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Series Impedance of GaAs Planar Schottky Diodes
Operated to 500 GHz
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Abstract—This paper discusses the impact of ohmic contacts
on the series impedance of a GaAs cylindrical planar Schottky
diode. The expression for the high-frequency impedance of an
annular ohmic contact is developed using a novel transmission
line model. This formulation is used to ascertain the contribu-
tion of the ohmic contact impedance to the overall device series
impedance at both dc and 500 GHz. Diode impedance charac-
terization indicates that the ohmic contact impedance makes a
small contribution to the series impedance in comparison to that
of the other components, both at dc and submillimeter wave-
lengths. Hence, the dimensions of the contact pads can be scaled
down s1gmﬁcantly without any appreciable increase in series
lmpedance but with a decrease in the parasitic pad-to-pad ca-
pacitance. Finally, this modeling establishes theoretical guide-
lines regarding the allowable limits for specific contact resis-
tance in small geometry diodes, so that device IV
characteristics are not significantly altered as a result of the
ohmic contact impedance.

I. INTRODUCTION

GaAs Schottky diodes are used as signal mixers and
varactor elements in radio astronomy, atmospheric
physics and plasma diagnostics applications up to the
terahertz frequency range. The traditional whisker-con-
tacted diode suffers from an inherent mechanical instabil-
ity and inductance which make it unsuitable for use in
harsh mechanical environments, such as those encoun-
tered in space-based radiometry. The planar Schottky
diode was developed to overcome these shortcomings and
to promote diode integration into MMIC’s. Unfortu-
nately, state-of-the-art GaAs planar diodes have achieved
efficient signal mixing capability only up to 300 GHz [1].
This limit is due in part to parasitics such as shunt and
series capacitances. To raise this frequency limitation, the
diode series impedance must be reduced by means of op-
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Fig. 1. Geometry of cylindrical planar diode with impedance components.

timized material parameters, device geometry and ohmic
contact technology.

This paper assesses the impact of ohmic contacting
technology on the electrical characteristics of the cylin-
drical planar diode through the use of a lumped model
(LEM) for the series impedance components, shown-in
Fig. 1. In developing impedance expressions, we assume
that the substrate is heavily doped compared to the active
epilayer, such that current flows down from the anode
through the epilayer and spreads into the substrate; where
it is confined to within a skin depth or by the thickness of
the substrate, whichever is smaller, until it reaches the
ohmic contact.

In the lumped .element model, the series impedance is
divided into three components: epitaxial layer impedance
(Zepi), bulk spreading impedance at the epilayer/substrate
interface (Z,) and the ohmic contact impedance (Z,). An-
alytical expressions for the first two components have been
derived by other researchers and their results are sum-
marized here. An expression for the dc¢ impedance of an
ohmic contact in a cylindrical diode is developed using a
circular Transmission Line Model (TLM), similar to the
analysis performed by Reeves [2]. This expression is then
reformulated, by solving Maxwell’s curl equations sub-
ject to the circuit conditions posed by the circular TLM,
to arrive at a high-frequency impedance expression. The
use of both of these expressions provides the device de-
signer a means of characterizing the effect of ohmic con-
tact technology on the device impedance at both dc and
operational frequencies.
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11. EritaxiaAL LAYER AND BULK SPREADING
IMPEDANCES

The epitaxial layer impedance, Z;, is modeled as being
that of a fully undepleted disk of semiconductor material.
It is assumed that no spreading occurs within this disk or
at the interface with the substrate. As such, Z.;, is for-
mulated as

tepi
Zypi = —5. 1
epi Uepi WR?; ( )
The conductivity within the epitaxial layer, oy, is cal-
culated by
GO .
Oepi = + Jwe, (2)

1 +j<—“i>
ws

where ¢, is the dc conductivity value and w, is the mean
scattering frequency of the charge carrier within the
semiconductor given by ‘

w, = ¢/ m* ), 3

where ¢ is the electronic charge, p is the carrier mobility
and m* is the effective mass of the charge carrier. The
conductivity expression shown in (2) takes into account
effects associated with displacement current and charge
carrier inertia [3] and will be used in evaluating conduc-
tivity within all regions of the device. :

