proposed.

2. The key technology of millimeter wave GaN device was studied. The innovative high
performance ohmic contact scheme was proposed. The contact resistance was less than
0.10Q « mm with the TiN buried layer and recesse technology. The low damage gate
etching technology was developed to reduce the interface damage and improve the
Schottky reverse leakage. The T-gate was carried out and the new double resist was used
and 100nm T-gates were obtained by using the electron beam resist system.SiC dry etching
technology is developed to realize the via-hole below 30pum.The leakage of the device was
reduced by an order of magnitude by N2 plasma treatment. A completely millimeter wave
device process was solidified.

3. Based on the independent technology, the millimeter wave A1GaN/GaN HEMT device
has been successfully developed, the saturation output current density is 1.22A/mm, the
transconductance reaches 440ms/mm, the Schottky reverse leakage is 1 1 A/mm when Vgs
is 60V.The breakdown voltage is greater than 110V, the sub threshold swing reaches
140mV/dec, the device cut-off frequency and the highest oscillation frequency are 81GH
in, 194GHz respectively. The saturated output power density 6.0W/mm is the 35G
continuous wave test, and the maximum output PAE is 42.3%.

4. A new structure gate is used to reduce the peak electric field of the gate foot, and the
breakdown voltage of the device is increased to 140V.The test results show that the new

gate structure effectively improves the breakdown characteristics of the device.
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5. The AIN/GaN quantum well structure is used to replace the AlGaN barrier and suppress
the short channel effect, the device DIBL is 45mV/V, and the current collapse is less than
5%. The test results show that the AIN/GaN quantum well structure effectively inhibits the
short channel effect and reduces the current collapse.

6. The research of the new structure millimeter wave device is carried out. In order to
further improve the gate control capability of the device, the GaN based FinFET device is
developed and the device DIBL coefficient is 10.4mV/V. The test results show that the
GaN based FinFET device has effectively enhanced the gate control capability of the
device.

The new structure millimeter wave GaN devices is carried out. In order to further
modulate the edge electric field at the gate, the step-gate structure is developed. The
breakdown voltage of the device is more than110V, which is higher than the conventional
structure of the same material 46V. The test results show that the double gate structure
device effectively reduces the electric field strength of the gate structure.

7. The research of new structure millimeter wave devices is carried out. In order to further
enhance the limited domain characteristics of two-dimensional electron gas, the
development of the InGaN back barrier structure device is developed. The device DIBL is
12.5mV/V.The test results show that the InGaN back barrier structure effectively suppress
the short channel effect of the device.

Key Words: Millimeter-wave, GaN HEMT, short channel effect, Ohmic contact, T-gate
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Figurel.2 forecast of GaN microwave RF device Market
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WREE  RERE(N) BV, (V) UDREE EBEEZ o e &E
{Wimm) {GHz)

GaN MRBELLTREREER BREHAL, BT ERERRS, A
#—A~ GaN HEMT 2344 BUHEA FFAEUA0S), Hpse E | BRI H 245 [ X BRI 5 A
2005 4, 2:[E DARPA $|E T GaN HEMT Ki— R 5 701 Ri 16008 5 AR Se 3
B ALY GaN RS MMIC BB, BEEHRANER. BEMETRERS
e &K, FERKMEEIT KORRIGAN %I, 78 2009 FE B % T 2 BK
HIIE A K 30 B 1 30 DL R TSR MR RORBE R, RS TRRININ & B % HATE



Btk AR K GaN ThF BT

2002 4EHES) T B FARIIFE SRR 4T 270, St Rk B R R
BE GaN WS RBEBAEN EFF. N EZEENHRERTUESL, REER+2EMR
GaN HEMT B 5t SN, EE R Cree AF . BAE syetem. Infloen. NXP,
B2 BAREAT LKA, A& EEFREKE GaN M ™M, XERTTBUFE
SR &RE RN, 1525 TRk 4 mk BBk 1 R A R U AT H R B M HoR 7
R, FEERR GaN MEHHIERRBSE .

H AT GaN #8 A TFIAMUBIRIFI P, 2Kk BUK 2 GaN #3445 T —ANBLA
Pob. —RETEHESNEBER, BI/EFENNERLEEFESRAMERNERER
bR, E-EEH, F-HSHE. KRS, RSN, SMILRERRE, FEEK
FITHRFNE B i TSR, SRS EBRREE T ESMER. Sik. GaAs X
BAERIIR. RAAENEINRS D BA KR, TiEWeIAEFEL. BT
PURIRADE B0 B TR &M TR, T GaN ZRBERMER. KThEFH R

—RRET 56 BREKXWTHE . 56 BENRBAREEZKFEE, GaN
FERMFNRRE LT EHRME, F xR R ARG AR5 778 — R G,
WEIFRCA 5GBS M FZua .

