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Fig. 6. Yield factor histograms, yield% versus parameter% of comple-
mentary HEMT inverter chain.

TABLE 1II
YIELD SENSITIVITY OF HEMT INVERTER CHAIN
WITH COMPLEMENTARY LOGIC

Yield Sensitivity

Parameter (yield % /parameter%)
Parameter 1 : L —7.56 + 0.49
Parameter 2 : Z +2.25 + 0.54
Parameter 3 : u +4.12 + 0.29
Parameter 4 : Rp, —1.62 + 0.87
Parameter 5 : R +0.86 + 0.62
Parameter 6 : V,,, +0.62 £ 0.71

capacitor C5. Here also we have used the TRW #2078 HEMT’s
for both p- and n-channel HEMT’s.

For the inverter chain, we have chosen the risetime of the output
at C5 as the performance specification. The risetime is defined as
the time taken by the output signal to rise from 10% to 90% of its
final steady state in response to a step voltage applied at the input.
For this circuit, the risetime is specified to be less than 16.85 psec.

1000 simulations were performed for the inverter chain. In Fig.
6. we present the yield factor histograms of this circuit. The yield
sensitivities were calculated and are given in Table III. For this
circuit, we observed similar results as the NOR gate. But in this
case, the yield sensitivity with respect to L, Z and mobility is less
as compared to example I. Again the yield is almost insensitive to
Rp, Rs and V,,, of the device.

VI. CoNCLUSION

This work uses the yield factor histograms to study the yield and
the yield sensitivity of HEMT circuits with process parameter
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variations. From our statistical Monte Carlo analysis of two ex-
ample circuits, we observed that the yield is sensitive to the device
dimension and to the carrier mobility and almost insensitive to the
threshold voltage.

The analysis technique we present in this paper will help the
microwave circuit designer to efficiently calculate yield sensitivity
to process parameter variations.
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the empirical dc parameters of the so called ‘‘Raytheon’’ model. The
comparison between computed and measured dc characteristics is quite
satisfactory on GaAs microwave FET’s of 1 pm or more gate length.
By adding to the results, obtained in this work, an adequate model of
the stray capacitances, the circuit performance can be optimized using
the technological characteristics of active devices.

NOMENCLATURE

a Active-layer thickness.

E, Electric field value at the electron drift velocity saturation.
v Saturation velocity.

Channel length modulation factor.

20 Conductance of the metallurgical channel.
Saturation current of physical model.

Saturation current of Raytheon model.

K, Domain parameter.

L Gate length.

L, Shockley region’s length.

Length of velocity saturation region under the gate.
L Saturation region’s length. )

Np  Doping density of the active zone.

€ Dielectric permittivity.

q Electronic charge value.

Vi, Built-in voltage of Schottky contact.

V,  Voltage drop across non-saturated region under the gate.
Voo = qa’Np/2e ideal pinch-off voltage.

Vr  Threshold voltage of the MESFET.

z Gate width.

uo  Low-field electron mobility.

I. INTRODUCTION

Microwave circuit simulation programs are useful and fast tools,
especially if circuits consist of a large number of components. Such
tools (namely MWSPICE™ [1], LIBRA™ [2], etc.) can work with
semi-empirical models or with physical models or, in some case,
with both.

If the technological process is, at least in part, under control (as
in the case of MMIC design [3]), the physical model is the best
approach to the design. Otherwise, as in the case of hybrid design,
it is sufficient to refer to semi-empirical models {4}, [5], whose
parameters are derived from measurements.

Clearly the semi-empirical model is more convenient from the
computational complexity point of view. On the other hand, it is
also clear that a physical model gives a more tight insight into cir-
cuit performances. It would be useful to make the two models in-
teract in such a way as to derive the semi-empirical model param-
eters directly from the physical model.

In this work, we show that it is possible to give the most mean-
ingful dc elements of the semi-empirical MESFET model a func-
tional dependence on the physical structure of the device. This ap-
proach is very useful in optimization procedures, that are more
efficient if carried out by a designer who knows the relations be-
tween the elements of the equivalent circuit and the physical-geo-
metrical parameters. To obtain the analytical expressions, we
started from the already known analytic physical models whose va-
lidity is the basis of this work.

In Sec. II we discuss the most used semi-empirical models.

In Sec. IIT we recall the fundamental points of the theory, lead-
" ing to the physical models as found in current literature.

