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1 Introduction

In recent years GaN based high electron mobility transistors (GaN HEMTSs) have
emerged as a promising candidate for high power, high voltage and high frequency
applications [1]. To exploit the full potential of these devices, accurate and robust
circuit simulation is required. The accuracy and convergence of simulations depend
heavily on the compact model used for GaN HEMTSs. Physics-based compact models
are preferred because of their well-known advantages of better model scalability w.r.t.
temperature, device geometry. They also give useful insights into the device operation.
This manual describes a physics-based compact model[2] Advanced SPICE Model for
GaN HEMTs: ASM-HEMT. Originating from [2] this model describes terminal currents,
charges, trapping effects, thermal and flicker noise of GaN device accurately.

ASM-GaN model is developed for both radio-frequency (RF) and power electronics
applications of these devices. This manual will describe the core and all the physical
effects accounted for in the model to accurately model both flavors of the GaN-based
device.

This manual describes the ASM-GaN-HEMT model in detail. A description of the
model development, model equations, model parameters and parameter extraction pro-
cedure is provided in various sections of this document. In the next section, ASM-GaN-
HEMT model development flow is provided. This section provides a concise description
of incorporation of key device physics and challenges overcome to derive analytical for-
mulations. Next, all the model expressions are described including the physical constants
etc. used in the model calculations.



2 ASM-HEMT 101.0.0 Model Description

Advanced SPICE model for GaN HEMTs, ASM-GaN-HEMT is a physics-based
model for these devices. The model can be structured into following three parts: 1.
Core channel-charge or surface-potential calculations, 2. Core terminal current and
charge model and 3. Models for real device effects in the device. This document covers
description of all the three parts of the model.

The formation of the 2-DEG is the core of the HEMT device operation and we
focused first on developing a physics-based model for the 2-DEG charge density n.
The main challenge in modeling the 2-DEG charge density is due to the complicated
variation of the Fermi-level £y with n, in the quantum well. Schrodinger and Poisson’s
equations along with the carrier statistics when applied to the AlGaN/GaN HEMT
system result in the transcendental equations given in [3]. From a compact modeling
point of view, analytical solutions are desirable since a solution based on numerical
techniques will result in a drastic reduction of the circuit simulation speed. We have
developed analytical solution for these equations by dividing the variation of £, with
the gate voltage V; into various regions. These regions are physically meaningful and
are based on the position of £y w.r.t the energy levels Ey and E;. Analytical solutions
are found in all the regions and the regions are combined into a single unified expression
highly accurate in all the regions. The details of the model can be found in [3, 4].

The core model formulations are then used to develop a model for the drain-current
I; of GaN HEMTs. To derive the model we made use of the current continuity and
performed the necessary integration of the surface-potential along the channel under
the gate. We have a fully analytical solution for I;. After this, we incorporate various
real device effects appropriately into the core model. These real device effects include:
velocity saturation effect, mobility field dependence, subthreshold-slope degradation,
non-linear series resistances, channel-length modulation, drain-induced barrier lower-
ing, self-heating effect and temperature dependence. Physically-linked parameters are
introduced in the model to keep the model analytical and hence useful for circuit sim-
ulation. The developed model has been validated against measurement data in several
publications [4-10].

For accurate simulation of transient and frequency response of the device its ca-
pacitances need to be modeled correctly. A rigorous charge model for all the terminal
charges in the device is present in ASM-GaN-HEMT model. Our charge model follows
from Ward-Dutton partitioning and adheres to charge conservation for good convergence
properties. Additionally, ASM-GaN-HEMT model also includes models for gate-current
I, [11], thermal and flicker noise in GaN HEMTs [12, 13]. The models for terminal
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charges, gate-current and noise also use the same core calculations making the model
fully consistent. Furthermore, for modeling of radio-frequency devices, trapping effects
are also modeled with the help of RC network sub-circuits in the model as described in
the section on trapping effects model.

This completes the overview description of ASM-GaN-HEMT model. More details
on each of the parts of the model can be seen in next sections of this manual.



3 ASM-HEMT 101.0.0 Model Equations

Physical and numerical constants, Voltage equations, Temperature dependent equa-
tions, surface potential, intrinsic charge and basic current equations are presented in
this section. Note that the model parameters are indicated in capital letters in the
equations below and in the parameter tables in the manual for better readability, but
the parameters are in small letters in the code.

3.1 Physical Constants

Physical quantities in ASM-HEMT are in S.I. units unless specified otherwise.
g=16x10"1

€aicany = 10.66 x 1071
Kp =8.636 x 107%eV/K
Yo =2.12 x 10712

v o= 3.73 x 10712

DOS = 3.24 x 107

Smoothing constant ep,s = 0.3

3.2 Voltages Calculation and Pre Conditioning

3.2.1 Voltages Calculation

Vas =Va— Vs (3.2.1)



Voga=Vy—Va

Vdsz = \/ des + 0.01

Vosgpipr =VOFF — (ETA0 — TRAPETAQ - veap + etalyyqp)

[ Vasw:VDSCALE
V2, +VDSCALE?

Vs,min = Vorg.oiar(T) + Viln (L/(ZWq -DOS - Vti))

1
Vserf = 5((‘/95 — Vs.min) + \/ (Vs — Vsmin)? +0.0001)

Voo = Vasers — Vorr.n1BL

1
‘/floveff = 5 (V;JO + \/ ‘/920 + 4eppsi2>

(QVSAT<T)//~Leff)L : VgO,eff
(QVSAT(T)/ttess) L 4 Vyoess

V. \ PELTA DBLTA
Vaesr=Vas | 1+ <Vdst> )

Vo = Vgo — Vaers

(ngO + \/ ‘/;;2510 + 4617252')

Vdsat =

Viderr =

N | —

(3.2.2)

(3.2.3)

(3.2.4)

(3.2.5)

(3.2.6)

(3.2.7)

(3.2.8)

(3.2.9)

(3.2.10)

(3.2.11)

(3.2.12)

(3.2.13)



3.2.2 Bias Independent Calculations

3.3

_ €AlGaN
V= TEAR (3.2.14)
_ €AIGaN
Coso = B (3.2.15)
_ €AlGaN
Costr = Horp (3.2.16)
Cg
= 3.2.17
5 Q'DOS'KB'Tdev ( )
e
Oy = — 3.2.18
5 ( )
g = 1 (3.2.19)
173 2.
Temperature Dependence
Ty =T + V(rth) (3.3.1)
cdsc =1+ NFACTOR + (CDSCD + cdscdyrap) - Visa (3.3.2)
Vie = KB - Ty.,cdsc (3.3.3)
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- Tdev
‘/off,DIBL(T) —‘/off,DIBL — (TNOM — 1> -KT1 (334)
+TRAPVOFF -vcap + vof firap
Td UTE
Uo(T) = U0 (TNOM) (3.3.5)
Td AT
VSAT(T) = VSAT ( N M) (3.3.6)
_ Tdev
NS0ACCS(T) =NS0ACC'S (1 KNSO < NOII 1)) (3.3.7)
(14 KOACCS - Vi off)
ATS
VSATACCS(T) = VSATACCS Taew (3.3.8)
TNOM -
Td UTES
U0ACCS(T) = UOACCS ( N M) (3.3.9)
_ Tdev
NSO0ACCD(T) =NS0ACCS (1 KNS0 ( TNOI 1)) (3.3.10)
(14 KOACCD - Vyo.efy)
Td UTES
RSC(T) = RSC ( 1+ KRSC Tow 4 (3.3.12)
B TNOM o



