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bstract

This paper presents a low-cost microgyroscope with a resolution in the rate-grade at atmospheric pressure, which is fabricated using a CMOS-
ompatible nickel electroforming process. Angular rate resolution of the gyroscope is increased by matching the resonance frequencies of the drive
nd sense modes close to each other using symmetric suspensions and electrostatic frequency tuning; whereas, undesired mechanical coupling
etween the two modes during matched mode operation is reduced by the fully decoupled gyro flexures. Reduced mechanical coupling results in
stable zero-rate output bias, i.e., providing excellent bias stability. The fabricated gyroscope has 18 �m-thick nickel structural layer with 2.5 �m
apacitive gaps providing an aspect ratio above 7, which results in sensor capacitances about 0.5 pF. The resonance frequencies of the fabricated
yroscope are measured to be 4.09 kHz for the drive-mode and 4.33 kHz for the sense-mode, which are then matched by a tuning voltage less
han 12 V dc. The gyroscope is hybrid connected to a CMOS capacitive interface circuit, and the hybrid system operation is controlled by external
lectronics, constructing an angular rate sensor. The gyroscope is oscillated along the drive-mode to vibration amplitude above 10 �m. The rate
ensor demonstrates a noise-equivalent rate of 0.095 (◦/s)/Hz1/2 and short-term bias stability better than 0.1 ◦/s. The nominal scale factor of the
ensor is 17.7 mV/(◦/s) in a measurement range of ±100 ◦/s, with a full-scale nonlinearity of only 0.12%. The measurement bandwidth of the

yroscope is currently set to 30 Hz, while it can be extended beyond 100 Hz depending on the application requirements. The quality factor of
he sense-mode improves by an order of magnitude at vacuum, which yields an estimated noise-equivalent rate better than 0.05 (◦/s)/Hz1/2 in a
arrowed response bandwidth of 10 Hz.

2006 Elsevier B.V. All rights reserved.

el ele

t
C
g
c
i
g
t
l
i
g
t
d

eywords: Gyroscope; Angular rate sensor; Decoupled oscillation modes; Nick

. Introduction

There are several applications that require reliable, low-cost,
nd small-size angular rate sensors, including automotive roll-
ver detection and industrial platform stabilization. Major per-
ormance requirements of these applications are rate-grade res-
lution and bias stability, both being less than 0.5 ◦/s [1]. These
pecifications are not difficult to achieve by using advanced
ilicon micromachining technologies such as polysilicon trench-
efill [1], dissolved wafer process [2], SOI micromachining
3], silicon-on-glass micromachining [4], polysilicon surface
icromachining [5], silicon bulk micromachining [6], and SOI

afer bonding to glass substrates [7]. The common features
f these technologies are the high-performance at the expense
f increased fabrication complexity and limited yield. In addi-
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ion, monolithic integration of these fabrication processes with
MOS processes are difficult, requiring hybrid integration of the
yroscopes and CMOS electronics that increases the packaging
ost. On the other hand, Analog Devices has developed CMOS-
ntegrated inertial gyroscopes for the low-cost market [8]. These
yroscopes are fabricated with a dedicated BiCMOS manufac-
uring process, but the thickness of the structural polysilicon is
imited to few microns. The performance of these gyroscopes
s highly-improved by successful monolithic integration of the
yroscope with the high-quality readout electronics. However,
he process is a dedicated process requiring high start-up and
evelopment costs. Approaches based on post-CMOS MEMS
abrication such as post-CMOS metal electroforming are attrac-
ive, since they allow to use low-cost standard CMOS foundry
rocesses. Therefore, there are approaches in the literature to

evelop electroformed gyroscopes that are compatible with stan-
ard CMOS processes [9]. However, the gyroscopes developed
ased on electroforming have limited performances due to their
ow aspect ratio processes and structural limitations, resulting
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n small sensor capacitances and drive-mode vibration ampli-
udes. Therefore, for low-cost rate-grade applications, it would
e attractive to develop a dedicated microgyroscope structure
hat can be fabricated with a simple, low-cost, high-aspect-ratio,
nd CMOS-compatible electroforming technology.

