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Abstract 

 

A Pirani vacuum sensor based on mutual heating between a heater and a distinct temperature probe, 

separated by a 5 m air gap, is proposed. The sensor is fabricated by applying a simple post-

processing procedure to chips designed and fabricated using the BCD6s process (Bipolar-CMOS-

DMOS) of STMicroelectronics. The sensor layout has been optimized to exploit the layers of the 

original process in order to enhance the sensor performance. The sensors exhibit a resolution better 

than 0.4 Pa from nearly 0.3 Pa to 1 kPa and better than 50 Pa from 1 kPa to 100 kPa. The sensor 

response at the lower extreme of the pressure interval is marked by an offset voltage, which is three 

orders of magnitude smaller than the full-scale value. Finite Element Method simulations suggest 

that the offset is due to pressure-independent heat transfer due to radiation and conduction through 

the substrate. The simulated equivalent offset drift is 50 mPa / K.  
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1. Introduction 

Vacuum sensors [1] are essential for the correct operation of many manufacturing apparatuses, 

especially in the field of integrated circuit fabrication. Vacuum monitoring is also of great 

importance when a condition of medium or high vacuum is required to guarantee effective thermal 

insulation, such as in cryogenic systems and thermodynamic solar power plants [2]. Vibrational 

Micro Electro Mechanical Systems (MEMS) should be packaged in vacuum to reduce mechanical 

damping [3-5]. For these devices, in-package vacuum monitoring is desirable to detect sealing 

failure. In most of the mentioned applications, the vacuum range of interest (~10-2Pa-10kPa) can be 

covered with a Pirani vacuum gauge, which is based on the effects exerted by pressure on the 

thermal conductance of an air gap. This kind of sensors is particularly suitable to be fabricated by 

means of micromachining technologies, obtaining advantages in terms of miniaturization, power 

consumption, response speed and range. These characteristics allow in-package vacuum sensing 

and pave the way to emerging applications such as distributed vacuum monitoring in large 

industrial plants by means of wireless sensor networks or RF-ID tags.  

The first MEMS Pirani-like vacuum sensors were proposed starting from the mid-eighties [6]. Since 

then, an impressive number of different designs have been proposed in the literature [7-21], while 

commercial applications have begun to appear in last decade [22]. Exploitation of standard IC 

(integrated circuit) fabrication technologies, followed by micromachining steps (post-processing), 

to produce MEMS Pirani sensors has been proposed and demonstrated since the first pioneering 

works [6-9], resulting in a viable approach to reduce development and production costs and 

integrate the sensors on the same substrate as the readout electronic interfaces [9-11].  

Miniaturization allowed improving also the typically very low sensitivity exhibited by traditional 

Pirani gauges at atmospheric pressure, since the shorter the air gap, the higher the pressure at which 

the sensitivity starts to drop. Gaps of a few microns are sufficient to obtain acceptable performances 

up to atmospheric pressure [8], while extension of the operating range up to even higher pressures 

can be obtained pushing some dimensions down to the nanometer region [20,21]. 

On the other hand, the lower end of the pressure operating range is determined by two main issues: 

noise and offset drift. Noise originates in the sensor elements (e.g. Johnson noise) and in the readout 

amplifiers. The offset (i.e. the output signal for zero pressure) is typically dominated by the sensor 

contribution. In next section, we will recall the self-heating and mutual-heating configurations [8]. 

The self-heating configuration replicates the structure of traditional Pirani gauges and is by far the 

most used. Its main drawback is the large offset value, which, being affected by significant 

temperature drift, requires compensation schemes [7, 18]. These techniques require precise 

calibration and are prone to significant residual errors. Temperature stabilization of the whole 

sensing chip may be an effective solution [12], but it leads to significant increase of the device size 

and power consumption. The offset issue can be effectively mitigated using the mentioned mutual 

heating configuration, in which the output signal is proportional to the heat conveyed across the air 

gap, so that it tends to zero with pressure, at least in principle. In practice, even for this 

configuration there is a residual offset, although it is much smaller than in the self-heating 

configuration. Since the first time it was proposed by Paul et al. [8], the mutual heating 

configuration has received very little interest. Recently, we have used the principle of mutual heat 

transfer between distinct heaters and temperature probes to develop integrated flow sensors capable 

of self-compensating the cross-sensitivity to pressure [23-24] or providing independent readings of 

pressure and flow from a single sensor [24].  

