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Low-K/Cu CMOS-Based SoC Technology With
115-GHz fT , 100-GHz fmax, Low Noise 80-nm

RF CMOS, High-Q MiM Capacitor, and
Spiral Cu Inductor

Jyh-Chyurn Guo

Abstract—Logic CMOS-based RF technology is introduced for a
10-Gb transceiver in which active and passive RF devices have been
realized in a single chip. RF nMOS of 115-GHz , 100-GHz max,
and sub-1.0-dB NFmin at 10 GHz have been fabricated by aggres-
sive device scaling and layout optimization. High-Q MiM capacitor
and spiral Cu inductors have been successfully implemented in the
same chip by 0.13- m low-K/Cu back end of integration line tech-
nology. Core 1.0 V MOS and/or junction varactors for VCO at 10
GHz are offerings free of extra cost and realized by the elaborated
layout.

Index Terms— max, , inductor, MiM capacitor, NFmin, RF
CMOS, varactor.

I. INTRODUCTION

THE REGULAR delivery of smaller and faster CMOS
devices driven by Moore’s law facilitates a fully CMOS

solution for RF IC with the carrier frequency pushed upward
to 10 GHz and beyond [1], [2]. Besides the regular transistor
speed increase [3]–[8], the growing number of interconnect
layers allows the realization of on-chip inductors and capacitors
with higher Q [2]–[11]. In this paper, we will report a promising
practice targeted on a 10-Gb transceiver, which is supported by
0.13- m low-K/Cu logic CMOS-based RF tech-
nology with 80-nm RF NMOS of 115-GHz and sub-1.0-dB
NF at 10 GHz integrated with a high Q metal–insu-
lator–metal (MiM) capacitor GHz and spiral
Cu inductor GHz in the same chip. It is noted
that a fully CMOS voltage control oscillator (VCO) is one
of the most challenging parts of RF transceiver design and
fabrication due to the most demanding parameters of VCO
such as large frequency tuning range, low phase noise, and low
power [12]–[14]. In this paper, MOS or junction varactors are
offerings free of extra masks and cost in which an elaborated
layout was employed to suppress series resistance and to
achieve enough Q. Triple well is introduced by deep n-well
implant and proven more effective than a p guard ring in
terms of substrate noise isolation.

Manuscript received September 12, 2005; revised March 28, 2006.
The author is with the Department of Electronics Engineering, Na-

tional Chiao-Tung University, Hsinchu, Taiwan 30010, R.O.C. (e-mail:
jcguo@mail.nctu.edu.tw).

Digital Object Identifier 10.1109/TSM.2006.879415

TABLE I
MS/RF CMOS—BASELINE “VANILLA” TECHNOLOGY NODES 0.25, 0.18, 0.13

G AND 0.13 LV. TIME FRAME FROM 1998 TO 2002

II. RF CMOS—ENABLER FOR SoC

The aggressive advancement of Si CMOS technology in the
past decade has driven the microelectronics progress from a dig-
itally oriented scheme to one well suited for RF and microwave
applications. The commercialization of CMOS wireless trans-
ceivers was driven by the new market for cost sensitive prod-
ucts such as Bluetooth and IEEE 802.11 WLANs. The attribute
of a commodity for the mentioned products brings the pressure
of continuous cost down by increasing the levels of integra-
tion. The features of high integration, lower cost, lower power,
and high performance associated with the logic CMOS process
make it a critical enabler to the communication system-on-chip
(SoC).

