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1.0 Abstract

Planarization of transmission lines such as microstrip, stripline, and coplanar provide enhanced
flexibility in array design, compatibility to active devices and radiating elements, as well as
reduced volume and weight. However, many unwanted frequency dependent mechanisms are
introduced from these planar lines which cause degradation in the electrical performance of the
circuit. As a result, the development of new geometries which reduce the effect of such mecha-
nisms as ohmic loss and electromagnetic interference without affecting the monolithic character
will result in extended operating frequencies and improved electrical performance of circuits and
arrays. This paper presents the development of micromachined circuits which provide shielding
of conventional lines using micromachining techniques. Presented is a description of the fabrica-
tion and characterization of these circuits. In addition, the study will show information about the
propagation characteristics of the line and scattering parameters for a variety of micromachined
circuits with comparison to theoretical and conventional circuit geometries.

2.0 Introduction

The thrust for the development of cost effective, lightweight electrical systems which exhibit
improved electrical performance can be attributed to communications, commercial and military
applications. One application in the area of communications is for the development of miniature
satellites, microsats, which contribute to reduction in weight and improved fuel economy. Com-
mercial applications will benefit from this development of high intelligence highway systems
which require parallel processing of vast amounts of information transfer to maintain efficient
operation of such systems. On the other hand, military applications will require development of
PIN cards used for identifying military personel. Thus, the impetus for investigating microma-
chined circuits is due to the strong desire to develop inexpensive circuits that provide improved
electrical performance with reduced volume and wei ght.

Currently, monolithic quasi-planar geometries which exhibit electrical and geometrical resem-
blance to waveguide shielded transmission lines and circuits are possible to implement due to
recent advances in semiconductor processing techniques. Silicon based monolithic waveguides
have been successfully developed for use in the sub-millimeter wave frequencies using silicon
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micromachining techniques by JPL [1] and University of Michigan[2]. The waveguide is split"
along the broad wall and each half is formed by etching a channel through an appropriately ori-
ented silicon wafer. Finally, a polyamide bonding technique is used to glue the etched channels to
a smooth silicon wafer. In addition their performance has been measured and has been found very
satisfactory[1].

Similarly, a shielded transmission line structure, Figure 1, can be developed by replacing the
waveguide with a cavity which is etched into Si using KOH and then metallized using evapora-
tion techniques. Then the planar transmission line is created by metal deposition on the Si semi-
conductor substrate and attached to the original wafer using electrobonding techniques. The
results are lines and circuits which evolve from the conventional metallic waveguide and
waveguide-shielded components with the advantages mentioned above.

FIGURE 1. Micromachined CPW

As a result, this study will present the development of micromachined circuit, which use an
etched cavity as a shield to planar geometries. After describing the fabrication and experimental
procedures needed to characterize these novel circuits, scattering parameter measurements will be
shown. Finally, results regarding the propagating characteristics of the line and a variety of circuit
geometries will be presented and compared to theoretical models as well as conventional geome-
tries.

3.0 Fabrication Procedure

In order to implement the development of a micromachined circuits, technology resulting from
recent advances in semiconductor processes is used. These circuits are created by attaching the
shielding structure to the planar line structure using electrobonding techniques. Although the
shield and lines require the use of standard photolithography, the planar lines use a bilayer process
technique for metal definition while the shield uses anisotropic wet etching methods for the devel-
opment of the cavity structure.

Initially, a Si wafer having a membrane (Si02/Si3N4/Si02) dielectric surface is used to develop
the cavity structure since depths of varying heights are required. Using photolithography to define
the areas to be etched, the first oxide layer is etched using BHF while the nitride layer is etched
using plasma etching. After repatterning the wafer to protect the areas to be etched later, the sec-
ond oxide layer is removed while the remaining membrane layers serve as a mask for any unpat-
terened sections of wafer. Once the initial depth is obtained for the alignment marks, the
remaining cavity areas are then exposed and etched to the required depth. The result is the devel-
opment of a structure which has sections etched entirely through the wafer, the alignment marks,
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and sections etched partially through, the cavities. Once the etch is complete, the shielding portion
of the micromachined circuit is metallized using evaporation techniques.

