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On-Chip Vacuum Generated by a
Micromachined Knudsen Pump

Shamus McNamara, Member, IEEE, and Yogesh B. Gianchandani, Senior Member, IEEE

Abstract—This paper describes the design, fabrication, and
testing of a single-chip micromachined implementation of a
Knudsen pump, which uses the principle of thermal transpiration,
and has no moving parts. A six-mask microfabrication process
was used to fabricate the pump using a glass substrate and silicon
wafer. The Knudsen pump and two integrated pressure sensors
occupy an area of 1.5 mm 2 mm. Measurements show that
while operating in standard laboratory conditions this device
can evacuate a cavity to 0.46 atm using 80 mW input power. The
pumpdown time of an on-chip chamber and pressure sensor cavity
with a total volume of 80 000 cubic micrometers is only 2 s, with a
peak pump speed of 1 10

6
cc min. High thermal isolation is

obtained between the polysilicon heater and the rest of the device.
[1073]

Index Terms—High temperature, thermal isolation, thermal
transpiration, thermomolecular, vacuum pump.

I. INTRODUCTION

M ICROMACHINED gas pumps have a variety of poten-
tial applications, ranging from actuation of gases for gas

chromatography, spectroscopy [1], or microplasma manufac-
turing [2], [3], to the pneumatic actuation of liquids for lab-on-a-
chip and chemical sensing devices [4]. Conventional vacuum
pumps scale down poorly due to increased surface to volume
ratio and have reliability concerns due to the relative increase of
frictional forces over inertial forces at the microscale. Thermal
molecular pumps can potentially overcome these challenges.

There are three types of thermal molecular pumps [5]: the
Knudsen pump [6], accommodation pump [7], and the thermo-
molecular pump [8]. The Knudsen pump relies upon the prin-
ciple of thermal transpiration. Different temperatures are ap-
plied to two chambers at either end of a narrow tube. A net
gas flow from the colder chamber to the hotter chamber oc-
curs because of the temperature dependence of molecular flux
rates through a narrow tube. The accommodation pump uses a
similar geometry to the Knudsen pump, but the narrow tube is
replaced with a smooth, wide tube. A net flow of gas occurs
from the hot chamber to the cold chamber because the hot gas
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molecules have a greater chance of reflecting off the tube sur-
face due to the higher tangential momentum accommodation co-
efficient (TMAC) of hot gas molecules. The thermomolecular
pump exploits some materials that violate the cosine scattering
law when heated. By positioning a material that emits a flux of
gas with a larger flow perpendicular to its surface than the cosine
scatter law would dictate, a net flow of gas will flow through the
aperture.

The Knudsen pump was chosen in this effort1 because it
provides the highest compression ratio and, unlike the other
two pumps, its performance is independent of the material
and surface conditions, which can be difficult to characterize
and control. A miniaturized Knudsen pump also has a high
theoretical efficiency when compared to conventional vacuum
pumps [11] and scales well to small dimensions because the
efficiency improves as the surface to volume ratio increases. It
offers potentially high reliability because there are no moving
parts, but power consumption can be a major concern because
of the elevated temperatures required. Recent developments
in micromachining technology facilitate high thermal isolation
and motivate a fresh look at this problem.

The Knudsen pump was first reported in 1910 and since then
has been reported approximately once per decade [12]. Despite
its attractive features, persistent challenges that have prevented
its widespread adoption include the need for submicron dimen-
sions to operate at atmosphere (and consequently it was always
confined to high vacuum operation over a limited pressure
range) and low throughput. The past decade has witnessed
greater activity, with simulation efforts [13], [14] and a partially
micromachined implementation achieving a best-case pressure
drop of 11.5 torr using helium [15], [16].

This paper describes a single-chip micromachined Knudsen
pump. The theory of operation of the Knudsen pump is de-
scribed in Section II, followed by a description of the process
used to fabricate the Knudsen pump in Section III. The mea-
sured results obtained from fabricated devices are reported in
Section IV.

II. KNUDSEN PUMP THEORY

The principle of thermal transpiration [17], on which the
Knudsen pump is based, describes the pressure-temperature
relationship between two adjacent volumes of gas at different
temperatures. If these two volumes of gas are separated by a
channel or aperture that permits gas flow only in the free molec-
ular regime (Fig. 1), they settle at different pressures, the ratio
of which is a function of only temperature. The temperature

1Portions of this paper appear in conference abstract form in [9], [10].
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Fig. 1. The principle of thermal transpiration states that two chambers at
differing temperatures generate a pressure differential due to differences in the
rate of molecular flux from either chamber.

