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Small-Signal Characterization of

Microwave and Millimeter-Wave

HEMT’s Based on a Physical Model
Ranjit Singh and Christopher M. Snowden, Senior Member, IEEE

Abstract— A highly efficient generalized physics-based ap-
proach for small-signal characterization of FET devices is pre-
sented. A novel method is developed for extracting the frequency

dependent two-port parameters from a single time-domain phys-
ical simulation basedl on a multi-signal excitation scheme. The

technique is applied to simulating the frequency- and bias-
dependent scattering parameters of HEMT’s using a quasi-two-

dimensional physical model that incorporates the main physical
phenomena which govern the device behavior. A new carrier en-

ergy distribution model is presented which improves the accuracy
of the physical model. An equivalent circuit is also generated from
the physical dynamic simulation which can be used for predicting
S-parameters and for indirect linking of the physical model to
existing CAD tools. The unique formulation and efficiency of the
present technique make it suitable for computer aided design of
FET subsystems. The accuracy and flexibility of this approach is
demonstrated by comparison of simulated results with measured

data for a pulse do]ped pHEMT and uniformly doped GRAS
channel HEMT.

I. INTRODUCTION

sMALL-SIGNAL, EQUIVALENT circuit models are

widely used in CAE systems. Traditional small-signal

HEMT models are based on equivalent circuits and the element

values are determined from measurements by optimization

of the fit to scattering (S)-parameters. The approach is

particularly time consuming for efficiently modeling bias-

dependent S-parameters and MMIC design. The elements

values determined in this way lack a strong physical basis and

the equivalent circuit models require extensive experimental

data to establish a good basis of design and a large number of

fitting coefficients. This approach is largely empirical and there

is generally not a unique solution to the problem. Moreover,

it is very difficult to characterize the effect of phenomena,

such as DX centers and substrate trapping which are known

to degrade the performance of the device, The physics-

based model described in this paper is capable of efficiently

modeling S-parameter bias dependence and provides a link

between device, material, and process related parameters, and

microwave performance. It enables the electrical performance

to be considered at the device parameter level and makes the

model highly suitable for MMIC design.
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This paper presents a computationally efficient physically

based technique for simulating frequency-, amplitude-, and

the bias-dependent S-parameters. At present there is a only a

limited amount of published information available concerning

physically-based small-signal S-parameter modeling of

HEMT’s, but there have been some developments [1]-[7],

which have the potential to improve the capability of

physically-based microwave and millimeter-wave CAD

programs. Mahon et al. [8] reported a physically-based

analytical technique for modeling HEMT structures by

generating the core of a equivalent circuit from device material

and geometric parameters, and a set of bias-independent

parameters. The present work describes a generalized dynamic

physical small-signal model in which a time domain physical

simulation is directly included in the extraction schemes for

S-parameters and physically-based equivalent circuit model

elements. The specially developed multi-signal excitation

scheme allows the extraction of frequency-dependent S-

parameters and equivalent circuit element values from a single

time domain simulation,

The basis of this work is a quasi-two-dimensional (Q2D)

HEMT simulation [9], augmented with an avalanche break-

down model and improved energy distribution representation.

The physical small-signal S-parameter scheme is used to

characterize a pulse doped pHEMT and uniformly doped

GaAs channel HEMT. It accurately predicts the S-parameters

and provides the device performance prediction in terms of

physical parameters without any fitting to measured data. The

extracted equivalent circuit provides a indirect link between

the physical modeling and existing CAD tools.

