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Realization and Characterization of a Bulk-Type
All-Silicon High Pressure Sensor
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Kevin Chau, and Man Wong, Senior Member, IEEE

Abstract— Distinct from conventional diaphragm-type pressure
sensors, a silicon-based bulk-type high pressure sensor has
been analyzed, realized, and characterized. External hydrosta-
tic pressure acting on the sensor is converted to a biaxial
compression inside an all-silicon encapsulated vacuum cavity.
The stress anisotropy is analytically modeled and numerically
simulated. The biaxial compression is measured using two pairs
of piezoresistors oriented to optimally utilize the anisotropy of
silicon piezoresistance. An improved pressure seal in the test-
package allowed extended testing of the sensor up to a pressure
of 200 MPa and a temperature of 175 °C. Reported also is a
zero-offset of the sensor, largely attributed to the tensile stress
induced by the insulating cover oxide after cooling from the
high-temperature dopant activation anneal. [2017-0253]

Index Terms— Pressure sensor, piezoresistive, MEMS, silicon,
bulk, eutectic bonding.

I. INTRODUCTION

CONVENTIONAL diaphragm-type MEMS pressure sen-
sors are not ideal for measuring pressure higher than

100 MPa, such as those encountered in heavy machineries,
automobiles and oil exploration. As the pressure rating is
increased, the lateral dimensions and thickness of the sensing
diaphragm must be respectively reduced and increased to avoid
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TABLE I

COMPARISON OF MEMS PIEZORESISTIVE HIGH-PRESSURE SENSORS

failure. As a result, the deformation and stress largely localized
on the diaphragm at lower operating pressure are increas-
ingly extended to the bulk of the sensor. Such delocalization
degrades the performance and narrows the design window of
both piezoresistive and capacitive MEMS pressure sensors.

A comparison of the characteristics of representative MEMS
high-pressure sensors is listed in Table I. They are all based
on the piezoresistive principle. An all-silicon (Si) bulk-type
sensor [1] that does not require fragile deformable diaphragm-
like micro-structures is more suitable for measuring pressure
beyond 100 MPa. Overload protection is a natural advantage
of this type of sensors, providing higher operational tolerance
and robustness. In diaphragm-type sensors [2], [3], the Si
diaphragm thickness of 200 to 350 μm is significant in
comparison with the die thickness. To strengthen the support
rim surrounding the thick diaphragm, the Si die is bonded to
a glass substrate. The bulk-type sensors in [4] and [5] also
involve a bonded Si-on-glass die stack. Since the Young’s
moduli of Si and glass are different, the stress associated with
the bending deformation of the composite structure induced by
hydrostatic pressure is sensed using piezoresistors constructed
on the Si side of the sensor die. In all cases, sensors that
involve bonding of Si and glass are burdened by the inherent
difference between the coefficients of thermal expansion of
dissimilar materials.

In place of a construction involving bonding of hetero-
geneous materials, the theoretical feasibility of a variety of
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Fig. 1. Schematic pressure sensor die with the cap detached and the cover
oxide removed for visualization of the piezoresistors.

bulk-type all-Si pressure sensor constructions has been dis-
cussed [6], and the first demonstration and characterization
of such a sensor has recently been reported [1]. However,
the capability of the sensor was not fully realized, due to a
pressure seal failure in the test-package when exposed to a
pressure load beyond 120 MPa. With an improved package
construction, the functionality of the sensor is demonstrably
extended up to a pressure of 200 MPa and a temperature
of 175 °C. Largely attributed to the tensile stress induced
by a 200-nm thick insulating cover oxide after cooling from
a 1000 °C dopant activation anneal, a zero-offset is also
observed in the sensor output.

II. PRINCIPLE OF OPERATION

The sensor (Fig. 1) consists of a Si “cap” eutectically
vacuum-bonded [7] to a [110]-oriented Si “device” die. A deep
cavity is defined in the cap, with the edges of the cavity
aligned to either the Si [001] or the

[
11̄0

]
crystal orientation.

Junction-isolated piezoresistors, R1 and R3 aligned to the
former and R2 and R4 aligned to the latter, are realized on the
top surface of the device die exposed inside the cavity. Upon
the application of a hydrostatic pressure (P) on the sensor,
an internal stress field (σ ) is generated that would have been
a uniform triaxial compression equal to P in the absence of the
cavity. The vacuum-sealed cavity zeroes out those components
of σ associated with the [110] surface-normal orientation on
the device die, thus resulting in a biaxial stress field with σ[110]
and σ[001] as the two principal components.

