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A.btract- A scalable device model for high-power, large

periphery AIGaN/GaN HEMTs on SiC has been devel-
oped which includes device self-heatiug. The parametri-

zed model coefficients were evaluated using S-parameters
obtained from isothermal bias contours and pulsed I-V mea-
surements. Model scaling with device size was examined by

comparing with measurements for peripheries from 0.25 mm
to 1.5 mm. The scaled model showed good agreement with
measured S-parameters and power sweep data.

I. INTRODUCTION

Wide bandgap AIGaN/GaN HEMTs on semi-insulating

SiC substrates have yielded a power density of 6.9 W/mm

at 10 GHz and 9.1 W/mm at 8.2 GHz, making them candi-

dates for compact, light-weight, high power amplifier sys-

tems [1], [2]. A compact MMIC power amplifier of 20 Watts

at 9 GHz and a hybrid flip-chip amplifier of 14 Watts at

8 GHz were reported using GaN/AIGaN HEMTs on SiC

[3], [4]. For design purposes, an accurate device model for

large periphery devices is critical to fully utilize high power

density devices. A model for a GaN HEMT on sapphire,

valid without device heating, has recently been reported

[5], and simulated and measured results agreed well when

used to simulate a monolithic GaN distributed amplifier [6].

However, inclusion of heating effects would allow a better

description of large periphery devices operating with high

power dissipation.

We have used a modified Curtice cubic model which in-

cludes temperature-dependent device characteristics. De-

vice parameters have been extracted using S-parameter

data measured on isothermal contours and pulsed I-V

curves. We examined device scalability by measuring de-

vices up to 1.5 mm and estimating the temperature rise

due to power dissipation. This resulted in a scalable,

temperature-dependent model for a GaN HEMT on SiC.

Power sweep measurements for device peripheries up to

1.5 mm support the accuracy of the model.

II. PULSED I-V MEASUREMENT AND TEMPERATURE

EFFECTS

Pulsed I-V measurements allow the extraction of

model parameters, permitting accurate determination of

transconduct ante, frequency dispersion, and trapping ef-

fects [7]. Pulsed I-V characteristics were measured for a

250 pm AIGaN/GaN HEMT by pulsing the drain voltage,

Vd., with pulses of 1 psec duration and 1 kHz repetition

rate at Vg$ =(), V&+). This pulsing and duty cycle allows I-

V measurement with negligible DC power dissipation, and
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Fig. 1. Pulsed and static I-V characteristic of a 250pm GaN HEMT
On Sic. Vg~=-2.5 V to Vg3=0 V, with a step of 0.5 V (line: static,
symbol: puked)

a comparison with the static (CW) I-V curves is shown in

Figure 1. The static I-V approaches the pulsed I-V at low

drain current, while the two differ significantly at larger

drain current.

The influence of heating is observed in the static I-V

curves of Figure 2 for the same discrete 1.5 mm device

mounted on silicon and copper substrates using epoxy. The

current difference becomes large as the power dissipation

increases, and more current droop occurred with the device

mounted on the silicon substrate.

III. SYSTEMIC DETERMINATION OF DRAIN CURRENT

MODELING COEFFICIENT

Significant device heating can occur with high drain bias,

typically 20-40V for GaN HEMTs, and high RF power.

Therefore, a temperature-dependent model is necessary.

A small, 250 pm periphery, two-finger HEMT was mod-

eled using an Agilent EEsof LIBRA user-defined nonlinear

model with a circuit for self-heating. The topology of this

model, called CFET2 [8], is given in Figure 3. The current

source, I~h, is numerically equal to the instantaneous power

dissipated in the FET and the resistance, R~h, is the ther-

mal resistance. The Rth ~th product, ?_th, is the thermal

time constant. Previously, an electro-thermal nonlinear

model for a silicon RF LDM OS FET used a temperature-

dependent current equation [9].

