
Vol. 31, No. 7 Journal of Semiconductors July 2010

A novel dual-functional MEMS sensor integrating both pressure and temperature
units�
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Abstract: This paper proposes a novel miniature dual-functional sensor integrating both pressure and temperature
sensitive units on a single chip. The device wafer of SOI is used as a pizeoresistive diaphragm which features excellent
consistency in thickness. The conventional anisotropic wet etching has been abandoned, while ICP etching has been
employed to etch out the reference cave to minimize the area of individual device in the way that the 57.4ı slope has
been eliminated. As a result, the average cost of the single chip is reduced. Two PN junctions with constant ratio of
the areas of depletion regions have also been integrated on the same chip to serve as a temperature sensor, and each
PN junction shows high linearity over �40 to 100 ıC and low power consumption. The iron implanting process for
PN junction is exactly compatible with the piezoresistor, with no additional expenditure. The pressure sensitivity is
86 mV/MPa, while temperature sensitivity is 1.43 mV/ıC, both complying with the design objective.
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1. Introduction

Since the discovery of pizeoresistive effect in semiconduc-
tors by Smith in the 1950sŒ1�, this effect has been extensively
used to detect physical signals, including pressure, accelera-
tion, and strain signals, but initially in the form of stress gauges.
With the development of IC technology, first pressure sensor
made of bulk silicon appeared in 1971Œ2�, and these types of
sensors are called MEMS (micro-electro-mechanical system)
sensors. Because of its easy batch fabrication, MEMS sensor
has drawn great attention both in academic organizations and
industry. For application in different circumstances, various
improvements and innovations have been made to enhance the
performance and reduce the volume of individual deviceŒ3; 4�.
Of all these types of pressure sensors, the key processing step
is the formation of the reference cave, which is usually sealed
in vacuum to measure the absolute pressure. Generally, refer-
ence caves are etched by isotropic etching of bulk silicon in al-
kali solution. However, this technique makes the whole wafer
vulnerable and unstable, because many bulk materials are re-
moved. Another problem associated with wet etching is the re-
sistive effect of h111i facet against wet etching would leave
a slop of 57.4ı, so the size of the mask window for etching
is much larger than size of the membrane, which enlarges the
average area of individual device. To overcome such problem,
WangŒ5� proposed a sensor whose reference cave was etched
from the front side and sealed by SDB. This technique is com-
monly used in SOI preparation. SOI wafers are also used to
manufacture pressure sensor, taking advantage of the charge
insulation of the buried SiO2 layerŒ6�; besides, oxide layer is
also an ideal stopping layer against etchingŒ7�. Diode has been

used to detect temperature based on the proportionality of its
forward voltage drop under constant current flow with the tem-
perature. To minimize the intrinsic nonlinearity of PN junc-
tion, various solutions have been adoptedŒ8�; one of the sim-
plest ways is to utilize double PN junctions to cancel out the
nonlinearity terms in the output voltageŒ9�.

In some cases such as the TPMS system, both pressure and
temperature data are needed, so it is necessary to design a sen-
sor integrating both temperature and pressure sensitive units
and minimize the area. ICP has been used to etch the backside
of the SOI wafer. The schematic view of such a sensor is shown
in Fig. 1. As can be seen, the device layer of the wafer is used
as a diaphragm, which renders it possible to get highly con-
sistent sensors over the same wafer and also among different
wafers. The buried SiO2 serves as a stop layer, and thanks to
the high selection ratio between Si and SiO2 during ICP etch-
ing, the process can be much more flexible and less demand-
ing. Two PN junctions have also been integrated along with the
piezoresistor.

2. Design theory

2.1. Pizeoresisor

The major theories related to the design involve mechan-
ics of diaphragm, conductance of semiconductor materials, and
the dependence on the temperature of the I–V characteristic
of PN junction. The mechanics of diaphragm help determine
of dimensions of the diaphragm under the dimensional con-
straint of the whole sensor. It is rather a complicated prob-
lem to calculate the displacement of square or rectangular di-
aphragms with edges clamped. Approximation of accurate so-
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Fig. 1. Schematic view of the sensor. (a) Transverse view. (b) Top
view.