difference does not create a pressure difference between two
volumes with a channel that permits viscous flow. The Knudsen
pump (Fig. 2) creates a pressure increase from a cold region to a
hot region through a very narrow channel in which the gas is in
the free molecular flow regime. Then a wide channel is used to
transport the gas in the viscous flow regime from the hot region
to a second cold region. A lower pressure may be obtained by
cascading multiple stages in series. The pressure ratio across the
narrow channel may be derived by considering the ideal case of
two adjacent chambers with an aperture separating them. One
chamber is maintained at a “hot” temperature, the other chamber
is “cold,” and the gases are in the free molecular flow regime.
The flux of gas molecules passing from one chamber to the other
through the aperture is

(1)

where

(2)

(3)

is the flux of gas molecules going through the aperture,
is the average velocity of the gas molecules, is the gas number
density, is pressure, is Boltzmann’s constant, is temper-
ature, and is the mass of a gas molecule. For steady-state
operation the gas flux through the aperture in the two directions
must be equal. With a little bit of algebra, the attainable pressure

as a function of hot stage temperature , cold stage
temperature , the outlet pressure , and the number
of stages is

(4)

Although this derivation was performed for two volumes con-
nected with an ideal aperture, the results are the same for two
volumes connected with a channel.

Fig. 3 shows a schematic of the operation of an ideal Knudsen
pump. The temperature profile shows that the hot chambers

Fig. 2. Layout of a Knudsen pump showing two cold chambers, one hot
chamber, the wide channel and parallel narrow channels. Attached to each cold
chamber is a pressure sensor, and at the bottom of every chamber is a bolometer.

Fig. 3. Schematic showing the operation of an ideal Knudsen pump.
The pressure decreases in the narrow channels because of thermal transpiration.
In the wide channels, thermal transpiration does not take place and the pressure
remains constant.

Fig. 4. Theoretical performance of the Knudsen pump as a function of hot
chamber temperature and number of stages. To obtain this graph, the cold
chamber is held constant at room temperature.

are at an elevated temperature and that the channels (wide and
narrow) have a thermal gradient along their length. The pres-
sure is constant except through a narrow channel, where thermal
transpiration causes a pressure gradient. Fig. 4 shows the theo-
retical performance of a Knudsen pump operating with the cold
chamber held at room temperature.

With regard to achieving the proper flow regime in the chan-
nels, it is helpful to use the Knudsen number as a guideline.
The Knudsen number is defined as , where is the
mean free path of the gas and is the hydraulic diameter of the
channel. Ideally, the narrow channels must have a hydraulic di-
ameter less than 1/10 of the mean free path of the gas (i.e., for
free molecular flow, ) and the wide channels must have
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a hydraulic diameter greater than 20 times the mean free path
of the gas (i.e., for viscous flow ). However, both
types of channels may be operated in the transition flow regime

with a possible loss of compression. Thus,
the maximum operating pressure is increased by minimizing the
hydraulic diameter of the narrow channels, whereas the lowest
attainable pressure (best vacuum) is enhanced by maximizing
the hydraulic diameter of the wide channels.

The theoretical analysis presented here is in a simplified form
and applies only for gases that are in the free-molecular flow
regime within the narrow channels. This analysis neglects many
important factors, such as gas-gas collisions (especially impor-
tant for transitional flow), the probability of a gas molecule
passing through a channel, temperature gradients within the gas
volumes, surface effects, etc. A more thorough discussion of the
phenomena of thermal transpiration can be found in [18], and a
more detailed analysis of the Knudsen pump, including an anal-
ysis of its performance in the transition regime, can be found in
[19].

III. EXPERIMENTAL DEVICE

A six-mask fabrication process is used to cofabricate the
Knudsen pump and capacitive pressure sensors [9]. A Cr/Au
mask is evaporated onto a Borofloat glass wafer and pat-
terned. Recesses 10 deep are formed by a wet etch in

7:3:10, which produces sloping sidewalls
to facilitate metallization. These recesses define the hot and
cold chambers, the capacitive pressure sensor cavity, and the
wide channels [Fig. 5(a)]. Titanium is sputtered and patterned
to define the bolometers and lower electrode of the capacitive
pressure sensor at the bottom of the recess, but the titanium
extends to the top of the glass substrate to permit electrical
contact in a subsequent step [Fig. 5(b)]. A bare silicon wafer is
coated with , , , and 100-nm -thick polysilicon.
The polysilicon is patterned to define areas for lead transfer
and to define the narrow channels [Fig. 5(c)]. An additional
900 nm of polysilicon is deposited, doped, and annealed,
creating regions of polysilicon 900-nm thick and 1- thick.
The full 1- -thick polysilicon is patterned to isolate re-
gions defining the heater, the upper electrode of the capacitive
pressure sensor, and regions for lead transfer [Fig. 5(d)]. The
glass and silicon wafers are anodically bonded (through the
polysilicon), creating sealed microcavities and connecting the
titanium on the glass substrate to the polysilicon on the silicon
substrate. The narrow channels are formed because the thinner
polysilicon (900 nm) does not touch the glass substrate, leaving
a 100-nm-thick channel. The entire silicon wafer is dissolved,
leaving cavities sealed with dielectric/polysilicon diaphragms
[Fig. 5(e)]. The substrate is also planar, permitting additional
planar microfabrication techniques to be used and avoiding
stress concentrations. The dielectric stack is selectively dry
etched to form electrical vias for interconnect to the polysil-
icon and to create the polysilicon membranes for the pressure
sensor [Fig. 5(f)]. Finally, titanium is deposited and patterned
to define the top metal and bonding pads [Fig. 5(g)]. Fig. 5(g)
is an expanded cross section of the final device, showing a
hot chamber (left) connected to a cold chamber (middle) via a