As the conventional device modeling approach baaed on

fitting static I-V curves is not an accurate indicator of the
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Measured static drain current characteristic for a 1.5 mm
Ga.W HEMT on two heat sink materials (x-: silicon, o-: copper).
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Fig. 3. Large signal model topology including a thermal equivalent
circuit.

measured power spectrum, due to RF dispersion and ther-

mal heating [7], a more accurate approach is necessary for

high power GaN devices. A bias-dependent large-signal

model using pulsed isothermal characterization has been

reported [10], but the S-parameter measurement employed

with pulsed bias is time consuming without specialized

equipment. We propose extraction of the drain current co-

efficients using isothermal small signal S-parameter mea-

surements with static bias, providing an accurate model

with standard equipment.

Consider the Curtice cubic model [8] with temperature-

dependent current modeling coefficients Ai (T) and g~,

which can be represented as

g~ = (AI(T’) + 2Az(’T)V1 + 3A3(T)V?) tanh(-yV&t)

X( I + Avo.t)(l + p(vdso – Vout)), (1)

where VI = Vin (i — T) (1 + ,B(Vd80 — Vot,t )), with Vd$o the

drain voltage where Ai is extracted, and where ,6 describes

the pi rich-off dependence on Vd., y is the drain current sat-

uration parameter, J is the drain current coefficient, Vout

(-J o~
5 10 15 20

Drain voltage,V@V)

Fig. 4. Measured drain current of 25o ~m device and z W/mm,

4 W/mm, and 6 W/mm isothermal contours. Vg~=.2.5 V to
Vg8=l.0 V, with a step of 0.5 V. The model uses temperature.

dependent coefficients obtained from S-parameters measured on

isothermal contour.

is the steady-state harmonic balance solution. The drain

current can be represented as

Id. = (AO(7’) + AI (T)V1 + A2(T’)Vf + A3(T)Vf)

x tanh(~Vout)(l + ~V~~t). (2)

The coefficients Ai (2’.) with negligible power dissipa-

tion can be evaluated from the pulsed I-V measurement,

and Ai (7’) can be determined from the static I-V and S-

parameters measured along various isothermal bias con-

tours. From (1) and (2), we note that the static value of

A.(T) can be determined from the static drain current at

VI =0, but the operating value of AO(T) is determined us-

ing S-parameters on isothermal contours. Al (T) is known

from the gm at Vg, =0, measured on an isothermal contour.

Therefore,

where al = tanh(~Vou~)(l + AVot,t) and CX2 =

tanh(-yV~,,t ) (1 + ~V&) (1 + ~(vds. – Vo,,t)) in the satura-

tion region. Using two or more different measurements at

isothermal bias points, the remaining Ai (7’) can be deter-

mined. Figure 4 shows measured static I-V curves along

with three isothermal contours.

Drain current coefficients evaluated using static I-V,

pulsed I-V, and isothermal S-parameters are given in Table

I. The temperature rise To, T1, and T2 correspond to neg-

ligible heating, 2 W/mm, and 4 W/mm, respectively. To

investigate the extent of heating in the devices and extract

the thermal model parameters in Figure 3, the channel tem-

perature and thermal resist ante is needed. Using the device

geometry and measured DC characteristics, channel tem-

perature rise was obtained as a function of drain bias for

Class A and Class AB(B) operation. An analvtic FET ther-.,.
mal resistance model [11] was used under the assumption
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Fig. 5. Temperature rise versus drain hiss voltage for 2 finger (250
~m) and 12 finger (1.5 mm) GaN HEMTs on SiC under Clss.s A
and Class AB mode operation

that the gate segments are the heat source, and maximum

power is produced for each drain bias. The temperature

for an example GaN HEMT is shown in Figure 5 for Class

A and Class AB bias, as a function of drain voltage, with

the specified drain current and device geometry.

