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Since 2003

1.Emerging Electronic Devices
2.MMICs

3.RF microsystem

|GaN HEMTs Flexible GFE

(a2) (b)

Flexibl (;NT FETs
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GaAs/GaN/InP
MMIC T/R modules

Diamond FETs
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Background
4 -\ ~ 3 )
Physical models Equivalent circuits Behavioral models
(Compact model)
\ —/ _/

. Models & Enhanced . . .
Fully physical Foundeykis - Physics-based & Empitical

Lack of accuracy Very good accuracy

& . Device design Circuits design

Unified model=physics+ accuracy?
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. Background
Compact model coalition(CMC)

3 Number of CMC Model Standards and Their Applications
7l GaN HEMT
16 Extremely Thin Body SOI
14 - Advanced Analog/RF CMOS
12 FInNFET
| Diode
10 LDMOS /— Well Resistor
8 Analog/RF CMOS /MOS Capacitor
6 SiGe HBT .~ Polysilicon Resistor
4 SOI-CMQOS
2 CMOS
0 !
1995 2000 2005 2010 2015
Year
Physical Compact model: ASM-HEMT
Angelov model y b ’

MVSG, ---.
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. Background
» Anvanced Angelov model

1. Improved electrothermal model with both Self-Heating and Ambient Temperature Effects
ATy = ATdiss’ v Tamb,

Delta Tdiss o Delta Tamb Unit: K
- Unit: K —_ T 40
5 » 300 Pamb (W) MIN 312 Z‘h - ]amb + AII}'}I o FEM simulation
D y wee Modal prediction with one thermal network
300,975 315.444' P ———— : 30 — Model prediction with two thermal networks
- ]
301. 949 o  Thermal networks | 5
302. 924 322.333 : : <
303. 898 k 325.778ﬁ :m“ Nt <> ¢ .f' 20
———— L) - '
wasll U ’ no.ozfl Cdiss [Rdiss [\ Tdiss! -
305. 848] 332. 667 ' ¢ 104
" ] )
306. 822, e 336,111 ; |
y 307. 797} \I—- 339. 556 famb-Pamb(] ! 0% . . . .
308, mi ® MAX 343i : 2'--.» amb \‘hmbi -50 0 50 100 150 200
Tamb (K : ; Tams (°C)
1 )

(a) -1 N e S
_ th_rt'( Pdi\\) X f(‘ﬁ‘)

Rin_sc = .
2. Scalable model: = i
» Nonlinear Rin_of(Paiss) = Runo x (1 +kpy x exp(kr2 x Pyiss)) :
Rth=f(N, Wr,Paiss.) Flsf) = Ruo x (1 = koo x explkut X ) Zz00f o Momramens — oy
» IpkO in the Ids Cth_sc = Cin_rt X sfw X sfn. VPSR

ka()_.\c = lpk() X -\f“' X sfn
sfw = Wy /Wy
sfn = Ng/Nf o




t&ﬂ&t‘@"

University of Electronic Science and Technology of China

M SfOLERRRR OB E RRT IS
M

icrowave and Millimeter-wave Technology(MMT) Lab

Background

Pout dBen

» Anvanced Angelov model
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. Background

Physical compact models:

» Advantages :More intuitive in physics; Less fitting parameters;
Naturally scalable;

» Methods:
® Surface potential model
v'UC Berkeley&IIT : S. Khandelwal (ASM-HEMT)

v Tsinghua &UESTC: Y. Wang & Y. Xu
(2016EUMW, 2017 IMS, IEEE T-MTT,2018)

® Charge based model
v MIT: Antoniadis/Radhakrishna ( MVSG)
v CEA-LETI: F. Martin
v UESTC: Y.Xu (2018 IMS)

® Zone division model
v'North Carolina State University: R. Trew
v UESTC: Y. Xu (2017 IMS, IEEE T-MTT, 2017)



IR XA %%? Bk E R ER LB A RERT
M

Y
) x
L5
) icrowave and Millimeter-wave Technology(MMT) Lab

VALY

University of Electronic Science and Technology of China

. Background

» Improved ASM-HEMT model
Self-heating Effects trapping Effects

1 1
ILle (T) ~ lLleO [1 T PT (? o F)] vaseﬁr — Vgs + ksurf (Vgsq o I/gspinchoﬁr )(Vgs o Vgspinchoﬁ‘)

0
ILl _ lLl /(1 +m E m E 2) + ksubs (Vdsq + VdssubO)(Vds o Vdsq)
eo Il 1=V 2V

g
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Background

» Improved MVSG model

Cgdp
4
Gate 14 Re G Dr Rrq La Drain
9 i 1 The Active
= Region =
Cgsp g Cdsp
Sr
Rs
Ls E
Source oG
SVG T DVG
o L. 1 L.
Pais Co T Ra EE Sro o Dr
. Vanshifts

tanh
Vino =

%

(Vdsq - Vds)