Since all the other stress components are zero except σ[110]
and σ[001], the corresponding strain components ε[110] and
ε[001] are given by

(
ε[110]
ε[001]

)
=

(
s11 s12
s12 s22

) (
σ[110]
σ[001]

)
, (1)

Fig. 2. Distribution of FEA-simulated principal stress components on the
surface of the [110]-oriented device die inside a 400-μm × 400-μm cavity
subjected to P = 200 MPa. The height of the cavity is 200 μm. (a) FEA
model. (b)-(c) 2-dimensional distribution of σ[001] and σ[110], respectively,
inside the cavity. (d) σ[001] and σ[110] plotted along the respective dotted
lines.

where the values of s11, s12 and s22 in the compliance matrix
of the [110]-oriented Si are taken to be 5.891×, −2.142× and
7.642 × 10−12 Pa−1 respectively.

Since s11 �= s22, the biaxial stress field resulting from P is
anisotropic, even at the center of the exposed surface of the
device die. The surface deformation along the two orthogonal
orientations is, however, coupled and constrained, such that
ε[110] ≈ ε[001] for a cavity with a square base. Consequently,
the anisotropy of the biaxial stress can be estimated using (1):

σ[110]
σ[001]

≈ s22 − s12

s11 − s12
= 1.22. (2)

I.e., σ[110] is ∼ 22% larger in magnitude than σ[001].
Finite-element analysis (FEA) was used to simulate the

distributions of σ[110] and σ[001] (Fig. 2) inside a cavity with a
400-μm × 400-μm square base and a 200-μm height. Since
a Wheatstone bridge is used to connect the two pairs of
piezoresistors shown in Fig. 1, the fact that σ[110] and σ[001] are
relatively flat around the center of the cavity is desirable for
the construction of a “balanced” bridge, the output of which
is relatively insensitive to lithographic misalignment in the
placement of the resistors.

When subjected to P = 200 MPa, σ[110] and σ[001] at the
center of the cavity are −126 and −100 MPa, respectively.
The simulated magnitude of the former is ∼26% larger than
that of the latter, close to the ∼22% estimated analytically.
It is clear that the magnitude of both is smaller than P . This
is because the “bulging” of the exposed surface of the device
die towards the interior of the cavity caused by the zeroing
of the normal stress component results in the superposition
of a tensile stress that partially compensates, hence reduces,
the biaxial compression. At the expense of a higher device
complexity, a double-cavity design [6] could be implemented
to alleviate this compensation effect.
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Fig. 3. (a) Rotation of a resistor by an angle θ on the [110]-oriented
device die. (b) Polar plots of the stress components in MPa, with dashed
line indicating negative values.

The stress field acting on a piezoresistor placed at an
arbitrary angle θ (Fig. 3a) w.r.t. the [110] principal axis is
given by
⎛

⎝
σ ′

11
σ ′

22
σ ′

12

⎞

⎠ =
⎛

⎝
cos2 θ sin2 θ sin 2θ

sin2 θ cos2 θ −sin2θ
−(sin2θ)/2 (sin2θ)/2 cos 2θ

⎞

⎠

⎛

⎝
σ[110]
σ[001]

0

⎞

⎠ ,

(3)

where σ ′
11, σ ′

22 and σ ′
12, the respective longitudinal, transverse

and shear stress components, are plotted in Fig. 3b using
the simulated values of σ[110] = −126 MPa and σ[001] =
−100 MPa at θ = 0°.

