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Finite Element Analysis of Skin Effect
Resistance in Submillimeter Wave

Schottky Barrier Diodes4
JOHN S. CAMPBELL AND GERARD T. WRIXON, MEMBER, IEEE

,4Mracf —The skin effect resistanceof GRAS Schottky barrier diodes,

operating at high frequency, has been obtained using a specially developed

finite element computer program. The devices were analyzed as multilane

finite element models entailing curved high-order numerically integrated

isoparametric elements. These models coped easily with complexity of

shape and with the near singularity associated with the geometry of the

anode. A parametric study entailing twenty-six analyses was carried out,

from which it was concluded that the skin effect resistance can be mini-

mized by the correct choice of topographical features such as the extent of

the ohmic contact and the anode shape.

I. INTRODUCTION

I N RECENT YEARS the submillimeter and far in-

frared wavelength bands have seen the emergence of

low noise superheterodyne mixing techniques that hitherto

had been confined to microwave and millimeter wave-

lengths. Workers in the fields of radio astronomy, plasma

diagnostics, and spectroscopy have been among the first to

benefit from these techniques which have placed the

benefits of coherent detection and, in particular, the availa-

bility of broad-band multichannel spectrometers, at their

disposal for the first time.

The GaAs Schottky barrier diode is the universally used

nonlinear mixing element in high frequency receivers [1]. It

is a wide bandwidth device having high sensitivity and

good mechanical stability. It can be operated satisfactorily

at room temperature but its sensitivity can increase by a

factor of up to seven when cooled to cryogenic tempera-

tures. It consists of a small metal contact deposited on an

epitaxial GaAs layer on a heavily doped substrate, the

junction being mechanically contacted when mounted in a

mixer circuit.

The conversion loss L of a mixer is the ratio of the

power from the RF source to the power absorbed in the IF

load. A considerable fraction of this conversion loss occurs

in the diode arising from two separate processes, the intrin-

sic conversion loss LO and the parasitic conversion loss Lp.
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LO is the result of losses arising from the conversion

process within the nonlinear resistance of the diode and for

a broadband mixer has a theoretical minimum of 3 dB. Lp

is the loss associated with the parasitic elements of the

diode, namely, the junction capacitance CO and the series

resistance R,.

It has been shown [2] that the series resistance R. of a

Schottky barrier diode is strongly frequency-dependent due

to skin effect and carrier plasma resonance. While it is

possible to minimize the effect of the latter by choosing

carrier concentrations whose plasma resonance lies well

outside the diode operating range, skin effect resistance is a

monotonically increasing function of frequency and for

diodes in the submillimeter range it can form a major

proportion of the total series resistance [1].

The aim of this investigation is to determine whether the

skin effect resistance R~~ can be minimized by the correct

choice of diode topography, in particular, the shape of the

anode and the position of the ohmic contact. The availabil-

ity of E-beam lithography has meant that submicron non-

circular anode shapes can be employed if these should

prove to be beneficial. In fact, earlier theoretical and

experimental investigations [3], [4] have shown that it is

possible to reduce the dc spreading resistance by increasing

the perimeter to area ratio of the anode while maintaining

a constant area of diode and, hence, also a constant

capacitance. Wrixon and Pease [3] fabricated cross-shaped

epitaxial diodes with anode area equal to that of 1-pm-

diameter circular diode and confirmed that the spreading

resistance was reduced by 30 percent while the capacitance

remained unchanged.

The analysis of semiconductor devices is not possible for

practical devices unless recourse is made to computer based

numerical simulation techniques. The development of such

techniques for semiconductor devices started with the use

of a one-dimensional finite difference model [5], and this

approach was later extended to the two-dimensional case

[6]. More recently, simulation of two-dimensional effects

have been made [7], [8] using the finite element method,

which more readily accommodates geometric irregularities

and facilitates mesh grading. In this present paper, a

multilane finite element model, using curved high-order
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Fig. 1. Subdivision into elements. (a) Original domain and boundaries.

(b) Finite element subdivision.

elements, is developed for the analysis of Schottky barrier

diodes operating at high frequency.

II. GOVERNING EQUATIONS AND VARIATIONAL

APPROACH

For Schottky barrier diodes, Langley [4] has shown that,

outside of the space change region, the general time depen-

dent equations reduce to the simple Laplace type equation

of electrostatics. Thus at any point x, inside domain L?(Fig.