Secondly, transmission lines are designed which consist of calibration standards and various cir-
cuit geometries necessary to characterize the electrical performance of the micromachined cir-
cuits. The lines, developed on a separate wafer, use photolithography to pattern circuit areas and
the bilayer process to develop the appropriate line depth and width with the use of evaporation
techniques.

Lastly, the micromachined circuits are developed by aligning the cavity structure to the transmis-
sion line structure. Once aligned, they are secured using electrobonding methods.

4.0 Measurement Procedure

Characterization of the circuits require the use of the following experimental arrangement: an HP
8510B Network Analyzer modified to operate up to 40 GHz, an Alessi Probe Station, and Cascade
Probe Tips. To reduce the effects of possible substrate modes in the high resistivity silicon sub-
strate, the circuits are isolated from the wafer chuck by 1/8” thick 5880 duroid, er=2.2.

To accurately measure the circuit performance of the micromachined circuits, the Thru-Reflect-
Line (TRL) calibration technique is used. In order to perform this calibration, standards were fab-
ricated using the above process. A one tier de-embedding technique was used for on-wafer cali-
bration which calibrates the system reference plane along the transmission line. As a result, the
calibration takes into account all transitions between the ANA and the reference plane.

The micromachined circuit, Figure 2, requires several transitions along the feed line to excite the
micromachined circuit. The first transition is a taper between two 50 ohm sections of cpw-line.
This transition is necessary to provide excitation to the desired line via the Cascade 150 pum pitch
probes with minimal mismatch to the probes. The input port, having center conductor width of
100pm and slot width of 60 Hm, is transitioned into a line with center conductor width of 180 um
and slot width of 130 um. The second transition occurs between cpw and micromachined cpw cir-
cuit. The micromachined circuit is of coplanar type line which includes a micromachined shield-
ing cavity having height of 200 pm and width of 800 um. Subsequently, the required input line of
all circuits measured will be of this type.

FIGURE 2. Micromachined circuit with various transitions
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5.0 Measurements and Discussion

5.1 Philosopy of the Experimental Study

In order to facilitate a complete preliminary study of micromachined circuits, it is necessary to
compare the measured results to both theoretical models as well as conventional geometries.

The theoretical model used for the micromachined circuits is based on the space domain integral
equation (SDIE). With the appropriate Green's function for the lower half space and upper cavity
region of the two dimensional circuit, unknown magnetic surface currents used to replace the
slots, Mg, can be determined for a given electric source, Js, using the method of moments. Once
Mg is known, Galerkin’s method is applied to reduce the above integral equation to a linear sys-
tem of equations.For a given field distribution, the scattering parameters of the equivalent net-
work is computed using standard techniques. [3,4]

The coplanar waveguide circuits, Figure 3b, are design to be identical in geometry to the micro-
machined planar circuits, Figure 3a. However, the design includes separate calibration standards
for the cpw and micromachined circuits.

The resulting measurement will therefore show the response of micromachined circuits as com-
pared to the theoretical model and conventional coplanar waveguide.

FIGURE 3. (a) Micromachined Circuits and (b) Open CPW Circuits

-5.2 Measurements

A through line is used to provide information about the propagating characteristics of the micro-
machined transmission line. Figure 4 below shows the effective dielectric of a line having length
of 2088um and dimensions as stated above. The results show good agreement between the mea-
sured micromachined circuit and the theoretical model, which is based on Full Wave Analysis[3].