In Sec. IV we obtain analytic physics-based expressions of the
““‘Raytheon’’ model parameters.

In Sec. V we discuss the experimental results.
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Fig. 1. The large signal equivalent circuit of the Raytheorn model.

II. LARGE SiGNAL EQUIVALENT CIRCUITS

The first, though incomplete, large signal equivalent circuit of
the MESFET was proposed by Rauscher and Willing in the late
1970s [6]. In 1980, the Curtice model [4] was the first equivalent
circuit expressly conceived to be used in time-domain circuit sim-
ulation programs as SPICE™. In this model, the non-linear ele-
ments do have an analytic functional expression and this simplifies
the fitting of the circuit parameters.

The Curtice model presents two problems. First, the square law
variation of I, versus V,, in the saturation region, derived from the
Si JFET model, describes precisely only MESFET’s with low
pinch-off voltage; for devices that do not fulfil this hypothesis, the
square law is valid only near the pinch-off. Second, the C,, and C,y
capacitances were used asymmetrically and with a C,,; constant with
respect to the bias, reflecting the actual situation only in the satu-
ration region.

In 1987, the above-mentioned problems were solved with the
model (Fig. 1) proposed by Statz et al., usually known as ‘‘Ray-
theon model’” [5], which has the same topology as the Curtice
model, with the addition of a gate-drain diode and a nonlinear C,,.
For the saturation current, the following expression is used:

B(Vgs - VT)2

= 1
la =173 bV — Vp) M

Equation (1) introduces a new parameter b; for small values of
V,s — Vr, i.e. near the pinch-off, the expression follows a square
law, whereas for high values of V,, — V7 the behavior is linear in
Ve — Vr. The channel length modulation is given by the term (1
+ A\V,), while, in the region before saturation, a’ polynomial
expression is used, with a hyperbolic tangent like behavior. The
expressions describing the capacitance behavior are rather complex
because they consider the various bias conditions: however, they
describe a progressive transition from gaturation to ¥,, = 0, and in
the inverse connection the role of C,, and C,, is reversed [5].

Though other analytical MESFET models have been proposed,
trying to solve the same problems of Curtice model [7], [8] and
other anomalous effects [9], [10], the Raytheon model results ac-
curate and with a good structure; in fact, it was incorporated in
SPICE.
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In this model there are some empirical parameters (i.e., «, 8, A,
b), for which we obtain analytical expressions, starting from the
physical characteristics of the components. The approach used is
based on the gradual channel approximation and a piecewise linear
approximation for the electron velocity, hence, at first glance, it is
suitable only for gate lengths greater than 1 um. However, recent
works [11], [12] have shown that such approximations turn out to
be valid for ultra-short gates (80 + 100 nm) [13], when velocity
saturation, overshoot effects [14], and fringing eﬁ°ects [11] are in-
cluded.

III. Tae ID( ess Vas) CHARACTERISTIC
A. The Physical Model

In Fig. 2(a) and (b) the well-known situations of a self-aligned
and a non self-aligned MESFET are shown: in region I the gradual
‘channel approximation is used and the mobility is assumed to be a
constant value g,; in region II (and III) the saturation velocity (v;)
is reached [15]. For simplicity sake, we assume a uniform channel
doping profile Np.

It is possible to have an analytical solution for L; (Fig . 2(a) and
(b)) and then for L, = L — L, [15]:

2a . _,
L, Vs Vgs) = 7 sinh { Vp(Vgs )]3 )

2aE,
where K, is the domain parameter [15] and V,, is the voltage drop
between the point x = 0 and x = L;. After some mathematical
manipulation on the drain-current expression of the square-law
model [15] we obtain:

qpoNpZaE,

vV, — V. 2
VoolVpo + 3E,L] Ve = V1)

LV, gs» Vi) =

V,o + 3E,L
.+ 3E[L — L]

&)

where the third factor is the channel length modulation factor, that
will be called for v, whereas the product between the first two fac-
tors is equal to the current value for V,, = V,, namely .I,. Taking
into account (2), we can write:

Id( gs’ Vds) = Ip(VgS)fCLM (Vd.w Vgs) (4)

which is a new general expression where I, represents the current
at the onset of saturation velocity (L, = 0) and it is a true function
of V,, without necessarily being a square law. Equations (3) and
. (4) above allow us to handle a mathematical model directly related
to FET physical parameters.

