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Abstract: The implementation of a complete RF transceiver system on a single
silicon chip is motivated by a rapidly emerging wireless communication market
which extends to consumer as well as commercial applications. This paper attempts
to identify two generic paths on which the required fabrication processes and device
structures can be accomplished. The first approach is conservative and aims for an
engineering of the RF functions without altering the existing silicon fabrication
scheme. The second, more innovative devel opment path considers the introduction of
new materials and process steps in order to overcome the limitations of silicon
processes in comparison to hybrid RF technology.

I. Introduction -- The title of this paper may raise the question, wheather we need to define a new
paradigm as we operate circuits on silicon substrates at GHz frequencies. RF transceivers have been
successfully implemented on printed circuit boards for years (Fig. 1). This mature technology
combines discrete transistors (MESFETs, HEMTs, HBTs on compound semiconductor substrates),
lumped-element (spiral inductors, interdigitated capacitors) or distributed components (microstrips)
for impedance matching, dielectric resonator filters, quartz crystal oscillators for frequency
synthesis, and other elements [1]. The advantages of the printed circuit board design are obvious: it
Is simple to combine devices which were fabricated by using very different materials to achieve an
optimum performance of each component, devices can be individually selected prior to assembly to
achieve an optimum parameter set of each component, and post-assembly trimming is easy due to
the large size of such an RF system.

These features were well suited for the
traditional market which was largely
focussed on military applications. The
new  emerging consumer  and
commercial markets drive other system
aspects: the idea RF transceiver for
cellular systems, wide- (WAN), or
local-area (LAN) networks is low in
cost, small in size, has low power
consumption and can be fabricated in
large volumes. Those requirements
make silicon the  pre-eminent
technology choice and foster a fully
monolithic, i.e. single-chip solution,

including all RF building blocks (except i 1 5 4 GHz PCMCIA local area network adapter (LAN) card
the antenna) and the intermediate  j, conventional printed board assembly [2] [ 3].

frequency (IF) circuitry. Certainly, it

would be desirable to transfer the extensive experience in printed board RF design directly to
silicon, but several marked differences make this development path difficult, if not impossible:




first, many of the discrete components in printed board design have material characteristics which
silicon cannot match. The silicon substrate, in particular, is prone to RF losses in contrast to GaAs
and printed circuit board [4]. Considerable losses have aso to be expected in the interconnects
which are typically aluminum (Al) wires combined with tungsten (W) vias, both of limited
thickness. Secondly, impedance matching by using microstrips at the currently practical frequencies
(900 MHz to 2.4 GHz) isnot feasible at silicon chip dimensions. At 2.4 GHz, a quarter wave length
(1/4 N) measures about 1.6 cm while practical chip sizes for RF circuits will most likely not extend
beyond 1 cm?. Finally, the conventional post-assembly trimming techniques are not applicable; the
control of the RF silicon device parameters and the interconnects will have to exceed that of the RF
discretes, or novel trimming techniques that are compatible with silicon technology will have to be
developed. These three differences are the main reason that the conventional RF design concepts
cannot directly be transferred to silicon. Some novel RF component structures have to be added to
the known silicon technologies to accomplish the desired RF functions, but the techniques of
implementing them may be quite different from the established ways.

After this extensive introduction, it becomes obvious that the new challenges associated with the
monolithic integration of RF circuits on a silicon substrate justify the introduction of the new
paradigm “silicon RF technology”. This definition, however, can apply to two generic ways to
implement RF functions on a silicon substrate. The first option is a very economic one and focuses
on an immediate entry to the RF market: it aims to engineer the required RF components by using
the existing fabrication process moduiadifferent combinations but without any alteration. The

second generic approach considers the introductiarevef but silicon compatible, process steps

and materials to overcome the mentioned limitations of the lossy substrate and interconnects in
standard silicon technology, as well as the introduction of SiGe alloys to improve the active device
characteristics.