MR BRIEERE, 2K B GaN TRk D2 3540 71 s BR 2 2 A B 1k L 23] =
BT DEF GRS, B ERL. 56 BESMME LA D ik Oooa s,
W REy], RARTRT .

1.2 XK GaN HEMT - ERINE R IAE SR

1.2.1 Z¥ GaN HEMT sSS-ERMNLRASE
H 1993 4ELASK, GaNHEMT K IR BB TIRARIRE. KEEREHE T
AlGaN/GaN HEMT ZhEB4MHF R IR, e SHEARRE A, HEHREMEEIT S
ThER, MMANAER. SR . i PSS P AT e 5 95 USRS B DO 288K 2% H BT GaN
WM EF/MEERBNREEMHEREI . KIFE. @K, STEESEARR,
L-X B2 i D AR B 28, 3 2L 7E Ka U BB U B W I BEEUAS H AR g 1291311321,
%E HRL AR DL W BRBRFE P,
2001 4%, R.Sandhu % A\ HIXIRE T LIEFE 29GHz (] AIGaN/GaN HEMT ZhRE



g0

5, 30V TRk H TR E X 1.6W/mmbPY,

2004 FEHAMET 0.25um HHCE:F 30GHz F, HHiThERIAE] 5.8W/mm, &
Mz (PAE) 43.2% 5%,

2005 %E, T.Palacios iRk SFHIMMHTE 40 GHz THIH IR FRBILF 105
W/mmP?,

2007 4E Cree A ) 0.25pm RIS {E-7E 30GHz. 60V I U758 ThR &y i 2 & 13.7 W/mm,
TR MR 40%. | |

2008 4F, Moon' %K nt+-GaN JRE: M/ NREEFF K HE Ka KR
AlGaN/GaN/AlGaN X7 fR 45 e, JT/EHREN 42V i, 7E 30GHz THiliTh®
FREIEF] 10 W/mm, PAE 4 40%, THEEHZE 8.4 dB; HHHTIERIY 5 W/imm K, 3
PAE X2 T 55%F71,

2010 #E, JinwookW.Chung %F recessed MRIFHIA, Bl HMHN A 60nm [
AlGaN/GaN HEMT, H:IZBE258 1EMIZ fmax (power gain cutoff frequency) A T
300 GHz K%M, 2013 4E, Shinohara K 2 AR H fmax> 580 GHz ) HEMT #84%,
BHIRRIE T X —a2 x>,

2016 4F, S.Piotrowicz Z AR 0.15um HHE, #RiE T MmAl(Ga)N/GaN HEMT 2%
f-7E Vds=15V B}, 30GHz F13E/#H I 3W/mm, PAE40%; =i Vds=20v i, #ith
Th&IEF] 5W/mm. [F4E, R. Aubry % A78%] 30GHz T InAl(Ga)N/GaN MISHEMT #%
5% ICP-CVD SiN £k T B%itH Th2 6W/mm, PAE 42%.

2016 £E, Steven Wienecke Z%F N TH 1) GaN #% T 45nm #H<HJ MISHEMT 2&
£, £ 94GHz T, BF|T 6.7 W/mm KI5 H THEA 14.4%[ PAER,

Hpa B E B TFREER AR 55 5. 13 At HEBEGEME TR, fHRH
FRE KSR, UREIT=%. BESE. SELIEENE GaN M
THEAT, FEINER K. B8 TE K REEHHRERE, RARCE ™MK
AR, BRI BRI THE Y B

2011 4F, ERFELEENE KRS T Ka BB AlGaN/GaN HEMT M58
B30, BB KA nGaN T H L2 4MMGIEIERN, 7EEME ERIH&T
fmax A F| 200GHz i) GaN HEMT®!,
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B AR =K GaN ThEEBFAFITIT

2016 £ [H B TR SR A F 55 BT Xinxin Yu KA 0.1umY B4

, 44 AlGaN

EHBHZ T ft A fmax 23514 90 F1 170GHz ] HEMT 2344, FCAULBR M N EEAn,
Wi H =4 MMIC B2, MR E] 92GHz T 1.55 W/m B4 H D 2P,

2016 4E 7 [ B TR ERI A T 55 if Wu Shaobing HRIE T =2 W Bt MMIC H
¥, HEMT 234 EIHRLFI DC Feitk, M4, MMIC HERFE 90-97GHz T, 153|&%
K2 16.7dB, 21%MH) PAE LK EIE 3.46 W/mm FI%H ThERZEERS, WL LR
BORE, BNBEHE, HELSEIIEHERE.