RDC(T) = RDC <1 + KRSC ( Taw  _ 1)) (3.3.13)

TNOM
VBI(T) = VBI — Liw ) grver (3.3.14)
B TNOM o
CFG(T) = CFG — li 1\ krCFG (3.3.15)
B TNOM o

3.4 Surface Potential Calculation

Variation of surface potential with terminal gate voltage can be calculated as
Ua(Vy) = Vi (V) + Vo (3.4.1)

where V is the potential corresponding to Fermi level in triangular potential well and
V. is the voltage at the point at which surface potential is to be calculated.

V; Calculation

Assuming the hetero junction as triangular potential well, we can get the position
of sub bands by solving the Schrodinger’s equation as under[14]

Byev) = () qua‘)g <n + ;) (3.4.2)

2m1

where £ is electric field across the triangular potential well, n can take values
0,1,2..etc., mq is effective mass of electron in triangular well and A is Planck’s constant.

Considering only two lower subbands

By = ko&3 (3.4.3)

By =k EF (3.4.4)
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By solving the Poisson’s equation, we can get the relationship between electric field and
sheet charge density

€€ = qns (3.4.5)
Substituting (3.4.5) in (3.4.3) and (3.4.4)

Ey = &3 (3.4.6)

By = 1&3 (3.4.7)

Applying Fermi Dirac statistics,

F1 E fe'e) E
ny, = DOS / _9E __ spos / _ 4B (3.4.8)

a(E-Ey) a(E—Ey)
Eo 14 e #T Ei 14+ e &7

where DOS is 2 dimensional density of states(DOS) in GaN. (It is DOS between E, and
E; and 2DOS for above Ej)[14] By solving the integration,

ns = DOSV,, (In[(1 + e Fr=E0)/Viv) (1 4 By =E/Vivy]) (3.4.9)

Assuming AlGaN layer is completely ionized, from charge balance condition, we can
get[15] [16]

€ C

= (Vg V) = 2 (Vg -V 3.4.10
n qd(g() ) q(go 7) ( )

where Cy = § (d is taken as process parameter, TBAR).

Solving Equations (3.4.6),(3.4.7),(3.4.9) and (3.4.10) for V} is a difficult task as these
equations are transcendental in nature.Variation of sub bands and V} in the triangular
potential well with V,, makes the calculation complicated.[17] Variation of V} with V
can be captured by dividing the operating region into three:

1) Sub-V,ss region where V, < V¢

In this region, |Ef| >> Ey, Ey and V; =~ Vo [18]. Applying these conditions to
equation(3.4.9)

V40
N, sub—V,pp = 2DOSV2‘U€WU (3411)
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Substituting (3.4.10) in (3.4.11)

2qDVy, Vgo
Vf,sub—Voff = %0 qC ! eViv <3412)
g

2) Vg > V,yp and Ef < Ej
(By—Eq)

Since E; is more higher than Ey, neglecting e % in (3.4.9) and applying in(1 +
x) ~ x for x < 0 [18]

Ef—Eqg

ny = DVipe Vi (3.4.13)

Using (3.4.3) and (3.4.10) in (3.4.13)

Vinln(BV,0) +
VRN GG 2%(CV ) (3.4.14)
Voo + Viw + (725

where = Cy/(¢DOS - Vy,).
3) ‘/g > ‘/off and Ef<E0

(Bf—Eq)

Since Ey >> Ey, neglecting e~ % in 3.4.9 and applying In(1+ z) ~ Inx for x > 0

n, = D(E; — Ey) (3.4.15)

Using (3.4.3) and (3.4.10) in (3.4.15)

7 /BVthVO‘i‘%(CngO)%
Vi = Vi T ] (3.4.16)
ViolL+ BVia) + 22 (G0’
Combining V; equations (3.4.14), (3.4.16) in V, > V, ¢ regions [19]
Viabove = Vgo(1 — H(Vyo)) (3.4.17)
where
Vo 4 Vio[1 — In(8V,0n)] — 2 (Ze¥an)3
H(Vyo) = 2 S G e x e (3.4.18)

Vio(1+ g ) 4 230 ()3
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Here, Vo, and Vg are functions of Vj given by the interpolation expression

Vo,
Vyow = —=200 (3.4.19)

2 2
‘/go“‘ax

where ay, = e/ and ag =1/

Combining Sub-V,¢; region V; equation (3.4.12) with V, > Vs region equation
(3.4.17)

Vg0
2Vipln(1 + e2Vew)
V,
1 C _ ‘g0
H(Vy0,e5f) (q_l%)e e

Viaunified = Vgo — (3.4.20)

Here Vo .rr is equal to Vyy above V,s¢ and is on the order of thermal voltage when
Vy, < Vosr and 1/Vy, becomes very small and equation(3.4.12) is obtained whereas in
Vy, > V,rr, equation (3.4.17) is obtained.

But at V,ff, subbands Ey and E; are close to E;. We cannot take Fy — Ey and
E;—FE;, =~ E;. The calculation becomes complicated. So we use Householder’s numerical
calculation method[20] to get the accuracy upto femto volts. The final value for E; is
obtained using the iterative re-evaluation as under

p pr
V = V unified — — 1 —— 421
t = Viunified q( + 2q2> (3.4.21)

Computation of p,q and r can be done as shown in the table above. From 3.4.1, ¢ can
be determined at source end by 15 = V;+V;. For potential at drain end, Vo and Vg crs
are replaced by Vg and Vg rr respectively and can be calculated by ¥g = Vi + Vg epy.

3.5 Intrinsic Charge Calculation

Accurate modelling of intrinsic charges require proper assignment of channel charge
to the terminals. @, can be calculated as [3]

L L
Q, = —/ gWns(V,, Vy)dr = —/ gWCy(V,0 —9p(x))dx (3.5.1)
0 0
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Table 1: Expression for Quantities in 3.4.21

Quantity | Expression

2/3
k(),l 70,1 (%)
Vier Vo= Vorr — Ef

2/3
Ef,u'nified_k'o,lv f
§o.1 exp ( v

P | Ve = X DVinIn(& + 1)
Cy 1 -1/3
¢ | Tl (1 @k

1 3Vt ok e )+ (14 2RV, )
r Zi:o <1+£‘—1)2

By using current continuity equation i.e., equating currents at drain end and at any
point in the channel and neglecting the saturation of current we can get,[21]

L(Vy0 — ¢ + Vi)

dr = — . 3.5.2
Vo0 — Dt Vi V2T Y (3.5.2)
By substituting 3.5.2 in 3.5.1 and by integrating the equation wrt v, we can get
C,LW

Qg = [vaQO + %(7702 + ¢§ + ¢d¢s) - %O(¢d + 77st - V;fv) - ‘/tquzjm] (353)

‘/gO_,lva—{'V;fv

Ward-Dutton’s partitioning method [22] is used to determine the drain and source ter-
minal charges.

