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Abstract 

A monolithic multi-sensor for small unmanned aerial vehicles is presented in the paper; it consists of a three-axis 
piezoresistive accelerometer, a piezoresistive absolute pressure sensor and a silicon thermistor temperature sensor. The 
accelerometer is designed with four silicon beams supporting the seismic mass and appropriate piezoresistors arrange-
ment to detect three-axis acceleration and greatly reduce cross-axis sensitivities. For minimizing the effect of stress on 
the temperature sensor, the thermistor is designed along [100] and [010] crystal orientation. The multi-sensor is fabri-
cated on SOI wafers by using MEMS bulk-micromachining technology. Some effective micromachining steps are 
applied in the fabrication. The two-step wet anisotropic etching process on the backside of the wafers can form the 
whole backside shape of the multi-sensor. The metal electrode sputtered on the Pyrex glass can avoid sticking between 
the Pyrex glass and the seismic mass in the process of anodic bonding. The die size of the multi-sensor is 4×6×0.9mm3.
The measured results show that the multi-sensor is appropriate for its application field. 
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1. Introduction 

Small unmanned aerial vehicles, which can be ap-
plied in more severe environments, have undergone 
considerable development in the aviation industry [1]. 
For aerial vehicles, reliable monitoring of the flight 
parameter to estimate the flight state of the system is 
crucial to maintaining flight safety in the flight condi-
tions. Information on the flight parameters can be 
obtained by using all kinds of sensors which are as-
sembled in the flight device. However, due to the 
limitations of small unmanned aerial vehicles about 
the size, price and severe application environment, the 
application of conventional sensors is strongly im-
peded. However, monolithic multi-sensors can meet 
the requirements of the small, unmanned aerial vehi-
cle, which characteristically have small volume, low 
cost and high reliability based on microelectrome-

chanical (MEMS) technology [2, 3]. The monolithic 
multi-sensor is important for minimizing system size, 
simplifying the configuration of the system and re-
ducing the cost of the system. These multi-sensors 
have also been developed in wide range of application 
fields, extending from environmental monitoring [4, 
5] to industrial automation [6, 7] and chemical analy-
sis [8], etc. Among them, some multi-sensors had 
applied SOI material to improve the environment 
adaptability of silicon devices, especially for tempera-
ture adaptability, because the SiO2 buried layer under 
the active silicon in the SOI wafer can provide very 
good electrical insulation from the silicon substrate to 
avoid the effect of the leakage current in the piezo-
junction and reduce the thermal noise of device [9, 
10]. 

In order to meet the requirements of small un-
manned aerial vehicles, a monolithic multi-sensor is 
presented by using the SOI technology, which can 
simultaneously measure these flight parameters of 
three-axis acceleration, absolute pressure and tem-
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perature in one chip. In the monolithic multi-sensor, 
the three-axis accelerometer and absolute pressure 
sensor is based on piezoresistive sensing principles, 
and the temperature sensor is based on positive tem-
perature response of an ion-implanted thermistor [11]. 
The multi-sensor chip is fabricated on (100) SOI wa-
fer by using piezoresistive bulk-micromachining 
technology and silicon-on-glass anodic bonding tech-
nology. The piezoresistive bulk-micromachining 
technology involves ion-implanted piezoresistors and 
thermistor formation on the front side and the anisot-
ropic etching process [12] on the backside of wafer. 
The silicon-on-glass anodic bonding technology in-
volves the formation of a vacuum chamber for the 
absolute pressure sensor and protection structure for 
the accelerometer. In the paper, the detailed design, 
fabrication and measurement process of the mono-
lithic multi-sensor is described. 

2. The multi-sensor design 

Fig. 1 shows the cross-section of the monolithic 
multi-sensor chip, which consists of a three-axis ac-
celerometer, an absolute pressure sensor and a tem-
perature sensor. The chip size is 4×6×0.9 mm3.

