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Abstract—High-performance bandpass and bandstop mi-
crowave coplanar filters, which operate from 22 to 91 GHz, have
been fabricated on Si substrates. This was achieved using an
optimized proton implantation process that converts the standard
low-resistivity (~10 © - cm) Si to a semi-insulating state. The
bandpass filters consist of coupled lines to form a series resonator,
while the bandstop filter was designed in a double-folded short-end
stub structure. For the bandpass filters at 40 and 91 GHz, low
insertion loss was measured, close to electromagnetic simulation
values. We also fabricated excellent bandstop filters with very low
transmission loss of~1 dB and deep band rejection at both 22
and 50 GHz. The good filter performance was confirmed by the
higher substrate impedance to ground, which was extracted from
the well-matched.S-parameter equivalent-circuit data.
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Index Terms—Bandpass, bandstop, filter, integration, 420 pm
millimeter wave, Si.
Fig. 1. Photographic image of the fabricated bandpass filters designed for the
W -band of~94 GHz. The dark area in the photograph is metal pattern. The
l. INTRODUCTION total length is 62Q:m, while the central conductor has a length\, /2.

T HE concept of integrating filters with CMOS monolithic(oa) very large scale integration (VLSI) technologies face
microwave integrated circuits (MMICs) on silicon (Si)aqgitional process integration issues and packaging challenges.
substrates [1]-{3] is appealing because of lower cost and Cofgy gyercome this problem, we have previously developed an
pact system considerations [4]. This requirement becomes ey&hlimplantation technology that can convert conventional Si
more urgent as the operation frequency of Si communicati@ystrates (1@ - cm) to a semi-insulating state-(0f ©2 - cm)

integrated circuits (ICs) increases. However, the performa _[10]. Good performance has been realized for an integrated
of microwave filters integrated on Si suffers from the high R andpass filter on Si up to 40 GHz [10]. In this paper, we
loss and crosstalk of the Iovv_-reSISt_IVIty (W cm) Si substra_tes_ extend the operation frequency of the bandpass filter into the
[51-{12], as does the quality of inductors and transmissiofy_hand and also investigate microwave bandstop filters. The

lines on Si. This is the fundamental limitation of Si-based Rfgpy implantation was optimized for better compatibility with
circuits, even using advanced Si-on-insulator (SOI) technology,rent VLS| processes. Using this modified technology, we
Several methods have been proposed including using poroug,je achieved excellent RF performance, close to the ideal
fabricated by anodic etching [11] or microelectromechanicg|ectromagnetic (EM) simulations, for both coplanar bandpass
system (MEMS) technology [1], [12], but these nonconveny,g pandstop filters from 22 to 91 GHz. These excellent results
suggest that the microwave coplanar filters can be integrated
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Fig. 3. Measured and simulated power loss for 1-mm-long CPW transmission
lines fabricated on 1.mm SiO,/Si substrates with or without proton

Fig. 2. Image of the fabricated bandstop filters designed for 52 GHz. The d lantation

area in the photograph is metal pattern. The total length isi485while the
folded structure reduces the slot length~to\, /8. (A bandstop filter with a
22-GHz center frequency was also designed and studied.)

bandpass filters. Here, the values of the equivalent capacitance
and inductance depend on the gap spacing between the coplanar
couple lines and the width of the central line. The total filter
length is approximately /2 with each stub finger 2m wide.

The fabricated bandstop filter is shown in Fig. 2. The width of
the central conductor is 20m and each stub width is 10m ‘
with a gap of 15um. At resonant frequencies, the innkf4 -a0 f g‘;';dr;_ “QZifV”;;ngLt Simulation
slots transfer the equivalent open circuit to a short circuit, thus, Cross: IE3D Simulation

a bandstop response was obtained [1], [2]. The bandstop filter 80— pos o e 120
has a double-folded short-end stub form, which reduces the filter Frequency (GHz)

size from\, /4 to A, /8 by folding stubs and slots in the filter

S-parameter (dB)