L
Qi = /0 ZQu(Vy, Vi) (3.5.4)
L
Qs = /O (1 - %) Qen(Vy, Vi )dz (3.5.5)
Qg = _Qs - Qd (356)

By integrating equation (3.5.2) from source to any arbitrary point in the channel, we
can get x in terms of v

= Voo + Viy — ——— 3.5.7
! V;]O_d]m‘FV;v(gO—i— ' 2 > ( )
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Substituting 3.5.7 and 3.5.2 in 3.5.4,0ne can get [23]
CyLW

=— 1243 + 843 + 2 (1644 — 5(V;, + 8V,
Qd 120(‘/‘(]0_wm+‘/tu)2[ wd—i_ ws—{_ws( @bd ( tv 1 gO))
+2th, (12007 — 58a(5Vi + 8Vj0) 4+ 10(Viy + Vyo) (Viw + 4V0)) (3.5.8)
H 1502 (3Viy + 4Vy0) — 60V0(Viy + Vio)?

+20t04(Viw + Vo) (2Viw + 5Vio)]

()s can be obtained by using @, = —Q, — Q4 [24].

3.6 Drain Current Model

The drain current at any point x along the channel under the gradual channel approxi-
mation with drift diffusion model can be expressed as [25] [26],

d d@)..
I = _NWQchi + puWvy, Qe
dx dx

(3.6.1)

Using Qe = C,(Vyo — 1), taking dx to the left side and integrating from 0 to L, we get
I;L and on right side, integrating wrt diy from source side to the drain side potential,
we get current equation as [27]

W
La = = pCo (Vg0 = ¥m + Vin)us (3.6.2)

Where ¥, = (Vg + 15)/2, ¥as = (g — 1s)

3.7 Self Heating Model

The self-heating effect is modeled using an R-C network approach, which consists of
thermal resistance(RTH) and thermal capacitance(CTH) [28]. The thermal node voltage
gives the rise in temperature, which is added to the die temperature.

17



Figure 1: R-C thermal network for self-heating effect

3.8 Mobility Degradation

Mobility degradation can be modeled as [29]

Uo(T)

Hell = 1Y UA - E,.;; + UB- EZ

(3.8.1)

where i is the low field mobility, UA and UB are model parameters to be extracted
from experimental data and F), .¢s is the effective vertical field calculated using Gauss’s

. C
law as Eycrp = Qen/€migan With Qo = —2—|Vyo — ¥ |.

€AlGaN

tefy is placed in drain current equation instead of p.

3.9 Short Channel Effects

Short channel effects play an important role in determining the near to accurate
currents.
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3.9.1 Velocity Saturation

Velocity saturation is modeled as [29]

Heff
eff,sat — 3.9.1
Mttt = T ey JVSAT - By )2 (39.1)

where E, is the lateral electric field and can be taken as (¢g — 15)/L = 14s/L with L
as the channel length of the device.

Lhe
Hef fsat = Kl (392)
1+ THESAT? - 3,

where THESAT is a model parameter with initial value p.rp/VSAT - L.

3.9.2 DIBL

DIBL effect is included in V, ;¢ modeling.
V:)ff,DIBL :VOFF — (ETAO — TRAPETAO veap + etaOtmp) (393)
Viase - VDSCALE
V2, + VDSCALE?

3.9.3 Subthreshold Slope

Subthreshold slope tells us about the leakage currents in the device. More sub-
threshold slope means more leakage currents. It is modeled in ASM-HEMT as follows:

cdsc =1+ NFACTOR + (CDSCD + cdscdyrap) - Visa (3.9.4)
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3.9.4 Channel Length Modulation

Channel length modulation reduces the effective length of the device thereby increas-
ing the current in it. It is modeled in ASM-HEMT as under [30]

Ids,clm = Ids (1 + LAMBDA - (‘/;lsm - V;i,eff)) (395)

3.10 Access Region and Parasitic Resistances

Access region resistances are important in HEMTs as the distance between gate edge
and source and drain edges are large and in the order of few pum. It can be modeled as
bias dependent resistance.

3.10.1 Source Region Resistance

It includes bias dependent access region resistance, source contact resistance and
resistance due to traps. If RDSMOD =1

 RSC(T)
Rsource —W + TRAPRS - veap (3101)
LSG

W NF-q-NSOACCS(T) - UOACCS(T)

-1
I MEXPACCS\ MEXPACCS
1— ( ds )
Isat,source
where

Toatoowree = W - NF - NSOACCS(T) - VSATACCS(T)
If RDSMOD is zero, then Rypypee = 1076
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3.10.2 Drain Region Resistance

It includes bias dependent access region resistance, source contact resistance and
resistance due to traps. If RDSMOD =1

RDC(T)

Rdrain - W-NF

+TRAPRD - vcap + Ripap(T) + 100410 (3.10.2)

. LDG
W NF-q- NSOACCD(T) - UOACCD(T)

-1
MEXPACCD\ MEXPACCD
1— < Ids >
]sat,source

where Liat.drain = W - NF - NSOACCD(T) - VSATACCS(T)
If RDSMOD is zero, then Ry qin = 1076

3.10.3 Gate Region Conductance

It is modeled as under

- XGW +W/(3- NGCON)
Ggate—RSHG( s (3.10.3)
If Gyate >0
Ggate = 1/Ggate
else
Ggate = 103

3.11 Parasitic Capacitances

3.11.1 Access Region Capacitances

The access region capacitance particularly at the drain end of the device, which
shows up in drain-source capacitance(Cy; ), takes the form of a bias dependent depletion
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capacitance and is formulated as under

cJo

T+ 577

Claced = (3.11.1)

3.11.2 Overlap Capacitances

CGSO, CDSO, CGDO and CGDL are presented as model parameters to include

overlap capacitance effects.

3.11.3 Fringing Capacitances

Model parameters, CFD and CFG are included to get the effects of fringing capaci-
tances.

3.12 Trap Model

The presence of traps at the surface, in the barrier and the buffer layer are well-known
in GaN HEMTs. These traps affect device characteristics significantly and give rise
to the effects known as drain-lag, gate-lag, knee walk-out, dynamic on-resistance etc.
The trapping effects are modeled in ASM-HEMT model with the help of a sub-circuit.
We have three different trapping effects models which users can select: TRAPMOD=1,
2 and 3 as described below. When TRAPMOD is set to 0, trapping effects are not
modeled.

