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High temperature pressure sensor for harsh environment
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Abstract: In order to solve the pressure measurement problem in harsh environments, such as high
temperature above 200 ‘C, a special piezoresistive pressure sensor with the ranges of 0~120 kPa is de-
veloped based on the Micro Electro-mechanical System (MEMS) and Separation by Implantation of
Oxygen(SIMOX) technology. The piezoresistive pressure sensor chip consists of a silicon substrate, a
thin silicon dioxide layer, an optimized boron ion implantation layer photolithographically patterned on
a Wheatstone bridge configuration, a stress matching layer with silicon nitride, a Ti-Pt-Au beam lead
layer for bonding gold wires, and a cavity fabricated by the wet etching. A special buried silicon diox-
ide layer with a thickness of 367 nm is fabricated by the SIMOX technology with the oxygen ion dose
of 1.4X10" /ecm”® and an implantation energy of 200 keV. The buried SiO, layer is used to isolate the
upper measuring circuit layer from the silicon substrate to avoid the leak-current influence, so the fab-
ricated sensor chip can be used in a high temperature above 200 C. In order to improve the stability in
the wide temperature range, the temperature compensation methods are studied and carried out, so

the Temperature Coefficient of Sensitivity(TCS) and Temperature Coefficient of Offset(TCO) of the
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compensated sensor are easily obtained to be less than 1X107"'/C « FS. The calibration results show

that the developed high temperature pressure sensor has good performances under 200 ‘C for a lineari-

ty error of 0. 12%FS, a repeatability error of 0. 1% FS, a hysteresis error of 0. 12%FS, and the sen-

sor’s accuracy of 0. 197%FS. which shows it is able to meet the requirements of modern industry,

such as oilcans, wind tunnels, mobiles, petrochemical industry, ezc. .
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1 Introduction

Along with the development of industry technol-
ogy, the pressure sensor must be able to work in
harsh environment, such as high temperature
and high impact. In some fields, like petroleum
and chemistry, aviation and mobile industry, the
pressure of the fluid must be measured above
200 'C. And in some other fields, for example,
rocket engine, the pressure sensor must be also
able to endure high temperature and instantane-
ous impact, for instance, 1 000 C lasting 1 s.
Some kinds of high temperature pressure sen-
sors based on different theories, such as SOI
(Silicon on Insulator)!™, SOS (Silicon on Sap-

Lt B4 sputtering film™/,

phire)'*', optical fiber
etc. , were developed in the world. For exam-
ple, the piezoresistive sensitive element based on
the SOI technology had been researched in the
1980’s, but its performances were not fine be-
cause the limitation of SOI material preparation.
Now, the Ibis Technology Corporation with SI-
MOX (Separation by Implantation of Oxygen)

[6]

technology'®’ and Soitec company with Smart-

Cut process'™ can provide the fine SOI material
with different parameters according to the cus-
tom’ s requirements. Although there are many
researches about the pressure sensor based on
the SOI technology, the applied high tempera-
ture pressure sensor is few.

In order to solve the pressure measurement
problems in the above fields, one kind of high
temperature piezoresistive pressure sensor based

on SOI technology has been developed and pro-

duced in batch, which can be used to measure

the pressure of the fluid under high temperature

of above 200 C and has fine performances.

2 Design and fabrication process of

sensor sensitive element

It is known that the SOI single silicon materials
are popular in IC (Integrated Circuit) manufac-
ture and sensor chip fabrication for high temper-
ature application. The buried SiO, isolation layer
in the SOI material guarantees little leakage cur-
rent occur at the temperature up to 350 C.

The SIMOX technology is an important meth-
od to fabricate the SOI material. In the SIMOX
process, it is important to control the dose of
oxygen and the annealing process. In the case of
the common SOI structure of top Si layer with
thickness of 200 nm and buried SiO, layer with
thickness of 367 nm, the 200 keV implanting en-
ergy accompanied with the oxygen dose of at
least 1. 4 X 10" /cm?® is necessary to produce an
obviously buried SiO, layer'’®. And then, the
subsequent annealing step is carried out at tem-
peratures close to the melting point of silicon
(1 300 C) under argon with 0. 5% — 2% oxy-
gen, so an atomic craggedness in the top Si/bur-
ied SiO, interface is formed. The oxygen pro-
tects the superficial silicon layer from pitting
during the high temperatures. By the SIMOX,
the top silicon layer’s thickness is only 200 nm.
In order to meet the requirements of piezoresis-
tive theory for the sensor’s sensitive chip, the
top silicon layer’s thickness should be about 1.5
pm which generated by the LPCVD (Low Pres-