£ 1.3 GaN Z RIS MERRIRIE

iy | BfSL Lg Gate Gm Wg freq | Pout | Gai PAE 2
2001 | TRW | 0.2 | T-gate 120 29 1.6 6.7 26% Jok i H Th
2003 Triqu | 0.25 | T-gate 200 30 543 | 9.17 33%
int 35 4.13 | 7.54 23%
2004 | HRL | 0.15 | T-gate 2*100 30 .4 20% SD=2um
2006 | NEC | 0.15 | T-gate 30 2*50 SiF. N A
0.14 445 2*75 30 10 11.1 40% nt source
2007 | HRL
30 7.3 50% ledge
2007 | Triqu | 0.25 501 4*50 35 4.5 6.7 51% SD=1.8um
2007 | Cree | 0.15 | I'-gate 6*67 30 13.7 8 40% | InGaN B
0.15 | Y-gate 150 30 4.9 45% Slant-field-
2009 | ONR
plate
2009 | AFR | 0.16 | T-gate 4*85 35 5.8 9.1 | 43.6% | AlosIngisN
2010 | HRL | 0.15 360 4*37.5 M AT 88G
2017 | CEC | 0.09 | T-gate | 650 90 170
2K 1.4 GaN ZKP7 B AEIRIE
Fay | A | Lg (um) Gate freq Vds Pout Gain PAE
0.18 T-gate 30 24 3.64W 26%
2003 | Cree
35 24 3.45W 22%
0.15 T-gate 33 12.8 1.6W 7.2 16.4%
2004 | HRL
33 13 2.2W 5 18.6%
2005 | Cree 0.15 I'-gate 30 30 54W 36%




&t

35 30 5.2W 31%
30 28 8.05W 6.2 31%
2005 | HRL T-gate 28 10 4W 8 23.8%
Rock 0.18 30 24 3.1W/mm 9 20%

2006
well 26.5 24 S5W 9 20%
76 15 500mW 15 17%
2008 | HRL 0.12 T-gate 84 15 500mW 15 17%
95 15 144 9%
2010 | HRL 0.15 T-gate 88 14 842mwW 16 14.8%
2016 | UCS 0.12 T-gate 94 12 3.14W/m 16.7 21%
2017 | UCS 0.03nm T-gate 97 15 6.7W/mm 5 14.4%

1.2.2 ZEKI GaN HENT SR MRS & Ra%:
g Bk, GaN FHEMEREARFRFT LR RHAE, (ER2 B RTa AR M Re 5

MBS EAZRR, MRRTHEK. BEERBOT, SMELE. TEEETEIAER

L RTEMRO F R . KIS T i B PR R 35

ja—y
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Relationship between cut-off frequency and gate length Lg
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A=K GaN ThRSET A

Bt RGNS R T R AR m AR SR I B TV, BB R AR
R T, /MR ARE SR R IR R AT SEFR AR & o, e B
P RIIRIR R BE AR /N B — s AR, BRI IR R IR SR, ROk 2%
B HIFESEERANF LB MR RANEERER, RAH/IDMKR T EL A58
IR AR RN B B o BRI B, 35 AR S BRI T R (8] ZE R 1R
SEFATEILBIZE/D, XRZRERAAFET CMOS My, BEERA BRI,

2. FEIERRSL

B, Ka B GaNHEMT 234 FIMHETE 0.20pum, W 3 BAMHC TR B A TE 0.05-
0.10pm, EEF/N. HHERTHNZ G, MRALZHEERE AN, MR
BRI E TR, SO0 LERSHHIREEE, flin. BE
B, BEELIER R, TRESRL, e SERE. HEERKISES 4S5
B TAEREE L, TRERRER, BSHEBIREG R, TFEE R, HFEH
JERRIK, XLk P E 4 GaN 234 i BRI,

WVRTE SO R B R R —RIMaE s FRRRERI TR, SRES
HAL2FERK, FHEYEK —RRESBMNHLEK 4R TR TERE,
o F R EVEE R BRRG: =R ENGPEERRE TEE, SBMERER
WK

YL RIS LU R AT, MBS, BB BB R
i B KA InGaN B{ AlGaN #4212, BHRLFWE T, RET 4HE TS
AR AR, X ESNGIEVEE BRI B fylesleamsieel,

MBS S5 R I £, SR P SRR LTI ARHRE A SR ) A LG (A S AT S TR BE LD,
SELE G BORTE, MR E L, SRR S L E BRI, AR AR K
ME KA CAEEREERRSE.

