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Abstract

High resistivity silicon substrates demonstrated strong
potential for applications as a microwave and millime-
ter wave substrate. A method to simulate a coplanar
waveguide (CPW) on a doped semicoductor substrate
is presented. Its salient point is the inclusion of a
voltage dependent depletion width and built-in volt-
age due to the metal-semiconductor (Schottky) con-
tact. The attenuation, effective dielectric constant,
and characteristic impedance are determined for dif-
ferent modes and applied biases.

1 Introduction

A high resistivity silicon has recently demonstrated
strong potential as a microwave substrate. Experimen-
tal research shows that using schottky contacted copla-
nar waveguides (CPW) with HR silicon rivals semi-
insulating Gallium Arsenide (GaAs) as an interconnect
in microwave monolithic integrated circuit (MMIC)
technology [1]. In the microwave band, the coplanar
waveguide’s role as an interconnect increases in im-
portance because of its lower parasitics as compared
to microstrip. Interest in minimizing costly MMIC
test models can be pursued using computer simula-
tions. Past numerical research concerning the CPW
on a doped substrate inadequately considered the solid
state physics of the Schottky contact. Previous models
either ignored resistivity changes between the surface
and bulk Fig.( 1), or used a roughly estimated circuit
model. The modeling and understanding of the Schot-
tky contact and its effects on the wave propagation
highlights this research.
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2 The Model

This problem involves both the electromagnetic wave
propagation characteristics on the CPW as well as the
physics of the semiconductor material used in the sub-
strate. The semiconducting aspects of the substrate
are taken into account by coupling Poisson’s equation
with the continuity equation to describe the electrons
response to the applied electric field.
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A drift-diffusion current model is utilized, where the
mobility and diffusion constants are kept constant.

Jtotal = —quVV 4+ ¢DVn (3)
The electric and magnetic fields inside the transmis-
sion line are calculated. To analyze the CPW on a
semiconductor substrate, two main issues must be con-
sidered:

1. The various electromagnetic modes that can be
excited on the line. These include the even and
odd modes that may exist at the frequency range
of interest to this study (i.e. up to 10 Ghz).

The influence of the bias condition on the propa-
gating modes. To understand the significance of
this point, let us consider the even (fundamen-
tal) mode on the CPW, which means that the
two ground planes are held at the same poten-
tial and the center conductor is held at a differ-
ent one. This mode can be obtained by keeping
the ground conductors at zero DC potential. One
would obtain two different depletion widths by as-
signing either a negative or a positive potential to
the center conductor. Hence, two different wave
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propagation characteristics may be obtained for
the same even mode. To take the effects of the
DC into account while analyzing the electromag-
netic modes, the even mode is further classified
as an assertive one or assertive zero mode, deter-
mined by the placement of the signal.

In this study, the CPW modes on a semiconductor
substrate will be investigated as functions of the ap-
plied DC voltage and frequency. Results showing the
effective-dielectric constant, the attenuation, and the
characteristic impedance will be presented.

3 Parameter Extraction

3.1 Effective Dielectric Constant

The effective dielectric constant is defined using the
ratio of the energy stored in the transmission line to
the total energy stored when the transmission line is
filled with air, as shown in the following expression.
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where €g is the dielectric constant, €g is the permittiv-

ity constant, and Fp is the magnitude of the electric
field.

(4)

Ceff =

3.2 Characteristic Impedance

The characteristic impedance is defined as the voltage
across the conductors divided by the total current. In-
stantaneous values for voltage and current are found
through the following equations:
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peak—to—peak

Hence, it should be noted that the characteristic
impedance of the line can also be calculated from the
analytical power relation.

3.3 Attenuation

The attenuation constants are determined through
power equations.
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Where 7 is the complex wave impedance:

_ | Jwo
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and ¢ is the conductivity:
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4 Results

The previously described approach is used to analyze
the structure. The following parameters are used:

cm

mobility: p = 1400
resisitivity: p = 3kclm@
voltage (bi): Viyiir—in = —0.5V

voltage (apl)l Va.pplied = lvpeak—to—peak

o dielectric c.: ;5 = 11.8
e line width: lw = 30um
e line spacing: Is = 10um.

The attenuation, effective dielectric constant and
characteristic impedance as functions of frequency are
shown in Fig.’’s ( 2),( 3), and ( 4). Our generated
results are compared with those developed by Reyes
et al [2]. The attenuation constant is the most diffi-
cult to measure. There are many loss mechanisms in
the structure. These include conductor losses (ohmic),
dielectric losses from the substrate polarization and
ohmic losses from the semiconductor. The attenuation
constant of a lossy homogeneous substrate generated
by our model is in excellent agreement with those de-
veloped by Reyes et al. [2] as shown in Fig.( 2). It
should be mentioned that lines (a) and (b) in Fig.( 2)
are generated neglecting the depletion region width.
When the depletion region width is introduced, the
attenuation is reduced by about 10 dB/m, as shown
by line (¢) in Fig.( 2). Experimental and numerical
values for the effective dielectric constant and char-
acterisitic impedance are compared in figure ( 3) and
figure ( 4). Reasonable agreement was obtained over
the frequency range of interest.

Figures ( 5) through ( 7) show the CPW characteris-
tics for the possible modes of operation. Lines (a) and



(b), which indicate the assertive one and zero modes
respectively, show no change in the three figures. The
attenuation in Fig.( 5) shows the odd modes atten-
uation to be significantly larger. An expected result
due to deeper field penetration with the odd mode.
The effective dielectric constants shown in Fig.( 6) are
accurate since they center around the predicted value
of 6.40. The characteristic impedance is depicted in
Fig.( 7). The odd mode, due to an extra capacitance
between the outer conductors, has a lower impedance.
No significant dispersion in the CPW parameters was
observed in the frequency range of interest. This study
confirms the feasibility of using silicon as a microwave
substrate for low cost commercial applications.

The final figures ( 8) and ( 9) show how the attenu-
ation varies with the substrate resistivity and applied
bias. As the resistivity increases the depletion width
also increases, which reduces the attenuation, as shown
in Fig.( 8). Fig.( 9) shows that higher attenuation is
observed at low frequencies and higher bias.

5 Conclusion

A model for analyzing the wave propagation charac-
teristics on high resistivity substrates was presented.
It was used to investigate CPW on silicon substrates.
Good agreement with experimental results was ob-
tained. The modeling of the Schottky contact proves
to be very valuable. The results presented in this pa-
per support using a Schottky contacted CPW on HR
silicon as a MMIC interconnect.
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SCHOTTKY CONTACTED CPW

Figure 1: Schottky Contact with Depletion Width
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Figure 2: (a) Attenuation constant without a depletion
width, (b) analytical attenuation without a depletion
width, (c) attenuation with a depletion width.
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Figure 3: Effective Dielctric Constants (a) experimen-
tal, (b) calculated.



Chamacterisitic Impadance vs. Frequency
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Figure 4: Characteristic impedance (a) experimental, Figure 7: Characteristic Impedance (a) Assertive one

(b) calculated.
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Figure 5: Attenuation (a) Assertive one mode, (b) As-
sertive zero mode, (¢) Odd mode. p = 500Q/cm .

Figure 8: Attenuation versus Resistivity
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Figure 6: effective dielectric constant (a) Assertive one Figure 9: Attenuation constant versus frequency with
mode, (b) Assertive zero mode, (¢) Odd mode. different applied biases (a) 5, (b) 3, (¢) 1 Vyeak~to—peak
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