Fig. 2. A square diaphragm with edge length of a.

lutions can only be achieved by numerical analysis such as fi-
nite element method or finite differential method. There are
also many approximate analytical expressions for the relations
between pressure and displacement in square and rectangular
diaphragms, which, however, can only express the stress far
away from the clamping edges and give an qualitative intuition.
For a square diaphragm shown in Fig. 2, whose edge length is
a and thickness is h, the longitudinal and transverse stress over
the surface are shown in Eqs. (1)–(3).
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To maximize the sensitivity and guarantee the robustness,
it is expected that when imposed the full scale pressure, the
maximum stress would bewell below the yield stress of silicon.
As the above model indicates, the largest stress locates in the
central point of four edges, which is expressed in Eq. (4).
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; �Y Y D v�XX ; �XY D 0: (4)

Generally, the junction depth of a piezoresistor formed
by iron implanting is about 1 �m, while the thickness of di-
aphragm is 15–30 �m, much larger than junction depth, so
it is convenient and reasonable to approximate the stress suf-
fered by the piezoresistor as the stress expressed in the above
equations.

Both the transverse and longitudinal stresses exert influ-
ences on the resistivity of a piezoresistor. As far as resistor in
silicon wafer is concerned, the relative change of resistivity can
be expressed as:

��
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In the case of P type silicon resistor which lies parallel with
h100i direction, the longitudinal and transverse are nearly the
same, which render it possible to construct a fully differential
Wheatstone bridge.

2.2. PN junction under different temperature conditions

PN junction is a fundamental device widely used in elec-
tronic circuit, and also used as temperature sensor. The current
density J of PN junction under a bias voltage V can be ex-
pressed as:
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; (8)
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Fig. 3. (a) Quarter model of the sensor in ANSYS. (b) Meshing of the structure.

If taken into account of the temperature dependence of pa-
rameters in the Js, then J is expressed as:

J D C T 3C=2 exp
q.V � Vg/

k0T
; (10)

where C is a constant related to process, and  also depends
on process and usually takes the value between 0 and 1.

Vg D
Eg

q
: (11)

Take the logarithm of Eq. (3) and do some transformation,
we get:
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As can be seen, the last two terms are non-linear terms, and
the band voltage Vg also varies with temperature. In a small
range of temperature of concern, the non-linear terms can usu-
ally be ignored. However, when large range of temperature de-
tection is required, the non-linear effect will become very seri-
ous. To eliminate the non-linear term in output voltage, two PN
junctions with different junction areas can be integrated under
the same process condition. The difference of the two forward
voltages under the same constant current bias is:

V1 � V2 D T
k0

q
ln

J1

J2

; (13)

where V1 and V2 are the forward voltage drops of two diodes,
and J1 and J2 are the current densities respectively. As can be
seen, the non-linear terms vanish at the cost of some sensitivity.

3. Simulation

Two major parts of simulation in the design flow include
the mechanical simulation and the electrical simulation. The
purpose of mechanical simulation is to precisely estimate the
stress distribution and optimize the parameters of structure,
while the purpose of electrical simulation is to determine the
dose of iron implantation. At the very beginning, certain con-
straints should be set up according to the design purpose. First
constraint that should be complied with involves the dimen-
sions of the sensor. To minimize the sensor so as to decrease
the average cost, it is expected that the area of individual chip

should be less than 1 mm. According to past experience, there
should be left room for anodic bonding to seal the reference
cave in vacuum. To start, we set the edge of diaphragm as
300 �m.

3.1. Finite elements analysis of sensitivity

The finite element analysis (FEM) has been employed to
simulate the stress distribution in the buck sensor. The FEM
model under analysis is shown in Fig. 3(a), which is a quar-
ter model based on the symmetry of the sensor, and the whole
bulk has been sectioned to enable adaptive mesh which con-
tains minimum elements and provides enough simulation pre-
cision.

Figure 4(a) is the contour plot of stress distribution over
sensor surface under full scare pressure load, which is 1 MPa.
The largest stress intensity is approximately 8 MPa, 10 times
smaller than the yield stress. Figure 4(b) shows the stress along
the path the symmetrical axis on the surface. The result also
shows that the most tensile point is at the center of diaphragm
edge.