3. SREGR

GaN HEMT BEE Z#E RT B P48/, 2840 P30 e B B RGBSR oK, R4
TR EASS GG/, 7 20-30V IR HMBERIE, HPTHEGRE RSB
108-10'V/em; FBHESBHRMAE. HFHERK. KHEEM. titskiEs
H PR S 2(DIBL) R AE B0, 1] F 373 5 I R R0 L I R B2,
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SRR, THSE Mo B THEAN SiN, &R SIN Mg K, JTERMH
(58 B 37155 '

2) Buffer 2. S ESBUHABRARE. BEHEE T, buffer BRBUR=HERT IR
W, SEFIRAEYE, XEYMBATEENR AEE. BHT, buffr 2.
WENFHSHIRE, EEHFEP.

3) MBI S TR AL . A SR BRI S B 2 BRI, KRR AH
WEHRFHRN—AEERER, THENERBEKAMESE .

W GaN BERuksefh, WILISERGM . ADRIBIHEIIRAL, RIEREY, RER
BRI FEET MZ—.
4. BRENERN

BT GaN M A S HEERENRAAEE, MERBEHENT IR R A

H, HRAET R, E g T IR SRR & R B R TRRE
AT E, X HHT GaN HEMT 2844 A FF GaAs SRR .

BAV BN T BT, BEEREREAR, ELRNHETH GaN REFIR,
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AR GaN ThEMSIEHIIT

A 1.4 GaN HEMT 7 B it T SRR P 60

Figurel.4 Dispersion characteristics of GaN HEMT in DC

BN 2 S GaN HEMT A8 K& T Z A ol NRSREEMFE A L. BTy
SRR, A RRE R ER AR FR RO ], SR TR T, SE3kmE 7
ToVE S ST ML RPN, GRS TR T RSB SR . #M GaN HEMT 1,
FE B 2 0 = B RIR A s -

Source . rDrain :
GaN cap . o Gan cap
4 f6 \\,) e T T T e e
: AlGaN barrier 2 — S
: 3
GaN channel e
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S 5
AN transition layer
S—
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B 1.5 GaN HEMT 23153247591

Figurel.5 Defect distribution of GaN HEMT device

D) SN R REEBE . AlGaN MR 4K B RS MAFER B IR TG, %R
HHZI. SEEFRE. SRS TZHARHB6,
2) HLEARMAHEBE. RRIMSEATT R TR L2 ZAERMGRIFEBE SR %
A LR R T X ATER Z BIPEASL
3) FEMFEE. B2E5WEENFTESFERFEBRS6e],
4) GaN ZMENHFK. GaN B ERAKIESEEIN—BEEEHERE, —K
TBOLT GaN S 2= n B0, HRI&5IN p BIZ R HTAME, XSS TEEMZ
T RUBE BT A% R R A R BRI S ELRXT buffer EAZ RIS, R8T
buffer B <t .

MEEKP GaN HEMT 2344 K B IWILIRE, HUTIAHABK KR -
(1) FrEvEoR -T2 B
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[T bR 45+ T AR A i B 168, E B TR EIE RN . IR, [
BF, MM T DL — MR IR AR AR, IRE AR . IR BRI
#E Ka JEE GaN HEMT 5845, RRIRMIHIUR T, Jgiahit 7 simiani R
g, RETRGRThRMERE. R, A ledge HARWR/NERHFE Rs'®. 514t
35T W A o % R /N L L I SR e R, SCBRIRIE I n+ source contact ledge
RAE R T 2R, BRE T RAERHEY. —REKIIEE—EN, HER
BRI, TR S TR |
Q)0 FIA B} 45 1 - o 3 PR I 1

AlGaN ZEMERIFIANESHAE GaN(AIE)YAIGaN(ZEM )7 R 4 TH b= A1
WA TSI A—AEHL20, 15 GaN HiEBEER buffer 2 HHH2, H
FHLLE BEF 7] buffer 2R 2, W8 7 YAIEIRHIEE ST, Y/ buffer I H, ) LIEE RM o

InGaN 75 35 £ {1 5| N\ BEA% 52 15 21 (1 S Wrdp itk . A28 0 1) S 0 B R 1k DA S AR v
S rE, RE fmaxl, BT TEEERRL, MR T REE TR BN, |
PAIE T 2R IR

2009 SEFFLAIRIE T KA AN #22 ZE R 2K AlInN/GaN HEMT #3417, i
() AlInN #2 ERt e E F E K 2DEG, BHSL2ERE THRFMPHEE, 7TUE
VG HIF SRR YN

AIN B S 2 EWI0), FEinE R T8N, REERES6E.
(3)Si = GaN #kL-FEIREA

Si 3% GaN HEMT 7E L B8] X B O & ZIRE T Rk geas e, Eig
ZHANFHEH T Si & GaN HEMTU®, JE5ER, R Ka BB KRR T
Si 2 GaN HEMT #¥F A Hi#E, fri#id 107GHz, fmax #id T 200GHz.
@] MK AE A