In this paper, we will demonstrate a good example through
our Si in which CMOS-based RF gets good standing points in
three aspects as follows. The first one is the higher integration.
Process wise, it is exactly feasible to put RF active and passive
devices together on the same chip and also RF elements together
with mixed-signal (MS) and digital circuits. The second one is
the lower cost, which is due to smaller chip size by higher inte-
gration, the adoption of an RF element as a portable module in
logic baseline, the reduction of assembly and test cost by elimi-
nation of off-chip discrete components, and the extended usage
of the logic design kits for the digital part. The last one is the
lower power. For active devices, lower supply voltage facilitated
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TABLE II
RF CMOS TECHNOLOGY OFFERINGS—10-Gb TRANSCEIVER

by logic CMOS scaling is an effective way to reduce the active
power. As for passive elements, high Q assisted by low-k inter-
metal dielectric (IMD) and thick Cu can reduce power dissipa-
tion and make better use of the energy.

A. MS/RF CMOS — Derivative of Logic Baseline

Table I provides an overview of the advantages provided by
the standard logic CMOS scaling to RF active and passive de-
vices. The time frame spanned from 1998 for the 0.25- m to
2002 for 0.13- m technology node, that is roughly two years
per generation, and it brings gate length scaling of around 70%
for every generation advancement and the corresponding supply
voltage scaling of around 70% before the 0.13- m low voltage
(LV) technology. The improvement in the gate speed is impres-
sive, i.e., more than double has been achieved by the 0.13- m
general purpose (G) technology compared to the 0.25- m tech-
nology node, and more than triple by 0.13- m LV with gate
length scaling down to 80 nm. It is quite interesting to note
that the of RF CMOS just follows an even better rate of en-
hancement for each technology node. For 0.13- m LV with gate
length of 80 nm, is nearly four times that of the 0.25- m node
with a gate length of 0.24 m. The benefit in terms of logic gate
speed and RF CMOS matches our expectation. is simply
controlled by the transconductance and gate capacitances
but logic gate speed is complicated by the junction capacitances.
Regarding the advancement of the back end of integration line
(BEOL), the increased metal layers and the lower dielectric con-
stant will benefit the MiM capacitor and spiral inductor by re-
duced substrate coupling and substrate loss. For 0.13- m tech-
nology, eight metal layers are available for general logic and MS
products, and low-K IMD with a dielectric constant below 3.0
to support high-speed applications. Due to the easy and cost-ef-
fective adoption of RF devices in the logic baseline, logic-based
RF CMOS becomes a reality.

B. RF CMOS Technology Offerings—10-Gb Transceiver

Table II is an overview of 0.13- m RF CMOS technology
offerings for tens of gigahertz single-chip communication. A
10-Gb transceiver is one of the examples. Basically, one active
and three passive elements are supported. “Active” represents

RF CMOS transistors implemented by exactly the same process
for general logic but with elaborated layout to achieve good RF
performance like , , and NF . Three passive elements
to be offered are MiM capacitor, spiral inductor, and varactors.
The major circuits to adopt these active and passive devices are
low noise amplifier (LNA), mixer, VCO, and some switching
circuits like MUX or DMUX. For RF CMOS use in MUX or
DMUX, representing the ideal gate speed (free from influ-
ence of junction capacitances) is the key but the applications in
LNA, mixer, or VCO entail the real concern of all three parame-
ters, , , and NF . Regarding the passive elements, the
general requirement is the higher Q. For example, a high-Q in-
ductor is needed for VCO and LNA. Another example is that the
MiM capacitor is a good choice for high linearity but a varactor
to offer higher tuning ratio is needed by VCO, and the tradeoff
between the tuning ratio and Q becomes a reality.

III. RF CMOS PERFORMANCE

Following the introduction of logic-based RF CMOS tech-
nology offerings and device portfolios, the exact performance
measured from our RF CMOS transistors and passive elements
will be presented to justify the system-level integration scenario
that RF CMOS is an enabler for communication SoC.