sure Chemical Vapor Deposition). The sensor
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chip has been developed with size 5 mm X5 mm
X 0.5 mm by the MEMS technology and micro-

fabrication technique™"?,

The layout of sensor’
s piezoresistive sensor chip is designed to square
diaphragm with four piezoresistors at the each
edge centers of the diaphragm, and the resistor
R, —R, are all alone with the crystal orientation
[110] or [110], as shown in Fig. 1. When the
pressure applied on the chip, the two resistors
mainly endured maximum compressive stress,
and the other two resistors mainly endured max-
imum tensile stress, which simulated by the
ANSYS software as shown in Fig. 2. Based on
the piezoresistive theory, the four piezoresistors
with the same resistance value of RB will com-
pose a Wheatstone full bridge in a five-terminal

[11]

version''"”, as shown in Fig. 3, and the series re-

sistor R, is used to compensate the zero offset

voltaget'?,

Fig. 1 Layout of sensor chip
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Fig. 2 ANSYS simulation result

The main fabrication processes of the piezore-

sistive sensor chip are introduced as fol-

Constant current source

Output U

Fig. 3 Wheatstone full bridge

lows#14,

Firstly, the n-type (001) single-crystal silicon
material was fabricated by SIMOX technology to
form the SOI material. Secondly, the epitaxy
crystal silicon was grown by LPCVD, and then,
the implantation and diffusion of boron was per-
formed from a B,0; constant source in the top
silicon layer. Subsequently, annealing and acti-
vation process was carried out in N, for 30 min at
1 100 C to eliminate some crystal lattice defects
and improve the conducting power of the top sil-
icon layer. The top measuring circuit silicon lay-
er was obtained with the boron concentration of
2X10%*/cm®. Then, the SiO, layer was formed
onto the top silicon layer with the oxidation
process in the O, for 30 min at 1 100 C. And a
Si; N, layer was fabricated onto the top SiO, lay-
er by LPCVD, which was used to resist the dif-
fusion of contaminant ion and improve the ther-
mal stability of the sensitive chip. Next, the
Wheatstone bridge resistors with three-fold
structure were fabricated by RIE (Reactive Ion
Etch). The single resistor’s width size is 12. 5
pm and the total length is 750 ym. The resistor’
s structure was shown in Fig. 4. The sheet re-
sistance of the four piezoresistors is 20 Q/[]. As
seen in Fig. 4, the resistors are designed and fab-
ricated to rilievo-type, in other words, the pie-
zoresistors are embossed from the substrate.
And outer region of the resistors, such as redun-
dant implanted silicon, top SiO, and Si; N, , were
all etched in order to decrease the residual stress

induced by the mismatch of thermal expansion



No. 6 ZHAOQO Li-bo,et al. : High temperature pressure sensor for harsh environment 1463

coefficient of different membrane material. Ac-
cording to the piezoresistive theory, when some
pressure applies on the chip, the change of the
four piezoresistors can be calculated as:

AR\ _(AR;\ 1

(Rl >_< R, )” g Tudtno]

AR, \ _(AR,\__1
( R, >*< R, )”7’“4‘“‘”

Where, 011107 and 611707 are the stress along crys-

» (D

tal direction [110] and [110], respectively. .

is the shear piezoresisitive coefficient.

28-Mar-06 WD27.4mm 15.0kV x150 300um

Fig. 4 SEM photo of single resistor’s structure

The resistor holes were etched by the RIE or
ICP (Reactive Ion Etch or Inductively Coupled
Plasma) in order to form the inner lead. In order
to make the chip work under high temperature of
above 200 C, the Ti-Pt-Au multi metal layer
were grown by sputtering with the thickness of
50 nm, 50 nm, 500 nm, respectively. And, the
metal layers were etched to the beam lead for
connecting the four resistors to form the Wheat-
stone Bridge, as shown in Fig. 5. Afterward,

the cavity like cup structure was fabricated by

Ti-Pt-Au beam Rilievo-type piezoresistor

Fig. 5 Microphotograph of sensor chip in top view

wet etching to form the sensitive membrane with
the different height ratio to the pressure meas-
urement range. The developed chip’s sensitive
membrane height is 20 pm. Finally, the wafer
was diced to dies by the scribing technology.
Fig. 6 is the SEM photo of the piezoresitive sen-

sitive chip in the cross view.

