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OFFSET AND NOISE REJECTION ANALYSIS IN CMOS
PIEZORESISTIVE SENSORS

Norbert Dumas, Laurent Latorre*, Pascal Nouet

LIRMM / UMR 5506 CNRS / Université Montpellier Il
161, rue Ada, 34392 Montpellier Cedex 5
latorre@lirmm.fr, tel. +33 (0) 467 418 665, fax +33 (0) 467 418 500

Abstract: In this paper, the use of piezoresistive CMOS beams is addressed with a particular focus on offset
and noise rejection problems in a Wheatstone bridge. Using a test-chip (a magnetometer), the mismatch
between resistors (on the substrate) and gauges (suspended) is experimentally studied. Both thermal and
mechanical causes are analysed. Finally, mismatch cancellation techniques are reported.
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INTRODUCTION

The design of low-cost mechanical CMOS sensors
often rely on the use of piezoresistive structures
(basically cantilevers) [1]. Such structures are
easily manufactured using a single-step, auto-
aligned wet etching of CMOS dies and have
demonstrated a high level of reliability. For
instance, previous studies have shown that the
performances of piezoresistive CMOS
magnetometers in terms of sensitivity and
resolution allow the measurement of earth
magnetic field, making those devices suitable for
navigational applications [2]. However, the system
performance can only be raised to its optimum level
by taking into account parasitic effects during the
design of the surrounding circuitry. In this paper,
the causes of offset and noise rejection are studied
and solutions are proposed and compared.

TEST-CHIP OVERVIEW

The sensor under study is a magnetometer. It is
made of an aluminium planar coil embedded into a
partially suspended frame depicted in Fig.1. Two
polysilicon resistors are located near the frame
anchor points and act as strain gauges. Their
resistance variations are converted into voltage
variations by means of a Wheatstone bridge that
requires two reference resistors deposited on the
substrate. The best sensitivity to magnetic field is
obtained by driving the frame at its resonant
frequency (V/T). This sensitivity is quite poor and it
must be improved by on-chip amplification. For
instance, a compass application would require an
amplification of about 20.000. When dealing with
such elevated gain, offset must be considered
carefully to prevent amplifier from saturation.
Furthermore mismatch of the Wheatsone bridge
cause a bad PSRR. In the following, the origins and
the measurement of mismatch are described.

Strain gauges

Embedded planar coil ~ Reference resistors

Fig.1. SEM Picture of the sensor

MISMATCH ANALYSIS

Main offset results from the resistor mismatch on
the Wheatstone bridge. In our case this mismatch
has three main origins:

0 Scatterings of the CMOS polysiclicon
deposition process;

0 After the structure is released by the etching
process, a stress relaxation mechanism occurs.
This mechanism produces an initial bending of
the frame that modifies the nominal value of the
gauges resistors. The amplitude of this
phenomenon is very difficult to predict since it
depends on fabrication conditions;

0 The temperature of the frame is higher than the
temperature of the substrate due the power
dissipated by both the Wheatstone bridge
biasing and the driving coil.

CMOS Process Mismatch

The four resistors are identically sketched on the
layout. It usually guaranties a 0.1% matching
between all resistors. With simulation tools (Monte-
Carlo analysis), the standard deviation of the offset
is found around 2mV with a Wheatstone bridge
supplied by 5V. The offset is then guaranteed to be
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inferior to 6mV for 99.7% of fabricated sensor.
However, this precision is only obtained if a special
care is given to placement of the resistors with
respect to each other (e.g. symmetrical placement
and use of dummy structures...). Due to the sensor
configuration, the placement of the four resistors is
not optimal and the expected mismatch may
slightly differ from the specified value.

Residual Stress Mismatch

The second mismatch origin comes from the
releasing process that modifies the level of residual
stress in the gauges. In Fig. 2, the curvature radius
r that appears on the sensing part after release has
been measured at various locations.

# 1 2 3 4 5 6
r(mm) [ 3,32 | 3,04 | 2,11 | 2,52 | 3,31 | 2,22

Fig.2. Measurement of the curvature radius

This curvature radius results from an internal
equivalent bending torque T given by:

1_ T 1)
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where E, is the equivalent Young’'s modulus of the
suspended beam and /, the equivalent inertia of the
beam cross section. Analytical modelling of E, and
I, for heterogeneous beams have been addressed
previously [3]. Taking into account the sensor
dimensions and characterized CMOS material
properties [4] we calculate E, = 131GPa and
I, = 806um4. Using an average radius of
r = 2.5mm, the resulting bending torque is found to
be T=42.2 10°N.m.

