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Abstract: For inductors on silicon substrates a simple, predictive model is presented that explicitly
accounts for substrate resistivity. Model and experimental results are in excellent agreement over a wide range of
geometries, semiconductor resistivities, and frequency.

Introduction: There have been many equivalent circuit models proposed to describe the behavior of planar
spiral inductors on silicon substrates (for example, [1]). The generic topology of these circuits are all very similar
(Fig. 1), but in almost all cases the models are used to fit experimentally measured data (e.g., [2-5]), and hence are
of limited use for design purposes. Most predictive models are essentially the same as those used by Dill, Gleason,
and Greenhouse [6-8]; all such methods are ultimately based on the calculation of "partial inductances,” most
commonly attributed to Rosa and Grover [9-13]. A particular problem in modeling inductors on silicon with these
techniques is the difficulty they have in dealing with frequency and resistivity dependent current distribution in the
relatively thick silicon substrate itself. Of the components illustrated in Fig. 1, the substrate resistivity can affect the
values assigned to Liees, Rseries, Csemi, and Giemi.

For MIS inductors (i.e., inductors fabricated on an insulator-coated semiconductor substrate) a new, simple,
predictive model is presented here that quantitatively accounts for the effect of substrate resistivity, which is critical
in the accurate prediction of inductor characteristics. Given the geometry, substrate resistivity, and dielectric
constants used in the structure, our model predicts the frequency dependent resistance, inductance, and capacitance of
a planar inductor using closed-form formulas. No curve fitting is used in our new model. Hence, this model can be
used efficiently for the design and analysis of planar thin film inductors on semiconductor substrates. Model results
and experimental measurements are in excellent agreement for a wide range of test geometries, semiconductor
substrate resistivities, and frequency.

Model: An inductor fabricated on an oxide-on-silicon substrate can be modeled as a collection of short
microstrip transmission line sections that are affected by both the substrate and the global geometry of the entire
inductor. For the microstrip-like behavior, our group has already developed an excellent model that accurately and
efficiently predicts the impact of substrate resistivity and frequency on the series impedance of the microstrip [14].
However, when applying this model to planar inductors, an additional frequency independent mutual inductance
from the geometry of the coils must be included. The model assumes a rectangular or square shaped inductor. The
mutual inductance can be calculated between parallel conducting metal segments by using Greenhouse methods [8].
The self-reactance (both the inductive and capacitive components) is approximated using our quasi-static model of
microstrip lines on a semiconducting substrate {14].

Model verification: In order to verify the accuracy of our inductor model we have fabricated several
"primitive" test geometries; these geometries represent extremes of line-to-line and line-to-substrate coupling to help
determine the robustness of our approach. Here we show a comparison between measured and modeled results for
three different one turn spiral inductors, on both "low" (3.8Q-cm) and "high" (20€2-¢cm; higher values become even
easier to model) resistivity silicon substrates (500pum thick) covered with 0.45um of thermal oxide. For all three
geometries the overall length (4750pm), linewidth (50pum), and metal thickness (0.9um) are the same; hence, the
DC resistance of all the coils is the same.

The first primitive geometry studied is a simple square; in this structure the mutual inductances will be
fairly small, and the MIS microstrip behavior of the lines would be expected to dominate. The second geometry is a
long rectangle with moderately spaced lines; this case should have moderately sized mutuals with large MIS effects.
The third geometry is a pair of closely spaced lines; in this case the impact of mutual inductance should be large,
but MIS effects are still critical in determining the high frequency behavior of the loop.
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As shown below, our predictive model is in good agreement with measurement for both the real and
imaginary parts of the loop impedance over a wide frequency range, including frequencies approaching and
exceeding the self-resonance frequency. Note that our model and measurements indicate the critical role of substrate
resistivity in determining the high frequency behavior near self-resonance. To capture such éffects using models
based on parameter extraction from measured data, the fabrication of many test structures on many different
resistivity substrates would be required. For design purposes, this emphasizes the utility of inductor models, such as
the one presented here, that quantitatively incorporate substrate resistivity.
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Figure 1: General circuit topology commonly used to model planar inductors on a semiconducting substrate.
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Figure 2: Microwave data (extracted from measured S-parameters) compared to new model for square test structure on a high
resistivity (20Q2-cm) substrate.
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Figure 3: Comparison of simulated and data measured using vector impedance analyzer with maximum frequency of 1.8GHz,
for square test structure on a high resistivity (20€2-cm) substrate.
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Figure 4: Comparison between simulation and measurement for square test structure on low resistivity (3.8Q-cm) substrate.
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Figure 5: Comparison between simulation and measurement for rectangular test structure on low resistivity (3.8Q-cm)

substrate. Comparison between calculated and measured results on high resistivity (202-cm) substrate also showed excellent

agreement (not shown here due to space constraints).
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Figure 6: Comparison between simulation and measurement for closely spaced lines on low resistivity (3.8Q-cm) substrate.
Comparison between calculated and measured results on high resistivity (20Q-cm) substrate also showed excellent agreement
(not shown here due'to space constraints).
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