This paper reports a new low-cost rate-grade microgyroscope
abricated with a simple and CMOS-compatible nickel elec-
roforming process [10]. The new structure allows electrostatic
uning of resonance frequencies and large drive-mode oscilla-
ion amplitudes for enhanced sensitivity, as well as having a
edicated flexure design that minimizes mechanical cross-talk
etween drive and sense modes of the gyroscope due to pro-
ess variations. The overall sensitivity and bias stability of the
abricated gyroscope satisfies the rate-grade performance with
xcellent nonlinearity in a large full-scale range and with a band-
idth sufficiently high for many applications.

. Gyroscope structure

Fig. 1 shows the simplified three-dimensional model of the
yroscope. The proof mass is electrostatically driven into res-
nance along y-axis using linear comb drive electrodes. When
he gyro frame is rotated about z-axis, part of the energy stored
n the oscillating proof mass couples to the x-axis, causing the
ense electrodes move along the x-axis. This coupled motion
reates a capacitance change, which is detected using a CMOS
apacitive interface circuit. The output signal from the interface
ircuit is then processed by external electronics providing an
lectrical output proportional to the applied angular rate input.
uspension flexures and anchorage of the structure is designed

o restrict the motion of the movable drive and sense electrodes
o 1 degree-of-freedom (DOF), whereas only the proof mass is
llowed to 2 DOF motion. This configuration minimizes unde-

ired mechanical cross-talk between the drive and sense modes.
he drive-mode of the gyroscope is optimized for large ampli-

ude and linear driving oscillations using linear comb fingers,
hereas the sense-mode is optimized for increased rate sensitiv-
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ig. 1. Simplified three-dimensional model of the gyroscope with symmetrically-loca
he movable drive and sense electrodes to 1 degree-of-freedom (DOF), whereas only t
llowing large drive-mode vibration amplitudes, large sense capacitances with electro
ators A 132 (2006) 171–181

ty and electrostatic tuning using varying-gap type comb fingers.
inally, flexures are designed symmetric along the drive and
ense modes for minimizing possible temperature-dependent
rift [11].

. Fabrication process

Fig. 2 shows the fabrication process flow that requires only
hree masks. The process starts with deposition and patterning
f 300/3000 Å-thick evaporated Cr/Au metallization layer over
500 �m-thick, 4-inch, Corning 7740 Pyrex glass substrate.
ext, a 300/3000 Å-thick Ti/Cu seed layer is sputter-coated on

he whole substrate surface. The Ti/Cu seed layer is then etched
way inside the anchor and pad metallization regions, for ensur-
ng that the nickel is electroformed on Cr/Au stack rather than
n Ti/Cu stack at the structural layer formation step towards
he end of the process (Fig. 2h). Otherwise, nickel structures
etach from the substrate surface during long sacrificial layer
tch at the final step of the process. Following the patterning of a
.5 �m-thick negative-tone photoresist (Microposit ma-N 440)
ith controllable-sidewall profile, the copper sacrificial layer

s electroformed from copper sulfate chemistry on the whole
ubstrate surface except inside the anchor regions. Next, the
egative-tone photoresist is stripped from the substrate surface
nd Shipley’s SJR5740 photoresist is coated to a thickness of
bout 20 �m and patterned using the structural layer mask. After
leaning the surface of the underlying conductive Ti/Cu and
r/Au seed layer regions with oxygen plasma and hardbaking

he structural photoresist mold, nickel is electroformed inside
he thick photoresist mold from a low-stress nickel sulphamate
hemistry. Finally, the thick photoresist mold is stripped in the
VC175 photoresist stripper, and the copper sacrificial layer and

he Ti/Cu seed layer are selectively etched in a mixture of 1:1:18

cetic acid (CH3COOH), H2O2, and deionized water. Fabricated
ickel gyroscopes are then cleaned in deionized water, rinsed in
standard acetone–isopropyl alcohol (IPA)–methanol bath, and

eleased by drying on hotplate.

ted and decoupled suspension flexures and anchorage restricting the motion of
he proof mass is allowed to 2 DOF motion. The structure has linear drive combs
static tuning capability, and folded flexures for linear drive-mode vibrations.
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Fig. 2. Fabrication process flow that requires only three masks.
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Table 1
Bath constituents and operating conditions for copper electroforming process