Proton-implanted Si

structure [1], [2]. @)
The filters were fabricated on Si(Si substrates by 0
patterning a 4zm-thick Al metal layer deposited on the
1.5-um-thick SiO; layer already grown for better substrate ~ '°
isolation. An improved~4-MeV proton implantation scheme @
[5]-[10] was performed after the filter fabrication. This avoids % *°
potential contamination to the VLSI process line and uses a E
commercial thick photoresist. It is important to notice that § =30
the unmasked MOSFET and capacitor will fail due to the & ” Standard Si
damage to the dielectric layer by proton implantation [6]. Solid: Measurement
Therefore, the thick photoresist in combination of optimized , | Open: Equivalent Ckt. Simulation
energy are the key factors to realize an integrated single-chip 0 20 40 60 80 100 120
radio. Fabricated filters were characterized using an HP 8510C Frequency (GHz)
Network Analyzer and a probe station up to 110 GHz without (b)

any deembeddmg procedure. Fig.4. Measured and simulated characteristics of a broad-band bandpass filter

at 91 GHz fabricated on 1.6m SiO,/Si substrates: (a) with and (b) without
the proton implantation. Both idedE3D designed filter characteristics and
IIl. RESULTS AND DISCUSSION equivalent-circuit modeled data are shown for comparison.

A. Transmission Line

Since the substrate RF loss is a key factor for filters, wdity of 1 M - cm used inE3D. The small increasing loss with
first discuss the RF loss in proton-implanted transmissidicreasing frequency for transmission lines with implantation
lines. Fig. 3 shows the measured and simulated power lossfPelieved to be due to the conductor loss, but has only a
1000-m-long CPW transmission lines up to 110 GHz with dgreak effect on filter performance, as will be shown below.
without the proton implantation. The optimized proton-imThe modified proton implantation process can also be used for
plantation process, performed after the wafer processifgicrowave filters integrated on Si.
significantly reduces the RF loss from the Si substrates, ,
keeping it at less than 0.6 dB and up to 110 GHz. This excelldht Bandpass Filter
microwave performance is close to the id&aBD simulation Fig. 4(a) and (b) compares the RF characteristidd’eband
results for transmission lines on semi-insulating Si with resibandpass filters (Fig. 1) for devices with and without the
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Fig. 5. Measured and simulated 40-GHz bandpass filter characteristics on ()
1.54:m SiO,/Si substrates: (a) with and (b) without proton implantation. Both
ideal IE3D designed filter characteristics and equivalent-circuit modeled dagag. 6. Measured and simulated characteristics of bandstop filters at 22 GHz
are shown. on 1.5um SiO,/Si substrates: (a) with and (b) without proton implantation.

Both ideallE3D designed filter characteristics and equivalent-circuit modeled

imi i i ; oo dat hown.
optimized proton implantation, respectively. Similar resultg &' shown

were obtained for previously published 40-GHz bandpass

filters [10] [see Fig. 5(a) and (b)]. The simulations for idea$imulation is included in Fig. 6(a) for comparison. Without im-

IE3D designed filters are included for comparison. For filterlantation, there is a large transmission loss frefto —17 dB

with the proton implantation, excellent RF performance wad from 1 to 110 GHz. There is no band rejection at the de-

achieved with only-1.6-dB S21 loss at a peak transmission asigned 22-GHz frequency. These poor results show that such

91 GHz [see Fig. 4(a)]. This is consistent with the small pedlandstop filters are not useful in existing VLSI technology. The

transmission loss of the proton implanted 40 GHz filter, show@Pposite is the case for proton-implanted bandstop filters, which

in Fig. 5(a). The measured transmission and bandwidth #hgplay low transmission loss, i.e., oniyl.3 and-0.5 dB at 40

close to the ideal values. To the best of our knowledge, thisdsd 80 GHz, respectively. The bandstop frequencies at 22, 59,

the first demonstration of high-performance filtersitband and 105 GHz arise from the odd (1, 3, and 5) harmonic frequen-

on Si substrates, which use a VLSI-compatible process. Pockigs of the filter, as analyzed H§£3D simulation. The results

peak transmission of-12 dB was measured for the un-im-are close to the idesE3D simulation values.

