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ABSTRACT

The Hybrid Wave Boundary Integral Equation method is ap-
plied to analyze wave propagation along the width of a lin-
earized InGaAs/InAlAs HFET model with accurate descrip-
tion of all geometrical details. Special consideration is given
to the influence of operating conditions on propagation char-
acteristics by introducing separate linear models for unbiased
operation, channel depletion and velocity saturated opera-
tion. Results are given for the gate and drain mode in the pas-
sive device and for the mixed mode in presence of a linearly
controlled channel current density.

INTRODUCTION

Accurate prediction of the millimeter wave performance of
HFETs and MESFETs is a topic of growing interest. One as-
pect of the “dilemma of models” for this purpose is the gap
between physics based device simulation and circuit level
device characterization. The former is involved with a basi-
cally 2-dimensional, quasi-static device model. Voltages and
currents are assumed to be in-phase and position independent
along the device width. Circuit level device models, on the
other hand, are in terms of scattering parameters at external
ports, relative to the connecting transmission line system.

The models required to fill this gap are (a) a full-wave
model of the extrinsic device which yields the scattering ma-
trix between the external ports and reference planes on the in-
ternal gate-source-drain electrode system, (b) full wave anal-
ysis of wave propagation along the latter and (c) an ade-
quate concept to connect a physics based transport simula-
tion to the EM field solution. The present paper is concerned
with (b). Analysis of the device internal EM field has long
been recognized as a transmission line problem (e.g. [1, 2]).
Early full-wave investigations of canonical FET structures
(rectangular electrodes on layered conducting/isolating me-
dia) have shown that slow wave propagation may results in a
non-negligible phase shift along the device (e.g. [3, 4]). Be-
yond passive device models, a landmark in full-wave 3-d de-

vice simulation has recently been set by [5] where a FDTD
scheme is coupled with a hydrodynamic transport model.
Results presented in [5] confirm that despite of nonlinearity
the transmission line picture is consistent with the main fea-
tures of wave propagation along the device.

Most previously studied geometries, however, bear little
resemblance with the cross-section of a state of the art HFET
(Fig. 1a). Since slow wave propagation is too a high degree
governed by the distribution of the current density within
the field penetrated, non-ideal conductors, full-wave analy-
sis must accurately account for finite conductivity and shape
details of the conductors (Fig. 1c) in order to be more mean-
ingful than a quasi-static analysis. In the framework of a lin-
earized device description we further have to distinguish be-
tween models appropriate for (i) the unbiased device with
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Fig. 1: (a) Cross-section of the symmetric InGaAs/InAlAs
HFET structure with indication of discretization intervals on
subregion boundaries; (b) detail of the model for the transition
from the contact region to the 10 nm channel; (c) detail of the
0:2 �m gate. Dotted region delineates intrinsic device. See also
Table 1.
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low field channel mobility, (ii) channel depletion and (iii)
velocity saturated operation with zero AC mobility but field
controlled channel current density. For all three cases we ad-
dress the analysis of EM wave propagation along the device
width as an eigenvalue problem for the fundamental modes
supported by the respective model structure. The eigenvalue
problems are solved by means of the Hybrid Wave Bound-
ary Integral Equation Method (BIEM) [6] which has been ex-
tended for the present study to allow for subregions with a
non-locally field controlled current density.

DEVICE MODEL

Fig. 1 shows the cross-section of the symmetric InGaAs /
InAlAs HFET structure whose parasitics are subject of the
present investigation. In reality its extension along thex-axis
is more than 5 � 103 times the smallest dimension which is to
be represented in the model (10 nm channel thickness). To
keep the dimensional ratio within reasonable limits source
and drain electrodes have been cut off at jxj = 5�m in
the model structure. The actual contour of the T-shaped
gate (Fig. 1c) is modeled after an electron micrography. The
whole cross-section is described as an arrangement of linear,
isotropic and piecewise homogeneous media as detailed in
Table 1. The region within the dotted box in Fig. 1c will be
referred to as the intrinsic device below. Three different sim-
ple linear models are considered for the intrinsic device:

For the cold FET model we assume a constant conductiv-
ity throughout the channel according to the measured low
field sheet resistance. In the depleted FET model the chan-
nel conductivity is set to zero for jxj � 0:3�m. In the active
FET model it is assumed that velocity saturation occurs in a
hot field region, jxj � 50 nm, symmetrically about the ori-
gin of the x-axis. This simplification allows to maintain the
symmetry of the structure. The hot field region is assigned
zero AC conductivity but it supports a controlled current den-

Table 1: Geometrical and material parameters of the
model structures. See Fig. 1 for remaining dimensions.

dielectric
subregion thickness constant conductivity
“air” 1 1.0 –
“source” 250 nm 1.0 �s = 31:25 S

�m

“gate” (see Fig. 1c) 1.0 �g = 31:25 S

�m

“drain” 250 nm 1.0 �d = 31:25 S

�m

“barrier”a 27:5(+10) nm 12.33 –
“channel” 10 nm 13.7 �c = 0:6 S

�m

“contact” 150 nm 13.7 �c = 0:6 S

�m

“substrate” 30 �m 12.33 –

aThe region between gate and channel; 10 nm gate recess.

sity Jc = 1
t
�cvsatex, where t denotes channel thickness and

�c the average sheet channel charge density under the gate.
The latter is approximated by the average hDyi of the elec-
trical flux density on the bottom face of the gate electrode,
jxj � 100 nm. Within the BIE formulation (see below) the
flux density is obtained as Dy = j

!
( @
@x

Hz + 
Hx). The
“impressed” channel current density is thus described as a
non-local, linear functional of the even part of the field only,
a simplification which again aims at maintaining symmetry.

The model of the remaining passive structure is, how-
ever, rigorous with the exception of some not easily acces-
sible physical details, e.g. the contact resistance between the
source (drain) metalization and the alloyed region. The con-
ductivity of this region has been set equal to the channel con-
ductivity of 6 � 105 S =m in the present model.

FIELD THEORETICAL APPROACH

The EM field problem is posed as an eigenvalue problem for
the complex effective permittivity �r;e� := �
2=k20 of the
fundamental modes supported by the respective model struc-
ture. The solution is obtained with the Hybrid Wave Bound-
ary Integral Equation Method [6]. For treatment of the ac-
tive FET model the method has been extended to allow for
inclusion of a controlled current density Jc in addition to the
conduction current density �E. With reference to the local
system of normal, tangential and axial unit vectors (n; t;a)
on each subregion boundary, the BIE systems for a single,
homogeneously filled subregion of the device cross-section
is

K[aH ]�
h2

j!�
G[tE]�




j!�
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@

@s
aE]

= �Q[diva� Jc]�G[tJc]; (1)
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= � j!�Q[aJc] +



(� + j!�)
G[nJc]: (2)

K and G denote boundary integral operators acting on the
tangential (tE; tH ; tJc), normal (nJc) or axial (aH ;aE)
field components andQ is a domain integral operator. Their
kernels are given by the free space Green’s function and its
normal derivative. h2 := 
2 � j!�(� + j!�) denotes the
transverse wavenumber. The simultaneous system of BIEs
for all subregions, mutually coupled by the common tangen-
tial field components along their interfaces, describes the al-
lowed fields within the structure. Unless h2 = 0 for some
subregion, it is equivalent to Maxwells equations for linear,
isotropic and piecewise homogeneous media. In our present
model, where the “impressed” channel current density Jc is
divergence free and purely transverse, both domain integral
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Fig. 2: Gate and drain mode wavelength and decay length
for the cold FET model.