2.1 Three-axis accelerometer 

The accelerometer structure is shown in Fig. 1. The 
three-axis piezoresistive accelerometer in the chip 
uses four deflectable cantilever beams which support 
a silicon seismic mass at its free end. This type of 
accelerometer has the advantage of high sensitivity; 
moreover the structure of geometric symmetry can 
reduce the cross-axis sensitivity. The Pyrex glass  

Fig. 1. Cross-section of the monolithic multi-sensor chip. 

substrate bonded by anodic bonding technology pro-
vides protection to the movable structure from over-
loaded acceleration. The narrow air gap between the 
seismic mass and the Pyrex glass provides the mov-
able space of the seismic mass of the three-axis accel-
erometer. The finite element method (FEM) simula-
tion software (ANSYS) is used to simulate the stress 
distribution of the accelerometer structure when the 
acceleration is loaded. Fig. 2 shows the results of 
FEM simulation when 1g acceleration for X, Y and Z 
is applied to the three-axis accelerometer. According 
to the result of the FEM simulation and the limit of 
the fabrication technology, the beam length, width 
and thickness and the seismic mass length, width and 
thickness are 450μm, 150μm, 35μm, 960μm, 960μm, 
395μm, respectively. The layout of piezoresistors is 
determined by the stress distribution of the four 
beams. Fig. 3 shows the layout of piezoresistors for 
the three-axis accelerometer. In order to obtain the 
maximum sensitivity, the piezoresistors are placed 
along [110] and [110] crystal orientation which 
reaches the maximum piezoresistive coefficient of the 
(100) silicon [13]. The Wheatstone bridge circuits 
consist of these piezoresistors. These circuits can 
detect three-axis acceleration and eliminate the cross-
axis sensitivities of acceleration. The three Wheat-
stone bridge circuits which detect X-, Y- and Z-
directional accelerations are shown in Fig. 4. 

                     (a)                                              (b) 

                     (c)                                            (d) 

Fig. 2. The stress distribution results of the FEM simulation 
for acceleration. (a) X directional stress distribution (1g for Z 
axis); (b) Y directional stress distribution (1g for Z axis); (c) 
X directional stress distribution (1g for X axis); (d) Y direc-
tional stress distribution (1g for Y axis). 
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Fig. 3. Arrangement of piezoresistors for three-axis accelero-
meter. 

Fig. 4. Three Wheatstone bridge circuits which detect X-, Y- 
and Z- directional accelerations. 

Fig. 5. Photograph of the pressure sensor. 

2.2 Pressure sensor 

Fig. 5 shows a photograph of the pressure sensor. 
The thin square diaphragm is fabricated by backside 
anisotropy wet etching. The diaphragm is the square 
of 1000μm×1000μm and thickness of 35μm. The 
vacuum chamber is formed between the diaphragm 
and the glass substrate by silicon-on-glass anodic 
bonding technology. The four piezoresistors are 
placed at the region of the maximal stress on the edge 
of the diaphragm and form a full Wheatstone bridge  

Fig. 6. Photograph of the temperature sensor. 

circuit to measure the variety of external pressure. 
The four piezoresistors are along the crystal orienta-
tion of [110]. With a given pressure, the resistance 
change due to an unbalanced bridge can be directly 
converted into a voltage signal. 

2.3 Temperature sensor 

The thermistor of the temperature sensor is fabri-
cated by boron ion-implanted on the active silicon of 
an SOI wafer. By choosing the appropriate doping 
concentration, the temperature sensor can provide 
linear output with change of the environmental tem-
perature. Because the oxide isolation of SOI can 
eliminate the leakage current of p-n junction isolation 
between the resistance and silicon substrate, the 
nonlinear factor of the leakage current can also be 
avoided. The temperature sensor is placed in the loca-
tion on the silicon-glass bonding region. In order to 
minimize the effect of stress on the temperature sen-
sor, the arrangement of the thermistor is along [100] 
and [010] crystal orientation which reaches the mini-
mum piezoresistive coefficient of the (100) silicon 
[13]. Fig. 6 shows the structure of the temperature 
sensor. The temperature sensor is very important for 
minimizing the effect of temperature in the multi-
sensor chip. With the measurement result of the tem-
perature sensor, the external microprocessor can per-
form suitable digital compensation of temperature to 
improve multi-sensor accuracy in the monolithic 
multi-sensor. 

3. Device fabrication 

The monolithic multi-sensor is fabricated by pie-
zoresistive bulk-micromachining technology and 
silicon-on-glass anodic bonding technology. The 
fabrication process of the chip is shown in Fig. 7.  