In this work, we describe the fabrication, experimental characterization and modeling of a Pirani 

sensor, based on the mutual heating configuration. The device relies on a commercial 

microelectronic process for most part of its fabrication flow, requiring only a simple post-

processing finishing procedure, which involves a single low-resolution photolithographic step. This 

choice was made to make the whole sensor development flow affordable for University labs and 

Small-Medium Enterprises.  



The sensing structure consists of a heater and a temperature probe, placed on two different 

cantilever beams separated by a small air gap. The available layers of the original microelectronic 

process have been combined to optimize the key parameters of the device: in particular, the cross 

section of the air gap has been maximized for improved sensitivity, while the thickness of the heater 

cantilever was reduced to limit power consumption. The pressure-sensing structures have been 

integrated on a test chip that includes also different kind of sensors, which are not relevant for this 

work, and a low noise, low offset integrated readout interface, which has been effectively used to 

read the sensor output voltage. Preliminary results were presented in [25]. In this work, we propose 

new measurements aimed at investigating a few issues that can play a key role in determining the 

actual performances of operating range, accuracy and resolution. In particular, the response of two 

symmetrical sensing structures present on the same test chip are compared to determine the degree 

of matching that can be obtained between distinct sensors. Furthermore, the origin of the residual 

offset is investigated with the aid of FEM (Finite Element Method) simulations performed using 

COMSOL Multiphysics.   

 

2. Device description and fabrication 

2.1) Principle of operation  

Let us consider two parallel surfaces at temperature T1 and T2, respectively, separated by a gap of 

length d, filled by a gas. The heat flow from one surface to the other can be approximated by the 

following linear relationship: 
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where Ggap is the thermal conductance of the gap, which exhibits a dependence on the gas pressure 

given by: 
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where G0 is the asymptotic limit for an infinite pressure, while ptr is a parameter called transition 

pressure. The transition pressure depends on the gas type, on the surface composition and generally 

exhibits an inverse proportionality to the gap length [8]. This phenomenon is the basis of the Pirani 

type pressure sensors. Two possible configurations that can be used to build Pirani-type MEMS 

pressure sensors (micro-Pirani) are shown in Fig. 1 (a) and Fig.1 (b), respectively. The former 

consists of a cantilever separated from the substrate by a short air gap (length d), and equipped with 

a heater and a temperature sensor, which may coincide with a single temperature-dependent 

resistor. The heater dissipates a constant power creating a temperature difference (overheating) 

between the cantilever and the substrate. The overheating is proportional to the inverse of total 

thermopile-substrate conductance, which includes pressure dependent components such as Ggap. In 

the second configuration, shown in Fig. 1(b), heater and temperature probe are placed on distinct 

cantilevers, laterally separated by the air gap. In this case, the overheating measured by the 

temperature sensor is proportional to mutual heat transfer between the membranes, which is 

proportional to Ggap.  

Most of micro-Pirani pressure gauges presented in the literature are based on the self-heating 

configuration represented in Fig. 1(a). The main drawback of this approach is that the overheating 

tends to a very large constant value when the pressure tends to zero. This value is prone to drifts due 

to room temperature variations, and ageing of the sensor structure. Even small relative variations 

may result in large errors in the measured pressure. The consequence is reduced capability of 



detecting small pressures. On the other hand, the mutual heating structure of Fig. 1(b) is marked by 

an overheating of the temperature probe, T, given by: 
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where WH is the heater power, while GS is the total conductance from the cantilever tip and the 

ambient (considered at uniform temperature, equal to the chip substrate temperature). The 

approximation made in Eq. (3) is due to the hypothesis that GS>>Ggap., which is reasonable for short 

cantilevers where GS is dominated by the thermal conductance through the cantilever body. Using a 

thermopile with a sensitivity indicated with sTP, and reading the thermopile voltage with a an 

amplifier of gain A, the output voltage of the pressure sensor becomes: 
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where GS has been assumed to be due to only the pressure-independent thermal conductivity of 

cantilever materials. Eq. (4) predicts that the output voltage intrinsically tends to zero with pressure. 

Therefore, drift and aging effects are much less important with respect to the self-heating structure. 

