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Spice Models for HEMTs

Model Description Latest Version

EEHEMT (EEsof Company California)

pure mathematical, separate parameters for DC and S-

Parameters, developed from modeling engineers for

modeling engineers, very intuitive param. extraction, still

widely used

1996

Angelov (I.Angelov, Univ. Gothenburg)

mathematical with emphasis on physics, visual parameter

extraction for DC, often used as 'Modified Angelov' in Verilog

2016
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(I.Angelov, Univ. Gothenburg)

mathematical with emphasis on physics, visual parameter

extraction for DC, often used as 'Modified Angelov' in Verilog

ASM-HEMT Advanced Spice Model for Gan HEMT Device, (S.Khandelwal,

University of South Florida and Y.S.Chauhan, IIT Kanpur),

official CMC model

2019

MVSG MIT Unified Virtual Source GaN-FET (D.Antoniadis, MIT)

official CMC model

2019
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Current Model Version: 101.0.1beta2   (public)

101.1.0beta2   (CMC Members)

Source: S.Khandelwal, "ASM GaN: New Industry Standard Model for GaN-based RF and Power Devices", MOS-AK Shanghai, June 2018



The ASM Model Covers Two Main Applications

ASM-HEMT:

 for Power Devices  (Trapping)

 for RF Devices (this presentation)

with and without Field Plates
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DC:
Positive:

- breakdown voltage  ↑

- power density           ↑

- trapping                     ↓

Negative:

- GM   ↓

AC:
Negative:

- CGD  ↑

-        ↓

Intermezzo:

Effects of Field Plates

After: ASM-HEMT 101.0.0  Technical Manual

Source Field Plate

Gate Field Plate

 Reshaping the electric field distribution in the channel

 Reducing its peak value at the gate's edge towards drain

DC:
Positive:

- breakdown voltage  ↑

- power density           ↑

- trapping                     ↓

Negative:

- GM   ↓

AC:
Negative:

- CGD  ↑

-        ↓

Rawal et.al, "Design and Fabrication of Multi-finger Field Plate for

Enhancement of AlGaN/GaN HEMT Breakdown Voltage",

Defence Science Journal, Vol. 68, No. 3, May 2018, pp. 290-294

VGS = -7V



Intermezzo:

Field Plate Modeling in ASM-HEMT

Transistor properties are assigned to the regions of the device directly under the field plate,

by T2 & T3,  in addition to the intrinsic device T1.

Adding field plates modulates the 2DEG (two-dimensional electron gas) charge

formed at the AlGaN/GaN heterojunction.
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after: ASM-HEMT 101.0.0  Technical Manual

 For each of the transistors T1, T2 and T3, the surface potential calculation is performed,

 followed by calculation of intrinsic charges

 and assigned accordingly to intrinsic nodes within the device.

Transistor properties are assigned to the regions of the device directly under the field plate,

by T2 & T3,  in addition to the intrinsic device T1.



The Concept of the ASM Model

1. Starting Point:   ideal device
physics-based core channel-charge

and surface-potential calculations

2. Adaption for Simulation Speed:
approximated equations for terminal current and charge

3. Adding of aditional models for real device effects.
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The Concept of the ASM Model in Details

 The ASM-GaN-HEMT is a physics-based model.

The core of it is the formation of the ideal, 2-dimensional charge density, described by:
-> transcendental equations based on Schrödinger, Poisson, Fermi.

 To achieve simulation speed, these complex equations are approximated by a single,

unified and highly accurate expression, resulting in a fully analytical solution for Id,

and still ideal device.

 to cope with real devices, several effects are added to the ideal core model:

 gate current

 mobility field dependence

 drain-induced barrier lowering

 subthreshold-slope degradation

 non-linear series resistances

 channel-length modulation

 velocity saturation effect

 self-heating effect

 temperature dependence

 trapping (by RC network sub-circuits)

 flicker and thermal noise

S.Khandelwal:

from ASM-HEMT 101.0.0  Technical Manual -10-
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Added Real-Device Effects in Details

Drain Induced Barrier Lowering (DIBL)

and Sub-Threshold Slope Degradation

ETA0, VDSCALE, CDSCD

Nonlinear RD & RS

RDC, U0ACCD,...

RSC, U0ACCS,...

Mobility Dependence

U0, UA, UB
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VSAT, THESAT

Velocity SaturationChannel Length Modulation

(CLM)

LAMBDA

Self-Heating

RTH0, UTE



No parameters for Bias-Dependence

of S-Parameter Capacitances !!!

Charge is modeled by DC !!!
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You may achieve pretty the same DC fitting by two or more different DC parameter sets,

but only one of them is fitting the S-parameters and its capacitances !



Model Convergence Stability

From Best-Practice Experience:

The model convergence is very robust,

also for 'out-of-range' tuned parameter values
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Model Continuity
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Source: S.Khandelwal, "ASM GaN: New Industry Standard Model for GaN-based RF and Power Devices",

MOS-AK Shanghai, June 2018
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Model Flags and Device Geometries
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DC Modeling id-vdlin Sub-Threshold

Transfer lin: logid_vg   25'C

1E-5

1E-4

1E-3

1E-2

1E-1

NFACTOR
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DC Modeling

Transfer lin: id_vg   25'C
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DC Modeling

Transfer lin: id_vg   25'C
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DC Modeling

Transfer lin: id_vg   25'C
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Inspect id-vg and the knee of id-vd:

 If id is not bent enough in id-vg,

and if also id-vd measurement shows id-compression

for high id range, tune also UB.

 Otherwise, keep UB = 0.

