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Long-life micro vacuum chamber for a micromachined cryogenic cooler
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Micromachined cryogenic coolers can be used for cooling small electronic devices to improve their
performance. However, for reaching cryogenic temperatures, they require a very good thermal
insulation from the warm environment. This is established by a vacuum space that for adequate
insulation has to be maintained at a pressure of 0.01 Pa or lower. In this paper, the challenge of
maintaining a vacuum chamber with a volume of 3.6 x 10> m® and an inner wall area of 8.1 x
1072 m” at a pressure no higher than 0.01 Pa for five years is theoretically analyzed. The possible
sources of gas, the mechanisms by which these gases enter the vacuum space and their effects on
the pressure in the vacuum chamber are discussed. In a long-duration experiment with four stainless
steel chambers of the above dimensions and equipped with a chemical getter, the vacuum pressures
were monitored for a period of two years. In that period, the measured pressure increase stayed
within 0.01 Pa. This study can be used to guide the design of long-lifetime micro vacuum chambers

that operate without continuous mechanical pumping. © 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4926961]

I. INTRODUCTION

Micromachined Joule-Thomson coolers have received
increasing interest for applications that benefit from cryo-
genic temperatures and require a small cooling power rang-
ing from a few milliwatts to hundreds of milliwatts.! Such
applications include detectors in space missions,” low-noise
amplifiers,” and high-temperature superconducting devices.*
Micromachined cryocoolers need a vacuum insulation to
minimize the parasitic loss that is due to the heat flow from
the warm environment via the surrounding gas. To serve as
an effective stand-alone micro cooling system, the micro-
cooler and the device to be cryocooled need to be integrated
in a micro vacuum chamber. As shown in Fig. 1, the heat
load on the microcooler placed in a vacuum chamber
includes the conduction of the surrounding gas and the radia-
tion between the microcooler and the vacuum enclosure. In
the free molecular flow regime, the conductive heat load
increases with increasing chamber pressure. In the contin-
uum regime, the effect of the chamber pressure on the con-
ductive heat load is negligible. The microcooler is designed
to withstand a heat load at the level of the radiation. The crit-
ical point, where the conductive heat load is equal to the
radiative heat load, is typically at a pressure of about
0.01 Pa. Since both the radiation and conduction are propor-
tional to the surface area of the microcooler, scaling the area
has no effect on that critical-point pressure.

Two promising approaches to micro vacuum packaging
have been presented, which are a component-level vacuum
chamber and a wafer-level vacuum chamber.” A variety of
fabrication techniques such as anodic bonding,® solder bond-
ing,” glass frit bonding,® and getter techniques®® have been
investigated. However, so far only few researchers have paid
attention to the testing of the lifetime of the micro vacuum
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chamber. Cheng ef al.” demonstrated stable, long term test-
ing of vacuum-packaged p-resonators for 56 weeks at a pres-
sure of 2.5Pa which, as indicated above, is relatively high.
Mitchell et al.'® presented a vacuum packaging approach
based on gold-silicon eutectic wafer bonding. The vacuum
packages had a total volume of 2.3 x 2.3 x 0.9mm’, in
which micromachined Pirani vacuum sensors were encapsu-
lated in order to measure the packaged pressures. With the
use of getters and a prebond outgassing step, pressures can
remain stable from about 0.5 to 3.1 Pa with measured pres-
sure fluctuations within =0.3 Pa for four years. This paper
addresses the issue of realizing a micro vacuum chamber to
maintain pressure of 0.01 Pa or lower for at least five years.