This makes the configuration of Fig. 1 (b) more suitable to achieve small detection limit. For both 

the self and mutual heating configurations, the response tends to saturate when p>>ptr so that the 

practical operating range does not extend more than a couple of decades over the transition 

pressure. In order to include the atmospheric pressure into the operating range, ptr should be of the 

order of a few tens of kPa, requiring gaps of the order of a few microns [8].  

2.2) Configuration of the test chip 

Two pressure-sensitive structures are placed into a single test-chip that includes a low-noise 

analog front end (AFE). The chip, whose dimensions are 3.86 x 3.86 mm2, includes also several 

flow sensors [26] and acoustical sensors [27], described elsewhere. Both the pressure sensors and 

the AFE are accessible through dedicated bonding pads. The heaters of the two sensing structures 

are connected in parallel, to limit the total pad count. Connection between the AFE and one of the 

sensing structures is accomplished by means of external conductors as shown in Fig. 2, where the 

configuration used to read sensing structure PS1 is represented. The heaters are biased by low noise 

current source CS, while voltage source VS biases the negative terminal of the thermopiles, in order 

to provide a suitable input common mode voltage to the instrumentation amplifier (A). The latter is 

a low-offset, low-noise chopper amplifier with 46 dB nominal gain, 2 V maximum input referred 

offset voltage and 18 nV/√Hz input noise density. Resistor RS (33 k) is introduced to equalize the 

resistances seen by the amplifier terminals, reducing the input bias currents (400 pA, maximum) 

contribution to the input noise [28].  

In Fig. 3, a photomicrograph of the portion of the test chip including the AFE and the two 

pressure sensors is shown. The layout of the AFE is superimposed on the photo to show the 

electronic circuits buried below the planarization dummies. The magnification shows the two 

identical sensing structures with the thermopiles and the heaters placed on cantilever beams. 

Description of the sensing structures and fabrication process is reported in next sub-section. 

2.3) Layout of the sensing structures and fabrication approach 

The sensing structures, which are based on the configuration of Fig. 1(b), consist of two opposite 

cantilevers, suspended over a cavity etched into the silicon substrate, as schematically shown in 

Fig. 4 where the layout and cross section of the device are presented. The cavity has been fabricated 

with simple micromachining post-processing applied to chip designed with the BCD6s process of 



STMicroelectronics. The cantilevers are separated by a 5 m air-gap (d in Fig. 4) and one of them 

supports a polysilicon heater (1.5 k), while a 10-element n-polysilicon/p-polysilicon thermopile is 

placed on the other one. In order to increase the air-gap cross-section, the thick upper aluminum 

interconnect layer (3 m thick) has been placed on the tips of both cantilevers obtaining a total 

thickness of 8.6 m (h in Fig. 4). In this way, the thermal conductance between the two cantilevers 

is increased with positive effects on the device sensitivity. Furthermore, the thickness of the 

cantilever supporting the heater has been partially reduced, as shown in Fig.4, exploiting the 

passivation-opening etching step performed by the silicon foundry. This was aimed at increasing the 

thermal insulation of the cantilever from the substrate in order to heat the cantilever with less power 

consumption. The same etching has been used to reduce the thickness of the dielectric stack where 

the silicon substrate has to be accessed [29].  

The main steps of the post-processing are schematically shown in Fig. 5 and the process is 

similar to that reported in [26]. Briefly, an 8 μm thick photoresist film (MEGAPOSIT™ SPR™ 

220–7.0) has been spun onto the chip returned from the silicon foundry. The photoresist layer has 

been defined to allow the dielectric removal in the cavity area and protect the heater, the thermopile 

and the rest of the chip, as shown in Fig. 5a. Then, the dielectric layers were etched with a RIE 

(reactive ion etching) in CF4/Ar (50%/50%) gas mixture exposing the bare substrate (Fig. 5b). 

Finally, the silicon substrate has been anisotropically etched for 150 min at 85 °C in a solution of 

100 g of 5 wt% TMAH with 2.5 g of silicic acid and 0.7 g of ammonium persulfate (Fig. 5c). Due 

to the fast degradation of the TMAH solution [29], silicon etching has been performed in three 

separate 50 min-long steps, each one performed with fresh reagents. In Fig. 6 a SEM micrograph of 

two sensing structures after the silicon removal is shown. The cavity under the cantilevers is clearly 

visible.  