We will now discuss the various technology areas and describe how the two generic approaches can
be applied. First, silicon as an RF substrate and general integration issues will be evaluated in
Section I, followed by a qualitative comparison of bipolar and CMOS transistors as active RF
devices (Section Ill). Section IV covers the design arttmagation of the RF passive components.

The device characterization and modeling issues in silicon RF design will be addressed briefly in
Section V. Section VI summarizes the findings and will provide an outlook on trends and open
challenges.

[I. Silicon as an RF Substrate and General Integration Issues -- At the first view, the properties

of silicon seem reasonably suited for use as an RF substrate: the dielectric constant is high and
changes little with frequency and temperature, the thermal conductivity is three times that of GaAs,
the surface smoothness is excellent, and silicon device integration is mature [5]. The maximum
practical resistivity of Czochralski-grown silicon, however, is only abou®-4®n which is several

orders of magnitude lower than that of GaAs. At frequencies beyond 1 GHz, the skin depth for 10-
Q-cm silicon exceeds the typical substrate thickness so that RF losses extend over the entire
substrate. Resistivities which are about two orders of magnitude higher can be achieved with Float-
Zone (FZ) silicon, i.e. high-resistivity (HRS), material, and the previous difficulty in preserving the
resistivity after heat treatment could recently be minimized [5]. The wide space-charge regions
associated with a low substrate doping, however, limit the integration density significantly if
junction isolation is used. An interesting innovative type of substrate, which combines full dielectric
isolation through a silicon-on-insulator (SOI) structure with a FZ-silicon substrate, has recently been
investigated [6]. Similarly, silicon-on-sapphire (SOS) substrates can be used for even lower RF
losses. Another novel approach utilizes bulk-micromachining to remove silicon material under
devices which are particularly prone to electromagnetic substrate losses, such as spiral inductors [7]



or transmission lines [8]. Porous silicon formation provides also a way to reduce the substrate
losses, but this approach ows yet a practical demonstration in acircuit process [9].

If one decides for the conservative way of integrating RF systems on a silicon chip, one has to cope
with the considerable substrate losses, resulting in a relatively high power consumption. This
drawback can be partially aleviated, however, by the short distances between RF components on
the chip. Also, unlike for discrete device assembly, a match to a 50-Q impedance is necessary only
at the RF output port. Choosing the innovative development path will enable the RF designer to
work with RF loss levels that are similar to those in a hybrid system, by using FZ-silicon substrates
with SOI device isolation, SOS, or micromachining techniques. This gives the advantage of a much
higher integration density at the price of modifying an established silicon fabrication process.

As a result for the high level of integration, crosstalk and thermal cross-coupling will be
increasingly important. These concerns exist not only because of the close device proximity on a
single chip, but also because parasitic electromagnetic signal propagation through the substrate
becomes an additional issue. RF isolation schemes have to be developed for device integration and
It is important to recognize that an oxide or junction isolation structure which works satisfactory at
dc signal levels may fail in RF operation [10]. Further, silicon has an order of magnitude higher
thermal conductivity than oxide. This has an advantage in the design of discrete power amplifiers,
but raises the issue of thermal cross-coupling between devices in monolithic transceivers. This is
especialy a concern if the Power Amplifier (PA) in the transmitter section of the RF transceiver is
integrated together with the Low-Noise Amplifier (LNA) of the receiver part on the same chip. It is
probably one of the main reasons that currently integrated RF transceivers are offered in the form of
chip sets rather than one single chip [11]. The problem can be overcome by using SOI device
isolation with a thick buried oxide, which, however, enhances the self-heating of devices [12],[13].
The buried oxide thickness has to be tailored in this case for an optimum trade-off between device
self-heating, thermal cross-coupling, and crosstalk. This trade-off can be improved significantly by
using a partial instead of a continuous SOI film, but such a structure requires the use of selective
epitaxial growth and chemical-mechanical polishing (CMP) [14]. Another innovative approach may
come from bulk-micromachining which will allow to remove the silicon locally under devices or
circuits, such as the LNA, which dissipate little power and thus are less prone to self-heating, for a
better overal isolation [15].

