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A surface micromachined piezoresistive pressure sensor 
with a novel internal substrate vacuum cavity was 
developed. The proposed internal substrate vacuum cavity 
is formed by selectively etching the silicon substrate under 
the sensing diaphragm. For the proposed cavity, a new 
fabrication process including a cavity side-wall formation, 
dry isotropic cavity etching, and cavity vacuum sealing 
was developed that is fully CMOS-compatible, low in cost, 
and reliable. The sensitivity of the fabricated pressure 
sensors is 2.80 mV/V/bar and 3.46 mV/V/bar for a 
rectangular and circular diaphragm, respectively, and the 
linearity is 0.39% and 0.16% for these two diaphragms. 
The temperature coefficient of the resistances of the 
polysilicon piezoresistor is 0.003% to 0.005% per degree of 
Celsius according to the sensor design. The temperature 
coefficient of the offset voltage at 1 atm is 0.0019 mV and 
0.0051 mV per degree of Celsius for a rectangular and 
circular diaphragm, respectively. The measurement 
results demonstrate the feasibility of the proposed 
pressure sensor as a highly sensitive circuit-integrated 
pressure sensor. 
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I. Introduction 

In the development of information and communication 
technologies, big-data and mobile devices have been 
spotlighted as the core technologies. Based on these 
technologies, Internet of Things (IoT) technologies have 
recently been attracting attention. IoT technologies are a 
network of physical objects embedded with electronics, 
software, sensors, and connectivity to enable objects to 
exchange data with humans and other connected devices [1]. 
Acquiring environment information from multiple sensors is 
one of the key technologies of IoT. The multi-sensor platform 
for IoT requires miniaturized, low-powered, and circuit-
integrated sensors [2], [3]. This trend is also required for 
traditional MEMS IoT sensors such as accelerometers, 
gyroscopes, microphones, and pressure sensors. 

Micromachined silicon piezoresistive pressure sensors have 
been used for various applications, from biomedical and 
aerospace science to automotive and consumer electronics, 
owing to their small size and high sensitivity [4]–[6]. The most 
popular commercial semiconductor pressure sensors are bulk 
micromachined pressure sensors based on diffused silicon 
piezoresistors, whose advantages include a mature process, low 
cost, and high sensitivity. However, bulk micromachined 
pressure sensors require a complicated substrate back-side 
etching, which is not compatible with a CMOS circuit, and 
thus they require external sensing circuit chips. They also have 
the problem of wafer-to-wafer bonding for a sealed cavity, 
which requires an additional bonding area. Owing to these 
problems of bulk micromachined pressure sensors, surface 
micromachined pressure sensors have recently been developed 
[7]–[9]. A surface micromachined pressure sensor uses 
polysilicon as a sensing piezoresistor and surface sealed cavity 
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fabricated on a substrate. The sensors have the advantages of a 
small size, easy fabrication, low cost, and a CMOS compatible 
process. However, the depth of the surface sealed cavity 
fabricated using the CMOS process is insufficient, and thus the 
sensing range is narrow and the sensitivity is low. Further, the 
CMOS circuit compatibility is still limited because the cavity’s 
sacrificial layer process should be compatible with the 
following polysilicon process as well as the CMOS circuit 
fabrication process. 

In this paper, a surface sealed vacuum cavity fabricated in a 
silicon substrate is proposed. The internal sealed vacuum cavity 
of the substrate is formed under the surface so that it can be 
fabricated at a sufficiently deep level. The dry etching process 
is used for the removal of the sacrificial layer, which is CMOS 
compatible and free from the diaphragm stiction issue. In 
addition, the silicon sacrificial layer etching process does not 
affect the CMOS circuit materials. As a result, a CMOS-
compatible and highly sensitive surface micromachined 
MEMS pressure sensor can be achieved through novel 
fabrication techniques, including a sealed internal substrate 
vacuum cavity. In the experiment, the pressure and temperature 
properties of the fabricated sensor were measured, and are 
discussed herein. 

