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ABSTRACT

This paper describes a single-chip micromachined
implementation of a Knudsen pump — a type of vacuum
pump that works by the principle of thermal transpiration,
has no moving parts, and consequently offers high
reliability. A 6-mask process was used to fabricate the pump
from a glass substrate and a silicon wafer. A single stage
pump and two integrated pressure sensors occupy 1.5 mm X
2 mm. Measurements show that this device can evacuate a
cavity to 0.46 atm while operating at atmospheric pressure
and using 80 mW input power. Temperature measurements
show thermal isolation on the order of 10* K/W between the
polysilicon heater used to operate the pump and the rest of
the device.

. INTRODUCTION

Only a few types of vacuum pump scale well to small
dimensions because the amount of gas back-streaming per
unit volume of gas pumped increases as the surface to
volume ratio increases. Most vacuum pumps have
complicated machinery that does not scale well to
microfabrication by planar techniques. A micromachined
vacuum pump that has been successfully demonstrated is the
getter pump [1], which has no moving parts and relies on the
principle of capturing the gas. While effective for
maintaining vacuum, getter pumps are less suitable for
instruments that sample gases. Thermal molecular pumps
can serve this purpose. They are also well-suited for
miniaturization because efficiency improves with surface to
volume ratio, and they have no valves that must seal.

There are three types of thermal molecular pumps [2]:
the Knudsen pump [3], accommodation pump [4], and the
thermomolecular pump [5]. The accommodation pump
works by taking advantage of the differences in the
tangential momentum accommodation coefficient (TMAC)
for gases at different temperatures. Although the
compression ratio is small (less than 1.1), this pump has no
theoretical lower pressure bound. The TMAC depends upon
the surface roughness, making the performance of an
accommodation pump more variable than for a Knudsen
pump. The thermomolecular pump takes advantage of the
fact that some materials, when heated, violate the cosine
scattering law. This requires special surface conditions that
cannot easily be maintained. The Knudsen pump (Fig. 1a)
was chosen because it provides the highest compression
ratio and its performance is independent of the material
surface conditions.

Invented almost a century ago [3], the Knudsen pump
was long regarded as a relatively inefficient option for
achieving high vacuum [6], despite its attractive feature of

no moving parts. In theory, the Knudsen pump has many
potential advantages, such as high reliability, no
hydrocarbon backstreaming, and the ability to efficiently
pump light gases, such as hydrogen and helium, which many
types of pumps do not pump well. A barrier to acceptance
has been that sub-micron feature sizes are required for the
pump to operate at atmospheric pressure. The evolution of
micromachining technology has rekindled interest [2],
leading to simulation efforts [7,8], and a partially
micromachined implementation achieving a best-case
pressure drop of 11.5 Torr using helium [9,10].

Although micromachined gas pumps have many
potential uses, there has been very little reported in the
literature on their development. They may be used to create
a high pressure (compressors), create a low pressure
(vacuum pumps), or transport gases with no substantial
change in pressure. Potential applications for these devices
include driving gases for gas chromatography, spectroscopy
[11], and p-plasmas [12,13]; pneumatic pumping of liquids
for spectroscopy [14]; or to maintain vacuum on-chip
without requiring hermetic packaging for vacuum
encapsulated applications.

This paper describes a fully micromachined
implementation of a Knudsen pump. The first section will
describe the theory of operation of a Knudsen pump,
including the expected performance and limitations imposed
by geometry. The next section describes the design and
fabrication sequence of a single-stage Knudsen pump that
occupies an area of only 1.5 mm X 2 mm. Finally,
measurement results are presented that show that a single
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Fig. 1: (a) Layout of a single stage Knudsen pump showing two
cold chambers, one hot chamber, the wide channel and parallel
narrow channels. (b) Geometry for calculating the equation for
thermal transpiration. Two chambers at different temperatures are
separated by an ideal aperture, through which a flux of gas
molecules flows from either side.
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Fig. 2: A two-stage Knudsen pump. At the bottom of the figureisa
plot of the temperature and pressure at every stage.

stage pump is capable of generating a pressure of 0.46 atm
in amicrocavity while maintaining good thermal isolation.

[I. KNUDSEN PUMP THEORY

The Knudsen pump relies on the physical principle of
thermal transpiration for its operation. Thermal transpiration
gives the following relationship between two adjacent
volumes of gas maintained at differing temperatures in the
free molecular flow regime (Fig. 1b):

A_n (1)
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This equation is obtained by equating the flux of gas
molecules passing between the chambers. The necessary
equations are:
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where I is the flux of gas molecules going through the
aperture, v, is the average velocity of the gas molecules,
n is the gas number density, P is pressure, k is
Boltzmann's constant, T istemperature, and M is the mass
of a gas molecule. When the gas is in the viscous flow
regime, a temperature difference does not create a pressure
difference between the chambers.