After having addressed many new technical challenges which appear with the monolithic integration
of an RF transceiver on silicon, one should highlight one feature of planar silicon process
technology that adds a valuable
benefit. Multi-level
interconnects are a routine part
of today’s silicon processes. Up
to six levels of auminum (Al)
are accomplished at
micrometer dimensions, and
low-cost processes have at
least two metal levels [16].
This adlows one to build
special RF devices such as

spiral inductors, transformers,
MIM capacitors, and Fig. 2 Cross-section of a five-level Cu-Damascene interconnect structure

[18],[19].

transmission lines [17]. The
reproducibility of the line dimensions and the smooth metal surfaces contribute to an excellent
control of the high-frequency parameters. The current progress in silicon interconnect development



may be of further advantage for RF device integration. Advanced multi-level copper interconnect
processes, which provide a resistivity reduction by a factor of two and much improved reliability,
are at the horizon (Fig. 2), [18]. Details of the fabrication of passive components by using the metal

interconnects will be given in Section IV.

[11. Bipolar vs. CMOS -- Historically, the bipolar transistor has dominated the high-speed domain,
while memories and other high-density circuits were built in CMOS. RF circuits operate at
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Fig. 3 Cut-off frequency (f;, open symbol) and maximum
oscillation frequency (f, 5y Solid symbols) versus collector-
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Fig. 4 Cut-off frequency (f1, open symbol) and maximum
oscillation frequency (fgx. solid symbols) versus drain-
source voltage (Vpg) and channel length for published and
simulated MOSFETs. The effect of the gate resistance on fiax
isillustrated [ 34] -[44] .

frequencies beyond 1 GHz, so bipolar
appears to be the technology of choice for
RF applications, but with manufacturable
0.1-pum devices at the horizon, CMOS seems
to be a serious candidate as well. In fact, 900
MHz transceiver designs are underway, and
RF CMOS systems operating at 2 GHz have
been projected [20]. On the other side,
bipolar technology has become capable to
cope with GaAs due to the advent of SiGe
epitaxial growth techniques [21]-[26]. While
for digital applications the design of the
devices was primarily focused on large-
signal switching speed and small device
size, a RF design requires sufficient small-
signal (ac) amplification a very high
frequency, a low minimum noise figure
(Fmin), a high power-added efficiency (PAE)
and a high breakdown voltage (for PAS), a
good linearity, and other quality aspects of
frequency-domain device operation [25].
The transistor speed is typically indicated by
the cut-off frequency (fr) and the maximum
oscillation frequency (fmax); fmax Can give
very different information on device speed
depending if it is derived from extrapolation
of the maximum available gain (MAG) or
the unilateral gain (U) [27].

We will now make an attempt to assess
bipolar (BJT and SiGe-HBT) and CMOS
device performance for RF application. For
that purpose, we have plotted the fr and the
fmax Vvalues of published devices and of
device simulations versus BVceo and Vps in
Figs. 3 and 4, respectively. It is obvious that
the trends of fr and fnx are quite different
for the two types of devices. Those
frequencies vary for the BJT as a function of
collector and base dopings and widths with
opposite trends (Fig. 3), i.e. very high values

can be achieved for f+ [33] or fnax [27] at the expense of the other figure. A balanced SiGe transistor
design provides fr and fnax values of about 60-80 GHz at a BV ceo of about 3V [27]-[32]. For the



NMOSFETs in Fig. 4, both frequency limits increase as the device is scaled down. A channel length
of about 0.15 pm is required to match the f+ and fax Of the SiGe bipolar transistors, but at a supply
voltage of only 1.5 V. The low supply bias is of advantage for low-power operation. Very high fr
and fmax NumMbers at low bias have recently been demonstrated for SiGe-MODFETS, indicating one
way to improve MOS technology for RF application through process innovation [45]. It will be
explained further below, however, that alow supply voltage may cause difficulty in power amplifier
design. Ancther way to improve the RF performance of a MOS transistor through process
modification is to reduce the gate resistance, as indicated in Fig. 4. fma Can be increased
significantly, or the same fax may be achieved for alonger channel and higher supply voltage, if the
FET is fabricated with a T-gate structure, which can reduce the gate resistance by a factor of fourty
[39]. Gate resistance minimization is also possible to some extent by using multi-finger FETS, i.e.
without any process alteration [36].