From the simulated temperature, a thermal resistance

was calculated. This resulted in Rth =33.81 K/W for the

0.25 mm device, 8.45 K/W for the 1.0 mm device, and 6.38

K/W for the 1.5 mm device. With the drain current and

thermal model coefficients determined, the remaining ex-

trinsic and intrinsic parameters extracted from isothermal

S-parameters were used as input parameters to the CFET2

large signal model. The set of parameters thus determined

is given in Table II.

TABLE I

TEMPERATURE-DEPENDENT DRAIN CURRENT MODELING COEFFICIENTS

FOR 0.25 mm PERIPHERY GAN HEMT,

[ x 10-3 Cw I A;(To) I Ai(T1) I Ai(T2) I

A. 116.1 142.1 132.3 114.8

Al

A2

A,

35.97 54.97 -13.9 37.3
-4.874 -2.121 -43.5 -13.3

-0.8052 -0.7567 -8.60 -3.02

TABLE II

MODIFIED CURTICE CUBIC MODEL PARAMETERS FOR 0.25 mm

PERIPHERY G AN HEMT.

Resistance

R9=3,305Q

Rd=2.534~

Ra=0.382fl

&=2.58Q

Rd.=736~

Capacit ante

Cg,=0.268pF

C@=~&93fF

Cd8=15.87~

Thermal

R,~=33.81

rth = 10–6 S

T~nPh=850C

T~..k=27°C

Ttmp=270C

Diode

VBI=2.35V
1.=o.27pA
R1=lOOOQ

R2=45~

~~
2004W6fM8CKl WO0

Device width (~m)

Fig. 6. Drain current density M a function of the device width for
GaN HEMT on SiC

IV. SCALABILITY OF GAN HEMTs AND MODEL

VERIFICATION

Device model scaling was examined on two device ge-

ometries. One is a 2-finger device, and the device size in-

creases with finger length (0.5 mm, 0.75 mm and 1.0 mm),

where the thermal dissipation density is similar. The other

is a 1.5 mm device (12 x 125 ,um) with sources connected

by air bridges, and higher thermal dissipation is expected.

With the extracted large signal model for a 250 pm device,

the scaled models for 0.5 mm and 1.0 mm devices were

constructed with a distributed gate model, where the ele-

ment ary cell is connected in series. The device model of the

1.5 mm device was constructed by area scaling a two-finger

250 pm model and then fitting the model to measured S-

parameters. Scalability of the dri~in current, S-parameters,

and C W power sweep were examined. The measured CW

drain current of the 2-finger devices scaled well, as shown in

Figure 6, although heating resulted in decreased current at

the higher drain biases. Figure 7 shows the good agreement

between measured and modeled S-parameters for 0,25 mm,

O.5 mm and 1 mm devices. Figure 8 shows the compari-

son of modeled and measured power output and PAE of

the 0.25 mm, 0.5 mm and 1,0 mm devices. The power was

measured in a 50 Cl system, which is suitable for model-

ing verification purposes, and the PAE improved for larger

devices because the load better lmatches the 50 Q system.

Figure 9 shows the measured and modeled output power,

PAE, drain DC current, and gain of the 1.5 mm device,

with good agreement.

V. CONGLtJSION

A simple and accurate modeling approach, based on a

modified Curtice model, has been developed for high power

density AIGaN/GaN HEMTs, Temperature-dependent

drain current coefficients were extracted from measured

isothermal S-parameters and pulsed I-V data. Devices of

size 0.25 mm to 1.5 mm were measured and accurately

modeled using this approach.

0-7803-6540-2/01/$10.00 (C) 2001 IEEE



35, ,60
— mcdelad Pout

30-

~ 25
~

g 20.

g 15-

9
0

lo-

fraq(3000GHz to 20J30GHz)

Fig. 7. Measured and modeled S-parameters for 0.25 mm, 0.5 mm

and 1 mm GaN HEMTs at V~s=15 V, Vg. =-2.2 V(symbols: mea-

surement, lines: simulation.)
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