Constituent Concentration Parameter Condition

Copper sulfate 220 (g/l) Plating current type 20% dusty-cycle forward-pulse
Sulphuric acid 32 (ml/l) Plating current density 2 (A/dm2)
Basic brightener 4 (ml/l) Deposition rate 0.4 (�m/min)
Leveling agent 0.4 (ml/l) Filter agitation Off
Wetting agent 20 (ml/l) Anode–cathode spacing 5 (mm)
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Tensile stress and surface roughness of electroformed copper
acrificial layer is reduced by optimizing the copper electro-
orming process. Table 1 summarizes the bath constituents and
perating conditions for the developed copper electroforming
rocess. In addition, the surface roughness, residual stress, and
itting of the electroformed nickel are improved by optimiz-
ng the operating conditions for the nickel sulphamate bath and
y using an electroplating setup with agitators covered with fib-
ilic clothing based on a technology for reducing boundary layer
hickness [12]. Table 2 summarizes the bath constituents and
perating conditions for nickel electroforming process.

The overall process is CMOS-compatible with process tem-
eratures below 120 ◦C and requires only three masks, a standard
V lithography equipment, and a low-cost electroplating setup.
herefore, the fabrication cost of unpackaged gyroscopes are
ery low with this approach. It should be mentioned that the
ost of packaging contributes significantly to the overall cost of
he MEMS gyroscope, especially if hermetic vacuum sealing is
equired. On the other hand, the start-up and development cost
or the fabrication process would have an increasing importance
n the near future due to the possible reduction in packaging
osts with the recent advances in wafer-level encapsulation tech-
ologies. Therefore, when low-cost wafer-level packaging is
onsidered, the cost of the packaging will be comparable to
he cost of the fabrication of the unpackaged gyroscope. As a
esult, low-cost electroforming technologies would be attrac-
ive for high-volume low-cost sensor production with integrated
lectronics.
Fig. 3 shows the scanning electron microscope (SEM) pho-
ographs of the fabricated gyroscope. The gyroscope occupies an
rea of 2.9 mm × 2.9 mm including the bonding pads, while the
verall chip area is set 3.3 mm × 3.3 mm for dicing tolerances.

q
b
d
t

able 2
ath constituents and operating conditions for nickel electroforming process

onstituent Concentration

ickel sulphamate 500 (g/l)
oric acid 30 (g/l)
ickel chloride 2 (g/l)
ode agitation freq. 3 (Hz)
th temperature 25 ◦C

he movable structure is suspended 5 �m over the substrate,
efined by the thickness of the copper sacrificial layer.

Fig. 4 shows the close-up SEM photographs of the varying-
verlap-area type drive combs and varying-gap type sense
ombs. The height of the structural layer of the gyroscope is
easured as 18 �m, whereas the electrostatic gap between the

abricated comb fingers is only 2.5 �m. The aspect ratio of the
urrently fabricated gyroscope is therefore higher than 7, which
s actually the physical limit for electroforming processes using
tandard UV lithography for patterning a standard thick pho-
oresist such as SJR5740.

. Characterization and results

The drive and sense electrode capacitances of the gyroscope
re measured using Agilent 4294A precision impedance ana-
yzer as 405 fF and 455 fF, respectively, for 2.5 �m fabricated
apacitive gaps. These values agree well with the design values
f 352 fF and 381 fF, respectively, for the 3 �m designed-value
or the capacitive gaps.

Fig. 5 shows the measurements of the drive and sense-mode
esonance characteristics for the fabricated gyroscope using the
gilent 35670A dynamic signal analyzer and Karl Suss micro-
anipulator probe station. The resonance frequencies of the

rive and sense modes of the fabricated gyroscope are measured
o be matched at 4090 Hz for a dc polarization voltage of 12 V
pplied to the proof mass. The measured resonance frequency
f the drive-mode is somewhat smaller than the designed fre-

uency of 4678 Hz, primarily due to the fabricated beam widths
eing 2.75 �m instead of the 3 �m design value. The structure is
esigned to provide a sense-mode resonance frequency matched
o the drive-mode resonance frequency at a dc voltage of 9.8 V