A double-side-polished four-inch N-type (100)-
oriented SOI wafer (1.6μm active-silicon, 0.3μm SiO2

and about 400μm silicon substrate) is used as the 
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starting material.  
The active-silicon is implanted with boron ion. The 

different implantation dose is, respectively, performed 
to optimize for piezoresistivity of the piezoresistor 
and thermal sensitivity of the thermistor in the same 
wafer. The boron ion implantation dose of piezoresis-
tors is 3.0×1014cm-2 and 80kev; the implanted dose of 
thermistor is 1.5×1016cm-2 and 80kev. The ion-
implanted active-silicon is annealed in N2 ambient at 
1100  for 60 min. The contact area (P+) of piezore-
sistors is implanted by boron ion with 1.5×1016cm-2 to 
lower the value of the sheet resistance. Finally, the 
active-silicon is etched by reactive ion etching (RIE) 
to form the isolated island of piezoresistors and ther-
mistor, which is suitable for applying in a wide tem-
perature range.  

In order to fabricate the backside shape of the 
multi-sensor, including the membrane of accelerome-
ter and pressure sensor, the movable seismic mass 
and the narrow air gap between the Pyrex glass and 
the seismic mass, the two-step wet anisotropic etching 

Fig. 7. Fabrication process of the monolithic multi-sensor. (1) 
SOI wafer. (2) Boron ion-implanted for piezoresistors and 
thermistor. (3) Boron ion-implanted in the contact area. (4) 
The island of piezoresistors and thermistor is formed and two 
layers of SiO2 and Si3N4 bi-material film are deposited. (5) 
Two layer masks of KOH wet etching are patterned. (6) The 
first wet anisotropic etching by KOH solution and a layer 
mask is removed by RIE and BHF etching. (7) The second 
wet anisotropic etching. (8) The contact holes are etched. (9) 
The metal wire is formed and the passivation layer is depos-
ited. (10) The suspension beams of accelerometer are fabri-
cated. (11) The metal electrode is sputtered on the Pyrex 
glass wafer. (12) Anodic bonding between the silicon and 
Pyrex glass. 

process on the backside of wafer are applied by using 
two layer masks in KOH solution. Two photolitho-
graphic masks for process of the backside of wafer 
are shown in Fig. 8. First, two layers of SiO2/Si3N4

(2500Å/1100Å) bi-material film are deposited by 
LPCVD (see Fig. 7(4)), which is used as two layer 
masks of wet anisotropic etching on the backside of 
wafer and protects the piezoresistors and thermistor 
on the front-side of wafer against the corrosion in the 
KOH etching solution. The bi-material film of 
SiO2/Si3N4 can reduce the effect of the thin film stress 
in the process of film fabrication. Subsequently, two 
layers of SiO2/Si3N4 bi-material film are patterned 
according to the shape of two photolithographic 
masks by RIE and BHF etching as two layer masks of 
KOH wet etching (see Fig. 7(5)). On the backside of 
the wafer, the region of the seismic mass is covered 
by a layer mask of SiO2/Si3N4 bi-material film, the 
frame region of accelerometer and pressure sensor is 
covered by two layer masks of bi-material film, and 
the etching windows are opened in other region. Fi-
nally, the anisotropic etching process is performed in 
two steps (see Fig. 7 (6) and (7)). By the first step, the 
backside of the accelerometer and pressure sensor is 
etched in 35% KOH solution at 76 , and the depth 
of wet etching is approximately 365μm. A layer mask 
of SiO2/Si3N4 bi-material film is removed by RIE and 
BHF etching. In the second step, the backside of the 
silicon wafer is immersed in KOH solution again to 
form a narrow air gap (5μm) between the seismic 
mass and bonded Pyrex glass for movement of the 
seismic mass and complete the final formation of the 
backside of accelerometer and pressure sensor. The 
mask-compensation patterns are performed to the 
convex corners of the square seismic mass to avoid 
undercutting of convex corners in the two-step anisot-
ropic etching process. The mask-compensation pat-
tern, in which eight small square masks are arranged 
at four corners of the square mass mask, is illustrated 
in Fig. 8(a). The dimension of the small square mask 
is the depth of wet etching/0.58. A photograph of the 
anisotropic etching compensation results of square 
seismic mass is shown in Fig. 9. As shown in the 
figure, the convex corners of the seismic mass still 
remain the vertical edge after the wet etching process. 