Il. THEORY

The increase in pressure of a vacuum chamber is due to
the gases and vapors released from the chamber surface by
means of various mechanisms. Such mechanisms involve in-
ternal and real leaks, vaporization, desorption, permeation,
and diffusion.'" Internal leaks such as gas pockets and real
leaks caused by pathways through physical damages should
and can be prevented by proper design and careful manufac-
turing. Vaporization is the gas flux caused by the sublimation
of the chamber wall, feedthroughs, and other elements inside
(microcooler and device to be cooled in our case). In
dynamic equilibrium, the rate of molecules leaving the sur-
face of the chamber wall equals the rate of molecules arriv-
ing at that surface. The pressure of the vapor in dynamic
equilibrium is equal to the saturated vapor pressure of the
chamber material. Most vacuum chamber materials (such as
metal, glass, and ceramic) at ambient temperatures have sat-
urated vapor pressures that are orders of magnitude smaller
than the required vacuum pressure of about 0.01Pa.
Therefore, when using the right materials, the effect of va-
porization can be neglected in the design. The other three
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FiG. 1. Heat load on a microcooler vs pressure in a vacuum chamber.

causes of pressure increase namely desorption, permeation,
and diffusion are subsequently considered in Secs. I A—II C.

A. Desorption

Desorption is the release of adsorbed adsorbates from the
surface of the adsorbent. These adsorbates can result from
direct adsorption or from the final step in a permeation pro-
cess. The rate of desorption is a function of the molecular
binding energy between the adsorbent and the adsorbate, the
surface temperature, and the surface coverage. When the in-
ternal surface of a vacuum chamber is exposed to air, the
surface will be covered with layers of water molecules. A
pump-down process of a vacuum chamber starting from
atmospheric pressure goes through two stages. To begin
with, the dry air is mostly pumped away. And after that, the
water molecules desorbing from the internal surfaces follow.
Once the pressure inside is around 0.01 Pa, the desorbing
water makes up over 99% of the total gas load.'* The outer
layers of water on the surface are adsorbed physically and
the physisorbed water can be removed quickly when the
pressure around the surface is lower than 2300 Pa, which is
the saturated vapor pressure of water at ambient temperature
of 293K."* The innermost layer of water has a chemical
binding and is difficult to remove at ambient temperature.
Water adsorption and desorption on various material surfa-
ces (including steel, aluminum, copper, glass, Teflon, and
polyvinyl chloride) were studied by R Dobrozemsky using
the tritium-tracer technique.'*">

Consider a vacuum chamber of which the wall surface is
covered with a monolayer of water molecules. Then, the
conservation of mass results in'®

d AN
P s+ AL T =0, (1)

1%
dt dt

where V is the inner volume of the chamber (m3), p is the
pressure in the chamber (Pa), S is the pumping speed (m’
s~ 1), A is the inner area of the chamber (m?), N is the surface
density of water molecules (molecules mfz), and kg is the
Boltzmann constant.

The desorption rate of water can be expressed as a first-
order reaction
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where 1o is the nominal period of vibration of the bond
between the adsorbed molecule and the substrate which is
usually taken to be about 10~'% s,'” and E is the activation
energy of desorption (J mol™'). Equation (2) shows that
pumping will be more effective at a higher temperature.

During a pumpdown, the desorption rate is initially high
due to the fact that the outer layers of water on the surface
have weaker water to water bonds (4.2 x 10*J mol™"),!” and
break easily. The innermost layer of water has much higher
bond energies and desorbs much more slowly. The activation
energy of desorption of the innermost layer of water on
stainless steel is in the range of 1.00 x 10°-1.07 x 10°J
mol !, which is dependent on the surface coverage.'®
According to R Dobrozemsky’s experimental data,"*"> the
virtual energy of desorption of water on glass is also in this
range.

When pumping is stopped then Eq. (1) shows that the
increase in pressure is given by

dp
i kpT. 3)

This equation shows that a smaller volume will cause a
faster pressure increase for a given surface area. This means
that it is more difficult for a chamber with a larger surface to
volume ratio to maintain a constant pressure level. This is
the case for microcoolers since area scales with size* and
volume with size.” Thus, if size goes down, A / V increases.