planted filter. This large loss is slightly higher than th#0-dB ~ Fig. 7(a) and (b) compares the RF characteristics of 50-GHz

peak transmission loss for 40 GHz filters shown in Fig. 5(bpandstop filters, which have the folded single-end stub structure

which is due to the increased loss at higher frequencies. T$feown in Fig. 2. Here, again, excellent performance is shown by

—10- to—12-dB loss is greater than the RF gain improvemetfte proton-implanted stopband filter, but the performance of the

of MOSFET device scaling down for 2-3 VLSI technologystandard one is unacceptable.

generations [13]. The large return loss, over a wide frequency

range, makes these un-implanted filters unacceptable for RF Substrate-Loss Analysis

circuit integration. Here, we describe the use of equivalent-circuit models to an-

i alyze and quantize the substrate-loss effects in the studied fil-

C. Bandstop Filter ters. Fig. 8(a) and (b) shows the physically based equivalent-cir-
Fig. 6(a) and (b) shows the RF characteristics for 20-GHait models for bandpass and bandstop filters, respectively. For

bandstop filters on Si§)Si substrates and the effects of théandpass filters, the seri¢f,; + Ls2)C, represents the res-

proton implantation. The filters are the same type as shownanator realized by the coupling lines, and the shunt resiaigr

Fig. 2, but designed at a lower frequency of 20 GHz. TE@D and capacito’y,;, to ground models the Si substrate loks;
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Fig. 9. Magnitude of the substrate
equivalent-circuit models shown in Fig. 8.

impedance extracted using the

and R, is the RF loss between coupled structures. As shown
in Figs. 4 and 5, good agreement between measured and simu-
latedSs1, S11, and bandwidth are obtained at all frequencies for
both filter cases. For the bandstop filters, the central conductor
is represented as an inductor and the shunt capacitors imitate
the two gaps near port 1 [4]. Two resistors are added in parallel
with capacitors to model the leakage path of the capacitors on Si.
This arises from the substrate loss, as does the shunt resistance
and capacitance to ground. Simulated results are also shown in
Figs. 6 and 7, and good agreement between measured and mod-
eled S-parameters is obtained. The equivalent circuit can only
simulate the first resonance since the lumped-element circuit be-
haves nonperiodically. Thus, the physically based models are

Fig. 7. Measured and simulated characteristics of bandstop filters at 52 G&lgitable for extraction of the substrate loss.

on 1.5um SiO,/Si substrates: (a) with and (b) without proton implantation.
Both ideallE3D designed filter characteristics and equivalent-circuit modeled

data are shown.
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Fig. 9 shows the magnitude pf,;,| composed of shunt re-
sistanceR,,;, and capacitance€y,;,, extracted from the equiva-
lent-circuit models in Fig. 8. For conventional filters on Si, the
substrate impedances are small, and belowf16@er the whole
frequency range. The difference i, for filters designed

at different frequencies results from the different filter sizes.
For un-implanted bandpass filters, the small shunt impedance
to ground explains the poor peak transmission and large return
loss. Also, the smal|lZs,»| in the un-implanted bandstop fil-
ters is consistent with the large return loss and poor band re-
jection. In contrast, the implanted filters show substrate imped-
ances~10x larger at>1000Q—this greatly reduces the loss
for RF devices.

IV. CONCLUSION

We have described good RF performance over the range
from 22 to 91 GHz for both bandpass and bandstop microwave
coplanar filters fabricated on Si substrates that have undergone
an optimized proton implantation process. The excellent RF
performance is close téE3D simulated characteristics. In
contrast, much poorer filter characteristics were measured for
un-implanted filter devices. Here, the substrate impedance was

Fig. 8. Equivalent-circuit models of: (a) bandpass and (b) bandstop filters t@und to be the major cause of the poor filter performance, as

Si substrates.

determined by equivalent-circuit model analysis. The modified
proton implantation scheme, compatible with current VLSI

andL,, are the inductance of stubs at the input and output, atethnology and applied after whole wafer processing, has great
the gap capacitance between two ports is expresséy.aéhe potential for integrating microwave filters into MMICs on Si
series resistor&®,; and R,3 describe the parasitic resistor lossubstrates where the cost and size can be optimized.
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