Parameter Condition

Plating current type dc Current
Plating current density 0.4–1.1 (A/dm2)
Deposition rate 0.4–1.1 (�m/min)
Filter agitation On
Anode–cathode spacing 7.4 (mm)
Anode agitation freq. 2.1 (Hz)
pH of the solution 3.8–4.2
Bath temperature 45 ◦C
Anode-type Insoluble (titanium)
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ig. 3. The scanning electron microscope (SEM) photographs of the fabricated
onding pads, while the overall chip area is set 3.3 mm × 3.3 mm for dicing tol
he thickness of the copper sacrificial layer.

pplied to the proof mass. In measurements, it is found out that
he voltage for matching the two resonance frequencies is 12 V,
hich can be expected due to variations in the structural dimen-

ions after the process compared to the designed values.
The quality factors of the nickel gyroscope for the drive and

he sense modes at atmospheric pressure are then measured to be
81 and 55, respectively. The lower quality factor of the sense-
ode is a result of higher air damping along the sense-mode due

o the high-aspect-ratio varying-gap type sense electrodes.
The fabricated gyroscope is hybrid connected to a single-

nded CMOS capacitive interface circuit, which is similar to a
reviously designed structure [7]. Fig. 6 shows the schematic
iew of the CMOS interface circuit. The capacitive interface
ircuit has high input-impedance in order to buffer the high-
mpedance sensor output. High input-impedance is achieved
y minimizing the parasitic capacitance associated with the
MOS chip using bootstrapping method, whereas the para-

itic capacitance associated with the gyroscope chip is already
inimized due to insulating substrate. The designed capaci-

ive interface circuit is fabricated in the XFAB 0.6 �m CMOS
rocess and measures only 0.7 mm × 1.3 mm. Fig. 7 shows the
hotograph of the fabricated nickel gyroscope hybrid connected

o the CMOS capacitive interface circuit inside a 40-pin DIL
ackage.

Fig. 8 demonstrates the effective frequency tuning for the
ense-mode of the gyroscope. The sense-mode resonance fre-

c
d
g
p

scope. (a) The gyroscope occupies an area of 2.9 mm × 2.9 mm including the
s. (b) The movable structure is suspended 5 �m over the substrate, defined by

uency of the gyroscope can be reduced from 4.25 kHz at 5 V
c down to 3.58 kHz at 20 V dc by negative electrostatic spring
onstant. The total electrostatic spring constant of the fabricated
yroscope is found to be −(0.1016)V 2

dc, where Vdc is the dc
oltage across the varying-gap type sense electrodes. The mea-
ured electrostatic spring constant is in close agreement with the
xpected value of −(0.1006)V 2

dc.
Table 3 presents a comparison of the designed and the mea-

ured electrical and mechanical parameters for the fabricated
ickel gyroscope. In general, the measured values agree well
ith the design values considering that the capacitive gap spac-

ng and flexure beam widths are slightly different than the design
alues due to fabrication tolerances.

Fig. 9 shows the electronic blocks constructed using off-the-
helf components and functioning as a simple positive-feedback
oop for drive-mode self-resonance excitation of the fabricated
yroscope. The loop includes the second-order model of a rate
ensor, an ac coupler, a phase-shifter, and a final gain stage, and it
s self-triggered while switching the power on. The second-order

odel of the rate sensor includes the drive-mode resonator of the
yroscope and the capacitive interface circuit hybrid-connected
o the gyroscope output. The output of the capacitive interface

ircuit is filtered through an ac coupler, in order to remove any
c offset coming from the interface circuit. The phase-shifter
enerates the correct phase for electrostatic actuation to be sup-
lied to the gyroscope input. The final gain stage is necessary to
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Fig. 4. Close-up SEM photographs of (a) varying-overlap-area type drive combs and (b) varying-gap type sense combs. The height of the structural layer of the
g
g

F
K

yroscope is measured as 18 �m, whereas the electrostatic gap between the fabrica
yroscope is therefore higher than 7.

ig. 5. The measurements of (a) drive and (b) sense-mode resonance characteristics f
arl Suss micromanipulator probe station.
ted comb fingers is only 2.5 �m. The aspect ratio of the currently fabricated

or the fabricated gyroscope using Agilent 35670A dynamic signal analyzer and
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Table 3
Comparison of the designed and the measured electrical and mechanical parameters for the fabricated nickel gyroscope