We assume that, when pumping is stopped, only the
innermost layer of water is left on the surface. A water mo-
lecular diameter of 0.3 nm then results in a molecule density
Ny of 10" molecules m 2. Equation (3) can be used to
derive the relation between pressure and molecule density
after pumping has been stopped as

(P —po) = (Ak‘fT> (No —N). 4)

Based on Eq. (2), the surface density of water molecules
with an initial value, Ny, after a certain time, 7, becomes

t E
N =N —0— h = ——. 5
0exp< OC‘E()>’ where o exp< RT) 5)

By combining Eqgs. (2) and (5), the desorption rate of the
innermost layer of water with molecular surface density, N,
can be obtained. Figure 2 shows the desorption rates of water
with various activation energies of desorption and with Ny =
10" molecules m 2. As can be expected, the desorption rate
of water with lower activation energy is higher at the start
and decreases faster than that of water with higher activation
energy.

While N decreases in time, p increases. Assume we stop
pumping at a very low pressure (i.e., po = 0) and further-
more that after pumping is stopped, all remaining molecules
at molecule density Ny desorb, and thus, build up pressure.
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Fic. 2. Desorption rate of water molecules as a function of time with differ-
ent activation energies with initial molecular surface density of 10" mole-
cules m~2 at ambient temperature.

Then, according to Eq. (4), the resulting pressure in the

chamber is

AkgT
= No. 6
v Mo (6)

Consider a microcooler vacuum chamber with inner volume
Vof 3.6 x 107 m3, inner area A of 8.1 x 107> mz, and
resulting surface area-to-volume ratio of 225m™". The con-
sidered vacuum chamber has the same geometry as the vac-
uum chamber that is described and discussed in Sec. IV.
Equation (6) yields the end pressure of p =9 Pa at ambient
temperature, as indicated in Fig. 3 that shows the pressure
increase in the chamber after pumping is stopped as a func-
tion of time with different activation energies.

If we want a vacuum space to remain at a pressure below
a maximum p*, then Eq. (6) shows that we need to reduce
the molecule density to N*
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Fic. 3. Increase in chamber pressure due to desorption after pumping is
stopped as a function of time at various activation energies. Chamber vol-
ume 3.6 x 107> m3, inner area 8.1 x 1073 mz, and initial molecular surface
density 10" molecules m ™2 at ambient temperature.
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Equation (5) shows that the pumping time required to arrive
at this molecule density is given by

poTop Mo (8)

o N*

Since o = exp (—E/RT), it is again clear that pumping at
an elevated temperature is beneficial.

Figure 4 shows the relationship between the required
bake-out time as a function of the baking temperature at var-
ious activation energies. As shown in Fig. 4, it is hard to
remove the chemisorbed water at ambient temperature, but

water molecules are easily desorbed by baking at about
100°C.

B. Permeation

Permeation is a three-stage process, consisting of the
adsorption of gases at the exterior surface of the vacuum-
chamber wall, the diffusion through the wall, and the desorp-
tion at the interior surface. In general, the diffusion through
the wall determines the dynamics and the problem is
described by the diffusion equation. For a stainless steel
chamber, hydrogen gas is the most relevant diffusing gas,
accounting for 90% or more of the permeation.'® Helium gas
permeation is dominant in case of a glass vacuum cham-
ber.? The permeation of hydrogen gas in a stainless steel
chamber and that of helium gas in a glass chamber are ana-
lyzed below.

It is assumed that the chamber wall has been completely
degassed, which means that the gas concentration ¢ inside
the chamber wall is initially zero. This can only be realized
if the micro vacuum chamber as a whole is placed in a larger
vacuum oven. At time =0, the micro vacuum chamber is
closed, it is taken out of the vacuum oven, and the outer sur-
face is exposed to air. Then, this exposure produces a con-
centration ¢; at this outer surface and the inner surface is
maintained under vacuum.