B GaN SEEORE A, HATEECLB B RBERNIRE, Cree AT X KB
B E Ay MTTF #8id 3x108 /M1 (175°CHER), (ERAZKFE AR 4, w51
) REATY SR 5 R 4R W 5T
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F AR SR K GaN ThEEBFAIT

I

1.3 RRHREX

ME W AR RIHBURFE SRS, GaN Rk ThZ SR by 24 UK RAEE
SUERA T RS, REEZKELKH LI B 5g k RE R, HX &R
FIEERSEHEBOARE S . Fik, FREKE GaN #3445 B LR A ARE ERHI
SR X

ARRRBREARANKE, KHEHEBME. R, @, BRIINTW, B
RIZO IO AR, SRR, WRAL —EILER . WEH P REBORER
—REESE T EE XA, Sl W IRBEIRHFREEOR N AR R 10 SFRN T RE,
R R A E# S EREERARHED

ZRPIBREFWKER. FaBEG. ZRPHEERENR. SHRED
WHRERIDPER, GaN ZRBEARIER, BKE, RN HFRES; 22X
BB GaN ThEMEARMTIER, WEEERGEHRNEZ, EHIERAER; RAHZ
K GaN HEMT 234, T LAl R RE AT % O Tas A K 7 3K

FEENM R LERAR, BERERFENIIEBMMEMESICNAT], THER
K 5GEFEH KRR, GaN bIRIAR T — N KR BL. GaN KSR IER KR
AT EEIE T DA R K OB A AN, AR AR . R R EDR, RS A
RAE BRI E— PRI, BRBATERERE 5G BARTRKIZ O3S T1, 5l
S EFREERARREE.

[ 4 — B m PR R TR SRt iE, R EH A T BRATE KB FRARNIER K
FRARTE, REZRZENEXRRE. TFTREMBAEE BB KK, dE—
PHNERRANS, kL, ARl RIER BN “SEBE".

PRI BT AT AR T B X B E R LI R TS, KA
5 RBEEERTRNE, FR GaN ZKPHMHBARMED, 8T —kr BB
BEBARER, REREREHREKNEEHIRZ .

14 KR XMRAR

BRSBTS R B E R P E R LI, 725 R SR G L XIB 7T i,
il I [ R R 2 KR AL R 4R S T, JTREZERKIK GaN HEMT Sh3EH)
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BT RS, XRTEFR. KRB ENES BUHANTIR. 7
T U 7 B R R P o B B AR, et S PR 4 B, 2R T AR AL,
G A IV AT, SCTLTEPERY GaN ZEK UL

BN A SRS BKUE GaN MRBIS. RELHE. SR T ST RAFEH
B SRR E, BT,

ST B ZHE T

#5417 GaNHEMT KIEIRS: LA S R RIVR, i T BRI S A i
W, METARTEEER. FRAARREL

B BNET AlGaN/GaN HEMT W T/ERE, B T 2K GaN HEMT Bl
S FIET GaN SSAMEERITIR, AT T EMRERN, BB, ShnEek
¥ GaN HEMT BB E AR, ST RANER R A5 Rt 3 LR
50T AL . 1 55 2 GRS A AR, BECRSE BRI A T R bR
H K RIS BRI LHIR |

BT ETF RSB T ERI, I T WS R, ST &
T 2K S P A R AR, X SLT M LB AT T 404 TP R T RSB 20 masR,
TR T AR , BRI T W 35 44t T BEORUE GaN HEMT 528 T 20572,

£ BRI BRI B AlGaN/GaN 5845, HATHEAIOMIR. 497 AR T Bikhe
BRI RIIE L, SRR BT BT T, SR E T ST
ISR, TG, RS,

BRETRT AR IRE, Rt 33T 2R FINFET 54, AT
Ye GaN ZEA it 55 Pk MRS, 3% FINFET 450, TEASHEMEAT T MR 4M47;
BRI, FRRIRT) InGaN 153 245 AW 2 S8, FEXH IR
7T WA«

ST A SR SCHOB GO R R L, FEX A E BRI GaN By 284 L B (T
R T RE.
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AlGaN/GaN HEMT 284F B AT Bl i 52

8 — % AlGaN/GaN HEMT 8¢ R AT R 518752

A8 (Gallium Nitride) E?%Eﬁﬂﬁ‘?ﬁﬁiﬁ‘ﬂ, 5 AlGaN. InGaN. AIN
AR R RN, HAMESEE GaN — KK BN = % B 4T
=, (2DEG) , HTATES S, REMNIRFHNES, THRAERE T
R M R R G 38 s R (high electron mobility transistor, {&j#% HEMT) . &
Z REAN P AlGaN/GaN HEMT 234 (A B . AH B RIAPRIE BT It DL AR
AR BB, R ROR T T 2

