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Abstract: When using a MEMS sensor to measure the vacuum of a medium, the transition flow between
the viscous flow and molar flow is usually used to describe the gas convection due to the physical
principle, which is difficult to study through analysis and simulation. In this study, the description of
gas flow under different pressures in a CMOS-MEMS vacuum sensors has been incorporated into a
new behavioral ANSYS model. The proposed model was built and the characteristic parameters in the
model were obtained based on a CMOS-MEMS thermopile patterned with circular symmetry and an
embedded heater as a heat source. It contains a characteristic length to describe the effective distance
of heat dissipation to the silicon substrate, and the corresponding transition pressure to describe the
symmetrical phenomenon of gas heat conduction. The macro-model is based on the description of the
physical characteristics of heat transfer and the characteristic parameters of the CMOS-MEMS vacuum
sensor. The characteristic length of 49 um and the corresponding transition pressure of 2396 mTorr
for the thermoelectric-type vacuum sensor were extracted and verified successfully. The results show
that the average error for the prediction of vacuum sensing by the macro-model we proposed is about
1.11%. This approach provides more applications for vacuum analysis. It can reduce the complexity of
simulation and analysis and provide better simulation effects, including gas conduction mechanisms.

Keywords: macro-model; symmetry; parameters extraction; symmetrical; thermoelectric-type
vacuum sensor; vacuum sensing simulation; gas conduction

1. Introduction

In the past several decades, numerous vacuum gauges with a drastic reduction of volume have
been developed [1,2]. This development was promoted by mature technology in the semiconductor
industry and micro-electro-mechanical systems (MEMS) based on the techniques of microfabrication.
Among these, CMOS-MEMS, with its batch fabrication techniques, enables vacuum sensing components
to be manufactured with increased performance and reliability, combined with the obvious advantages
of low consumed power, and reduced physic size, volume, and weight at a relatively low-cost level [2,3].
It is also easily integrated on the same chip with control or processing circuitry by using a commercial
semiconductor device process [2—4]. Among these studies, thermal MEMS elements are widely used
as thermal sensors and heating components, especially thermal-type vacuum sensors (Pirani pressure
gauge), which can be used for pressure sensing [5-7].

The performance of thermal equipment greatly depends on the heat transfer behavior of the
device. In general, the heat dissipation of a thermally conductive vacuum sensor element includes
solid conduction and gas conduction, and the radiation loss is relatively small and can be ignored.
Especially for thermal microsensors under vacuum, gas conductance can even dominate heat transfer
behavior and atmospheric performance [8,9]. The physical mechanism of vacuum measurement is
quite complicated. The gas conductance is described by convection when heat is conducted into
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gas molecules and the gas moves these molecules away from the heat source as a whole. Generally,
it is used to describe the heat exchange on the surface due to the movement of gas on the surface.
In addition, the response time constant of thermal equipment is also defined as the ratio of heat capacity
to thermal conductivity, which also largely depends on its thermal performance.

In 2003, Puigcorbe’s team developed a laboratory-optimized micro-hotplate for the gas sensor
in order to characterize its thermal behavior by combining experimental measurements with finite
element model simulations. Their work was carried out by combining coupled three-dimensional finite
element modelling simulations with electrical, infrared thermography, and interferometric microscopy
experimental measurements. The performances predicted by the numerical model are in good
accordance with experimental results [10]. In 2014, Mahdavifar et al., reported a microbridge-based
thermal conductivity gas sensor which was realized by CMOS-compatible processes and surface
micromachining techniques. Modeling results showed that the heat loss from a constant voltage
application was observed to be a function of the thermal conductivity of the ambient gas [11].
Past studies have shown that the quantitative characterization of thermal characteristics is very useful
and valuable for sensor performance analysis and sensor design [10-12].

Thermopile vacuum sensors, based on the Seebeck effect, are fully compatible with CMOS
processes, thereby enabling high yield production with minimal post-MEMS processing [1-4,13-17].
Due to the multi-physics of MEMS devices, it is convenient to use a finite element method for modeling
and simulation. In 1999, Folkmer et al., described an approach for simulation and optimization of MEMS
with strongly physically-coupled behavior by the use of commercial analysis tools. The combination of
the finite element analysis with multi-physics system simulation was successfully demonstrated by the
example of a pressure sensor system [18]. However, although the engineering simulation software
(e.g., ANSYS, CoventorWare, COMSOL) has coupled field analysis capabilities, both the complexity
of the geometrical structure and the feasibility of the thermal parameters occasionally offer incorrect
results and conclusions [18-24].