According to Sievert’s law, the concentration on the outer
surface is given by*"

1000 ¢
: ——1.00-10° J mol”
s00 | AT - 1.01-10° J mol”

= VoSl i e 1.03-10° J mol”
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Fic. 4. Bake-out time determined by desorption process as a function of bak-
ing temperature with different activation energies. Chamber volume 3.6 x
107° m3, inner area 8.1 x 1073 mz, and initial molecular surface density

10" molecules m >
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= gp77 (9)
where D is the diffusivity, K is the permeability, and p; is
the partial pressure of the gas under consideration. The par-
tial pressures of hydrogen and helium gas in normal air are
0.055 and 0.520Pa, respectively. In the case of permeation
of hydrogen gas through metals, » =0.5. For the permeation
of helium gas through dielectrics such as glass, n = 1.2

It has been well established that the diffusivity and per-
meability of hydrogen gas in metals are given by Arrhenius-
type equations

D = Dyexp(—E4/RT), (10)
K = Koexp(—E/RT). (11)

For diffusivity, the values of the constant D and the ther-
mal activation energy E,; of hydrogen gas in 304 type steel
are 47 x 107" m? s~ " and 5.4 x 10*J mol™", respectively.
For permeability, the values of the constant K, and the ther-
mal activation energy E; of hydrogen gas in 304 type steel
are 1.9 x 107* P> m* m~!' s7! and 6.0 x 10*J molfl,
respectively, as reported by Louthan and Derrick.”'

Perkins® proposed formula that fit the diffusivity and per-
meability data for helium gas in glass (vitreous silica) as

D = DyT exp(—Ey/RT), (12)
K = KT exp(—Ey/RT), (13)

where Dy is 3.0 x 107" m?> K" s7', E; is 2.0 x 10*J
mol !, Kris 2.1 x 107 m?>K! s~ ! and E;is 1.8 x 10%]
mol .

The one-dimensional diffusion equation is

2
oc = & (14)
O*x Ot

The maximum permeation rate will occur if the inside con-
centration is assumed to remain zero. Then, considering a
wall of thickness d and x =0 at the inner surface, the initial
and boundary conditions are c(x,0) =0; ¢(0,7) =0; and
c(d,t) = cy.

The solution to the diffusion equation is**

00 (_l)n

xc 2c
C()C, f) = 71 + 71
n=1

n
nmx nm\ 2
x sin| — |exp| —(— ] Dt ]. 15
The instantaneous permeation rate (Pa m> m~2 s_l) at the
interior surface at time ¢ is

ow=n(%)

DC1 2DC1 - n nn ?
:7+ i 2::(—1) exp(—(;) Dt)- (16)

n=1
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The steady-state permeation rate is

_DC]

i (17)

0p(c0)
The time to reach this steady state can be approximated by .
which is known as the critical time and is given by

d2

== 1
fe=¢p (18)

For the permeation of helium gas through a 2mm thick
glass chamber, the critical time is only about 2 days. Thus,
in practice the permeation rate of helium gas through a glass
chamber can be considered to be at the steady-state rate.

The permeation of hydrogen gas through a 2mm thick
stainless steel chamber has a critical time of more than 100
years. As the thickness decreases from 2 to 0.2 mm, the criti-
cal time decreases from about 100 years to one year.

Figure 5 shows the relationship between the steady-state
permeation rate and the wall thickness of the vacuum cham-
ber. The steady-state permeation rate of hydrogen gas
through a stainless steel chamber wall is about 1 order of
magnitude lower than that of helium gas through a glass
chamber (for the same wall thickness).

The actual permeation rate of helium gas through a glass
chamber in a period of five years can very well be approxi-
mated by its steady-state rate due to its short critical time.
The actual permeation rate of hydrogen gas through a stain-
less steel chamber, in general, is smaller than its steady-state
rate. The actual permeation rate of hydrogen gas through a
stainless steel chamber can be evaluated by Eq. (16) and is
shown in Fig. 6(a) for a period of five years. As shown in
Fig. 6(a), the actual permeation rate increases with time,
gradually approaching its steady-state permeation rate.
Furthermore, the actual permeation rate decreases rapidly
with increasing wall thickness. The pressure built up in a pe-
riod of five years in the stainless steel vacuum chamber with
different thicknesses (volume 3.6 x 107> m® and inner area
8.1 x 107? m?), due to the permeation of hydrogen gas, is
shown in Fig. 6(b). The resulting pressure built up is lower
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FiG. 5. Steady-state permeation rate as a function of wall thickness of stain-
less steel and glass vacuum chamber for hydrogen and helium gas, respec-
tively, with corresponding partial pressures of 0.055 and 0.52 Pa.
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FiG. 6. (a) Permeation rate of hydrogen gas through stainless steel vacuum
chamber wall with different wall thicknesses as a function of time. (b)
Pressure built up in stainless steel vacuum chamber with different wall
thicknesses (volume 3.6 x 10~ m® and inner area 8.1 x 107> m?) due to
permeation of hydrogen gas in a period of five years.

