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Abstract—The measured and calculated propagation constant ——| W|~—S —-| W|~— t
of coplanar waveguide (CPW) on low-resistivity silicon (1€2 - cm) ' — ::
with a micromachined polyimide interface layer is presented in this Hp &1 polyimide
paper. With this new structure, the attenuation (decibels per cen- t silicon
timeter) of narrow CPW lines on low-resistivity silicon is compa- &2 substrate

rable to the attenuation of narrow CPW lines on high-resistivity
silicon. To achieve these results, a 2@m-thick polyimide interface
layer is used between the CPW and the Si substrate with the poly- Fig. 1. Schematic of CPW line on low-resistivity Si wafer with a polyimide
imide etched from the CPW slots. Only a single thin-film metal interface layer.
layer is used in this paper, but the technology supports multiple
thick metal layers that will further lower the attenuation. These
new micromachined CPW lines have a measured effective permit- Both of these facts increase the cost of Si RFICs on HRS
tivity of 1.3. Design rules are presented from measured character- compared to standard CMOS circuits.
istics and finite-element method analysis to estimate the required The other approach for Si RFICs is to use the polyimide
polyimide thickness for a given CPW geometry. : . R
layers, as used in CMOS processing for wafer planarization, to
Index Terms—Attenuation, coplanar waveguide, interconnects.  develop novel RF transmission lines on CMOS-grade Si sub-
strates [3], [4]. For example, thin film microstrip (TFMS) is cre-
I. INTRODUCTION ated by depositing a ground plane on the top side of the Si sub-
strate, depositing a polyimide layer over it, and defining the strip

HE possibility of low-cost radio-frequency integrated Ciry, the top surface. Since the ground plane completely shields the

cuits (RFICs) integrated with digital circuitry is creatingg|ecromagnetic fields from the lossy silicon wafer, low atten-
strong interest in silicon as a microwave substrate [1]-[4]. ThiSytion is possible with a polyimide less than A6r thick [6].

is being driven by the development of SiGe heterojunctigfrthermore, since via holes are easily etched through the poly-

bipolar transistors (HBTs) with a maximum frequency Oifmide, multilayer interconnects are possible.

oscillation fmax of 160 GHz [5]. However, transmission lines  \jicrowave circuit designers often prefer a coplanar wave-
and passive circuit components on standard low-resistivifyjije (CPW) because of its advantages in circuit layout that re-
silicon substrates such as used in CMOS processing have Ngh rom having the strip and the ground planes on the same
loss. To overcome this problem, two approaches have begface. It has been shown that a CPW on low-resistivity sil-
used for Si RFICs. _ , ~_ icon wafers with a polyimide interface layer, as shown in Fig. 1,
_The more straightforward approach is to use high-resistivif, yield acceptable attenuation. However, since the interaction
silicon (HRS) substrates, resistivity greater th_an_ 251)_0:m of the electromagnetic fields with the silicon substrate must be
[1], [2]. HRS has the advantage that transmission lines agfnimized for low loss, the polyimide thickness must be thicker
passive components printed on it behave similarly to the sagg, that for TFMS lines [7]. Alternatively, if the processing
components on GaAs or other good microwave substratgges not support thick polyimide, thick Si@nay be used [8].
Thus, CII’.CUIt' designers may use the equalent—cwcun models|, this paper, experimental measurements and three-dimen-
and fabrication processes already available. However, HRjgpq) finite-element method (3-D-FEM) analysis are used to
wafers are more expensive than standard silicon substrates goghonstrate that wave attenuation in CPW lines on a polyimide
require modifications to standard CMOS fabrication processgsarface layer, such as shown in Fig. 1, is significantly reduced
by etching the polyimide in the slot regions in a similar manner
as is done for CPW lines on HRS [9], [10]. This lowers the ef-
Mamt’sgr.ipt reﬁetivetﬂg%bf?fé?ﬁf3,’é32?§§£§ighJ“”e 29, 2000. This work Vfagtive dielectric constant, line capacitance, and current density,
sugr.)oEr.ePol?]cphaark ig with the NASA Glenn Reseérch Center, Cleveland, d’MhiCh leads to lower conductor loss. Besides lowering the atten-
44135 USA. uation per unit length, a very low effective dielectric constant
A. Margomenos and L. P. B. Katehi are with the Department of Electricijas heen measured and is reported here. Finally, design rules to
Engineering and Computer Science, The University of Michigan, Ann Arboa(_}termir|e the minimum polyimide thickness for low attenua-
MI 48109 USA.
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) ) . ) o ) . Fig. 3. Measured attenuation of micromachined CPW lines with
Fig. 2. SEM of micromachined CPW line on low-resistivity Si wafer with a7y, — 20.15 xm.
polyimide interface layeri{p = 20.15 pm) that has been etched.
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On four 385xm-thick 142 - cm silicon wafers, DuPont WE £ 4 gefore e
1111 (now called PI-1111) polyimide is deposited and cured 3 3 T
to a thicknessHp of 6.35, 8.83, 14.59, and 20.}6m. Sets of © ) S
15 different CPWs are fabricated on top of the polyimide using )
standard liftoff processing with the CPW made of 0.082 of Ti o
and 1.5;m of Au. At this point, the transmission lines appear 0 10 20 30 40
as shown in Fig. 1, where the polyimide not protected by the Frequency (GHz)