II. Design 

1. Polysilicon Piezoresistor 

A major problem for a diffused bulk piezoresistive sensing 
element is the significant drift that might be caused by the 
leakage current of the p-n junctions used to isolate the elements 
from the silicon substrate. As the leakage current increases with 
the temperature, the diffused bulk piezoresistors may fail to 
work at high temperature [10]–[12]. To solve this problem, a 
method was developed to isolate the piezoresistive sensing 
elements from the substrate through air or dielectric materials. 
This eliminates the leakage current problem. However, the cost 
for such a device is relatively high owing to the material used 
and the special process needed. A low-cost alternative material 
is a layer of polysilicon deposited on an insulation layer 
covering the silicon substrate. Polysilicon is used as a 
piezoresistive material because of the advantage in that the 
temperature coefficient of the resistivity (TCR) can be zeroed 
out by suitably adjusting the doping concentration [13]. 
However, the sensitivity of a polysilicon piezo-resistive 
pressure sensor is always lower compared to a single 
crystalline piezoresistive pressure sensor because of the lower 
gauge factor of polysilicon than that of single crystalline silicon 
[14]. There have been several methods to improve the 
sensitivity of polysilicon piezoresistors such as an optimization 

of the resistor design [5], a new polysilicon growing method 
[12], thin polysilicon [15], and dopant control [16]. For this 
paper, we used a thin polysilicon resistor, a thin and low-stress 
sensing diaphragm, and a deep cavity using a novel fabrication 
method to improve the sensitivity. 

2. Sensor Design 

A MEMS piezoresistive pressure sensor consists of four 
polysilicon piezoresistors, connected in a Wheatstone bridge 
configuration, as shown in Fig. 1. For a constant voltage supply, 
Vi, the bridge output, Vo, is 
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where R1, R2, R3, and R4 are the resistance of the piezoresistors, 
as shown in Fig. 1. Two resistors, R1 and R4, are applied to 
achieve the same transversal (negative) piezoresistive effect. 
The two other resistors, R2 and R3, are placed to sense the 
longitudinal (positive) piezoresistive effect. We then obtain 
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where Rs is the sensing piezoresistor and Rr is the reference 
piezoresistor. From (1), 
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To obtain the sensitivity, the diaphragm width should be 
matched to the thickness. The minimum thickness of the 
diaphragm is determined through the cavity fabrication process. 
For the internal vacuum cavity of the substrate, the diaphragm 
consists of an insulating layer, a stress control layer, an electrical 
insulating layer, an etching passivation layer, and a cavity sealing 
layer. From this condition, the thickness of the diaphragm is set 
to 3.5 μm, and thus the width is determined to be 500 μm. 

 

 

Fig. 1. Wheatstone bridge circuit configuration for the proposed 
pressure sensor. 
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Fig. 2. Schematic view of the proposed pressure sensor with
internal substrate vacuum cavity. 
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The four piezoresistors are placed on the four sides of    

the sensing diaphragm, as shown in Fig. 2. The sensing 
piezoresistors were placed on the side edges where the 
maximum stress is generated. The design of the sensing resistor 
is shown in Fig. 3(a). It consists of a sensing part and a dummy 
part. The dummy part is subjected to a transverse piezoresistive 
effect, which then results in an unwanted change in resistance. 
Therefore, to reduce the dummy resistance, the width of the 
dummy part (RDW) is designed to be wider than that of the 
sensing part [5]. The reference piezoresistors are placed at the 
other edges. The reference piezoresistor is designed to have a 
long and straight line shape, and has the same resistance as the 
sensing piezoresistor. 

The internal vacuum cavity of the substrate consists of a 
cavity side-wall, cavity holes, and the cavity itself, as shown in 
Fig. 2. The removal process of the sacrificial substrate is 
isotropic etching, and thus the cavity is etched both laterally 
and downward. To prevent unwanted lateral etching, we 
proposed the use of a cavity side-wall. A cavity side-wall is a 
vertical insulating film formed on the substrate. It ensures the 
cavity edge, which is important for the sensing resistor 
performance. Cavity etching holes with a 1.0-μm diameter are 
arranged with a 6.0-μm spacing on the sensing diaphragm for  

 

Fig. 3. Geometry of (a) sensing and (b) reference piezoresistors.
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Table 1. Design parameters of the pressure sensors. 

Diaphragm 
Parameter 

Rect. Circ. 

Width/diameter (μm) 500 
Diaphragm 

Thickness (μm) 3.5 

RSL 19.0 17.0 

RSW 5.0 5.0 

RDL 15.0 18.0 

RDW 8.5 9.0 

RRL 80.0 90.0 

Resistor size  
(μm) 

RDL 3.0 3.0 

Cavity etching hole (μm) 1.0 

Cavity wall depth (μm) 15.0 

Cavity depth (μm) 10.0 

 

 
a uniform and deep cavity etching. From the COMSOLTM 
simulation results, the deformation of the diaphragm is several 
micrometers under atmospheric pressure, and thus the depth of 
the cavity and the cavity side-wall were designed to be 10.0 μm 
and 15.0 μm, respectively. The design parameters are 
summarized in Table 1. 