than the microcoolers’ acceptable vacuum pressure (0.01 Pa)
when the wall thickness is larger than 0.6 mm. In contrast,
the pressure built up in a glass vacuum chamber due to he-
lium gas permeation quite quickly reaches this acceptable
level. Figure 5 shows that at a thickness of about 2 mm, the
helium gas permeation rate is around 1.5 x 10~"'Pa m® m 2
s~!. With the above mentioned values for area and volume, a
pressure of 0.01 Pa is reached in about one month. The per-
meation of helium gas through glass can be limited by coat-
ing it with titanium.** Besides functioning as a permeation
barrier, titanium also absorbs other residual gases such as
water and oxygen.

Glass and ceramics are widely used for optical and elec-
trical feedthroughs. It is extremely important that these feed-
throughs have a low helium-gas permeation rate in order to
establish a long lifetime micro vacuum chamber. The leak
rate of a commercial electrical feedthrough® was measured
in an environment with a helium gas pressure of 10°Pa to be
lower than 10~ "' Pa m® s~'. Therefore, the helium gas leak
rate in normal air with a helium gas partial pressure of
0.52 Pa should be less than 5.2 x 10~""Pa m® s~'. For the
chamber discussed above with an internal volume of 3.6 x
1073 m3, pressure level of 0.01 Pa, and lifetime of five years,
the acceptable pressure increase rate is 2.3 x 10~ '°Pa m’
s~!. Thus, the helium leak rate of feedthroughs for the
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discussed chamber is acceptable. Perkins®® pointed out that
the permeability of CGW 1720 (Pyrex) glass is of the same
order of magnitude as that of the 97% alumina ceramic (no
data were reported as to the over-all composition), when the
application temperature is less than 200°C. Compared to
Corning 9606 pyroceram (a glass ceramic) and mullite ce-
ramic in the temperature range less than 200 °C, the perme-
ability of CGW 1720 glass and the 97% alumina ceramic is
much lower. Thus, the application of the latter two materials
as insulators of feedthroughs is attractive in vacuum-
chamber applications.

C. Diffusion

The outgassing in a vacuum chamber due to permeation
is caused by the gases from the outside of the vacuum cham-
ber. Except for the outside gases, also gases in materials
inside the vacuum chamber contribute to the system outgas-
sing through diffusion.

Consider a material with thickness d and initial gas con-
centration ¢ that is placed in a vacuum environment at # =0.
Then, the initial and boundary conditions in the diffusion
process are ¢(x,0) = ¢1; ¢(0,¢) = 0; and ¢(d, 1) = 0.

The solution is**

<<<>>> 09

The instantaneous outgassing rate at the surface x =0 is

ow=n(})

4e,D & 22n+ 1)\’
= cli nz:; exp (— (761 ) Dl), (20)

where D again is the diffusivity. At relatively large values of
the time ¢, the contributions of the subsequent terms in the
series of Eq. (20) decrease very rapidly. If Dt/d* > 0.029
then the second term is 10% of the first and the third is only
1% of the second. Therefore, if Dt/d*> > 0.029 we can ap-
proximate the outgassing rate as

2
0@t) = 431) exp(— (g) Dt). Q1)