II. HEMT PHYSICAL MODEL

Physical models are predictive and produce results based

on physical geometry, material, and carrier transport de-
scription of the device. The quasi-two-dimensional (Q2D)

physical model used in the present work accounts for hot

electron effects in submicron HEMT’s, includes parasitic

MESFET conduction, substrate injection, DX centers, and

trapping phenomena, The basic principle of the model is

described elsewhere [9] and the model structure is shown

in Fig. 1. The model has been substantially improved in-

corporating an avalanche breakdown model and a improved

carrier energy distribution representation. The semiconductor
transport equations in each active layer of the device are solved
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Fig. 1. (a) Quasi-two-dimensional HEMT model structure and (b) Ganssiarr
surface under the gate in a pHEMT.

in a highly efficient manner with a self-consistent charge-

control model [10]. The drain current is given by the sum

of currents in all the active layers. In a conventional single

channel HEMT there are three active layers; doped wide-

band-gap, undoped smaller-band-gap and S1 substrate layers.

The equations governing the electron dynamics in each active

layer of the device are

[E(x) - E(z – 6x)] Lk – 6Evk(z) 6X = ~ Gauss Law

(1)

8Jk +apk=o
——
ax l!%

Current Continuity (2)

hk

ax-[
= ; @(x) – ‘:;TkwO

1
Energy Conservation (3)

[

awk
Vk = P,k E(x) – ~ 1Momentum Continuity (4)

where Lk is the effective conductive height, Q~ is the net local

charge and Ek is the permittivity, Jk is the current density and

p~ is the net local charge-density, ~k is the electron mobility,

v~ is the electron velocity, ‘Tk is the energy relaxation time for

the kth layer, and 6EVk is the difference in electric field at

the two boundaries of the kth layer. E(x) is the longitudinal

component of electric field and WO is the lattice energy.

The model [9], which already incorporates the average

energy dependent material parameters, has been substantially

improved by incorporating the energy distribution of each
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Fig. 2. Energy-electric field ‘Monte Carlo characteristics for AlGaAs, GaAs,

InGaAs.

active layer in to the transport parameters. The carrier en-

ergy distribution of two-dimensional electron gas (2DEG) is

significantly different from those of doped layer and other

active layers. A norma~lized stationary electric field model

is incorporated. The energy distribution in each layer of the

device is used to determine the corresponding steady state

electric fields E~,k from an energy-electric field characteristics

obtained from that layer Monte Carlo simulations. These

electric fields with corresponding carrier concentrations nk in

each layer are used to calculate the longitudinal stationary

electric field Es. (x) as

Ess(z) = k —.

x
nk

(5)

k

The energy-dependent mobility pk is then determined by

relating the corresponding steady-state velocity ‘U~~kfor the

kth layer to the longitudinal stationary electric field and this

yield the mobility Pk as

(6)

The steady-state electron energies and drift velocity ver-

sus electric field characteristics for AlGA’s, GaAs, InGaAs

material are shown in IFigs. 2 and 3.

The present transport model assumes an equivalent single

valley in a material. l[t is strictly true for a single-valley

band structure material, such as silicon. This assumption

is, however, reasonable in the present Q2D physical model

since the transport and conservation equations are solved

with the transport parameters generated from the Monte Carlo

simulations. The multi--valley transfer effects and band non-

parabolicity are simulated in the Monte Carlo calculations.

The solution of full set of conservation equations facilitates

the representation of the hot-electron effects and allow the

model the capability of characterizing submicron gate length

devices.
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Fig. 3. Velocity-electric field Monte Carlo chmacteristics for AIGaAs, GaAs,
InGaAs.

The model [9], which already accounts for gate current and

contribution due to displacement current has been improved

by incorporating avalanche breakdown model for gate and

channel breakdown in the physical simulation. The model

follows the work of Frensley [1 1], Wroblewski et al. [12],

and Snowden and Pantoja [1]. Breakdown is assumed to occur

when one of the following condition is satisfied

/

1~~

MF=l+ a dx > 1 Channel Breakdown (7)
o

VD,S ~ VG~~T – IVGs I Gate Breakdown (8)

where lDs is the drain-source spacing, iWF is the multipli-

cation factor and it expresses the ratio of the drain to source

current, and channel breakdown occurs if MF significantly

exceeds unity. The ionization rate a is expressed in terms of

stationary electric field as

a=c.x,{-[*]’}, (9)

Based on the work of Snowden and Pantoja [1] and model

[12], the coefficients in the above equation have values

C’ = 1.8107 m-1,

E. =6.5 X

and

/?=2.

