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Abstract. We present a transition from a contact structure
built on highly-conductive silicon to a coplanar waveguide
(CPW) fabricated in membrane technology. Test structures
were fabricated and measured. The silicon-to-membrane
transition is suitable for on-wafer probing and provides less
than−10 dB measured reflection in the frequency range from
1 to 110 GHz. Measured and calculated values of the prop-
agation constant of the membrane CPW agree well in the
entire frequency range.

1 Introduction

Low-loss, low-dispersion planar transmission line structures
are essential for millimeter wave integrated circuits. The ad-
vantages of using planar components in microwave circuits
are reduced fabrication cost and increased operating band-
width compared with conventional waveguides like coaxial
lines or rectangular waveguides. However, microstrip and
coplanar waveguides encounter some problems at millimeter
wave frequencies. These are dielectric loss, which increases
with frequency, as well as dispersion, substrate moding, and
radiation loss, all of which can be directly associated with
the air/dielectric interface inherent to all planar transmission
lines built in conventional technology.

CPWs on thin insulating carriers are one candidate
for high-performance transmission lines without the neg-
ative electromagnetic properties mentioned above. Such
membrane-based CPWs have been fabricated successfully
with the aid of micromachining technologies at the Institute
for Microtechnology in Braunschweig, Germany. Due to the
very thin carrier membrane beneath the coplanar lines the
effective dielectric constant value is close to the ideal value
of 1, leading to lower loss, excellent dispersion properties,
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Fig. 1. Cross-sectional view of CPW built in membrane technology.
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nar line built in membrane technology together with its geo-
metrical and material parameters. At the time of this investi-
gation, only highly-conductive silicon wafers were available
for processing. First, the thin membrane layer is depositedon
a highly-conductive silicon wafer. The conducting lines are40
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low radiation, and preventing the excitation of undesired sur-
face modes.

Figure1 shows a schematic of the cross section of a copla-
nar line built in membrane technology together with its geo-
metrical and material parameters.

At the time of this investigation, only highly-conductive
silicon wafers were available for processing. First, the thin
membrane layer is deposited on a highly-conductive silicon
wafer. The conducting lines are constructed by sputtering
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and structuring a gold layer on the membrane layer. To se-
lectively remove silicon, wet chemical etching is used. This
fabrication step opens the membrane windows which carry
the conducting lines.

First prototype test structures included line sections of dif-
ferent lengths and offset shorts. A 550 µm long line section
is presented in Fig.2.

In (Rohland et al., 2011) we discussed the advantages of
on-wafer membrane-based calibration standards in compar-
ison to standards built in conventional thin-film technology.
By means of Monte Carlo simulations we showed that, for
coplanar waveguides used as line standards, an up to tenfold
reduction in uncertainty can be achieved for certain electro-
magnetic waveguide properties. The calculations were based
on an extension to the analytic model ofHeinrich (1993),
which was presented in (Arz et al., 2011a).

In (Arz et al., 2011a) we also verified the suitability of the
analytic model extension for calculating the broadband line
parameters per unit length for CPWs built in membrane tech-
nology. The analytic calculations were verified with mea-
surements and full-wave simulations. However, this verifica-
tion was only possible for the imaginary part of the propaga-
tion constant. The absence of a suitable transition from the
on-wafer contact pads on the highly-conductive silicon sub-
strate to the membrane-technology-based CPW led to a very
high reflection of the signal energy in the silicon part of the
interconnect structure. The remaining transmitted signal en-
ergy did not allow for a full characterization of the membrane
CPW.

In this paper we present a broadband transition with suffi-
ciently low reflection over the entire frequency band. Sect.2
elaborates on this broadband transition. Both transition de-
sign and transition characterization by simulation and mea-
surement are discussed in detail. The membrane CPW with
added transitions is investigated by comparing analytical cal-
culations against on-wafer measurements regarding the prop-
agation constant in Sect.3.

2 Broadband transition

The broadband transition has to take into account substrate
losses in the highly-conductive silicon. An accurate calcu-
lation of the characteristic impedance on silicon is essential
for determining line cross-sections that provide a sufficiently
low impedance mismatch in the frequency range 1–110 GHz.
All relevant parts of the new interconnect structure are indi-
vidually characterized by measurement and calculations.

2.1 Transition design

The modified coplanar interconnect structure we introduce
in this paper is shown in Fig.3. Silicon-to-membrane transi-
tions are added to both sides of a coplanar waveguide section
fabricated in membrane technology.
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interconnect segment on the highly-conductive silicon con-
sists of a very narrow signal line (signal line widthwSi), a
wide gap (gap widthsSi), and relatively narrow ground con-105

ductors (ground conductor widthwg,Si) on both sides of the
signal line.

