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A Robust High-Q Micromachined RF Inductor
for RFIC Applications

Jr-Wei Lin, C. C. Chen, and Yu-Ting Cheng, Member, IEEE

Abstract—In this paper, a robust micromachined spiral inductor
with a cross-shaped sandwich membrane support is proposed and
fabricated with fully CMOS compatible post-processes for radio
frequency integrated circuit (RFIC) applications. Via the incor-
poration of a sandwich dielectric membrane (0.7 m SiO2/0.7

m Si3N4/0.7 m TEOS) to enhance the structure rigidity, the
inductor can have better signal stability. In comparison, the new
design of a 5-nH micromachined inductor can have 45% less
inductance variation than the one without the dielectric sup-
port while both devices are operated with 10 m/s2 acceleration.
Meanwhile, using a cross shape instead of blanket membrane can
also effectively eliminate the inductance variation induced by the
working temperature change (20 C to 75 C). The measurement
results show the robust inductor can have similar electrical per-
formance to the as-fabricated freely suspended inductor, which
has five times (quality factor) improvement than the inductor
without the substrate removal. It is our belief that the new mi-
cromachined inductors can have not only high- performance
but also better signal stability suitable for wide-range RFIC
applications.

Index Terms—Accelerative and thermal disturbance system,
high-Q micromachined inductor, radio frequency integrated
circuit (RFIC), robust design, signal stability.

I. INTRODUCTION

RECENT advancement in the design of personal wireless
communication systems is aimed for wide bandwidth ap-

plications [1], [2]. In order to accomplish the goal, the car-
rier frequency of the system must shift to 5–10-GHz range or
even higher and low-energy-loss passive components, such as
inductor, capacitor, and transmission line, have to be imple-
mented in the front-end RF circuitry for excellent signal in-
tegrity and low power consumption requirements. The on-chip
micromachined spiral inductors [3]–[5] are one of the compo-
nents developed for the purpose. For a conventional on-chip
spiral inductor, the quality factor can be depicted as the fol-
lowing equation using a lumped physical model [6]:

(1)
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Fig. 1. Layout of the micromachined inductor for the mechanical disturbances
analysis (a) top view and (b) cross-sectional view. The inductor is free
suspended.

where , and are the inductance, series re-
sistance, and series feed forward capacitance of the inductor,
parasitic shunt capacitance, resistance, and signal frequency, re-
spectively. Via the removal of the silicon substrate underneath
the inductor, induced eddy current in the substrate
can be effectively prohibited. The inhibition will result in the
enhancement of the inductors at high frequency regime. Mean-
while, the parasitic shunt capacitance between the inductor and
the substrate can be also reduced in terms of the in-
crease of mutual distance. Such a reduction makes the self reso-
nant frequency of the inductor move toward a higher value and
makes the inductor suitable for high frequency operation.

However, the micromachined inductors also raise several me-
chanical reliability issues. A suspended structure of the induc-
tors could suffer from the air pressure disturbance, mechanical
thermal force disturbance or force from gravity and mechan-
ical shock [7]–[9]. Dahlmann and Yeatman [7] have investi-
gated the mechanically induced noise power effects onto the
micromachined inductor due to these disturbances and found
that the noise should not be neglected and could be greater
than the background thermal noise once the RF signal power
levels is above approximately 1 mW. Since this type of the in-
ductor is still with a primitive design, more studies must be
done for its potential applications. Thus, in this paper, we will
further investigate the electric performance of the suspended
inductor under accelerative and thermal disturbances and dis-
cuss the related influence to RF circuits using the contempo-
rary simulators, ANSYS and Ansoft-HFSS [10], [11]. Finally,
based on the simulation results, an optimized micromachined
inductor is proposed and fabricated with a fully CMOS compat-
ible post-process for radio frequency integrated circuit (RFIC)
applications.
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TABLE I
MECHANICAL PROPERTIES OF THE SIMULATED MATERIALS

II. RELIABILITY ISSUES OF THE MICROMACHINED INDUCTOR

It is necessary to realize the mechanical disturbance effects
for the optimum design of the micromachined inductor. In this
study, a rectangular shaped copper spiral inductor with an air-
bridge shown in Fig. 1 is chosen since it has already been widely
used in the contemporary RFICs. It is a 3.5-turn square spiral
inductor with the geometric parameters detailed in Fig. 1. The
silicon substrate underneath the inductor is removed using either
wet or dry chemical etching processes to form the suspended
structure. Under normal operation conditions, such inductors in
the RFICs for portable applications are generally susceptible to
two kinds of environmental condition changes that are 10 m/s
acceleration (about 1 G shock) and 55 C working temperature
variation (R.T., C, to 75 C), respectively.