A

+V

thy the ® Vds

dsq

the

< VdS"(V =0

dsq

)

(a)os{ Vau=28 V.V, =3V Y
e 01e]e] L— 2 2 //\
— yere nOOC A g . \
2 04] 000000000 2,
T |4
@ .
= O
-
@ O
=
.
(=1
0.0 ",:‘- .v.-:wb”"!‘,.‘:.:w.:-' ll.o.b.h.lA'A'l'b'bb“"'l.l
0 10 2028v30 40 50 60 70
Drain voltage (V)
5 J = =
(b)) V=48 V.V, =3 V| 20 B
@ 0,01018 t_z 2’ \\
Ao-,‘ ....o--oo i E .E \\\
< .. .0"'..... - i e )
= 502" 0 20 40 60
= 0.3440 Vds (V)
@ 5 O ~O000
= o A00L AOOOPO000TD
= Y 2 = ~AO00 0000
80.2 O Ol ....... 000000
-E pat AHOOO000
E a0 0o 0.0
Qo.l ....ooo.oo
0.0+ -\0"‘ e 01010101855 : e 09190 'AA.A.A.A.A
0 10 20 30 4048V 50 60 70

Drain voltage (V)



Y
e Y > 3 Mk ERKERECEE R GLLT
' ﬁnmﬂg.ii..ﬁm;m% %%? Microwave and Millimeter-wave Technology(MMT) Lab

VALY

Il. Quasi-Physical Zone Division (QPZD) model
To further reduce the N. of fitting parameters

D. Hou, G. L. Bilbro, and R. J. Trew, IEEE Trans.

Vai
[g Ids — / (/(lds/E()/}— (WI[[ Cc“‘(vgo J— V))/j (lv Electron Devices, 2013.
V,

; Gate
F : AlGaN
or the Source/Drain Neutral Zone Z1/73, —
Pl g e e————
Vi = Ecls L4s v v E:ljl4 Vs Vsi : :Vdi Vd
s gi — Yds — .
Bl 1P p B GaN
\/[max - Ids B éax . Ifs 71 : VA : /3
UE Li=Ls | Lo=Lg| Ls=Ld
I = Wan«( V)0 v= L .
max q S( gS) max {/1+(E/EC)'B
/ Calculation of ns(Vs): T \
Ef—Egy Ef—E) 4.0x10"°} o Numerical solution of (4)-(6) 1
ns = DV [ln (l +e Vi ) + In (l +e " )] _
—
Egq = },0.”1;—’./3 Ezz.omo g
Ceff
g = —— (Voo — E
Ny q ( go f) 0.0 ‘ |
4 3 2 K 0

k ns = A, - tanh(a, - (Vgs — Votf) + bn) + By Ve (V) /

An. ay. by, and B, are the fitting parameters
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Il. Quasi-Physical Zone Division (QPZD) model

In the Intrinsic FET Zone
[WiCett (Voo — V)] /' is 28 orders of magnitude smaller

Imax vds(1 + A Vds)
YEL (s + 108 + (Belg + Vas)?

Iis =

Vi
[.L' Ids = / i (IdS/E(‘)/}— (W/lCcff(Vgo - V))/} adv
J Vi

0.25
0.20 :
72950000000000000q » For GaN HEMT, there is only
n .
< 0157 [oen oooooooooooooooo;ooj three variables: Ec(T), A,and
: 0.10 | foooTTB0000 0000000000000¢ Imax(T).

------ » Let Imax is self-heating -
| (e e, ol SR SSSL DI independent, Ec become Ec’.
000 """""" 2V 9PV PaSTESESRZNIETETETITEATS

0 5 10 15 20 25
Vs (V)

4*50um at room temperature without self-heating
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Il. Quasi-Physical Zone Division (QPZD) model

Self-heating

EC" — (ao + a] Vgg)(bo + b]TCh + szczh)

PHYSICAL PARAMETERS OF THE GAN HEMT USED FOR MODELING

0-12V 0-04V 0\’

4X106‘°-I.OV 4-0.2V T
a-0.8V D 1.001x10 “m™V- d 20 nm
Rosia vo 2.12x10"? m**v 05 1.178 eV
i v-0.6V v 373x102m*V 4 0.359 eV
i ol gl L] P 0.26 i 8.5x10" C/m’
s BOIDEIRAIRS) e 14NV Fi

% 40 60 80 100 .
Teh (°C) 5 fitting parameters for self-heating
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o « 3 Lines: Modeled| 5 5
o|® . X (bo + b1 (Tech — ATamb) + b2(Tech — ATamb)”)
4x10 v 1
where
2x10° 1 5
| Mge = 1+ (mp2 ATG, + me ATen + mEg) ATamb
I S S Y o o ey
% 0 50 100 150 200 ATamb = Tamb — 25.
Teh (°C) AMBIENT TEMPERATURE RELATED PARAMETERS
0.20 , . — 5
—ggg o gg{ ==110X 1 kwg() 107 Mg 103X10
015} ~ ° — _ ) -4
= — k(pBI 0.0017 Mg 1.82x10
) oo O 5 -
% 0.10 INCreases , Viiaxd 1.81x10 Mg> 1.67x10 b
§ Tamb |
~ 005 increases, k‘.,,,m- -426
0.00 7 fitting parameters for Ambient temperature
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Il. Quasi-Physical Zone Division (QPZD) model