Fig. 5. (a)–(f) Fabrication steps used to create the Knudsen compressor and
capacitive pressure sensors. (g) Final cross section of the Knudsen pump, drawn
at a larger scale, showing hot and cold chambers connected by a narrow channel,
and a capacitive pressure sensor used to measure the pump performance.

narrow channel, and a capacitive pressure sensor on the right.
A suspended bonding pad to minimize parasitic capacitances is
also shown adjacent to the pressure sensor.

There are three levels of interconnect available in the finished
device [Fig. 5(g)]: a top metal level, a suspended polysilicon
layer, and a buried metal level. A dielectric layer separates the
top metal and polysilicon. The polysilicon and buried metal are
separated by an air gap. The dielectric cover is selected to maxi-
mize thermal isolation, provide a cover with a small gas perme-
ation rate, and minimize parasitic capacitances.

The cold chambers are passively maintained at room tem-
perature. A polysilicon heater located near the narrow channels
heats the hot chamber. The heater is suspended on a thin
dielectric membrane in order to minimize heat flow from the
heater to the substrate. This technique has been demonstrated
to achieve thermal isolation values greater than 1000 K/W
[20]. A glass substrate is used to provide thermal insulation
and, thereby, improve the energy efficiency. A long channel
length is used to improve thermal isolation between the hot and
cold chambers. Thin-film bolometers are located on the bottom
of every chamber, allowing the temperature distribution and
thermal isolation to be measured.

The wide channels are 10 deep and 30 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 .
The narrow channels are 10- wide and 100-nm deep, corre-
sponding to a Knudsen number of 0.6. This is in the transition
regime to provide a higher gas flow rate while maintaining oper-
ation at atmospheric pressure. A long channel is used to reduce
the thermal gradient along the channel and, hence, minimize
power consumption, and multiple channels are used in parallel
to increase the flow rate.

A capacitive pressure sensor [21], [22] is located adjacent
to every cold chamber, as far away as possible from the hot
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Fig. 6. (a) Optical micrograph. (b) SEM of a single stage pump prior to the
formation of the pump outlet. The pump is sealed, causing the pressure sensor
membranes to deflect in the optical micrograph because of the ambient pressure.

chamber to avoid unintended heating. The top electrode is a
1- -thick, 200- -diameter polysilicon membrane and the
bottom titanium electrode is located at the bottom of a 10
recess in the glass. Due to its small size, the sensitivity of the
pressure sensor is limited in part by parasitic capacitances. To
alleviate this problem, the bonding pads are suspended on the di-
electric layer over a 1- air gap over the glass substrate, elim-
inating all electrically conductive materials from the vicinity of
the bonding pad. The bonding pads are sufficiently robust to
permit testing and packaging.

IV. MEASUREMENT RESULTS

Fig. 6 shows an optical micrograph and an SEM image
of the same single-stage fabricated device before an outlet
is formed for the pump [10]. At this time, the interior of the
Knudsen pump is sealed under vacuum. The optical micrograph
[Fig. 6(a)] shows deflected pressure sensor diaphragms due to
the ambient pressure, but the SEM image [Fig. 6(b)] has flat
diaphragms due to the vacuum ambient. Fig. 7 shows SEM im-
ages of the channel cross sections. The wide channel [Fig. 7(a)]
is etched 10 into the glass and has a dielectric cover. The
narrow channel [Fig. 7(b), (c)] is 10- 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.

Fig. 8 shows an optical micrograph of a bonding pad that of-
fers not only high thermal isolation but also very low parasitic

Fig. 7. SEM of channel cross sections. (a) A wide-channel 10-�m deep.
(b) A narrow channel only 10-�mwide but only 100 nm in height. (c) A close-up
of the narrow channel.

Fig. 8. Optical micrograph of a suspended bonding pad used to reduce
parasitic capacitance. The bonding pad is deflected due to the ambient pressure,
causing interference patterns to appear.

capacitance (measured at 1 fF) because it is suspended. The
region under the bonding pad is sealed under vacuum, causing
the observed deflection around the edges of the metal. Such fea-
tures may make this fabrication process attractive for capacitive
sensors and RF microsystems.
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Fig. 9. Picture of a 200-�m-diameter pressure sensor (a) not deflected and
(b) deflected when the pump was turned on. The measured capacitance change
is 2.6 fF, corresponding to a cavity pressure of 0.46 atm.