In 2008, Todd and Xie reported a simple electrothermomechanical lumped element model
(ETM-LEM) which was developed by integrating an electrothermal LEM of a heater with a
thermomechanical LEM of a bimorph actuator [19]. In 2011, Niessner et al., developed a multi-energy
domain-coupled macro-model that allows for the efficient simulation of the dynamic response of
electrostatically-controlled RE-MEMS switches on the system level. This constituted a very good
result, especially because the models contain only geometric parameters and no problem-specific fit
factors are needed to obtain this accuracy [20]. In 2011, Mele’s team reported a microhotplate by a
combination of lumped element modeling and measurements conducted on a reference microhotplate.
Their work showed that the temperature variation over the heated area is reduced from an initial
13%—4% [21]. In 2017, Chen and Wu reported a macro-model for the dynamic simulation and analysis
of a non-uniform microbeam MEMS device subjected to an electrostatic actuation force, which showed
that the macro-model can dramatically reduce the computation time while capturing the device
behavior faithfully [22]. In 2020, Kaczynski et al., developed an analytical model of the flow resistance
for viscous air damping in a MEMS structure comprising a perforated plate in close proximity to a
solid plate. The model covers an extended geometry range and the validity compared to previously
reported models [23]. Consequently, a macro-model with the quantitative characterization of thermal
characteristics and, thus, the reduced computational expense is necessary to enable fast simulation of
the gas sensor. A macro-model is a reduced description of the original problem and the validity of the
simulated results strongly depends on the respective approach chosen for its derivation. In addition,
when the device is constructed and fabricated by the CMOS process, it will dramatically raise the
complexity of meshing for multi-layers of thin-film structure which includes the plural thermoelectric
elements and high aspect ratio of membrane area [4].

We present a physics-based multiple parameters macro-model that allows for the efficient
simulation of the response of the thermal-type vacuum sensor patterned with circular symmetry and an
embedded heater as a heat source, which depended on gas conduction on the system-level. In this study,
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a thermopile with a heater was developed to verify the proposed macro-model, and the characteristic
parameters in the model were obtained. The sensor was designed and manufactured using a TSMC
0.35 pm 2P4M standard CMOS semiconductor process and post-MEMS process to measure vacuum
pressure. ANSYS finite element analysis software (Ansys, Canonsburg, PA, USA) was used to model
and simulate the device. For the mentioned problem in the analysis process, a quasi-static multiphysics
simulation model was developed. Through ANSYS simulation software, combined with actual vacuum
measurement, the characteristic length could be quickly found. A macro-model of the thermal-type
vacuum sensor was built, and the parameters were extracted using discrete mathematical methods. Itis
effective to import it into ANSYS simulation software for steady-state thermal analysis and simulation.
The method established in this research can avoid complicated simulation and data analysis. It provides
more powerful capabilities for further applications of various practical development of MEMS devices.

In the following sections, the working principle of the thermal-type sensor for vacuum sensing
and its key issue for the characteristic length of the macro-model are described. Our developed
CMOS-MEMS thermal-type vacuum sensor for verifying the macro-model is presented. The vacuum
measurement system is arranged and introduced. The parameters extraction from the macro-model
used in simulation based on the vacuum measuring results is analyzed and discussed.

2. Working Principle of a Thermal-Type Vacuum Sensor

The macro-model of vacuum measurement is governed and described by the heat transfer equation
which includes the heat capacity H and the total thermal conductance G. To build the macro-model of
gas flow in the vacuum measurement, a CMOS-MEMS thermopile vacuum sensor with a heater was
adopted. The working principle of heat conduction for the thermopile is introduced in this section.
Then the design and fabrication of the thermopile, and the macro-model based on the consideration of
heat conduction by solid are mentioned.