Regarding the membrane CPW, a wide signal conductor
and a very small gap are required to get a characteristic
impedance of approximately 50Ω. This is different to CPWs110

built on bulk substrate materials.
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The silicon-to-membrane transitions are composed of con-
tact pads, which allow for ground-signal-ground (GSG) mi-
crowave probing, and a short interconnect segment on sili-
con. Figure4 shows a schematic of the cross section of the
interconnect segment on silicon together with its geometrical
and material parameters.

The pitch size, which is the distance between adjacent
probe tips of the GSG probes shown on the right and left
side of Fig.3, is 100 µm. The values of the cross-sectional
parameters of the interconnect structure on silicon are listed
in Table1. In order to achieve a characteristic impedance
near the 50� reference impedance of the measurement sys-
tem, the interconnect segment on the highly-conductive sil-
icon consists of a very narrow signal line (signal line width
wSi), a wide gap (gap widthsSi), and relatively narrow ground
conductors (ground conductor widthwg,Si) on both sides of
the signal line.

Regarding the membrane CPW, a wide signal conductor
and a very small gap are required to get a characteristic
impedance of approximately 50�. This is different to CPWs
built on bulk substrate materials.

Before fabrication, the electrical properties of the inter-
connect structure were investigated using a 3-D full-wave
time domain electromagnetic field solver (Microwave Stu-
dio, 2011). Detailed information will be given in Sect.2.3.
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Table 1. Geometrical parameters of interconnect segment on
silicon.

parameter value

wg,Si 48 µm
wSi 8 µm
sSi 90 µm

t 0.9 µm
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Fig. 5. Interconnect section on silicon.

2.2 Characterization of access lines on silicon

To investigate the electromagnetic propagation properties of
the interconnect segment on silicon, the so-called access line,
we measured test structures fabricated on the same silicon120

wafer as the membrane CPWs. The top view of a 0.5 mm
long access line test structure is shown in Fig. 5. These test
structures are lines with the same cross section as the access
lines (see Table 1). Their lengths vary from 0.5 mm up to
more than 20 mm and are given in Table 2. Together with an125

offset short they form a set of standards suitable for multi-
line thru-reflect-line (TRL) calibration (Marks, 1991), which
allows for an accurate extraction of the frequency-dependent
propagation constantγ. Two steps were necessary to deter-
mine the characteristic impedanceZ0 of the access lines on130

silicon. First, we performed a 50Ω multiline TRL reference
calibration in coplanar lines fabricated on a semiinsulating
gallium-arsenide substrate, and moved the calibration refer-
ence plane back to the probe tips. Then the characteristic
impedance of the access lines was determined by performing135

a second-tier TRL calibration in the access line test structures
on the silicon substrate. To that end, the calibration compari-
son method (Arz et al., 2000) was employed. This method is
designed to be insensitive to large contact-pad capacitance.

To verify the experimental data we used the quasi-140

analytical method of (Grotelüschen et al., 1993). Based on
the assumption that the skin effect in the conductive sub-

Table 2. Lengths of access line test structures.

no. line length

1 0.5 mm
2 2.632 mm
3 3.69 mm
4 7.072 mm
5 20.19 mm

strate affects only the calculation of the impedance parame-
ters, the procedure of (Grotelüschen et al., 1993) derives the
frequency-dependent line parameters of transmission-line145

systems on conductive substrates from their cross-sectional
data. Obviously, the skin effect in the signal and ground con-
ductors is neglected.

Figure 6 shows the real and imaginary part of the char-
acteristic impedanceZ0 of the access lines on silicon. Not150

knowing the substrate conductivityσSi with sufficient accu-
racy in advance, we performed the calculations using differ-
ent values for that parameter. The manufacturer specified a
wafer conductivity above 5000 S/m. Thus, we chose addi-
tional values in the calculations to demonstrate the influence155

of the substrate conductivity on the silicon access line param-
eters. The measured characteristic impedance agrees well
with the quasi-analytical calculations of (Grotelüschen et al.,
1993) for substrate conductivities above 5000 S/m. Above
80 GHz (not shown here), the measured results become very160

noisy. This is due to the fact that the reference calibration
standards on the GaAs substrate were not designed for oper-
ation at such high frequencies. In (Rumiantsev et al., 2009),
where also alternative schemes for determiningZ0 were dis-
cussed, similar observations were made.165

2.3 Numerical simulations

Numerical simulations of the test structures were performed
using the 3D full-wave time-domain electromagnetic field
solver Microwave Studio (2011) as mentioned before. Fig-
ure 7 shows the port description used in the electromagnetic170

simulation. Instead of modeling the microwave probe, we
used a conducting bridge between the ground planes as a
substitute for a much more complicated probe model. This
port description is similar to the PEC ground bridge used for
HFSS simulations in (Johansen et al., 2007). Port 1 is lo-175

cated at the contact pads, port 2 is located 75µm inside the
membrane CPW.