Step 2:

not enough

down bending

id-vdlin  Above Threshold

-20-

vg  [E+0]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
0

vg  [E+0]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
1E-10

1E-9

vg  [E+0]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-10

0

Transfer lin: gm2_vg   25'C

vg  [E+0]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-200

-100

-0

100

200

Output: id_vd   25'C

vd  [E+0]

0 2 4 6 8 10
0

50

100

150

200

250

compression with measured id data

Conclusion:

in this example,

 UB needs to be tuned !!!



DC Modeling

Transfer lin: id_vg   25'C
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Step 3:  Tune UB in both, id_vg and gm_vg plots,

and keep an eye on id-vd plot.

 If you cannot fit id_vg completely,

tune UB so that the end points at MAX(vg) match

id-vdlin  Above Threshold
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DC Modeling
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DC Modeling
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GDSMIN

shift wrt. vd:

ETA0, VDSCALE

slope wrt. vd:

CDSCD

to be fitted later

id-vg  Sub-Threshold
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fitting improved

fitting worse

DC Modeling

Fine-Tune Mobility Parameters   U0, UA, UB

id-vg  Above Threshold
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fitting worse:

simulated curve (blue) should

not be below measured (red)

CONCLUSION:

to be fitted by nonlinear RS & RD



Output: id_vd   25'C

id
.m

id
.s

[E
-3

]

50

100

150

200

Output: _Pseudo_id_vgs_   25'C

id
.M

id
.S

[E
-3

]
50

100

150

200

Transfer: id_vg   25'C

id
.M

id
.s

[E
-3

]

50

100

150

200

Starting Condition:

DC Modeling id-vd Modeling

-25-

vd  [E+0]

0 2 4 6 8 10
0

vg  [E+0]

-1.5 -1.0 -0.5 0.0 0.5 1.0
0

vg  [E+0]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
0

Transfer: gm_vg   25'C

vg  [E+0]

g
m

.m
g

m
.s

[E
-3

]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-50

-0

50

100

150

200

Transfer: gm2_vg   25'C

vg  [E+0]

g
m

2
.m

g
m

2
.s

[E
-3

]

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-400

-200

0

200

400

600



DC Modeling id-vd Modeling
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DC Modeling Verification of DC Parameter Values

by Inspection of S-Parameters
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 S11 & S21 look physical

 but, S12 too small (due to simulated CGD~0 ?)

 S22 is inductive (!!), and CDS~0

 however, bias-dependency of capacitances OK

 ASM model offers parameters for capacitance

offset shift  (CGSO, CGDO, CDSO)



S-Parameter Modeling
Gate Sheet Resistance RSHG

from S11-Parameters

RSHG
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RSHG



Init_Spar_Modeling: _CGS_   25'C
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S-Parameter Modeling Series Inductors LG, LD, LS
Strip-off S-Parameters from external inductors, convert to Y, interpret as 'inner PI' schematic,

calculate CGS, CGD, TAU, GM, CDS.

Tune external inductors to make the stripped-off PI components as freq-independent as possible.

freq  [E+9]

C
G

S
.t

a
rg

e
t

C
G

S
.M

0 5 10 15 20 25 30
0.0

freq  [E+9]

C
G

D
.t

a
rg

e
t

C
G

D
.M

0 5 10 15 20 25 30
0

freq  [E+9]

T
A

U
.t

a
rg

e
t

T
A

U
.M

0 5 10 15 20 25 30
-60

Init_Spar_Modeling: _GM_AC_   25'C

freq  [E+9]

G
M

_
A

C
.t

a
rg

e
t

G
M

_
A

C
.M

[E
-3

]

0 5 10 15 20 25 30
0

50

100

150

200

250

300

Init_Spar_Modeling: _CDS_   25'C

freq  [E+9]

C
D

S
.t

a
rg

e
t

C
D

S
.M

[E
-1

5
]

0 5 10 15 20 25 30
-600

-400

-200

0

200

-29-

Starting Condition:

LG=LD=LS=0



S-Parameter Modeling Series Inductors LG, LD, LS
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Strip-off S-Parameters from external inductors, convert to Y, interpret as 'inner PI' schematic,

calculate CGS, CGD, TAU, GM, CDS.

Tune external inductors to make the stripped-off PI components as freq-independent as possible.
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[E
-1

5
]

DC Parameter

VOFF

DC Parameters

of nonlinear RS & RD

S-Parameter Modeling Gate-Source Capacitance

Adjust Offset Capacitance Parameter CGSO  (Gate Source Overlap Cap.)
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ETA0, VDSCALE, CDSCD, NFACTOR

DC Parameter

VOFF

DC Parameters

of nonlinear RS & RD

Notice:

CGSO, CGDO, CDSO belong to the intrinsic core model.

The bias-dependency of the capacitances is fitted by the DC parameters.



S-Parameter Modeling Gate-Drain Capacitance

C
G

D
.M

C
G

D
.S

[E
-1

5
]

Starting Condition:
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 unphysical !!!

 negative capacitance !

 need to add offset capacitance



S-Parameter Modeling Gate-Drain Capacitance

vg_1stsweep__vd_2nd: _CGD_   25'C
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S-Parameter Modeling Drain-Source Capacitance

vg_1stsweep__vd_2nd: _CDS_   25'C
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S-Parameter Modeling Drain-Source Capacitance
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Offset Capacitance Parameter CDSO adjusted
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Final Fit
Spar_all_freq_biases: S11   25'C
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 All fittings achieved by DC parameters (!),

 plus parameters for offset capacitance

 plus fitted external inductors
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Conclusions

Compared to the other 3 main HEMT models,

the ASM-HEMT model is the most physics-based model.

As a consequence, once its parameter values do fit both,

DC and S-Parameters, the model can be applied

to reliably predict device performance also outside the modeling ranges.

The compromise in the current model version is that,

typically, the S-Parameter capacitance fitting

is less accurate compared to mathematical models (like EEHEMT).
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