2.1. Working Principle

The total thermal conductance of the thermal-type vacuum sensor and its relation to pressure is
described as follows:
G (P) = Gs + G¢(P) + G, @

where G, Gg, and G; are the thermal conductance of solid, gas, and radiation, respectively. Equation (2)
shows the dependence of temperature rise AT on the pressure as follows:

Po

AT(P) = = 7

@)

where ¢y is the heating power of the sensor.

For the vacuum sensor, the heat conduction by the solid thermoelectric element can almost be
regarded as a fixed value, and the contribution of radiation is ignored under the room temperature
condition. Therefore, the heat conduction of gas in the total thermal conductance plays the role of
sensing for different pressures. Figure 1 presents the sensing scheme of the proposed thermoelectric-type
vacuum sensor under the three forms of heat transfer.
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Figure 1. Sensing scheme of the proposed thermal-type vacuum sensor.
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The mesh-based finite numerical solver is difficult to acquire detailed and accurate solutions of
application for MEMS vacuum sensors, and has challenges and limitations. Attempts to simultaneously
address both larger air spaces with hundreds of micron-scale and nano-scale MEMS devices have
exposed the limitations of conventional grid-based tools [25,26]. Therefore, beyond the conventional
methods, we firstly propose and validate our proposed meshless airflow macro-model as an alternative
method to overcome these limitations of the mesh-based solver.

The symmetrical phenomenon of gas heat conduction is mainly produced by the movement and
collision of molecules. To conduct the theoretical formulations for simulation of the vacuum sensor,
the Knudsen number Kn was adopted, which is most widely used to study the design of microfluidics
and MEMS devices when the gas flow ranges from continuum to free-molecular. It is defined as
follows [27-30]:

n(p) = 27 ®

L

where A is the mean free path of gas molecules and L is the characteristic length which describes
the effective heat conduction distance from the heater on the membrane to the heat sink (i.e., silicon
substrate and side walls of the cavity). The mean free path of gas molecules can be calculated as
follows [31]:
1% mtkgT
PN 2m @
where i, P, kg, and T are the dynamic viscosity, the pressure, Boltzmann Constant, and the
thermodynamic temperature of gas molecules, and m is the gas relative molecular mass.

A(P) =

Generally speaking, when Kn < 0.01, thermal transport is in the continuous regime. During the
heat transfer process, the probability of collision between molecules far exceeds the one between gas
molecules and the silicon substrate under the thermoelectric element. The thermal properties are close
to their bulk values under higher pressure. When Kn > 10, thermal transport is in the free molecule
regime. The probability of collision between gas molecules is much lower than the one between gas
molecules and the silicon substrate. Thermal properties will be dominated by the boundary scattering
under high vacuum. For the Knudsen number Kn between them, it is the working regime for most
thermal-type MEMS sensors, while the thermal transport is in the transition regime and thermal
properties will deviate from bulk values in some degree due to the boundary effect. In this state,
the energy exchange between the gas molecules and the silicon substrate is not sufficient, the gas
molecules after the collision do not have the temperature of the silicon substrate and, therefore, there is
a temperature difference [29,30,32]. A previous study has pointed out that, for the comparison of
four types of micro-hot plates, these micro-hot plates contain four characteristic lengths from 220 nm
to 21 pm, which leads a Knudsen number Kn variation from 0.364 down to 0.004 by the results of
theoretical and measurement. The thermal convection coefficient 1242 Wm?K~! was obtained for the
largest gap of 21 um. However, the effective thermal conductivity f the gap of 220 nm is as low as
1.2 x 1073 Wm~!K~!. Both of them indicate that the size effect of gaseous heat transport is significant
in such microscale devices. The air gap in MEMS devices usually varies from 100 nm to micrometers,
boundary effects will affect heat transfer, and the characteristic length is in the micrometer range.
The mean free path for air under 1 atm and room temperature is about 80 nm [32].

In this study, the thermal conductivity k, of gas molecules under atmospheric pressure P can be
expressed as follows [33-38]:

___ ko
k(P) =5 +2BKn(P) ©
2‘? 2-a
p= )/—0—1. a ©)

where k is the thermal conductivity of gas under atmospheric pressure. o and y are the adaptation
coefficient and the specific heat ratio. k; is one of the main characteristic parameters in this study.
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From Equations (3)—-(6), one can see that the thermal conductivity k¢ of gas not only varies with the
type of gas but is also related to the state parameters of the gas (temperature, pressure, etc.).