When subjected to a generalized stress field σ =
(σ11, σ22, σ33, σ23, σ13, σ12)

T, a piezoresistor exhibits a
change, �ρ = (�ρ11,�ρ22,�ρ33,�ρ23,�ρ13,�ρ12)

T, in its
resistivity (ρ). The relative change in resistivity �ρ/ρ and
σ are related by �ρ/ρ = πσ , where π is the 6 × 6
piezoresistive coefficient matrix. Again using primed variables
when referring to a θ -oriented piezoresistor, the �ρ′/ρ in the
longitudinal direction (length-wise along the resistor) is given
by

�ρ′
11

ρ
= π ′

11σ
′
11 + π ′

12σ
′
22

+ π ′
13σ

′
33 + π ′

14σ
′
23 + π ′

15σ
′
13︸ ︷︷ ︸

=0

+π ′
16σ

′
12, (4)

where it is noted that in the present design, the stress
components (σ ′

33, σ
′
23, σ

′
13) associated with the normal [110]-

orientation are zero. The respective longitudinal, transverse
and shear piezoresistive coefficients π ′

11, π ′
12 and π ′

16 are given
by

π ′
11 = π11 − 1

2
(π11 − π12 − π44) cos2 θ

(
3 sin2 θ + 1

)
, (5)

π ′
12 = π12 + 3

8
(π11 − π12 − π44) sin22θ, (6)

π ′
16 = 1

4
(π11 − π12 − π44) sin 2θ (1 − 3 cos 2θ) , (7)

Fig. 4. Polar plots of π ′
11, π ′

12 and π ′
16 on (a) p-type and (b) n-type (110)

silicon surface in 10−11 Pa−1.

TABLE II

π11, π12 AND π44 OF SINGLE-CRYSTALLINE SILICON AT

ROOM TEMPERATURE [8]

where the values of the fundamental piezoresistive coeffi-
cients π11, π12 and π44 for single-crystalline silicon are listed
in Table II, and the corresponding polar plots for π ′

11, π ′
12 and

π ′
16 are shown in Fig. 4.
Combining σ ′ in Fig. 3 and π ′ in Fig. 4, the percentage

change �ρ′
11/ρ on the device die for P= 200 MPa is obtained

and plotted in Fig. 5.
For both p- and n-type piezoresistors, the largest difference

in �ρ′
11/ρ is obtained between those oriented along the



234 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 27, NO. 2, APRIL 2018

Fig. 5. Polar plots of the longitudinal �ρ′
11/ρ for p- and n-type piezoresistors

on the [110]-oriented device die subjected to P = 200 MPa, with the solid
and dashed lines indicating respective positive and negative values.

[110] and [001] directions, hence the preferred orthogonal
piezoresistor orientation in the present design. The output
voltage (VOU T ) of the Wheatstone bridge is proportional to
the absolute magnitude of this difference, which is ∼8.4%
for p-type but only ∼4.9% for n-type piezoresistors. The raw
sensitivity with p-type piezoresistors is therefore ∼1.7 times
larger than that with n-type piezoresistors. This difference can
be mostly attributed to σ[110] being ∼26% larger in magnitude
than σ[001] in the present design. The raw sensitivities with p-
and n-type piezoresistors would otherwise be comparable had
σ[110] and σ[001] been equal. Consequently, p-type piezoresis-
tors are selected in the present implementation. Furthermore,
it is apparent from Fig. 5 that the p-type piezoresistors along
the [001] orientation are almost unchanged over P . This is not
the case for the n-type piezoresistors.

The ultimate strength of the sensor subjected to hydrostatic
pressure loading was also studied using FEA. The results are
shown in Fig. 6.

The cap and device die are both 500-μm thick, and the
respective cavity length, width and height are 400, 400 and
200 μm. The magnitudes of both σ[110] and σ[001] at the center
of the device die continue to increase linearly with P , while the
stress remains compressive throughout the body of the sensor.
In particular, the maximum downward deformation at the top
of the cavity is only ∼1.6 μm at P = 1 GPa. Therefore, it can
be concluded that the sensor can potentially withstand P of
at least 1 GPa.

III. DEVICE FABRICATION

The evolution of the sensor cross-section during fabrication
is schematically shown in Fig. 7. Device fabrication started
with a phosphorus-doped n-type [110]-oriented Si device
wafer. The p-type piezoresistors and the p+ diffused electri-
cal leads were formed by boron implantation, at an energy
of 40 keV and respective dose of 2.6×1015 and 2×1016 cm−2.
A heavily phosphorus implanted n+ region was also formed to

Fig. 6. FEA-simulated principal stress components at the center of the cavity
on the [110]-oriented device die versus P up to 1 GPa. The values are taken
from inside the red circle indicated in the quarter-model of the sensor.