The topology for TRAPMOD=1 is shown in figure below.

F(vg, Vd)

Q

1

Figure 2: Modeling trapping effects in GaN HEMTs with the voltage Vtrap in this
sub-circuit for TRAPMOD=1
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The trap-voltage V;,qp generated is fed back into the model and it updated parameters
like the cut-off voltage, DIBL, source and drain-resistances to capture the effects of traps.

The topology for TRAPMOD=2 is shown below. In this case two different RC
sub-circuits are used.

Itmp2
five) 2(Vy)

Figure 3: Modeling trapping effects in GaN HEMT's with the voltage Vtrapl and Vtrap2

in this sub-circuit

The trap voltages Vipap and Vigpe update the parameters cut-off voltage, sub-
threshold slope, source and drain-resistances to capture the effects of traps. In this
case, since the trap generation current is both a function of V; and V, this model is
more flexible.

The topology for trap-model TRAPMOD=3 is shown below.

Virap

ltrapd) éRt ;lé Ct
=F(vg,vd)
Ig

r— A AN — — AN
5 Rsource i dj R4rain d

rap_t =t (\'I:I:I]:-J

Figure 4: Modeling trapping effects in GaN HEMTs with the RC sub-circuit

This is recommended for modeling the GaN power device dynamic ON-resistance.
Only the drain-side resistance is affected in this trap model.
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3.13 Gate Current Model

The modeling of gate current in ASM-HEMT is implemented by using two diodes;
one is for gate-to-source current and another is for gate-to-drain current. The current
expressions are given below.

B Tdev ‘/gs
Is=W-L-NF'- {]GSDIO-{- (m - 1) 'KTGS] {exp{NJGS.KB . Tdev}_l}
(3.13.1)

B Tdev ‘/gd
I,g=W-L-NF- [IGDD[O+(m — 1) 'KTGD} |:€$p{NJGD - Kp .Tdev}_l}
(3.13.2)

where IGSDIO and IGDDIO represent saturation currents of gate-source and gate-
drain junction diodes, respectively. NJGS and NJGD are the diode current ideality
factors and parameters KT'GS and KT'GD are used to capture the temperature depen-
dence of gate saturation current.

3.14 Field Plate Model

3.14.1 Sub-circuit representation

Field plate incorporation in a device modulates the 2DEG charge formed at the
AlGaN/GaN heterojunction. We therefore assign transistor properties to the regions
of the device directly under the field plate, in addition to the intrinsic device. The
equivalent sub-circuit representation of the device with a standard field plate topology
of a gate-connected and source-connected field-plate is shown as under[7]:

For each of the transistors T, T5 and T3, the surface potential calculation is done as
performed in section Surface Potential Calculation above. This is followed by calculation
of intrinsic charges as explained in sub-section Intrinsic Charge Calculation and assigned
accordingly to intrinsic nodes within the device.
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Figure 5: Cross-sectional view of the dual FP device showing the gate and source FPs

and their appropriate connections to gate and source respectively.

g
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Figure 6: Model representation of the device. T, T and T3 denote Intrinsic, Gate FP
and Source FP transistors respectively. The intrinsic nodes within the device are also

indicated.

3.14.2 MOD selectors for field plate

We present a field-plate model with multiple field plates options (maximum 4 field-
plates), in which we provide flexibility to the user where each field-plate could be set to
either no field-plate, or gate-connected or source-connected field-plate as per the device
structure. Following flags in the model are used to set the field-plate configuration to
either ”No field-plate” (FPXMOD = 0), ”Gate-connected field-plate” (FPXMOD =
1) or ”Source-connected field-plate” (FPXMOD = 2), where X represents the field-
plate index. Based on the field-plate configuration, intrinsic drain-source (Vg fpx) and
gate-source (Vi ps) voltages for the 2™ field-plate is assigned.

If FPILMOD = 1, then

Gate field plate module is selected. For the Gate Field Plate Transistor, the surface
potential calculation is done as performed for the intrinsic transistor which is defined
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in a functional form. The new set of calculations is done with appropriate voltages,
variables and parameters e.g (voltage Vg is replaced by Vi sp1, parameters L and VOF'F
are replaced by LFP1 and VOFFFP1 respectively, variable Cy is replaced by Cy
etc).

If FPIMOD = 2, then
Source field plate module is selected. Similar to what was done for FPMOD = 1,
however, the only difference being in gate-source voltage (Vjs,,1), which in this case

becomes the voltage between the extrinsic source node and the intrinsic source terminal
of the field-plate transistor.

sp1

As a final outcome, we obtain drain current, intrinsic charges of the field-plate tran-
sistors which are assigned as per the field-plate configuration.

Similar procedure is followed for other field-plate modules (FP2MOD, FP3MOD
and FPAMOD).

3.14.3 Cross Coupling Capacitances

In case of the dual field-plate topology (FPIMOD = 1 and FP2MOD = 2) i.e
one with a gate-connected and a source-connected field plate, the gate-connected field
plate transistor modulates the 2DEG lying beneath the source-connected field plate
(2DEGFEps) through fringing field whereas the source-connected field plate transistor
modulates the 2DEG lying beneath the gate-connected field plate (2DEGFgp;) , leading
to cross-coupling capacitance components in Cyq and Csq respectively in the form of
additional plateaus. The two associated cross-coupling charges are evaluated in terms
of the existing gate charge formulation as given below.

1
Qcc,cgd =—-CFP2SCALE x WLFPQCg,FPZ{‘/go,FPQ - 5 (ws,FPZ + wd,FPZ)
(3.14.1)

+

(Ya.rp2 — ¢3,FP2)2 . }
)

12 <V907FP2 - % - % (Ys,pP2 + Vi rp2
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1
Qcc,csd =—-CFP1SCALE x WLFPlcg,FPl{quo,FPl - 5 (w&FPl + wd,FPl)

(3.14.2)

_|_

(Ya,rp1 — 1/15,FP1)2 . }
)

12<Vgo,FP1 — % — % (Vs rp1 + Yarm

Qcc,cgd and Qcc csq Tepresents the cross-coupling charge between the F'P1—-2DEGpps
and F'P2 —2DEGFEp; respectively. CFP2SCALE and CFP1SCALE denote dimen-
sionless scaling factors that determine the strength of cross-coupling plateaus observed in
Cyq and Cq respectively. These charges are assigned between the gate of one field-plate
transistor and the source node of the other field-plate transistor.