An expression for the bulk spreading impedance was
first derived by Dickens [4]. In his work, Dickens devel-
oped an integral expression for the substrate and skin ef-
fect impedance within a cylindrical diode structure by
performing a field analysis for potential and current using
an oblate spheroidal coordinate system. The integral could
not be evaluated analytically, and Dickens introduced two
approximations to obtain the following result for the bulk
spreading impedance:

1 -1 [Rp 1+ R,

% = Znok, <R> ¥ Znod, <R> @
The first term is referred to as the substrate impedance,
Z.., and the second term, the skin effect impedance, Zg;,.
Here the substrate conductivity, oy, is given by the equa-
tion analogous to (2). However, in our numerical calcu-
lations, we neglected the displacement current term of (2)
since the substrate is assumed to be highly doped. The
high frequency behavior of Z, is accounted for by this
complex conductivity and by the skin effect term, §;, cal-

culated by
b= )
W, O

where ¢ is the dc value of the substrate conductivity.
The first approximation made by Dickens to achieve the
result shown in (4), is valid when the radius to the edge
of the ohmic contact, R, is much greater than the anode
radius, R,, a requirement satisfied by most diodes. The

second approximation involves a truncated series expan-
sion of his integral impedance expression to obtain the
tractable impedance expression of (4). This integral eval-
uation has been shown to overestimate real portions of the
series impedance by approximately 1 Q and reactive por-
tions by 0.5 Q@ at 500 GHz [5]. As a result, this entire
analysis of the planar diode series impedance will be con-
fined to 500 GHz in order to remain within tolerable error
limits. ‘

III. DC Oumic CONTACT IMPEDANCE

This analysis begins by assuming that the ohmic con-
tact region can be modeled as a transmission line [6], as
depicted in Fig. 2. With this model it is assumed that:

(i) the current lines are normal to the equipotential
cathode plate,
(i) the thickness of the metal and diffusion layers can
be neglected,
(iii) the current-voltage characteristic of the contact is
linear.

The sheet resistance under the contact, R, can be esti-
mated as follows:

1
" quNgyp min (g, Ry)

where N, is the substrate doping concentration and u is
the carrier mobility. Since the substrate sheet resistance
is defined by the dimension with the smallest degree of
current bending within the substrate, the smaller of the
two dimensions: substrate thickness (f,,,) or the inner ra-
dius of the ohmic contact (R;), is used to accommodate
for this fact. The differential series resistance under the
contact is: dR = R, dr /2=r, while the conductance is: dG
= 27r dr/p., where r is the radius of a contact element
of width dr and p, is the specific contact resistance. As.a
result, the basic transmission line equations are

dv = —I{r) dR )
dl = ~W(r) dG ®

where V(r) and I(r) represent respectively, the voltage and
current distributions in the semiconductor under the equi-
potential contact at the point r. These equations can be
rearranged to give

R, (6)

d‘v 1dv 1
e — — V = 0, : 9
dr? r dr L2T ©)
and
—2ar dV
= — 10
I(r) R ar 10)
where
Pe
Lr= |—. 11
T R, an
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Fig. 2. Radial transmission line model for ohmic contact impedance.

Solution to (9) is of the form:
V(r) = AL(r/Ly) + BK,(r/Lp),

where I, and K, represent modified Bessel functions of the
first and second kind respectively, and A and B are un-
known coefficients.

The impedance of the contact is then defined as that
encountered between the front edge of the contact and the
equipotential metal plate, V(R,)/I(R,). After imposing
the boundary condition that current must be zero at the
outer edge of the contact, I(R.) = 0, the following
expression for Z_ at dc is obtained:

{1 <&> _ LR/Lp) <&>}
ke, U\ T KGR/ Ly

Z, = -
—27TR1; { <Rb> Iz’; (RC/LT) ’ <Rb>}
I(’, el e — Ko I
LT K(,) (RC/LT) LT

The primed terms indicate derivatives with respect to the
argument. In the limiting case R, >> Ly and R, >> R,
— R, we recover a standard expression for the impedance
of a metal strip contact with the length of R, — R, and the
width of 27R,, [7]:

Z. = RLrcoth [(R, — Ry)/Lr]/Q27Rs).

(12)

(14)

IV. HiGe FREQUENCY OHMIC CONTACT IMPEDANCE

The dc model for ohmic contact impedance developed
above is valid for frequencies where the skin depth within
the substrate, d, is greater than the substrate thickness.
For frequencies beyond this limit, an analysis of the cur-
rent flow in the cylindrical diode configuration, shown in
Fig. 3, must be carried out in order to develop an expres-
sion for the contact impedance, Z_. This begins with Max-
well’s curl equations:

V X E = —jop,H, (15)

and

V x H = o,,E. (16)

Here the substrate conductivity, oy, is given by the equa-
tion analogous to (2). However, in numerical calcula-
tions, we neglected the displacement current which is not
important because of a high substrate conductivity. From

here, the electric field wave equation is obtained as
V2E — jop,04E = 0. an

For this axisymmetric problem, only the radial E-field

8 0™ Substrate l

l‘._>

Fig. 3. High frequency current flow in planar diode.

within the substrate will be considered. Furthermore, it is
assumed that this E-field component only has a vertical
( y) dependence (see axes in Fig. 3.) As a result, (17) can
be rewritten as

*E, .

6y2 — jop, o E, = 0.

For this problem, it will be assumed that 8, << £, such
that the thickness of the substrate can be approximated as
being infinite. The following boundary conditions for
E.(y) can then be imposed:

(18)

E.(0) = E,, (19)
and
E, () = 0. (20
The following solution for E,( y) is then obtained:
E.(y) = Epexp (—(1 + )y/8). 21

The current flowing through the substrate is calculated as

2]

I= 2'"-ro'sub S dy Er(y)
0

= 2nrH,, = 2nro4E,, 8,/ (1 + J). 2)

The electric potential can be now introduced in the stan-
dard manner from power balance [8]:

1dv = 2xrP dr, (23)

where P = —H_,E,, is the Poynting vector. We should
notice that (23) is only valid when the displacement cur-
rent is small compared to the conduction current. Using
I =27nrH,,, we obtain the relationship between the elec-

o>

tric field and potential:
E, = —0dV/or. (24)

Under the radial symmetry assumption, the basic trans-
mission line equations can be written as

—27rogy O, AV

10 = == @5)
and

dl _ —27rrV(r)' 26)

dr Pe



BHAUMIK et al.:

Note that the use of specific contact resistance, a quan-
tity determined at dc, in a high frequency situation is based
on the premise that the current-voltage characteristic of
the contact at high frequencies is assumed to be the same
as that at dc. Using (25) and (26), the differential equa-
tion for the voltage distribution beneath the contact is ar-
rived at:

\

d*v 1av Vv

PP Al @7
where
Ogub 0,0
L, = sub YsHc
T =, "—‘—‘1 y (28)

Note that the electrical transfer length, L7, is now a com-
plex quantity. Following the Z_ formulation of the pre-
vious section, the hlgh frequency expressmn for ohmic

contact impedance is obtained:
_L®/Ly <&>I
K;(R./Ly) ° \Lg

- ()
7 ( + Ly Lr
¢ _277Rb0'sub 65 {I' <&> _ I;(RC/LT) K! <&>}
“\Ly/ K,R./Lp) °\Lg
(29

- V. ESTABLISHING THE VALIDITY OF THE LEM

The lumped element model is based on the assumption
that current flow radially outward from the anode to the
ohmic contact. In the actual planar diode structure, how-
ever, the ohmic contact 'does not extend 360° around the
anode (see Fig. 4), and hence, the circumferential com-
ponents of the current need to be considered if an accurate
assessment for series impedance is to be made. Such a
numerically intensive analysis can be circumvented by as-
suming radial current flow from the anode regardless of
the angular extent of the ohmic contact. Under this as-
sumption, the series impedance calculated for an axi-sym-
metric diode can be pro-rated for a given ohmic contact
extension angle, 360° — §; (see Fig. 4) to obtain an ap-
proximate value for the true series impedance. The pro-
rating formula must satisfy two boundary conditions. Ob-
viously, if 0, is 0°, then the impedance value calculated
under the axi-symmetric assumption should be obtained.

On the other hand, the series impedance should become -

infinite as &, approaches 360° (i.e., the ohmic contact is
‘“‘peeled away.”’) From this, a first-order asymptotic
impedance pro-rating relationship can be written as

chl
1 — (6,/360°)°
where Z,, represents the series impedance of the cylin-

drical diode and Z; is the impedance of the actual diode
structure.

Z, = (30)
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Fig. 4. Top view of actual planar diode geometry.