2.1A1GaN/GaN HEMT 2&{Ead

2.1.1A1GaN/GaN HEMT B9 T{E/RIE

Al R R B R E AL SR RS 2 —, AL BN IE B AR R
Wetk, BERPARSHRIEAY R REMRERBRMRMUIER. B AlGaN/GaN 3
REEHH], AlGaN F GaN FEAFERZIIMMRSL, BIEARSB R, FEEFH
Kb AT T B e FE TR, TR T AR B 10%Yem X8B3, B 41 T AlGaN/ GaN
B R e TR = AR S B, BT R E T A LB hiEsh. ERS
LM GaN #2 n R, AHIMES R T S W EFE, oS rReRE
. B 2.1 754 Franck Stengel 2 T HHEIRBH AlGaN/GaN FJi &5 fe i Al
T TS5 AR BB, GaN R FR AT AR BT REIRE L GaAs RRER

B MR

1200

X

Carrier Conc. n(z) (em) &

Enesgy (meV)
Y [}

GaN\‘zDEG

E 2.1 GaN HEMT B4 rREHE

N . N . N
-100 -S0 o S0 100 150 200
Distance z (A)

Figure2.1 GaN HEMT Structure

GaN HEMT 284 T/E I T B AR, S TRRBBRE, Wik T 5E 1w
B, RELATEEME, EMERRL, RIS KMA RS KT,
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E MR R K GaN Dh BB

FESHURIORET, SAMNES BB, % SE IR AR .

VAR
/
DC

I Gate I D C

Source | [ Dbrain

GuN W

GuN

B 2.2 AlGaN/GaN T1ER ¥ {w BB

Figure2.2 Bias on GaN HEMT

B 22 4 T AIGaN/GaN HEMT TAER B R BRI, B &HFF, B
AR TR |
YEIR P x AL FT S
I, =qn (V) @ 1)
2DEG % Eiftl N
gn, = C(Vgs -V, -V(x)) (2.2)
CHEATEREMAE, SR RERIER Va, V)R x S ERIHE,
(1) ZBPRA: B VooV, ST HILRA, Wil I REED 0.
(2) BHETIERA: X Ve Vi B Vs BN, B Ve ORI, VRN
SR HURIE LR, B T ERER, W v= 1B, BAR 22 BA
A 2.1 3 B T

dv(x)
I, =CV. -V, —V(x))- u——=
ds ( & i (x)) H e 2.3)
o AN 2 1 [X R 43 W] 45 B YRR VAR -
I, =£[(V -V )V(x)—ﬂ} (2. 4)
5 N gs th 5
HLIR BT RN IR 3 R E A AR,
){%‘ x=lg iﬂj V(x) = Vis %)\/L\\ﬁ 2.4 '/fgfilj,
Ljoim = ﬂ[(V VW, — Vdsz} (2.5)
s = | Ve 2
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AlGaN/GaN HEMT 2844 B AT B /Bt 72

Xt Ve RS, BRNEEREN,
gm,lin = —Vdf (2 6)
lds‘

(3) WRIX: % Ve>Va, H VasBKES, Imax fE—ETEHE AR Vds FIEX
TSN, TR TR R AL . BERT 755 78 BB T8 B YA - 3 7 2% A X
WHRBHTEFHES. HAR 2.4 TRE Vx),

V(x)=V, —V, - \/( V) - 21de @7
B =) _ Ly 2.8)
a0x) \/(V 2L
uC

R TR R, BREM T x = Ly W v = uE(l) =
,LtEc’

L=l VT +(EY -LE, | .9

ALEN, EHEEABRT, WABERS vekR, EEHAWME ves #Hl.
REAHES:
g, v C Vgs_Vth
o @, VY +UEY
AUEYH, BSERMEBERREG XK. U LESNERT RN ARMERS,
SR B RSB, TEXS Ve M Vs AT TR,

Vs:Vsext—IdsRs (211)

(2.10)

V Vd ,ext Ids(Rs + Rd) (2 12)
WAL, Vesen Tl Visen 53 RAHEINBIMAR . FARAISMERHEE

2.1.2GaN ZRF B[ HSH SH IR MEHR
K GaN ThHERBHF IS B BRA/ME S R BRI N 2.3 Fir .
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B REZEKIE GaN D RS

Source

————————————————————————

Gate INTRINSIC Drain
i
W i
Lg Rg Cgd iRd Id
Cegs !
nggs ds Cds|
Rgs I
Rs Bm™Zmo€ Wl
Ls
Intrinsic Source

Bl 2. 3 B2 3R G I R B SR R N /ME 5 SR R L AR RY
Figure2.3 Circuit equivalent and small signal equivalent circuit model

MRIEE 2.3 BGRRER, SRFRERIIEY T RRI T .