Besides the device speed, the noise — 25 <0.2 um nMOS [37],[46],[47]

which is generated by a transistor, Q N 50.5 um SiGe-HBT [48],[49]
relative to the associated gain is an ;’ 20 | N AR 0.625 um BJT [36]
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below 0.2 um. If one compares at the  Fig. 5 Associated gain versus minimum noise figure of various
same lithographic minimum line published MOSFETS, BJT, and SGe-HBTs.

dimension, the SiGe-HBT is superior

to the MOS device, as well as to the BJT. From the earlier device speed evaluation and from the
noise performance comparison, one can conclude that the SiGe-HBT is a very attractive candidate
for RF applications and is superior to the MOSFET. CMOS, however, is the silicon mass production
technology today, and if CMOS meets the performance requirements for an RF application, it will
be the technology of choice. At present, an upper frequency limit of 2 GHz is projected for CMOS
[20], while SiGe-HBT technology may find preferred application above 5 GHz. It should be pointed
out, however, that for specific applications one device type may dominate more clearly over the
other. For instance, RF power switches are preferably built by using MOS devices due to the low
standby power level [50]. In contrast, bipolar transistors have advantages in power amplifier design,
because they offer high speed at sufficiently high voltage, while the MOSFET, and so the supply
voltage, have to be scaled down in order to provide adequate ac performance. For a large power
level and at a high operating frequency, the MOS transistor is operated at a considerably larger
current than a BJT. Further, the MOSFET needs to be sized in proportion to the required current.
The large current may cause considerable voltage drops along the interconnects at low supply
voltage, thus degrading the PAE of the device. Higher PAE values can therefore be expected for
BJTs and SiGe-HBTs. Obvioudly, the ideal RF fabrication process would provide both CMOS and
bipolar transistors on the same chip, provided that the integration does not lead to detrimental
performance trade-offs. A recent comparison of state-of-the-art BICMOS technologies has shown
that severa companies offer today fabrication processes which provide transistors that are
comparable in performance to those fabricated using CMOS or bipolar stand-alone processes [51].
The paper explains further, that in high-performance BiCMOS many process steps and structural



elements are shared between the two types of devices, making the cost overhead more acceptable
than in the early years of BICMOS. It is the authors belief that for these reasons BICMOS or SiGe-
BiCMOS [48], will be the preferred technology for future single-chip High-Tier PCS systems,
while CMOS may lead in Low-Tier PCS[52].

V. Passive Components - The Bottleneck -- Little attention has historically been given to passive
components in comparison to the active devices, with the exception of DRAMs and specialized
technologies. CMOS can be managed
without any passives, while bipolar
technology suffices with resistorsin the
simplest case. The new focus on silicon
RF technology changes this picture
dramatically. The circuit operation at
GHz frequencies requires impedance
matching between circuit building
blocks. Thus devices which are new to
silicon technology, like inductors,
transformers, varactors, and
transmission lines are needed [17]. The
p-Silicon-Substrate optimization of these components is
focused on maximizing the quality
factor (Q) through a reduction of the
resistive losses and the capacitive or

Fig. 6 Cross-sectional view of a spiral inductor fabricated in a 5- inductive parasitics, depending on the
level Al interconnect process [57]. type of device.