B. The Statz et al. Model (Raytheon Model)

The analytical expression of I, in the Raytheon model [5] (R
stands for Raytheon) is

BV, — Vr)
IdR( g5 Vds) = mp(a’ Vals)(1 + >\Vds) (5)
where
1 - <1_al/£>3 for0 < Vi < 3/a
P(@, Vi) = 3 ©)
1 for V, = 3/a.

According to the properties of P(a, V), we can note that the
first factor in (5) represents the saturation current value, after which
the current doesn’t further increase (neglecting the influence of the

] ; o

N

L, L L ox
0 X
(@)
L
G
y 1 ]
L, L
(b)

Fig. 2. Cross view of the active MESFET region: (a) normal MESFET.
(b) self-aligned MESFET.

output conductance) although V,, increases. Such a current will be
called Ig. For Vy, = 3/a, P(a, V) is equal to 1; we call this
voltage value V.

IV. ANALYTIC PHYSICS-BASED EXPRESSIONS OF THE RAYTHEON
MoDEL PARAMETERS

Clearly Igg, and I, of the phys1cal model do not represent the
same quantity. I, is the current at the onset of the velocity satura-
tion (L, = 0), meanwhile Iy is the-current for Vy = 3 /o Ne-

" glecting this difference can cause a considerable error: a connection

between (4) and (5) can be set up only after defining a saturation
current Ipg, (where P stands for physical) also for the physical
model. Later on we will come back to this matter: at the moment
we consider V,,; a known value. Hence, Ip,,; is (4): ’

IP sat(Vgs ) = Ip (Vgs ) fCLM(Vsat’ Vgs ) (7)

where form(Vias Vis) is derived by replacing, in the third factor of
(4), the value of L, given by (2) with V,, = V,,. In reality, this
value depends on V,. We have found, however, that L; is quite |
independent of V,, for V4, > E,L/V,,, that is our case. Therefore
we can choose for Vs the built-in value V,;, obtaining:

Ly = Ly (Vgs = Vois Vis = Vi) ®)
Using this value, we can determine Soim as
Voo + 3E,L
JerMsa = Vo + 3E(L — L) )

which turns out to be independent of

IPsat(Vg:) = Ip (Vgs )fCLMsat'

Ves. Then (7) becomes:
(10)

The simplification introduced in (8) allows us to make a com-

_ parison between Iy, and Ipg,, from which it will be possible to
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obtain the requested link between 8 and b of the Raytheon model
and the physics-geometrical parameters of the device.

A. Determination of B and b

As I, (V) is the current at the onset of velocity saturation, that
is for E = E  at x = L, we have [16]:
st—s?— ¢

b =&Vutl 1 = J 7T 0Ty

an
where s is the depleted fraction in the channel at point x = 0, g,
= qu,NpZa/L is the so-called conductance of the metallurgical
channel and £ is the saturation index [11]. It would be better to turn
Irsar» given by the first factor of (5), into an expression including
s instead of V. After some algebra one obtains:

_BVpO (s2 _ 1)2

b, T\
_— 1 + _—
y < pro>

We want to find values for 8 and b as a function of g,, £, Vios
etc. in such a way as to make the functions Tz, (s) and Ip(s) as
similar as possible. A matching between the two curves has to be
carried out by considering the more or less great importance of the
various zones of the curves. The two curves always meet at s = 1
where they must be equal to zero (pinch-off situation). We impose
a first crossing point between the two current curves at s = 0. If
we consider the great importance of the zone between 0.5 and 1, a
second matching point can be positioned at about s = 0.7.

For s = 0.7 the factor 1/(bV,,), in Igsy, equals (1 + £*), and
we obtain the requested value b as a function of the physical-
geometrical parameters:

IRsat(s) = (12)

1
b= ———s.
Vil + £%)
By substituting (13) into (12) and making the resulting expres-

sion equal to [ formsal, (5)], with s = 0, we have the requested
expression of 8, that is
R

(13)

2
£l1 5 E/I(Z + £9)
_ &
B = —Vpo fCLMsatl 1+ & (14)

An example of the matching obtained is given in Fig. 3, where
¢ =0.15.

B. Determination of o

In the Raytheon model « is the parameter that describes the be-
havior of the curves I, (V,,, V) in the region before the current
saturation; thus it has a double function. First « is just the slope of
P{a, Vy) at V,, = 0. Secondly, for V,; = 3/« the I,/V,, curve
((5) and (6)) becomes flat and 3/« may be considered the right
value of ¥V, in the Raytheon model. Therefore, the exactness of
the modeling of both these quantities is based on the goodness of
the polynomial form that is chosen empirically to represent the
MESFET behavior.