Ambient temperature

effects
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Il. Quasi-Physical Zone Division (QPZD) model

COMPARISON OF [, MODELS FOR GAN HEMTS—MEANS NOT CONSIDERED ./ MEANS CONSIDERED

Approx.  Self-Heating  Trapping Ambient

Models Number of Effects Effects Temperature  Scalability
Parameters Effects
Modified Angelov [4] 53 J J -- =
Angelov GaN [8] 35 v J - -
Modified Angelov [30] 35 J J -- J
Surface Potential [16] 30 J J -- J
Surface Potential [18] 29 J J == J
Zone Division [22] 5 -~ -- -~ J
| This Work (QPZD) 24 J J J J
7

[4] K. S. Yuk, G. R. Branner, and D. J. McQuate, IEEE Trans. Microw. Theory Techn, 2009.

[8] I. Angelov et al., in Proc. Eur. Microw. Conf.,2013.

[16]S. A. Ahsan, S. Ghosh, S. Khandelwal, and Y. S. Chauhan, IEEE J. Electron Devices Soc., 2017.
[18]Q. Wu, Y. Xu, Z. Wang, L. Xia, B. Yan, and R. Xu, IEEE IMS., USA, 2017

[22]G. L. Bilbro and R. J. Trew, IEEE Trans. Electron Devices, 2015.

[30] Y. Xu et al, IEEE Trans. Microw. Theory Techn,2017.
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lll. Applications
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» Yield analysis based on physical parameters

{ DC I-V measurements

J |

Statistical model

g

Large-signal ]

for batches of devices verification statistical model
Automatic  1,=0.51,,, tanh(o; (Ve Ve +0,(Ve-V,0)* | Compact
parameter 10 (Vo Vo) B+ 0.5M 0 large-signal
extraction E.=(a,+ ang Mby+b T+ b.‘Tch:) [15] model .
embedding
o
[, model parameter dataset ..
ds P fStatlstlcal property )
n.para.  E, para. Factor analvsi of physica
N A aclorafiay™™ arameters:
d Roma go» gl s Vinares Msmans
Vinax 0, & 0 “I Nsofts Eoman
03, :Bn b.’ \ o J
\. AN

7/
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lll. Applications

Yield analysis based on physical parameters

- 3 14, x10% 22 Meas, Extracted
a 53 Mess. Extracted )2 %10 . 153 Meas. Extractec >, i
2 07 = Simulated s /N Simulated - 12 A5y — Smmulated
= }!/-0 =1 ’ : ; n /
g 06 y R ﬁ \ g 1.0 7 3
i e F R 08 A1 \m
" - ('.3 3 : J E N o 4 X = A N R _
g A% % x 8 ERpE B 204 Y R \
= 02 & !;A':l o \ B S s i
0 3 2 SN S SN S | 2 4 ! RN S S S
o D . P T o 8 S S o S B : g '|o|‘
0‘? o TR SERSER L S Y1 | I 555 R S R R e 0.0 SN . 4:_ - X
70175180 185 190 195 200 2058 145 180 1585 140 )6 74 £0 BS 90 9.5
d (nm) Voar (m's) e ()
Loy xion : ’
2 T3 Meas. Extracted Vs [ £ Meas. Extracied
Z 03 T — Simulated 'R F1 — Simelated
g __}f;l Simu é"" \ bl Sam
Vi \
%0.6 >‘04» \\l%
S A -1 A N N
B 04f A\ \ = ) \§§\\\\§
] ‘ TNl
2,0 RN £02 \?\§§§\\\\\\\\\§
& '\ MRHAMHEDHHHnN
=1 RN » ot = LA o
0.0 AN DN * 10 0.0 SNSSS S8
‘ 20 25 30 351 40 45 35 40 45 50 55 6.0 65
”Sl)ﬂ (m °) E‘”lar (V/m)



st B MR RIEFEREHEERALRT
g.n..ﬁ..,f.i..ﬁ,..m.m.., % %? Mi(}:ro:/vav?and ;\/Iilli7nl1(eter—wave Technology(MM%I') Lab
lll. Applications

Yield analysis based on physical parameters
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lll. Applications
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lll. Applications
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V. Conclusion

» We have developed an new quasi-physical compact
model for AlIGaN/GaN HEMT, which shows less fitting

parameters.

» Future works will be focus on Fully compact physical
model with no fitting parameters, calling unified model, in
the perspective RF microeletronic systems and meet the
requirements of 5G communication systems.
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