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Abstract

This paper presents a Pirani vacuum gauge based on a micro-hotplate (MHP) supported by six unequal beams. The MHP is fabricated using
surface silicon micromachining technique. A thermal model for the gauge is established by means of Fourier analysis, which takes account of
internal heat source in the beams and pressure-dependent gaseous heat conduction above and below the MHP. It is applied to determine the MHP
operation temperature, temperature distributions along the supporting beams and heat losses through various mechanisms at different vacuum
pressure. The measurements of gauge characteristics have been done and the results show good agreements with theoretical analysis. The measured
sensitive range of the gauge is 10−1 to 105 Pa when driven by a constant current, 0.8 mA.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Pirani vacuum gauge has been widely used in vacuum
equipments. Traditional Pirani structure usually consists of a
heated cylindrical wire with high temperature coefficient of
resistance (TCR) and large dimensions[1]. In recent years, solid
micro-Piranis are studied in the wake of developments in micro-
electronics and micromachining[2–5]. These micro-Piranis can
provide not only a wider measurement range and better sen-
sitivity with lower power consumption but also an excellent
manufacturing yield[6,7].

Among various micro-Paranis, surface micromachined ones
usually use a suspended structure with thin air-gap, large mem-
brane, and long and narrow supporting beams to heighten their
performances[4,5]. Stress and mechanical strength controlling,
however, are always accompanying problems under the optimal
goals of lower power consumption, higher sensitivity, and wider
measurement range. In this study, a novel structure based on
micro-hotplate (MHP) technology is fabricated. Besides tradi-
tional four supporting beams, two additional narrow and short
ones with low thermal conduction are used in the structure.
They can strengthen mechanical support so that the other four
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beams can be longer to reduce total solid heat conduction effi-
ciently and achieve a lower limit of detectable pressure range.
Meanwhile, a thermal model is built to analyze the structure
and focus is put on the temperature grad and heat losses of
the beams by taking into account of internal heat source in the
beams and pressure-dependent gaseous heat conduction above
and below the MHP, which are critical for the surface-machined
membrane with long beams but usually ignored in the previous
studies.

2. Thermal characteristic analysis of the micro-Pirani
structure

The top and the cross-section views of the MHP-based micro-
Pirani are shown inFig. 1. This MHP is supported with four
long beams as well as two short and narrow ones. The pressure-
dependent voltage across the square membrane is measured with
four-point method. Beam 3 and its diagonal one lead the heating
resistor, which is driven by a constant current circuit for elevating
the MHP up to its operation temperature. For this reason, these
two beams should be considered as models with internal heat
source for thermal analysis. Whereas, for the other two long
beams with measurement leads connected to the heater and the
two short beams, internal heat source is negligible because no
or only very low current passes through them.
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Fig. 1. The top and the cross-section views of the designed sensor.

Electrical power (P) in the square membrane can be dis-
sipated by the following heat loss mechanisms: solid thermal
conduction through the supporting beams (Qs), gaseous con-
duction above and below (Qg), convection through gas (Qc),
and thermal radiation (Qr). Due to small size and usually low
operating temperature in micro-Piranis, the last two ones can
always be neglected. Therefore,P can be simply described as
follows

P = Ua × I = I2 × Ra = Qs + Qg (1)

whereRa andUa are the resistance of heating segment in the
square membrane and the corresponding voltage drop across it,
respectively.I is the heating current.

To evaluate the MHP operation temperature, the following
assumptions are made for simplicity. First, the temperature dis-
tributions in the square membrane and along its vertical direction
are uniform with the same temperatureTs. Next, the temperature
distributions in any cross-section of the beams are uniform and
are functions of the distancexj (j = 1, 2, 3) from the anchorage
ends. Additionally, temperatures of these anchorage ends and the
bottom substrate below hotplate are set at ambient temperature,
Ta.

According to Fourier law, Eq.(1) can be rewritten as

I2Ra0[1 + α(Ts − Ta)] = Gg(Ts − Ta) + 2
3∑

j=1

κj

dT (xj)

dxj

|xj=Lj

(2)

whereRa0 is the initial value ofRa at Ta K, which can be mea-
sured with the method discussed later.α is TCR of the heater
and measured to be 0.091%/K for the doped polysilicon resistor.
Gg is the gaseous thermal conductance.j = 1, 2 and 3 correspond
to beam 1, beam 2 and beam 3, respectively.T(xj) represents the
temperature distribution in beamj. κj is defined asκj = λjAbj. λj

is the equivalent solid thermal conductivity of beamj and deter-
mined by the thermal conductivities and cross-section areas of
the constitutive thin film layers.Abj andLj are the total cross-
section area and length of beamj. Two is multiplied before sigma
(Σ) for the symmetrical geometry. So the two terms on the right

are the heat losses of the square membrane through gaseous heat
conduction (Qg) and solid heat conduction (Qs), respectively.

For the mechanism of pressure-dependent gaseous heat con-
duction, thermal conductance has been proven previously as[7]

Gg = ϕ

2 − ϕ
GaAsP

(
Ptd

P + Ptd
+ Ptu

P + Ptu

)
(3a)

and

Ga = Λ0

(
273.2

Ta

)1/2

(3b)

whereP is the gas pressure;Ptd andPtu are the transition pres-
sures on two sides of MHP, which are inversely proportional
to the air gaps below or above the MHP, respectively;ϕ is the
accommodation coefficient of gas;Ga, Λ0 are the free molecu-
lar conductivities atTa and at 273 K, respectively; andAs is the
square membrane area.

From Eq.(2), the temperature distributions of the beams have
to be determined firstly to obtainQs. According to Fourier anal-
ysis, the temperature distributionT(xj) in beamj satisfies the
following differential equation

λj

d2T (xj)

dx2
j

= − I2ρa

AhAbj

[1 + α(T (xj) − Ta)]

+ Gg

Astb
[T (xj) − Ta] (4)

whereρa, Ah denote the resistivity and cross-section area of the
heater.ρa is the sheet resistance multiplied by its thickness at
ambient temperature.tb is the MHP thickness. The first term on
the right is the heat generation density, the second corresponds
to the loss due to the thermal flux across the air gap. The first
term should be omitted because no currents pass on the beams
whenj = 1, 2.

The boundary conditions satisfied by the solutions of Eq.(4)
are

T (xj)|xj=0 = Ta (5)
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