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bstract

This paper describes a low power, low phase noise 5.8 GHz voltage controlled oscillator (VCO) with on-chip CMOS MEMS inductor. The inductor
as fabricated by TSMC 0.18 �m one-poly six-metal (1P6M) CMOS process and also Chip Implementation Center (CIC) micromachining post-
rocess. During the post-process, the dry etching was utilized to remove the oxide between the winding metals and the silicon substrate under
he inductor. Due to the alleviation of parasitic capacitance and lossy substrate, the quality factor and resonant frequency will be improved and

xtended. In this work, quality factor up to 15 was obtained for a 1.88 nH micromachined inductor at 8.5 GHz, and the improvement is up to 88%
n maximum quality factor. The CMOS and micromachined inductor were both implemented with a 5.8 GHz VCO. Compared side by side with
he CMOS inductor, the CMOS MEMS inductor produced a 5 dB lower phase noise improvement at 1 MHz offset in this 5.8 GHz VCO.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The VCO is one of the important components in any
F/microwave communication system. In a receiver, the oscil-

ator is used together with a mixer to convert the RF signal to
n IF signal. The oscillator signal serves as a carrier to modu-
ate low frequency to be transmitted. For a high quality receiver,
he LC-oscillator topology is widely chosen because it enables
o provide the lowest phase noise for a given amount of power.
owever, the phase noise and power consumption of LC-type

ank oscillator are directly related to the quality factor (Q) of the
C tank. The equivalent quality factor of a LC tank is governed
y lower Q factor component; therefore, limited by the CMOS
ntegrated inductor [1].

In standard silicon IC process, the intrinsic problems always

eteriorate the performance of passive devices. For example, the
tray and parasitic capacitances lower the self-resonance fre-
uency of inductor, and the substrate losses also reduce the Q
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actor of the device. These inherent problems of the traditional
MOS inductor limit the device performance, and furthermore

he specifications of RF circuits, such as the power consumption
nd phase noise of a VCO circuit. In order to extend the CMOS
pplications into higher frequency range, the CMOS-compatible
icromachining process has been proposed to improve the Q

actor and operating frequency of an RF inductor.
In the past 10 years, micromachining techniques have been

ed into the circuit processes to design a high performance
nductor. For example, the surface micromachined solenoid
nductors with copper plating, reported on by Kim and Mark
2], can reach to a very high quality value about 60 at 8 GHz.
nd the selective copper encapsulation on silicon developed by
ndrew Yeh et al. [3] also fabricated inductors with quality fac-

or over 30 above 5 GHz. The out-of-plane inductor, reported
n by Chua et al. [4], made from a sputtered stress-engineered
olybdenum–chromium (MoCr) alloy can make quality fac-

or even reach to 60–85. The above examples employed some
espective micromachined processes and materials that can eas-
ly make low series resistance and block the lossy path around

he device, but they also have the bottleneck to make the total
rocess be compatible with the CMOS.

A similar post-CMOS mask-less micromachining process
as been proposed by Carnegie Mellon University. It utilizes
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he top metal as the hard mask to selectively etch the oxide
ayer; however, the oxide dry etching incorporated with the alu-

inum may cause the compound aluminum fluoride polymer
5]. This compound polymer then possibly blocks the follow-
ng etching reaction and fails the releasing process. To avoid the
armful polymer during the etching process, the post-CMOS
icromachining process described here will adopt an additional

ithography to define the dry etching region. This photoresist
ayer enables to protect the top metal from the dry etching in
eactive ion etching (RIE) and further avoid the polymer prob-
ems.

The CMOS MEMS technologies have been widely developed
n recent years to alleviate the parasitic problems and increase
he functionality in a single chip. This paper proposes the fully
ompatible CMOS MEMS technologies to improve the charac-
eristics of the inductor, and also verify the improvement with a
CO circuit.

. CMOS micromachining process

The CMOS MEMS multi-project wafer (MPW) was fabri-
ated by TSMC 0.18 �m one-poly six-metal (1P6M) CMOS
rocess and CIC micromachining post-process. The major mate-
ials of metallization and dielectric layer in this CMOS process
re aluminum and silicon oxide, respectively. Fig. 1 shows the
ross-section views of the MPW with post-CMOS microma-
hining steps.