In practice, the Knudsen pump (Fig. 2) is realized by
replacing the ideal aperture with a channel. The pump
creates a pressure increase from a cold region to a hot region
through a very narrow channel in which the gasisin the free
molecular flow regime. Then a wide channel is used to
transport the gas from the hot region to a second cold region.
The wide channel must ensure that the gas is in the viscous
flow regime to avoid thermal transpiration (and hence
pumping) in the reverse direction. The attainable pressure
(R,c) asafunction of hot stage temperature (T},), cold stage
temperature (T.), the outlet pressure (P,;«), and the
number of stages(s) is:
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The final pressure distribution is a function of temperature
only! Figure 3 shows the expected performance for a single
stage and a 3 stage Knudsen pump as predicted by egn (3).
A long channel will reduce the thermal gradient along the
channel and hence minimize power consumption, but a short
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Fig. 3: The theoretical cavity pressure using a single stage and a 3-
stage Knudsen pump as a function of the hot chamber temperature.
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Fig. 4: Cross-section of the Knudsen pump, including hot and cold
chambers connected by a narrow channel, and a capacitive pressure
sensor used to measure the pump performance.
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channel will have a high gas conductance and hence higher
flow rates.

The channels in the Knudsen pump must operate in the
proper flow regime, which is described by the Knudsen
number. The Knudsen number is defined as Kn=A/l,
where A is the mean free path of the gas and | is the
hydraulic diameter of the channel. Ideally, the narrow
channels must have a hydraulic diameter less than 1/10 of
the mean free path of the gas (free molecular flow regime,
Kn > 10) and the wide channels must have a hydraulic
diameter greater than 20 times the mean free path of the gas
(viscous flow regime, Kn < 0.05). However, both types of
channels may be operated in the transition flow regime (0.05
< Kn < 10) with a possible loss of compression. The
maximum operating pressure is determined by the hydraulic
diameter of the narrow channels. The smaller the narrow
channels, the higher the operating pressure. The lowest
attainable pressure is determined by the hydraulic diameter
of the wide channels. The larger the wide channels, the
lower the attainable pressure. The maximum height of the
narrow channels is 6 nm if operation in the free molecular
flow regime is to be achieved because the mean free path of
air is approximately 60 nm at STP. This small dimension
makes it more convenient to design a Knudsen pump that
operates in the transition flow regime at its input stage for
atmospheric operation.

1. EXPERIMENTAL DEVICE

Figure 4 shows a cross-section of a hot chamber, a cold
chamber, an attached pressure sensor, and identifies their
structural layers. The hot chamber is heated with a
suspended polysilicon heater located near the narrow
channels. The polysilicon heater is suspended on a thin
dielectric membrane in order to minimize heat flow from the
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Fig. 5: (a, upper) Optical micrograph and (b, lower) SEM of a
single stage pump. The pump is sealed, causing the pressure sensor
membranes to deflect in the photograph because of the ambient
pressure.

heater to the substrate. The cold chambers are passively
maintained at room temperature. A glass substrate is used to
provide thermal insulation and, thereby, improve the energy
efficiency. A long channel length is used to provide good
thermal isolation between the hot and cold chambers.
Finally, in a multiple stage pump, the hot chambers are all
adjacent to each other.

The wide channels are 10 pm deep and 30 pm wide.
This ensures that the gas flow is in the viscous regime for
pressures down to 300 Torr with a hot chamber temperature
of 600 °C. The narrow channels are 10 um wide and 100 nm
deep. The mean free path of air at atmospheric pressure and
room temperature is 60 nm, so the narrow channels
correspond to a Knudsen number of 0.6, which is in the
transition regime, not the free molecular gas regime. There
are many narrow channels in parallel to increase the gas
conductance.

Thin film bolometers are located on the bottom every
chamber (Fig. 1a). These bolometers are present to provide
data on the temperature distribution on the chip, allowing the
thermal isolation to be measured.

A capacitive pressure sensor is located adjacent to every
cold chamber, as far as possible from the hot chamber to
avoid thermal effects. A cross-section of a pressure sensor
may be seen in Fig. 4. The top electrode is a 1 pm thick,
200 pm diameter polysilicon membrane and the bottom
titanium electrode is located at the bottom of a 10 um recess
in the glass.