The simulated scattering parameters of the silicon-to-
membrane transition, with variation of the substrate conduc-
tivity σSi, are shown in Figs. 8-10. The results for both re-180

flection and transmission do not vary much over frequency
for conductivities above 5000 S/m.The reflection coefficients
stay below -10 dB for a wide frequency range.
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Fig. 6. Real and imaginary part of Z0 of silicon access lines.

We also performed parametric studies of the geometrical
cross section of the silicon access lines to confirm the final185

geometry chosen for the layout of the interconnect structures
(not shown here).

2.4 Measured transition performance

To investigate the broadband performance of the silicon-to-
membrane transitions, the membrane CPWs were produced190

both with and without transitions at either side of the lines.
The ones without transitions were configured with an addi-
tional length of 50µm on the silicon substrate to allow for
on-wafer probing.

The measured reflections of a 3 mm and 6 mm long mem-195

brane CPW with (w/) and without (w/o) transitions are com-
pared in Fig. 11. The raw S-parameter measurements were
corrected with the aid of an off-wafer GaAs multiline TRL
calibration whose reference impedance was set to 50Ω. Fig-
ure 11 demonstrates that the reflection properties greatly im-200

prove when using the transitions, independent of the mem-
brane CPW length.

Fig. 7. CST model of silicon-to-membrane transition.
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3 Membrane CPW characterization

To characterize the membrane CPW, its broadband properties
were determined in the frequency range of 1-110GHz apply-205

ing the model verified in (Arz et al., 2011a). The membrane
CPW’s cross-sectional parameter values are given in Table 3.
Comparing the calculated propagation constant against the
propagation constant extracted using multiline TRL (Marks,
1991) verified the results. One offset short and four lines210

with lengths between 0.5 mm and 7.072 mm were applied for
the multiline TRL calibration. All test structures contained
broadband transitions as discussed in section 2. The vector

Fig. 6. Real and imaginary part ofZ0 of silicon access lines.

frequency-dependent line parameters of transmission-line
systems on conductive substrates from their cross-sectional
data. The skin effect in the signal and ground conductors is
neglected.

Figure 6 shows the real and imaginary part of the char-
acteristic impedanceZ0 of the access lines on silicon. Not
knowing the substrate conductivityσSi with sufficient accu-
racy in advance, we performed the calculations using differ-
ent values for that parameter. The manufacturer specified a
wafer conductivity above 5000 S m−1. Thus, we chose addi-
tional values in the calculations to demonstrate the influence
of the substrate conductivity on the silicon access line param-
eters. The measured characteristic impedance agrees well
with the quasi-analytical calculations of (Grotelüschen et al.,
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We also performed parametric studies of the geometrical
cross section of the silicon access lines to confirm the final185

geometry chosen for the layout of the interconnect structures
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1993) for substrate conductivities above 5000 S m−1. Above
80 GHz (not shown here), the measured results become very
noisy. This is due to the fact that the reference calibration
standards on the GaAs substrate were not designed for oper-
ation at such high frequencies. In (Rumiantsev et al., 2009),
where also alternative schemes for determiningZ0 were dis-
cussed, similar observations were made.

2.3 Numerical simulations

Numerical simulations of the test structures were performed
using the 3-D full-wave time-domain electromagnetic field
solverMicrowave Studio(2011) as mentioned before. Fig-
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network analyzer Anritsu MS4647A was employed for the
on-wafer scattering parameter measurements of the line and215

reflect standards.
Figure 12 shows the measured and calculated attenuation

constantα and the phase constantβ normalized to the free-
space valueβ0 for the membrane CPW according to Ta-
ble 3. The agreement between measurement and calculation220

is good forα, and excellent forβ/β0 in the entire frequency
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Further investigations presented in (Arz et al., 2011b) in-
dicate a tangible sensitivity ofα and, even more,β, to the
relative permittivity of the membrane materialεr,mem. De-225
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Table 3. Membrane CPW parameters.