3.14.4 Substrate Capacitance

The introduction of a substrate electrode introduces a capacitance between the sub-
strate and the other three intrinsic device nodes namely the gate, drain and source where
the GaN buffer acts as a dielectric. The substrate-drain capacitance (Cgypq), however,
needs more attention since it forms a part of the overall output terminal capacitance
(Chss). We associate some charges to the substrate node and divide it into the regional
substrate charges corresponding to the intrinsic transistor (Qgup;), FP1 transistor (Qsup1)
and FP2 transistor (Qsu2). Each one of these quantities is basically a scaled value of
the 2DEG for each transistor controlled by its own gate. So, effectively we model the
substrate as a back-field-plate, with the GaN layer as the dielectric, which to some ex-
tent modulates the channel 2DEG. The regional substrate charges are evaluated using
the existing gate charge formulation given as

1
qub’}( = — CSUBSCALE, K x WLKCQ’K{V;]O’K — 5 (wst + 77/}d’}() (3143)

+ (wd,K - 7ﬁs,K)2 }

2
12(‘/90,1( — KaT _ % (ws,K + wd,K)>

q
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where K is i, 1 and 2 for intrinsic transistor, FP1 transistor and FP2 transistor re-
spectively. CSUBSCALE,K is a dimensionless scaling factor that controls the magnitude
of the regional substrate charges.

These charges are assigned between the substrate node and the source of the corre-
sponding transistor to calculate the substrate capacitance.

3.14.5 Quantum Mechanical Effects

Due to the quantum nature of the 2DEG charge at the hetero-interface, the centroid
shift of the probability distribution functions needs to be accounted for in the model.
The resulting increase in the barrier thickness, reduces the gate capacitance [31] per
unit area which subsequently is used in all the intrinsic charge equations.

o = €AIGaN

9" TBAR+ ADOS/(1+ CDOS - (Q,/QMO0))BPOS (3.14.4)

3.15 Noise Model

Thermal and Flicker noise models are included in ASM-HEMT model.

3.15.1 Flicker Noise Model

Our unified flicker noise model takes both the theories of mobility fluctuation and
carrier number fluctuation into account. The power spectral density (PSD) of the mean
square fluctuations in number of occupied traps is given as [32],[33]

kBTdev
NPt fEF

Sx(f) =N, (3.15.1)

where N; is the concentration of traps (in em™2) and f is the frequency of operation.
The Np, factor comes from tunneling probability and E'F' is a modeling parameter.This
in turn gives the drain current noise PSD as

Sir(f) = ny—(Lf;/ﬁL (%[]’iff)zdx (3.15.2)
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Also,
oY

x
o[ 1 9(-Q)  10u
Olps = W (—=Qep)=— | — + ——| N, 3.15.4
ps = pW(=Qan) 5 [—Q oN, TN, | M ( )
qR 1 Ou

Olps =1 + — ON, 3.15.5

bs = Ips | 202 20k o (3,155
where R = éa(g—%h). The + or - sign depends on whether a trap is neutral or charged

when filled, which will increase or decrease mobility. Using (3.15.2) and (3.15.5), we get
the drain current noise PSD as [12]

kT 12K, 1 1
1 NOIAV,
S f(f) LQfEF CQ |: O thC (Qch d Qch,s)
+ (NOIA+ NOIBV,,C,)ln (gh d) (3.15.6)
ch,s
NOIC
+ (NOIB + NOICV,Cy)(—Qcha + Qenys) + 5 ( zh,d - 3h,s)]

(3.15.7)

where K, = L/ [(Vyo — U + Vin) (Va — )], Qenass) = 4Cy (Vgo — tiays)) and NOIA,
NIOIB and NOIC' are parameters that include terms like Np, and NV;.

3.15.2 Thermal Noise Model

The noise PSD can be given as[34]

4k Tyen hq
5, = HerTuc / G()dy (3.15.)
[DLeff

where (1) = piesssaW (qns).
The final noise PSD can therefore be written as [13]
o 4kBTdev

Sy =
P I L2

3 _ .43
i (,ueff satWqCy ) (Vg20¢ds + Y 3 v — Vo (wj - Mf)) (3.15.9)
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4 Parameter List

4.1 Process Parameters

Note that the parameters listed here are in capital letters for better readability but

they are in small letters in the code.

Name Unit Default Min Max Description

TNOM K 300 - - Nominal Temperature

TBAR m 2.5e-8 0.1e-9 | oo Thickness of the AlGaN Layer

L m 0.25e-6 20e-9 o0 Designed Gate Length

W m 200e-6 20e-9 00 Designed Gate Width

NF - 1 1 00 Number of fingers(Integer)

LSG m le-6 0 00 Length of Source-Gate Access Region
LDG m le-6 0 00 Length of Drain-Gate Access Region
EPSILON F/m 10.66e-11 | O o0 Dielectric permittivity of AlGaN layer
GAMMAOI - 2.12e-12 0 1 Schrodinger-Poisson solution variable
GAMMAT1I - 3.73e-12 0 1 Schrodinger-Poisson solution variable
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4.2 Model Controllers

Name Unit

Default

Min

Max

Description

RDSMOD - 1

Selects Access region Resistance Model,;

0-simplified, 1-more accurate

GATEMOD - 0

Model to turn OFF/ON the gate cur-
rent model;0 to turn off,1 to turn on
the model

SHMOD - 1

Self Heating Model Controller; 0-Turns
OFF Self Heating Model 1-Turns ON
Self Heating Model

TRAPMOD - 0

Selects Trap Model;0-Turns off the
model; 1-turns on RF trap model; 2-
turns on pulsed IV trap model; 3-turns

on basic trap model

FNMOD - 0

Selects Flicker noise Model; 0-Turns off

the model 1 to turn on

TNMOD - 0

Selects Thermal noise Model; 0-Turns

off the model 1 to turn on

FP1IMOD - 0

Field Plate 1 Model Selector; 0- No
Field Plate; 1- Gate Field Plate; 2-
Source Field Plate

FP2MOD - 0

Field Plate 2 Model Selector; 0- No
Field Plate; 1- Gate Field Plate; 2-
Source Field Plate

FP3MOD - 0

Field Plate 3 Model Selector; 0- No
Field Plate; 1- Gate Field Plate; 2-
Source Field Plate

FP4MOD - 0

Field Plate 4 Model Selector; 0- No
Field Plate; 1- Gate Field Plate; 2-
Source Field Plate

RGATEMOD - 1

Switch to turn on/off gate Resistance;

0-Turns off the resistance 1 to turn on

31




4.3 Basic Model Parameters

Name Unit Default Min Max Description

VOFF A% -2.0 -100 5 Cut-off Voltage

U0 m?/V —s | 170e-3 - - Low field mobility

UA y-1 0e-9 00 Mobility Degradation Coefficient

UB V-2 Oe-18 00 Second Order Mobility Degradation
Coeflicient

VSAT m/s 1.9eb le3 00 Saturation Velocity

DELTA - 2 2 o0 Exponent of Vdeff

LAMBDA y-1 0 0 00 Channel Length Modulation Coefficient

ETAO - Oe-3 0 00 DIBL Parameter

VDSCALE A% 5 0 % DIBL Scaling VDS

THESAT V2 1 1 o0 Velocity Saturation Parameter

NFACTOR - 0.5 0 0 Sub-VOFF Slope parameters

CDSCD - le-3 0 6] Sub-VOFF Slope Change due to Drain
Voltage

IMIN A le-15 - - Minimum Drain Current

GDSMIN S le-12 0 0 Minimum conductance parameter for

Current Convergence

4.3.1 Access Region Resistance Model Parameters

Name Unit Default Min Max Description

VSATACCS cm/s 50e3 0 (6] Saturation Velocity for access region

NSOACCS C/m™2 5el7 leb 00 2-DEG Charge Density per square me-
ter in Source Access Region