operators vanish. Furthermore, since Jc is defined as a lin-
ear functional of the remaining unknowns the global system
of BIEs is homogeneous and has nontrivial solutions only for
the eigenvalues of the propagation constant or, equivalently,
�r;e� . To solve the problem numerically, the BI operators are
discretized by expanding the unknown axial and transverse
tangential field components on each subregion boundary into
2nd order B-splines. These expansion functions extend over
3 elements of the boundary partitions shown in Fig. 1. Ex-
ploiting symmetry approx. 300 expansion functions are re-
quired for each model. The residual of the global operator
equation is tested using the Method of Least Squares with
Intermediate Projection [7]. The resultant matrix operator is
subject to singular value decomposition to locate the eigen-
values of �r;e� as minima of the residual of the global system.
The search strategy was to obtain first the (real) eigenvalues
for the case �s = �c = �d = 1 and �c = 0 at a fixed
frequency, then trace �r;e� through parameter space up to the
final values and then follow its evolution over frequency. It
must be noted that the numerical effort for the second step is
considerable since j�r;e� j changes over two orders magnitude
as a function of �c

RESULTS

Cold FET model. Fig. 2 shows the wavelength and the de-
cay length � := 1=� for the gate and drain mode between
10GHz and 100GHz. The electrical length of a 100�m de-
vice at 100GHz amounts to more than 60� for the gate mode
and almost 120� for the drain mode which also shows very
strong attenuation. Boundary values of selected field compo-
nents are shown in Fig. 3 for the gate mode and in Fig. 4 for
the drain mode, both at 50GHz. Figs. 3a and b illustrate that
the reversal of the axial current density is not in phase over
the cross-section, an observation which underlines the im-
portance of a rigorous treatment of the electrodes. The rele-

(a) Re fSzg

(b) Im fSzg

(c) Re fHzg

(d) Re fExg

Fig. 3: Boundary values of selected field components for the
cold FET gate mode at 50GHz; (a,b) real and imaginary part
of axial current density, (c) real part of axial magnetic field
on electrode boundaries, (d) tangential electric field on the
upper face of the channel. Subfigures are scaled separately.

vant wave propagation effects are in fact observed within the
electrodes due to their large complex permittivity ��j �

!
. The

transverse electric field in the barrier and channel region, on
the other hand, is essentially a gradient field. From the mag-
nitude of the axial magnetic field component we conclude
that the voltage measured around an arbitrary loop in the re-
gion jxj � 1:5�m;�3�m � y � 0�m is less than 5�10�4

times the gate-source or drain-source voltage up to 100GHz.
The maximum of the magnitude ratio between the axial and
transverse electric field components in the channel region is
approx. 5% at 100GHz. These figures are of interest when
evaluating the potential merits of full-wave solvers over the
traditional Possion solvers in a physics based simulation of
the intrinsic device.

Depleted Channel model. As expected both modes prop-
agate much faster if the channel is depleted. The drain mode
attenuation constant is about one order of magnitude less
then for the cold FET model. Wavelengths and decay lengths
are given in Fig. 5.
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Fig. 4: Boundary values of selected
field components for the cold FET drain
mode at 50GHz; See caption of Fig. 3.

Active FET model. As a consequence of symmetry and
the above mentioned simplifications which neglect any influ-
ence of the odd mode fields on the controlled channel current
density, the drain mode is not affected by the “active” cou-
pling. The even mode is replaced by a mixed mode whose
propagation constant is (within numerical accurracy) that of
the gate mode in absence of coupling. For space limitations
we restrict to the most interesting piece of information which

Fig. 5: Gate and drain mode wavelength and decay length
for the depleted channel model.

Fig. 6: Excitation of the drain mode current wave by
the gate mode voltage for vsat = 105m = s.

can be drawn from our simple model, i.e. the ratio ydg =
id=vg of the odd field current id = 1

2
(
H
d
tH ds�

H
s
tH ds)

to the even field voltage vg = 1
2
(
R
g!s

tE ds+
R
g!d

tE ds);
with the latter integrals taken along the substrate/air inter-
face. The frequency dependence of ydg is shown in Fig. 6
scaled to a saturation velocity of vsat = 105m = s.
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