Under the radial current flow assumption, worst case
values for the series impedance are obtained with pro-
rating since in reality, current flows along the periphery
of the contact, thereby leading to reduction in series resis-
tance. As a result, this contact impedance determination
technique can offer a range of series impedance values
that can be expected for a given diode design: by using
the cylindrical diode impedance as a lower bound and the
pro-rated impedance value as an upper bound.

The validity of this method is established upon consid-
eration of Table I, which compares LEM calculated dc
series impedance ranges against measured ranges for two
diode designs: SC2R4 and SC2T1. The impedance values
were pro-rated according to (33), using 8, = 152°, to
achieve a range for series impedance. The value for 6, was
deduced by noting that for existing designs, the anode is
displaced approximately 2 pm from the desired center-
point (as shown in Fig. 4) due to ohmic contact encroach-
ment during fabrication.

VI. AssesSMENT oF OHMIC, CONTACT TECHNOLOGY ON
SERIES IMPEDANCE

The LEM predicted ohmic contact contribution to the
total diode series impedance is graphed in Fig. 5(a) and
(b). These graphs use the SC2R4 diode parameters (see
Table I) and are presented for both the dc and 500 GHz
cases. Note that in both frequency cases and for all three
specific contact resistances, the size of the contact pad can
be reduced almost in half without any noticeable increase
in the contact resistance. Furthermore, the contribution of
the contact impedance at 500 GHz is only slightly higher
than that encountered at dc, hence the contact is not ex-
pected to degrade electrical performance even at the diode
mixing frequency. In addition, these curves establish
guidelines regarding the allowable limits for specific con-
tact resistance in small geometry diodes so that device
I-V characteristics are not significantly perturbed as a re-
sult of the ohmic contact impedance. ‘

Note that the curves shown in Fig. 5(b) are raised and
shifted versions of the curves shown in Fig. 5(a). The
shift up in the curves is due to the added inductive com-
ponent in the contact impedance at operational frequen-
cies. The shift left is a result of the fact that the actual
length of the ohmic contact required to support current
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TABLE 1
LEM PREDICTED DC SERIES IMPEDANCE RANGE FOR TWO DIODE DESIGNS
Diode Parameter SC2R4 SC2T1
R, (pm) 1.25 0.75
R, (um) 8.00 8.00
R, (pm) 100 100
Nepfem™) 2 x 107 2 x 107
Top( pm) 0.1 0.1
Nyplem™) 2 x 10" 2 x 10'®
toub( um) 5.00 5.00
0.(Q-cm?) 2 x107° 2x107°
LEM calculated dc Z; range () 4.7-8.1 9.2-15.9
Measured dc Z, range () 5-7 10~13
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Fig. 5. (a) |Zc|/]Zs| versus R, for varying p. at dc. (b) |Zc|/|Zs| versus
R, for varying p, at 500 GHz.

flow at high frequencies is reduced from its DC value.
This relationship between the magnitude of the electrical
transfer length, |Ly|, and frequency, is shown in Fig. 6.

VII. SUMMARY

An assessment of the impact of ohmic contact technol-
ogy on the electrical characteristics of GaAs planar
Schottky diodes has been made using a lumped element
model (LEM) for series impedance components. The

-  ——
0 T T T
0 200 400 600 800
f (GHz)

Fig. 6. |Ly| versus frequency for different ohmic contacts.

LEM divides the series impedance into three parts: epi-
layer impedance, bulk spreading impedance and ohmic
contact impedance. Expressions for the first two compo-
nents were derived by other researchers and used in this
investigation. An expression for ohmic contact imped-
ance was formulated using a transmission line model that
accurately portrays the role of specific contact resistance
on the measured contact resistance. The accuracy of the
LEM is frequency limited to about 500 GHz due to errors
introduced by the spreading impedance expression. One
important note, the LEM was developed for a axi-sym-
metric diode. However, a range for series impedance can
be calculated by pro-rating the impedance value calcu-
lated under this assumption.

This pro-rating technique was shown to be accurate
when comparing the LEM with measured values for dc
series impedance. In characterizing the ohmic contact
impedance, it was found that its contribution was small in
comparison to that of the other components, both at dc
and at operational frequencies. This means that the di-
mensions of the contact pad can be scaled down signifi-
cantly without any increase in series impedance but with
a decrease in the parasitic pad-to-pad capacitance. Hence,
diodes that have smaller contacts pads are expected to
have higher cutoff frequencies; enabling their use in space-
based and other high-frequency applications.
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