III. Fabrication 

The surface of the sealed vacuum cavity MEMS pressure 
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Fig. 4. Fabrication process flow of the pressure sensors with
internal substrate vacuum cavity: (a) DRIE trench
etching, (b) trench oxidation and filling, (c) polysilicon
piezoresistor patterning, (d) passivation and metal pad
patterning, (e) cavity etching hole patterning, (f) cavity 
etching through the etching holes, and (g) cavity sealing
and contact pad opening. 
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sensor is fabricated completely through a CMOS-compatible 
fabrication process. It uses pre-CMOS MEMS fabrication, 
such as deep reactive ion etching (DRIE) and deep trench 
oxidation, as well as post-CMOS fabrication, such as xenon 
difluoride isotropic silicon etching. It does not need a substrate 
backside etching process or wafer bonding process, and thus it 
can be easily fabricated using conventional CMOS lines, 
allowing the proposed surface micro-machined pressure sensor 
to achieve a low cost, easy fabrication, high yield, and circuit 
integration. Figure 4 shows the fabrication process of the 
proposed surface MEMS pressure sensor. It starts with a 

normal silicon substrate. The bulk micromachined sensors use 
a silicon substrate as a sensing material. They need to use a 
specific type of silicon wafer. On the other hand, the surface 
MEMS pressure sensor uses a doped polysilicon for the 
sensing material, and thus there is no limitation to the substrate 
type. First, the thermal oxidation for a 0.5-μm thickness is 
processed to grow the etch passivation layer for a deep silicon 
etching process. The first photolithography for the cavity side-
wall trench is processed, and the silicon substrate is then etched 
using DRIE, an STS process by Bosch. A cavity wall is needed 
to accurately locate the sensing resistor on the cavity boundary 
where the stress is maximized. It should also be deeper than the 
cavity to prevent the substrate from over-etching under the 
cavity wall. The cavity depth was designed to be 10.0 μm 
allowing the cavity side-wall depth to be targeted at 15 μm. 
Next, the thermal oxide etched passivation layer is removed, 
and the 0.5-μm thick thermal oxidation of the cavity side-wall 
is processed. The cavity wall trench has a high aspect ratio 
(19:1) and small trench width (0.8 μm), and thus other films 
cannot cover the trench wall from top to bottom uniformly. 

The grown thermal oxide fills the trench uniformly and 
insulates the entire substrate. On the thermal oxide layer,   
0.5-μm thick low-stress LPCVD silicon nitride is deposited to 
ensure the cavity side-wall passivation and reduce the stress of 
the sensing membrane. The residual stress of the silicon nitride 
is controlled at below 10 MPa through control of the deposition 
condition. A 300-nm thick LPCVD polysilicon film is 
deposited to form the piezoresistors. After the second 
photolithography for the piezoresistor formation is processed, 
boron ion implantation is then carried out at a dose of   
3.0E15 cm–2 at 80 keV, and activated at 900 C for 30 min 
under N2 ambient conditions, as shown in Fig. 4(c). A PECVD 
silicon nitride passivation layer of 0.7 μm in thickness is then 
deposited, and the contact via is formed by the third 
photolithography. An aluminum electric contact layer is 
deposited and patterned by the fourth photolithography, as 
shown in Fig. 4(d). Next, passivation PECVD silicon oxide of 
0.3 μm in thickness is deposited, and the fifth photolithography 
for the cavity etching holes is processed, as shown in Fig. 4(f). 
A cavity below the sensing membrane is formed using xenon 
difluoride dry isotropic etching through membrane etching 
holes of 1.0 μm in diameter. The xenon difluoride gas (XeF2) 
etches only the silicon substrate and does not attack other 
materials such as the metal, insulator, or polymer. Furthermore, 
it can etch the silicon through very small etching holes, 
including pinhole-sized holes. The etching holes are then 
sealed through the depositing of PECVD silicon nitride of  
1.5 μm in thickness, as shown in Fig. 4(g). The internal 
pressure of the surface cavity is determined as the deposition 
process pressure. In this paper, the pressure is the same as the 
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Fig. 5. Microscopic images of the fabricated pressure sensors and
an enlarged view of the piezoresistors: (a) diced pressure
sensor chip, (b) rectangular, and (c) circular diaphragms.
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PECVD process pressure of 5.0 torr. The internal pressure can 
be changed based or the deposition methods and conditions. 
Finally, the sixth photolithography is carried out for the contact 
pad opening. 