Parameter Designed Measured

Drive Sense Drive Sense

Capacitive gap (�m) 3 3 2.5 2.5
Capacitive anti-gap (�m) N/A 8 N/A 8.3
Capacitance (fF) 352 381 405 455a

∂C/∂x (F/m) 8.88 × 10−9 9.00 × 10−8 6.15 × 10−9 5.9 × 10−8

∂2C/∂x2 (F/m2) N/A −0.1006 N/A −0.1016
Mechanical spring constant (N/m) 146 169 111 136.6b

Average beam width (�m) 4 4 3.65 3.76
Mechanical resonance freq. (Hz) 4678 4823 4090 4336c

Parasitic capacitance (fF) <500d <500d 224 79
Voltage required for frequency matching (Vdc) N/A 9.8 N/A 12

a Result excludes the anti-gap capacitance, which is theoretically evaluated about 108 fF regarding the measured anti-gap of the fabricated gyroscope.
b Excludes the measured electrostatic spring constant.
c Includes only the extracted mechanical spring constant.
d A maximum of 0.5 pF parasitic capacitance is expected for hybrid wirebonding.

s
c
a
t

t
a
m
r
o
t
s
l
p
t
s
g
o

p
s
1
outputs, separated from the quadrature signal (central peak) by
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Fig. 6. The schematic view of the CMOS capacitive interface circuit.

atisfy the overall gain of the system being above unity, so as to

ause an amplitude build-up as a result of positive feedback. The
mplitude would be limited by the voltage swings determined by
he supply voltages of the electronic components constructing

a
T
t

ig. 7. (a) The photograph of the fabricated nickel gyroscope hybrid connected to the
iew of the gyroscope chip.
he self-resonance loop. The feedback loop of Fig. 9 presents
simple method to generate self-oscillations along the drive-
ode, the frequency of which is determined by the mechanical

esonance frequency of the gyroscope provided that the phases
f the signals are carefully controlled inside the loop. The con-
rol of the signal phase inside the loop is very important for
tarting the self-resonance oscillations. Table 4 provides a fast
ook-up reference for checking the phase of the signals for the
roposed gyroscope, depending on the frequency matching and
he impedance of the interface circuit. After constructing the
elf-oscillation loop, the drive-mode vibration amplitude of the
yroscope is set to 10 �m at resonance, limited by the linear
peration range for the drive-mode flexures.

Fig. 10 shows the measured spectrum of the sense-mode out-
ut of the fabricated nickel angular rate sensor in response to a
inusoidal angular rate input of amplitude 2π ◦/s and frequency
0 Hz. The two side-lobes in the figure correspond to the rate
frequency equal to the frequency of the applied rate input.
he mechanical sensitivity of the nickel gyroscope is measured

o be 180 �V/(◦/s). The estimated sense-mode displacement

CMOS capacitive interface circuit inside a 40-pin DIL package. (b) Close-up
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Fig. 8. Effective frequency tuning for the sense-mode of the fabricated nickel
gyroscope. Sense-mode resonance frequency of the gyroscope can be reduced
from 4.25 kHz at 5 V dc down to 3.58 kHz at 20 V dc by negative electrostatic
spring constant.
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ig. 9. The electronic blocks used for constructing the simple positive-feedback
oop for drive-mode self-resonance excitation of the fabricated gyroscope.

s 6.1 Å/(◦/s), corresponding to a generated output voltage of
80 �V for 1 ◦/s rate input, which is higher than the measured
alue of 180 �V. However, the estimated value assumes perfect
atching of the resonance frequencies of the drive and sense
odes, whereas the two modes are tuned within a matching tol-

rance of 40 Hz, which is typical for manual frequency tuning
here there is no electronic feedback control. The quadrature

ignal at the sense-mode output is 42 mV corresponding to about
30 ◦/s, which is suppressed by phase-sensitive demodulation
f the sense-mode output. Finally, the rms noise floor of the

yroscope is found to be 20 �V/Hz1/2. The mechanical-thermal
oise of the nickel gyroscope is estimated to be smaller than
(◦/h)/Hz1/2, which is negligible compared to the measured out-

ig. 10. The measured spectrum of the sense-mode output of the fabricated
ickel angular rate sensor in response to a sinusoidal angular rate input of ampli-
ude 2π ◦/s and frequency 10 Hz.