IV. FABRICATION

A six-mask fabrication process is used to co-fabricate
the Knudsen pump and capacitive pressure sensors [15]. A
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Fig. 6: SEM of cross-section of (a, upper) a wide channel 10 pm
deep and (b, lower) anarrow channel only 100 nm in height.

Borofloat® glass wafer is etched 10 um deep to define the
hot and cold chambers, the capacitive pressure sensor cavity,
and the wide channels. Titanium is deposited and patterned
to define the bolometers and bottom electrode of the
capacitive pressure sensor. Separately, a bare silicon wafer
is coated with SiO,, Si;N,, SiO,, and 100 nm thick
polysilicon. The polysilicon is patterned to define areas for
lead transfer and to open narrow channels. An additional
900 nm of polysilicon is deposited and the full 1 pm-thick
polysilicon is patterned to isolate regions defining the heater,
the top electrode of the capacitive pressure sensor, and to
define areas for lead transfer. The glass and silicon wafers
are anodically bonded and the entire silicon wafer is
dissolved, leaving cavities sealed with dielectric/polysilicon
diaphragms. Electrical vias are etched in the dielectric layer
and titanium is deposited and patterned to define the top
metal and bonding pads (see Fig. 4).

V. MEASUREMENT RESULTS

Figure 5 shows an optical micrograph and an SEM
image of the same single-stage fabricated device before an
outlet is formed for the pump. At this time, the interior of
the Knudsen pump is sealed under vacuum. The optical
micrograph shows that the pressure sensors are deflected due
to the ambient pressure, but the SEM image has flat pressure
sensors due to the vacuum ambient. Figure 6 shows SEM
images of the channel cross-sections. The wide channel is
etched 10 pm into the glass and has a dielectric cover. The
narrow channel is 10 um wide but only 100 nm high. The
figure shows that the polysilicon did not bond to the glass
along the narrow channel despite the very small gap.

Figure 7 shows the pressure sensor in device A, asingle
stage device operated at atmospheric ambient, with power
off (Fig. 78) and with the power on (Fig. 7b). The change in
capacitance is 2.6 fF, which corresponds to a cavity pressure
of 0.46 atm. (ANSY S® was used to predict the performance
of the pressure sensor including the measured stress of the
materials, non-linear effects, and stress-stiffening effects.)
Figure 8 shows the response of the pressure sensor in
another single stage device, B, as a function of input power.
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Fig. 7: Picture of a 200 um diameter pressure sensor (a, left) not
deflected and (b, right) deflected when the pump was turned on.
The measured capacitance change is 2.6 fF, corresponding to a
cavity pressure of 0.46 atm (Device A).

It shows a linear relationship between the applied power and
the pressure change. The measured pressure changes range
from 0.4-5 Torr/mW for the devices.

The thermal isolation achieved by the Knudsen pump
was measured. For device A to obtain a cavity pressure of
0.46 atm, the calculated temperature from egn. (3) is 1100
°C. At apower dissipation of 80 mW, this corresponds to a
thermal resistance of 1.4x10* K/W, which agrees well with
measurements reported in [15]. Using embedded
bolometers, the bottom of the hot chamber is measured to
rise by =10°C with 30 mW of power to the polysilicon
heater on the diaphragm above it, and a neighboring cold
chamber rises less than 1°C. These thermal measurements
prove two things: (i) the pressure sensors, being even further
away from the heaters, remain at room temperature and
therefore do not need to be compensated for temperature; (i)
the pump should experience no loss of performance due to
undesired heating of the cold chamber.

VI. CONCLUSIONS

The single-chip Knudsen pump presented in this paper
is the smallest one reported to date, and it is only the second
reported Knudsen pump capable of operating at atmospheric
pressure. A single stage pump and two integrated capacitive
pressure sensors occupy an area 1.5 mm X 2 mm. The
pressure in a microcavity is 0.46 atm at 80 mW of input
power. Multiple stages may be cascaded in series to create a
pump with alower ultimate pressure.

Atmospheric operation is made possible by taking
advantage of the small feature sizes achievable in
microfabrication. Only polysilicon, Si-dielectric materials,
metal, and glass are needed, making the 6-mask process
silicon IC-compatible. Bolometers are located in the
microcavities to verify the temperature distribution on the
chip. The temperature of the glass substrate under the
polysilicon heaters rose by less than 10°C, and the
temperature of the cold chambers rose by less than 1°C,
showing excellent thermal isolation.

Although the Knudsen pump was used to evacuate a
cavity in this effort, the larger goal was the demonstration of
the concept. It may be used for gas sampling applications,
pneumatic actuation, and vacuum encapsulation.
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