According to Equations (3)—(6), the various pressure conditions based on the situations of the
vacuum measurement are adopted to calculate the thermal conductivity of the gas in the environment
of air molecules and at ambient temperature 298 K. The characteristic length plays an important role to
estimate the thermal conductivity ke (P) of gas molecules under different pressures. Therefore, to build
the macro-model, the simulation of the thermal-type vacuum sensor was based on the speculation of
appropriate characteristic lengths under different vacuum environments at the beginning. The process
is shown in Figure 2. These thermal conductivities k; (P) of gas molecules under different pressures
were substituted into the simulation software to simulate and analyze the temperature distribution in
the structure of the proposed thermal-type vacuum sensor.

Simulation .
AT ! L
(P = ko K _ A(P)| kg{P) | Macro-model of ram \
o) = 1+ 28Kn(P)’ "= | vacuum sensor [ o \ >
+ ANSYS - .
Pressure Transition Pressure
L is extracted for
Measurement Vin the vacuum
Ge(P)
P, 8 sensor
G,(P) = GQAEP(—t) —»| Vacuum sensor [—p M —>

P+P, lpt
T Pressure

Figure 2. The flow chart of the extraction of characteristic length and transition pressure.

For the thermoelectric sensor, during the operation of heating, the working temperature on the hot
junction of the thermoelectric element is determined by the heat conduction. Thereby the difference
of temperature between the hot and cold junctions is influenced by the different pressures of the
gas within the chamber. Based on the Seebeck effect, the output voltage Vy, is proportional to the
temperature difference AT from the thermopile as follows:

Vin = N-AS-AT @)

where N denotes the number of pairs of the thermocouples on the thermopile and AS refers to the
difference between the Seebeck coefficients of the two types of material used in the thermocouple.

In Figure 2, the relationship curves between the pressure and temperature difference AT from
simulation results were compared with the vacuum measurement results to build the macro-model
of gas flow for the thermal-type vacuum sensor. Among them, the relationship curve between the
pressure and output voltage Vy, from the thermal-type element would be described in the vacuum
measurement results. The flow chart of the extraction of characteristic length is illustrated in Figure 2
and described below.

2.2. Proposed Thermal-Type Vacuum Sensor

To verify the validity of the proposed macro-model, a thermoelectric-type vacuum sensor was
designed and fabricated using TSMC’s 0.35 um 2P4M standard CMOS semiconductor process. The size
of the thermoelectric-type vacuum sensor is 1.5 mm X 1.5 mm. The thermocouple was built on the
top of the field oxide layer which is mainly used as isolation material in semiconductor fabrication
and made of aluminum and N-poly material provided by the CMOS process. In order to effectively
increase the number of thermocouples, the thermopile formed by connecting 64 pairs of thermocouples
is designed into a circular array to enhance the sensitivity of the sensor. The length of the thermopile is
250 um. The membrane size of the sensor is 680 pm x 680 pm. In terms of structural design, there is
a long-etching window with a length of 200 um and an average width of about 4.8 pm between
every two pairs of thermocouples. Moreover, to connect the heater in the center of the membrane
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and the structure of the thermopile, a micro-link structure is designed around the heater to form an
appropriate etching window for suspending the membrane completely. The total length and width
of the N-polysilicon heater were 460 pm and 5 pm. A series of post-processes including an isotropic
RIE (reactive-ion etching) and wet etching processes were also used to remove the silicon beneath
the sensing structures after the CMOS processes. The cross-section of the vacuum sensor is shown
in Figure 3. Photography with the correlative dimensions and layout of the chip after fabrication is
shown in Figure 4.
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Figure 3. Schematic drawing of the cross-section of the thermopile with the MEMS post-process.
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Figure 4. Microscope photograph of the proposed CMOS-MEMS thermopile.
2.3. A Simplified Theoretical Description of Heat Transfer for Thermal-Type Vacuum Sensor