Figure 5 shows microscopic images of the fabricated devices. 
The active area of the fabricated device is 1.0 × 1.0 mm2. 
Figure 6 shows the scanning electron microscope images of the 
internal vacuum cavity of the fabricated sensor. The thickness 
of the sensing diaphragm is 3.5 μm, and the depth of the cavity 
is 10.39 μm. A residue of PECVD silicon nitride for cavity 
sealing is deposited on the bottom of the cavity; however, the  

 

Fig. 6. Scanning electron microscope images of the fabricated 
cavity: (a) top view showing the cavity bottom and a part 
of the sensing diaphragm and (b) diaphragm cross-section 
and the cavity side-wall. 
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Table 2. Fabrication results of the pressure sensors. 

Diaphragm 
Parameter 

Rect. Circ. 

Width/diameter (μm) 500 
Diaphragm 

Thickness (μm) 3.50 

Polysilicon resistor thickness (nm) 300 

Implantation dose (cm–2) 3E15 

Sheet resistance (/sq.) 285 

Cavity wall depth (μm) 17.1 

Cavity depth (μm) 10.39 

 

 
amount is very small, and will not affect the performance of  
he pressure sensor. The sensing diaphragm height profiles are 
measured using a 3D surface profiler (SNU-2000), as shown in 
Fig. 7. Owing to the internal pressure of the sealed surface 
vacuum cavity, the sensing diaphragm is deformed downward 
at 2.2 μm and 3.2 μm for the circular and rectangular 
diaphragms, respectively. The deformations of the diaphragms 
are also well matched with the simulation results. The 
fabrication parameters and results are summarized in Table 2. 
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Fig. 7. Measured 3D surface profiles of the pressure sensor
diaphragms: 3D scan images of (a) rectangular and (b)
circular diaphragms, and (c) their cross-sectional height
profile. 
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IV. Results and Discussion 

Fabricated MEMS pressure sensors are diced and packaged 
for a pressure performance characterization. Figure 8 shows the 
TO packaged pressure sensor and the Wheatstone bridge 
circuit configuration of the pressure sensor. Figure 9 shows the 

pressure measurement setup scheme. The fabricated sensors 
are packaged and mounted on the test board in the pressure 
control chamber. The vacuum pump and precision pressure 
gauge are used for controlling the pressure of the chamber. 

All measurements are conducted with a constant supply 
voltage of 3.0 V DC using an Agilent precision DC power 
supply. The bridge output voltage and the resistance of each 
piezoresistor are measured using an Agilent digital multimeter. 
To reduce the measurement error, the measurement is 
conducted under a constant temperature and humidity of 22 C 
and 50% in a cleanroom. The measurement conditions are 
summarized in Table 3. 

The change in resistance of the piezoresistors at the applied 
pressure is measured. Figure 10 shows the measured change  
in resistance of the sensing and reference piezoresistors. The  
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Fig. 8. Images of the TO packaged pressure sensor and 
Wheatstone bridge configuration.  

 

 

Fig. 9. Experimental setup for pressure sensor performance. 
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Table 3. Measurement conditions for the pressure sensors. 

Measurement conditions Value 

Input voltage (V) 3.0 

Input current (mA) < 1.0 

Temperature (C) 22 

Humidity (%) 50 

Pressure range (atm) 0.2 – 1.0 

 



ETRI Journal, Volume 38, Number 4, August 2016 Chang Han Je et al.   691 
http://dx.doi.org/10.4218/etrij.16.0015.0025 

 

Fig. 10. Resistance change of the piezoresistors: (a) rectangular
and (b) circular diaphragms. 
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resistances of the sensing piezoresistors are increased by   
42.7 ± 0.3  and 42.5 ± 0.5  for a rectangular and 
circular diaphragm, respectively, when the pressure is 
decreased from 1.0 atm to 0.2 atm. On the other hand, the 
resistance of the reference piezoresistors is increased by 3.0 ± 

0.1  for the rectangular diaphragm, but is reduced by 6.0 ± 

0.1  for a circular diaphragm. 
This is due to the difference in stress induced on the 

reference piezoresistors according to the diaphragm shape. 
Figure 11 shows the simulation results for the stress distribution 
along the reference piezoresistors. The stress has a positive 
value of 13.2  2.2 MPa for a rectangular diaphragm, and a 
negative value of –14.4  5.1 MPa for a circular diaphragm. 
Owing to this difference between the stress levels, the 
resistance values of the reference resistors are changed toward 
the opposite direction. The measured Wheatstone bridge output 
voltages along with the simulation results are shown in Fig 12. 
The measured and simulated pressure sensitivities are     
2.80 mV/V/bar and 2.93 mV/V/bar, and 3.46 mV/V/bar and 
3.33 mV/V/bar, for the rectangular and circular diaphragms, 
respectively. 