assist fixing of the electrical potential of the substrate (Fig. 7a).
Two pairs of piezoresistors were fabricated, with one oriented
along the [110] orientation and the other along the orthogonal
[001]. The implanted impurities were activated at 1000 °C for
30 min after the low-pressure chemical vapor deposition of
a 200-nm thick silicon dioxide insulation layer. At this tem-
perature, any residual stress in the oxide insulator was largely
relaxed due to viscous flow. Contact holes were subsequently
opened (Fig. 7b) before the sputtering and patterning of a
1.5-μm aluminum-silicon (Al-Si) alloy (Fig. 7c) to form both
the metal pads for external electrical access and the bond ring
for the aluminum-germanium (Al-Ge) eutectic bonding to the
cap wafer.

Masked by patterned 3-μm thick low-temperature deposited
oxide (Fig. 7d), deep reactive-ion etching was used to form
the 200-μm deep cavity on a separate Si cap wafer. A layer
of 500-nm Ge was subsequently evaporated (Fig. 7e), before
the device and cap wafers were aligned and bonded in
vacuum (Fig. 7f). Eutectic bonding was accomplished under
a pressure load of 0.4 MPa at 430 °C for 5 min. Shown
in Fig. 8 is a photo-micrograph of a singulated die with a
superimposed layout highlighting the piezoresistors in one of
the designs. The sensor measures 1.7 mm on a side.

IV. TEST SYSTEM AND SENSOR PACKAGE

Shown in Fig. 9 is a pressure sensor die mounted on and
wire-bonded to a custom-made printed-circuit board (PCB).
The die-attach material loses its adhesive property when
soaked in acetone after wire bonding, thus resulting in a
sensor die that is held only by the bond wires and effectively
“suspended” in the oil medium enclosed inside a stainless steel
housing. Since the die can deform freely under the applied
hydrostatic pressure, the sensor is largely immune to package-
induced stress, which is a major contributor to temperature-
induced drifts and non-repeatability in commercial MEMS
pressure sensors [9], [10].
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Fig. 7. Schematic cross-sections of (a)-(c) the device wafer, (d)-(e) the cap
wafer, and (f) the final bonded pair.

The PCB is soldered to a high-pressure high-
temperature (HPHT) connector fitted with a rubber O-ring
seal for insertion into a stainless steel housing. The pressure
rating of the HPHT connector was only 140 MPa, above
which the O-ring seal could fail. In the present improved
implementation, a much higher pressure rating of 200 MPa is
achieved by forming an additional compression seal between
the copper ring on the HPHT connector and the top ring
inside the stainless steel housing, thus reinforcing the overall
pressure seal.

A two-stage pressure generator (Fig. 10) was employed,
capable of supplying pressure up to 250 MPa and consisting
of a low-pressure pneumatic servo stage followed by a fixed-
gain hydraulic pressure amplifier. The assembled stainless
steel housing along with the packaged sensor is placed and

Fig. 8. Photo-micrograph of the pressure sensor die with a superimposed
layout highlighting the piezoresistors. The outline of the cavity is indicated
by the dotted line. The sensor measures 1.7 mm on a side.

Fig. 9. Photographs of the sensor die mounted on a PCB and HPHT connector
in a stainless steel housing.

connected to the outlet of the pressure generator inside a
temperature chamber during testing. Silicone oil was used as
the medium for transmitting the pressure to the sensor.

V. TEST RESULTS

The sensor was characterized from 0 to 200 MPa
(∼ 2000 atmospheres) in a temperature range of 25 to 175 °C.
The measured pressure-dependence of the resistance of the
piezoresistors aligned along the two principal orientations is
shown in Fig. 11. Consistent with the theoretical result shown
in Fig. 5, the [110]-oriented resistors R2 and R4 are sensitive to
the applied hydrostatic pressure, with the resistance decreasing
linearly with increasing pressure, while that of the [001]-
oriented resistors R1 and R3 remain essentially unchanged.
At room temperature, the net resistance change in both R2
and R4 is ∼3.8% over the 200 MPa hydrostatic pressure. This
is slightly less than half of the ∼8.4% estimated and shown
in Fig. 5. This is reasonable, given that the piezoresistive
coefficients of a highly doped piezoresistor are roughly half of
those of a lightly doped one [11]. Moreover, the p+ electrical
leads add about 10% to the total resistance, as shown in the
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Fig. 10. A schematic diagram and a photograph of the high pressure generator
and temperature chamber setup.

