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Angelov HEMT model (1)

Ids equations:

P1m=P1~* (1 + B1/cosh(B2 * Vds)

Vpkm = VPKS - DVPKS + DVPKS * tanh(ALPHA * Vds) - VSB2 * (Vdg - VTR)"2
x1p =P1m * ((Vgs - Vpkm) + P2 * (Vgs - Vpkm)*2 + P3 * (Vgs - Vpkm)*3
Alphap = ALPHAR + ALPHAS * ( 1 + tanh(x1p))

Original model (Idsmod=0):
Ids = IPKO * ( 1 + tanh(x1p)) * tanh(Alphap * Vds) * ( 1 + LAMBDA * Vds + LSBO * exp(Vdg - VTR)

Symmetric model (Idsmod=1):

xIn=P1m* ((Vgd - Vpkm) + P2 * (Vgd - Vpkm)*2 + P3 * (Vgd - Vpkm)"3

Alphan = ALPHAR + ALPHAS * ( 1 + tanh(x1n))

Lambdan = LAMBDA + LVG * (1 + tanh(x1n))

Lambdap = LAMBDA + LVG * (1 + tanh(x1p))

Lambdan1 = LAMBDA1 + LVG * (1 + tanh(x1n))

Lambdap1 = LAMBDA1 + LVG * (1 + tanh(x1p))

ldsp = IPKO * ( 1 + tanh(x1p) * ( 1 + tanh(Alphap * Vds) * ( 1 + Lambdap * Vds + Lambdap1 * exp ( Vds/Vkn
- 1))

ldsn = IPKO * ( 1 + tanh(x1n) * ( 1 - tanh(Alphan * Vds) * ( 1 - Lambdan * Vds - Lambdan1 * exp ( Vds/Vkn -

1)
Ids = 0.5 * (Idsp - Idsn)
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Angelov HEMT model (2)

Igs, Igd equations:
Igs = IJ * (exp(PG * tanh(Vgsc - VJG)) - exp(-PG * VJG))
lgd = IJ * (exp(PG * tanh(Vgdc - VJG)) - exp(-PG * VJG))

Temperature equations:

IpkO = IPKO * (1 + TCIPKO * (Temp - Thom))
P1=P1*(1+ TCP1* (Temp - Thom))

Lsb0 = LSB0 * (1 + TCLSBO * (Temp - Thom))
Cgs0=CGS0 * (1 + TCGSO0 * (Temp - Thom))
Cgd0 = CGDO * (1 + TCGDO * (Temp - Thom))
Rc=RC * (1 + TCRC * (Temp - Thom))

Crf = CRF * (1 + TCCRF * (Temp - Thom))
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Angelov HEMT model (3)

Charge equations:

Phi1 = P10 + P11 * Vgsc + P111 * Vds
Phi2 = P20 + P21 * Vds

Phi3 = P30 - P31 * Vds

Phi4 = P40 + P41 * VVgdc -P111 * VVds

Capmod=0

Cgs = CGSP + CGSO0 * (1 + tanh(Phi1)) ( 1 + tanh (Phi2))

Cgd = CGDP + CGDO * ((1 - P111 + tanh(Phi3)) ( 1 + tanh (Phi4)) + 2*P111)
Capmod=1:

Lc1 = In(cosh(Phi1))

Lc10 = In(cosh(P10 + P111 * Vds)

Qgs = CGSP *Vgsc + CGSO0 * (Phi1 + Lc1- Qgs0) * (1 + tanh(Phi2)) / P11
Qgs0 = P10 + P111 * Vds + Lc10

Lc4 = In(cosh(Phi4))

Lc40 = In(cosh(P40 - P111 * VVds)

Qgd = CGDP * Vgdc + CGDO0 * (Phi4 + Lc4 -QgdO0) ( 1 - P111 + tanh (Phi3)) / P41
Qgd0 = P40 - P111 * VVds + Lc40
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Angelov HEMT model (4)