1), the solution must satisfy the divergence condition

V“uvql=o. (1)

On the boundaries, the solution @ must satisfy the condi-

tions

a+_.

x– ‘
on part rl (Neuman condition) (2)

+–V=O, on part I!z (Dirichlet condition)

+=0, on part 173(Dirichlet condition) (3)

where @is the scalar potential function, u is the conductiv-

ity, ~ is the normal direction to the boundary, V is a

prescribed potential, and r, +,rz + r~ = I’, the total

boundary (Fig. 1).

In the variational approach [9], the direct solution of the

governing partial differential equation (pale) and the

boundary conditions (be) are supplanted by the minimiza-

tion of a functional which has the governing pde -t bc as its

Euler–Lagrange equations, The differential and variational

approaches are equivalent: a solution satisfying the pde + bc

minimizes the functional; minimization of the functional

gives a solution which satisfies the pde + bc. It is easily

shown that, for this electrostatics problem, the required

functional is given by

Applying Green’s theorem to this functional gives
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in which the volume integral is identically zero (from (l)),

the boundary integral is zero on the ohmic contact (+ = O),

and also on nonconducting boundaries ( vo. n = O). For

the diodes considered here, the boundary integral is non-

zero only on the anode rz, where the potential o = F is

constant and therefore (5) reduces to

~($)=~~v+.ndr=~~ (6)

2

in which 1 is the total current passing from the anode to

the ohmic contact. From (4) and (6) it follows that the total

current 1 may be written as

and hence the skin effect resistance, defined as R,~ = V/I,

is given by

%=v2/&v@)2dQ (7)

III. FINITE ELEMENT APPROACH

The finite element method is a numerical technique

which enables an approximate solution to be obtained for

boundary value problems. The essence of the finite element

method consists of,-two steps. ,

i) The total domain L! is subdivided into a number of

smaller contiguous subdomains Q?e(the elements) as shown

in Fig. l(b).

ii) The dependent variable @ is defined in a piecewise

continuous manner, across the complete domain, in terms

of a finite numbered set of discrete nodal parameters.

Within each element, the piecewise description on the

dependent variable @is given as

+(.X) = Aj(X)”j (8)

in which repeated subscripts imply summation. Here Ni(x )

are prescribed polynomial functions and Ui are the values

of@ at the discrete locations xi, known as the nodal points.

These nodal points are usually located on the external
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Fig. 2. Six-noded curved triangular element used in the diode analysis.

boundary of the element. To be specific; in the diode

analysis a triangular element with curved edges is used,

having 3 vertex and 3 midside nodes as shown in Fig. 2.

Equation (8) describes an approximation to the continu-

ous function +(x ) in terms of a discrete number of nodal

variables Ui. It follows from (8) that the gradient is given

by

VC$ = VNiu, (9)

and therefore the functional of (4) may be rewritten as

ll(l+)=~rl’
e

where the summation is taken over all the elements e. The

minimization referred to in Section II is now carried out

with respect to the discrete variables Ui. Thus, for a mini-

mum, the condition ~11/ aUi = O is applied, leading to

w“

Fig. 3. Cut away view of skin-effect multilane model

obtain other physical parameters at all points within the

Kijuj = O (11)
domain.

IV. MULTIPLANE FINITE ELEMENT MODEL
in which

e

and

k:j = J oVNi VNjdQ (12)
n.’

is the element matrix.

Applying the Dirichlet boundary conditions to each of

the nodes on boundary I’z then (11) becomes

K:uj=pi. (13)

These equations may be solved (using, for example, Gaus-

sian Elimination) to obtain the nodal potentials Uj. A

particular feature of the formulation is that these hnear

simultaneous equations are symmetric, positive definite,

and strongly banded. The frontal equation solution proce-

dure [10] used here exploits these enhancing properties.

The solution set {uj} describes the variation of the scalar

potential O(X) in a discrete, pointwise form. Using this

solution subsidiary computations may easily be made to

For diodes operating at high frequency, the current flow

is constricted within a skin region at the outside surface of

the diode. For the diodes considered here the current flow

takes place in the multilane, hollow box shaped region

shown in Fig. 3. For each plane, it may be reasonably

assumed that the potential does not vary through the skin

depth 8. Thus the x – y planes in Fig. 3 may be analyzed

using plane, two-dimensional finite elements of thickness S.