n
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ig. 11. The measured spectrum of the sense-mode output of the gyroscope
hen no angular rate input is applied to the gyroscope and the servo of the rate

able is switched off.

ut noise. The main source of the output noise is expected to be
ue to rotational mode of the fabricated nickel gyroscope, whose
requency approach to the operational frequency of the gyro-
cope during the fabrication due to the narrowed beam widths.
he mechanical noise coupled to the sense-mode from the rota-

ional mode would be suppressed in the future designs. The
easured noise floor of the gyroscope corresponds to an rms-

oise-equivalent rate of 0.11 (◦/s)/Hz1/2.
During rate measurements, it is observed that the servo of

he rate table introduce significant noise if it is not switched off.
ig. 11 shows the measured spectrum of the sense-mode output
f the gyroscope when no angular rate input is applied to the
yroscope and when the servo of the rate table is switched off.
he rms noise floor of the gyroscope is found to be less than
7.6 �V/Hz1/2, corresponding to the rms-noise-equivalent rate
f 0.095 (◦/s)/Hz1/2, when the disturbance from the rate table is
liminated.

The sense-mode output of the gyroscope is demodulated,
mplified through a 40 dB gain stage, and filtered by a low-pass
etwork providing a dc output voltage proportional to the applied
ngular rate input. The output electronic blocks are currently
onstructed by off-the-shelf components, and they are intended
or initial demonstration of gyroscope operation. Fig. 12 shows
he measured output of angular rate sensor in response to rate
nputs from 0 to −100 ◦/s and then to +100 ◦/s with 10 ◦/s steps.
he sensor provides a reliable and repeatable output without
ny significant hysteresis. Fig. 13 shows the output response of
he nickel gyroscope with respect to the applied angular rate
nput in a range from −100◦/s to +100 ◦/s. The scale factor of
he gyroscope is measured as 17.7 mV/(◦/s), in agreement with
he 180 �V peak sensitivity at the raw output of the capacitive
nterface circuit prior to demodulation and 40 dB amplification.
he R2-nonlinearity of the scale factor is only 0.12%, owing

o the linear drive-mode vibrations and stress-relieving flexure
esign. The zero-rate output bias of the gyroscope is approxi-
ately 17 ◦/s, due to mechanical cross-talk between the drive and

ense modes resulting from primitive phase-sensitive demodu-

ation electronics. Only a 4◦ phase error would yield a zero-rate
utput offset of 17 ◦/s, for the measured quadrature signal of
he fabricated gyroscope. The phase error introduced by the
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Table 4
Look-up reference for checking the phase of the signals for the proposed gyroscope, depending on the frequency matching and the impedance of the interface circuit

Mode-matching Interface type Xdrive Vdrive,out Ysense Vsense,out

Matched Capacitive

+90◦a

+90◦ ±90◦ ±90◦
Resistive In-phase 0◦ or 180◦

M ◦ ◦ ◦ ◦ ◦

e.

a
f
b

p
s

F
f
r

F
a
g
s
u
0
d

b
o

ismatched Capacitive
Resistive

a Drive-mode is assumed to be at resonance during operation of the gyroscop

nalog-multiplier type demodulation stage limits the current per-
ormance of the gyroscope, and it can be reduced by using a

alanced demodulator in the future designs.

Fig. 14 shows the random variation of the gyroscope out-
ut bias and the output noise measured for zero-rate input. The
hort-term (100 s) bias stability of the gyroscope is measured to

ig. 12. The measured output of angular rate sensor in response to rate inputs
rom 0 to −100 ◦/s and then to +100 ◦/s with 10 ◦/s steps. The sensor provides a
eliable and repeatable output without any significant hysteresis.