Regarding the mechanical deformation analysis of the sus-
pended inductor caused by the environmental changes, the
ANSYS simulator is utilized to monitor the inductor behavior.
The solid/thermal tetrahedron mesh is applied for the finite
element analysis in the simulator with the suitable boundary
conditions and the material properties listed on Table I. Once
the deformation is determined by adding gravity shock or
thermal stress on the device, the electrical model of the de-
formed spiral inductor is then built up in the HFSS simulator in
terms of the nodal coordinates.

Skin effect and substrate loss are two main factors to de-
termine the inductor performance. For the micromachined
inductor, substrate loss mechanism is eliminated due to the
high electrical resistivity of air. However, the skin depth of
an inductor is inversely proportional to the square root of
its driving frequency and material conductivity. In order to
reduce the ohmic loss induced by the skin effect, the inductor
thickness is generally designated larger than the skin depth.
For instance, the skin depth of copper metal changes from
2.3 to 0.7 m while the driving frequency increases from 1
to 10 GHz. Therefore, in this paper, the inductors with two
different kinds of thickness designs, 5 and 10 m, are chosen
for the investigation in terms of their wide-band applications.
In addition, for comparison purpose, the substrate parameters
used in the simulator will be the same as that of the silicon
substrate we utilize for the micromachined inductor fabrication.
It is a 4 p-type boron doped (100) silicon substrate with the
resistivity of 1–100 -cm.

Fig. 2. Comparisons of the frequency dependence of the inductance between
the original and that under the 10 m/s acceleration. S 5 �m and S 10 �m
represent the 5- and 10-�m thick suspended spiral inductors, respectively. The
figure on the lower left-hand side is an enlarge view of the frequency dependence
of the inductance in the range of 1 to 10 GHz.

A. Acceleration Influence

The average simulated nodal displacements in three
dimensions of the inductors under 10 m/s acceleration force
along the perpendicular direction (z-direction) to the inductor
plane are summarized on Table II, which are defined by the
following relationship:

(2)

where is the total number of nodes and represents the co-
ordinate of each node in the inductor. According to the induc-
tance variations simulated by the HFSS for the two inductors, it
is found that the deformation of the inductors will result in the
resonant frequency shift toward lower value as shown in Fig. 2.
In addition, for 1- to 10-GHz applications, the inductor with
thinner thickness will have less acceleration influence as shown
in the inset of Fig. 2.

B. Thermal Influence

In general, the working temperature of a personal communi-
cation system could vary from 20 C to 75 C or even higher
due to the power dissipation from the circuits or surrounding
temperature variation. Such a temperature change can also re-
sult in the structural deformation of the suspended inductor via
the thermal expansion of material. The average simulated nodal
displacements of the suspended inductors due to the thermal de-
formation are also summarized in Table II. According to the
HFSS analysis, the deformation will also result in the inductance
change similar to the case of acceleration influence as shown in
Fig. 3. In the simulation, because the thermal expansion coeffi-
cient of copper ( C ) is about an order magnitude
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TABLE II
SUMMARY OF THE AVERAGE NODAL DISPLACEMENT (�m) OF THE SUSPENDED INDUCTORS WITH 5- AND 10-�m THICKNESS, RESPECTIVELY

Fig. 3. Frequency dependence of the inductance between the original and that
under 55 C temperature change.

larger than that of silicon ( C ), we neglect the sub-
strate effect resulted from the thermal expansion of the silicon
and only constrain the ends of the inductor for simplicity.

C. Influence on RF Circuitry

In RF front-end circuits, such as LNA, bandpass filter, and
LC-tuned voltage controlled oscillator (VCO), lumped inductor
is required for the network matching purposes. For VCO design,
the oscillation frequency and phase noise described in (3) and
(4) are strongly related to the inductance variation of inductors

[12]

(3)

(4)

where , and are the inductance of
inductor, the capacitance of resonator (mainly variable capaci-
tance), the parasitic resistance of resonator, the oscillation am-
plitude of VCO, the offset frequency from the center frequency
and the noise figure of VCO circuit, respectively. In general

(5)

It indicates that the phase noise variation of a VCO circuit can
have up to 2-dB difference at 8 GHz since a 10- m-thick micro-
machined inductor with 1-G shock has the inductance change
from 5.17 to 8.02 nH. In addition to VCO, inductance variation
could also cause the detrimental effects on LNA performance
due to the network impedance mismatches.