CPW metallization is removed by reactive ion etching (RIE) to
obtain the structure shown in Fig. 2. No backside ground plah@. 4. Measured attenuation of CPW linés£ 10 andlV" = 9 pm) before
or Si passivation layers are grown, and WE1111 polyimide h3% after polyimide etch.
a relative dielectric constaat.; of 2.8. 3

The CPW propagation characteristics are measured wittinated and varies ag’°, while for wider lines, the frequency
vector network analyzer and probe station. A quartz spacer &pendence. increases to 1.5. Therefore, at high frequency,
tween the Si substrate and the probe station wafer chuck is usagrower CPW lines on polyimide have lower attenuation than
to eliminate parasitic microstrip and para||e|_p|ate Waveguid/éider lines. This is Contrary to the attenuation characteristics
modes. The propagation constant= « + jwy/ecq /¢, where of CPW lines on insulating substrates, which are dominated by
« is the attenuation constant, is the angu|ar frequency1 is conductor loss for both narrow and wide lines [13] Note that,
the velocity of light in vacuum, ane.; is the effective dielec- in Fig. 3, the lowest attenuation at 40 GHz is 2.75 dB/cm for a
tric constant, is deembedded through the thru-reflect-line (TRIiye with S andW of 10 and 9um, respectively.
calibration routine implemented in the software program MUL- Fig. 4 shows the reduction in attenuation after etching the
TICAL [11]. For each CPW line characterized, four delay lineBolyimide from the slots of three CPW lines withand of 10
with the longest line being 1 cm are used in addition to the thand 9:m, respectively, on polyimide of thickness 8.83, 14.59,
line to enhance accuracy from 1 to 40 GHz. and 20.15:m. Note that each graph on Fig. 4 is for a different

The micromachined CPW lines are theoretically analyzd¥plyimide thickness and the upper line, indicating higher loss, is
using a 3-D-FEM analysis implemented through Ansoft'the attenuation of the CPW before polyimide etch. At 40 GHz,
high-frequency structure simulator (HFSS). The simulatdhere is a 28% reduction in attenuation after etching for the CPW
structure is the same as the actual structure described ab@dhe thinnest polyimide and a 35% reduction in attenuation
and is shown in Fig. 2, including the;2n polyimide undercut for the CPW on the thickest polylmlde Itis interesting that this
of the CPW lines. Furthermore, to achieve good match betwe@sluction in attenuation is similar to the reduction in attenuation
the measured and theoretical results, the Si wafer loss tang@fePW lines on HRS when the silicon is etched from the slots
of 0.0018 [12], the Si wafer resistivity, and the metal resistivit{], [10].