At the ‘folds’, where the top and sides meet, a common

nodal potential u~ is shared by each adjacent plane, thus

ensuring continuity of the potential ~. For the multilane

models the integral of (12) becomes

/
k,] = oVN, VNj8dx’dy’

a’

where x’ y’ are the in-plane local coordinates as shown in

Fig. 3.

A six-noded triangular element having curved edges,

shown in Fig. 2, was used because this greatly simplifies

the task of mesh grading. The six-noded quadratic

high-order numerically integrated element was chosen in
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Fig. 4. Carrier concentration profile for GaAs diode. +
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Fig. 5. Ohmic contact configurations for high frequency model il-
lustrated on diode cross section. Key: B: bottom; S: side, T top.

preference to the simple three-noded linear triangular ele-

ment for two main reasons: firstly, curved boundaries are

more easily and more accurately dealt” with; and secondly,

considerably less data is required for mesh definition.

Zienkiewicz [ 11] gives full details of the curvilinear coordi-

nates, element functions, numerical integration, etc., em-

ployed in computing the matrices for these elements.

V. OPTIMIZATION OF DIODE TOPOGWPHY

The optimal diode topography was determined via a

parametric study. The skin effect resistance R,~ was com-

puted for twenty-six physically realizable diode configura-

tions in which the anode geometry and the ohmic contact

region were varied.

The carrier concentration profile for the GaAs epitaxial

layer is given in Fig. 4, and the width of the space charge

+

1.70

. +

%
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-+

/

:/
;’,
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(a) (b)

Fig. 6. Anode shapes for high frequency analyses for anodes having

cross-sectional area of n(pm)z. (a) Shape of etched anode. (b) Mag-
nified view showing the space charge region. (All dimensions in pm.)

region was computed at t = 780 A using the formula

r

2c@it. —
qN~

in which c, is the permittivity of the GaAs, q is the

electronic charge, @i is the built-in barrier voltage, and

Nd = 1.8X 1017 is the doping density. The skin depth 8 was

computed as d = 2.37 pm using the formula

b=(pllfu)-””
in which p is the permeability of GaAs, ~ = 400 GHz is the

frequency, and u is the conductivity of the epilayer.

Three ohmic contact configurations, shown in Fig. 5,

were considered and two different anode areas of

II /4(pm)2 and II(pm)’ were used for the etched anode

areas. The space charge region, of width 780 & surround-

ing the anode, increased the effective anode area as shown

in Fig. 6. Circular, cruciform, octoform (8-arm), and rect-
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Fig. 7. Anode shapes for high frequency analyses for anodes having

cross-sectionaf area of ~/4( pm)2. (a) Shape of etched anode. (b)
Magnified view showing space charge region. (All dimensions in pm).

(a)

(b) (c)

(d)

Fig. 8. Use of symmetry to reduce the extent of the region analyzed.
(Axes of symmetry shown shaded,) (a) Multiplarre hollow box model.
(b) Circular anode. (c) Cruciform anode. (d) ‘ Octoform’ anode. (e)
Rectangular slot anode.

angular shaped anode geometries were included as shown

in Figs. 6 and 7. By utilizing multiple symmetries, as shown

in Fig. 8, the finite element mesh region was reduced by

——

Fig. 9, Developed plot of finite element mesh in which each element is
shown shrunk about its centroid. Due to symmetry only one quadrant
of the diode is considered in the analysis, (Magnification of the anode
region is shown in Fig. 10.)

Fig. 10. Magnified plot of the elements in the anode region of Fig. 9

factors of 4 or 8. A typical mesh, for a rectangular anode,

is shown in Figs. 9 and 10. The extreme concentration of

elements in the anode region and the ease of mesh grading

using the 6-noded triangular elements should be noted in

these figures.

The skin effect resistance R,~ for each of the twenty-six

configurations is given in Tables I and II. Additional

information, computed in each analysis, but not detailed
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TABLE I

COMPUTED SKIN RESISTANCE R ,k AT 400 GHz FOR ANODES

HAVING AREA OF T(~m)2

Analysis
Label

AI.I
AI.2
AI.3

A3.I
A3.2
A3.3

A4.I

A4.2

A4.3

A7.I

A7.2
A7.3

AII . I

AII.2
AII.3

A12.I

A12.2

A12.3

Anode Ohmic Contact

Shape Conf igur,ation

o B
‘ 2/41u s

/ T

Skin EffeCt

Resistance

%

4.445
3.905
2.011

3.864
3.324
1.431

4.153
3.6I3

1.719

4.I64

3.624
1.730

3.971

3.432

1.608

3.64o
3.o98
1.272

Key: B is the ohmic contact on back of chip only; ~ is the ohmic
contact on back and side of chip; T is the ohmic contact on back, side,

and top to within 13 pm of the anode.