3. Experimental characterization 

3.1) Experimental setup 

Experiments have been performed placing the samples inside a vacuum chamber equipped with a 

turbo pump and a precision, wide range vacuum gauge (Edwards WRG-S). Pressure was initially 

brought to the minimum value reachable with the given pumping system (10-3 Pa). After this step, the 

vacuum chamber is isolated from the pump by closing a vacuum valve. Air was then introduced in 

the chamber by means of a needle valve (vent) in order to gradually vary the internal pressure from 

the minimum value to atmospheric pressure. All measurements were performed in stable conditions 

(vent and vacuum valve closed). Electrical connections to the sensor chip are shown in Fig. 7. The 

chips are packaged into DIL28 cases and wedge bonding is used to connect the chip pads to the case 

pins. The packages are left open in order to expose the chips to the air pressure of the vacuum 

chamber. The chip pads are connected according to the scheme of Fig. 2, with the exception of the 

heater pad (VH), which can be connected to the on-chip current source (position “IN” of switch SH) 

as in Fig. 2 or to an external voltage source (position “EX” of switch SH). The external voltage option 

is used to characterize the dependence of the output voltage on the heater power, since the internal 

current source, used for all the other experiments, can be programmed to produce only a total of six 

distinct current values.  

A 3.3 V power supply is provided to the chip by a purposely built Printed Circuit Board, equipped 

with an ADuC847 microcontroller unit (MCU). The analog output voltage (Vout) produced by the chip 

is read by means of the 24 bit-resolution, 10 Hz bandwidth, delta sigma analog to digital converter 

(ADC) of the MCU. A Digital to Analog Converter (DAC) is used to produce the external heater 

voltage. Resistor RC (100 ) is placed in series with the DAC output terminal in order to monitor the 

heater current, which, together with the heater voltage, is precisely acquired exploiting the multi-

input ADC of the MCU. A three-wire SPI interface is used to program a limited set of parameters of 

the interface. Connection between the MCU board, placed outside the vacuum chamber, and the chip 



was accomplished by means of high vacuum electrical feedthroughs. An acquisition program running 

on a personal computer (PC) controls the MCU board through an USB link.  

3.2) Measurement results 

All measurements have been performed using a correlated double sampling procedure [30], 

implemented by taking the difference between two successive Vout samples, acquired with the heater 

turned on and off, respectively. In this way, all residual offset contribution, not due to the heat transfer 

from the heater to the thermopile hot junctions, is rejected. With heater power, we refer to the power 

of the individual heaters. Since the heaters of structures PS1 and PS2 are connected in parallel on-

chip, they cannot be accessed separately. The individual heater power was then estimated as half of 

the total power delivered to the combination of the two heaters.  

Figure 8 (a) shows the dependence of the output voltage on pressure for structure PS1, at two 

different heater power settings. It should be observed that the heaters are driven at constant current, 

so that the actual heating power varies slightly across the displayed pressure range. However, the 

maximum power variation, estimated by measurement of the heater resistance vs. pressure 

dependence (shown later in this section), was less than 1 %, so that the approximation of constant 

power is acceptable. Changing the heater power allows scaling of the output voltage, while the shape 

of the curve is substantially maintained. 

This property can be exploited for implementing auto-range functions, when the voltage increase 

at high pressures risks saturating the amplifier. According to Eq. (4), we would expect the output 

voltage to vanish when the pressure tends to zero, while the curves apparently tend to a non-zero 

asymptotic value, which we will indicate with LAV (Lower Asymptotic Voltage) in the rest of this 

paper. Figure 8(b) shows a time diagram of the output voltage recorded for a constant pressure of 

10-3 Pa and 1.1 mW heater power. The noise magnitude superimposed to the LAV mean value is 

nearly 120V peak-to-peak. It is possible to subtract the individual LAV from each curve, partly 

restoring the voltage decrease at low pressure, as shown in Fig. 9, where this subtraction has been 

applied to the curves of Fig. 8 (a) and to the same measurements performed on sensing structure 

PS2 (present on the same test chip).  

The experimental Vout vs pressure dependence (after LAV subtraction) has been fitted with 

theoretical expression (4). As an example, Fig. 10 shows the result for structure PS1 in the case of 

1.1 mW heater power, for which a transition pressure of nearly 8 kPa has been estimated. Considering 

all the cases represented in Fig. 9, the transition pressures were found to be in the range 75 kPa± 

6 kPa. These values are in good agreement with the ptr vs. gap length experimental relationship 

proposed in [8].  