In order to enhance the simulation efficiency, simplify the geometric complexity of the
thermoelectric element, and improve the aforementioned meshing faults caused by the heavy loading
of calculation in meshing, the theoretical description of thermal conductivity for the structure of
the thermoelectric elements was simplified. For a single material to conduct heat, the heat transfer
phenomenon of energy moving from the hot junction to cold junction can be expressed as follows:
ksA

_<Th_TC) = GS(Th_TC) (8)

Qs: Ls

where (s is the dissipated thermal power, ks denotes the thermal conductivity of the structure, A is the
cross-section area of the membrane through which heat is transferred, Tj, and T, are the temperatures
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of the hot junction and cold junction, and Ls refers to the distance between the hot junction and
cold junction. To consider more complex structures of multiple layers to conduct heat, a simplified
theoretical description of heat transfer for the thermal-type vacuum sensor is revealed: When the
thermoelectric elements are stacked by different materials in the CMOS-MEMS process, the total
thermal solid conductance G; of the elements can be expressed as follows:

n

kiA;
GS:Z”i:1~n )

L 7
i=1

o — k1iA1 +koAr + - + knAy
4T A+ Ayt + Ay

where i is used for the different materials in the thermoelectric element. The equivalent thermal

(10)

conductivity ke; can be applied to the heat transfer simulation as the thermal conductivity of the
structure for the macro-model. The materials used in the thermoelectric element in this study include
Al, N-poly, S5iO,, and Si3Ny, and their thermal conductivities are 237, 31.4, 1.25, 16 W/mk, respectively.
After calculation, the equivalent thermal conductivity of the heater and thermocouple are about 4 W/mk
and 8.2 W/mk, respectively.

3. Vacuum Measurement

3.1. Experiment Setup

To investigate the thermal properties of the proposed CMOS-MEMS thermal-type vacuum sensor,
the vacuum measurements were arranged, and the signal acquisition circuits were built as shown in
Figure 5. The experimental setup included a vacuum chamber, the proposed CMOS-MEMS thermal-type
vacuum sensor, a signal processing circuit with a low-offset chopper amplifier (AD8551, Analog Devices,
Norwood, MA, USA), a low-pass filter, a 16-bit ADC (ADS 1115, Texas Instruments, Dallas, TX, USA)
and the last, a digital MCU ARM Cortex-M0 (Nuvoton, Hsinchu Science and Industrial Park, Taiwan) to
control the procedures of signal reading. CS, SCLK, and Do are digital control and data for ADS1115,
which stand for chip select, serial clock, and data out, respectively. The reading of the standard vacuum
gauge was used as the reference value in the calibration. Meanwhile, vacuum was applied from 10 mTorr
to 760 Torr with a mechanical pump Edwards 12 RV12 (Edwards, Burgess Hill, UK), and measurement
was proceeded after reaching a steady state for about 30 min. The heater of the thermal-type vacuum
sensor installed within the vacuum chamber was connected to a function generator and the output voltage
of the thermal-type vacuum sensor was delivered to the AD8551, where four-wire feedthroughs on the
chamber wall were used to meet the requirement of signal connection.

‘
Microcontroller
==
—_— CS SCLK Do
@ UART to USB
| Bridge
Sensor Chopper Amplifier (PL2303)
X AD8551
Thermopile [
Heater
L, I
ADS1115

Figure 5. Architecture of sensing circuit for the proposed CMOS-MEMS thermal-type vacuum sensor.
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3.2. Signal Acquisition from Thermal-Type Vacuum Sensor

One GPIO of MCU was used to give periodic signals to the heater of the thermal-type vacuum sensor
with heating for two seconds and cooling for two seconds to avoid thermal drift effects. The output
signal is a weak sinusoidal wave for the detection of temperature changes in the thermoelectric element.
After amplification and low-pass filtering, the signal is delivered to LabVIEW software (National
Instruments, Austin, TX, USA) as shown in Figure 5. The inverting amplification was adopted with a
gain of 547.