III. ROBUST DESIGN AND FABRICATION

Based on the previous investigation, a robust design of the mi-
cromachined inductor has to rely on the success of the structural
rigidity enhancement that can have less inductance variation
while the device suffers the accelerative disturbance or thermal
deformation. On the other hand, the enhancement should not
sacrifice the electrical performance of the inductor. Hence,
we propose a sandwich (SiO /Si N /SiO ) type membrane to
strengthen the inductor based on the following reasons: 1) both
SiO and Si N dielectric materials have excellent mechanical
properties and have been widely used in CMOS circuitry; 2)
low electromagnetic energy loss in the dielectric membrane
due to their low conductivity and loss tangent; and 3) although
the Young’s modulus of Si N is five times higher than that
of SiO as listed in Table I, Si N has much higher residual
stress with the silicon substrate in comparison with SiO . The
sandwich (SiO /Si N /SiO ) type membrane is proposed to
resolve the stress issue. Via the double oxide layers, the nitride
stress can be effectively released.

In the design, the dielectric membrane consists of 700-nm
thermal oxide, 700-nm LPCVD Si N , and 700-nm TEOS
oxide. According to the simulation results as listed in Table III,
such a sandwich membrane can provide enough rigidity to the
suspended inductor and make it less susceptible to the accel-
eration force. In comparison with the 10- m-thick suspended
inductor, the average nodal displacements in the inductor with
such a sandwich membrane support can be reduced in one
order magnitude as shown in Table III. Table III shows sim-
ulation results of the average nodal displacement ( m) of the
10- m-thick inductors with different structural designs. The
HFSS analysis also shows the improvement in the inductance
variation from 45% down to 0.001%, as shown in Fig. 4. The
inductance variation is defined as the inductance difference due
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TABLE III
SUMMARY OF THE AVERAGE NODAL DISPLACEMENT (�m) OF THE 10-�m-THICK INDUCTORS WITH DIFFERENT STRUCTURAL DESIGNS

Fig. 4. Summary of the frequency dependence of the inductance variation for
the 10-�m-thick inductors with different structural designs that under either 10
m/s acceleration or 55 C working temperature change. CMt 10�m represents
the 10-�m-thick spiral inductors with a cross-shaped SiO /Si N /SiO
membrane under 55 C working temperature change.

to the environmental change divided by the original inductance
of the inductor.

Although adding a dielectric supporting membrane to the sus-
pended inductor could be a good method, it might lead to an-
other reliability issue. The structural enhancement via the in-
corporation of a dielectric membrane could create another reli-
ability problem due to the stress originated from material’s coef-
ficient of thermal expansion (CTE) mismatch. According to the
Table III, 55 C temperature change can deform the inductor
with the blanket sandwich membrane support. Fig. 5 shows the
simulated contour map of the 10- m-thick inductor with the
blanket dielectric membrane support. It shows that, with 55 C
temperature change, the thermal deformation mainly distributes
in the central coil region. Such a deformation results in more
than 5% inductance variance of the 10- m-thick inductor as
shown in Fig. 4 while it is operated in the frequency range of
1 to 8 GHz.

In order to reduce the thermal influence, we propose a cross-
shaped membrane structure to replace the blanket support. For
an inductor, its total inductance comes from the contribution of
the self-inductance of the metal coils and the mutual inductance

between the coils. The inductance can be calculated as the fol-
lowing (6):

(6)

where the first part in this equation is the self-inductance from
the coil segments of the inductor and the second part is mainly
originated from the negative and positive mutual inductances
between the segments. From Neumann theory [13]

(7)

where , and denote the vector current elements and
the distance between the elements, respectively. When the cur-
rent elements are parallel to each other with the current flow
in the same direction, the magnetic fields of the segments are
positively coupled; the maximum mutual inductance occurs be-
tween them. On the contrary, while the current flows in oppo-
site directions, the magnetic fields are counteracted and result
in a negative mutual inductance. In addition, when the current
elements are orthogonal to each other, no mutual inductance
contributes to the total inductance of the inductor. Thus, for an
on-chip spiral inductor, since stronger EM field coupling exists
in the lateral region than the corner one and slight deformation
in the lateral region could result in the large inductance change,
using a cross-shaped membrane support might be a good way
not only to provide enough structure rigidity to the suspended
inductor but also to have less thermal deformation in the lateral
region.