To reduce the outgassing rate through diffusion, a baking
process is usually adopted before the vacuum chamber is
sealed. The objective of the bake-out process is to degas the
wall of the vacuum chamber and all materials inside the
chamber. The required bake-out time of hydrogen in a stain-
less steel chamber and that of helium in a glass vacuum
chamber can be approximated using Eq. (21). Assume that
when the baking and pumping is stopped, the outgassing
continues at a constant rate as expressed by Eq. (21). Then
the pressure built up in a certain time interval can be
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evaluated by multiplying the time elapsed with the outgas-
sing rate and area/volume (outgassing rate is in Pa m* m 2
s~ ). In other words, the acceptable outgassing rate is deter-
mined by required pressure, lifetime, and the surface area-to-
volume ratio of the vacuum chamber. Considering the wall
of the chamber discussed above with an internal volume of
3.6 x 107° m3, inner area 8.1 x 1073 m2, pressure level of
0.01 Pa, and lifetime of five years, the resulting acceptable
outgassing rate is 2.8 x 10~ "*Pam® m 2 s~ '. The diffusiv-
ity D is a function of the thermal activation energy of the dif-
fusing gas in the solid as expressed in Egs. (10) and (12).
Because of the exponential dependence on temperature, an
increase in temperature will sharply increase the diffusivity
and reduce the required bake-out time. With the given ac-
ceptable outgassing rate of 2.8 x 10" *Pam® m 2 s ', the
bake-out time of hydrogen in case of the wall of a stainless
steel chamber and that of helium in the wall of a glass vac-
uum chamber both for an interval of five years and a pressure
built up of 0.01 Pa are depicted in Fig. 7. The initial hydro-
gen concentration in stainless steel and helium concentration
in glass are related to their partial pressures in air by means
of Sieverts’ law,”® ¢;(H,) = 8.55 Pam® m > and ¢, (He) =
8.1 x 107*Pa m® m>. Due to the stainless steel and glass
production procedure, the amounts of hydrogen and helium
dissolved in the two types of material can be higher than the
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Fic. 7. Bake-out time required for stainless steel (a) and glass vacuum (b)
chamber walls with different wall thicknesses (volume 3.6 x 10> m® and
inner area 8.1 x 1073 m2) as a function of bake-out temperature, based on
acceptable pressure built up due to remaining hydrogen or helium outgas-
sing of 0.01 Pa in five years.
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value evaluated based on Sieverts’ law. However, the initial
concentration value does not influence the baking time a lot
because the baking time is much more determined by the
material thickness d and the diffusivity D as indicated by Eq.
21).

As shown in Fig. 7, the bake-out time decreases rapidly
with increasing bake-out temperature. Furthermore, the
bake-out time can be decreased significantly by reducing the
material thickness. However, a thinner wall increases the
permeation rate. As shown in Fig. 6, a stainless steel wall
requires a thickness of 0.6 mm and Fig. 7 shows that in that
case a bake-out at, e.g., 350°C for 18 h is adequate.
Compared to the bake-out time required for stainless steel,
the bake-out time required for glass is much shorter, which
means that the diffusion resistance of helium through glass
is smaller. The smaller diffusion resistance also implies that
the outgassing due to permeation of helium through glass is
an issue as discussed in Sec. II B, and a permeation barrier,
such as a titanium film, is needed.

lll. GETTER PUMPS

As shown above, the bake-out time can be strongly
reduced by increasing the bake-out temperature. However,
electronic devices inside the vacuum chamber and other
components may limit the maximum bake-out temperature
which may result in insufficient baking. Getter pumps=°® are
commonly used in these vacuum chambers to provide a
long-term pumping mechanism after the chambers are
sealed. Getter pumps include evaporable getters®’ and non-
evaporable getters.”® Evaporable getters employ volatile
and reactive materials such as barium and titanium,?’ which
are heated, evaporated, and deposited on adjacent surfaces.
These deposited materials capture gases on their surface in
the form of stable chemical compounds. The pumping
speed of an evaporable getter depends on the sticking coef-
ficient of the gas on the surface. The sticking coefficient is
higher at lower temperatures. In contrast, nonevaporable
getters adsorb gases at the surface, followed by diffusion of
gases into the getter material. As indicated by name, the
materials used in nonevaporable getters remain in the solid
state instead of being evaporated and deposited on a sur-
face. The pumping speed of a nonevaporable getter is

FiG. 8. (Color online) (a) Photograph of the micro vacuum chamber. (b)
Two separate parts of the micro vacuum chamber. (c) Geometry of the
chamber (dimensions in mm).
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TaBLE I. Overview of the set of measurements.