In gate breakdown condition,

107 Vm-1

the voltage VGD~T is given by

where E is the permittivity and o is the charge density.

(lo)

III. SMALL-SIGNAL MODEL

The physics-based small-signal characterization can be ob-

tained by direct inclusion of a time-domain physical simulation

in a S-parameter simulation scheme or by generating an

equivalent circuit from the physical simulation. The simulation

has also been used in large-signal design and analysis [4].

A. Dynamic Physical Model

The generalized technique for the physics based small-signal

characterization of FET devices is described here. It is based

on the concept introduced for the MESFET by Snowden and

Pantoja [1]. At a large number of frequencies this approach

is rather time consuming and a new modified technique is

developed to suit CAD applications and presented here. Two

port parameters are calculated in two stages. Firstly, the

output (drain-source) port is driven with a mixed multi-signal

sinusoidal source current isl, superimposed on DC bias 1s,

and given by

isl = 1S + ~ ls~F sin (2nf~t) (11)

i

where I,sRF is the amplitude of RF component of sinusoidal

source current and summation is across the whole range of

frequencies of interest at which small-signal S-parameters are

to be evaluated (note that lSRF must be sufficiently small

to maintain linearity). The input (gate-source) port is short

circuited for RF signals. The simulation is allowed to run

several cycles to allow transients effects to settle down. The

gate- and drain-cun-ent and drain-source voltage waveforms

are calculated from the Q2D physical simulation. The discrete

Fourier Transformation of all the waveforms gives phasors

~Gl (u), ~~1 (u), VDsl (w), for simulating frequency and its

harmonics. The multi-frequency problem is transformed to

an equivalent single frequency by choosing the simulating

frequency to be highest common factor of all the frequencies

such that all the frequencies of interest are an integral multiple

of the simulating frequency. The admittance (Y)-parameters

Y12(w) and Yzz (w), at a frequency w are determined by

Y12(U) =
IGI (w)

VDSI(w)
(12)

Y22(W) =
ID1(w)

v~s~(w) “
(13)

In the second stage, the input-port is driven with a mixed

multi-signal sinusoidal voltage @Sl, superimposed on the DC

bias VGs, and given by

VGS1 = VG,S + ~ VGRF sin (2m~iL) (14)
i

where VG~~ is the amplitude of the RF component gate

voltage. The output port is held open short circuit for RF

signals. The gate-current and drain-source voltage waveforms

are calculated and after Fourier Transformation this then gives



SINGH AND SNOWDEN: SMALL-SIGNAL CHARACTERIZATION OF MICROWAVE AND MILLIMETER-WAVE HEMT’ S 117

Fig. 4.

.-------w?
~ Cdsk

gmk= 9mpfP ( -kq

Physical basis of HEMT small-signal circuit model.

Yll(w) =
l~z(w) – Y12(w)v&(w)

v~~~(w)

Yzl(w) =
ID2(W) – Y22(W)VDS2(W)

Visz(ti) “

(15)

(16)

This technique produces the admittance-parameters of the

intrinsic device for all the frequencies at the same time. The

parasitic impedances can be added to intrinsic admittance-

parameters and the corresponding S-parameters are obtained

by Y -+ S conversion formulas. Maximum available gain,

Rollet stability factor and other related parameters in subsys-

tem design can also be evaluated. The amplitude of the exciting

waveforms must be chosen to ensure linear and noise free

results. A key feature of this technique is that it is possible to

relate physical and geometrical changes in the device design

to changes in the performance. It enables a wide range of

process parameter variation to be investigated in a very short

time without resorting to fabrication experiments.