4. Building of Macro-Model of Vacuum Measurement and Verification

Gas conductance G under pressure P dominates the response of the proposed thermal-type
vacuum sensor described as follows [39-42]:

Gg(P) = GaASP(%tPt) (11)
where G, is a parameter related to the free molecular conductivity of gas under the ambient temperature,
which depends on the type of gas and the specific properties of the materials used in the sensor and
the configuration in detail. As refers to the floating-membrane area. P; denotes the transition pressure
associated with the transfer of heat, which is the critical pressure used to characterize the mechanisms
underlying the thermal conductivity of the gas in the chamber [36].

Under fixed conditions of heating operation for the heater, it shows when P << P;, the gas thermal
conductance is proportional to the pressure P in Equation (11). At the same time, the pressure closes to
higher vacuum. The gas thermal conductance will have the smallest value and the heat transfer in
the thermoelectric element is dominated by the solid thermal conduction. Therefore, the temperature
difference across the thermocouple will be higher. On the other hand, when P >> P;, the gas thermal
conductance can be regarded as a constant, i.e., the pressure of gas does not affect the gas thermal
conductance. The gas thermal conductance will have a maximum value, so the temperature difference
on the thermocouple under heating operation is lower [5,40]. Therefore, the pressure resolution of the
floating-membrane sensor could be determined by the transition pressures [42]. After the vacuum
measurement and simulation, the transition pressures were extracted by comparison with each other,
where the complete steps are shown in Figure 2 and described as follows.

4.1. Simulation of Temperature under Different Characteristic Lengths

To build the macro-model, the characteristic length and the corresponding transition pressures
for the proposed sensor to describe the phenomenon of heat conduction by gas is proceeded to be
extracted from the following steps. The following procedures were carried out under the pressure
of 10 mTorr~760 Torr and the heating power of 0.414 mW was supplied to the heater on the sensor.
For the first step, the relationship between the characteristic length of the sensor and the transition
pressure is required to be built. Therefore, five different characteristic lengths were chosen and the gas
thermal conductivities for different pressures can be derived according to Equations (3)—(6). The five
characteristic lengths were assumed as 40, 50, 100, 200, 300 pm, respectively. Then the gas thermal
conductivity kg is derived from these characteristic lengths and substituted into the macro-model of
the sensor. After the simulation by ANSYS, then the relationships between temperature difference and
pressures at various characteristic lengths were established as shown in Figure 6.
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2.2

1x10"! 1x10! 1x103 1x10° 1x107
Pressure (mTorr)

Figure 6. Simulation for temperature difference AT vs. pressure under different characteristic lengths.

The temperature difference of the thermal vacuum sensor is relatively stable under high pressure
and low pressure, while the transition pressure is within the range of obvious changes in the
output signal.

Based on Equations (2) and (11), the transition pressure can be derived by the curve fitting
of the simulated data for each curve in Figure 6. The transition pressure is defined as the median
value between the maximum and minimum of the temperature difference. The transition pressures
corresponding to those five different characteristic lengths were calculated as 2876, 2394, 1169, 520,
and 366 mTorr from Figure 6, respectively. Therefore, the curve fitting of the relationship between the
characteristic length and the transition pressure is built which is shown in Figure 7.
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Q ‘\‘
2 y = 80799x0-932
5 150 R%=0.9984
2 100 e
=
= T
© s T e ... o

0
0 500 1000 1500 2000 2500 3000

Transient Pressure (mTorr)
Figure 7. Characteristic length of the sensor vs. transition pressure.
4.2. Parameter Extraction and Verification of Macro-Model

Finally, the vacuum measurement of the proposed sensor is also performed under the same
conditions as the above simulation, and the corresponding transition pressure P; was extracted as
2396 mTorr shown in Figure 8.
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Figure 8. Output voltage of the sensor vs. pressure with transition pressure by vacuum measurement.

According to the equation of curve fitting in Figure 7, the characteristic length of 49 pm for the
thermal-type vacuum sensor was extracted by the transition pressure of 2396 mTorr derived from
vacuum measurement. The overall procedures of modelling are shown in Figure 2. The results of
the simulation of vacuum measurement were also proceeded based on the characteristic length of
49 pm, which is shown in Figure 9. It shows our proposed macro-model is dramatically matched and
is suitable for the application and operation of the thermal-type vacuum sensor.

