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Abstract

The impact of silicon technology scaling trends and the
associated technological innovations on RF CMOS device charac-
teristics are examined. The application of novel strained silicon
and high-k/metal gate technologies not only benefits digital sys-
tems, but significantly improves RF performance. The peak cut-
off frequency (f;) doubles from 209 GHz in the 90 nm node to
445 GHz at the 32 nm node. 1/f flicker noise reduces by an order
of magnitude from the 0.13 um node to the 32 nm node. Tran-
sistor noise figure, high voltage tolerance, and quality factors of
RF passives all show similar benefits from technology scaling.

Introduction

As silicon technology scaling progresses to the 32 nm
node, single chip integration of RF and communication designs
with the micro-processor cores on a common CMOS system-on-
chip (SOC) platform has become increasingly appealing. This
increased attention to RF SOC is driven by both the huge im-
provements in device performance afforded by Moore’s Law
and by the advantage of higher vertical integration and lower
manufacturing cost of mainstream CMOS technology.

Modern technology scaling, however, is no longer a
simple matter of shrinking device dimensions. Today’s technolo-
gy scaling is enabled by introducing disruptive, innovative mate-
rials and novel device structures. Examples of these innovations
include strained silicon and high-k/metal gates for transistors
and low-k ILD and Cu metallization in the backend. The impact
of these new inventions to mixed signal/RF designs needs to be
examined with the intent to identify the true promise and chal-
lenges of radio integration into a general SOC platform.
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Fig. 1 Evolution of CMOS transistor architecture in the last decade,
from a non-strained oxide/poly gate structure to a high-k/metal gate
strained silicon transistor at the 32 nm node.
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Fig. 1 summarizes the main transistor architecture evo-
lutions in the last decade - traditional oxide/poly gate architec-

tures (<0.13 um), oxide /poly gate structures with strained sili-
con (90 nm/65 nm), and high-k/metal gate technology with
strained silicon (45/32 nm, Fig. 2) [1-11]. The corresponding
transistor pitch scaling has maintained a steady 0.7x per 2 year
trend as shown in Fig. 3. The electrical Tox trend in Fig. 4 also
followed a 0.7x per generation scaling trend until the 90 and 65
nm nodes, where scaling stalled as further thinning of the silicon
dioxide resulted in unacceptably high gate leakage. Performance
enhancements at these technology nodes were achieved by the
incorporation of novel strained silicon technology. High-k/metal
gate technology was brought into production starting at the 45
nm node to enable further dielectric scaling along with drive
current and g, improvements as shown in Fig. 5.
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While digital systems are continuously benefiting by
general CMOS scaling per Moore’s Law, CMOS implementation
for RF and mixed signals presents different challenges. Fig. 6
shows a typical fully integrated RF architecture, including key
sub-systems of switches, PAs, LNAs, mixers, frequency synthe-
sizers, ADCs, DACs and baseband processors. It can be seen
from Table | that the key RF devices and their characteristics,
including device matching, linearity, cutoff frequencies, flicker



noise, thermal noise, on-state and output resistance, and quality
factors of RF passives, emphasized in such analog subsystems
are very different from digital system requirements, and neces-
sitate distinct optimization of process and design methodolo-
gies. Furthermore, the monolithic integration of noise-sensitive
analog blocks alongside rapidly switching digital circuits places
demanding requirements on the noise isolation capabilities of a
process; while the implementation of higher resistivity sub-
strates, triple-well architectures, and guard-rings can reduce the
impact of digital crosstalk, alternative analog layout techniques,
such as clean power rails and differential circuit designs, are
often required.