For alleviating the dry etching process on dielectric layers,
he CMOS passivation layers on etching selective regions are
emoved during the CMOS process (as Fig. 1(a)). Before the
nisotropic dry etching, an additional photoresist layer is spun
nd lithographed on the wafer for the post-process. This lithog-
aphy enables to define the protective region of photoresist layer
ver the metal of the inductor. The thickness of the photoresist
equests at least 5 �m to avoid the RIE etching directly on the
op meal. The anisotropic RIE etching with CF4, CHF3 and O2
s subsequently used to remove the exposed dielectric oxide in
ig. 1(b). In this step, most photoresist layers would exhaust
ith the RIE gas. As Fig. 1(c), the following isotropic dry etch-

ng with SF6 and O2 is then included to remove the underlying
ilicon substrate and release the microstructures.

The similar post-micromachining process that utilized the
op CMOS metal layer as dry etching mask was proposed by
6]. However, direct etching accompanying naked-metal with
HF3/CF4 would induce the aluminum fluoride polymer and
ossibly accumulate surrounding the metal layers. Even higher
tching selectivity (lower fluorine-to-carbon ratio) is adopted
n RIE recipe, the polymer may still occasionally occur on the
tching region and frustrate the following silicon etching. Fig. 2
s an example of CMOS MEMS inductor etching with metal-

ask, and the polymer extensively occurs around the etching
egion. The energy-dispersive spectrometers (EDS) is used to
nalyze the ingredients of the polymer. Fig. 3 shows the total

omposing elements of the polymer at 0.5 �m under the surface.
he major composing elements are Si and O, and the compos-

te ratio approximates to the chemical formula of silicon-oxide.
ther elements are C, F and Al, and the composite ratio of C

3

s

ig. 1. Post-CMOS micromachining steps: (a) after completion of CMOS,
b) protective photoresist layer and anisotropic dry oxide etching, and (c) the
sotropic dry silicon etching and structural release.

nd F is close to the compound relation between CHF3 and CF4.
he trace element, Al, is inferred from the strike on metal. The
ccurate molecular formula of the polymer is difficult to figure
ut since etching gas chosen in RIE and the total area of naked-
etal will both change the composing elements of the polymer.
ccording to above-mentioned reasons, an additional photore-

ist is necessary to protect the metal layer for better etching
erformance.

After the removal of the parasitic regions and lossy paths
round the inductor, the coupling and parasitic capacitances
an therefore be suppressed, and the FQ,max and Q factor are
xpected to be better after the CMOS MEMS post-process.
. Model of micromachined inductor

In order to understand the parasitic effect of the silicon
ubstrate, a simplified � model as Fig. 4 is used for the dis-
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Fig. 2. The aluminum fluoride polymer from the dry etching with metal-mask.

Fig. 3. The composing eleme

Fig. 4. The lump element model of CMOS MEMS inductor on silicon substrate.
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nts analysis in polymer.

ussion [7]. The self-inductance and series resistance of a spiral
nductor is represented by L and Rs, respectively. Series capac-
tance, Cs, is accounted for the feed-through path due to the
apacitive coupling effect between the windings. And the oxide
apacitance between the spiral and the field oxide is modeled
y Cox. The equivalent capacitor Cair is used to model the
ossy effect of the released substrate. The Cox and Cair are
onnected series and noted as the Ceff. The silicon substrate
apacitance and resistance are modeled by Csub and Rsub, respec-

ively.

The Q factor of the inductor is defined by the ratio of stored
nergy to the dissipated energy. If an inductor is modeled by
simple parallel RLC tank, and only the magnetic energy is
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onsidered, the quality factor can be shown that

= 2π
peak magnetic energy − peak electric energy

energy loss in one oscillator cycle

= Im(Z11)

Re(Z11)
(1)

here Z11 is the input impedance seen at one terminal of the
nductor while the other is grounded. According to the model
efined in Fig. 4, the calculated result of Q can be expressed as

= ωLs

Rs

Rx

Rx + [ωL/Rs)2 + 1]Rs

×
[

1 − R2
s (Cs + Cx)

L
− ω2L(Cs + Cx)

]
(2)

here

x = 1

ω2C2
effRsub

+ Rsub(Ceff + Csub)2

C2
eff

(3)

x = Ceff
1 + ω2(Ceff + Csub)CsiR

2
sub

1 + ω2(Ceff + Csub)2R2
sub

(4)

eff = CoxCair

Cox + Cair
(5)

he frequency of the maximum Q can be calculated by differen-
iating the equation Q with frequency. However, the three terms
n equation Q all have the factor functioned of frequency, the final
ifferential result will be a complicated formula for partially dif-
erential in each term. More reliable and faster estimation of the
Q,max still requires the help of CAD tools.