Fig. 11. Measured dependence of the resistance of R1, R2, R3 and R4 on
pressure at room temperature.

layout of the piezoresistors in Fig. 8, but contribute negligibly
to the resistance change over pressure.

Though the resistors are designed to have roughly the same
resistance, a larger value is measured for the [110]-oriented
resistors even at P = 0 MPa. The resulting imbalance in the
Wheatstone bridge leads to a zero-offset in VOU T as shown in
the histogram in Fig. 12. This offset can be largely attributed
to the tensile residual stress induced by the 200-nm thick
insulating cover oxide after cooling to room temperature from
the 1000 °C dopant activation anneal. Only the [110]-oriented

Fig. 12. Histogram of the measured zero-offset in VOU T of the Wheatstone
bridge at P = 0 MPa and room temperature for a total of 134 sensors.

Fig. 13. Measured VOU T of the pressure sensor over temperature and
pressure. Shown in insets are the Wheatstone bridge configuration and the
change in the pressure sensitivity over temperature.

resistors are sensitive to this residual stress. Using the FEA-
estimated ratio of

∣
∣
∣σ[110]

∣
∣
∣:P = 126:200, the effect of this

tensile residual stress, disappearing at P ≈ 35 MPa for the
resistors shown in Fig. 11, can be estimated to be equivalent
to ∼22 MPa at room temperature.

The measured dependence of VOU T of the Wheatstone
bridge on P and temperature is plotted in Fig. 13. The
corresponding slopes are extracted, yielding a sensitivity
of 79 μV/V/MPa at room temperature and a temperature
coefficient of sensitivity (TCS) of −1500 ppm/°C over the
temperature range of 25 to 175 °C.

Consistent with the doping concentration of the piezoresis-
tors, the measured temperature coefficients of resistance (TCR)
are 1600 and 1100 ppm/°C (Fig. 14), respectively for the p+
portion and the p portion of the piezoresistors. These combine
to give a measured TCR of 1200 ppm/°C over the temperature
range of 25 to 175 °C for the overall piezoresistor.
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Fig. 14. Measured temperature coefficients of resistance of the p+ portion,
the p portion, and the overall piezoresistor.

Fig. 15. Wheatstone bridge powered by (a) constant voltage source and
(b) constant current source. VB is the bridge voltage.

While the Wheatstone bridge is presently powered using a
constant voltage source (Fig. 15a), it is preferably powered
using a constant current source in an actual product imple-
mentation (Fig. 15b). In the latter configuration, the negative
TCS (−1500 ppm/°C) can be largely offset by the positive
TCR (1200 ppm/°C), thus greatly reducing to −300 ppm/°C
the overall scale factor error over temperature. Furthermore,
the bridge voltage VB , providing a sensitive measure of the
temperature of the piezoresistors, could be utilized for further
temperature compensation, e.g., by digital means [12].

VI. DISCUSSION AND CONCLUSION

A bulk-type, high pressure sensor employing a single-cavity,
all-silicon construction with no movable micro-structures was
analyzed, realized and characterized. External hydrostatic pres-
sure acting on the sensor is converted to a biaxial compression.
The anisotropy of silicon piezoresistance was also exploited
to maximize the differential output of a Wheatstone bridge
formed using two pairs of orthogonally oriented piezoresistors.

A tensile residual stress is induced on the piezoresistors
by the insulating cover oxide after cooling from the high-
temperature dopant activation anneal. Estimated to be equiva-
lent to ∼22 MPa at room temperature, this results in a ∼0.7%
increase in the resistance of a piezoresistor aligned along the
[110] direction. The resulting imbalance in the Wheatstone
bridge leads to a systematic zero-offset in the output which
does not seem to adversely affect the temperature coefficients
of the pressure sensor. This offset, which is relatively small,

can therefore be easily compensated in an actual product
design.

The high pressure sensor, with a sensitivity of
∼7.9 mV/V/100 MPa, has been demonstrated to work at
hydrostatic pressure loading up to 200 MPa and temperature
up to 175 °C. The bulk-type, all-silicon structure has been
simulated to withstand hydrostatic pressure up to 1 GPa.
Hence the sensor is expected to exhibit high robustness and
reliability against pressure overload.
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