B. Physics-Based Equivalent Circuit Model

The equivalent circuit models are popular with practicing

engineers and in some circumstances offer a speed advantage

over a full implementation of the physical model. An equiv-

alent circuit model generated from the physical simulation is

presented here. The physical basis of the HEMT equivalent

circuit is shown in Fig. 4. In a HEMT, the conductive channel

is controlled by the Schottky barrier gate potential and intrinsic

gain is provided by the device transconductance, gm. The con-

ductive channel in a HEMT is the combination of multilayer

conduction paths possible within the device structure. The

gate voltage simultaneously changes the carrier concentrations

present in several regions with different transport properties.

The multilayer conduction path make the equivalent circuit

problem more involved as this phenomena is bias dependent.

The device g~ is a combination of all the conducting re-

gions transconductances (~gmk). The transit time constant,

~ represents the time taken by carriers to travel under the

effective gate region, either side of the gate, The effective
gate length is distance between the edges of the gate depletion

depth. The device output conductance, g& is a measure of the

incremental change in the output current ID,s versus output

voltage VD,S, while the input voltage VG,S is held constant. It

is combination of multilayer conductance (~gds~). The input

gate capacitance is dependent on the depletion region under

9_m=gme-ioT

Fig. 5. Topology of intrinsic small-signal circuit based on physical model.
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Fig. 7. Measured and simulated DC characteristics of the pHEMT.

the gate and channel carrier concentration, which depends on

the gate voltage and lateral channel potential. It is distributed

and resistively connected to the conducting channel. The input

gate-source network can be represented by a distributed series

combination of capacitance Cg, and resistance %. The gate-

drain capacitance, C@ represent a feedback path between

the drain and gate due to coupling between gate-drain, It

is distributed and is ccmnected to low resistivity conducting

channel. The drain-soulrce capacitance cds is also associated

with multilayer conduction paths within the device.

The basic HEMT can be represented by a small-signal

circuit model without parasitic as shown in Fig. 5. The core

of the model is directly dependent on the process-oriented

technological parameters and accurately predicts the bias-

dependent S-parameters,. It does not require fitting coefficients.

An important feature of this equivalent circuit model is that

all the elements are nonlinear (bias-dependency is intrinsically

available from the Q!D model). Equivalent circuit model
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Fig, 8. Small-signal scattering parameters of the pHEMT.

elements are extracted by generating the frequency-dependent

Y-parameters of the intrinsic device using the two-stage multi-

signal excitation based on the physical approach described

above. The intrinsic circuit model has seven element values

and these can be expressed in term of Y-parameters as

Cgd(w) =
–Im [Ylz(w)]

c,.(w) =
Im [Yl~(w)] – wCgd(w)

w

{

Re [Yll (W)]2

“ 1 + {Im [Yll(w)] - WC’,d(w)}2 }

(17)

(18)

Re [Yll(w)]

“(w) = {Im [Yll(w)] - OJCgd(W)}2 + {Re [YII(w)]}2 ’19)

‘m(’)=-
(20)

~(w) = ~ arcsin {–Ire [Y21(w)] – WCgd(W)

(21)– WCgs(w)Ri(w) Re (y’l)}

—++ Simulated
>,2 100 — Measured

250

S2, 100

0
350

0

350

cd.(b)) =
Im [Y22(w)] – wCgd(w)

w
(22)

gds(~) = Re [Y22(LJ)] (23)

where w is the angular frequency. The parasitic impedances

at the gate, source, and drain contacts are added as circuit

elements as shown in Fig. 6. The scattering parameters are

then calculated from the elements of the model. The present

technique allows accurate extraction of physical equivalent

circuit for a wide variety of FET structures and makes the

simulation ideal for incorporating into circuit models. The

accuracy of the model presented here relies on the original

physical simulation which relates the circuit elements to the

physical operation. It is valid at the higher frequencies, where

the multilayer conduction and displacement currents are taken

into consideration in the dynamic physical formulation based

on the time-domain transport equations.