2.5
23
2.1
1.9
1.7
1.5
1.3
1.1
0.9
0.7

—0—49 uym

AT (K)

1x10! 1x10! 1x10° 1x10° 1x107
Pressure (mTorr)
Figure 9. Output voltage of the sensor vs. pressure by vacuum simulation.
4.3. Validity of Macro-Model for Different Heating Powers

Through the simulation of the temperature rise of the sensor, the relationship between the
temperature difference and the actual output voltage signal of the experiment can be obtained. In this
way, we can further obtain the actual output voltage signal of the final circuit by simulation. However,
under different heating power conditions, the coefficients in the transfer function relationship between
the function temperature and the output voltage are different. Therefore, it is expected to improve the
macro-model of the thermal sensor for different heating powers, which will be widely used in pressure
sensing. For different heating power from 0.144 mW to 1.441 mW, further experiments and simulations
are arranged. The simulations was performed under the pressure of 10 mTorr~760 Torr. The flow chart
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of validity of the macro-model for different heating powers is illustrated in Figure 10 and described
below. Before these simulations, using Equations (3)-(6), the gas thermal conductivities were derived
by the characteristic length of 49 pum in different vacuum conditions. The simulation results are shown

in Figure 11.

Heating power

Heating power
Simulation
-0.144 mW . ° .0.21 mW
-0.414 mw|__, | |Macro-model of e |-057mw
vacuum sensor g A .
(LSS mW + ANSYS .y:rﬂ m47x2‘;0:01085x+0 0968 1.441 mw
AT Heating power (Pn)
Measurement
.
Vacuum sensor b (Ph)
.."y2700226x2+05017x+00003
4 Re=1
A Heating power (Ph)
L Ven=a(Py) - 8T, +b(Py)
—» Parameter extraction v, Verification V.
— Calculation v
—» Verification Error

Figure 10. The flow chart of validity of the macro-model for different heating powers.
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1 1x10! 1x102  1x10°  1x10*  1x10° 1x10°  1x107
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Figure 11. Temperature different from the macro-model of sensor vs. pressure with the different

heating power by simulation.

Under the same conditions, different heating power by heating for two seconds and cooling for
two seconds were still provided to the heater for the measurement. As shown in Figure 12, it is found
that the output voltage of the thermal-type vacuum sensor increases as the heating power increases,
which is consistent with the simulation results shown in Figure 11.
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Figure 12. Output voltage of the sensor vs. pressure with the different heating power by measurement.

As shown in Figure 10 with blue arrows, the results of simulation and measurement under
different heating powers Pj, were compared, and the transfer function relationship between the function
temperature and the output voltage is formulated as follows:

Vth :a(Ph)-AT+b(Ph) (12)

where Vy, is the output voltage measured by the CMOS-MEMS thermal-type vacuum sensor, and AT is
the temperature difference simulated by the macro-model of the thermal-type vacuum sensor. 4, b are
the slope and intercept of the linear equation, respectively, and they are functions of heating power as
shown in Equation (12). Then according to Equation (12), the results of simulation and measurement
with heating power of 0.144 mW, 0.414 mW, and 1.055 mW were compared to establish the fitting
equations between a, b and the heating power, which are shown in Figures 13 and 14, respectively.
Based on these operations, a macro-model was established through simulation of the thermal-type
vacuum sensor, which can be used to predict the measurement results of different heating powers.
The flow of these procedures is shown in Figure 10 with blue arrows.
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0.1015
0.101
0.1005 e o
0.1 B

S 0.0995 .
0.099 g
0.0985 ,
0.098 .
0.0975

'y =-0.0047x2 + 0.0085x + 0.0968

0 0.5 1 1.5
Heating Power (mW)

Figure 13. The relationship between a and the heating power.
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Figure 14. The relationship between b and the heating power.

In the flow of step with red arrows in Figure 10, based on the relational expressions in Figures 13
and 14, the heating power of 0.21 mW, 0.57 mW, and 1.441 mW were adopted to derive the corresponding
values of a and b, respectively. At the same time, the simulated temperature difference AT from
the macro-model under the same conditions was also substituted into Equation (12) to calculate the
predicted output voltage V.. Furthermore, the measured values V, from the output of the circuit are
compared to verify the effectiveness of the macro-model, where the steps are shown with the green
arrows in Figure 10. The results are summarized as shown in Tables 1-3.