A. RF nMOS , , and

RF CMOS transistors of multiple gate fingers with an appro-
priate selection of finger width and finger number
are used in this paper to improve RF CMOS performance. We
would like to emphasize more the RF power and noise measured
by maximum power gain , unit power gain cutoff fre-
quency , and minimum noise figure NF than the cur-
rent gain measured by . The focus comes from the need
to deliver a reasonable amount of RF power for communication.
The RF noise and associated gain are critically important for
front-end LNA, which sets the ultimate minimum noise floor for
the whole communication system. Fig. 1 shows , , and

(transconductance) and their correlation with the drain cur-
rent density under drain voltage at 1.0 V

V . Both and increase with increasing
and their peak values happen at a certain near the maximum
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Fig. 1. Dependence of f , f , and G (transconductance) on normalized
drain current density (I = I =W �N ) under drain voltage at 1.0 V, for
80-nm RF nMOS, W = 4 �m, N = 18.

. Note that the is extracted corresponding to the max-
imum available gain (MAG), which should be identical with that
extrapolated from unilateral (U) power gain, provided that
(reverse gain) can approach zero by means of a lossless feed-
back network to validate the U method [15], [16]. Theoretically,
U can be calculated from a set of two-port S parameters as given
by (1). In practice, however, the measurement must be truly pre-
cise to achieve an accurate U due to the fact that the calculation
of U generally involves the subtraction of two quantities, which
may lead to a pretty small difference for some devices and result
in excessive error [15]–[17]. In this paper, simulation with ex-
tensive calibration was employed to calculate MSG, MAG, and
U to a frequency beyond 100 GHz for an accurate extraction of

. The calibration was done on BSIM3 I-V and C-V models
and the accuracy has been extensively verified and proven by
good fit in terms of , , Y parameters, and under a
wide range of bias conditions and operating frequencies [18].
MSG and MAG can be calculated by (2) and (3) based on S
parameters. Fig. 2 shows the simulated power-gain bandwidth
characteristics in terms of MAG/MSG and U versus frequency
beyond 100 GHz and a good match with measurement in terms
of MAG/MSG up to 40 GHz. was extracted by different
methods for 80-nm nMOS with m and .
We see a dramatic difference in the extracted by using the
conventionally used U method (extrapolation along the line of
U assuming slope fixed at 20 dB/dec for full frequency range)
and that by the MAG method (unit gain of MAG and U occur at
an identical frequency). As shown in Fig. 2(a), extracted
by the U method can achieve as high as 210 GHz, which is obvi-
ously higher than the 100 GHz extracted by the MAG method.
Besides the extraction method, de-embedding also imposes a
significant effect on the extracted that is manifested by
comparison between Fig. 2(a) and (b). drops from 100/210
GHz extracted by the MAG/U method from S parameters going
through both open and short de-embedding to 83/175 GHz from
S parameters just going through open de-embedding but without
short de-embedding. The apparent degradation of corre-
sponding to S parameters without short de-embedding accounts
for the impact from parasitic resistances ( , , , and )
and inductances , , and ), which should be extracted

Fig. 2. Frequency response of power gain, maximum stable gain (MSG), max-
imum available gain (MAG), and unilateral gain (U) for f extraction (a)
open and short de-embedding, f = 100=210 GHz extracted by MAG/U
method. (b) Open de-embedding only, f = 83=175 GHz extracted by
MAG/U method. 80-nm RF nMOS, W = 4 �m, N = 18.

through short de-embedding and removed from measured S pa-
rameters to achieve the truly intrinsic characteristics at high fre-
quency

(1)

MSG (2)

MAG

MSG (3)

where

The study done by Brodersen’s group [19] highlighted the
problem with accurate extraction by using the U method
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TABLE III
0.13-�m LOGIC CMOS-BASED RF nMOS f BENCHMARK—DEPENDENCE OF FINGER WIDTH, DRAIN CURRENT DENSITY, AND EXTRACTION METHOD