RF Transistor Scaling Trend

RF transistor matching performance has been improved
with the advance of technology scaling (Fig. 7). The transistor
matching coefficient ¢, has been improved 40% since the 0.18
um node, noting that ¢, reduction slowed in the 90 and 65 nm
nodes due to minimal oxide scaling. Through the implementa-
tion of high-k dielectrics, Tox scaling resumed, enabling c, scal-
ing beyond 45 nm as explained by Eq. 1 [7]. Intra-die process
variations due to oxide thickness, doping profile, and work-
function variation represent another challenge for RF CMOS
scaling. Such variations increase with scaling, and are responsi-
ble for local transistor mismatches. The oV;in Fig. 7 shows ex-
cellent control, remaining flat over the last three nodes.
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Cut-off frequency f; has also steadily improved with drive
current enhancements as shown in Fig. 8. The peak fr of the
state of the art 32 nm NMOS is 445 GHz, twice as fast as the
then-record 209 GHz for 90 nm. The benchmark of f; vs. gate
length in Fig. 9 shows that strained silicon and high-k/metal gate
implementation has enabled better cut-off frequency perfor-
mance over the ITRS roadmap. This performance improvement
can be explained by the simple analytical form of f; in Eq. 2,
namely that the transconductance improvement due to transis-
tor enhancements is outpacing the increase of the parasitic ca-
pacitance due to device geometry and dielectric scaling. Achiev-
ing higher cutoff frequencies via the scaling of RF CMOS tech-
nologies will be increasingly challenging to maintain the tran-
sconductance gain outpacing parasitic increases due to shrinking
geometry and pitch. Fringing capacitance between the gate and
the source/drain contacts will negatively impact Cg, and gate
resistance due to poly line-width scaling will present an obstacle
to higher frequency operation. Alternative layout strategies and
transistor architectures will be required to mitigate such parasit-
ic increases and enable cutoff frequencies to continue to scale.
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Fig. 7 Transistor matching metrics, C2 and
oV, scaling trends from 0.18 um to 32 nm.

Fig. 8 State of the art cut-off frequency f; scal-
ing trend vs. Ids for 90nm to 32 nm nodes.

Fig. 9 Cut-off frequency f; scaling trend vs.
1/Lg for 90nm to 32 nm nodes. [2,5,8,11]



The scaling of the core V¢ from 5V on the 0.8 um node
to less than 1V for the 32 nm node presents another deleterious
aspect impacting RF designs. The voltage scaling of I/0 and plat-
form peripherals typically lags behind the CPU core voltage, ne-
cessitating additional high voltage 1.8V-3.3V native oxide tran-
sistors to be supported. PA integration in a monolithic SOC re-
quires devices that can sustain high voltage swings; a special
high drain-voltage (> 5 V) tolerant device has been developed
which possess performance similar to the native 3.3 V I/O tran-
sistor but with > 50% higher breakdown voltage (Fig. 10). The
scaling trend for well architecture is transitioning from the tradi-
tional twin well to triple well/deep n-well structures. The deep
n-well, Fig. 11, enables improved substrate noise isolation at low
to moderate frequencies. In addition, parasitic NPN BJTs (Fig.
12) and p-ch JFETs (Fig. 13) can be formed for applications which
require improved mixed signal/RF circuit noise performance.

RF Noise Scaling Trend - Flicker Noise and NF,,;,

Drain current noises, Si; (Eq. 3), and input referred gate
noises, S, (Eq. 4), are two key transistor metrics characterizing
flicker noise. Figs. 14 and 15 show that normalized S, is mono-
tonically decreasing with each successive technology node, re-
sulting in a 10x reduction from the 0.18 um node to the 32 nm
node. This benefit from oxide scaling, enabled by high-k/metal
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gate technologies, can be quantified by the dependency of C,, in
Eq.4.
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The thermal noise trend of the minimum noise figure,
NFin, is shown in Figs. 16 and 17 where a steady improvement
with scaling is observed from 0.18um to the 45nm nodes, but
saturates at the latest technology node. Fukui’s equation (Eq. 5)
describes that NF,,;, improves with increasing g,, driven by scal-
ing gate length and oxide thickness, but is negatively impacted
by increasing parasitic components (i.e. ;4 and Rg) due to high-
er fringe capacitances and resistances due to the tighter pitch.
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Fig. 13 Typical electrical characteristics of
the parasitic p-ch JFET fabricated with
deep n-well.

Fig. 14 Flicker noise scaling trend of 0.13
um, 90, 65, 45 and 32 nm technologies.

Fig. 15 Normalized input-referred flicker
noise (S,g*W*L extrapolated to @1 Hz)
scaling trend.



RF Interconnects and Passives Scaling Trend

Interconnect pitch and thickness scaling is part of the
continuous dimensional scaling as shown in Figs. 18 and 19. The
increased capacitance and resistance associated with intercon-
nect scaling can compromise RF designs due to quality factor
degradation of the spiral inductors built on the upper metal lay-
ers of the interconnect stack. At the 45 nm node and beyond, a
thick metal (TM) layer was added on top of the standard inter-
connect layers to serve as power gating devices and to construct
lower loss inductors to compensate for such interconnect scal-
ing effects (Fig. 20). Inductors fabricated on the TM layer exhi-
bit excellent performance when benchmarked with literature
(Fig. 21).

Summary

RF CMOS technology is shown to benefit from the gen-
eral CMOS technology scaling. The majority of RF device per-
formance metrics have steadily improved by the introduction of
innovative transistor and interconnect technologies, including
strained silicon and high-k/metal gates in the past decade.
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