parameter value
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spite the fact that the thickness of the membrane layer is just
1µm, the sensitivity is very high. Together with the sensi-
tivity of Z0 in the silicon access lines, this may open up an
opportunity to determine the broadband relative permittivity
of thin-films from on-wafer measurements.230
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Fig. 10. Simulated reflection of silicon-to-membrane transition at
port 2, with variation of silicon substrate conductivityσSi.

ure7 shows the port description used in the electromagnetic
simulation. Instead of modeling the microwave probe, we
used a conducting bridge between the ground planes as a
substitute for a much more complicated probe model. This
port description is similar to the PEC ground bridge used for
HFSS simulations in (Johansen et al., 2007). Port 1 is lo-
cated at the contact pads, port 2 is located 75 µm inside the
membrane CPW.

The simulated scattering parameters of the silicon-to-
membrane transition, with variation of the substrate conduc-
tivity σSi, are shown in Figs.8–10. The results for both re-
flection and transmission do not vary much over frequency
for conductivities above 5000 S m−1.The reflection coeffi-
cients stay below−10 dB for a wide frequency range.
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We also performed parametric studies of the geometrical
cross section of the silicon access lines to confirm the final
geometry chosen for the layout of the interconnect structures
(not shown here).

2.4 Measured transition performance

To investigate the broadband performance of the silicon-to-
membrane transitions, the membrane CPWs were produced
both with and without transitions at either side of the lines.
The ones without transitions were configured with an addi-
tional length of 50 µm on the silicon substrate to allow for
on-wafer probing.

The measured reflections of a 3 mm and 6 mm long mem-
brane CPW with (w/) and without (w/o) transitions are com-
pared in Fig.11. The raw S-parameter measurements were
corrected with the aid of an off-wafer GaAs multiline TRL
calibration whose reference impedance was set to 50�. Fig-
ure11demonstrates that the reflection properties greatly im-
prove when using the transitions, independent of the mem-
brane CPW length.

3 Membrane CPW characterization

To characterize the membrane CPW, its broadband properties
were determined in the frequency range of 1–110 GHz apply-
ing the model verified in (Arz et al., 2011a). The membrane
CPW’s cross-sectional parameter values are given in Table3.
Comparing the calculated propagation constant against the
propagation constant extracted using multiline TRL (Marks,
1991) verified the results. One offset short and four lines
with lengths between 0.5 mm and 7.072 mm were applied for
the multiline TRL calibration. All test structures contained
broadband transitions as discussed in Sect.2. The vector
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Fig. 12. Attenuation constantα and normalized phase constantβ/
β0 of membrane CPW.

Possible applications of the new interconnect structures in-
clude, but are not limited, to wideband high-precision on-245

wafer calibration standards.
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β0 of membrane CPW.

Table 3. Membrane CPW parameters.

parameter value

wg 263 µm
w 172 µm
s 3 µm
t 0.9 µm

σmetal 30 MS m−1

εr,mem 6.5
tmem 1 µm
tanδ 0.0001

network analyzer Anritsu MS4647A was employed for the
on-wafer scattering parameter measurements of the line and
reflect standards.

Figure 12 shows the measured and calculated attenua-
tion constantα and the phase constantβ normalized to the
free-space valueβ0 for the membrane CPW according to
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Table3. The agreement between measurement and calcu-
lation is good forα, and excellent forβ/β0 in the entire fre-
quency range.

Further investigations presented in (Arz et al., 2011b) in-
dicate a tangible sensitivity ofα and, even more,β, to the
relative permittivity of the membrane materialεr,mem. De-
spite the fact that the thickness of the membrane layer is just
1 µm, the sensitivity is very high. Together with the sensi-
tivity of Z0 in the silicon access lines, this may open up an
opportunity to determine the broadband relative permittivity
of thin-films from on-wafer measurements.

4 Conclusions

The new interconnect structure presented in this paper is suit-
able for on-wafer probing on highly-conductive silicon sub-
strates up to at least 110 GHz. A reflection coefficient less
than −10 dB was measured in the complete frequency re-
gion. Both the silicon and the membrane technology part
of this interconnect structure were characterized individually
by measurement and calculation.

The silicon-to-membrane transition allows to accurately
deembed the broadband electromagnetic properties of the
membrane CPW part of the interconnect structure. Mea-
sured and calculated values of the propagation constant of
the membrane CPW agree well in the entire frequency range.
Possible applications of the new interconnect structures in-
clude, but are not limited, to wideband high-precision on-
wafer calibration standards.
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