Fig. 10. ANSYS simulation of the capacitive pressure sensor response.

The operation of the Knudsen pump whose outlet is vented
to atmosphere can be observed by watching the deflection of
the vacuum cavity pressure sensor (Fig. 9). The pressure sensor
membrane is flat with no power to the Knudsen pump [Fig. 9(a)],
but it is deflected with the power on [Fig. 9(b)]. Finite-element
analysis was performed using ANSYS to predict the response
of the pressure sensor (Fig. 10). The measured change in ca-
pacitance is 2.6 fF, which corresponds to a cavity pressure of
0.46 atm. The input power is 80 mW and the calculated heater
temperature from (4) is .

The pump speed can be estimated from the decay of the pres-
sure as a function of time. The pump speed will decrease ap-
proximately linearly with respect to pressure, dropping to zero
at the ultimate pressure. If outgassing from the chamber walls
is neglected, the maximum pump speed can be estimated as

(5)

where is the volume, is the pumpdown time, is the ini-
tial pressure, and is the final pressure. The factor of two
occurs because of the pump speed decreases as the pressure
drops. The visibly observed time to pump down is two seconds
and the combined cold chamber, channel, and pressure sensor
volume is 80 000 cubic micrometers. The estimated maximum
pump speed is, therefore, . By comparison,
the estimated pump speed based on the analysis presented in
[12] suggests that a pump speed of can be
achieved for the Knudsen pump presented in this paper. There
are many possible reasons for this discrepancy, including mea-
surement error (the pumpdown time could be much faster than
was observed), the exclusion of outgassing in the analysis, er-
rors in the hand-analysis because of the complex geometry and
thermal distributions present in this Knudsen pump, or block-
ages in the narrow channels, to name a just a few. At 80 mW,

Fig. 11. The bolometers at the bottom of the hot and cold chambers show that
the temperature increase is small across the die.

Fig. 12. Measured thermal isolation as a function of temperature of a
1-mm-long suspended polysilicon heater.

the power required to operate at this flow rate is orders of mag-
nitude greater than the results reported from a simulation for a
related structure [11]. This discrepancy is in large part due to the
parasitic heat losses to the substrate and ambient and illustrates
the importance of good thermal management in the design of an
efficient Knudsen pump.

Using embedded bolometers, the bottom of the hot chamber
is measured to rise by with 35 mW of power to the
polysilicon heater on the diaphragm above it, and a neighboring
cold chamber rises (Fig. 11). The temperature coeffi-
cient of resistance (TCR) of the polysilicon was measured to be

1213 ppm over a range up to 100 . Assuming the TCR is
constant over a much larger temperature range, the thermal iso-
lation of a 1-mm-long suspended polysilicon heater was found
to be approximately (Fig. 12). The thermal iso-
lation of the Knudsen pump at 1100 (with a 250 long
heater) is estimated to be . These thermal mea-
surements prove that the pump should experience no loss of per-
formance due to undesired heating of the cold chamber.

V. CONCLUSION

This effort demonstrates not only that a single chip Knudsen
pump is feasible, but also that it can operate at atmospheric pres-
sure. Atmospheric operation, which has been reported only once
before, is made possible by taking advantage of the small feature
sizes achievable in microfabrication without using aggressive
lithography. A single stage pump and two integrated capacitive
pressure sensors occupy an area 1.5 mm 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 a lower
ultimate pressure.

The maximum pump speed is . This flow
rate is very small compared to conventional pumps, but it is
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reasonable for an on-chip pump, as evidenced by the fact that
it takes only two seconds to pump down.

The fabrication process developed has many features that
make it applicable to other micromachined devices. The
process is capable of creating narrow channels with a hydraulic
diameter of less than 100 nm, making it suitable for gas and
liquid devices that require a small hydraulic diameter, such
as the electro-osmotic flow pump. The high thermal isolation
that was obtained (as high as ) is suitable for
isolating other temperature-dependent sensors and actuators,
such as convection-based flow meters or microhotplates, from
their surroundings and minimizing their power consumption.
The suspended bonding pads are ideally suited for all devices
that use capacitive-based sensors because the parasitic capaci-
tances are very small ( 1 fF). Electrical lead-transfer with low
parasitic resistance and capacitance ( 1 fF) may be
made to the interior of a vacuum-encapsulated cavity using this
process. Finally, the 6-mask process is silicon IC-compatible
because only polysilicon, Si-dielectric materials, metal, and
glass are needed.

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 actua-
tion, and vacuum encapsulation.
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