An interesting result highlighted by Fig. 9 is the very good matching between curves measured on 

different sensing structures, in spite of the low resolution of the post-processing steps. As can be 

expected, the characteristics diverge and become erratic when the output voltage gets lower than the 

noise level, indicated in Fig. 9 by the dashed line. The pressure at which the curves cross the noise 

level represents the minimum detectable pressure. This limit clearly shifts to lower pressures for 

higher heater powers. For a power of 1.1 mW, a detection limit of roughly 0.3 Pa can be estimated.  

The sensor resolution at any pressure within the measurement range can be obtained by dividing 

the noise magnitude by the sensitivity, defined as the derivative of the Vout vs pressure characteristic. 

Fig. 11 shows both sensitivity and resolution as a function of pressure for the case WH=1.1 mW. The 

sensitivity curve is the average of PS1 and PS2 sensitivities, obtained by numerical differentiation of 

the corresponding characteristics in Fig. 9. Smoothing is applied to the curves before derivative 

calculation in order to reduce noise artifacts.  

As it is typical of this kind of sensors, the sensitivity starts dropping when pressure becomes 

comparable with the transition pressure. This causes a progressive resolution degradation from the 

low-pressure value, which is better than 0.4 Pa, to 50 Pa, exhibited at atmospheric pressure.  



In principle, both the resolution and the lower detection limit can be improved by (i) reducing the 

noise and (ii) increasing the sensitivity. In [26] we have demonstrated that, for the same interface 

used to read the integrated flow sensors, the output noise is dominated by the thermal (Johnson) 

noise of the thermopile. This condition applies also to the vacuum sensors of this work, since we are 

using the same amplifier and the source resistance (thermopile resistance and equalization 

resistance RS) is comparable (60 k in both cases). For this reason, noise reduction should 

necessarily involve reduction of the thermopile resistance. This is generally not an option, unless 

the width of the cantilever can be enlarged [31], increasing the area occupation and power 

consumption of the sensing device. Obviously, it is possible to reduce the peak-to-peak noise by 

filtering the output data stream, e.g. by moving window averaging. The tradeoff in this case is 

response speed. Sensitivity can be improved by increasing the heater power, as suggested by 

Eq. (4). In order to verify this possibility, the heater resistance and overheating, estimated from the 

temperature coefficient of resistance, have been measured as a function of pressure and the result is 

shown in Fig. 12. It can be seen that the overheating is less than 38 °C suggesting that there is wide 

margin to reliably increase the heater current in order to improve the sensitivity without degrading 

the device reliability.  

A possible limitation to this approach is due to the amplifier output range that might be exceeded 

by the output voltage increase caused by boosting the heater power. This problem, which is worst at 

the highest pressure, can be solved to some extent by reducing the amplifier gain, provided that this 

operation does not alter the input referred noise of the amplifier. Unfortunately, the LAV is 

increased by the same factor than the sensitivity, so that, improving the sensitivity via heater power 

increase does not change the inaccuracy caused by LAV drift occurring after sensor calibration. For 

this reason, further studies, specifically devoted to gain information on the LAV properties, have 

been performed and the results are described in next section.  

4. Analysis of the lower asymptotic voltage  

In order to investigate the mechanisms involved in the LAV, the dependence of the latter on the 

heater power has been first measured, obtaining the curves (experimental data) shown in Fig. 13. It 

can be observed that the LAV vanishes for zero heater power, ruling out significant contributions 

from the amplifier offset. The characteristics are approximately linear, with only a slight upward 

curvature. This suggests that the LAV is due to parasitic thermal conducting path from the heater to 

the thermopile tips. These paths should involve mechanisms different from conduction through air 

gaps, which would be expected to vanish at low pressures. Residual heat transfer should then occur 

by conduction through solid materials or radiation.  

In order to gain further information, we have developed a FEM model with COMSOL software. 

The geometry of the sensing structure is essentially three-dimensional, so an accurate simulation 

cannot be performed with a simple 2D model. For this reason, we have developed the 3D model 

shown in Fig. 14, where the symmetry with respect to the yz-plane passing through x=0 has been 

used to halve the simulation domain. In order to simplify the model, the stack of dielectric layers 

that constitute the cantilevers has been considered as a single material. The simulations have been 

performed using two different modules: the first one models electrical conduction in the heater and 

allow calculation of the local power dissipation. The results produced by the first module are used 

as an input for the second module, which models conductive and radiative heat transfer producing 

the temperature distribution map. 