ig. 13. The output response of the nickel gyroscope with respect to the applied
ngular rate input in a range from −100 ◦/s to +100 ◦/s. The scale factor of the
yroscope is measured as 17.7 mV/(◦/s), in agreement with the 180 �V peak
ensitivity at the raw output of the capacitive interface circuit prior to demod-
lation and 40 dB amplification. The R2-nonlinearity of the scale factor is only
.12%, owing to the linear drive-mode vibrations and stress-relieving flexure
esign.
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+90 0 or 180 0 or 180
In-phase ±90◦

e better than 0.1 ◦/s. The bias is observed to be stable within 1 ◦/s
ver 2 hours measurement period. The rms output noise of the
ensor is measured to be 0.5 ◦/s in 30 Hz bandwidth, including
oise contributions from the external signal processing electron-
cs. The bandwidth of the angular rate sensor is set electronically
y a low-pass filter and can be extended beyond 100 Hz, which
ill be then limited by the mechanical response bandwidth of

he sense-mode of the gyroscope.
The performance of the gyroscope is also evaluated at vac-

um. Fig. 15 shows the resonance characteristics for the drive
nd sense modes of the fabricated gyroscope measured at
0 mTorr vacuum in a vacuum chamber. The quality factor of
he drive-mode resonance reaches to 900 at vacuum, i.e., twice
f the quality factor at the atmospheric pressure. This improve-
ent helps decreasing the amplitude of the drive-mode actuation

ignal, and therefore, reducing the electrical cross-talk from the
rive-mode to the sense-mode of the gyroscope. Similarly, the
uality factor of the sense-mode resonance is measured to be 550
t vacuum, about an order of magnitude higher than the value
easured at atmospheric pressure. The increase in the sense-
ode quality factor at resonance reduces the mechanical noise

rom the gyroscope, improving the signal-to-noise ratio of the

ngular rate sensor. The improvement in the quality factor of the
ense-mode yields an estimated noise-equivalent rate better than
.05 (◦/s)/Hz1/2 in a narrowed response bandwidth of 10 Hz.

ig. 14. The random variation of the gyroscope output bias and the output noise
easured for zero-rate input. The short-term (100 s) bias stability of the gyro-

cope is measured to be better than 0.1 ◦/s. The bias is observed to be stable
ithin 1 ◦/s over 2 hours measurement period. The rms output noise of the sen-

or is measured to be 0.5 ◦/s in 30 Hz bandwidth, including noise contributions
rom the external signal processing electronics.
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ig. 15. The resonance characteristics for (a) the drive and (b) the sense modes
f the fabricated gyroscope measured at 10 mTorr vacuum. Quality factor of the
rive and sense modes reach to 900 and 550, respectively.

Vacuum packaging of these gyroscopes is an important
ssue for commercialization. Wafer-level vacuum packaging
pproaches decrease the cost of the packaged gyroscopes [13],
hich are under consideration as a future work of this research.

. Conclusions

In this paper, a low-cost microgyroscope with a resolution
n the rate-grade at atmospheric pressure is presented. The
yroscope is fabricated through a simple nickel electroform-
ng process, which is then hybrid connected to a custom made
MOS capacitive interface circuit. The mechanical structure is
ptimized for a small mechanical cross-talk with a high angu-
ar rate sensitivity. The fabricated gyroscope has a 18 �m-thick
ickel structural layer with 2.5 �m capacitive gaps providing
n aspect ratio above 7 and sensor capacitances about 0.5 pF.
he resonance frequencies of the fabricated gyroscope are mea-
ured to be 4.09 kHz for the drive-mode and 4.33 kHz for the
ense-mode, which are then matched by a tuning voltage less
han 12 V dc. The fabricated rate sensor has a noise-equivalent
ate of 0.095 (◦/s)/Hz1/2 at atmospheric pressure, a scale factor
f 17.7 mV/(◦/s), and an R2-nonlinearity smaller than 0.12% in

100 ◦/s measurement range. The short-term bias stability of the

ensor is better than 0.1 ◦/s. The rms output noise of the sensor is
easured to be 0.5 ◦/s in an electronically-set 30 Hz bandwidth.
he quality factor of the sense-mode improves at vacuum by an
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rder of magnitude, which yields an estimated noise-equivalent
ate better than 0.05 (◦/s)/Hz1/2 in a narrowed response band-
idth of 10 Hz. The overall performance of the rate sensor

atisfies rate-grade requirements both at atmospheric pressure
nd at vacuum. Wafer-level vacuum packaging approaches are
nder consideration as a future work of this research.
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