Noise equations:
Broadband noise:
NoiseMod = 0 (default value)
Idtn = abs(lds) + abs (Igd)
<id"2>/deltaF =4 KT * LW * sqgrt ( (TD/Temp) * Idtn + TD1 * (Idtn - loptn)*2 )
NoiseMod=1
Td = gate equivalent temperature; Td = drain equivalent temperature.
If Td and Tg are not given, they are calculated from:
Td =Temp * (1 + TMN*(1 + tanh[Phi]) * ABS(tanh[Alpha * Vds]) * (1 + Lambda * Vds)
Tg = Temp * (1 + (1 + tanh[Phi]) * ABS(tanh[Alpha * Vds] )* (1 + Lambda * Vds)
(Phi and Alpha are functions calculated for the Ids equation)
NoiseMod=2
Parameters P, R and C model drain and gate noise sources.
If they are not given, they are calculated from:
R=gm*Ri*Tg/Temp
P =gds/gm * Td / Temp
C =sqrt (R/P)
(use equations from other MESFET models, for example, Curtice2)
Igs, lgd shot noise and Flicker noise:
<igs*2>/deltaF = 2* q * Igs + KF * Igs*AF / freq"FFE
<igd*2>/deltaF = 2* q * Igd + KF * Igd*AF / freq"FFE
Ids Flicker noise:
NoiMod=1 OR NoiMod=2
<id*2>/deltaF = KF * |ds*AF / freq"FFE.
NoiMod=0 (default value)
<idfr2>/deltaF = KLFD * <id"2>/deltaF
where: KLFD ~= KLF * ( 1/freq®"NP + 1/ (1 + (freq/FGR)"2)))
Thermal noise:
Thermal noise of resistances Rgd, Rd, Rg and Rs:
<i"2>/deltaF =4 KT*(1/R)
For Ri:
<i"2>/deltaF =4 KTg * (1 /Ri)




Equivalent circuit of Angelov HEMT
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GaN/\NTJ—rS O XD ENE

Surface Insulator

1) Electron trap
= .
Depletion region ~ _AA AlGaN barrier
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GaN HEMTETJL{ERA 2k
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GaN-HEMT T-CAD Design

Unit cell length = 9.5um

—

SiNx

AlGaN barrier (Al: 20%)

2DEG

Undaped -GaN (Bym,l

Canductwe Sr-substrate

&

Simulated device characteristics by TCAD

» Normally-on (VGs(th)= -6V)

» BV:600V@Vgs=-10V

1 » Chip size: 0.8 mm,/ Ron: 50 mQ@Vgs= 0V
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GaN HEMTOCMCEZE#ET )L

« MIT Virtual Source®TJL

— Physics-based GaN HEMT Transport and
Charge Model

« ASM-HEMTET /L
— Surface potential based GaN HEMT Model
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DC Drain Current®7JL
(MIT VSEFJL—MIT VS)
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MIT-VS Drain Current Equations(1)

Charge Transport Model

a7 E8 5 (Intrinsic Tx)
1, =W-q- V( ) S(x)

/TN

\ Frr IO —hERE
Fi= FYUTORYINEE

Kk

ID = W Q i.xo Uszat (1)
Qo = Conepe In (1 + exp (Y=ot )
sS
n = o in(i0) + ng Vix (3)
V-_.f = Vto - VYX(‘S - 61VYX) (4)
Vyx
v Uy
Fsat S BEAL . 1/B ’ VDSAT = _Lg (5)
(1+(z2)") :
VDsAT
p=p, (1 +22722) (6)
Uy = (lerom) (1 — nlpVps) (7)
Cg .
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MIT-VS Drain Current Equations(2)

a7 &84 (Intrinsic Tx)

2{e x

= [y ; gm S

m* Lg v(x)

0s = [;* (1 - %) @idx . @0 = [ = Qjdx

Lg

QS - gQi,xo i 3k2 m.v‘i

[(2k—4)Vk+1+4
Qo = LyQixo [ "oz

1

Ren = R. + Rshlsp 1+( Vxs.oy )ﬁ d
5D = w Lsp Ec-sD

€
Ec—sp = Eco (1 +mDT—:DS) (1 = nlpVps)

[(4k+4) k+1-(6k+4)] = 2{eVyx

(8)

(9)

(10)

(11)

(12)
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DC Drain Current®7 JL
(ASM—HEMT)




KLAVER
Charge Sheet Model
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Ly = —Heyy - eﬂ Qch +lueﬁ‘ VVeﬁf V,- dxh
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dQ
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—~ ) dQch
dx

— Qch
Surface Potential Model
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E; e =V {1-H(V,,)] Ey { ‘—Méwﬁ' e"p[%]

sub-V,e = ¥go
g th

where Vg, =V, -V gand,

2/3
Voo + V| 1= (7,,,) |- L [ e )

3 q
H(7, )= AT
Vgo 1+ Va + Vo [ Ce¥s0
Vgod 3 q
V= VeoOyx
o 2 2
Vgo+a,

Yer = Vo 1 (- J/o)tanh(Vgo/K,)

11—

2V, In{1+exp(V,, / 2V,,)}
famified Vgo o |
’ 1/H(V,,,)+(C,/gD)exp(-V,,/2V,,)
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E, E,,E, (Volts)