Chamber Cleaning Baking  Baking Pump Getter
chamber total during activation
550°C*  100°C® activation temperature (°C)

1 X X X X 900 (5 min)

2 X X X X 450 (30 min)

3 X X X 450 (30 min)

4 X X X 450 (30 min)

“The baked chamber (without feedthrough, copper pinch-off tube, getter and
pressure sensor) is in a vacuum oven at a pressure 1 Pa. The temperature
inside ramps up to 550°C from ambient temperature at 25°C h™' and
remains stable at 550 °C for 56 h, then cools down to ambient temperature at
17.5°C h™'. After baking, the chamber is exposed to air for half an hour
before assembling with flange cover.

The assembled vacuum chamber is baked at 100 °C for 22 h connected with
a turbo molecular pump at a pressure of less than 10~*Pa.

limited by the diffusion process.'" Since an increase in tem-
perature represents an increase in the average molecular
speed, the diffusion rate increases with increasing tempera-
ture. The getter pumps used in the experiment, discussed in
Sec. IV, are nonevaporable getters that employ a porous,
sintered, zirconium alloy.’®*! The getter can sorb hydro-
gen, carbon monoxide, carbon dioxide, oxygen, nitrogen,
and water vapor at room temperature. Hydrocarbons are
sorbed only at temperatures around 300°C. Noble gases
cannot be sorbed by this kind of getter. To capture noble
gases or hydrocarbons at room temperature, the getter must
be used in combination with a second pump, most com-
monly a sputter-ion pump.32

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The effect of baking and getter activation was investi-
gated with a micro stainless steel vacuum chamber with a
wall thickness of 2mm [shown in Fig. 8(a)]. Sealing
between two separate parts of the micro vacuum chamber,
shown in Fig. 8(b), is achieved by putting a copper gasket in
between them. Figure 8(b) also shows the electrical connec-
tions of the micropirani sensor and the getter to the electrical
feedthrough. Figure 8(c) shows the geometry of the chamber
without a cap, in which the cross section of the chamber is
included. The cleaning procedures for the vacuum chambers
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included: remove all debris by blowing out with a high-
pressure nitrogen line, wash in a hot water jet (approximate
80°C), dry using a clean high-pressure nitrogen flow, clean
using acetone in an ultrasonic bath for at least 30 min, dry
using clean high-pressure nitrogen flow, clean using isopro-
panol in an ultrasonic bath for at least 30 min, and finally,
dry using clean high-pressure nitrogen flow. The inner vol-
ume and area are 3.6 x 107> m> and 8.1 x 10> m? respec-
tively. An electrical feedthrough with 10 pins was used in
the measurements.”> The pin header feedthrough is an alu-
mina ceramic feedthrough with a helium gas leak tightness
less than 5.2 x 10~ ""Pa m® s™'. To minimize outgassing
rates, a small manometer with little material and a low out-
gassing rate is necessary. A micropirani sensor kit (cali-
brated for nitrogen at 25°C) was chosen.>® In addition, an
ST172 nonevaporable getter of SAES Getter was integrated
in the chamber.**

A total of four micro vacuum chambers were prepared.
Table I presents an overview of the baking process of these
chambers as well as the getter activation temperature.