. VCO circuit design

A complementary cross-coupled LC-type VCO with tail
urrent source is chosen in our circuit architecture, and the
chematic is shown in Fig. 5. The LC tank is first determined by
hoosing an inductor with its FQ,max locates at our desired fre-
uency band. Accumulation mode varactor is chosen to resonate
ith the inductor to determine the oscillation frequency. In order

o compensate the loss in the LC tank, NMOS and PMOS cross-
oupled pairs (M2–M3 and M4–M5) are placed parallel with
he LC tank to provide negative resistance and sustain the oscil-
ation. The size of M1 is chosen for operating VCO in current
imited regime.

The gate width of transistors in cross-coupled pair are chosen
or matching the transconductances of NMOS and PMOS to
ake a more symmetric output swing and reduce flicker noise

p-converted into the phase noise. Two self-biased inverters,
6–M7 and M8–M9, are used as the output buffer to isolate the
CO from the 50 � termination of the spectrum analyzer.
In practical oscillator, the output signal can be represented

s:
out = A(t) cos(ω0t + φ(t)) (6)

here A(t) and φ(t) are both functions of time which represent
he fluctuation of amplitude and phase with time variation. In

8

l
a

Fig. 5. The schematic of VCO circuit.

requency domain, these fluctuations make sidebands close to
he frequency of oscillation.

Phase noise is defined to quantify the fluctuations in fre-
uency domain, and expressed as the ratio of the single side-band
ower at a frequency offset �ω from the carrier with a measure-
ent bandwidth of 1 Hz to the carrier power. The formula of

hase noise can be expressed as

{�ω} = 10 log

[
2FkT

Pcarrier

(
ωo

2Qt �ω

)2
]

(7)

here k is the Boltzmann’s constant, T the absolute temperature,
an empirical parameter, Pcarrier the output power of carrier, Qt

he quality factor of the tank, ωo the oscillation frequency, and
ω is the offset frequency from the oscillation frequency [8].
According to (7), a high-Q tank can improve the noise shaping

ffect and the output power of the oscillator when the oscillator
s in the current limited regime. In today’s CMOS process, the

factor of inductor is still worse than the capacitor or varactor
9,10]. Therefore, enhancing the Q factor of inductor is quite an
ffective solution to directly improve the phase noise.

. Experiment results

.1. MEMS inductor performance

A 1.88 nH inductor with 2 �m metal thickness, 32.1 �m inner
adius, 2.5 turns and 15 �m wide of wires was fabricated in
SMC 0.18 �m CMOS process. After the CMOS, micromachin-

ng post-process was applied to fabricate the MEMS inductor.
ig. 6(a and b) show the SEM of CMOS MEMS inductor with
ollow silicon substrate, the vertical and lateral etching is around

0 and 50 �m, respectively.

The S-parameters of both inductors were measured by Agi-
ent 8510 network analyzer. The parasitic and stray capacitances
round the pad were de-embedded by Y-parameter. The mea-
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Table 1
Extracting elements of the inductor model

CMOS inductor CMOS MEMS inductor

Cs (fF) 15.2 14.3
Rs (�) 3 3
L (nH) 1.88 1.88
Ceff (fF) 156 51
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ig. 6. SEM of CMOS MEMS inductor: (a) a 2.5 turns CMOS MEMS inductor
nd (b) the substrate etching profile under the CMOS MEMS inductor.

ured inductance and Q factor are both extracted in Fig. 7. The
lack line means the CMOS MEMS inductor, and the gray line

s standard CMOS inductor. Due to the reduction of parasitic
apacitance and lossy substrate, the CMOS MEMS inductor has
higher Q factor and FQ,max. In this measurement, the FQ,max of

ig. 7. The measured Q factor and inductance for CMOS and CMOS MEMS
nductors.