NSO0ACCD C/m=2 5el7 leb 00 2-DEG Charge Density per square me-
ter in Drain Access Region

KOACCS - 0 - - Dependence of access region charge at
source side on gate voltage

KOACCD - 0 - - Dependence of access region charge at
drain side on gate voltage

UOACCS m?/V —s | 155e-3 0 00 Source Side Access Region Mobility
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UOACCD m2/V —s | 155e-3 00 Drain Side Access Region Mobility

MEXPACCS - 2 00 Exponent for Source side Access Region
Resistance Model

MEXPACCD - 2 0 00 Exponent for Drain side Access Region
Resistance Model

RSC Ohm —m | le-4 00 Source Contact Resistance

RDC Ohm —m | le-4 e%) Drain Contact Resistance

4.3.2 Gate Current Model Parameters

Name Unit Default Min Max Description

IGSDIO A/m~?2 1.0 - - Gate-source junction diode saturation
current

NJGS - 2.5 - - Gate-source junction diode current ide-
ality factor

IGDDIO A/m™2 - - - Gate-drain junction diode saturation
current

NJGD - 2.5 - - Gate-drain junction diode current ide-
ality factor

KTGS - 0.0 - - Temperature co-efficient of gate-source
junction diode current

KTGD - 0.0 - - Temperature coefficient of gate-drain
junction diode current

4.3.3 Trap Model Parameters

Name Unit Default Min Max Description

RTRAP3 Ohm 1.0 0 0 Trap Network Resistance

CTRAP3 F 1.0e-4 0 00 Trap Network Capacitance

VATRAP - 10 0 00 Division Factor for V(trapl)

VDLRI1 - 2 - - Slope for Regionl

VDLR2 - 20 - - Slope for Region2

WD - 0.016 - - Weak dependence of VDLR1 on Vy,
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VTB - 250 0 9 Break Point for Vg, Effect on V,

DELTAX m 50 0 00 Smoothing Constant

CDLAG - 5e-9 0 0 Trap Network Capacitance

RDLAG - 10 0 00 Trap Network Resistance

IDIO A 1e0 0 o0 Saturation current parameter when
TRAPMOD=1

ATRAPVOFF - 0.1 -00 00 Vors change due to trapping effects

BTRAPVOFF - 0.3 0 00 Vops change proportional to input
power due to trapping effects

ATRAPETAO - 0 -00 00 ET A0 change due to trapping effects

BTRAPETAO - 0.05 -00 0 ETAQ change proportional to input
power due to trapping effects

ATRAPRS - 0.1 -00 00 RS change due to trapping effects

BTRAPRS - 0.6 -00 00 RS change proportional to input power
due to trapping effects

ATRAPRD - 0.5 -00 00 RD change due to trapping effects

BTRAPRD - 0.6 -00 o0 RD change proportional to input power
due to trapping effects

RTRAP1 Ohm 1 - - Trap network resistance

RTRAP2 Ohm 1 - - Trap network resistance

CTRAP1 F 10e-6 - - Trap network capacitance

CTRAP2 F le-6 - - Trap network capacitance

Al - 0.1 - - Trap contribution to Vopp (1st net-
work)

VOFFTR - 0.01 - - Trap contribution to Vorr (2nd net-
work)

CDSCDTR - 0.01 - - Trap contribution to CDSCD (2nd net-
work)

ETAOTR - 0.01 - - Trap contribution to DIBL (2nd net-
work)

RONTRI1 - 0.01 - - Trap contribution to R, (1st network)

RONTR2 - 0.01 - - Trap contribution to Ry, (2nd network)
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RONTRS3

0.01

Bias independent trap contribution to
RO?’L

4.3.4 Field Plate Model Parameters

Name Unit Default Min Max Description

IMINFP1 A 1.0e-15 0 00 Minimum Drain Current FP1 region

VOFFFP1 % -25.0 -500.0 | 5 VOFF for FP1

DFP1 m 50.0e-9 0.1e-9 | © Distance of FP1 from 2-DEG Charge

LFP1 m 1.0e-6 0 00 Length of FP1

KTFP1 - 50.0e-3 -00 00 Temperature Dependence for
VOFFFP1

UOFP1 m2/V —s | 100.0e-3 0 o0 FP1 region mobility

VSATFP1 m/s 100.0e3 0 00 Saturation Velocity of FP1 region

NFACTORFP1 | - 0.5 0 00 Sub-VOFF Slope parameters

CDSCDFP1 - 0 0 00 Sub-VOFF Slope Change due to Drain
Voltage

ETAOFP1 - 1.0e-9 0 00 DIBL Parameter

VDSCALEFP1 | V 10.0 0 00 DIBL Scaling VDS

GAMMAOFP1 - 2.12e-12 0 1.0 Schrodinger-Poisson solution variable

GAMMA1FP1 - 3.73e-12 0 1.0 Schrodinger-Poisson solution variable

IMINFP2 A 1.0e-15 0 o0 Minimum Drain Current FP2 region

VOFFFP2 % -50.0 -500.0 | 5 VOFF for FP2

DFP2 m 100.0e-9 0.1e-9 | © Distance of FP2 from 2-DEG Charge

LFP2 m 1.0e-6 0 00 Length of FP2

KTFP2 - 50.0e-3 -00 o0 Temperature Dependence for
VOFFFP2

UOFP2 m2/V —s | 100.0e-3 0 o0 FP2 region mobility

VSATFP2 m/s 100.0e3 0 00 Saturation Velocity of FP2 region

NFACTORFP2 | - 0.5 0 o0 Sub-VOFF Slope parameters

CDSCDFP2 - 0 0 00 Sub-VOFF Slope Change due to Drain
Voltage

ETAOFP2 - 1.0e-9 0 00 DIBL Parameter
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VDSCALEFP2 | V 10.0 0 00 DIBL Scaling VDS