The dependence of the heater resistivity on temperature is taken into account introducing additional 

coupling between the two modules, which, for this reason, have to be solved simultaneously. As far 

as radiation is concerned, two different boundary conditions have been applied: i) the surface-to-

ambient condition for the top surface of the structure and ii) the surface-to-surface condition for the 

lateral sides of the cantilevers and the surfaces inside the cavity. The surface-to-ambient radiation 

assumes that the ambient surroundings in view of the surface behaves as a blackbody at constant 



temperature. The surface-to-surface radiation treats the radiative heat exchange between boundaries 

with automatic view factor calculation.  

Validation of the FEM model has been performed comparing the experimental and simulated results 

in the very low-pressure limit, which was simulated considering the presence of vacuum in the air 

volume. Since COMSOL Multiphysics does not allow simulations in the molecular regime, it is not 

possible to perform such a comparison at intermediate pressures. The data that have been taken into 

account were the heater resistance value and the temperature difference between the hot contact and 

the cold contact of the thermopile. The experimental resistance values have been precisely 

estimated from I-V curves of the heater measured with a parameter analyzer (HP 4145B). The 

temperature differences have been estimated from the output signal taking into account the 

amplifier gain, the number of thermocouples and the Seebeck coefficient of the p-poly/n-poly 

thermocouple measured in a previous chip fabricated with the same process [31].  

Initial simulations have been performed using the values reported in the COMSOL library for the 

material properties and assuming silicon dioxide as the material of the stack of dielectric layers. The 

results obtained in this way showed a significant discrepancy with respect to experimental data. The 

problem derives from the fact that the COMSOL library data for silicon dioxide are consistent with 

the properties of bulk fused SiO2, while the cantilevers are actually formed by a stack of different 

dielectric layers, such as thermally grown SiO2, borophosphosilicate glass (BPSG), inter-metal 

dielectrics and passivation SiO2/Si3N4 mixtures. In order to simplify the model, we have used a 

single dielectric material, whose properties have been trimmed to match the experimental data. In 

particular, a thermal conductivity of 1.15 W/mK and a surface emissivity of 0.6 have been adopted. 

These values are within the range reported in [32] and [33,34], respectively, for dielectrics used in 

integrated circuit fabrication.  

After the described parameter trimming and validation phase, simulation of the dependence of the 

output voltage on the power delivered to the heater has been performed and the results are plotted in 

Fig. 13, together with the mentioned experimental results. As it can be seen, a good agreement 

between simulations and experiments has been obtained even if a slight overestimation of the output 

voltage at high power is observable. In order to investigate the contribution of radiation, simulations 

with only the conductive heat transfer has been performed and the result is compared with the other 

curves in Fig. 13. It is evident that radiation contributes roughly to one third of the output voltage 

measured at very low pressures, while the remaining part is due to non-uniform temperature of the 

substrate, caused by heat flow that reaches the substrate itself through the heater cantilever. The 

well-known nonlinear dependence of radiation on temperature is the cause of the non-linearity of 

the output voltage at high heater powers.  

The same simulations have been performed at atmospheric pressure, treating air as a continuum (no 

molecular effects) and neglecting convective heat transfer. The simulated results, shown in Fig. 15, 

are in good agreement with the corresponding experimental data, confirming the validity of the 

model. In this case, the radiative contribution is negligible, due to prevalent heat conduction 

through the air.  

The LAV dependence on room temperature has been simulated between 273 K (0 °C) and 353 K 

(80 °C) for three power values. Considering the temperature drift at 298 K, indicated in Fig.16, and 

the sensitivity shown in Fig. 11, the error introduced by the LAV drift is 50 mPa/K for a heater 

power of 1.1 mW. Then, for temperature variations up to ± 10 K, the error is still of the same order 

of the sensor resolution, so that the sensor accuracy is only minimally altered. The total error caused 

by an 80 K temperature variation is nearly 4.4 Pa.  