Ti-Pt-At
beam lead

Measuring
circuit layer

SiO; layer

10 pm

Fig. 6 SEM photo of sensor chip in cross view

3  Design and packaging process

for microsensor

The detailed illustration of the mechanical struc-
ture for the high temperature pressure sensor is
shown in Fig. 7. Firstly, the anodic bonding was
used to package the piezoresistive sensor chip on
the Pyrex glass ring"®', as shown in Fig. 8. The
glass ring’s height is 2 mm, it's inner and outer
diameter are 1 mm and 5 mm, respectively. Fig.

9 shows the pressure sensor’s photo.

Socket connector

Top cover
N . .
| — Leading wire

| — Patch panel

Sensitive element

Fig. 7 Mechanical structure of sensor

The 316L stainless steel was selected as the
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Pyrex glass

Chip

Fig. 8 Sensor chip bonded on pyrex glass

Fig.9 Pressure sensor photo

chip base’s material. The sensor chip bonded on
the Pyrex glass was packaged on the base frame
by the glass frits sintering technology. The sin-
tering process was carried out in the vacuum ov-
en or other over with N, environment''™. The
sintering temperature is 575 C for 15 min, then
cooling down along with the oven. The glass
frits sintering process can obtain good packaging
strength for the microsensor and ensure it com-
petent for high temperature ( up to 200 C) ap-
plication. Then, gold wires with width of 40 ym
were packaged on the bonding pads of sensor
chip by the thermocompression bonding technol-
ogy and soldered on the high temperature poly-
ethylene PCB (Printed Circuit Block). Finally,
the high temperature PTFE (Polytetrafluoroeth-
ylene) cable was soldered on PCB and clasped by
the mechanical fasten element.

In order to eliminate the residual stress effect,
some heat treatment will be carried out. Firstly,
the sensor was placed under the high tempera-
ture of 180 C for 4 h, then cooled down to —40
‘C for 2 h. This process should be performed for
four cycles. It is necessary to control the tem-
perature changed moderately in the heating-up
and cool-down processes in order to prevent

some small cracks occuring™™.

4 Experiments and results

A high temperature pressure sensor with range
of 0 —120 kPa has been developed. The static
calibration for the sensor was carried out with 3
mA constant current powered under 200 C. The
test data were obtained as shown in the Tab. 1.
Fig. 10 shows the output data curves under 200
‘C. According to the test data, the static per-
formance index will be calculated with the least
square method™®, such as linearity error of 0.
12%FS, repeatability error of 0. 1%FS, hyster-
esis error of 0. 12%FS, and the sensor’s accura-
cy is 0. 197 % FS. After the temperature compen-
sation, the TCS ( Temperature Coefficient of
Sensitive) and TCO (Temperature Coefficient of
Offset) of the sensor are calculated as 0. 6 X
107*/C « FS and 0. 8 X107*/C « FS, respec-

tively.

Tab.1 Test data under 200 C

Upstroke output Downstroke output

Pressure

(mV) (mV)
(kPa)
(1 (2 @) (2
0 —0.72 —0.70 —0.70 —0.72
20 7.91 7.92 7.95 7.94
40 16.51 16. 54 16.52 16. 58
60 25.12 25.13 25.14 25.15
80 33.82 33. 87 33.85 33. 86
100 42.51 42. 48 42.50 42.51
120 51.12 51.12 51.15 51.15
60
—s—Initial data
50 —Fitting curve
40
%
s 30
20
10
0

0 20 40 60 80 100 120 140
P/kPa

Fig. 10  Curve of output data under 200 C
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The dynamic characteristic of the sensor was
tested with the shock tube. The sensor's dynam-
ic response curve was recorded by oscillograph,
as shown in Fig. 11, and the sensor’s output sig-
nal was amplified. In Fig. 11, each square value
of the transverse coordinate represents 10 ms,
and each square value of the lengthways coordi-
nate represents 50 mV. It can be seen that the
period of the curve is about 7.4 ms, which can

be measured between the two

|||||||||||||| IRBBRARREE;
M 20.0 ps 125MS/s (1: 3.0 ps

ACht 160mV  2: 11.0 ps
............... A7 4qs- - o
. . 1/At:135.1 kHz

>
E
S)

AT A AT TR S0 TN N TR

Chl 50.0 mV 10.0 ps

tus
Fig. 11 Dynamic response curve
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