The contact holes between the metal wire and the 
contact area of the piezoresistors, thermistor are 
formed by RIE on the front side of the wafer. The 
Ti/Al (1000Å/15000Å) bi-material film deposited by 
PVD is patterned by dry etching to form the metal 
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(a)

(b) 

Fig. 8. Two photolithographic masks for process of the back-
side of wafer. 

Fig. 9. A photograph of the anisotropic etching compensation 
results of square seismic mass from the backside of the seis-
mic mass. 

wire, then metallization pattern of the metal wire at 
480 . The SiO2/Si3N4 (1000Å/450Å) bi-material 
film is deposited by PECVD as the passivation layer  

Fig. 10. The structure of the Cr/Au metal electrode on the 
Pyrex glass and the metal comb by partly inserted into the 
silicon-glass bonding region. 

Fig. 11. Photograph of the surface of the metal electrode from 
the front side of the multi-sensor. 

of the device. In the end, the four suspension beams 
of the accelerometer are fabricated by RIE from the 
front side of the chip.  

The fabricated silicon wafer and Pyrex glass are 
bonded with anodic bonding technology for encapsu-
lating the accelerometer and forming the vacuum 
chamber of the pressure sensor. The condition of 
anodic bonding between silicon and Pyrex glass de-
pends on loading 1000V direct current (DC) voltage 
and high temperature of 350 . In the process of an-
odic bonding, the electrostatic force induced by the 
strong electric field in the narrow air gap will proba-
bly cause the movable silicon seismic mass of accel-
erometer to stick to the Pyrex glass, resulting in the 
invalidation of the chip [14]. In order to solve the 
problem, a Cr/Au (500Å/2000Å) bi-material metal 
electrode is fabricated. In the Cr/Au bi-material metal 
electrode, the Cr film provides more adhering force 
on the cleaning surface of the Pyrex glass. The metal 
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electrode consists of the metal comb part (comb dent 
weight: 30μm; length: 100μm) and the flat-plate part 
(1500μm×1500μm). Fig. 10 shows the whole struc-
ture of Cr/Au metal electrode and the metal comb part. 
The metal electrode is sputtered on the Pyrex glass 
wafer. The position of the flat-plate part is under the 
seismic mass of accelerometer, and the metal comb 
part is arranged to be inserted in the comb dent seg-
ment about 10~20μm length into the silicon-glass 
bonding region for the contact of silicon and the metal 
electrode. During the anodic bonding process, the 
flat-plate electrode can keep similar electric potential 
with the bottom of the seismic mass by the Au-Si 
contact to prevent the sticking between the seismic 
mass and Pyrex glass [15]. After the anodic bonding, 
a surface photograph of the metal electrode is ob-
served in the Fig. 11. From the photograph, no stick-
ing impression is observed on the surface of the metal 
electrode. 

The fabrication process of the monolithic multi-
sensor is well suited for batch processing. The multi-
sensors are diced and packaged for device evaluation. 
The monolithic multi-sensor is packaged by the dou-
ble inline package (DIP). Fig. 12 shows the finished 
multi-sensor chip and its package. 

4. Result 

The characteristics of the outputs of the individual 
sensors in the multi-sensor chip are measured. The 
three-axis accelerometer of the multi-sensor is meas-
ured by using a precision turntable and an ESCORT 
EDM 3150 precision multimeter, which the 5V DC is 
supplied to three Wheatstone bridge circuits. Fig. 13 
shows the measured output voltages of the three-axis 
accelerometer for Z, X and Y-axis acceleration at 
temperature 20 , respectively. In the range of 0-1g
Z-axis acceleration (see Fig. 13(a)), the sensitivity of 
the Z-axis accelerometer is about 0.102mv (V g)-1,
and the cross-axis sensitivity is below 3%. In the 
range of 0-1g X-axis and Y-axis acceleration (see Fig. 
13(b) and (c)), the X-axis and Y-axis sensitivity are 
about 0.014mv (V g)-1 and 0.014mv (V g)-1, and 
the maximum cross-axis sensitivity is below 5% in 
the Z-axis accelerometer. Because the detection prin-
ciples of the X-axis and Y-axis are equivalent, the 
output characteristic for Y-axis acceleration is nearly 
equal with that for X-axis acceleration. In the meas-
ured range, non-linearity of the output voltage of Z-
axis, X-axis and Y-axis accelerometer is 1.88%FS,  

Fig. 12. Photograph of the monolithic multi-sensor and its 
package.