TABLE IV
STATE-OF-THE-ART RF nMOS PERFORMANCE BENCHMARK FOR 0.13-�m AND 90-nm TECHNOLOGIES

and got the same conclusion that the U method sometimes over-
estimated as compared with that extracted by the MAG
method. They reported an important observation that U actually
drops at a rate much faster than the generally assumed 20 dB/dec
slope, which is not valid in a high-frequency regime. Table III in-
dicates extracted by the calibrated U method incorporating
the finger width and biasing current effect. The comparison be-
tween this paper and the published results [19] in terms of
under varying drain current density indicates better per-
formance of higher achieved by this work for finger width
fixed the same m and adopting the same de-em-
bedding method, i.e., open and short. Table IV provides the
RF nMOS performance benchmark with the state-of-art-tech-
nology at 90-nm nodes published by IMEC and Philips [6], [7],
0.13- m and 90-nm nodes by IBM [8], and the 0.13- m node
by Brodersen’s group [19]. We see a very consistent trend in
versus scaling wherein 115 GHz achieved by 80-nm nMOS
indicates 25% improvement over 92 GHz offered by 92-nm
nMOS, both at the 0.13- m node. However, revealed a
strong dependence on the gate finger width, biasing current, and
extraction method. It makes the comparison much more com-
plicated. The extraction by U method assumes a 20 dB/dec
slope and generally predicts much higher . For our 80-nm
nMOS with m,the U method suggests an as
high as 210 GHz, which happened to be nearly the same as the
referred state-of-the-art 90 130-nm technologies [6], [7], [19]
adopting at m. Our paper suggests that finger width
is a dominant factor determining the peak and a fair com-
parison of should be based on the same extraction method.

Noise figure is an even more important parameter to be veri-
fied due to the general concern for the surface channel conduc-

tion nature by CMOS devices. Fig. 3(a)–(c) shows the intrinsic
NF versus extracted for 80-nm nMOS of different ,
which operates under and various frequencies
(2.4, 5.8, 10 GHz). We see that NF decreases with increasing

, reaches a minimum point, and then turns up with a contin-
uous increase of . An inverse relation with can explain
the observed dependence on drain current and it matches the
theory that the higher the , the smaller noise figure, as given
by Fukui’s formulas in (4) [20]. The intrinsic NF was ex-
tracted by a new lossy substrate de-embedding method to elimi-
nate the lossy substrate and lossy pad effect [18]. Some improve-
ment has been done to our previous work [18] to get nearly sym-
metric RLC networks for two ports, port-1 for gate and port-2
for drain, respectively. Fig. 4 presents our proposed equivalent
circuit of the full structure with intrinsic MOSFET adopting two
sets of RLC networks for extrinsic noise simulation and intrinsic
noise extraction. RLC networks were used to model the lossy
pad and lossy substrate effect. The accuracy has been verified
by comparison with the measured S parameters for a full struc-
ture before de-embedding as well as those of open pads at port-1
and port-2. Fig. 5(a) and (b) proves the accuracy of our new
lossy substrate model by a good match with the measured
and of the full structure (a good fit to open pads’ S parame-
ters is also proven but not shown here). The intrinsic noise can
be easily extracted through circuit simulation by removing the
RLC networks from the original full structure shown in Fig. 4.
The accuracy of the extracted intrinsic NF was supported by
the calibrated intrinsic MOSFET model proven by a good fit
in terms of , , Y parameters, and [18].
The accuracy was further verified by a comparison with the
well-known Fukui’s model [20]. Fig. 6 shows a match within
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Fig. 3. Intrinsic NF extracted by lossy substrate de-embedding method for
80-nm nMOS with W = 4 �m and various finger numbers N = 6; 18; 36,
and 72 operating under V = 1:0 V and various frequencies (a) 2.4 GHz, (b)
5.8 GHz, and (c) 10 GHz.

0.05 dB between the lossy substrate de-embedding method and
Fukui’s model in terms of frequency dependence for the min-
imum of NF under specific gate bias corresponding to the
maximum , i.e., maximum . For various

(4)

Fig. 4. Full circuit model with intrinsic MOSFET integrated with RLC network
in which R, L, and C parasitics account for lossy pad (C ), lossy substrate
(R , L , C , and C ), and transmission line (R , L ) connected to gate
and drain of MOSFET.