were used in the model. Radiation boundaries are used on théhe effective permittivity of the CPW lines after etching the
top and sides of the simulated structure. polyimide also varies with the line geometry. If the approximate,

but usually very accurate, estimatesof = (e, +1)/2 is used,

eog¢ Should equal 1.9 for the CPW lines before the polyimide

is etched if none of the fields interact with the silicon since
The attenuation in decibels per centimeter of three CPW lings = ¢,; = 2.8. Furthermore, the more the electric fields in-

after polyimide etch withHp = 20.15 um is shown in Fig. 3. teract with the Si substrate, the highgeg will be. After the

At low frequency, belowX -band, wider CPW lines have lowerpolyimide is etched and more of the fields are in air, both above

loss than narrow lines; however, the high-frequency behaviortie polyimide and in the slot region,s should to be less than

not easily predicted. It is seen in Fig. 3 that the frequency depdn9. Fig. 5 shows the measured and calculatgdas a function

dencen of &« = o f™ varies with the strip and slot widths. Specif-of frequency for a narrow and a wide CPW line before and after

ically, for narrow lines, the attenuation is conductor-loss donthe polyimide etch. There is excellent agreement between the

Ill. RESULTS
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tric fields are still interacting with the Si. Etching the polyimide
from the slots reduces.gy by 17% for the wide CPW line and
36% for the narrow CPW line at 40 GHz. This percentage reduc-
tion in e.g for the narrow CPW line is approximately the same
as the percentage reduction in attenuation, as shown in FigFig. 6. Calculated electric-field magnitude for CPW lines with= 50 pm,
Lastly, note the narrow line has a very lew; of 1.3. W= 35 pm, and (@)ip = 8 pm, (b) Hp = 20 pm, and ()i p = 50 pm.

While low .y increases the circuit speed, it also makes it dif-

ficult to fabricate low characteristic impedanggtransmission -15
lines sinceZ. = A/\/e.x WhereA is only dependent of and \\

2.0 <§e¥oree'tch' - la} R
§=10, W=9 um.
1.5 o\'\~°_°_o_oiﬁoer_et3h_9_g_o_..‘
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Fig.5. Measured and calculated effective permittivity of micromachined CPW b
lines withHp = 20.15 pm. Measured data is shown as lines and the calculated 5 1
data is shown as discreet points.
L 5500
measured and calculated values, which indicates the accuracy
of both methods. The small difference between the two sets of
values is attributed to difficulty in describing the physical struc- -1 5. 3
ture used in modeling. Before the polyimide is etcheg; is
greater than 1.9 for both CPW lines, indicating that the elec- 19.3448
(el

C

W. Based on the calculated. of CPW lines on HRS and the
measured.g; of CPW lines on the micromachined polyimide,
Z. of the new CPW lines presented in this paper may be deter-
mined. This has been done for the three lines in Fig. 3, which
have a characteristic impedance of@n HRS. After etching

the polyimide,Zc is 106, 85, and 722 for the CPW lines with 0 10 20 30 40 50

S = 10, 30, and50 pum respectively, oz, of the new CPW Hp (pm)

lines presented here has increased by 112%, 70%, and 44%, re-

spectively. Fig. 7. Calculated maximurf®| in Si for CPW lines on polyimide interface