0.83%FS and 1.04%FS, respectively. 
The basic output characteristics, temperature and 

drift characteristics of the absolute pressure sensor are 
measured by using a precision manometer, a tempera-
ture-controlled environmental chamber. Fig. 14 
shows the output voltage of the absolute pressure 
sensor at 20  and 70 , when the 5V DC is supplied. 
In the range of 0-200KPa, the measured sensitivity of 
the pressure sensor is 0.020mv (V KPa)-1 at 20 , 
and 0.0197mv (V KPa)-1 at 70 . Non-linearity of 
the output of the pressure sensor is 0.4%FS at 20 , 
and 0.1%FS at 70  in the same measured range. The 
offset of the pressure sensor is 0.467mv at 20 . Fig.
15 shows the relationship between temperature coef-
ficient of offset (TCO) shift of pressure sensor and the 
temperature change in the range of 25 ~140 . Fig.
16 shows the temperature coefficient of sensitivity 
(TCS) shift in the same temperature range. Its TCO 
shift is obtained from -3.45×10-5 -1 to -1.70×10-4 -1
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(a)

(b) 

(c)

Fig. 13. Output of the three-axis accelerometer. (a) For Z-axis 
acceleration input; (b) For X-axis acceleration input; (c) For 
Y-axis acceleration input. 

and the TCS shift is from -2.11×10-5 -1 to -1.93×  
10-3 -1 in the temperature range. The measured TCO 
and TCS result of the pressure sensor means that the 
pressure sensor has the ability to be used in the tem-
perature environment in the range of 20 ~140 . 
Because the piezoresistors of the three-axis acceler-  

Fig. 14. Output of absolute pressure sensor. 

Fig. 15. TCO shift of the pressure sensor as a function of 
temperature. 

Fig. 16. TCS shift of the pressure sensor as a function of 
temperature. 

ometer on the multi-sensor are the same boron ion 
doped dose as that of the pressure sensor, the acceler-
ometer has similar temperature adaptability in the 
temperature range, too. When the Z-axis acceleration 
is applied to the three-axis accelerometer in the multi-
sensor, due to the lightweight mass of the diaphragm 
of pressure sensor, the acceleration sensitivity of pres-
sure sensor is below 1.6×10-5mv (V g)-1.
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Fig. 17. Output of the temperature sensor. 

The thermistor temperature sensor is also measured 
in a temperature-controlled environmental chamber. 
The response of the temperature sensor is shown in 
Fig. 17. The sensitivity of the temperature sensor is 
5.617×10-3K -1. The non-linearity of the tem-
perature sensor is 0.48%FS in -30 ~150 . The 
temperature coefficient of resistance (TCR) of the 
temperature sensor is determined to 1.75×10-3 -1. By 
choosing the appropriate doped dose of Boron ion, 
the output of the temperature sensor can maintain 
good linearity in the whole temperature range. Due to 
the location and the crystal orientation arrangement of 
the temperature sensor in the multi-sensor, the tem-
perature sensor can avoid the effect of stress, when 
the external acceleration and pressure is changed in 
the measure range. 

5. Conclusion 

A prototype of the monolithic multi-sensor for the 
small unmanned aerial vehicle, which is capable of 
monitoring three-axis acceleration, pressure and tem-
perature, is reported by using SOI wafers. The design, 
fabrication and measurement process of the mono-
lithic multi-sensor are presented in the paper. The 
measured results show that the multi-sensor has good 
output characteristics about three-axis acceleration, 
pressure and temperature in a wide temperature range 
environment, which means the feasibility of using the 
multi-sensor in flight device fields. Future work will 
be required to optimize the response and the fabrica-
tion process of the multi-sensor. 
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