Because the piezoresistors cover a region with different
stresses, to get the analytical formula of sensitivity is then im-
possible, and therefore can only be simulated with FEA tools.
The variation of a piezoresistor can be expressed asŒ10�:

�R

R
D

�l
nP

iD1

�li vi C �t
nP

iD1

�ti vi

nP
iD1

vi

; (14)

where �R is the deviation of resistor, R is the zero-stress re-
sistance, � l and � t are the longitudinal and transverse piezore-
sistance coefficient, vi is the volume of the i th element, and
�li and �ti are the longitudinal and transverse stress of the i th
element respectively. The simulated parameters of R1 and R2

are listed in Table 1.
Assume that the process deviation is ignorable, and the two

types of resistors are with a same resistance of R. With the
above data, we are able to calculate the relative variation of the
piezoresistors:

�R1 D �0:232R; �R2 D 0:241R: (15)

Then, the output voltage can be calculated with the following
formula:
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Fig. 4. Simulation results of the sensor under full scale pressure condition, 1 MPa. (a) Stress distribution over the surface. (b) Stress along the
axis.

Fig. 5. (a) Athena model of the PN junction. (b) Net doping of iron along the depth direction. (c) Simulated I–V curve of the diode.

Table 1. Simulated results of the elements.

Resistor
Pn

iD1 �li �i

Pn
iD1 �li �i

Pn
iD1 �li �i

R1 0.603958�10�7 0.122862�10�7 0.1344�10�14

R2 0.12207�10�7 0.564431�10�7 0.1344�10�14

Vout D
�R2 � �R1

2R C �R1 C �R2

� 3 D 0:071: (16)

3.2. Simulation of temperature sensor

To simplify the process flow and save cost, the PN junction
is designed to be compatible with the process of piezoresistor
which is p-type, so the ion concentration of p region has been
confined. The only parameter remains to be determined is the
dose of n-type implantation. This implantation also serves to
form ohmic contact, which means that the surface concentra-
tion should surpass 1019 cm�3.

Figure 5(a) shows the structure of the PN junction; the NC

region is allowed to be adjusted in a range as long as a well
contact is assured. Figure 5(b) is the net-doping along the cut-
line shown in Fig. 5(a). This figure indicates that the surface
concentration is well beyond 1019 cm�3, so ohmic contact be-
tween silicon and aluminum can be assured. It can also be seen
that the junction depth of the PN junction is 0.5 �m which is
less than the junction depth of P well as expected.

The I–V curve of this PN junction is shown in Fig. 5(c).

From this figure, we know that the threshold voltage of diode
is about 0.8 V, while the reverse break-though voltage is about
–7 V.

Then the I–V curve of the PN junction was calculated with
Silvaco under temperature from –40 to 120 ıC, and the data sets
were fitted with nine-order polynomial for interpolation of the
different forward voltage drops under the same current bias;
these voltages are shown in Fig. 6(a) against temperature. Two
PN junctions with different current densities were examined.
The simulated results show that the temperature sensitivity is
about 1.75 mV/ıC. We can see that both the linearity is quite
good, so we conclude that diminishing non-linearity by imple-
menting two PN junctions would not be necessary anymore.

4. Fabrication

Figure 7 shows the fabrication processes of the sensor. As
can be seen from Fig. 7(g), the wall of reference cave is nearly
perpendicular to the surface, thus the area of each sensor can be
reduced tremendously compared with conventional method.

The parameters of the SOI wafer include: handle wafer
400 �m, buried SiO2 thickness 1 �m, and top Si layer 10 �m.
The wafer had first been cleaned in boiling H2SO4+ H2O2 to
diminish dirt and other organic contamination, and then, 5000
Å SiO2 layer was grown to serve as a covering layer for iron
implantation. Then two boron implanting processes were per-
formed, one lightly doped, while the other heavily doped. The
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Fig. 6. Simulated temperature performance form �40 to 120 ıC. (a) I–V curve of the diode. (b) Forward voltage drop under constant current
bias.

Fig. 7. Schematic view of the processing steps.

P doping can form the piezoresistor as well as P well of PN
junction, while the PC doping is intended to realize a good
ohmic contact with the aluminum layer. Then heavy implant-
ing of phosphor was conducted. It should be noticed that the
phosphor was implanted with a very low energy so as to get
high concentration near the surface to decrease the contact re-
sistance, and also not to penetrate the Pwell of temperature sen-
sor to form an N region. The wafer was then annealed in nitro-
gen for 15 min, and in oxygen for 30 min to activate the doped
iron. Figure 8 shows the top view photo of the wafer. There-
after, another 5000 Å SiO2 insulation layer was deposited by
LPCVD. Prior to the deposition and etch of 1 �m aluminum
which serves as the connecting wire, inverse sputtering was
performed to clear the wafer surface in the via region to assure
well contact. The last process on the front side was the deposi-
tion of 2000 Å Si3N4 passivation layer. After the processes on
the front side were completed, an aluminum film was sputtered
on the back side to serve as a cover layer against ICP etching,
and then the pattern of diaphragm was transferred to aluminum
layer by lithography and wet etching of aluminum. The buried
SiO2 proves to be a good stop layer, which plays an important
role in improving the consistency among individual chips. The

Fig. 8. Top view of the sensor after annealing after iron implantation.