5. Conclusions 

The proposed vacuum sensor is based on mutual heat transfer from a heater to a thermopile across 

an air gap. This principle, in spite of being intrinsically marked by a much less offset than the 

traditional approach (self heating), is less popular than the latter for the implementation of 

integrated Pirani sensors, probably due to the lateral direction (parallel to the chip surface) of heat 



transfer, resulting in air gaps of small cross-sections. This drawback, which adversely affects the 

signal-to-noise ratio at low pressures, has been mitigated in the proposed architecture by exploiting 

all layers of a standard microelectronic process to obtain an air gap of acceptable vertical extensions 

(8.6 m). The very simple post processing procedure used to finish the sensor chips is fully 

compatible with the original IC fabrication process, as demonstrated by successful integration of an 

AFE with the sensing structures. As a result of the high precision characteristics of the AFE and use 

of a CDS procedure, offset and noise contributions from the readout interface have been proven 

negligible. The sensor resolution, mainly affected by Johnson noise from the thermopile resistance, 

is better than 0.4 Pa from nearly 0.3 Pa to 1 kPa. Resolution starts degrading beyond this interval, 

due to the usual sensitivity drop of Pirani-like sensors, although the relative resolution is better than 

500 ppm of full-scale up to 100 kPa, giving a feasible operating range of more than 5 decades. FEM 

simulations showed that at least 30 % of the LAV is due to radiation, which is a strongly 

temperature dependent phenomenon. However, simulations of the LAV drift suggested that the 

corresponding error on the pressure reading is close to the sensor resolution for temperature 

variation of ± 10 K with respect to the calibration temperature. This excellent result is due to the 

intrinsically small value of the LAV in mutual heating structures. For larger temperature excursion, 

compensation of the LAV drift could be necessary.  
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Figure Captions 

 

Figure 1. Structure of micro-Pirani sensors based on self (a) and mutual (b) heating.  

 

Figure 2. Schematic representation of the test chip with the external connections required to read 

sensing structure PS1 by means of the internal AFE.  

Figure 3. Photomicrograph of the test chip portion including the sensing structures and the readout 

interface (AFE). The magnification shows two identical sensing structures after the silicon etching. 

The layout of the readout interface is superimposed on the photograph to show the electronic circuits 

buried below the planarization dummies. 

Figure 4. Schematic views of the proposed micro-Pirani: (a) top view and (b) S-S section (not to 

scale). 

Figure 5. Cross section of the sensing structure during the main steps of the post-processing: (a) 

thick photoresist definition; (b) selective dielectric layer removal with reactive ion etching (RIE); 

(c) anisotropic silicon etching in a TMAH solution. 

Figure 6. SEM micrograph showing the two sensing structures after the anisotropic silicon etching 

with a TMAH solution. 

Figure 7. Sketch of the measurement set-up used to characterize the vacuum sensors.  

 

Figure 8. (a) Output voltage vs. pressure for PS1 sensing structure at two different heater power 

settings; (b) time diagram of the output voltage for a pressure of 10-3 Pa, showing noise.  

 

Figure 9. Output voltage vs. pressure for structures PS1 and PS2 at two different heater power 

settings, after subtraction of the corresponding low asymptotic values (LAVs).  

 

Figure 10. Result of fitting the response of sensor PS1 for WH = 1.1 mW with Eq. (4), recalled in 

the legend, where VA represents a pressure independent factor equal to AsTPG0WH/GS. 

 

Figure 11. Sensitivity and resolution as a function of pressure. Data represent the average of PS1 

and PS2 characteristics measured at WH=1.1 mW.  

 

Figure 12. Heater resistance and overheating as a function of pressure. Overheating has been 

calculated from the resistance using the temperature coefficient of the heater material (p-

polysilicon) resistivity, reported in the process design manual. 

 

Figure 13. Output thermopile voltage (amplified by 200) as a function of the power delivered to the 

heater at a residual pressure of 10-2 Pa: comparison between experimental measurements and the 

simulation results. 

 

Figure 14. Axonometric projection of the 3D COMSOL model used for the FEM numerical 

simulations 

 

Figure 15. Output thermopile voltage (amplified by 200) as a function of the power delivered to the 

heater at atmospheric pressure: comparison between experimental measurements and the simulation 

results. The curves with and without radiation are practically indistinguishable.  

 



Fig.16. Simulation of the LAV dependence on temperature for three different heater powers. The 

temperature drift at 298 K is indicated.  
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