Fig. 6 shows the contour map of the 5 m thick inductor with
the cross-shaped dielectric membrane support. The distribution
of the thermal deformation has shifted to the corner regions
of the inductor in terms of the less physical constraints in the
four corners of the inductor as predicted. For 55 C tempera-
ture change, the HFSS simulation shows that the cross-shaped
membrane supported 5- m-thick inductor can have 17% induc-
tance variation less than the blanket one while they both op-
erate at 8 GHz. Similar phenomenon also occurs in the 10 m
thick inductor as shown in Fig. 4. The inductor designed with the
cross-shaped sandwich dielectric membrane support is less sus-
ceptible to the thermal influence in comparison with that using
the blanket membrane support.
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Fig. 5. Simulated contour map of the 10-�m-thick inductor with the blanket dielectric membrane support under 55 C temperature change.

Fig. 6. Simulated contour map of the 10-�m-thick inductor with the cross-shaped dielectric membrane support under 55 C temperature change.

Fig. 7 illustrates the fabrication process of the robust high per-
formance and reliable micromachined inductor. It begins with
wet oxidation at 980 C for 700 nm of thermal oxide, followed
by 700-nm LPCVD nitride and 700-nm TEOS oxide depositions
on the p-type silicon substrate as shown in Fig. 7(a). Fig. 7(b)

shows that the first thin Ti/Cu (10 nm/120 nm) adhesion/seed
layer is sputtered onto the silicon substrate, then patterned with a
6 m thick AZ 4620 photo-resist to define the region for the fab-
rication of the coil part of the spiral inductor using copper elec-
troplating. After the first layer of copper is plated, a 10- m layer
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Fig. 7. Scheme of the inductor fabrication processes (a) SiO /Si N /SiO
(0.7 �m/0.7 �m/0.7 �m) sandwich membrane and Ti/Cu(100 �A/1200 �A)
seed/adhesion layer deposition. (b) First copper plating for the coil part of the
inductor. (c) Air-bridge seed layer deposition. (d) Air-bridge patterning. (e)
Air-bridge and via plating. (f) Seed layer removal. (g) dielectric patterning. (h)
Substrate removal using the XeF gas. (i) PR mask removal.

of AZ4620 is spin-coated, patterned, and sputtered with another
100 nm copper seed layer on the same substrate as shown in
Fig. 7(c) for the air-bridge copper via filling. Figs. 7(d) and (e)
illustrate that, after the via filling, another 10- m AZ4620 is
spun onto the plated structure, patterned to define the air-bridge
beam, and plated with 5 m copper to form the air bridge. Fi-
nally, the fabrication of the spiral inductor is done after lifting
off the copper seed layer and chemically etching away the first
seed/adhesion layer using CR-7T, as shown in Fig. 7(f).

Once the inductor is fabricated, the membrane is reactive ion
etched (RIE) away to define the corner regions as illustrated in
Fig. 7(g). Since the XeF gas has excellent etching selectivity
to silicon, the dielectric membrane or copper can be utilized as
the mask and the opened area around the four corners or the ad-
jacent region of the suspended inductor provide the path for the
etchant to isotropically remove the silicon substrate as shown in
Fig. 7(h). Finally, the photo-resist mask is stripped by acetone
as shown in Fig. 7(i). Fig. 8 shows the as-fabricated on-chip
spiral inductors, which are the conventional suspended inductor
and the proposed robust inductor, respectively. It is noted that
the residual stress has been effectively compensated using the
sandwich structure as shown in Fig. 8(b). No buckling phenom-
enon is found in the inductor.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In the experiment, the two-port S-parameters of the induc-
tors are measured using the HP8510C Network Analyzer and

Fig. 8. SEM micrographs of the as-fabricated on-chip spiral inductor. (a)
Suspended inductor. (b) Robust inductor.