Considering the diaphragm size, the sensitivity is higher than 
the previous surface micromachined pressure sensors [7]–[9]. 
For the circular diaphragm, the diaphragm area is 78% smaller 
than the rectangular diaphragm, but the sensitivity is 23.6%   

 

Fig. 11. Simulation results of the stress induced on the reference 
piezoresistors for rectangular and circular diaphragms. 
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Fig. 12. Wheatstone bridge output voltage of the pressure sensors: 
(a) rectangular and (b) circular diaphragms. 
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larger. This is due to the difference in the stress distribution 
according to the shape of the diaphragm. The maximum 
amount of stress at the diaphragm edge is small, but the more 
widely distributed stress at the circular diaphragm affects the 
sensitivity. The linearity of the sensor output is 0.39% and 
0.16% for the rectangular and circular diaphragms, respectively. 

To obtain the thermal characteristics, we also measured the 
resistance of the piezoresistors and the output voltage as the 
temperature increased from 20 C to 80 C. Figure 13 shows 
the measured thermal characteristics of the pressure sensor. The 
polysilicon piezoresistors have various TCRs according to the 
deposition conditions and the dopant levels [15]. In this paper, 
negative TCRs under the present doping level are shown [16]. 
The measured TCR is –0.004% and –0.005% per degree of 
Celsius for the sensing and reference piezoresistors of the 
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Fig. 13. Resistance change of the piezoresistors according to
temperature: (a) rectangular and (b) circular diaphragms.
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Fig. 14. Output voltage offset drift of the pressure sensor
according to the temperature: (a) rectangular and (b)
circular diaphragms. 
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rectangular diaphragm, and –0.005% and –0.003% per degree 
of Celsius for the circular diaphragm, respectively. For the 
circular diaphragm, the sensing resistor shows a larger change 
in resistance than that of the reference resistor, whereas the 
changes in resistance of the sensing and reference resistor of  

Table 4. Experimental results of the pressure sensors. 

Diaphragm 
Parameter 

Rect. Circ. 

Measured 2.80 3.46 Sensitivity 
(mV/V/bar) Simulated 2.93 3.33 

Linearity (%FSO) 0.39 0.16 

Offset voltage (mV) 235 290 

Rs 0.004 0.005 
TCR (%/C) 

Rr 0.005 0.003 

TCO (mV/C) 0.0051 0.0019 

 

 
the rectangular diaphragm device are similar to each other. This 
matches well the previous measured change in resistance of the 
circular diaphragm device. 

Figure 14 shows the measurement results of the offset 
voltage drift. Owing to the small TCR, the temperature 
coefficient of the offset voltage at 1 atm is 0.0019 mV and    
–0.0051 mV per degree of Celsius for the rectangular and 
circular diaphragms, respectively. These results are also well 
matched with the measured TCRs of the fabricated 
piezoresistors. The measured data are summarized in Table 4. 

V. Conclusions 

In this paper, a surface micromachined piezoresistive 
pressure sensor with an internal substrate vacuum cavity was 
proposed, and a new fabrication process including the internal 
substrate vacuum cavity formation was developed. The 
proposed method is a fully CMOS-circuit compatible, low-cost, 
and reliable process. The removal of the sacrificial layer uses a 
dry etching process, which is free from the stiction issue and 
does not affect the CMOS circuit process. The fabricated 
pressure sensors have sensing diaphragms with a 500-μm 
width and 3.5-μm thickness. The thickness of the polysilicon 
piezoresistor was 300 nm. The depth of the internal vacuum 
cavity of the substrate is 10.39 μm and the internal pressure is 
5.0 torr. The measurement results show that the sensitivity is 
2.80 mV/V/bar and 3.46 mV/V/bar for the rectangular and 
circular diaphragms, respectively. In addition, the linearity is 
0.39% and 0.16% for these same diaphragms, respectively. 
The temperature coefficient of the resistivity was measured to 
be 0.003% to 0.005% per degree of Celsius for the fabricated 
polysilicon piezoresistors, and the temperature coefficient of 
the offset voltage at 1 atm is 0.0019 mV and 0.0051 mV per 
degree of Celsius for the rectangular and circular diaphragms, 
respectively. The results clearly demonstrate that the proposed 
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pressure sensor with an internal substrate vacuum cavity has a 
high sensitivity, good linearity, and thermal stability. Owing to 
its CMOS process compatibility, it can be applicable to a 
circuit-integrated multi-sensor system. Further, the novel 
internal substrate vacuum cavity process can be applicable to 
various sensors owing to its CMOS-compatible, low-cost, and 
reliable fabrication process. 
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