The two circuit designs presented are an open end series stub in Figure Sa, designed to have gap
spacing of 30 um, and open end gap in Figure 5b, designed to resonate at 30 GHz with resonate
stub length of 1086um
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FIGURE 4. Effective Dielectric Constant

and slot width of 30 pum. The scattering parameters for the above circuits have been measured and
are compared to the theoretical model for the micromachined cpw circuit. In addition they are
compared to conventional cpw circuits of the same type.

=N

(a) Open End Series Stub (b) Open End Gap

FIGURE 5. (a) Open End Series Stub and (b) Open End Gap

For the open end series stub in Figure Al.a, theory and experiment are in excellent agreement
both in magnitude and phase as seen in Figures A1.b and Al.c. For the same circuit, comparison
with the cpw line is shown in FiguresA2.a and A2.b. The line geometry is identical for both cir-
cuits, however, the micromachined circuit provides a shielding environment. In Figure A2.c, the
total loss of this micromachined circuit varies between 6 dB and 2 dB at the high end below that
of conventional cpw lines.

The open end gap in Figure B1.a, shows very close agreement in magnitude and phase with the
theoretical results as seen in Figures B1.b and Bl.c. As stated initially, it is very important to
avoid distortion of the circuit performance when the shield is included. As a result of Figures B2.a
and B2.b, comparison between the micromachined circuit and cpw show similarities in the overall
circuit performance. The distinction between the lines occur when observing the total loss of the
circuits. In Figure B2.c, the total loss, which is again reduced, indicates improvement in the over-
all performance of the circuit due to the micromachined cavity of the line.
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To indicate the potential for this technology, Figure 6 shows a geometrical description of a -milled
circuit as compared to the new micromachined circuits. The milled represents one circuit while
the micromachined circuit represents 5 different circuits housed on the silicon wafer that is about
1/6 of a 3” wafer.

FIGURE 6. Milled Circuit and Micromachined Circuit

In addition to the physical reduction in the size and volume, circuit geometries of similar type
indicate promise for applications at terahertz frequencies. However, of the two. the microma-
chined circuits offer the most flexibility in testing due to state of the art measurement systems
available namely the probe station. These circuits and system offer more repeatable measure-
ments along with ease in the fabrication methods used. Figure 7 shows the loss performance of
similar geometries between the micromachined and milled circuit. Since the circuits are passive in
nature, losses, except ohmic, can be scaled appropriately to the terahertz frequencies to give rea-
sonable indicators of expected circuit performance.
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FIGURE 7. Losses of (a) Micromacnined circuit vs. (b) Milled circuit
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6.0 Summary

Micromachined circuits have been built and tested. The results show that the scattering parameter
measurements are in very good agreement with the theoretical model used. The study also shows
comparison between the cpw and micromachined cpw. The results indicate consistently that the
shielded geometry results in reduction in the total loss of the various circuits measured. When
compared to machine milled circuits of similar geometry, the losses are comparable. As a result,
micromachined circuits show encouraging preliminary results which warrant further development
of these lines for more complicated geometries.

Acknowledgments

This work was partially supported by the Office of Naval Research and the NASA Center of
Space Terahertz Technology. The authors would also like to thank Nihad Dib for theoretical
model contributions.

References

1. M. Yap, Y-C Tai, W.R. McGrath and C. Walker, “Silicon Micromachined Waveguides for Mil-
limeter and Submillimeter Wavelengths,” presented in the 3rd International Symposium on
Space Terahertz Technology, Ann Arbor, MI, March 1992.

2. Linda PB. Katehi,” Low-Loss Transmission Lines for Terahertz Frequency Applications,”
IEEE Proceedings, November 1992, pp.1771-1787.

3. N.I. Dib, P.B. Katehi, “Modeling of Shielded CPW Discontinuities Using the Space Domain
Integral Equation Method (SDIE),” Journal of Electromagnetic Waves and Applications
(JEWA), Vol. 5, No 4/ 5, pp. 503-523.