Now we try to find an expression for « so that, once it has been
put into I, it may give the same slope (for V,, approaching 0) as
that obtained from the physical model. That implies the condition:

. al, . 0y
lim —= = lim —=, 15
Vis—0 Vg w0 OV, (1)
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Fig. 3. Comparison between the current of Raytheon and physical models.

The physical model valid in this region is the Schockley’s [17} and
then from (15) we obtain:

2a 7K,
E|L — = sinh™' { —2
Voo + 3 S[L - sinh <2aEs>]

EL(l1 _EL V., + 3E.L)
s Vo + EL |7 % s

We can now evaluate V,, = 3 /o, which we have supposed as
known in (8) and include its value in (9) and (14) for the final
determination of 3.

o =

(16)

C. Determination of A

In the Raytheon model the output conductance is described by
the multiplicative factor (1 + AVy,). As Vy > 3 /a, Iz becomes:

IdR(Vgs’ Vds) = IRsat(Vgs)(l + )\Vds)' (17)

In the physical model, the channel length modulation is the phe-
nomenon determining the output conductance of the inner MES-
FET: it has a vaguely logarithmic behavior (owing to the sinh™!
included in L;) and presents a variable slope. Therefore a straight
line will never represent such a behavior completely, but can only
approximate it. For this approximation, we use a secant straight
line that supplies a minimum total error compared with the original
curve in the zone of greater interest for the device behavior. In this
way we have obtained:

Vo + 3E,(L — Lyy)

\ Voo 3B~ L@V + E,L/1 + £, Vyl
EL

1+ &

1

18

W, +

 where L, is given by (8) and (16) and L, (V, V,,) by (2).

V. EXPERIMENTAL RESULTS

As new expressions for the empirical parameters of the Raytheon
model have been obtained, it is necessary to check their validity.

As already mentioned, the Raytheon model is used in many
SPICE versions. Once the parameters are obtained by means of the
previous equations (see Table II), it is possible to obtain the char-
acteristic I; — V,, for various gate voltages. We used our formulas
to simulate the behavior of several MESFET’s. A good agreement
between measurements and theory has been generally obtained. In
particular, we show here the curves (Figs. 4 and 5) resulting from
the simulation and the data measurements of two very different
MESFET’s [15] whose parameters are shown in Table 1. In Table
II, the parameters derived by using (13), (14), (16), and (18) are
reported. .
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Fig. 5. The obtained I-V characteristic of a high pinch-off MESFET (FET
2), [15] (solid line = this work, square = measured data).

TABLE I
PHYsICAL PARAMETERS OF THE Two MESFET
FET 1 FET 2
Voo 1.8 5.3 \Y%
N, 1.81 10" 6.5 10'¢ Atoms /cm®
L 1.3 1 pm
z 200 500 pm
Vi, 0.76 0.75 v
v, 1.2 10° 1.2 10° m/s
Yo 0.306 0.45 m*/Vs
R, 6.8 16.5 Q
R, 68 11.3 Q
K, 0.1 0.1
TABLE II
OBTAINED PARAMETERS
FET 1 FET 2
« 4.07 4.3 1/v
8 0.00235 0.0129 A/V?
A 0.0158 0.0164 1/V
b 0.528 0.188 1/v
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Considering the statistical variations of technological parame-
ters, the theoretical simplification and the approximation of mea-
surements, the results obtained in this work agree quite well with
the available experimental data.

VI. CONCLUSION

In this work, we have obtained analytical expressions for the
empirical parameters of the Raytheon model: «, b, N, 8. Theoret-
ical and experimental results for the I~V characteristics of different
devices are in good agreement. The approach presented is based
on the gradual channel approximation, hence it has a validity only
for MESFET’s with L = 1 um. This means that the results ob-
tained in this work would seem to be limited in practice as all the
up-to-date available MESFET’s have submicron gate length [19]-
[21]. Further work is in progress, to apply a similar approach to
submicron MESFET’s, including surface-depletion effects [9], non
abrupt depletion region interface [19], carrier injection in the buffer
layer [22].