After the cleaning and baking steps, the copper pinch-off
tubes of the vacuum chambers are pinched off and from that
moment the pressures inside the chamber were recorded.
Because the fourth chamber was not baked at a higher temper-
ature, the measurement started seven days earlier than for the
other chambers, as shown in Fig. 9. Compared to the other
three chambers, only the third assembled chamber was not
baked at 100 °C. Figure 9 shows that the pressure in the third
chamber gradually increases to about 0.15Pa in the first 60
days because the desorption rate of water molecules of the
third chamber is higher than the pumping rate of the SAES
Getter. This indicates that baking the assembled chamber at
100 °C is necessary because the water layer forms again after
a short time once the baked stainless steel chamber is exposed
to atmospheric air.>>>® The pressure in the third chamber
decreases after 60 days because the desorption rate of water
drops below the gettering rate. This matches the prediction
shown in Fig. 4 that baking at a temperature of 100 °C is high
enough to desorb water molecules. No difference was
observed between activation of the getter at 450 °C for 30 min
and 900°C for 5min (chambers 1 and 2). The pressures in
chambers 1 or 2, and 4 increase from the zero setpoint to
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Fic. 9. Pressures in stainless steel vacuum chambers vs time.
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about 0.05 and 0.07 Pa, respectively, in few hours as indicated
in Fig. 9. This is caused by a temperature-offset effect of the
pressure transducers. These transducers were set to zero being
still at a relatively high temperature after completing the bak-
ing process and pinching off the tubes. As the temperature
decreased to ambient level, the outputs increased. Correcting
for these offsets, we can conclude that in the period of two
years the pressure increase is below 0.01 Pa. This implies that
the pressure does not increase due to the permeation or diffu-
sion of hydrogen gas, although this does not directly verify
the predictions presented in Secs. II B and II C, because a get-
ter has to be used in the vacuum chamber under test, which is
not considered in the simulation.

V. CONCLUSIONS

In this paper, the establishment of a vacuum in small-
sized vacuum chambers is studied. The possible sources of
gas, the mechanisms by which these gases enter the vac-
uum space, and their effects on the vacuum level are dis-
cussed theoretically. As an illustrative case, a vacuum
chamber with a volume of 3.6 x 10> m® and an inner wall
area of 8.1 x 107> m? is assumed. Stainless steel and glass
are considered as the wall materials. Furthermore, we
assume a pressure increase to a level of 0.01 Pa in a period
of five years to be the acceptable limit. In the vacuum
pumping procedure, it is difficult to remove the monolayer
chemisorbed water on the stainless steel or glass chamber
surface at ambient temperatures, but it is easily desorbed
by baking at a temperature above 100°C for a couple of
hours. Baking also adequately reduces the outgassing
through diffusion. Permeation of gas through the chamber
walls in the case of steel walls is dominated by hydrogen
gas that accounts for 90% or more of the pressure built-up
due to permeation. The pressure increase due to the hydro-
gen gas permeation can be realized at a level below the ac-
ceptable vacuum-space pressure (0.01 Pa in five years) if
the wall thickness is larger than 0.6 mm. In glass chamber,
helium gas permeation is the major problem. The pressure
in glass vacuum chambers due to helium gas permeation
relatively increases quickly to the partial helium gas pres-
sure in the atmosphere (0.52 Pa), which is higher than the
acceptable vacuum pressure. A helium gas permeation bar-
rier such as a titanium coating, therefore, is essential.
Electrically insulated feedthroughs are available with suffi-
ciently low leak rates. We show that it is possible to main-
tain a vacuum chamber with above-mentioned volume and
inner area at a pressure of maximum 0.01 Pa for five years
even without the need of a getter. However, if the materials
used in the chamber outgas easily (such as epoxy) or the
chamber cannot be baked at sufficiently high temperature
(e.g., to prevent damaging of devices inside the chamber),
a getter will be needed to compensate for the extra outgas-
sing. In a long-duration experiment with four stainless
steel chambers of the above dimensions and equipped with
a chemical getter, the vacuum pressures were monitored
for a period of two years. In that period, the measured pres-
sure increase stayed within 0.01 Pa. With the developed
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micro vacuum chamber, a micromachined cryogenic
cooler can be realized as a “stand-alone” cooling system
without continuous mechanical pumping. Electronic devi-
ces can be integrated with a microcooler and placed in
such a vacuum chamber.
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