GAMMAOFP2 - 2.12e-12 0 1.0 Schrodinger-Poisson solution variable

GAMMAI1FP2 - 3.73e-12 0 1.0 Schrodinger-Poisson solution variable

IMINFP3 A 1.0e-15 0 00 Minimum Drain Current FP3 region

VOFFFP3 \% -75.0 -500.0 | 5 VOFF for FP3

DFP3 m 150.0e-9 0.1e-9 | oo Distance of FP3 from 2-DEG Charge

LFP3 m 1.0e-6 0 o0 Length of FP3

KTFP3 - 50.0e-3 -00 o0 Temperature Dependence for
VOFFFP3

UOFP3 m?2/V —s | 100.0e-3 0 00 FP3 region mobility

VSATFP3 m/s 100.0e3 0 00 Saturation Velocity of FP3 region

NFACTORFP3 | - 0.5 0 o0 Sub-VOFF Slope parameters

CDSCDFP3 - 0 0 c%) Sub-VOFF Slope Change due to Drain
Voltage

ETAOFP3 - 1.0e-9 0 00 DIBL Parameter

VDSCALEFP3 | V 10.0 0 00 DIBL Scaling VDS

GAMMAOFP3 - 2.12e-12 0 1.0 Schrodinger-Poisson solution variable

GAMMAI1FP3 - 3.73e-12 0 1.0 Schrodinger-Poisson solution variable

IMINFP4 A 1.0e-15 0 00 Minimum Drain Current FP4 region

VOFFFP4 \% -100.0 -500.0 | 5 VOFF for FP4

DFP4 m 200.0e-9 0.1e-9 | © Distance of FP4 from 2-DEG Charge

LFP4 m 1.0e-6 0 00 Length of FP4

KTFP4 - 50.0e-3 -00 00 Temperature Dependence for
VOFFFP4

UOFP4 m?2/V —s | 100.0e-3 0 00 FP4 region mobility

VSATFP4 m/s 100.0e3 0 00 Saturation Velocity of FP4 region

NFACTORFP4 | - 0.5 0 0 Sub-VOFF Slope parameters

CDSCDFP4 - 0 0 6] Sub-VOFF Slope Change due to Drain
Voltage

ETAOFP4 - 1.0e-9 0 00 DIBL Parameter

VDSCALEFP4 | V 10.0 0 00 DIBL Scaling VDS

GAMMAOFP4 - 2.12e-12 0 1.0 Schrodinger-Poisson solution variable

GAMMAI1FP4 - 3.73e-12 0 1.0 Schrodinger-Poisson solution variable
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4.3.5 Capacitance Parameters

Name Unit Default Min Max Description

CGSO F le-18 - - Gate-Source overlap capacitance pa-
rameter

CGDO F le-18 - - Gate-Drain overlap capacitance param-
eter

CDSO F le-18 - - Drain-Source capacitance parameter

CGDL F Oe-15 - - Parameter for bias V;; dependence in
CGDO

VDSATCV \% 100 - - Saturation voltage at drain side in CV
model

CBDO F Oe-15 0 00 Substrate capacitance parameter

CBSO F Oe-15 0 6] Substrate capacitance parameter

CBGO F Oe-15 0 00 Substrate capacitance parameter

CFG F Oe-18 - - Gate fringing capacitance parameter

CFD F Oe-12 - - Drain fringing capacitance parameter

CFGD F Oe-13 0 o0 Fringing capacitance parameter

CFGDSM F 1.0e-24 0 00 Capacitance smoothing parameter

CFGDO F Oe-12 0 o0 Fringing capacitance parameter

CJo F Oe-12 - - Zero V4 access region capacitance pa-
rameter

VBI \%4 0.9 - - Drain end built-in potential parameter

MZ - 0.5 - - Parameter governing decay of C\y..q for
high Vg,

Al - 115e-3 - - Parameter for governing bias indepen-
dent value of Cys at low Vi,

DJ - 1 - - Parameter governing decay of Cy..q for
high Vy,

4.3.6 Quantum Mechanical Effects
’ Name ‘ Unit Default ‘ Min ‘ Max ‘ Description
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ADOSI

Quantum mechanical effect prefactor

cum switch in inversion

BDOSI

Charge centroid parameter - slope of

CV curve under QME in inversion

QMOI

le-3

Charge centroid parameter - starting

point for QME in inversion

ADOSFP1

Quantum mechanical effect pre-factor

cum switch in inversion

BDOSFP1

Charge centroid parameter - slope of

CV curve under QME in inversion

QMOFP1

1.0e-3

Charge centroid parameter - starting

point for QME in inversion

ADOSFP2

Quantum mechanical effect pre-factor

cum switch in inversion

BDOSFP2

Charge centroid parameter - slope of

CV curve under QME in inversion

QMOFP2

1.0e-3

Charge centroid parameter - starting

point for QME in inversion

ADOSFP3

Quantum mechanical effect pre-factor

cum switch in inversion

BDOSFP3

Charge centroid parameter - slope of

CV curve under QME in inversion

QMOFP3

1.0e-3

Charge centroid parameter - starting

point for QME in inversion

ADOSFP4

Quantum mechanical effect pre-factor

cum switch in inversion

BDOSFP4

Charge centroid parameter - slope of

CV curve under QME in inversion

QMOFP4

1.0e-3

Charge centroid parameter - starting

point for QME in inversion

4.3.7 Cross Coupling Capacitance Parameters
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Name Unit Default Min Max Description
CFP1SCALE - 0 0 00 Coupling of charge under FP1
CFP2SCALE - 0 0 00 Coupling of charge under FP2
CFP3SCALE - 0 0 00 Coupling of charge under FP3
CFP4SCALE - 0 0 00 Coupling of charge under FP4
CSUBSCALEI - 0 0 0 Sub Capacitance scaling parameter
CSUBSCALE1 | - 0 0 6] Sub Capacitance scaling parameter
CSUBSCALE2 - 0 0 o0 Sub Capacitance scaling parameter
CSUBSCALE3 | - 0 0 6] Sub Capacitance scaling parameter
CSUBSCALE4 | - 0 0 00 Sub Capacitance scaling parameter
4.3.8 Gate Resistance Parameters
Name Unit Default Min Max Description
XGW - 0 0 00 Dist from gate contact center to device
edge
NGCON - 2 Number of gate contacts
RSHG /square | 0.1 0 00 Gate sheet resistance
4.3.9 Noise Model Parameters
Name Unit Default Min Max Description
NOIA - -1.5e29 - - Flicker Noise parameter
NOIB - 1e32 - - Flicker Noise parameter
NOIC - 0.55e34 - - Flicker Noise parameter
EF - 1 0 (%) Exponent of frequency; Determines
slope in log plot
TNSC - 1 0 o0 Thermal noise scaling parameter

4.3.10 Temperature Dependent and Self-Heating Parameters

Name

Unit

Default ‘Min ‘Max ‘Description
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AT - 0 -00 (%) Temperature Dependence for satura-
tion velocity