Spiral inductors on silicon
have been demonstrated
with useful Qs only
recently [53], and a great
deal of effort is currently
underway to  further
optimize this device [17],
[53], [55]-[60]. The
integration of a spira
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_ Metal 3 nt significant RF  losses
2.2 (90 R occur in the substrate (see
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Section 11) and in the Al
conductor.  Fortunately,
Fig. 7 SEM cr_ossr_sectional view along the center line of the spiral inductor the development of multi-
structure shown in Fig.6 [57]. level interconnects has

been pursued with great
urgency due to the increasing importance of wire RC delays and increasing circuit complexity [54].
Such interconnect structures can be exploited by shunting several metal layers in paralel to
overcome the limitation in metal thickness, given by the small interconnect pitch in VLSI
technology (Fig. 6) [55], [56]. The substrate losses can be reduced by spacing the spiral cail
structure away from the silicon substrate. This has been achieved by building the spiral coil and the



underpass contact of the device at the upper metal levels, leaving out one or several of the lowest
metal levels [57]. In the inductor in Fig. 6, the coil was formed by shunting the metal layers M3,
M4, and M5 in parallel to reduce the metal ohmic losses, and the layer M1 was omitted to reduce
the substrate losses. A cross-sectional view of the fabricated device is shown in Fig. 7. It is
highlighted there that the via arrays connecting the three metal layers of the spiral coil are placed
with the utmost density in order to achieve the highest possible Q [56], [57]. Besides the
conventional planar coil structure discussed so far, it is possible to build stacked coilsin multi-level
interconnects. This can lead either to a solenoidal inductor structure, which provides a larger
inductance for a given area [58], or to transformer structures which can be useful in RF circuits for

Impedance matching [57].

The inductor implementations discussed
so far follow the first, conservative
development path to RF circuit
integration [17], [55]-[58]. Severa
other activities are underway which
attempt to introduce new process steps,
structural  features, or materials to
silicon processing in order to achieve
further improvement of the inductor-Q
[6]-[8], [44],[59],[60]. The ohmic losses
in the spiral coil can be reduced by
replacing aluminum with aless resistive
metal,

such as gold (Au) or Cu, and by
increasing the thickness of the
interconnect layers [59],[60]. Besides
generating sufficient spacing of the
inductor coil from the substrate, high-
resistivity silicon [59],[60], suspension
of the inductor structure [7], sapphire
substrates [60], or porous silicon [9] can
be applied to reduce the substrate
losses. The highest Q for inductors
fabricated in a manufacturing process to
date is 24 [57]. An inductor with the
same lateral dimensions but built in a
Cu-Damascene process over a sapphire
substrate has a Q of 40, which is
presently the overall highest Q
demonstrated in silicon technology [60].
Fig. 8 shows a summary of various
inductor results achieved at IBM over
the past three years. The chart visualizes
that useful Qs were achieved already
with three Al-levels, with clearly
increasing Qs as meta layers were
added. The combination of Cu-
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Fig. 8 Quality-factor versus inductance for inductors fabricated in
different IBM silicon technologies.
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Fig. 9 Lumped-element model of an 1.5 nH spiral inductor
fabricated in a 3-level Al interconnect technology [17] .

interconnects and sapphire substrates has resulted in a4x improvement over an Al structure on bulk-
Si with the same number of levels. It is also obvious that large inductances have lower Qs than



small inductances. This has been explained as the result of the capacitance between coil and
substrate, which does not change in proportion to the number of turns for a given area [17],[57].
Fortunately, high Qs in combination with small inductances are required at high frequencies,
whereas smaller Qs are sufficient at low frequencies at which large inductances are needed. Since
the maximum Q also appears at higher frequencies for smaller inductances, one can conclude that
the spiral inductor on silicon isto first order scaleable with the operating frequency.

Other passive RF components, such as metal-insulator-metal (MIM) capacitors, varactors, and
transformers, have been investigated over the past few years as well [17],[57]. The associated Qs
were found to be significantly larger than those of inductors, making the spiral inductor the
performance limiting passive element in silicon rf technology. Therefore, we have restricted
ourselvesin this paper to the discussion of this device.