Fig. 9. Packaging of the sensor.

wafer was finally sealed by anodic bonding with Pyrex 7740
in vacuum.

The wafer was then diced, the chips were glued on a DIP-8
ceramic package, and the pads were bonded to the pins for test.
The cap is also ceramic, and a hole with a diameter of 500 �m
had been drilled near one corner to let gas in. The package is
illustrated in Fig. 9.

5. Results and discussion

5.1. Basic electric characteristics

The resistor and diodes have first been tested with Agilen
4885 to identify some of the most important characteristics
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Fig. 10. Basic electric characteristics of the piezoresistor and diode.
(a) I–V curve of the resistor. (b) I–V curve of the diode.

such as resistance, I–V curve, and leak current. Figure 10(a)
shows the I–V curve of the resistor, from which the resistance
is estimated to be 3.7 K. We can also draw a conclusion that
ohmic contact has been fulfilled for the curve is almost linear,
otherwise, there will be a bend near the zero-voltage point. Fig-
ure 10(b) shows the I–V curve of the diode; as can be seen, the
reverse break though voltage is about –8.5 V, and the threshold
voltage is about 0.85 V. The deviation from simulated results
may origin from two aspects: one is the process variation, and
the other is the simulation precision.

5.2. Functional performance

The instrument for test this sensor is specially designed.
This equipment is mainly comprised of four parts, the high
pressure nitrogen and vacuum pump make it possible to adjust
the pressure in the sample chamber, while the liquid source to-
gether with filament in the chamber room are used to condition
the temperature in the sample chamber. All the valves and elec-
trical circuit are controlled by a PID controller to automatically
set the temperature and pressure condition.

The sensors are placed in the sample chamber and then
tested under pressure conditions from 0 to 1 MPa; the results
are shown in Fig. 11. It is important to notice that the lines
do not coincide with each other. They are just too close to be
identified. To get a better understanding of the performance,
some important parameters include full-scale output, nonlin-
earity, hysteresis, repeativity, and total precision are calculated

Fig. 11. Functional performance of the pressure sensor unit, tested
from 0 to 1 MPa.

Fig. 12. Functional performance of the temperature sensor unit, tested
from �40 to 100 ıC.

Table 2. Statistic specification of the pressure sensor unit.
Full scale
output (mV)

Nonlinearity Hysteresis Repeativity Total
precision

75.1488 0.1968% 0.0472% 0.2% 0.2858%

and listed in Table 2.
The temperature sensitive unit is also tested from �40 to

100 ıC; the sensitivity is about 1.43 mV/ıC, less than the sim-
ulated results. As shown in Fig. 12, the points locate above or
below the fitted line. This phenomenon can be explained as the
system error of the characterization system. Unlike the pres-
sure control unit, the temperature of the sample is so hard to
stabilize that there is always a variation of up to 4ı.The precise
characterization has to be left to further work.

6. Conclusion

A pressure sensor unit and a temperature sensor unit have
been integrated on a single chip; ICP etching is employed in the
processing of pressure reference cave; such process proves to
be efficient in reducing the average area of each sensor, which
in turn decreases the cost. Test results show the following con-
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ditions:

(1) ICP etch has less bulk silicon than conventional alkali
etching does, and this step is arranged in the last steps of man-
ufacturing, which allows the silicon wafer to be more robust in
the flow, and has highly improved the yield of the sensor.

(2) Buried SiO2 served as a good stopping layer against
ICP etching, which left the process with more room to over-
come the load effect of ICP etching which usually leads to the
inconsistency of depth over the whole wafer. Because the de-
vise layers of commercial SOI wafers are usually consistent,
the thicknesses of diaphragms are nearly the same, so are the
sensitivity of individual chips.

(3) The integration of the temperature of PN junction on
the same chip with compatible process adds no cost and no
chip area to the processing, and the performance of the single
chip turns to be good. PN junctions prove to be unnecessary.
The power can be controlled with the input current.
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