Fig. 9. Measurement and simulation results of the as-fabricated 5-�m-thick
suspended inductor.

the cascade Micro-tech coplanar ground-signal-ground probe
in the frequency range of 0.1 to 20 GHz. The parasitic parallel
capacitance and series contact resistance between the substrate
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Fig. 10. Measurement and simulation results of the 5-�m-thick inductors with
three different structural designs for 55 C variation.

and the contact pads of the inductor are de-embedded via the
measurement using well-designed dummy patterns [14]. The
de-embedded S-parameters are then transformed into Y-param-
eters from which the inductance and factor of the inductor
can be calculated based on the following equations [15], respec-
tively:

(8)

(9)

where is the signal frequency. The overall measurements are
accomplished at the R.T. and 75 C, respectively. Fig. 9 shows
the measurement results of the as-fabricated 5- m-thick sus-
pended inductors. With the silicon substrate removal, the self
resonant frequency and the factor of the micromachined in-
ductor move toward higher values simultaneously in compar-
ison with the conventional on-chip one. The five times factor
improvement reveals its potential applications as we expected.
In addition, the HFSS simulation results of the micromachined
inductor as shown in the figure are closely fitted with the mea-
surement data up to 8 GHz.

In order to further verify the influence of temperature
variation on the inductor performance, the inductance of the
5- m-thick inductors with three different designs, which are
suspended, blanket membranes, and cross-shaped membrane
support, respectively, are measured with 55 C temperature
change. Fig. 10 shows the inductance change can be effectively
reduced to less than 3% inductance variation as the prediction
when the inductor is deigned with the cross-shaped membrane
support. Meanwhile, the results also confirm that the inductor
with a blanket membrane support is the most susceptible to
thermal effects in these structures though it has the best struc-
tural rigidity. Fig. 11 shows the inductance performance of
the as-fabricated 5- m-thick inductor with the cross-shaped
membrane support. The high- performance can also
be realized in the design.

A variety of micromachined inductors have been proposed.
However, every micromachined inductor design has its unique

Fig. 11. Measurement results of the as-fabricated 5-�m-thick inductor with
the cross-shaped membrane support.

Fig. 12. SEM micrograph of the enlarged view on the corner region of the
inductor with the substrate removal.

structure and specific applications. For instance, although the
design discussed here is only one of them, it can provide excel-
lent performance for the high frequency RFIC applications such
as 3–8 GHz ultra wideband (UWB) systems for data-communi-
cation because there is no dielectric in the structure which re-
sults in the resonance frequency shift of the inductor up to 17–20
GHz. In Lakdawala et al.’s design [3], there are dielectric layers
within the copper layers like a composite structure, parasitic
capacitance is relatively high, and the self resonant frequency
becomes lower (i.e., GHz). Since the inductors used for
RFICs should operate in the region well below its resonant fre-
quency for stability, the design is not suitable for such applica-
tions. The end of each coil of the inductor is supported by a sus-
pended beam (i.e., the return line) for better structural rigidity,
but it is still experienced with severe thermal stress problem due
to its composite structure. In addition, Abid et al. has proposed
another design of micromachined inductor [5]. Although there
is a dielectric support underneath the inductor, the geometry of
the dielectric layer has not been optimized. The openings are
utilized for rapid removal of the silicon substrate so the design
is still with thermal stress problem. Since gravity, shock, and
thermal influence would result in different deformation in each
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case, more investigations are required and the paper can provide
a method for the analysis and optimum design of the other types
of micromachined inductors.

In the analysis, the simulated inductance values are slightly
larger than the actual values in both cases as shown in Fig. 9.
The deviation could be resulted from the material character-
istic, the process variation, and the gravity effect on the device.
For instance, the spacing of the inductor coil is defined by the
photo-resist mold, which is affected by the surface morphology
of device substrate. Since no CMP technique is utilized for the
fabrication of the inductors, the process exactness could not be
achieved in this case. Meanwhile, Fig. 12 shows the SEM mi-
crograph of the enlarged view on the corner region of the free
suspended inductor. Gravity force deforms the inductor to form
a nonplanar structure that could also result in the inductance
change. Finally, the detail of thermal-mechanical behavior of
the material is very important to the accuracy of the device mod-
eling and simulation. The related investigation on the nonideal
effects and material characterization are required for the further
improvement in the simulation accuracy.

V. CONCLUSION

A new kind of high-performance micromachined inductor
supported with a cross-shaped sandwich membrane has been
successfully proposed and fabricated. Two major simulators,
ANSYS and Ansoft HFSS, are utilized for the robust design
and stability investigation of the micromachined inductors. Both
simulation and experimental results indicate mechanical distur-
bances like acceleration and thermal stress can easily cause con-
ventional micromachined inductors with unstable performance
that can be resolved using the new robust design.
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