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Measured Propagation Characteristics of
Coplanar Waveguide on Semi-Insulating
4H-SiIC Through 800 K
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Abstract—Wireless sensor s for high temperatureindustrial ap-
plications and jet engines require RF transmission lines and RF
integrated circuits (RFICs) on wide bandgap semiconductorssuch
asSiC. Inthispaper, thecomplex propagation constant of coplanar
waveguide fabricated on semi-insulating 4H-SIC has been mea-
sured through 813 K. It is shown that the attenuation increases
3.4 dB/cm at 50 GHz as the SIC temperature is increased from
300K to 813 K. Above 500 K, the major contribution to lossisthe
decrease in SIC resistivity. The effective permittivity of the same
lineincreases by approximately 5% at microwave frequencies and
20% at 1 GHz.

Index Terms—Coplanar waveguide, propagation characteris-
tics, SiC, transmission line.

I. INTRODUCTION

IGH-TEMPERATURE, high-frequency characterization

of microwave transmission lines on wide bandgap semi-
conductors is required to design wireless circuits for applica
tionswhere the ambient temperatureis greater than 500 K, such
as in aircraft engines. However, there are limited results re-
ported in the literature. The attenuation of Coplanar Waveguide
(CPW) on quartz, GaAs, and high resistivity Si has been shown
to increase by 1, 3, and 5 dB/cm, respectively, at 10 GHz as
the temperature is increased from 300 to 423 K [1], but these
substrates are not suitable for high temperatures. Open-ended
coaxial probes have been used to measure the complex per-
mittivity of Al,Os, sapphire, and other materials from 300 to
1300 K [2], [3], but SIC has not been characterized with the
coaxial probe. The resistivity of vanadium doped, semi-insu-
lating 4H-SiC has been measured from 500 to 950 K with four
point probe and Hall effect measurement system [4]-{6] and
shown to decrease from 10° to 10* Qm over the temperature
range. Finally, the authors have reported that the attenuation of
CPW on 4H-SiC increases by 3.2 dB/cm at 50 GHz as the tem-
perature isincreased from 300 K to 800 K [7].
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In this paper, for the first time, the resistivity of metal lines
and the attenuation of CPW lines on semi-insulating 4H-SiC
over the temperature range of 300 to 813 K are reported. The
attenuation is analyzed to determine the effects of the increase
in metal lineresistivity and the decrease of the SiC resistivity as
the temperature isincreased. The CPW effective permittivity is
reported over the same temperature range.

Il. CIRCUIT AND SUBSTRATE DESCRIPTION

A semi-insulating 4H-SIC substrate with a thickness of
409 ;m and a room temperature resistivity greater than
10> Qcm is used [8]. Before processing, an RCA clean is
performed. No insulator is purposely grown on the SiC before
or after processing. Finite width ground plane CPW lines with
a center conductor width, slot width, and ground plane width
of 50, 25, and 150 ;m respectively are fabricated on the SIC
using a liftoff process. The CPW lines consist of 20 nm of Ti
and 1.5 ;ym of evaporated Au. CPW lines of 5000, 5850, 6700,
8500, and 17500 ;:m lengths are used for the measurements.

I1l. MEASUREMENT PROCEDURE

A specialy designed RF probe station capable of measure-
ments through 813 K [9] was used to measure the CPW propa-
gation characteristics. Before measurements of the CPW lines,
the system was characterized as a function of temperature and
the temperature dependence was subtracted from the measured
resultsprior to analysis. At room temperature, aTRL calibration
was performed using the full set of CPW lines described above
and implemented with the NIST MULTICAL software [10]. At
each temperature from 300 to 813 K, the 17 500 ;:m long CPW
line was measured, from which the insertion loss is determined.
Theincreased loss and phase due to the CPW thru line length as
the temperature was increased was subtracted from the reported
results.

IV. RESULTS

The dc resitivity of the 50 and 150 ;:m wide, Ti/Au evapo-
rated lines that comprise the CPW transmission line were mea-
sured as a function of temperature. The measured resistivity
increases from 3 p£2cm to 8.75 p2cm as the temperature is
increased from 300 to 800 K. If the published resistivity of
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Fig. 1. Measured attenuation and effective permittivity of CPW lineon SiC at
room temperature (300 K).
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Fig. 2. Measured attenuation of CPW line on 4H-SiC over the temperature
range of 302 to 813 K.

bulk gold [11] is multiplied by an empirically found correc-
tion factor of 1.29, which corrects for the Ti adhesion layer and
metal roughness, the measured and published resistivity agrees
to within 2% across the 500 K temperature range. Although the
dataisfit by a second-order polynomial, to within 2% error, the
resistivity increases linearly with temperature.