It was speculated above that the magnitude of the electric fielﬁleﬂer after etching as a function of the polyimide thickness.
in the silicon after etching is significantly lower, especially for
narrow CPW lines. Using the 3-D-FEM analysis, the reduction It is helpful to compare these reported characteristics with
in loss and effective permittivity is clearly shown to be due t€PW lines on HRS with the same characteristic impedance.
a reduction in the electric fields in the Si wafer. Fig. 6(a)—(d}ig. 8 shows the attenuation of a CPW line on polyimide with
show the magnitude of the electric field in a cross-sectional ctif W, and Hp of 20, 6, and 20.15:m, respectively, before
through CPW lines wittt = 50 pym, W = 35 um, andHp = and after polyimide etch. This line has a 85eharacteristic
8, 20, and50 pm, respectively. It is seen that the electric fieldempedance after the polyimide has been etched. Twz €&2W
are concentrated along the metal edges of the CPW slots, éinds on HRS are shown for comparison. First, it is seen that
the field magnitude in the Si decreaseskag increases. Note the CPW line on polyimide before etching has a higher attenu-
the darker colors in the polyimide under the CPW center strigion than the CPW lines on HRS, and the new line presented
for the thicker polyimide indicates lower field magnitude. Théere with the etched polyimide has significantly lower atten-
maximum electric field in the Si substrate for micromachinedation. Comparing the CPW line on polyimide after etch and
CPW lines withS andW of 50 and 35:m and 10 and &m the CPW line on HRS with the same center conductor width
as a function ofHp is presented in Fig. 7. It is seen that th€S = 20 um), it is seen both lines have the same attenuation at
maximum electric field in the Siis significantly lower for narromow frequency, while the new line has 1.5 dB/cm higher loss at
CPW lines compared to wide CPW lines. In fact, for the 20:1540 GHz. However, for the two lines closer in size to each other,
m-thick polyimide used in Fig. 5, the magnitude of the electri¢S + 20W) = 32 um and 50pm for the line on polyimide
field in the Si is approximately 7.5 dB lower for the narronand the line on HRS respectively, the micromachined CPW has
CPW. lower loss across the frequency range of 1-40 GHz.

$=10, W=9 ym

IElmaxin Si (dB)
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Fig. 10. Comparison of measured effective permittivity of CPW lines on Si
with a polyimide interface layer before and after etching as a functi@ts ef [3]
2W)/Hp (frequency= 20 GHz).
[4]

IV. DESIGN RULES

As was shown in Figs. 3 and 4, the attenuation of CPW lines
on CMOS-grade Si is very dependent on the polyimide thick- [5]
ness and the strip and slot width. For low attenuation at higher[6]
frequencies, the frequency dependenchould be as small as
possible. To establish a design ruleg 1 may be used. Fig. 9
showsn as a function of the CPW geometry and polyimide [7]
thickness before etching. Also shown in Fig. 9 is a regression fit
of the measured data for the frequency dependence after etchingg]
To satisfy the design rule of < 1, (S +2W)/Hp < 4 must be
maintained for low attenuation. Alternatively, the measuigd 9]
may be used to determine criteria on the CPW geometry. Fig. 10
shows the measured; of CPW lines on polyimide before and
after etch. As already discusseds should be less than 1.9 if 14
the field interaction with the Si is low. As shown in Fig. 10,
this requires(S + 2W)/Hp < 3. Note thate.z > 1.9 for
all linewidths before the polyimide is etched. Finally, finite-ele-
ment analysis indicates that for maxim{i&y in the Sito be less

(11]

than—30 dB,(S+2W)/Hp must be less than two, as shown in
Fig. 11. Based on these three observations, a reasonable design
. rule for low-loss CPW lines on low-resistivity Si with an etched
polyimide is(S + 2W)/Hp < 3.

V. CONCLUSION

Micromachined polyimide CPW lines on low-resistivity sil-
icon substrates have been shown to have low attenuation and a
low effective permittivity. Since it is known that CPW attenua-
tion varies inversely with the line dimensions [12], the low atten-
uation of the narrow lines presented here is exciting. Therefore,
this new transmission line provides Si RFIC designers using
CMOS grade Siwafers another important low-cost option that is
more robust and simpler to fabricate than membrane-supported
lines on CMOS-grade Si[13], [14]. Furthermore, the kaw of
1.3 reported here enables high-speed circuits.
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