It is of remarkable interest that, as it has been experimentally
demonstrated [11], the gradual channel approximation turns out to
be again valid for ultra-short-gate (80 -+ 100 nm) length MES-
FET’s, if velocity saturation in the whole channel, overshoot ef-
fect, and fringing effects are included.
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Fullwave Analysis of Planar Microwave Circuits by
Integral Equation Methods and Bilinear
Transformations

Andreas Janhsen, Burkhard Schiek and Volkert Hansen

" Abstract—Planar microwave circuits are simulated by a mixed space-
spectral domain integral method which allows the consideration of
space-varying impedances. For an efficient computation of scattering
parameters of circuits containing lumped elements within this full wave
analysis, a bilinear transformation is used. Furthermore, by this so-
called Mobius transformation it is possible to decide whether an
impedance region of finite size can be interpreted as a lumped element
or not.

I. INTRODUCTION

Since the eatly 80’s there is an increasing interest in the inves-
tigation of planar microwave circuits based on a numerical solution

of Maxwell’s equations. These methods can be roughly devided -

into two groups:

The simulation of microwave circuits by finite differences (e.g.,
[1]), finite elements (e.g., [2]), by the transmission line method
(e.g., [3]) and similar methods is advantageous for circuits with
complicated shapes, because these techniques are based on a three-
dimensional discretisation of the metallization of the circuit as well
as of the dielectric structure. Lumped impedance elements, space
varying conductivity and a finite thickness of the metallisation can
be considered. However, an enormous numerical expense is nec-
essary because of discretising in all three dimensions. Thus, these
methods are mainly used for circuit simulations where the dimen-
sions of the geometry are in the range of a wavelength. Radiation
of the circuit into free space can only be considered approximately.

The second group includes the integral equation techniques (e.g.,
[41-[6]) and in the broadest sense the method of lines [7]. Here,
the three-dimensional discretization is reduced to a two-dimen-
sional one. Therefore, the dielectric layers are described by their
Green’s function. The expenditure of analytical and program-tech-
nical preparation yields an efficient computation of the circuits for
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which the assumption of a plane layered dielectric environment is
valid. Defining ideal electric or magnetic sidewalls surrounding the
circuit, FFT algorithms (e.g. [8]) can be used advantageously. Fi-
nite conductivity and a finite thickness of the metallisation can be
considered approximately defining a surface impedance. A method
for the simulation of active and/or passive lumped elements within
the integral equation techniques is described in [9]. This approach
can be generalized to space-varying surface impedances [10].

The latter will be discussed in this paper. First a general model
for circuits embedded in layered dielectric media will be intro-
duced. Subsequently an integral equation technique of planar mi-
crowave circuits including space varying surface impedances is
shortly outlined. The correlation of port-quantities, e.g., scattering
parameters, and circuit terminals, e.g., lumped impedances, is cre-
ated with the help of a bilinear transform. This leads to an efficient
computation of scattering parameters of circuits containing lumped
elements. Furthermore, it becomes possible to give a measure for
the numerical validity of calculated scattering parameters and an
indicator is definable, by which it can be decided whether an
impedance region of finite size can be interpreted as a lumped ele-
ment or not. By several examples the efficiency of this method is
illustrated.

II. MopEeL AND INTEGRAL EQUATION

The multiport circuit which is to be analyzed is embedded in a
layered dielectric medium (Fig. 1). By this model not only mi-
crostrip circuits with or without a superstrate but also stripline,
coplanar and similar structures can be examined.

The surface current density J(x, y) on the metallic structure is
represented by a sum over N piecewisely defined basis functions
f.(x, y) with current amplitudes I,

FACH)) 7
b" ns

where b, is the width of the nth current mode. The number of basis
functions depends on the complexity of the circuit.

-The electric field has to fulfill the surface impedance boundary
condition on the circuit (see e.g. [11]):

E@, lan = Zoalt, DI, ) + E* . ®
The space-varying surface impedance consists of two parts

. N
Jx,y) = 21, (1

Ziw(x, y) = Z; + Zx, y). 3)

Thus, in addition to a finite conductivity Z, which represents the
overall conductor losses, we have a space-varying surface imped-
ance Z(x, y). By this space-varying surface impedance different
kinds of metallisation can be modeled (e.g. a superconductive film)
or/and we can model impedances of finite size or infinite small
size. Introducing a Green’s function of the stratified dielectric
structure an integral equation can be obtained which is formulated
in the spectral-domain as well as in the space-domain [9], [10].
Applying the method of moments we get the following set of linear
equations:

N
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