The circuit model element values remain constant over

a considerable frequency range. The S-parameters over this

frequency range can be calculated by extracting the circuit

element values corresponding to a single frequency. The multi-

frequency technique described above, however, allows the

frequency-dependent element values to be evaluated ,from

frequency-dependent Y-parameters provided by single time-

domain simulation at the equivalent transformed frequency.
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IV. RESULTS AND DISCUSSION bias-dependent intrinsic equivalent circuit element values

pulse-doped AIGaAs/InGaAs/GaAs pHEMT and

uniformly-doped AIGaAs/GaAs HEMT devices have been

simulated to validate the approach. The measured and

simulated DC characteristics of a 0.25 pm pulse-doped

pHEMT with gate width of 300 #m are shown in Fig. 7

and the small-signal S-parameters over the frequency range

1.0–26.0 GHz at VDS = 2.0 V, VGS = –0.65 V are shown in

Fig. 8. The measured and simulated small-signal S-parameters

of 0.25 ~m AIGaAs/GaAs HEMT over the frequqncy range

1.0–26.0 GHz at VD,S = 2.0 V, VGS = 0.0 V are shown in
\Fig. 9. The measured data was obtained using a wafer-probe

technique. The simulated results have been determined using

the physical data and parasitic inductance element values

extracted from the on wafer calibration and no further jitting

is performed. The model make use of parasitic resistances and

capacitances calculated during the physical simulation, which

includes the contact and access resistances and interelectrode

capacitances. The level of agreement between modeled and

measured RF results can be improved to achieve an excellent

level of fit by adjusting the extrinsic parasitic element values,

but this was not the aim of the work, which was to demonstrate

the predictive capability of the model. Fig. 10 shows the

extracted from a series of dynamic physical simulations.

The Q2D dynamic simulation provides the results in the

form of time domain waveforms. The amplitude of the exciting

signals must be large enough to provide the numerical noise

free results and sufficiently small to ensure linear operation

without intermodulation. Typically, RF gate voltage ampli-

tudes O.1–1 mV and RF source current amplitudes 0.05–0.5

mA are used. The specially developed two-stage technique

for Y-parameters calculation is more efficient and suitable

for CAD due to ability to predict the frequency dependent

Y-parameters from a single time domain simulation and has

no iterative method. The typical CPU time for a full multi-

frequency S-parameter simulation scheme at one bias point

is about a minute on a, SUN LPX SPARC workstation. The

present approach produces the true AC quantities and ac-

counts for bias-dependent multi-conduction paths, distributed

phenomena, and deep-level effects occurring in the device.

v. CONCLUSION

A highly efficient generalized physically-based S-parameter

extraction scheme is described. It is easily applied to MES-

FET and a wide variety of HEMT structures. Application of
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Fig. 10. Variation of equivalent circuit parameters with gate and drain biases; (a) transconductance; (b) output conductance; (c) gate-soorce capacitance;

(d) gate-drain capacitance; and (e) transit time-constant.

the multifrequency excitation concept in the small-signal S- distribution model has been incorporated into the physical

parameter extraction scheme, drastically reduces the complex- simulation. It improves the accuracy by incorporating the

ity of the multi-frequency simulation problem by transforming energy distribution of each active layer in the transport pa-

it to an equivalent single-signal case. The HEMT simulator rameters.

incorporated in the scheme accounts for hot electron effects in A physical equivalent circuit model is presented. The equiv-

submicron HEMT’s, parasitic MESH3T conduction, substrate alent circuit elements are derived from dynamic physical

injection, quantum, and deep level effects. A new carrier- simulation with a high degree of computational efficiency. The
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present technique allows the investigation of the frequency,

signal-level, and bias dependency of RF parameters starting

from the process-oriented technological stage and thereby

making the present work suitable for MMIC CAD. Results

obtained from the actual devices have shown close agreement

between predicted and measured results.
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