V
i

F

w
t
t

T
S

sub (fF) 14.5 16.6

sub (�) 850 2500

MOS MEMS inductor shifts from 4 to 8.5 GHz and the Qmax
aises from 8 to 15, this means an increase of 88% in Qmax.
he micromachined inductance at low frequency is still around
.88 nH, hence it becomes more attractive with higher Q fac-
or and available frequency range. The Q factor of the inductor
n our design frequency range also rises from 8 to 13.5. The
quivalent model elements of CMOS and MEMS inductors in
able 1 are also extracted from the measurement. The Ceff drops

o 51 fF from 156 fF due to the effect of Cair, and the substrate
esistance rises to 2500 � from 850 � due to the removal of the
ossy substrate. The Cs also has a slight decrease by the etching
emoval of the gap insulator.

.2. VCO performance

Table 2 summarizes the measured oscillator characteristics
n CMOS and CMOS MEMS VCO. The CMOS MEMS VCO
scillates at 5.81 GHz and shows a phase noise of −117 dBc/Hz
t 1 MHz offset while dissipating only 7.23 mW. The achieved
hase noise of the CMOS VCO is −112 dBc/Hz at 1 MHz off-
et. Comparing to the CMOS VCO, the CMOS MEMS VCO has
5 dB improvement at 1 MHz offset due to the use of high-Q
MOS MEMS inductor. Fig. 8 is the chip of CMOS MEMS
CO with micromachined inductors, and Fig. 9 shows the
hase noise measurement of CMOS MEMS VCO at Vtune = 0 V.
able 3 summarizes this VCO with other previously published
CO employing micromachined inductors. The wide used def-

nition of figure-of-merit (FOM) is as follows,

OM = 10 log

{(
f0

�f

)2 1

L{�f }P

}
(8)
here f0 is the carrier frequency, �f the offset from f0, L{�f} is
he phase noise at the offset and P is the power consumption of
he core circuit in mW.

able 2
ummary of VCO characteristics

CMOS CMOS MEMS

Supply voltage (V) 1.5
Tuning voltage (V) 0–1.5
Current consumption (mA) 5.8 4.82
Frequency (GHz) 5.92–6.6 5.81–6.54
VCO gain (MHz/V) 600 640
Output power (dBm) −4.02 −4.28
Phase noise (dBc/Hz) −112 at 1 MHz

(5.92 GHz)
−117 at 1 MHz
(5.81 GHz)
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Table 3
Comparison of VCO with MEMS inductor

Technologies

CMOS inductor with compatible
MEMS process (this work)

Electroless plated copper
inductor on BJT (Ref. [11])

Electroplated copper inductor
on CMOS (Ref. [12])

Surface MEMS inductor
on Bi-CMOS (Ref. [4])

f0 (GHz) 5.8 2 2.6 1.2
foffset (Hz) 1,000,000 100,000 600,000 100,000
Inductor Q 8 → 13 (at 5.8 GHz) 5.5 → 16 (at 2 GHz) 27 (at 2.6 GHz) 8 → 35 (at 1.2 GHz)
PN (dBc/Hz) −117 −106
Psup (mW) 7.23 18.2
FOM (dB) 184 179

Fig. 8. The photo of the VCO circuit with micromachined inductor.
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Fig. 9. The phase noise measurement of CMOS MEMS VCO.

. Conclusion

In this paper, the post-CMOS micromachining process is uti-
ized to obtain an enhanced Q factor inductor. The post-process

ere is simply and fully compatible with standard CMOS pro-
ess. Conventional CMOS and micromachined inductor are both
erified with the LC-type VCO. We have achieved high-Q fac-

[

−122 −111
15 11.2
183 182

ors over 13 at 5.8 GHz and 15 at 8.5 GHz, respectively. A
.8 GHz LC-type VCO has been designed and fabricated by
SMC 0.18 �m CMOS process. From the CMOS MEMS VCO
ith micromachined inductors, phase noise as −117 dBc/Hz has
een achieved and has a 5 dB improvement comparing to the
MOS VCO. We have successfully demonstrated a fast and

ully compatible solution to improve the performance of CMOS
nductor and also its circuits.
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