Table 1. A comparison between predicted and measured output voltage (Heating power: 0.21 mW).

Pressure (mTorr) AT (k) V. (mV) Vi, (mV) Error (%)

10 1.036 0.5049 0.5037 0.23%
100 1.019 0.4983 0.4960 0.45%
1000 0.9 0.4524 0.4506 0.40%
10,000 0.67 0.3635 0.3640 0.13%
100,000 0.596 0.3349 0.3329 0.60%
760,000 0.585 0.3307 0.3286 0.64%

Table 2. A comparison between predicted and measured output voltage (Heating power: 0.57 mW).

Pressure (mTorr) ATs (k) Ve (mV) Vi, (mV)  Error (%)

10 2.811 1.3841 1.3723 0.86%
100 2.765 1.3660 1.3524 1.00%
1000 2.443 1.2394 1.2244 1.23%
10,000 1.819 0.9941 0.9886 0.56%
100,000 1.617 0.9147 0.9038 1.20%
760,000 1.589 0.9037 0.8892 1.63%

Table 3. A comparison between predicted and measured output voltage (Heating power: 1.441 mW).

Pressure (mTorr) AT (k) Ve (mV) Vi (mV) Error (%)

10 7.106 3.4470 3.5165 1.98%
100 6.989 3.4014 3.4638 1.80%
1000 6.176 3.0844 3.1441 1.90%
10,000 4.598 2.4691 2.5311 2.45%
100,000 4.087 2.2699 2.3055 1.54%

760,000 4.017 2.2426 2.2729 1.34%
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It can be seen that, under different heating power and atmospheric pressure, the comparison of
macro-model simulation and the measurement result of the thermal vacuum sensor shows that when
the heating power is 0.21 mW and the pressure is 10 Torr, there is the smallest error, which is close
to 0.13%. When the heating power is 1.441 mW and the pressure is 10 Torr, the largest error occurs,
which is close to 2.45%. Summarizing the analysis under all conditions, the average error value is
1.11%. In related research [41], the characteristic length of the thermal microsensor with V-groove
cavity was estimated by using ray tracing software to perform 3-D simulation of heat flow. According
to simulation and measurement results, the reported error is 3.07%, and it has not been applied to
various heating conditions. These results prove that our proposed macro-model shows excellent
feasibility and reliability for different air pressure and heating power conditions.

At the same time, we observe that at 10 mTorr, the heating power increases from 0.21 mW to
1.441 mW, which is about 6.862 times, and the temperature of the sensing area increases from 1.036 K to
7.106 K, which is about 6.859 times. However, when the heating power is increased, the error between
simulation and measurement gradually increases. Since the higher the vacuum, the greater the effect
of solid heat transfer, thus, the error may be caused by the simplified solid conductance model.

In summary, through the proposed macro-model of gas flow and the method of extracting
characteristic length, it is effective to use the simulation software for predicting the measuring results
of thermal-type vacuum sensors and improving the timeliness of design and experiment.

5. Conclusions

In this study, a novel macro-model of gas flow for the thermal-type vacuum sensor was established
to increase the efficiency and accuracy of simulation analysis. Through theoretical analysis and
the model establishment, ANSYS software was used for the simulation. The thermal-type vacuum
sensor was designed and manufactured using TSMC 0.35 pm 2P4M CMOS process and MEMS
post-process, and an equivalent model was established for the comparison and analysis of simulation
and measurement. Under the condition of the heating power 0.414 mW for the heater in the
thermoelectric element, the characteristic length of 49 um for the thermal-type vacuum sensor is
obtained through the comparison results between simulation and measurement in this study. According
to this characteristic length, the vacuum sensing simulation and measurement under the different
heating powers were performed, and it is found that the simulation and measurement results are
very consistent. Moreover, the fitting equations through the comparisons between simulation and
measurement results were established, which can be used as a reference for the design parameters
of vacuum sensor development. The macro-model of gas flow constructed in this research can
effectively improve the performance of the simulation software and extend to other related research
and applications.
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