4. N.L. Dib, L.P.B. Katehi, G.E. Ponchak and R.N. Simons, “Theoretical and Experimental Char-
acterization of Coplanar Waveguide Discontinuities for Filter Applications, /EEE Trans. on
MTT, Vol. 39, No. 5, May 1991.



Fourth International Symposium on Space Terahertz Technology Page 245

Figures

g =30um

w=130um :+
s=180um _E: wl= 60um
#

1086pm

(a) Physical Geometry

0 - t
Mag(S12)
-4
-]
~
= 8
8 wg(su)
é 12 T+ \ s
N
o [
.. -16 | —@— Experimenmul
[ | —— Theoretical ;
20 } } }
10 15 20 25 30 35 a0

Frequency, GHz

(a) Magnitude of Scattering Parameter

S-parameter, degrees

10 15 20 2s 30 35 40
Freouencv. GHz

(b) Phase of Scattering Parameter

FIGURE Al. Micromachined CPW, Theoretical vs. Experimental: Open End Series Stub



Page 246 Fourth International Symposium on Space Terahertz Technology

-16 T + Micromackined CPW

S-parameter, dB
©

]
S
\ng(sxl) //:/_/_//_

-20 } t t

10 1S 20 25 30 35 40
Frequency, GHz

(a) Magnitude of Scattering Parameters

200 } t $ t
E H W- ! H
T
] —&— Micromachined CPV
. —O— CPW
: L 3
— s

10 15 20 25 30 35 40
Freauencv. GHz

(b) Phase of Scattering Parameters

¢]
5 e R
m L w-\b\,‘/"ww
~ I
3‘ [ /—.-"‘/\"“
S -10 f”m
&
—@— Micromachined CPW
—6—CPW
i i i
T T T
10 1S 20 25 30 35 a0

Frequency, GHz
(c) Total loss

FIGURE A2. Micromachined CPW vs. CPW LlIne: Open End Series Stub



Fourth International Symposium on Space Terahertz Technology Page 247

g=30um
w=130pm — +
s=18oum ___ [HNEEN DN
I

(a) Circuit geometry

Mag(S12) ]

S-parameter, dB

—&— Experimental

= F i Theoretical
T N
10 15 20 25 30 35 40

Frequency, GHz

(b) Magnitude of scattering parameters

1 1
200 E 1 !

150 —@— Experimentsl
100 - —— Theoretical

A4l

n

o

|
TrT 1%!'!( T
ITESUTRS IS

~—
g ATE(S12)
-50 __-\‘
E "\

S-parameters, degrees
o
|
1

-100 -
F Arg(S11) T~
-150 - —g
-200
10 15 20 25 30 35 40

Frequency, GHz
(c) Phase of scattering parameters

FIGURE B1. Micromachined CPW, Theoretical vs. Experimental: Open End Gap



Page 248 Fourth International Symposium on Space Terahertz Technology

0
r wamm
o Mag(S11)
-S -
g : ,2>/J
5T e A
F @/-,__/: Mag{S12) |
é 15 -f e ]
e F ]
" a ]
20 [—&— Micromachined cpwz | -+
L L—e—-cpv ]
24 — ]
10 15 20 25 30 35 40

Frequency, CHz

(a) Magnitude of Scattering Parameters

200 t } }

IRAAES

N @®— Micromachined CPW
—5— CPW

-

4]

o
|

i

ITE ST INUTY FTR I FUTH

12)

S-parameters, degrees
0
o

g3

IARLARARRIRALE) LARIERE 1R 1eRR A R2RA"

10 1S 20 2s 30 35S 40
Frequency, GHz

(b) Phase of Scattering Parameters

0t ; i ; :
) et
315+ - %
g -20 -+ - [
©F l —&— Mimomachised CPV | ]
25T —e—CPW -1
-30 ! } } } ;
10 15 20 25 30 35 40

(c) Total Loss

FIGURE B2. Micromachined CPW vs. CPW Line: Open End Gap




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