V. Characterization and Modeling -- Device modeling may become ultimately the most
important issue in silicon RF circuit design and fabrication. Unlike in hybrids, where post-assembly
trimming is routinely used, the device parameters have to be accurately predicted and controlled
through statistical modeling techniques. High-frequency measurements are generally required for
active and passive device parameter extraction to establish the characteristic S-parameters which are
needed for impedance matching. An
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example is given below for the spiral
_ . inductor. The high-frequency
Simulation characteristics of the device can be
described by the lumped-element
model in Fig. 9. In this model, the
gpiral coil structure is represented by
the idea inductance L, the series
resistances Ry and Ry, and an
interwire capacitance Cp. Ry describes
10 15 20 the frequency-dependent resistance
Frequency (GHz) change due to the skin effect in the coil
conductor and in the substrate [61].
Fig. 10 Comparison of the measured inductance and Q to the ~ The oxide capacitance between the
simulated characteristics using the model in Fig.9 as a function of  spiral coil and the substrate is given by
frequency [17]. Cox, and the substrate resistance by Re.
Eventhough the elements in the model
are not exactly physical (e.g. Ry), the agreement between measurement and simulation is excellent
as shown in Fig. 10. Similar degrees of accuracy can be achieved for the capacitors and varactors
[17],[57]. The lumped-element models have successfully been used in RF circuit design [62],[63].
For most devices, such models allow to extrapolate accurately to other device dimensions, which
appears to be insufficiently exact for spiral inductors and transformers. Extensive efforts in
predictive analytical inductor modeling are therefore underway [64]-[67].
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Similar modeling challenges as for the inductor exist for transmission lines on silicon substrates.
Ohmic losses dominate at low frequencies, while at high frequencies the transmission line suffers
from dielectric losses [68]. The ohmic losses cannot easily be reduced by widening the conductor
because it has to be sized for a given impedance, and the skin effect can be significant at high
frequency [61]. Approaches to reduce the ohmic losses include the use of Au [59],[69],[70] and Cu
[71]. The dielectric and substrate losses can be lowered by using high-resistivity silicon [71],[72],
SOS substrates [71], or micro machining techniques [73]. Another very effective, but less silicon-
compatible approach takes advantage of the fact that the silicon substrate can almost entirely be



depleted if the conductor is brought in contact with very high-resistive silicon [72]. A problem with
this type of transmission line may be that its characteristics are sensitive to variations of the
substrate doping [68] and that the structure may generate crosstalk through the substrate because the
high-resistive substrate does not serve well as a ground plane. The crosstalk effects can be reduced
and the impedance matching can be improved by using microstrips or coplanar waveguides to
contain the RF signal [74],[75]. Multi-level interconnects provide a simple way to build these two
types of transmission lines, but with certain l[imitations. The microstrip is prone to high losses due to
the narrow vertical dimensions, and thus required narrow metal lines, in planar technology, and the
coplanar waveguide requires excessive real estate. Microstrip losses can be somewhat reduced by
using Au over thick polyimide insulator as the top level of the interconnect structure [48], and
smaller losses of the coplanar waveguide can be achieved in the same way as for the ordinary
transmission line discussed above [71]-[73]. Typical losses at 2 GHz range from 15 dB/cm for Al
lines over substrates as used for CMOS [73] to 1-2 dB/cm for Cu lines over HRS substrates [71]
and Al over micromachined substrates [73], about 0.1 dB/cm for thick Au layers over HRS with
very low doping [72], and <0.1 dB/cm for Au conductorsin direct contact with HRS [72].

VI. Summary and Outlook -- In this paper we have presented our view of the developments in
process integration of silicon RF systems as they may occur over the coming years. Possible
directions in integration concepts, active and passive device design, and device and interconnect
modeling were highlighted. Two generic paths have been identified on which RF silicon integration
processes may evolve. In the early stage, integration which utilizes presently available process steps
and materials may be the preferred choice. We have shown that in spite of this restriction most of
the required RF components can be engineered by using existing process steps in new ways. As the
RF market emerges, novel process steps, materials, and device structures are likely to be introduced
to silicon in order to improve the quality of the RF components and so the performance of the
integrated RF system. In light of the new ways of utilizing the established silicon processes and the
potential innovations, “silicon RF technology” qualifies as a new paradigm.
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