G o~ (21 fY |
™" 4, C (R + R, + R, +27L) + Gy (R +R, + R +7f,Lg)|
Hbf.. R.v R« R« C,~ L G, 537322 HERE LR, JHHE

£ gs &

(2.13)

£ = P &; (2.14)
272'|:(Cgs +Cyy {1 + S}: d J+ 2nCo (Rs +R, )}

ds

THRB[FRB R IR P, N:

‘Paut — (VM _VMIN)S(IMAX _IMIN) (2. 15)

A, V BEABGEFREY, , Vi NBEREEY,, . TUEH, &5
BT FEE. BERBREE. BN E. W05 B R RN AT SRR
F5 NIRRT ROIE, WA RE SRS, ETR =
RESMFRIRER.

WA 2.14 TTUE HERBIRFERE/MNE S, FHRIRFEE, &
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Figure3.3 Process of etching chmic contact with shallow grooves
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Figure3.4 Schematic diagram of current contrast for samples with different etching time
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Figure3.5 Ohmic contact results of the TLM
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Figure3.6 TiN buried layer schematic diagram
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Figure3.7 Ohmic contact results of the TLM
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Figure3.8 Comparison of morphology after three structural alloys
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Figure3.9 TiN+TiAINiAu TEM photos and EDX analysis results of ohmic contact after

evaporation
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Figure3.10 TEM photos and EDS analysis results after TIN+TiAINiAu ohmic contact
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Figure3.11 Results of EDX analysis of alloy morphology: (a) conventional structure (b)
TiN buried layer structure
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Figure3.12  Gate trench
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Figure3.13  Surface Raman measurements under different etching conditions
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Figure3.14 Low damage etching surface
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Figure3.15  Gate trench
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Figure3.16  The process of gate etching
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Figure3.18  Transfer characteristics of device with different gate length
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Figured4.5 DC characteristics of GaN HEMT devices
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Short channel effect (gate length 200nm )
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10 FINFET 280 -4.53 180
Normal 380 -34 250
20 FINFET 250 -4.58 220
Normal 342 375 490
30 FINFET 230 -4.65 230
Normal 330 -4.48 800
40 FINFET 220 -4.73 280
Normal 300 -4.98 1008

AUEH, Vds M 6V B 40 FFEH, FHBM4 SW I 168mv HHNE]
1V/dec, T FINFET #%#FM 172 mv 3HN%E] 280mV/dec, FIAENEANITH
DIBL, #1344 DIBL 4 33.4mV/V, finfet Z5# DIBL & 10.4mV/V, [FIE &
PE N REER KT 1V, finfet BHFRMEFERHN 032V, AL, finfet 28
A R T S R R (A AR, 0 T AR AR I A E U,

5.1.5 3 FINFET 4/ MES45 MM
MRS T A ERE T SRR finfet S24EH/ME S50, SFBILHR
M EIRG R, RWE 5.18 frs:
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Figure5.18  Small signal results of 100pmFINFET devices and conventional devices

MWMESHIERTTUEH, ZRFAEME Cgs Ml Cgd AR, finfet 25
PR ft A fmax KT HAL B, B2, MERENIGM, £t FREHIREE 2K
TG IRAF>],

5.1.6 ZA FINFET 25 Th =454 it

XM loadpull REFMATIEFTIEMR, 37GHz TIESLWEM A E MAS 4R

% 3.51W/mm, FINFET 2344 2.95W/mm; 1K 5.19 fizR:
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Figure5.19 Comparison of RF performance between FINFET and conventional devices

MIE 519 TTUFEH, finfet SMTIRMSRMMNT HREWRLE, EER
AThEKE, W EEEARE.

# 5.3 B 5 FINFET 454 HLE

Pout W/mm PAE DIBL (Vds30V) | SW (SW/decade)
WG 3.51 18.1 33.40 800
FINFE 24 2.92 18.1 10.40 230

5. 2 BB BRI

5.2. 1 rilieEH

BT RIMBGEH BAR BBVl M FRLREL, (LR LM KA 2 i 37 I (EAR
RS R ARETRE TR, B&NREY, $RSBBWERTERED T
W B3N buffer 2, BHEMHRGIER . RBSCAMHZRIAEE R, TS
MIBEATARAL, D— SR E R BENEFRE, WEm TEEENER, .
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Figure5.20 Conventional T gate and step-gate

AT B, E 5.20 Bias, VHEBTALT AlGaN/GaN F1H . HAMRISE
R 8RR, RIEM A BGRR. BT R, Wk
AT BHIAE T, BTN RRER AR, FnE, SRR
ST . EHAABEGTE, HTHRTFARERE, HIHRBE TN, HIHE
M EREE, Wk SEOHSRIN TR, XRMIKEERKERETFH
JEREE L.