Fig. 5. Smith chart of measured S and S for full circuit with MOSFET
and pads and good match by simulation using proposed RLC network (a) S
and (b) S . nMOS with N = 6; 18;36; and 72 and operating frequencies of
0.2�40 GHz. Symbol is measured data and line is simulation.

For 2.4 GHz in Fig. 3(a), the minimum of NF corre-
sponding to the optimized is obviously below 0.3 dB
for all . Regarding 5.8 GHz in Fig. 3(b), the minimum of
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Fig. 6. Minimum of NF extracted by lossy substrate de-embedding method
and compared with V = 1:0, V , corresponding to maximum G . Oper-
ating frequencies are 2.4, 5.8, and 10 GHz.

Fig. 7. Structure of MiM capacitor by M8/V7/M7 and inductor by top thick
metal, M8. COW serves as bottom electrode of MiM capacitor.

NF is maintained no higher than 0.5 dB. As for 10 GHz
in Fig. 3(c), the minimum of NF is kept below 0.8 dB for
all , in which the best one is 0.55 dB for and the
worst one is near 0.8 dB for . Basically, the Fukui’s
model predicted that spread associated with different will
increase with increasing frequency and may explain our results
with a larger spread at 10 GHz among various . However,
the assumption of a fixed in Fukui’s formulas for various
and frequencies tends to overestimate the spread as compared
with our results.

B. RF Passive Device Performance—MiM Capacitor, Spiral
Inductor, and Varactors

1) MiM Capacitor Structure and Performance: In this paper,
the on-chip inductor and MiM capacitor have been realized by
0.13- m low-K/Cu technology. As shown by Fig. 7, the MiM
capacitor was built by M7/V7/M8 (Metal 7/Via 7/Metal 8) and
the spiral inductor was composed of M8, i.e., a thick top metal
of 3- m Cu. A perfectly clean microstructure was inspected
by transmission electron microscopy (TEM) for the MiM ca-
pacitor in which a chemical–vapor deposition (CVD) oxide of

Fig. 8. Frequency dependence of Q and capacitance for MiM capacitors with
different unit cell sizes, 10� 10 �m and 25� 25 �m .

around 38 nm was used as the intermetal dielectric. Regarding
the linearity of major concern for applications in MS/RF cir-
cuits, promisingly good linearity with respect to voltage (VCC1)
and temperature (TCC1) has been achieved by our MiM capac-
itor. VCC1 as low as 11.7 ppm/V is much better than the general
specification of 30 ppm/V, and the TCC1 of around 42 ppm C
is also better than the specification of 60 ppm C. Fig. 8 exhibits
the excellent Q characteristics measured from our MiM capac-
itor with two different unit cell sizes. For a smaller cell with unit
cell size of 10 10 m , a Q as high as 435 can be achieved at
2.4 GHz and a Q higher than 100 can be maintained at 10 GHz.
As for a larger cell with a unit cell size of 25 25 m , Q drops
to around 220 at 2.4 GHz but Q of 100/30 can be maintained at
5.2/10 GHz, which is sufficiently good for most of RF circuits.
So far, a Q of 100 at 5 GHz is two times better than the spec-
ification GHz defined by the 2004 International
Technology Roadmap for Semiconductor (ITRS) [21] and also
is better than that achieved by the state-of-the-art 90-nm CMOS
MS/RF technology GHz [4]. The excellently high
Q accounts for the advantage realized by the novel structure
of our MiM capacitor in which the series resistance has been
greatly reduced by using a capacitor’s open window (COW) as
the bottom electrode. Another point worthy of mention is the
cell size effect on the self-resonance frequency , wherein
the smaller cell size contributes the obviously higher .