The same torque would be induced at the gauge
location by a bending z = 17.7um of the cantilever
end, as expressed by:
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where L, = 364um is the cantilever length. Given
that the bending of the cantilever produces an
output voltage of 700uV/um, the relative change of
the gauge value is calculated as follows:
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Using Vdd = 5V, the resistor mismatch due to the
residual stress equals 0.5%. The resultant offset at
the output of the Wheatstone bridge is in the range
of 10mV.

Thermal Mismatch

A qualitative study of thermal effect in the cantilever
has been performed by means of infrared images.
The temperature elevation is estimated this way for
the three cases (Fig 3) :

0 Only the gauges are biased (5V on the
Weatstone bridge).

0 Only the coil is supplied (2,2mA current)

o0 Both gauges and coil are supplied.

Gauges Coll Gauges & Coil

Fig.3. Temperature analysis on the suspended frame

The dissipated power in the gauges is
Py = 6.25mW. The power dissipated in the coil
is in the same range P, = 6.36mW. During sensor
operation, the temperature elevation of the gauge
depends on the equivalent thermal resistance of
the frame Ry, and Ry’ as given by:

0, =P,R, +P.R,, (4)

In first approximation, Ry, = Ry’. Consequently the
contribution on the temperature elevation of the
gauge bhiasing equals the contribution of the coil. In
normal operation the temperature difference
between the gauge and the reference resistors
reaches 26°C. Thanks to the Temperature
Coefficient of the Gauges (TCR), we can calculate
the relative variation of gauge:

AR _1cR 9, (5)
R

Using TCR=0.9 10°K™ (given by the foundry), the
temperature elevation induces a resistor mismatch
of 2.34% corresponding to an offset of 58.5mV.

In summary, Fig.4 gives the absolute contribution
of each effect on the static mismatch. We observe
that 92% of the problem results from the
micromachining process.
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Fig. 4. Offset contributions

ELECTRICAL CHARATERIZATION

Mismatch between gauges and the reference
resistors are studied more in detail in the section
thanks to electrical methods.

First, the thermal effect due to the coil is
characterized. When no power is dissipated in the
coil, the output of the Wheatstone bridge is
measured. Then, 5V is applied across the cail,
corresponding to a power of P, = 6.36mW. The
change in the output voltage AV, is 22.6mV. Thus,
the equivalent thermal resistance Ry’ can be
deduced:

Ri'= AVoy =1580K /W (6)
(Vdd /2) - TCR-P,

Thermal contribution of the gauges cannot be
evaluated by the same way so the following
method has been used instead. Offset data is
collected using a test-chip that is electrically
equivalent to the circuit depicted in Fig.5.
Equivalent input offset (Va-Vb) is measured for
Vout = 0V. This offset is studied as a function of the
electrical power dissipated in the suspended frame.
To do this, the supply voltage Vb varies from 4.25V
to 5.25V in order to avoid problem with the pad
protection circuitry. Note that no driving current is
applied to the coil during this measure. It comes:

R -R
Vavb)- z(Vsz +3J )

ref

where ¢ is the input offset of the amplifier stage.

Va Vb
Gauges E

Reference
resistors

>—O Vout

Sensor

Fig. 5. Test-Chip equivalent circuit

The study has been performed on a set of 20
devices. Fig.6. presents the typical resistor
mismatch collected for both a non-etched and a
fully released sensor. Very good matching is
observed between the four non-released resistors,
while important mismatch appears between
reference resistors and suspended gauges. The
linear dependency to the temperature (i.e. the
power dissipated) is also consistent with the
polysilicon temperature coefficient TCR. The initial
mismatch caused by stress relaxation only (i.e.
Py = 0) can be estimated, using the interpolation
line to about -0.5%. It confirms the value calculated
by measurement of the curvature radius. Note that
the sign of this mismatch is the inverse of the one
thermally induced. From the slope of the
characteristic (Fig.6.), the equivalent thermal
resistance related to dissipation of the gauges is:
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Fig. 6. Mismatch characterization results

Concerning the CMOS process mismatch, the
offset has been characterised on 43 non etched
frames. The standard deviation found is 6mV. It is
three times bigger than the one evaluated by
simulation but remains negligible compared to the
other effects.