TABLE II

COMPUTED SKIN RESISTANCE R,k AT 400 GHz FOR ANODES
HAVING AREA OF ~/4(pm)2

.malysls Anode Ohmic Contact Skin Effect
Label Shape Configuration Resistance

‘SK

A2. I T,7m :

0

4.941

A2.2 4.401

A2.3 . T 2.508

A5. I

+“

B 4.746

A5.2 .: s 4.2o6
A5.3 o<3/* T 2.3I2

A9. I
~.:;

4.79
A9.3 2.I3

o.5#z’

Key: B is the ohmic contact on back Of chip only; S is the ohmic
contact on back and side of chiD: Tis the ohmic contact on back. side.
and top to within 13 pm of the &ode

here, included nodal values of potential current densities

and electric fields.

VI. DISCUSSION AND CLOSURE

The foregoing sections illustrate that the finite element

method is easily applied to the three-dimensional steady-

—

state analysis of Schottky barrier diodes. Particular ad-

vantages of this method are ease of dealing with complex

shapes and of mesh grading in regions of rapidly varying

potential. The mesh grading capability is paramount in

Schottky barrier diodes analysis, in which near-singular

conditions exist in the anode region. This advantage of the

finite element method contrasts strongly with the finite

difference method in which mesh grading is considerably
more difficult.

The method developed can also be used or adopted for

other devices such as Gunn, IMPATT, and other diodes

and can also be extended to transistor structures.

The results of the parametric study suggest that the

following general conclusions are valid.

The spreading resistance reduces as the anode diameter

increases, i.e., as anode surface area moves out from the

center.

The ohmic contact configuration greatly affects the

spreading resistance; R,~ is greatly reduced as the ohmic

contact is brought closer towards the anode.

For a prescribed constant anode area the spreading

resistance is substantially reduced by distributing the

surface area of the anode out from the center.

The rectangular anode shape is optimal.
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Millimeter-Wave Performance of Shielded
Slot-Lines

ABDEL-MONIEM A. EL-SHERBINY, MEMBER, IEEE

Abstract —The high frequency characteristics of shielded slot-lines are

irwestigated using a modified Wiener-Hopf technique. The analysis in-

cludes the case of uniaxially anisotropic substrates when the principal axis

is directed normal to the substrate. The obtained solution is especially

useful at higher frequencies where other methods tend to be less effective.

Numerical results are given for lines on high dielectric constant substrates

over the full nsable frequency range. It is shown that lines can be used as

transmission elements up to a certain limiting frequency beyond whlcb they

will radiate. Physical aspects of the propagation in slot-lines are discussed

and the effect of the shields on the properties of the guided modes is

explained.

I. INTRODUCTION

SLOT-LINES are attracting increasing interest as a

transmission element in integrated circuits at higher

microwave and millimeter-wave frequencies. Since their

introduction by Cohn and others [1], [2], they have been

investigated by a number of authors. At lower microwave

frequencies, slot-lines were not much used because of the

Manuscript received August 19, 198 1; revised December 4, 1981.
The author is with Spectra Research Systems, 1811 Quail St., Newporl

Beach, CA 92660.

availability of other efficient and easy-to-calculate trans-

mission lines. At higher frequencies, however, as microstrip

lines and waveguides become inadequate for some applica-

tions and alternatives are searched, the slot-line becomes a

promising element in many respects. The waveguide-housed

counterparts, unilateral fin-lines, have been successfully

used for many millimeter-wave applications. The slot-line

as an open structure was felt to be susceptible to excessive

radiation at the discontinuities and to cross-coupling. At

higher frequencies, shielded slot-lines may be as efficient as

fin-lines and are much easier to integrate. One of the

important factors interfering with the application of slot-

lines is the lack of data on its performance at higher

frequencies. Being inherently non-TEM line, it is much

more difficult to calculate, compared to microstrip lines or

fin-lines. The latter are frequently treated as ridged rectan-

gular waveguides.
The results of [ 1], [2] are based on waveguide iris imped-

ance concepts and are sufficiently accurate for narrow

slot-lines. Various approaches were suggested for the full-

wave treatment of these lines and a fair amount of data is

now available [2]–[6]. However, the basic features of prop-
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