2) RF Passive Device Technology and Performance Bench-
mark: To verify the RF CMOS technology advancement effect
on passive device performance, a benchmark was done by com-
parison of key performance parameters associated with each
passive device, respectively. Table V indicates the benchmark
done between this work using 0.13- m LV technology [3] and
others adopting 90-nm technologies [4]–[7]. All technologies
deploy a Cu process in the BEOL to achieve the desired logic
speed and improve RF passive performance simultaneously. As
shown in Table V, the MiM capacitors fabricated reveal supe-
rior performance in terms of high Q over a wide and useful
frequency range (2.4, 5, and 10 GHz). The Q enhancement of
around 36%/71% in comparison with the conventional MiM
structure implemented by 90-nm technology, corresponding to
2.4/5 GHz operation is a good indicator to justify the advantage
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TABLE V
RF PASSIVE DEVICE TECHNOLOGY AND PERFORMANCE BENCHMARK

of the novel structure illustrated in Fig. 7. As for MOS varac-
tors, the tuning ratio as high as 6.2 realized in this paper, using
core 1.0-V gate oxide nm , is an-
other advantage in comparison with the 1.8 achieved by the IO
MOS varactor embedded in 90-nm technology [4] or 2.7 3.4
provided by core 1.2 V MOS varactor nm [5]
and is somewhat better than the 5.2 attained by 1.0-V 1.6-nm
nMOS varactor [7], all adopting 90-nm technologies. Q is main-
tained sufficiently high by layout optimization in this paper. Q
under 2.4/5 GHz is maintained at 45.5/22.5, which is compa-
rable with those achieved by 90-nm technology [5]. Q at 10
GHz dropped to around 7.7, which is nearly the same as that
achieved by a differential varactor using 90-nm technology but
with a lower tuning ratio at 5.2 [7]. In general, this kind of var-
actor can be used as a low cost solution (free of extra costs
like masks or implant, etc.) and the lower Q can be compen-
sated, e.g., by parallel with MiM capacitors of excellent Q. Be-
sides, study on CMOS optical communication transceivers re-
ported that the measurement on a 40-GHz LC MOS VCO sug-
gests that the tank Q is dominated by that of an inductor rather
than an MOS varactor [22]. Regarding the spiral inductor per-
formance, use of a thick coil metal will obviously improve the
Q attributed to the effectively reduced coil metal resistance [4],
[5]. Peak GHz ( , nH), achieved
in this paper by using 3- m Cu without any grounding shielding
is somewhat better than the peak Q of 23 at 5 GHz nH
reported in [4], where nine Cu layers were adopted by 90-nm
technology. Regarding larger inductor with reaching 3.5 nH,
the peak GHz can be maintained by 3- m Cu
without any ground shielding. However, the use of ultra-thick
Cu at 6 m combined with ground shielding [5] can further im-
prove Q to peak GHz . The comparison suggests

that an ultra-thick coil metal and elaborated ground shielding
or semi-insulating substrate [23] will help to improve Q for the
on-chip inductors. A differential-type inductor can achieve su-
perior Q even without using ultra-thick metal. Peak Q of 24 at 15
GHz was presented by using 0.9- m Cu combined with ground
shielding [7].

IV. CONCLUSION

In this paper, we have implemented RF active and passive
devices on the same chip. All the RF devices are portable. We
present it as a low-cost solution for communication SoCs in
the tens of gigahertz era. The RF CMOS with 80-nm gate can
achieve a satisfyingly good performance of 115 GHz , 100
GHz , and sub-1.0 dB NF at 10 GHz without using
ground shielding. Regarding the benefit from low-K/Cu BEOL,
the eight layers of Cu can support an MiM capacitor and spiral
inductor. MiM capacitor’s Q is excellent, higher than 30, and a
spiral inductor Q higher than 19, both at 10 GHz. In addition,
two more advantages we believe are realized are the lower cost
by smaller chip size and reusable logic core, as well as lower
power by low-voltage CMOS and high-Q RF passive elements.
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