Finally, the overall mismatch causes an offset of 50
mV (in average) and a PSRR of 40dB. It strongly
limits the possible gain of the amplifiers and then
the resolution of the sensors.

DESIGN ISSUES

The main purpose of mismatch cancellation is to
prevent the amplifier stage from saturation and
decrease the sensitivity to power supply noise. Two
approaches have been investigated and compared.

Dummy Frame

The first approach is based on the use of a dummy
frame, insensitive to the magnetic field, with same
thermal, mechanical and electrical properties than



the sensor. The coil is then replaced by a metal
path going back and forth instead of making turns
(Fig. 5). A similar design has been already
successfully used in a bolometer [X].
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Fig. 7. The reference resistors are embedded
in the dummy frame to cancel both
thermal and mechanical offsets.

This sensor with its dummy frame has been
characterized by electrical tests. The influence of
power dissipated in the coil dissipation is reduced
by 98%. No thermal influence of the gauges has
been measured using the previous extraction
method. It therefore becomes negligible in the
overall mismatch. Finally, on 3 samples the
remaining offset is found to be mainly caused by
the CMOS process uncertainties on polysilicon
resistors (90% at least). Table 1 gives a
comparison of the sensor performances with and
without dummy frame.

Table 1. Results summary (Dummy Frame)

Surface | Power | Offset PSRR

Without
dummy

With dummy 2xA 2xP | 7,33 mVv | -57,5dB

A P 50mV | -40dB

Feedback circuit

The dummy structure dramatically improves the
offset and power supply rejection ratio but is not
practical in terms of surface and power costs. That
is why a second solution is investigated. It makes
use of a feedback circuit including a low-pass filter
to bias the Wheatstone bridge through Va and Vb
(fig.8). By cancelling the offset, the supply noise is
also rejected.

The main source of mismatch, using this closed-
loop architecture, is caused by the equivalent input
offset of the amplifier itself. Nevertheless, solutions
exist to drop the offset down to 1mV. Thus, the
cancellation of the mismatch can be improved.
From simulation results, a PSRR of -73 dB can be
expected.

Low pass
filter —

-

Vcontrol

Vwheat
Al Vout

Sensor

Fig. 8. Offset feedback to balance the
Wheatstone bridge

CONCLUSION

The design of low-cost CMOS mechanical sensors
usually  involves  piezoresistive  suspended
structures. Transduction is then realized using
polysilicon resistors as gauges. In this paper, the
mismatch between suspended resistors (i.e.
gauges) and reference resistors is studied. Since
this resistor mismatch causes both offset and poor
noise rejection, design solutions are proposed to
overcome those effects. The first solution, based
on the use of a dummy frame, has been
implemented. It cancels the mismatch due to
micromachining but show limited performances
because classical method for matching polysilicon
resistance on a CMOS substrate cannot be used. A
second method, based on feedback electronics,
has been analysed. It offers better performances in
terms of area but also in terms of efficiency. The
offset can be reduced to the one of an amplifier
stage.

REFERENCES

[1] H. Baltes, O. Brand, A. Hierlemann, D.Lange, C.
Hagleitner, "CMOS MEMS - present and future",
Proc. MEMS’02, 20-24 Jan., 2002, pp.459 —466.

[2] V. Beroulle, Y. Bertrand, L. Latorre, P. Nouet,
“Monolithic piezoresistive CMOS magnetic field
sensors”, Sensors and actuators A 103 (2003) 23-
32.

[3] L. Latorre, P. Nouet, Y. Bertrand, P. Hazard, F.
Pressecq , "Characterization and modeling of a
CMOS-compatible MEMS technology” , Sensors and
Actuators A Volume 74, Issues 1-3, 20 April 1999,
Pages 143-147.

[4] N. Hossain, J-W Ju, B. Warneke, K.S.J. Pister,
"Characterization of the Young's Modulus of CMOS
Thin Films", symposium on Mechanical Properties
of Structural Films, Orlando, Florida, November 15-
16, 2000.

[5] P. Neuzil, T. Mei, “A method of suppressing self-
heating signal of bolometers”, |IEEE Sensors
Journal, vol. 4, no. 2, 2004.



	CMOS Process Mismatch
	Residual Stress Mismatch
	Thermal Mismatch
	Dummy Frame
	Feedback circuit