KA BERGH(E 520 4), KA TMMESS, MEDEER FERIRNY
BT, EHAREEET, S T AWM FRamEEEmn s, MEeeiE
58, o RS .

5.2. 2 M rieErasg e in sy
St EEIUEY T Z4M 4544, 100nmI ZUA, 200nmI ZHES 4 i va 1 i 3RE (T
YEIRA N vgs=-5V, Vds=50V), & 521 FizR:

[ -4
i

Kl 5. 21 (ayWE BB E B (b)RFBOKE

Figure5.21 (a) comparison of channel electric field intensity (b) partial enlargement
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M BEEWERG R

Figure5.22 DC characteristics of different structures (a) 100nm gamma grid DC

simulation (b) 200nm step-gate DC simulation (c) DC simulation of step-gate structure.
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& 5,23 W T BU4544 fT, fmax

Figure5.23  Frequency characteristics ofstep-gate

B TEMACTRE, 2T W T B EE s, &4 SEM B
& 5.22 fiw:

& 5,24 XU T BUAHKI 50 AFM 45 %

Figure5.24  Step-gate trench AFM photo

& 5. 25 XY T ZUHF GaN HEMT SEM 8 H

Figure5.25 Step-gate GaN HEMT

TSI RIS T B S i 2k 3k TR, MR R ER, WEMAERSTE
MY GaN HEMT, HB4-H5FHBER 64V BEFKT 110V, BHFRTHE
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HrEE— IR R (B 5.26 Fi), XREN, X T 2R H= T
Wy, ETE VPR ISE RS, RESFRTE .
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& 5.26 XY T BM5 5 GaN HEMT & 545 Eh i

Figure5.26  Comparison of breakdown characteristics between the step-gate and the

conventional GaN HEMT
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5.4 EMBRM SN RAMETHER

Vds 6V 10V 15V 20V 25V 30V
H A fT=57.6 fT=68.5 fT=55.8 fT=54.1 fT=47.6 fT=43.4
fmax=141.6 | fmax=168.6 | fmax=170.3 | fmax=152.9 | fmax=168.8 | fmax=163.8
SE A fT=53.2 fT=52.5 fT=49.4 fT=46.9 fT=42.8 fT=38.7
fmax=136.2 fmax=148 | fmax=150.8 | fmax=161.9 | fmax=171 | fmax=167.1
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Figure5.27 Comparison of the frequency of the conventional gate and the step-gate

(Lg=0.15 um)
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Figure5.28 RF power comparation between normal-gate device (Left) and step-gate

device(right)

Bl 5.28 45 T WM 5 U I RS Th AR Rp i LU, 7R 30GH T BEATIE4E
BR, H ISR 8.0dB, WIS MR IS 7.2dB; WAL
B TR ZE 3.63W/mm(27.37dBm), S M 8% 4% Th R 4.04W/mm

(27.83dBm), XM MHEEMITHERZ B R T HMEHIEM, X2 ETHA R
7Ee S, FTAR&RHHIEMME G T HAL.
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Figure5.29 Thin barrier HEMT with InGaN barrier
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Figure5.30 GaN HEMT DC characteristics of thin barrier (15nm) (current density
1.2A/mm)
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Figure5.31 Transfer characteristics of HEMT with thin barrier layer
(Vds=6.10.15.20.30. 40V)

5.5 B L2 RNERRE

Vds (V) 6 20 30 40
SW (mV/deca) 220 247 260 290mV
Vth (V) 2.1 -2.15 -2.25 -2.25

M EERERRE, Vds I 6V KxIEIME] 40V, BEKZLTEEKAE
0.15V, F|30V FH DIBL=12.5mv/V, AJLAEH, #HL4E InGaN FHL15
MRS AR T SR RV TR

50um SHFBESMME AT 110GHz, 30G N MAG16dB.
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Figure5.32 High frequency characteristics of InGaN HEMT
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T BRI E R .

N T R M R FIZ PR, TR T GaN ZEUM A #11
B, B SRS RO R T EF R, FH SRR as . &
g E 110V, LLRMBEIGHER4RS 46V, 254 30GHz TR RE
& 4.04W/mm, LLFRAENE LSRR 0.41W/mm, REIXUNHIEE A B4
& TS B R E .
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