UTE - -0.5 -10 0 Temperature dependence of mobility

KT1 - Oe-3 -00 o0 Temperature Dependence for Voff

KNSO - 0 - - Temperature Dependence for 2-DEG
charge density at access region

ATS - 0 - - Temperature Dependence for satura-
tion velocity at access region

UTES - 0 - - Temperature dependence of mobility at
access region: Source Side

UTED - 0 - - Temperature dependence of mobility at
access region: Drain Side

KRSC - 0 - - Temperature dependence of Source
Contact Resistance for RDSMOD?2

KRDC - 0 - - Temperature dependence of Drain Con-
tact Resistance for RDSMOD2

KTVBI - 0 - - Temperature Dependence for VBI

KTCFG - Oe-3 - - Temperature Dependence for Gate
fringing capacitance

KTCFGD - Oe-3 - - Temperature Dependence for fringing
capacitance

RTHO Ohm 5 00 Thermal Resistance

CTHO F le-9 00 Thermal Capacitance

TALPHA - -2 - - Temperature exponent of Rtrap
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5 Parameter Extraction and Model Validation Tests

5.1 Parameter Extraction Procedure

The DC model parameter extraction flow for ASM-GaN-HEMT model can be sum-
marized in the figure given below. The following steps describe the flow:

1. Set physical parameters in the model such as L, W, NF, TBAR, LSG and LDG.
These parameters are generally available to the device technologist.

2. First the extractetion is focussed on getting the linear VD condition parameters.
From linear drain-current bias conditions i.e. Vp 50 - 100 mV I D —V G characteristics,
extract the parameters such as VOFF and NFACTOR. VOFF is the cut-off voltage
and is a very important parameter. A rough estimate of VOF'F is the VG values in the
ID —V plot in linear scale from which I D starts to rise. This rough value can be fine-
tuned as one moves along in the parameter extraction flow for best fits. NFACTOR
controls the sub-threshold slope of the device and this can be extracted by fitting the
model to linear VD condition /D — VG characteristics on logarithm scale.

3. After VOFF and NFACTOR carrier low-field mobility U0 and mobility vertical-
field dependence parameters U A and U B should be extracted from linear VD condition
ID — V@G characteristics. Trans-conductance GM and its derivatives GM’ and GM” in
the linear V' D condition can be be accurately modeled using U0, UA and UB parame-
ters. It is important to note here that the series resistance also affects linear ID — VG.
It is helpful to keep the values of series resistance parameters RSC, NSOACCS, D,
MEXPACSS, D to reasonable values for this step. The starting values for series re-
sistance parameters (which will be fine-tuned) can be from special measurements like
TLM structures or simply close to previously extracted devices.

4. With linear V D condition fitting done, the parameters from the high VD con-
ditions should be extracted. As done above, first we focus on ID — VG characteristics
for high V' D conditions and extract the sub-Voff or low-current region parameters. Due
to the drain-induced barrier lowering effect, the cut-off voltage in high V' D condition
decreases and this can be modeled with the extraction of DIBL parameters ET A0 and
VDSCALE. The sub-threshold slope also degrades for high V' D conditions and this
can be modeled with parameter CDSCD in the ASM-GaN-HEMT model.

5. Next, above-Voft fitting for high V. D ID—V G curved is done. The key parameters
for this fitting are the velocity saturation parameters V.SAT', channel-length modulation
parameter (LAM BDA) and the non-linear series resistance parameters NS0ACCS, S,
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MEXPACCS, D and UOACC'S, D. These parameters can be extracted by fitting high
VD ID — VG in linear scale. VSAT is best extracted from intermediate current levels
for which GM in high VD conditions is still rising with VG. The non-linear series
resistance causes GM to drop with VG and the associated parameters should be tuned
to fit this region. Self-heating will also have an impact in high current and high drain-
voltage regions and the thermal-resistance of the device should be set to a reasonable
value from special measurements or TCAD simulations or from previous knowledge.
Accurate modeling of trans-conductance for different V' D conditions can be achieved
with the parameters indicated in this step. It is good to go back to linear I DV G after
this step and do a very fine adjustments for further improved fits.

6. Next, the output characteristics ID — V D should be looked at. With IDVG
fitted under different V' D conditions, DV D should be already accurately modeled.
Parameters can be fine-tuned to get improvement, if required.

Above steps completes DC parameter extraction flow for ASM-GaN-HEMT model
at room temperature. For modeling DC I-V’s at other temperatures, temperature scal-
ing equations on the key model parameters are implemented in the model. Using the
temperature parameters DC I-V’s at multiple temperatures can be modeled.

After, DC parameters, S-parameter can be modeled with the model. For this, the
parasitic components need to be accounted for and a sub-circuit should be build around
the model to represent all the parasitic capacitances and inductances. At this stage the
model already predicts the intrinsic region device capacitances via its core formulation.
The capacitances CGS and CGD can be fine-tuned with parameters CGSO, CGDO,
CGDL and VDSATCYV. The effect of gate-resistance seen at high frequency can be
modeled with gate-resistance parameters RSHG and XGW . S-parameters at multiple
DC bias points can be modeled with single set of these model parameters.

After, S-parameter modeling at multiple DC bias points, large signal RF modeling
of input power sweep curves and load/source-pull measurements can be attained.
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Figure 7: Parameter extraction procedure

5.2 Results of Benchmark Tests

Model has successfully passed Gummel symmetry, harmonic balance simulation, AC
symmetry and reciprocity tests. Results of these tests” are given belo.

5.2.1 Gummel Symmetry Test Results

The Gummel symmetry test is used to test the correctness of the model with respect
to drain source symmetry. For GaN HEMTSs, it is common to use different source and
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drain gate lengths, which make the full device asymmetric. The intrinsic device region
is, however, still symmetric and the compact model for the intrinsic device should pass
the Gummel symmetry test[35],[36].
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Figure 9: First derivative of I; vs V,
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Figure 11: 3rd derivative of I; vs V,

Results are shown in 8,9,10 and 11.

5.2.2 Harmonic Balance Simulation Results
Distortion analysis is important for evaluation of RF circuit performance and cor-

rect model behavior for distortion analysis can be tested by the harmonic balance
simulations[35],[36].
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Figure 13: Two tone harmonic balance simulation result

Figures 12 and 13 show the results for harmonic balance simulation results for two

harmonics.
5.2.3 AC Symmetry Test Results

In addition to the current expression, the charge and hence capacitance expressions
in the model should also satisfy the symmetry condition. This is also known as AC
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symmetry test. It is tested using two expressions|[35],[36].

~ Cgs —Cgp

— 5.2.1

7 Cas+ Cep ( )
Css —Cpp

csd — ~ .~ 5.2.2

a Css + Cop ( )

These functions and their derivatives are shown in figures below.
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5.2.4 Reciprocity Test Results

Another important test for the correct behavior of the capacitance model is the
reciprocity of capacitances at zero drain source voltage (Vys). In general, the capacitance
between the two nodes i and j of the device are nonreciprocal, i.e., C;; = C};. However,
Ci; = Cj; at Vs = 0 and the model should mimic this behavior[35],[36].
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Figure 16: Cgp, Cpe vs Gate Voltage at Vpg =0
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Test results are shown in 16 and 17.
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