The room temperature characteristics of the CPW line are
showninFig. 1. Thelow attenuation (2.2 dB/cm at 50 GHz) and
the v/F frequency dependence indicate that room temperature
attenuation is due to conductor loss. Qualitatively, the measured
effective permittivity, eqq, is typica of thin film transmission
lines, with a high value at low frequency due to internal induc-
tance in the metal lines and decreasing to the quasistatic value.
Using the quasistatic approximation that =.¢ = (e, + 1)/2, the
300 K relative permittivity, «,., of the SIC is found to be 9.8,
which agrees with published value of 9.7 [12].

The measured attenuation as a function of frequency over
a temperature range of 300 to 813 K is shown in Fig. 2, and
the measured increase in attenuation as a function of tempera-
tureis shown in Fig. 3. It is seen that the attenuation increases
1.7 dB/cm at 1 GHz, 3.0 dB/cm at 25 GHz, and 3.4 dB/cm at

f=50 GHz
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Fig. 3. Measured increasein attenuation of CPW lineson SiC as afunction of
temperature.
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Fig. 4. Deembedded fitting parameters for attenuation of CPW lineson SiC.

50 GHz when the temperature is increased by 500 K. If the at-
tenuation is assumed to be described by

a(f) = aae + b/ f )

which is usualy valid for room temperature CPW lines on in-
sulating substrates, the fitting parameters a4, and b are shown
in Fig. 4. The parameter a. is comprised of two components.
Thefirstisthe 72 R lossthrough the metal lines, which, to afirst
approximation, varies linearly with temperature. The second is
the dielectric loss due to the noninfinite resistivity of the SiC.
To afirst order approximation, the SiC resistivity and the dielec-
tric attenuation varies with temperature as ¢~ /%7 [13], where
E, isan effective activation energy measured in eV. Combining
thesetwo partsof thelossat zero frequency andfitting thevalues
shown in Fig. 4, it is found that

aqe = 4.332 - 10T + 26.05¢ - 22/+T 2

where T’ isin Kelvin and % is Boltzmann's constant. E,, agrees
with the accepted value of 0.2 for p type dopants in 4H-SIC
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Fig. 5. Measured change in effective permittivity of CPW lineson SiC as a
function of temperature and frequency.
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Fig. 6. Measured effective permittivity of CPW lines on SiC as a function of
temperature.

[12]. An E, of 0.2 indicates that the semi-insulating 4H-SiC
is not counter doped with vanadium, which yields ¥, of 0.8 to
1.8 [4]6]. Lastly, (2) shows that the large increase in low fre-
guency attenuation above 500 K isprimarily dueto thereduction
in the SiC resitivity.

The fitting parameter b should vary as /T if the resistivity
varies linearly with temperature and the metal thicknessislarge
compared to the skin depth, é,. However, the 1.5 zm thick metal
lines are three times 6, at 30 GHz at 300 K and 48 GHz at
473 K. Thus, over most of the temperature and frequency range
reported in thispaper, thethick metal approximationisnot valid,
and the attenuation shown in Fig. 2 and the values of & shown
in Fig. 4 confirm this. However, if only the attenuation above
30 GHzisfitto (1), b isfound to vary asthe /7" as expected for
T < 473 K.

The measured change in . as a function of frequency is
shownin Fig. 5, and summarized in Fig. 6 asafunction of tem-
perature. At low frequency, .z varies as a second-degree poly-

nomial and increases by 21% as temperature is increased from
300t0 800 K. The second-degree polynomial variation indicates
an increase in the internal inductance of the metal lines, which
increases e.i. At high frequency, g increases by only 5%.

V. CONCLUSION

Thefirst analysis of the propagation characteristics of aCPW
on semi-insulating SiC over alarge temperature range has been
presented. The metal resistivity is linearly dependent on tem-
perature, but the decrease in SIC resistivity as the temperature
increases is shown to be the major contributor to the increasein
attenuation, which can be as high as 3.4 dB/cm. The effective
permittivity increases by 21% at low frequency. These results
indicate that thicker metal is required to reduce attenuation and
dispersion in high temperature RFICs, but that the increase in
attenuation is not significant and the dispersion above 5 GHz
can be accounted for in circuit designs.
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