EET ILEEHT

Rogion:l: Sub-V__
Regionll: Moderate 2-DEG
Regionilll: Strong 2-DEG

-0.5

0.0 0.5 1.0 1.5
Gate Voltage (Volts)

2.0

Circles: Numerical Solution
b Solid line: Proposed Model
—a— Absolute Error

A
o
o

%
Absolute Error (pico Valts)

0.0 0.5 1.0 1.5
Gate Voltage (Volts)

2.0

71



GaN HEMT®DET") > 5l
(Angelov GaN-HEMT)




7RS4

DCHEETI T
SINTGA—=ZFET2 T
=R EHEETI B
2alb—iavtyb Ty

7GHz 2817 5Pin vs Pout, Pin vs Idst&3E
{51

73



1wd.s [E-31

1l::|.m

idvd_p@asid = idvel

9808.8

3Pa. 8
| p=(r= 1= =]

| 198.8

o]
o]

Id vs Vg

1
Ll
)

I
n
o]

—-1.a a.8 1.8

= CE+@1

Plot fet-FPulse dc idvd mlgd~idvd2

s5py.a

4p0. 0
i

H 3ve .o
i

‘ 2va .0

1ea.a

|

'U
=
®
@
<

—
Cipw.e I [ PR |
o.2 19.2 20.9 3w
vd CE+3

-
L

Wi
|

n

E

£

)

O

-
[¥a]
L
Vg=0V “
o

Vg=-0.4V
Vg=-1V

g.m

FHEETUY

ZAll

Measured

fEa.a

188.8

58.8

Modeled

aaE.a T LI | T T | T 17T LI T

eEE. 3 —

HaE.a —

288.d —

lg vs Vg

ol

74



O =mm

0.8 T T T T-F-T e TT | T T T T
: g S ]
16.8 - —
"\ .~
- i
. -
“ ;
- 4
.
. ]
'
=N-]
f
' i
'
M t v -1
' . 3 !
L, . . H
" .
Foa \',\-\. ’.— I'.l—
-1o.@ —" R P —
.
L P
P
= ~ -
. x E
. -
-Zp.8a ! = = |
-2d.@ -1@ @ B.a 18 @ =@
REAL CE-+@E13

FEFAL [E—3=1

ae. e LI N = s Rl e e N B B B
L L - ]

I f-. S ]
L 12 1

| v

.

same - R -

- - 5

r -'f '\'\ 2T

o - “ ]

ra L

i ‘ 1

r : 4

a.aA T

L I| B

. \ 1

1 . "

| . - M

. ;

[ e = s 7
-2538.a — it Rl -
| . 1

- S -

-

s R TP T .
- -E5@.8 a.a 258 @ 1= =]

Vg=-1.06V
Vd=40V

— Measured
——— Modeled

75



cllm clls T[E-121

SRESERETET

C,, vs freq

Q@

clgm clg= [E-121

—\ —

C,, Vs freq

o=

a.a z@. 8 J@.a g@3.8 a@a EQ @

freq CE+91
— Measured
—— Modeled

cZ22m c22= [E-151

1) 451

Vg=-0.45V
Vd=30V

Mmq

ctepma b e e P by 1y gy
[-]



7GHz IZBI1T+5
Pin vs Pout, Pin vs Ids#&sE41

Pin vs Pout(50Q& )

Pin vs Ids (50Q& fi)

el 0.25
30 0.20
E =,
£ E 0.15 -
= | z0 =
3-5- ] I'.BI
= ==,
== == 0404
10 z
0.05 -
I:l I TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT |:||:||:| ——rT ——
5 0 & 10 15 20 25 =30 35 5
Pavs
Pin

_ Pinvs Pout(PAERE &)  ,,, Pinvs Ids(PAERBERfT).

D'DD_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

T L L L B e L IR B
u] ] 10 15 20 25 20 a5

Favs
Fin

40
30—: . 0150
£ E 1
E"E| £ 1
*gg 20 L= 010
D_g_ ] '—E 1
10—: = nns]
D |||||||||||||||||||||||||||||||||||||||
-0 -5 0 A 10 15 200 25 30 10
Pavs Simulated
Fin
Measured

77



[fF8x%]
Normally-Off ®GaN HEMTET /L

(GaN MIS-HEMTET /LRI IK)

GR MIS GaN-HEMTETJL (%)




Outline
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of our device
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Purposes of This Work

* As our initial stage of GaN MIS-HEMT
model development

— To develop an electron mobility model of
GaN MIS-HEMTs

— To develop a self-heat model without using
thermal sub-circuits
* Model verifications of static drain
current characteristics using the

proposed models combined with MVS
GaN FET model

CSICS 2016 Austin, TX *Slide 80



The ESFP Structure and the
Equivalent Circuit

Distributed Electric Field

AlN/GaN layers

Source

Reducing peak electric field ‘

To increase breakdown voltage

Gate .
® SiN
GaN|M|8-HEMT ESFP
RS RD  Drain
o i — T — °
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Gate Capacitance Calculation

Thin Film 1

Thin Film 2

C -C E, & E, - E
Cfm 1 2 9C1_ 0 19C2_ 0 2,

G+, 1 1
Tfm :Ti_l_];?gfm :Cfm .Tfm9
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Electron Mobility Model Dedicated to MIS Structures

ELECTRON MOBILITY MODEL



Features

1. Effective mobility equation is based on
MOSFETs because of the MIS
structure

2. Embedded source field plate reduces
electron mobility

3. Electron mobility is modulated by gate
length

4. Surface field mobility is modulated by
electric field, which can be expressed
as velocity saturation

CSICS 2016 Austin, TX



Low and Surface Field Mobility

Distributed Electric Field AIN/GaN layers
Hy U, off 5 5 L
e Original Result
ﬂﬁ 1 + UGate USFP Uvsat vsat \/1 i esat V l ( g )
lLl U € lLle ILle
- L = z (Recent Result)

. M, =
ﬂﬂ 1+UGate USFP \/1 L

j \/1+ 0. Wzds

E

c

=1.0-UP-e /"

V. +2, v.o+2.7, )
Ugue =UA +UB Ugp =1+USFP-V,, U,

T, T,
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Non Sub-circuit Thermal Model

SELF-HEAT MODEL



Features

1. Non sub-circuit model (no temperature
node) for better convergence in large
circuits

2. Only a rise in temperature is taken into
account

CSICS 2016 Austin, TX



Temperature Dependency

The DC and isothermal current is written as

[ (VdS7]ZieV Iiso |:Vds9Rth .I/ds .Ids ds 2 dev dev:| (1)
AT is defined as

AT :[ds . I/ds .Rth (2)
Ry, can be written as an electrical resistance equation by
L
R, = /OE (3)

Temperature dependence is given by
R, (T,, +AT)= p(Tdev+AT)§ (4)

dev
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Thermal Resistance

Since pis linearly proportional to the rise in
temperature, we have

p(T,, +AT)=p(T,

dev dev)+c AT

By plugging eq. (9) into eq. (4), we obtain
R, (T, +AT)=R,, +c-§-AT

Now, we define K, as

L
Kth =02
S
Ry, can be simply represented as

Rth = RthO + Kth AT
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Thermal Impedance

For AC analysis, thermal capacitance, C,, should be
iIncluded in parallel with Ry, which is written as

s (9)

7 =
I+j-0-C, R,

th

Now, eq. (2) becomes

AT =1,V -2, (10)

4
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Measurements and Simulations

EXPERIMENTS
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l4s~Vys (Linear Region)

® Measurement
— Simulation

LisVes characteristics in the linear region
(V4 =100 mV)

1E+03

1E+02

1E+01

I [mA]

1E+00

1E-01

® Measurement
— Simulation

Ve [V]

Log (l45)-Vgs characteristics in the linear region V

(V4 = 100 mV)
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Ids [A]

15

10

l4s~Vys (Saturation Region

@ Msasurament
= Simulation

Ve, [V]

I4-V g characteristics in the saturation region
(V4 =2V~20V)

1E+02

® Measurement
1E+01 — Simulation

1E+00

Ids [A]

1E-01

1E-02

1E-03

1E-04

Log (Ids)-VgS characteristics in the saturation region
(Vg = 2 V~20V)
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|4~V 4 Characteristics

15

Vgs= 2V~6V (1V step)

® Measurement

20
Vi [V]

l4-V 45 Characteristics in the saturation region
(Vgs =2 V~6V)
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Mobility Reduction of
Embedded Source Field Plate

...................

Hor =10 U Ugep =1+ USFP-V,
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Summary

» Electron mobility and self-heat models for
GaN MIS-HEMTs have been developed

 AIN/GaN MIS-HEMT with the embedded
source field-plate test structures were
fabricated for the measurements

* The static drain current model using the
proposed models combined with MVS GaN
FET model was successfully verified with
the measurements
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Future Research

* We will complete:

— the small signal AC equivalent circuit
model

— the scalable model for gate length and
width, the number of gate fingers, and the
number of cells

— the noise models

CSICS 2016 Austin, TX



